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Editorial on the Research Topic

Immunoparasitology: A Unique Interplay Between Host and Pathogen

This Research Topic, “Immunoparasitology: A unique interplay between host and pathogen,” was
intended to emphasize broadly the latest advances in immunoparasitology and has been concluded
with more than 30 high quality papers encompassing aspects of parasite biology, host-parasite
responses and interactions, and up-to-date control measures. Such an accomplishment is
unattainable without the enthusiastic involvement of all contributing authors and participating
reviewers, and the day-to-day assistance from the staff of Frontiers in Immunology editorial office.

Approximately one third of the articles in this collection are reviews and the rest are original
research papers, covering multiple parasitic species and their hosts. As expected, two thirds of
the papers are focused on protozoan parasites, 50% of which use Toxoplasma gondii as a model
pathogen. The next-most covered group is parasitic helminths with eight papers. At the time this
Editorial was submitted for publication, this Research Topic achieved well over 75,000 online views,
with average views per article of >2,000 since publication.

The most viewed article covers the popular and important subject of co-infection (Mabbott).
The author emphasizes the fact that co-infection is a common occurrence in the field, where
malarial parasites, soil-transmitted helminths, bacteria and viruses, are the causes for chronic
infections in a large proportion of the population. Ample examples of co-infection are described,
where existing infections by parasites can have a dramatic influence on host susceptibility and/or
disease pathogenesis. The impact of co-infection on disease diagnosis, vaccine development, and
host resistance, clearly warrants further investigation. The findings of Djokic et al. demonstrate
specifically how co-infection by Babesia microti and Borrelia burgdorferi, both tick-borne
pathogens, influences age-dependent immune responses and disease outcomes. Additional review
articles cover protozoa and helminths, representing up-to-date advances in research. Maurya et al.
present an excellent review on the functions of leptin in infectious diseases. Leptin, primarily
secreted by adipose tissue, is important in resistance to diseases as it is emerging as a key regulator
in both immunity and nutrition.

While malaria and trypanosomiasis are not extensively covered in this issue, in terms of
original research, research progress for these two diseases is nonetheless summarized by several
in-depth reviews. Lee et al. give an expert account of recent advances in the complex cytoadhesive
interactions between Plasmodium falciparum-infected erythrocytes and other host cells, providing
insight into how such cytoadherence may contribute to malaria pathogenesis. In malaria, B

6
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cell-mediated, parasite-specific, antibody-dependent protection
may depend on, and be achieved by, appropriate activation in the
lymph nodes and optimal interactions among antigen-specific
and antibody-secreting B cells with T helper cells and cytokines.
This process is described in depth in a review article written by
Silveira et al..

Several major species of trypanosomes are the pathogenic
agents of trypanosomiasis worldwide, profoundly affecting
the well-being and immunocompetency of both humans and
animals. To date, there is no vaccine against trypanosomiasis,
although the parasite can elicit strong immune responses in
the host. The difficulty in developing protective vaccines stems
from the ability of parasites to evolve and evade host immune
surveillance by genetic exchange among the parasites, acquisition
of resistant genotypes in the insect vector, and plasticity in
adaptation in new environments (Radwanska et al.). One of
the approaches to understanding differential host responses is
by investigating routes of transmission. Berreto de Albuquerque
et al. summarize their recent findings and those of others
in comparing host responses and disease outcomes following
Trypanosoma cruzi infection through oral or gastrointestinal
routes. In Latin American countries, oral transmission of
resultant Chagas disease is predominant. In animal models,
the oral route of infection can give rise to higher rates of
mortality and morbidity when compared to vector-mediated
transmission. These authors indicate that oral transmission, in
fact, consists of intraoral cavity and intragastric transmissions,
with increased parasitemia and mortality through the intraoral
cavity route (Berreto de Albuquerque et al.). T. cruzi appears
to enhance its replication in macrophages by exploiting the
cell’s Wnt signaling system based upon the ability of Wnt/β-
Catenin signaling inhibition in vitro and in vivo to restrict T.
cruzi replication, thereby promoting host resistance (Volpini
et al.). Similarly, Leishmania amazonensis, a close relative of the
trypanosome, also promotes its own infectivity using a host cell
protein, CD100, through a macrophage surface receptor, CD72
(Galuppo et al.).Histomonasmeleagridis is a flagellated protozoan
parasite, causing histomonosis in turkeys and chickens, with the
latter being more resistant to infection (Mitra et al.). Recent
studies by Kidane et al. show that, unlike turkeys, resistance
in chickens relies on the presence of higher percentage of
interferon-gamma (IFN-γ) positive cells early in infection.

Infections caused by parasitic protozoa are very common in
humans and animals, and the clinical symptomsmay be transient
or asymptomatic; but infected, apparently healthy individuals
may remain infected throughout life, e.g., toxoplasmosis. Many
years of research on T. gondii as a model zoonotic pathogen
has advanced the field tremendously. Important discoveries
continue to be made using this model and provide the
basis for translational research. Indeed, findings of articles
in this Research Topic show that Toxoplasma infection in
the cat, the definitive host for T. gondii, elicits multi-
tissue transcriptional changes mostly associated with immune
functions (Cong et al.). Findings by Liu et al. demonstrate that
galectin-3 and galectin-9 differentially regulate the expression of
microglial M1/M2macrophagemarkers and T helper 1/2 (Th1/2)
cytokines in the brain of genetically susceptible (C57Bl/6)

or resistant (Balb/c) mice, following peroral infection with
T. gondii. Further, acute infection with T. gondii induces
M1 polarization in the mouse brain, while chronic infection
with the same strain inhibits the harmful Th1-associated
inflammatory responses while M1 phenotype is maintained,
indicating the complexity of the immune initiation stage upon
infection (Hwang et al.). Admittedly, description of macrophage
phenotypes and associated functions is rapidly expanding,
thereby the intricate role of macrophage lineages in response to
T. gondii infection warrants extensive investigation.

In North America and Europe, the strains of types I, II, and
III T. gondii predominate, while in China, type Chinese 1 for T.
gondii is prevalent. The type Chinese 1 is unique in that it carries
a type II GRA15 protein (GRA15II) and a type I ROP16 protein
(ROP16I), and known to polarize the host macrophages toward
both M1 andM2 phenotypes at the early stage of infection. Using
the type Chinese 1 strain deficient of ROP16I/III, WH31rop16,
created with CRISPR/Cas9 technology, it is evident that pregnant
mice infected withWH31rop16 have elevated Th1, but repressed
Th2 and Treg responses, leading to pregnancy failure (Wang
et al.). This suggests that disturbance of host immunotolerance
during pregnancy by T. gondii or its sister parasite Neospora
caninum can contribute to pregnancy failure.

T. gondii ROP18 is an essential virulence factor but its
interaction with host targets has not been studied extensively.
In an effort to identify ROP18 binding partners in human
cells, Xia et al. use a high-throughput bimolecular fluorescence
complementation (BiFC) approach to reveal numerous human
protein partners for the type I and II strain ROP18, most of
which are related to immune responses and apoptosis. Future
studies will be needed to analyze the physiological significance
of such host-parasite protein-based interactions. Further, IFN-
γ-induced degradation of tryptophan by indoleamine 2, 3-
dioxygenase (IDO) is a crucial anti-Toxoplasma mechanism.
Recent investigations by Bando et al. show that, of the two
IDO isoforms in humans, IDO1 is required for IFN-γ-induced
immunity against toxoplasmosis.

Toxoplasmosis is one of the leading foodborne causes of
deaths. The disease can be transmitted by oocysts in cat feces
and contaminated undercooked meats. While there is a need
for an effective vaccine against toxoplasmosis in humans and
animals, most vaccines studied thus far are low in protective
efficacy and remain at the experimental stage. Toxoplasma DNA
vaccines containing a single antigen (TgDOC2) and multiple
antigens (TgPF, TgROP18, TgROP18, TgMIC6 and TgCDPK3)
are reported (Zhang, Elsheikha et al.; Zhang, Hou et al.).
Both vaccines achieved considerable protection against challenge
in the mouse model of infection. Development of vaccines,
particularly efficacious and cost-effective subunit vaccines, is
challenging for all parasites. Thus, far, the best protection is still
achieved by live attenuated vaccines. Research by Xia et al. reveals
that a T. gondii mutant (1ldh) lacking lactate dehydrogenases
1 and 2 propagates in vitro, but not in vivo. Mice vaccinated
with this mutant are protected from lethal challenges with
wild-type strains of T. gondii (Xia et al.). It is very promising
that such mutants can provide protection but are unable to
replicate in animals, as this may lead to development of live
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attenuated vaccines and identification of candidate antigens for
subunit vaccines. Translational research will be required to assess
protective efficacy in target species.

Avian coccidiosis caused by Eimeria spp. results in production
losses to the poultry industry. Kim, Chaudhari et al. review
the literature encompassing many years of research on the
complex host responses to this infection that include typical
Th1 inflammatory responses and those mediated by Treg cells,
highlighting the importance of Th17 T cell subsets in host
resistance/susceptibility to coccidiosis. In addition, studies by
the same group show that the dietary indoles, ligands for the
aryl hydrocarbon receptor, upregulate Treg responses while
downregulate Th17 responses, leading to reduced host intestinal
lesions caused by coccidiosis (Kim, Lillehoj et al.). This suggests
that effective dietary treatments can alleviate coccidiosis-elicited
pathogenesis and/or reduce or prevent subsequent opportunistic
infections (Kim, Lillehoj et al.).

There are numerous important animal and human
pathogens in the phylum Apicomplexa, such as Plasmodium
spp., Toxoplasma gondii, Eimeria spp., Babesia spp., and
Cryptosporidium spp. Natural killer (NK) cells are potent first
line effector cells in control of apicomplexan infections by
producing IL-12-dependent IFN-γ and direct killing of the
parasites and infected cells (Ivanova et al.). However, functions
attributed to NK cells may be functions of one of the innate
lymphoid cell (ILCs) lineages based on extensive and vigorous
research performed since the discovery of ILCs; as such,
intensive research is justified to understand the functions of
these emerging and important ILCs in the interaction between
Apicomplexa parasites and their hosts (Ivanova et al.).

Parasitic helminths are multicellular, eukaryotic, invertebrates
of medical and veterinary importance. In the past decades,
animal and human parasitic helminth control has relied almost
entirely on anthelmintic drugs. However, drug-resistant parasites
are emerging, illustrating the need for intense research on
the parasitic worms and development of alternative control
measures. In addition, prior or existing exposure to, and
infection by, helminths can result in polarized immune responses
in the host. Such a preexisting immunologic background
can unavoidably affect the host immune responses and
outcome of infections caused by bacterial, viral or fungal
pathogens (Mabbott). Eight articles in this issue, most of
which describe original research, emphasize helminths infecting
humans and animals. The review article in this Research Topic is
focused on helminth-mediated immunoregulation through host
pattern recognition receptor (PRR)-dependent and -independent
mechanisms (Zakeri et al.), involving host-parasite interactions
via parasitic excretory/secretory products and extracellular
vesicles. The outcome of such a cross-regulation is two-fold, in
general. On the one hand, the worms have evolved to acquire
the ability to manipulate the host immune responses in favor
of their own survival and parasitism. On the other hand, the
host requires exposure to helminth infections for establishing
a bystander immunity essential for downregulating deleterious
host responses due to allergies and autoimmune diseases. Indeed,
the results of recent studies by Ebner et al. indicate that, using
a cell line in combination with the infective Ascaris suum

larvae in vitro and analysis by dual-species RNA-Seq, worm
exposure elevates host metabolic activities and suppresses some
of the chemotactic genes, but does not affect overall immune
responsive genes or immune signaling pathways. However, upon
contact with the host cell, Ascaris larval genes responsible for
motor function development and invasion are upregulated, an
example of parasitic evasion and promotion of self-development,
migration and survival.

Trichinella spiralis, an important food-borne pathogen,
attenuates collagen-induced arthritis through programmed death
1 (PD1) by downregulating Th1/Th17 responses, an instance
of a therapeutic effect exerted by helminth infections (Cheng
et al.). Results of the recent studies by these investigators
illustrate that infection by T. spiralis elevates PD1 in CD4T
cells, and mice infected with the parasite have reduced pathology
of collagen-induced arthritis. Moreover, the infection-induced
therapeutic effect can be abolished by anti-PD1 antibodies.
Lack of such a therapeutic effect is shown in PD1-deficient
mice, further demonstrating the importance of PD1 (Cheng
et al.). Using a bioinformatics systems approach, Homan et al.
further demonstrate the importance of co-infection by epitope
networking. In this study, predicted T cell epitopes of multiple
helminth species and the associated host responses are analyzed
for their ability to bind with MHC molecules, as well as for
the presence of T cell-exposed motifs, which are comprised of
amino acids in a peptide bound to MHC molecules that engage
the T cell receptor. Interestingly, T cell-exposed motifs identified
in the study are shared among the helminth species and with
the taxonomically unrelated pathogens commonly seen in co-
infections. The results indicate that a systems approach must
be taken when investigating an infection against a backdrop
of co-infection and the potential presence of preexisting
immune response bias. In the highly complex process of host-
gastrointestinal (GI) parasite interactions, the interrelationship
between the parasite and the host GI microbiota should also
be considered. Heligmosomoides polygyrus, a nematode that
infects the small intestine of mice, produces excretory/secretory
products with antimicrobial activities (Rausch et al.). Using
the germ-free rodent model, research conducted by Rausch
et al. shows that the parasite may sense and modulate enteric
microbiota, in their favor, by controlled release of nematode-
derived antimicrobial excretory/secretory products.

Anti-worm vaccines are considered an important alternative
to anthelmintics in the face of rapid emergence of drug
resistance in the worm; thus, it is crucial to identify protective
vaccine candidates in parasitic worms of interest. The
Haemonchus contortus serine/threonine-protein phosphatase,
an excretory/secretory protein, is identified and characterized
for its potential to be a vaccine candidate, based on the protein’s
ability to modulate cytokine production, immune cell migration,
and apoptosis, and to downregulate cell proliferation and
MHC protein expression (Ehsan et al.). Immunodominant
structural proteins and a wide range of moonlighting proteins
are identified using combined 2-dimensional electrophoresis and
LS-MS/MS in worm extract as well as surface preparations from
the adult tapeworm Hymenolepis diminuta (Mlocicki et al.).
Some of the proteins may be excellent vaccine candidates. It
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has been known that granulocytes play a key role in bridging
the innate and acquired immunities and mediating clearance of
helminth infections. The study by Rajamanickam et al. illustrates
that Strongyloides stercoralis infection promotes the level of
eosinophil, neutrophil, and mast cell granule proteins present in
peripheral blood, while anthelmintic drug treatment suppresses
them, indicating a direct involvement of activated granulocytes
during helminth infection.

Taken together, this Editorial gives a brief overview of the
findings presented by all articles in this Research Topic, and
we hope that these articles provide readers a cross-sectional
view of status of current research on some of the parasites of
medical and veterinary importance. This collection of articles
provides valuable and timely insights into the need for, and
recent developments in, parasite research, the mechanisms
underlying infection and pathogenesis, and potential therapeutic
and prophylactic interventions. Humans and animals in their
life times are confronted with constant threat of infections
by, or exposure to, several types of parasites, in addition to a
whole battery of other pathogens. Parasitic infections may result
in protective immunity for life, biased/compromised immune
functions, and/or loss of productivity. As stated earlier, the
underlying conditions, such as biased immune status by previous
parasitic infection or exposure, can be determining factors
influencing potential immunities against pathogens which are
irrelevant to those of prior exposure. In the laboratory setting,
experiments must be designed in such a way as to yield definitive
results. However, in the field, we must appreciate that co-
infection of individuals is often inevitable. Again, this Research

Topic is focused on host-parasite interactions, and those who
contributed to this special issue have addressed the importance
and significantly advanced the research in each field. We eagerly
look forward to advances in parasitology research in the coming
years, and to a greater understanding of the interplay between
parasites, the host, and other infections in particular.
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Lyme disease is the most prominent tick-borne disease with 300,000 cases estimated

by CDC every year while∼2,000 cases of babesiosis occur per year in the United States.

Simultaneous infection with Babesia microti and Borrelia burgdorferi are now the

most common tick-transmitted coinfections in the U.S.A., and they are a serious

health problem because coinfected patients show more intense and persisting disease

symptoms. B. burgdorferi is an extracellular spirochete responsible for systemic Lyme

disease while B. microti is a protozoan that infects erythrocytes and causes babesiosis.

Immune status and spleen health are important for resolution of babesiosis, which is

more severe and even fatal in the elderly and splenectomized patients. Therefore, we

investigated the effect of each pathogen on host immune response and consequently

on severity of disease manifestations in both young, and 30 weeks old C3H mice. At

the acute stage of infection, Th1 polarization in young mice spleen was associated with

increased IFN-γ and TNF-α producing T cells and a high Tregs/Th17 ratio. Together,

these changes could help in the resolution of both infections in young mice and also

prevent fatality by B. microti infection as observed with WA-1 strain of Babesia. In

older mature mice, Th2 polarization at acute phase of B. burgdorferi infection could

play a more effective role in preventing Lyme disease symptoms. As a result, enhanced

B. burgdorferi survival and increased tissue colonization results in severe Lyme arthritis

only in young coinfected mice. At 3 weeks post-infection, diminished pathogen-specific

antibody production in coinfected young, but not older mice, as compared to mice

infected with each pathogen individually may also contribute to increased inflammation

observed due to B. burgdorferi infection, thus causing persistent Lyme disease observed

in coinfected mice and reported in patients. Thus, higher combined proinflammatory

response toB. burgdorferi due to Th1 and Th17 cells likely reducedB.microti parasitemia

significantly only in young mice later in infection, while the presence of B. microti reduced

humoral immunity later in infection and enhanced tissue colonization by Lyme spirochetes

in these mice even at the acute stage, thereby increasing inflammatory arthritis.

Keywords: Babesia microti, age-related immunity, babesiosis, Borrelia burgdorferi, Lyme disease, immunity to

tick-borne coinfections
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INTRODUCTION

Concomitant coinfections with parasites and bacteria in humans
are common in the developing world (1); however, reports of
such coinfections in the developed world are rare. In contrast,
coinfections with tick-borne protozoan parasite of Babesia
species and Borrelia burgdorferi sensu lato group of spirochetes
have been emergingmore recently (2–5). The CDC estimates that
∼300,000 cases of Lyme disease and ∼2,000 cases of babesiosis
occur in the U.S.A. every year. Lyme disease is caused by
B. burgdorferi spirochetes while the Apicomplexan protozoan
parasite Babesia microti is the major causative agent of babesiosis
in the United States and B. divergence is prevalent in Europe.
Coinfections of Ixodes species ticks with B. burgdorferi and B.
microti have been increasing steadily over the years (6–10).
Reservoir hosts and tick-feeding habits determine the spread of
these pathogens to humans. The most commonly recognized
tick-borne coinfection in most of the Eastern United States
is Lyme spirochetes and B. microti with detection levels of
concurrent infections by these pathogens in New York as high
as 67% (11).

B. burgdorferi is responsible for systemic Lyme disease
that affects the skin, musculoskeletal system, heart, joints,
and nervous system. Babesiosis remains asymptomatic in
healthy individuals such that donation of blood by these
infected persons can often lead to transfusion-transmitted
babesiosis, raising serious health care problems for already
sick recipients of this tainted blood or blood products (12–

14). Severe babesiosis in splenectomized patients result in high
morbidity and even mortality indicating that the spleen plays a
critical role in resolution of Babesia infection (15–19). Several
immunological deficiencies emerge with age, resulting in an

increased susceptibility of the elderly to various infections. Innate
immune response in both humans and mice affect clearance of
infections that changes with age (20–23). For example, declines
in function of neutrophils and defect in macrophage (mϕ)

response with in aged humans in responses to infection have
been described previously (24, 25). Therefore, it is not surprising
that severe babesiosis is most common in people >40 years of
age, especially in the elderly individuals (2, 26). Severe disease
requires patient hospitalization, and can even cause death due to
multi-organ failure (27). In contrast, Lyme disease severity has

not been reported to be age dependent in humans but older mice
are somewhat resistant to inflammatory Lyme disease. These
observations underscore the need for a comprehensive evaluation
of the effect of coinfections on overall disease severity using the
susceptible mouse model of infection.

The lack of symptoms in patients and unavailability
of cost-effective and sensitive diagnostic tests often results
in underestimation of babesiosis prevalence. Epidemiological
studies demonstrated that B. microti-B. burgdorferi coinfected
patients suffer from significantly more diverse and intense
symptoms, which persist longer than those in patients infected
with each pathogen individually (28–30). Symptoms, such as
chronic fatigue and headache have been reported to persist in
coinfected patients for months and were significantly higher than
patients with Lyme disease alone (28). In the United States, 10%

of patients with initial erythema migrans show persistent flu-
like symptoms, joint and muscular pain, and fatigue even after
completion of antibiotic treatment regimen (31). Physicians in
the endemic regions are encouraged to recommend additional
blood tests for concurrent infection with B. microti because
the treatment approach for this parasitic disease is different
from bacterial infections and testing for babesiosis is not often
conducted to determine coinfection (11).

Susceptible C3H mouse strain infection system has provided
significant information about immune responses against B.
burgdorferi and B. microti and the impact of these infections on
respective disease manifestations. Splenic cells of B. burgdorferi
infected C3H mice showed an increase in B and CD4+
lymphocytes, increase in IFN-γ levels and diminished levels
of IL-4 production (32–36). IFN-γ production together with
increase in IL-17 producing Th17 cells, which produce TNF-
α simultaneously, were shown to contribute to Lyme arthritis
severity, while primarily antibodies against B. burgdorferi
facilitated clearance of the spirochetes, reducing their burden
in tissues (32, 36–38). Both Th1 and Th2 responses are
indicative of the development of the adaptive immune response
including their contribution to humoral immunity. Innate
immune response, involving macrophage and NK cells, has
been found to be critical for control of protozoan infections,
including intracellular pathogen B. microti during acute phase
(39–44). Cytokines IFN-γ and TNF-α contribute to infection-
associated inflammatory complications; however, they also help
in elimination of protozoan pathogens with the help of Nitric
oxide (NO) produced during infection (39–44). Increase in
IL-10 levels was found to exacerbate Plasmodium parasitemia
but this cytokine suppressed hepatic pathology (45). Thus,
balance between these 3 cytokines; IFN-γ, TNF-α, and IL-
10 levels are critical for moderating parasitic disease severity,
and establishment of long-term, non-fatal diseases (43, 46).
Macrophage and NK cells were also shown to play critical roles in
conferring resistance in C57BL/6 mice to highly infectious WA-1
strain of Babesia species (21), while both CD4+ cells and IFN-γ
contributed to resolution of parasitemia of B. microti, which
causes milder disease in mice (47).

Only limited murine studies have been conducted to study
tick-borne coinfections until now. Two previous investigations
reported contradictory outcomes of coinfections particularly as
demonstrated by Lyme disease severity (48, 49). We decided
to conduct a comprehensive study to understand the effect of
simultaneous B. burgdorferi and B. microti infections on acute
immune responses of inbred mice during parasitemia upward
incline phase, and consequentially, on survival and persistence of
each pathogen later as affected by the age of mice. We selected
C3H mice for our coinfection studies because young mice of
this strain exhibit Lyme arthritis and carditis (50, 51), as well as
B. microti parasitemia and anemia (48, 49) similar to humans.
We hypothesized that using a mouse model of Borrelia-Babesia
coinfection, we will be able to understand why patients with these
coinfections show more persistent subjective symptoms. We
describe here the impact of coinfection on the splenic immune
response in C3H young and mature, older mice at acute phase
of infection and its effect on parasitemia and Lyme disease due
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to modulation of immune response by B. microti particularly in
coinfected mice.

MATERIALS AND METHODS

Ethical Statement
This study was carried out in accordance with the guidelines of
the Animal Welfare Act and the Institute of Laboratory Animal
Resources Guide for the Care and Use of Laboratory Animals,
and Public Health Service Policy with the recommendations of
Newark Institutional Animal Care and Use Committee (IACUC)
designated members. The protocol number D-14011-A1 of the
corresponding author was approved by the Newark IACUC
and study was conducted at Rutgers-New Jersey Medical School
following this approved protocol.

Culture and Maintenance of B. burgdorferi

and B. microti and Injection of Mice
C3H/SCID female mice were first injected with B. microti
infected RBCs stock to obtain inoculum for subsequent
experiments. Parasitemia was determined daily using the
approved guidelines as described previously (52, 53). B.
burgdorferi N40 strain carrying a firefly luciferase gene (Bbluc)
(54), which is a derivative of the N40D10/E9 clone (55), was
used in this study and is labeled as N40 throughout. N40 was
cultured at 33◦C in Barbour-Stoenner-Kelly-II (BSK-II) medium
supplemented with 6% rabbit serum (BSK-RS). The spirochetes
were harvested and count adjusted to 104 N40 per ml of medium.
Only female mice were used in all experiments to avoid the
effect of testosterone on parasitemia and innate immune response
reported for parasitic diseases (56).

To assess the mechanistic details of coinfections, we
conducted experiments in susceptible C3H mice. Young mice
were used because they display both Lyme disease and babesiosis
disease manifestations while middle age, mature 30 weeks
old mice (referred as old mice throughout) were included to
determine if they show different immune response in acute
phase and display higher parasitemia as observed in humans.
Three weeks or Twenty-Nine weeks old female C3H mice were
purchased from Rutgers approved reputable vendor(s) and were
used in the experiments after acclimatization for one week.
The mice were randomly divided into 4 experimental groups in
each set with each group containing 5 mice, thus a total of 40
mice were used, 20 young mice at 4 weeks of age and 20 mice
that were 30 weeks old. The first group of mice in each age
category remained uninfected, second group were injected with
B. burgdorferi (N40) alone, third group received both N40 strain
and B. microti and fourth group was inoculated with B. microti
alone. Mice were injected with 1 × 104 gray strain of B. microti
(ATCC30221 strain) infected RBCs/mouse diluted in Phosphate
Buffered Saline (PBS) intraperitoneally (ip), or injected with
103 B. burgdorferi diluted in 100 µl BSK-RS subcutaneously
(sc) in each mouse on the lateral aspect of the right thigh, or
injected with both pathogens at the respective sites. Naïve mice
received BSK-RS and PBS, sc and ip, respectively. BSK-RS does
not interfere in live imaging of mice and allows light emission
to occur in vivo for 10min. Based upon our experience, we do

not expect any impact of the vehicles, if any, beyond a few days
post-infection. Due to different vehicles suitable for eachmicrobe
survival and dissemination in host after injection, both pathogens
were injected at different sites using the established protocols for
each pathogen.

We determined the effect of coinfections during the acute
phase of infection before the development of peak parasitemia
and adaptive immune response. Our goal was to analyze the
effect of B. burgdorferi impact on B. microti parasitemia and
consequently on splenic immunity during pre-convalescence
period. Mice were euthanized when B. microti parasitemia was
∼20%, i.e., before reaching the peak parasitemia. Thus, for
determination of immune response at early stage of infection,
young mice were euthanized at 11 days post-infection and old
mice at 17th day of infection because parasitemia and Lyme
spirochetes colonization was slower in the older as compared to
the young mice. Dose and mode of injection for each pathogen is
described above.

Monitoring of Infected Mice
Infectedmice were monitored closely for both N40 and B. microti
infection progression for up to 21 days post infection in the initial
experiment to determine the acute phase of infection before
peak parasitemia develops. Based upon the parasitemia profile,
a thorough investigation of acute phase of infection on immune
response and evaluation of disease severity is presented here.
Plasma was also recovered for antibody response determination
at 3 weeks of infection. Samples collected from mice at acute
phase were then evaluated further for splenic immune response,
tissue colonization, and disease pathology. Mice infected with B.
microtiweremonitored for parasitemia every day by examination
of Giemsa stained blood smears.

Assessment of Tissue Colonization Levels

by B. burgdorferi and Disease Pathology
To eliminate microbiome on skin surface after euthanasia, mice
were soaked in Betadine for 30–40min followed by soaking in
70% ethyl alcohol for 30min and then dissected in biosafety
hood to aseptically remove organs to recover live spirochetes.
The skin at the injection site, ear, blood and urinary bladder
were transferred to tubes containing BSK-II+RS medium and
antibiotic mixture for Borreliae with 100x stock containing 2mg
Phosphomycin, 5mg Rifampicin and 250 µg of Amphotericin
B in 20% DMSO (HI-MEDIA Laboratories, PA) and grown at
33◦C to recover live B. burgdorferi from each tissue. In each
experiment, right joint and heart were fixed in neutral buffered
formalin, processed by routine histological methods, sectioned
and scored in a blinded manner for carditis and arthritis severity
caused by B. burgdorferi. DNAwas isolated from the left joint and
brain of mice in each experiment to use for qPCR. The qPCR was
carried out using B. burgdorferi recA amplicon and the specific
molecular beacon probes tagged with FAM fluorophore in the
duplex assay developed in our laboratory (57). To determine
spirochete burden in each organ, nidogen amplicon copy number
using the specific molecular beacon tagged with TET fluorophore
was used for normalization of B. burgdorferi copy number. After
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euthanasia, aseptically removed liver and spleens were weighed,
and splenocytes collected for flow cytometry as described below.

HISTOPATHOLOGY

Two graduates of veterinary medicine (LA and VD) evaluated
sections of joints and hearts independently in a blinded manner
and scored for inflammation. Briefly, severity of arthritic
manifestation was measured by assessing (i) synovial hyperplasia
and (ii) erosion of cartilage, (iii) increase in lymphocytic
infiltration and (iv) change in synovial space as observed in N40-
infected and coinfected mice compared to the naïve or mice
infected with B. microti alone. Scoring of joint inflammation
ranged from “–” (for naïve mice) to “+ + +” in B. burgdorferi
infected/coinfected mice based upon display of all four criteria.
Carditis is considered severe (+) in mice if mixed leukocyte
infiltration (primarily macrophage) and fibroblastic proliferation
of the connective tissue around the aortic valve and origin of
the coronary artery are observed. Infiltration of macrophages and
lymphoid cells may also appear around the aorta or in focal areas
of the auricular or ventricular epicardium to the apex of the heart
(50). These manifestations are usually observed between 2 and
3 weeks of infection with our N40 strain. Manifestations (+/-)
are consideredmilder if consistently reduced distribution of these
features is observed. The lack of these characteristics is indicative
of no (-) carditis.

Analyses of Splenic Cells by Flow

Cytometry
Single cell suspensions of the splenocytes was obtained by
slicing the organ into small pieces and straining it into 50ml
conical tube using a 70µm nylon sterile cell strainer. The
cells were then washed with PBS by centrifugation at 350 xg
and RBCs lysed by Ammonium-Chloride–Potassium (ACK)
lysis buffer (Thermo Fisher # A10492201). The cells were then
resuspended in fluorescence-activated cell sorting (FACS) buffer
(PBS +5%FBS), and stained with specific antibodies diluted
1:50. Using hemocytometer cell number was adjusted to 108 for
each individual sample in 2 separate tubes. In the first tube,
B cells were detected with Brilliant violet 421 conjugated anti-
mouse CD19 antibodies (BioLegend, #115537) and macrophages
with PE conjugated anti-mouse F4/80 antibodies (BioLegend,
# 123110) followed by FACS. In the second tube, splenocytes
were incubated with APC-Cy7 conjugated anti-NK1.1 mouse
monoclonal (PK136) antibodies (Bilegend # 108724), T cells
with PE/Cy7 conjugated anti-mouse CD3 antibodies (BioLegend
#100220), T helper cells with FITC conjugated anti-mouse
CD4 antibodies (BioLegend #100406) and cytotoxic T cells
with Alexafluor-700 conjugated anti-mouse CD8a antibodies
(BioLegend #1000730) by incubation for 30min in the dark
on ice. The cells were washed three time with PBS containing
5% FBS (FACS Buffer) by centrifugation and resuspended in
Fixation buffer (BioLegend # 420801) for 20min at room
temperature, and then permeabilized twice in 1x Intracellular
Staining Permeabilization Wash Buffer (BioLegend # 421002).
After centrifugation, for intracellular cytokines staining, cells

were incubated with anti-mouse IFN-γ antibodies conjugated
with Pacific Blue (BioLegend #505818), anti-mouse TNF-α
antibodies conjugated with PE (BioLegend #506306), anti-mouse
IL-4 antibodies conjugated with BV605 (BioLegend #504126),
anti-mouse IL-10 antibodies conjugated with PerCP-Cy5.5
(BioLegend #505028), anti-mouse IL-21 antibodies conjugated
with eFluor 660 (ThermoFisher #50-7211-82) all used at 1:50
dilution, for 20min on RT in dark. The samples were thenwashed
twice with Intracellular Staining Permeabilization Wash Buffer
and centrifuged at 350 xg for 5min. Fixed and labeled cells were
then resuspended in 0.5ml of FACS Buffer and analyzed using
BD LSRFortessaTM X-20 (BD Biosciences) driven by software
FACS DiVa (BD Biosciences). For each fluorophore, appropriate
compensation was made using one of the naïve mice splenocytes.
Acquired data was analyzed using FlowJo, Version 10.3 software.
After analysis of samples, ratio between CD19+ and F4/80+
was determined from the first tube while FcR+ cells were
distinguished from CD3+ cells in the second tube. Furthermore,
subpopulation of CD4+ and CD8+were quantified among these
CD3+ cells. Intracellular cytokine profile was used to quantify
Th1 cells by identifying IFN-γ+ label only, Th2 cells marked with
IL-4+, IL-10+, Th17 with IL-21+ only and Tregs labeled for only
IL-10+.

In vitro Stimulation of Splenic T Cells
Splenic cells separated as described above were suspended in 5ml
cell staining buffer (BioLegend #420201). All further treatments
were done in this buffer. After counting live cells, splenocytes
from each mouse were labeled with 1:50 dilutions of APC.Cy7
anti-NK1.1 mouse antibodies (BioLegend #108724), and anti-
mouse CD45 coupled with PE (BioLegend #103106). Anti-
NK1.1mousemonoclonal IgGa2 antibodies (PK136 clone), binds
to mouse FcR+ cells such as high affinity FcγRI possessing
macrophages and neutrophils, and cells that are primarily
involved in inflammatory response and display low affinity
FcγRII and FcγRIII on myeloid cells and platelets (58). Since
NK1.1 marker is lacking in C3H mice, anti-NK1.1 mouse
monoclonal antibodies helped us quantify splenic FcR+ cells
because Fc rather than Fab region of antibodies bound to the
cells. DAPI (1 mg/ml) was also included in the buffer at 1:50
dilution to separate dead cells. Cell suspensions were incubated
on ice in dark for 30min for staining. After washing three times
with the buffer by centrifugation at 350 xg for 5min each, cell
pellets were suspended in 1ml buffer and 5 samples from each
mouse group pooled. Cell sorting was done using BD AREA II
(BD Biosciences) by first gating for appropriate cell size, then for
DAPI negative, live cells followed for APC.Cy7 positive in first
tube, and PE positive cells for the second tube.

For in vitro stimulation, six aliquots of 50,000 cells suspended
in 200 µl of RPMI with 10% FBS and 5% penicillin-streptomycin
(cell suspension medium) were prepared for pooled cells from
spleens from each mouse group in 96-well plate. Three wells
served as untreated control and the other three replicates treated
with 100 ng/ml phorbol 12 myristate 13-acetate (PMA) for
stimulation, 1µg/ml ionomycin to increase intracellular levels
of calcium, 5µg/ml monestin as protein transport blocker that
helps retention of intracellular cytokines in stimulated lymphoid
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cells in the Golgi complex and 5µg/ml brefeldin A, a lactone
antiviral that inhibits protein transport from the endoplasmic
reticulum to the Golgi apparatus, i.e., in the presence of the
mixture of ionomycin-monestin-brefeldin A or IMB. The plates
were incubated at 37◦C with 5% CO2 for 10 h. Cells from each
well were transferred to 4ml tube and wells washed twice to
recover all untreated/treated cells. After centrifugation at 350
xg for 5min, supernatant was removed and cells washed twice
with cell staining buffer. Cell pellets were then resuspended
in 1ml buffer and then stained for surface markers using
1:50 dilution of anti-mouse CD4 antibodies labeled with FITC
(BioLegend #100406) and anti-mouse CD8a antibodies labeled
with AlexaFluor 647 (BioLegend #100724) by incubation on
ice in dark for 30min. After three washings, cells were fixed
using BioLegend Intracellular Flow Cytometry Staining protocol.
Briefly, after two incubations of cells in 0.5ml of fixation buffer
at room temperature for 20min in dark, cells were recovered by
centrifugation, washed twice in 1 × Intracellular Staining and
Permeabilization Wash Buffer (BioLegend #421002). Cocktail
of 1:50 dilution of anti-mouse IFN-γ antibodies labeled with
Pacific Blue (BioLegend #505818), anti-TNF-α antibodies labeled
with APC.Cy7 (BioLegend #506344), anti-IL-21 antibodies
labeled with e-Fluor 711 (ThermoFisher #50-7211-82), anti-IL-
10 antibodies labeled with PerCP/Cy5.5 (BioLegend #505028)
and IL-4 coupled with Brilliant Violet 605 (BioLegend #504125)
was prepared and after adding to cells in each tube, incubated
at room temperature in dark for 20min to mark intracellular
cytokines present in each cell type. Cells were then washed
twice using 2ml buffer to remove unbound antibodies and then
resuspended in 0.5ml of cell staining buffer for Flow cytometry.
Cell identifications were carried out on BD LSRFortessaTM

X-20 (BD Biosciences) driven by software FACS DiVa (BD
Biosciences). Acquired data was analyzed using FloxJo, software
Version 10.3.

B. microti Protein Extract Preparation
When parasitemia in infected C3H/SCID mice reached to
approximately 30%, blood was collected and centrifuged at 2,000
×g at 4◦C for 5min. Free parasites that were released were
recovered from the supernatant by centrifugation at 10,000 ×g
for 5min. The remaining RBC pellet was treated with 0.15%
saponin on ice for 30min and centrifuged at 2,900×g for 25min
to recover the parasite pellet. The pellet was washed three times
with ice cold PBS by centrifugation at 10,000 ×g for 5min and
resuspended in 1.5ml of 5mM MgCl2 solution in PBS in an
Eppendorf tube. Parasites were treated with detergent to lyse and
incubated with 10 µl DNAse at 37 C for 30min. The antigen
preparation was kept frozen at −20◦C and was thawed to use in
ELISA.

Humoral Response
ELISA was used to determine antibody response against each
pathogen. Plates were coated with either 50 µL B. burgdorferi
N40 lysate or with B. microti total protein extract (concentration
adjusted to 0.3 mg/ml) and incubated at 37◦C overnight. Wells
without protein coating (buffer only) were included as controls.
Plates were then blocked with 1% BSA containing PBS for

1 h and then incubated for 1 h with plasma recovered from
all mice diluted at 1:5,000 for B. burgdorferi or 1:200 for B.
microti. After washing three times with PBS containing 5%
Tween-20 (PBST), bound mouse antibodies were reacted with
1:2,500 anti-mouse-IgG HRP-conjugated secondary antibody.
After washing with PBST, 50µL of TMB substrate (KPL SureBlue,
#520001) was added to each well to detect antibody reactivity.
Absorbance was measured at OD620 using a SpectraMaxM2 plate
reader.

Statistical Analysis
All data collected was analyzed by Prism version 8.0 for
Mac, GraphPad Software (La Jolla, CA). Data is presented
as mean ± standard deviation (s.d.). Comparisons were
made between groups using one-way ANOVA with
binomial 95% confidence interval. In post-hoc analysis,
when ANOVA P-value was below 0.05, unpaired, two-
tailed student t-tests with Welch’s correction for unequal
s.d. was conducted to determine significant differences between
respective groups. Thus, values below 0.05 were considered
statistically significant for a paired group comparison at
95% confidence interval. Two tailed unpaired parametric
student t-test was used to compare two variables between
groups, and P-values bellow 0.05 were found to be statistically
significant.

RESULTS

Effect of Coinfections on B. microti

Parasitemia in C3H Mice
In our initial experiment, young mice infected with B. microti
alone, or coinfected with B. microti and N40 exhibited similar
temporal patterns of parasitemia such that peak parasitemia
was reached on 13th day post infection. In that experiment,
peak parasitemia levels were significantly higher by ∼10% in
mice infected with B. microti as compared to coinfected mice
while difference was not significant in old mice (data not
shown). Based upon this data, we selected time points here for
euthanasia at acute phase before peak parasitemia was obtained.
We show here that on 11th day post infection, there was no
statistically significant difference in parasitemia levels between
single and coinfected young mice (Figure 1A). Older mice
previously showed delay in development of parasitemia after
B. microti infection (59). We conducted experiments here to
determine age-related differences in the host immune response
at acute phase of both infections to find reason for differences
between young and old mice later in infection. In our experiment
with 30-week old mice, parasitemia developed slightly slower as
compared to young infected mice because 20%parasitemia was
obtained on 17th day compared to on 11th day in young mice
(Figure 1B). These results agree with previous finding of delayed
peak parasitemia in old B. microti infected mice (60). Therefore,
we euthanized mice when the parasitemia reached ∼20% in
young and old mice, i.e., on 11th and 17th day post-infection,
respectively (Figures 1A,B).
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FIGURE 1 | B. microti (Bm) and B. burgdorferi (N40) coinfection and their impact on the host. (A) Bm parasitemia in young female C3H mice at different time points

until euthanasia at 11th day post-infection. Each point represents average parasitemia in each group of mice (mean ± s.d.) (B) Determination of parasitemia in B.

microti infected and coinfected old female mice until euthanasia on 17th day post-infection. In each case (A,B), mice were euthanized when parasitemia was ∼20%.

B. microti-Mediated Splenomegaly and

Hepatomegaly During Acute Phase of

Infection
We examined the effect of B. microti infection on liver and
spleen of mice during acute phase because these organs of
the reticuloendothelial system are also involved in clearance
of blood-borne pathogens and help in disease resolution (61,
62). Damaged or parasitized erythrocytes are also removed
from circulation by macrophages located primarily within these
organs. Although spleen size was slightly larger in N40 infected
vs. naïve young mice at 11 days post-infection (Figure 2A), size
of spleen was not significantly different in old N40 infected
mice (Figure 2B). In young mice, moderate but significant
splenomegaly was observed in B. microti infected and coinfected
mice (Figure 2A) while pronounced splenomegaly was apparent
in the old mice (Figure 2B). Surprisingly, we did not see a change
in the size of liver in any infected mouse group at this stage of
infection (data not shown).

We previously showed that marginal zone disappears 3 weeks
after infection with B. microti (53). Our results here show that
disruption of marginal zone starts during the acute phase of B.
microti infection (Figures 2C,E) and erosion of marginal zone
is more pronounced during coinfection of both in young and
old C3H mice (Figures 2D,F). Both young and old mice infected
with B. burgdorferi alone show normal splenic architecture
(data not shown). These results suggest that changes in splenic
immunity modulation also begin at the acute stage of infection,
particularly in response to protozoan infection. Therefore, we
further examined the splenic innate and adaptive immune
response more in detail at this stage.

Effect of B. burgdorferi and B. microti on

Splenic Leukocytes at Acute Phase of

Infection
To determine the effect of each infection on splenic cells
that affects parasitemia development and Lyme spirochetes

colonization before adaptive immune response establishment,
total splenocytes were analyzed by flow cytometry during pre-
peak parasitemia (upward incline phase of parasitemia) and acute
phase of Lyme disease (Table 1). To understand the impact of
innate immune response during infections, we first analyzed
numbers of macrophages. A significant increase in myeloid cell
numbers in infected as compared to naïve mice was noticed
in young mice with total macrophage numbers increased at
higher levels in B. microti infected or coinfected young mice
(27.6 and 28.9%) relative to N40 infected and naïve mice
(18.1 and 7.79%) while increase in macrophage numbers in
old infected mice (7–9%) was not as pronounced (Figure 3B).
Moreover, in both single and coinfection macrophage numbers
were significantly higher in young compared to old mice (N40
infection p-value= 0.0286; B. microti infection p-value= 0.0008;
coinfection p-value < 0.0001). A significant proliferation in
FcR+, representing primarily phagocytic cell total numbers and
their percent in young and old infected mice suggests that these
cells are potentially involved in clearance of both B. burgdorferi
and B. microti at acute phase of infection in young and old
mice (Table 1). Only N40 infection of young mice resulted in
production of significantly higher FcR+ cells compared to old
mice (p value= 0.0407). Statistically significant increase in CD3+
T cells was observed in all infected young but not old mice with
highest change in total T cells observed in B. microti infected
and coinfected young mice relative to naïve mice (Table 1). In
contrast, there was almost no change in CD19+ B cells in young
mice compared to controls, and greatest change in B cells were
observed in N40 and B. microti infected old mice individually
(approximately 3-fold and 2-fold increase, respectfully) relative
to naïve mice that reduced significantly (from 14.3 and 11.2%
to 8.32%) during coinfection with these pathogens (Table 1).
Although the CD19+ proliferation varied greatly among old
single and coinfected mice, still these numbers are statistically
higher than in young infected mice with the same pathogens
(N40 infection p-value < 0.0001; B. microti infection p-value
< 0.0001; coinfection p-value = 0.0063). Not surprising, the
numbers of CD4+ and CD8+ cells remained similar to naïve
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FIGURE 2 | B. microti (Bm) infection causes enlargement of the spleen in both young and old C3H mice at acute phase of infection. (A) Spleen weights of Bm

infected and coinfected mice showed a significant increase over spleens of N40 infected mice on 11th day of infection in young mice, and (B) on 17th (pre-peak

parasitemia) day of infection in 30 weeks old mice. Each bar represents the mean ± s.d. (*p <0.01, ***p < 0.001, ****p < 0.001). (C–F) H & E stained spleen sections

showed erosion of marginal zone (arrow 2) between white (arrow 1) and red pulp (arrow 3) regions in B. microti infected (C) young, and (E) old mice. Disruption of

marginal zone was found to have progressed more significantly in coinfected (D) young, and (F) old mice at this stage of infection, resulting in the absence of clear

demarcation between red and white pulp in these (D,F) mice. Bar in microscopic images represents 100µm.

mice, without any statistically significant difference between
young and old mice at this stage of infections. These results
suggest differential splenic T and B cell response to infection with
B. microti and B. burgdorferi in young vs. old mice at acute phase
of infection.

The pattern observed with total splenic cells was also reflected
in the percentage of each cell type. One representative infected
mouse from each group with data normalized to 5,000 cells is
shown in Figure 3A. In sets of old mice, infection with N40
caused a significant and most pronounced increase in CD19+ B
cells likely because it was a little later in infection (17th day post-
infection) as compared to young mice (11th day of infection).
B cells percentage also increased in B. microti infected old mice
(11.2%) but not as high as that after N40 infection (14.3%).
Increase in total CD3+ T cell percentage was moderately but
significantly higher in N40 infected as compared to the naïve
young mice with p-values of 0.021 (Figure 3B). A significantly
higher stimulation of CD3+ cells in B. microti infected and
coinfected young mice (with p < 0.0001 for both) indicates
that T cells could play a prominent role in elimination of
the intracellular protozoan pathogens. Although the previous
reports showed that CD4+ cells are critical for clearance of
B. microti infected erythrocytes (47, 63), the change in total
CD4+ T cell percentage was neither significantly different in
infected young nor old mice as compared to the uninfected
controls (Figures 3A,B) suggesting that during pre-adaptive
immune response development period at which point this

experiment was concluded, CD4+ T cells were not yet fully
stimulated.

Response of Splenic T-Helper (TH), CD4+

Cells During Acute Phase of Infection
The experimental scheme for determining different cytokines
production after in vitro stimulation by PMA+IMB, and
identification of different types of CD4+ cells is shown in
Figure 4. Briefly, to understand the priming and T-cell mediated
immune mechanism involved during acute phase of infection,
we stained splenocytes with anti-CD45 antibodies to label all
leukocytes and NK1.1 for FcR+ cells, and cells sorted by FACS.
The remaining leukocytes mixtures containing macrophages,
CD4+ and CD8+ cells were used for in vitro stimulation with
PMA+IMB. After stimulation, cells were marked with individual
cell-type markers, then fixed, permeabilized and stained for
different intracellular cytokines. Figure 4 shows the example of
CD4+ cells producing each cytokine, data for which is shown
in Figure 5A, and outline for identification of each category of
CD4+ cell type based upon specific or combination of cytokines
production with results shown in Figure 5B. Furthermore,
various cytokines production by the sorted and stimulated CD8+
cells from infected and naïve, young and old, mice were also
determined (top right of Figure 4) and results are shown in
Figure 6.

CD4+ cell numbers that produced IL-10 were not
significantly different between uninfected naïve and various
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TABLE 1 | Analyses of splenocytes and determination of lymphocytes and myeloid cells by flow cytometry at parasitemia between 15 and 20%.

Young (Average values) Old (Average values)

Cells Total No Percentage Cells Total No Percentage t-test Young

vs. Old,

p-values

N40 Splenocytes 89446.8 89.4 Splenocytes 89891.0 89.9

F4/80 16187.0 18.1 F4/80 7832.3 8.71 0.0286(*)

Nk1.1/FcR+ 38793.6 43.4 Nk1.1/FcR+ 36438.8 40.5 0.0407(*)

CD19 2548.6 2.83 CD19 12855.7 14.3 <0.0001(****)

CD3 6299.6 7.04 CD3 4073.3 4.53 0.0117(*)

CD8a 1311.2 1.46 CD8a 1661.3 1.85 0.7278(NS)

CD4 2333.4 2.59 CD4 3780.0 4.20 0.2127(NS)

N40+Bm Splenocytes 90755.6 90.8 Splenocytes 92252.6 92.3

F4/80 26300.0 28.9 F4/80 6901.3 7.48 <0.0001(****)

Nk1.1/FcR+ 37486.8 41.3 Nk1.1/FcR+ 38820.0 42.1 0.2876(NS)

CD19 2742.0 3.02 CD19 7679.0 8.32 0.0063(**)

CD3 10599.0 11.7 CD3 3091.3 3.35 <0.0001(****)

CD8a 2225.8 2.45 CD8a 1750.3 1.89 0.4594(NS)

CD4 4459.4 4.91 CD4 3062.5 3.32 0.5896(NS)

Bm Splenocytes 90480.2 90.5 Splenocytes 98637.2 98.6

F4/80 25000.6 27.6 F4/80 9461.5 9.59 0.0008(***)

Nk1.1/FcR+ 37720.8 41.7 Nk1.1/FcR+ 41822.2 42.4 0.1853(NS)

CD19 3107.8 3.44 CD19 11047.4 11.2 0.0130(*)

CD3 9758.7 10.8 CD3 3915.9 3.97 0.0001(***)

CD8a 2104.0 2.32 CD8a 1361.2 1.38 0.0716(NS)

CD4 4192.4 4.64 CD4 3166.3 3.21 0.1251(NS)

Naïve Splenocytes 82605.6 82.6 Splenocytes 85431 85.4

F4/80 6436.7 7.79 F4/80 5007 5.86

Nk1.1/FcR+ 30209.4 36.5 Nk1.1/FcR+ 15922 28.7

CD19 1876.0 2.26 CD19 4268 4.99

CD3 3507.7 4.24 CD3 4678 5.47

CD8a 837.3 1.01 CD8a 1364 1.59

CD4 3319.2 4.02 CD4 2857 3.34

Statistical analyses: (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001, NS-Not significant).

infected old mice. Whereas, young coinfected mice have
significantly higher number of CD4+ cells produced IL-10 as
compared to naïve mice. At the same time the level of cells
producing IL-10 was significantly lower in mice infected with
N40 and B. microti individually (Figure 5A). Even untreated
CD4+ cells from uninfected and infected mice produced IL-10
but increase in numbers of these IL-10 producing cells was
higher in young N40 infected and coinfected mice as compared
to B. microti infected mice. IL-10 producing cell numbers were
indistinguishable in uninfected and infected old mice. After in
vitro stimulation, a significantly higher number of CD4+ T
cells obtained from all infected mice irrespective of age showed
production of TNF-α, IFN-γ, IL-4, and IL-21 as compared
to the cells from naïve uninfected mice demonstrating high
proliferation of T cells as a response on infection with N40
and B. microti individually or together. Surprisingly, increase
in stimulated CD4+ cells producing IL-4 and IL-21 cytokines
was higher in young as compared to all respective old infected
mice. IFN-γ producing CD4+ cells representing Th1 cells were

particularly higher in response to infection of young mice with B.
microti after in vitro stimulation. This response is likely due to the
high levels of B. burgdorferi lipoproteins presence, thus offering
a potent proinflammatory ligand to induce Th1 polarization
and also potentially by yet to be identified Pathogen Associated
Membrane Patterns (PAMPs) of B. microti (Figure 5A).

Th1 cellular proliferation and response (Figure 5B)
demonstrated by intracellular IFN-γ production was most
pronounced in both young and old mice infected with B.
microti early in infection indicating that these cells likely play
important role in resolution of parasitemia. Increase in Th1
cells was also significant in N40 infected and coinfected mice
suggesting contribution of these cells in potential clearance of
both pathogens during acute phase of infection. Interestingly,
Th2 cells increase in response to both infections was higher in
old mice compared to naïve mice, suggesting a faster activation
by more mature and fully developed immune system in these
mice. Th2 response was highest in response to N40 infection
followed by that in B. microti infected old mice; however, IL-4
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FIGURE 3 | N40 and B. microti infection affects splenic leukocytes of young and old mice differently. (A) Analyses of one young and one old representative mouse

spleen cells from each infection group is shown at 11th and 17th day post-infection, respectively. (B) Although percentage of all splenic leukocytes increased in

infected mice, growth was highest in B cells in N40 infected old mice, CD3+ T cells in young B. microti and coinfected mice, and CD8+ T cells in all young infected

mice. Macrophage increased most prominently in B. microti infected and coinfected young mice while total FcR+ cells increased in all young and old infected mice.

Each bar represents the mean ± s.d. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

FIGURE 4 | Scheme of Flow-based quantification of various intracellular cytokines production, and of different types of CD4+ cell, and different cytokine producing

CD8+ cells in infected mice after in vitro stimulation with PMA+IMB. After cell sorting for CD45+ cells (top left), cells were stimulated and then marked with antibodies

against mouse CD4 (FITC), and CD8 (AF 647) cells (top center). Cells were then fixed, permeabilized, and stained for intracellular cytokines: IFN-γ-PB,

TNF-α-APC.Cy7, IL-21-e-Fluor 711, IL-10-PerCP/Cy5.5, and IL-4-BV605 (2nd row). Then CD4+ cells producing different cytokines were quantified (results presented

in Figure 5A). In CD4+ subpopulation, cells that were positive for IFN-γ, but negative for other four cytokines were identified as Th1 cells (bottom left). CD4+ cells

that had IL-10 but no other cytokines were defined as Tregs, whereas cells producing both IL-4 and IL-10 cytokines, but not IL-21, IFN-γ, and TNF-α were identified

as Th2 (bottom center two boxes). CD4+ cells that produced only IL-21 were identified as Th17 (bottom right) and results are presented in Figure 5B). CD8 cells

producing different cytokines are presented in Figure 6.
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FIGURE 5 | Delineation and quantification of different types of CD4+ T cells based upon their cytokines production by FACS after ex-vivo stimulation of splenic

leukocytes by PMA. Intracellular cytokines transport blockers IMB were included during stimulation. (A) Various cytokines, IL-10, TNF-α, IFN-γ, IL-4, and IL-21

producing CD4+ T cells increased significantly in young mice after PMA stimulation while high levels of IFN-γ and IL-4 cytokine producing CD4+ T cells are observed

in old mice even without PMA stimulation. High numbers of IL-10 cytokine producing CD4+ cells were observed in all young and old mice irrespective of infection. (B)

Th1 response was stimulated in all infected mice with most pronounced change in T cells of B. microti infected mice after PMA stimulation. Th2 response was most

pronounced in all infected old C3H mice. High Th17 cells stimulation in young infected mice could indicate inflammatory response; however, a much higher Tregs

response in these mice appears to maintain splenic immune cells homeostasis preventing fatal disease. Lowest ratio of Tregs/Th17 cells was observed in old B.

microti infected mice but mice did not appear sick or lethargic at this stage of infection. Each bar represents the mean ± s.d. (*p < 0.05, **p <0.01, ***p <0.001, ****p

<0.0001).

production only occurred after in vitro stimulation. Analysis of
CD4+ cells after PMA stimulation showed highest Th1 response
by B. microti infected mice cells as seen in other intracellular
protozoa in both young and old mice (Figure 5B) that could
not be detected in the unstimulated fresh splenocytes (Table 2).

More pronounced Th2 response was observed in spleens of old
mice with and without PMA stimulation (Figure 5B, Table 2).

We analyzed splenic leukocytes based upon surface markers
and respective cytokines production to further determine the
specific T helper cell types that increase in numbers during

Frontiers in Immunology | www.frontiersin.org 10 December 2018 | Volume 9 | Article 289119

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Djokic et al. Acute Immunity and Pathogenesis of Coinfections

FIGURE 6 | Analysis of splenic CD8+ cells from young and old mice collected at acute phase and stimulated ex-vivo by PMA. Intracellular cytokines transport

blockers IMB were included during stimulation. Response of CD8+ T cells observed in young mice infected with B. microti, N40 or both was comparable to

respective infected old mice except IL-21 producing cells numbers were higher in young infected mice. Each bar represents the mean ± s.d. (*p <0.05, **p <0.01,

***p <0.001, ****p <0.0001).

infection with N40 and B. microti. Increase in Th17 and T-
regulatory (Treg) cells were observed in all young infected
mice as compared to the naïve mice. Interestingly, Th17 cells
proliferation was most pronounced in B. microti infected old
mice and was more than double in numbers of those observed in
old mice infected with either N40 or B. microti alone. Increase in
Th17 cells in N40 infected and coinfected mice were significantly
higher as compared to naïve mice after stimulation with PMA
(Figure 5B). High ratio of Tregs/Th17 fresh splenocytes in N40
infected and coinfected young mice, 9.5 ± 0.53 and 9.84 ± 0.04,
respectively at acute phase of infection suggests maintenance
of immune homeostasis in spleen of these mice that prevents
excessive inflammation by these infections (Table 2). Even
though ratio of Tregs/Th17 was not as high (6.19 ± 0.63) in B.
microti infected young mice, it was sufficient to prevent excessive
inflammation by Th17 cells. Increase in Tregs was substantially
lower in all infected old mice with Tregs/Th17 ratio of 2.44 ±

0.25, 2.88 ± 0.73, and 0.89 ± 0.29 in N40 infected, coinfected
and B. microti infected mice, respectively. Th17 stimulation
was highest in old B. microti infected mice suggesting possible
occurrence of a more severe splenic pathology at later day of
infection.

Cytokines Production by CD8+ Cells

During Acute Phase of N40 and B. microti

Infection
PMA stimulated CD8+ cells producing IL-10 and TNF-α
between uninfected naïve and various infected young or old
mice were similar in numbers (Figure 6); however, higher cell

numbers producing IL-10 and TNF-α were detected after PMA
stimulation. More of CD8+ T cells obtained from all infected
mice irrespective of age showed production of IFN-γ, and IL-
4 after PMA stimulation as compared to the cells from naïve
uninfected mice demonstrating that infection with N40 and B.
microti individually or together caused priming and proliferation
of these T cells in mice that increased further on in vitro
stimulation. Interestingly, IL-21 producing CD8+ cells were
significantly higher in numbers in young as compared to old
infected mice even without PMA treatment.

Lyme Disease at Acute Phase of Infection
We were able to recover live spirochetes by culture into BSK-RS
from all tissues examined from mice infected with N40 alone,
or with B. microti from the skin at the injection site, ear, blood,
and urinary bladder. We observed light emission due to the
presence of bioluminescent spirochetes in joints and head region
of N40 infected and coinfected mice on the day of euthanasia
(Figure 7A). Brain colonization by B. burgdorferi N40 strain has
been reported in mice in studies conducted in early nineties
(64–66); however thorough investigation of brain colonization
has not been conducted until now. Therefore, to further assess
the burden of B. burgdorferi in joints and potentially brain,
we isolated DNA from these organs and conducted duplex
qPCR (Figure 7B). Spirochete copy number normalized to 105

mouse nidogen copies indicated high B. burgdorferi burden
in joints and brain of all mice infected with N40 alone or
coinfected with B. microti, likely because mice have not yet fully
developed adaptive immune response that is critical for clearance
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of extracellular spirochetes. N40 quantities were slightly higher in
young as compared to old mice. Interestingly, young coinfected
mice showed significantly higher B. burgdorferi burden in joints
relative to those in the N40 infected mice.

Although we found high burden of spirochetes in joints,
inflammation in tibiotarsus was not yet fully developed in N40
infected young or old mice (Table 3, Figure 7C). Coinfected
young mice showed more pronounced inflammation with 2/5
mice showing maximum (+++) arthritic severity and 3/5
with moderate (++) inflammatory arthritis (Table 3). Neither
N40 infected, nor coinfected old mice showed joints swelling
visually and exhibited only moderate arthritis in some mice
such that all criteria demonstrating fully developed arthritis
were not detected. Lymphocytes infiltration was observed in the
tibiotarsus of old N40 infected mice, but they did not show
as pronounced synovial hyperplasia, erosion of cartilage, and
change in synovial space as observed in 2/5 young coinfected
mice despite euthanasia of old mice at 17th day post-infection as
compared to the 11th day of infection of young mice (Figure 7C
top vs. bottom, and Table 3). Carditis was not observed in either
young or old mice either infected with N40 alone, or coinfected
with B. microti.

Immunomodulation of Humoral Response

by B. microti
At 3 weeks of infection, antibody response against both
pathogens could be detected. Antibody production by B cells
is facilitated by CD4+ T helper cells. To determine the effect
of significant and consistent reduction in splenic B and T cells
caused by B. microti infection on B. burgdorferi and to determine
association of the pathogen specific antibodies production with
the change in percentage of B cells, we used ELISA to determine
reactivity of mouse antibodies to total protein extract of N40
strain or B. microti coated on plates as antigenic cocktail.
There was a significant reduction in absorbance when plasma
from coinfected young mice were used as compared to plasma
from young mice infected with B. burgdorferi alone, indicating
apparent subversion of the humoral immune response against
B. burgdorferi by B. microti only in young mice (Figure 8). A
moderate but significant decrease in antibody production against
B. microti was also observed in coinfected as compared to B.
microti infected young mice. The specific antibody reactivity
against each pathogen was comparable among old mice infected
by each pathogen individually and coinfected. However, Overall
antibody production against each pathogen was lower in the
older mice. Although slightly higher burden of spirochetes was
observed in youngN40 infected and coinfectedmice as compared
to old mice, this data is not sufficient to explain the reason for the
lack of inflammatory Lyme disease manifestations observed here
or was previously reported in old C3H mice (51).

DISCUSSION

Our studies here demonstrate the age-related immune response
against two tick-borne pathogens in the susceptible C3H
mice. Reduction in erythrocytes population observed in

TABLE 2 | Specific splenic CD4+ cells response in Naïve and infected young and

old mice.

Average ± SD

Young Naïve N40 N40 + Bm Bm

Treg 164.7 ± 48.4 2492.0 ± 103.2 2681.0 ± 37.5 1809.0 ± 243.7

Th17 8.33 ± 2.08 262.7 ± 12.4 271.7 ± 5.03 366.3 ± 41.5

Treg/Th17 31.7 ± 9.77 9.50 ± 0.53 9.84 ± 0.04 6.19 ± 0.63

Th1 21.0 ± 6.08 108.0 ± 9.54 168.3 ± 19.7 298.3 ± 31.0

Th2 71.3 ± 25.7 121.7 ± 7.51 83.7 ± 12.1 106.7 ± 18.8

Th1/Th2 0.30 ± 0.03 0.87 ± 0.43 2.03 ± 0.47 2.82 ± 0.23

Old

Treg 164.7 ± 48.4 248.7 ± 46.4 336.3 ± 97.6 229.7 ± 82.6

Th17 15.0 ± 3.61 103.3 ± 15.9 121.3 ± 14.5 255.3 ± 10.5

Treg/Th17 10.9 ± 0.56 2.44 ± 0.25 2.88 ± 0.73 0.89 ± 0.29

Th1 21.0 ± 6.08 68.0 ± 20.2 117.3 ± 25.7 215.3 ± 17.01

Th2 71.33 ± 19.0 706.7 ± 107.8 490.0 ± 55.05 560.7 ± 41.8

Th1/Th2 0.39 ± 0.22 0.09 ± 0.06 0.24 ± 0.03 0.38 ± 0.006

blood of B. microti infected mice agree with that previously
reported in gerbils infected with B. divergens (67). Hematologic
abnormalities, such as anemia and thrombocytopenia are also
associated with babesiosis in humans, often requiring blood
transfusion and even hospitalization (19, 68, 69). To evaluate
differences between old and young mice, we determined host
response to each infection at acute phase. Immune response
at this stage affects peak parasitemia and inflammatory Lyme
disease later in infection. For example, a lower peak B. microti
parasitemia was observed later in infection in coinfected as
compared to B. microti young infected mice and not in old
mice suggesting that innate immune response at early phase of
infection against B. burgdorferi in young susceptible mice, likely
induced by abundance of spirochetal lipoproteins and TLR2
signaling, contributes to decrease in erythrocytic infection cycles
by this protozoan only in these mice (data not shown).

Splenic immunity plays an important role in resolution
of parasitic diseases. For example, splenomegaly shown
here irrespective of age of mice and reported previously
during infection with B. microti has also been observed on
infection with other vector-borne, blood protozoan pathogens,
such as Trypanosoma congolense, Plasmodium falciparum,
and Plasmodium yoeli and can even lead to rupture of
spleen in humans (49, 70–76) demonstrating consistent
splenic involvement in response to various parasitic diseases
(67, 77–79). In humans, babesiosis can be a life-threatening
disease particularly in the elderly, immunodeficient or
immunosuppressed and in asplenic patients, further emphasizing
the importance of the spleen in babesiosis resolution (13, 80). In
acute phase, we observed moderate but significant splenomegaly
in B. microti infected and coinfected young mice (Figure 2A)
while pronounced splenomegaly was apparent in the old mice
(Figure 2B). This is likely because it took longer to reach the
same level of parasitemia in these mice (euthanasia at 17th
day post-infection rather than 11th day), allowing spleen to
clear parasitized and damaged blood cells for slightly longer
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FIGURE 7 | B. microti (Bm) and N40 coinfection increases colonization of joints by B. burgdorferi causing joint inflammation during acute phase only in young mice.

(A) Although significant spirochetes-associated bioluminescence was observed in joints and brains of both young and old infected mice, (B) burden of N40 was

significantly (**p < 0.01) higher in joint of coinfected compared to N40 infected young mice. (C) B. burgdorferi infection causes only mild inflammation of the joints at

acute phase of disease as indicated by synovial hyperplasia and erosion of cartilage (arrow 2), lymphocytic infiltration (arrow 3) and change in synovial space (arrow 1)

while respective markers show higher inflammation in coinfected young mice. Although lymphocytes infiltration is observed in old mice, cartilage erosion and change

in synovial space was not noticeable in joints of different mice. Bar represents 100µm in all panels.

period and thus, causing a significant enlargement of spleen.
The inflammation of liver in response to B. divergens infection
has been reported to occur due to hemorrhage, hyperplasia
of Kupffer cells and infiltration of lymphocytes (67, 81). Our
observation of the absence of hepatomegaly in C3H mice
infected with B. microti alone or with N40 (data not shown)
agrees with that reported in rats (82). We did not visually observe
any difference in vitality of these two sets of young or old mice
suggesting that either the effect of age on babesiosis is minimum
in mice or the difference becomes more obvious only in very old
mice (≥18 months).

Innate immune response is critical to curb various infectious
diseases. Aguilar-Delfin showed that innate immunity is crucial
for determining the fate of Babesia infection and development of
resistance to babesiosis in mice (83). Since the spleen is a major
reservoir of undifferentiated, immature monocytes in mice that
can mature into macrophages and dendritic cells in vitro (84), it
is conceivable that infection of mice with B. microti could result
in development of these cells in vivo into macrophages, which
then facilitate clearance of the infected erythrocytes. Indeed,
IFN-γ stimulated macrophages have been considered critical for
inhibiting growth of B. microti and for offering cross-protection
against B. rodhaini in mice (85, 86). Depletion of macrophages at
different stages of infection using drugs resulted in a significant
increase in B. microti parasitemia and even led to mortality

TABLE 3 | Histopathological scoring of joints of mice at acute phase of infection.

Experimental groups Knee Tibiotarsus

Score – ± + – ± + ++ + + +

Young–N40 1 2 2 0 0 1 4 0

Old–N40 0 3 1 0 1 1 2 0

Young–N40+Bm 1 0 4 0 0 0 3 2

Old–N40+Bm 2 1 2 0 0 3 2 0

Young–Bm 5 0 0 5 0 0 0 0

in mice (87). Furthermore, in vivo depletion of NK cells did
not significantly impair protection against Babesia species in
mice, indicting their minor role in conferring resistance to this
protozoan (86) further emphasizing the importance of splenic
macrophages in clearance of Babesia infected erythrocytes.

To better understand the immunological responses during
acute phase of infection, we conducted both FACS analyses and
in vitro stimulation of splenic leukocytes (CD45 labeled) mixture
excluding FcR+ cells (Figures 3, 5, 6). An increase in levels of
innate and Th1-associated cytokines and chemokines, IFN-γ, IL-
8, IL-6, and TNF-α has recently been reported in Lyme disease
patients (88, 89). A positive association of type I, and III IFN
with Lyme arthritis in humans and production of IFN-γ and
IL-23 in response to B. burgdorferi infection in animal model
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systems has also been reported previously (90, 91). IFN-γ is
also produced in response to B. microti infection by activated
T cells that help in killing ingested pathogens by activated
macrophage (92). Our results support the reported critical
role of cell-mediated immunity and Type 1 cytokine response,
although it may not always be sufficient in generating protective
immunity for controlling intracellular protozoan pathogens (93–
98). A comparison of persisting symptoms reported in humans
with coinfections, such as fatigue, in which Th1 response may
contribute, cannot be determined in mice to fully appreciate
the consequence of concurrent infection on overall disease
manifestations. We observed more prominent Th2 response in
older mice. Th2 response has been known to exacerbate diseases
by some protozoan pathogens and could contribute to sustenance
of B. microti in old hosts reported previously (59, 99). Higher
levels of IL-4 production in the young mice at acute phase could
lead to significant stimulation of B cells and antibody production
later in infection that is critical for B. burgdorferi clearance.

Th17 cells play an important role in inflammation as well
as clearance of extracellular pathogens, including Borreliae,
while they counteract the action of Tregs that prevent excessive
inflammatory response caused by Th17 cells (100). Although a
high level of regulatory cytokine IL-10 producing CD4+ cells
were detected in both young and old mice, the cytokine was
associated with Th2 cells in old and Tregs in young mice. A
significant Tregs/Th17 ratio was observed during the acute phase
of infection by both B. burgdorferi and B. microti individually
or together in young mice. No death associated with babesiosis
was observed unlike that by highly infectious WA-1 strain of
Babesia during acute phase of infection in mice and hamsters
(101–103). Mice fatality by WA-1 infection was reported to
be associated with prolific pro-inflammatory response including
intravascular aggregation of large mononuclear inflammatory
cells and multifocal coagulative necrosis in various organs (101–
103). Although we cannot determine the molecular mechanism
involved, a higher Tregs/Th17 ratio in coinfected mice as
compared to B. microti infected young mice at acute phase of
infection (Table 2) could play a role in significantly lower peak
parasitemia observed in coinfected young mice (data not shown).
High levels of Tregs were also found to be associated with milder,
nonlethal malaria with Plasmodium yoelii infection in mice, as
compared to low levels of Treg cells observed during disease
by the lethal strain of P. berghei ANKA strain (104). Higher
numbers of IL-10 producing CD4+ cells (Figure 4) together
with increased Treg cell numbers supports participation of these
immune responses in suppression of excessive inflammation
during simultaneous infection by B. burgdorferi and B. microti in
C3H mice. Thus, despite development of high parasitemia levels
by B. microti, combined anti-inflammatory response promoted
by IL-10 and Tregs could partially explain why this infection does
not result in death of mice unlike infection with Babesia strain
WA-1, which displays fatal outcomes that showed association
with the high levels of IFN-γ and TNF-α production in spleen
and lungs, heavy intravascular hemolysis, and multiorgan failure
(101–103).

Our results here agree with the previous report that
mainly young C3H mice, but not old, show more pronounced

FIGURE 8 | Determination of the specific antibody response in young and old

mice at 3 weeks of infection. (A–C) N40 protein extract probed with pooled

plasma of either young (A), or old (C) from each group of infected mice by

ELISA indicated a significant reduction in the specific antibodies in plasma of

only young coinfected mice with no reactivity observed with plasma from B.

microti (Bm) infected mice. (B–D) Bm protein extract probed with pooled mice

plasma from young (B), or old (D) mice by ELISA showed that Bm-specific

antibodies reduced significantly but moderately in coinfected mice only in

young mice. Each bar represents the mean ± s.d. (*p < 0.05, ***p < 0.001).

inflammatory Lyme arthritis manifestations (51) indicating
inherent development of resistance to Lyme disease in oldermice.
Unlike previously reported independent courses of infection
by B. burgdorferi and B. microti in young C3H mice (49),
we observed a major influence of B. microti infection on
increased survival and tissue colonization by B. burgdorferi.
Significant increase in joint colonization by B. burgdorferi in
coinfected mice resulting in inflammatory Lyme arthritis even
at acute phase indicates consequence of B. microti infection
on increased B. burgdorferi survival and adverse effect on
severity of inflammatory Lyme disease. B cells play a role as
professional antigen presenting cells, display regulatory function
through cytokine production and play a critical role in humoral
immunity by producing protective antibodies. Based upon the
infecting pathogen, subversion of different B-cell subsets during
parasitic and viral infections has been summarized recently (105).
In many protozoan diseases, specific B-cell responses against
parasites were delayed or abrogated due to B cell apoptosis
and their depletion in spleen (72, 106). Antibodies play an
important role in clearance of B. burgdorferi by encompassing
different effector mechanisms, such as complement activation,
neutralization and opsonization that results in phagocytosis
facilitated by interaction of the Fc-region of antibodies and Fc-
receptors on the professional phagocytes (107). Immunoglobulin
levels are elevated in response to B. burgdorferi infection and
after antibodies maturation, they persist for long periods of
time (108). We found reduction in antibody response against
both B. burgdorferi and B. microti only in young coinfected
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FIGURE 9 | C3H mice splenic immune response at acute phase of coinfection with B. microti and B. burgdorferi. RBCs and B. microti infected RBCs (iRBC) together

with B. burgdorferi from blood are released in spleen. These pathogens then trigger a differential immune response with more pronounced induction of Th17 cells and

Tregs in young mice and significantly higher Th2 cells in the older mice. Disruption of marginal zone (MZ) and atrophy of B cells are also stimulated by B. microti such

that fewer B cells develop into plasma cells resulting in lower antibody production against both pathogens. Splenic macrophages (Mφ) are the major player in

clearance of both pathogens but because of hematopoiesis and phagocytosis of iRBCs, fewer of them are available for clearance of B. burgdorferi, causing better

survival of these spirochetes.

mice relative to those infected with each pathogen separately.
Antibody reduction was most pronounced in coinfected young
mice relative to N40 infected mice (Figure 8). This reduction
could result in better survival of B. burgdorferi even at later stages
of infection causing increase in inflammatory Lyme disease.

CONCLUSIONS

In our studies, the adverse effect of infection with N40 on B.
microti was subtle, but we consistently observed diminished
parasitemia in coinfected young C3H mice. Th2 polarization
at acute phase of infection could play a more effective role
in preventing Lyme disease symptoms in coinfected older
mice, even at the acute phase of infection. Conversely, despite
high Tregs/Th17 ratio and moderate Th1 response in spleens
of coinfected young mice, inflammatory arthritis is observed,
suggesting that tissue specific colonization by B. burgdorferi
triggers different immune responses. Based upon these results
and our observation of complete disruption of marginal zone
of spleen after parasitemia resolution (53), we propose that
both marginal zone disruption and B cell atrophy starts at the
acute phase of coinfection (Figure 9) while B. microti infection
ultimately results in reduction in splenic B cells and pathogens
specific antibody production. Furthermore, phagocytosis of
infected RBCs and hematopoiesis in the red pulp region may
overwhelm macrophages, making them less available for Lyme
spirochetes phagocytosis. Thus, each pathogen affects disease

severity by the othermicrobe directly, or indirectly by influencing
the host immune response with a more pronounced effect seen
in the young mice. Despite some differences observed in severity
of diseases in mice and humans during coinfection with B.
burgdorferi and B. microti, our results indicate that a thorough
understanding of these coinfections can be obtained by study of
pathogenesis and immunity at different stages of infection using
the susceptible animal model system(s).
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Indoles, as the ligands of aryl hydrocarbon receptor (AhR), have been shown to possess

immune-modulating property in terms of the balancing between regulatory T cells (Treg)

and T helper 17 cells (Th17) activities. In the present study, we examined the effects of

dietary indoles, 3,3′-diindolylmethane (DIM) and indole-3-carbinol (I3C), on CD4+T cell

population and functions in chickens. Furthermore, the effects of dietary DIM treatment

on chicken coccidiosis caused by an apicomplexan parasite were investigated. Dietary

treatment of healthy chickens with DIM and I3C induced increased CD4+CD25+ (Treg)

cells and the mRNA expression of IL-10, while decreasing number of CD4+IL-17A+

(Th17) cells and Th17-related cytokines transcripts expression in the intestine. In addition,

we explored the role of AhR in indole-treated splenic lymphocytes by using AhR

antagonist and our results suggested that DIM is a ligand for chicken AhR. In chicken

coccidiosis, treatment of DIM increased the ratio of Treg/Th17 cells and significantly

reduced intestinal lesion although no significant changes in body weight and fecal oocyst

production were noted compared to non-treated control group. These results indicate

that DIM is likely to affect the ratios of Treg/Th17 reducing the level of local inflammatory

response induced by Eimeria or facilitate repairing process of inflamed gut following

Eimeria infection. The results described herein are thus consistent with the concept that

AhR ligand modulates the T cell immunity through the alteration of Treg/Th17 cells with

Treg dominance. To our knowledge, present study is the first scientific report showing

the effects of dietary indole on T cell immunity in poultry species.

Keywords: indole, CD4+ T cells, Treg cells, Th17 cells, chicken, coccidiosis

INTRODUCTION

Coccidiosis which is caused by apicomplexan protozoan parasites of Eimeria spp. is one of the
most economically important diseases affecting poultry production (1). After chickens ingest
sporulated oocysts, sporozoites are released in the intestinal tract, invading intestinal epithelial
cells for intracellular development. Invasion and egress of sporozoites and merozoites, which
are, two major invasive form of Eimeria lead to the destruction of the intestinal mucosa, thus
resulting in local inflammation in the intestine (2). In E. tenella-infected chickens, the number
of CD4+ lymphocytes in the intestine significantly increases (3). Early studies have shown that T
lymphocytes and their cytokines are essential for immunity against Eimeria infection in chickens
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(4, 5). Eimeria infection elicits strong IFN-γ-driven immune
responses by T cells, and it plays a crucial role in control of
coccidiosis (6). However, a growing body of literature implicates
Th17- and Treg-related cytokines in host defense by the intestinal
lymphocytes during Eimeria infection in chickens (7–10).

Indoles are phytochemicals that are very common in the
body and diet and are abundant in Brassica (cruciferous)
vegetables, including broccoli, Brussels sprouts, cabbage, and
cauliflower (11). After ingestion, indole compounds such
as 3,3′-diindolymethane (DIM) and indole-3-carbinol (I3C)
are converted from glucosinolates, which are abundant in
cruciferous vegetables (11). Both DIM and I3C are ligands for
the aryl hydrocarbon receptor (AhR) and have been found to
exhibit anti-inflammatory and anticancer properties through
AhR activation (12, 13). AhR is a ligand-activated transcription
factor recognizing a consensus xenobiotic responsive element
binding site located in the upstream regulatory regions of target
genes including cytochrome P450 family 1 members such as
CYP1A1 and CYP1A2 (14–16). Recently, several studies have
focused on activation of AhR by indoles in CD4+ T cell
immunity; interestingly, the findings have indicated different
effects on the differentiation of T cell subsets, particularly
regulatory T (Treg) and T helper 17 (Th17) cells, depending
on the type of indole, although the underlying mechanism is
not fully established (17–21). For example, 6-formylindolo[3,2-
b]carbazole (FICZ), the tryptophan photoproduct containing
two indole rings, specifically induces the differentiation of Th17
cells (21–23), whereas DIM and I3C promote the generation
of Treg cells and the suppression of Th17 cells (17, 18).
Treg and Th17 cells are relatively newly described lineages
of CD4+ T helper cells. Although Treg and Th17 cells share
a common precursor cell (the naïve CD4T cell) and require
a common tumor growth factor (TGF)-β signal for initial
differentiation, Treg cells play a role in the maintenance of T
cell homeostasis and regulation of self-tolerance, whereas Th17
cells are involved in the inflammatory response by producing
proinflammatory cytokines such as interleukin (IL)-17. The
interplay or balance between Treg and Th17 cells is a major factor
in inflammation (24).

The effects of indole compounds in chickens and the roles
of Treg and Th17 cells in chicken coccidiosis have not been
extensively studied. Given the ability of indoles to regulate
the T cell immune response and the importance of T cell
immunity in coccidiosis, in the present study, we investigated
whether dietary indoles might regulate CD4+ T cell immunity
in chicken coccidiosis. We hypothesized that DIM and I3C
administered orally would activate AhR in chicken and lead to
Treg-dominance, thereby decreasing the intestinal inflammatory
response and preventing tissue damage.

MATERIALS AND METHODS

Reagents and Antibodies
DIM (D9568, CAS no. 1968-05-04) and I3C (I7256, CAS no. 700-
06-1) were purchased from Sigma (St. Louis, MO). Both DIM
and I3C were suspended in DMSO (D2650, Sigma) for in vitro
studies and diluted with corn oil purchased from a local market

for in vivo studies. Concanavalin A (Con A, C5275), phorbol-
12-myristate-13-acetate (PMA, P8139) ionomycin (I9657), and
CH223191 (C8124) were purchased from Sigma. Antibodies
(Abs) with the following specificities were used for flow
cytometry: CD4-PE (CT-4), CD8-Alexa Fluor 700 (CT-8), CD3-
Pacific blue (CT-3), and CD45-APC (LT40) (Southern Biotech,
Birmingham, AL). The following antibodies were purified and
conjugated in-house: CD25-FITC (#32) and IL-17A-FITC (1G8)
(25, 26).

Chickens
Newly hatched broiler chickens (Ross/Ross) were purchased
from Longnecker’s Hatchery (Elizabethtown, PA) and housed in
electrically heated battery starter cages (Petersime, Gettysburg,
OH). All chickens were raised in starter cages until 14 days of
age and transferred to finisher cages, where they were kept until
they are sacrificed. Feed and water were provided ad libitum
under coccidian-free conditions. We used 150 birds for in vivo
E. tenella infection study and another 12 healthy birds were used
for preparation of lymphocytes from spleen and cecal tonsil.
Animal husbandry followed the guidelines for the care and use of
animals in agricultural research. All experiments were approved
and followed by the United States Department of Agriculture
(USDA)-Agricultural Research Service Beltsville Institutional
Animal Care and Use Committee (protocol number: 18-019).

Cell Culture
Chicken primary lymphocytes from cecal tonsils or spleen were
isolated as previously described with modifications (8). Briefly,
spleen and cecal tonsils were collected aseptically from healthy
chicken and homogenized using gentleMACS Dissociator
(Miltenyi Biotec, Gaithersburg, USA). The lymphocytes were
purified by a Histopaque-1077(Sigma) density gradient method.
Freshly purified primary lymphocytes from cecal tonsils or
spleen were cultured in complete RPMI-1640 (GE Healthcare,
Pittsburgh, PA) supplemented with 10% FBS (GE Healthcare),
penicillin/streptomycin (10,000 unit/ml, Invitrogen, Carlsbad,
CA), 50µg/ml gentamycin (Sigma), 25mM HEPES (Gibco,
Gaithersburg, MD), and 55µM 2-Mercaptoethanol (Gibco). For
sporozoite viability test, chicken epithelial cell line (MM-CHiC
clone, 8E11) was purchased and cultured in DMEM/F-12 (1:1,
Sigma) supplemented with 2mML-glutamine (Sigma), 10% FBS,
and 10,000 unit/ml penicillin/streptomycin.

Parasite Propagation and Preparation of
Sporozoite Antigen
To obtain sporulated E. tenella oocysts (ARS strain) for in vivo
study, unsporulated were purified from the feces of infected
chickens, and sporulation was conducted with incubation in
2.5% potassium dichromate solution for 48 h. Sporozoites of
E. tenella were obtained by excystation of sporulated oocysts
(27). Briefly, freshly sporulated oocysts were disrupted with 0.5-
mm glass beads for 5–7 s by using a Mini-beadbeater (BioSpec
Products, Bartlesville, OK). The released sporocysts were purified
by isopycnic centrifugation in a Percoll gradient and washed in
ice-cold Hank’s balanced salt solution (HBSS, Sigma), and the
excystation of sporozoites was induced by treatment with 0.25%
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trypsin and 0.014M taurocholic acid (Sigma) at 41◦C for 90min.
The excysted sporozoites were collected, washed three times with
HBSS at 3,000 × g for 10min at 4◦C and resuspended to 1.0
× 107/ml in HBSS. E. tenella sporozoite antigen (EtSzAg) was
obtained through a series of sonication and freeze and thaw cycles
followed by filtration with a 0.22µmfilter. The concentration was
measured with a Pierce BCA Protein Assay kit (Thermo Fisher
Scientific, Frederick, MD), and samples were stored at −80◦C
until use.

Intracellular Staining and Flow Cytometry
For the intracellular staining of IL-17A, lymphocytes were
stimulated with PMA (10 ng/ml) and ionomycin (500µg/ml)
in complete RPMI-1640 for 4 h in the presence of golgiplug
(1 µl/1 × 106 cells, BD, Franklin Lakes, NJ). Cells were
analyzed with a Cytoflex flow cytometer (Beckman Coulter,
Brea, CA). Lymphocytes from single-cell suspensions were
identified according to their light scattering properties
and the CD45+ population. Potential doublet cells were
discriminated by FSC-H/FSC-W, and dead cells were excluded
by using Fixable Viability Stain 780 (BD). Treg cells and
Th17 cells were designated as CD45+CD3+CD4+CD25+ and
CD45+CD3+CD4+IL-17A+ cells, respectively. Unfortunately,
foxp3, a signature transcription factor for Treg, has not been
cloned in chickens; thus, we had to consider the CD4+CD25+

phenotype as being indicative of Treg cells (28, 29).

Quantitative Real-Time PCR
RNA was isolated from primary lymphocytes from the cecal
tonsils or spleen by using an RNeasy Isolation Kit (Qiagen,
Germantown, MD), per the manufacturer’s instructions, then
treated with RNase-free DNase (Qiagen) and eluted in RNase-
free water (Qiagen). The concentration and purity of the
RNA were measured using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). cDNA was synthesized using random
hexamer primers and a QuantiTect Reverse Transcription Kit
(Qiagen). Real-time RT-PCR was performed using a Stratagene
Mx3000P thermocycler (Agilent Technologies, USA) with a
QuantiTect SYBR Green PCR Kit (Qiagen) and the various
chicken chemokine and cytokine primers listed in Table 1. A
melting curve was obtained at the end of each run to verify the
presence of a single amplification product without primer dimers.
Standard curves were generated using serial five-fold dilutions of
cDNA to validate the amplification efficiency. The fold changes
in each transcript were normalized to β-actin and are reported
relative to the transcript expression in the vehicle control group
or non-infected group (normalized to 1), on the basis of the
comparative 11Ct method, as previously described (27).

Eimeria tenella Infection Model
For in vivo study, One-hundred-fifty 1-day-old birds were
randomly distributed into five groups (n = 30): non-infected
control (NI), non-infected, DIM treated (NIDIM), E. tenella-
infected (ET), E. tenella-infected, vehicle treated (ETVH), and E.
tenella-infected, DIM treated (ETDIM). The schematic outline
of in vivo study is shown in Figure 4A. The chickens in ET,
ETVH and ETDIM groups were orally infected with E. tenella

TABLE 1 | List of quantitative real-time RT-PCR primers used in this study.

Target Primer and sequence References

IL-10 (For) 5′-ACATCCAACTGCTCAGCTCT-3′ (30)

(Rev) 5′-ATGCTCTGCTGATGACTGGT-3′

IL-17A (For) 5′-GAGAAGAGTGGTGGGAAAG-3′ (31)

(Rev) 5′-TCTACAAACTTGTTTATCAGCAT-3′

IL-17F (For) 5′-TGAAGACTGCCTGAACCA-3-3′ (31)

(Rev) 5′-AGAGACCGATTCCTGATGT-3′

IL-21 (For) 5′-CAACTTCACCAAAAGCAATGAAAT-3′ (32)

(Rev) 5′-ATCCATCCCCAGGGTTTTCT-3′

IL-22 (For) 5′-TGTTGTTGCTGTTTCCCTCTTC-3′ (33)

(Rev) 5′-CACCCCTGTCCCTTTTGGA-3′

CYP1A4 (For) 5′-CCGTGACAACCGCCCTGTCC-3′ (34)

(Rev) 5′-GAGTTCGGTGCCGGCTGCAT-3′

CYP1A5 (For) 5′-GGACCGTTGCGTGTTTAT-3′ (35)

(Rev) 5′-CTCCCACTTGCCTATGTTTT-3′

IL-1β (For) 5′-TGGGCATCAAGGGCTACA-3′ (31)

(Rev) 5′-CGGCCCACGTAGTAAATGAT-3′

IL-6 (For) 5′-CAAGGTGACGGAGGAGGAC-3′ (31)

(Rev) 5′-TGGCGAGGAGGGATTTCT-3′

CXCLi2 (For) 5′-GGCTTGCTAGGGGAAATGA-3′ (31)

(Rev) 5′-AGCTGACTCTGACTAGGAAACTGT-3′

TL1A (For) 5′-CCTGAGTTATTCCAGCAACGCA-3′ (36)

(Rev) 5′-ATCCACCAGCTTGATGTCACTAAC-3′

JAM2 (For) 5′-AGCCTCAAATGGGATTGGATT-3′ (37)

(Rev) 5′-CATCAACTTGCATTCGCTTCA-3′

ZO1 (For) 5′-CCGCAGTCGTTCACGATCT-3′ (37)

(Rev) 5′-GGAGAATGTCTGGAATGGTCTGA-3′

β-actin (For) 5′-CACAGATCATGTTTGAGACCTT-3′ (38)

(Rev) 5′-CATCACAATACCAGTGGTACG-3′

sporulated oocysts (1 × 104/bird) at 7 days old and the other
groups were given HBSS as a control. The chickens in the NIDIM
and ETDIM groups were treated every other day (starting at
5 days old) with DIM (200 mg/kg) and the other groups were
given corn oil as a vehicle control by oral gavage until the end
of experimental period (20 days old). Body weight gain (BWG)
was measured at 0 and 13 days post infection (DPI) (n = 15).
Cecal tissues were collected from four chickens of each group at
1, 4, 7, 10, and 13 days post infection (DPI) to extract RNA, and
the expression of Treg- and Th17-related mRNAs was analyzed
(n = 4). Five chickens from each group were randomly selected
for gut lesion scoring in the cecum at 7 DPI (n = 5). Lesion
scores were evaluated by three independent observers based
on scoring techniques previously described (39). Each chicken
received a numerical value from 0 to 4. Same cecal samples
were used for histological examination (n = 5). Briefly, the
tissues were fixed in 4% paraformaldehyde (Sigma), and paraffin
blocks were prepared, microtome sections were made, and
sections were stained using hematoxylin and eosin. The sections
were examined for intestinal structure, parasites and infiltration
of inflammatory cells using an Eclipse 80i microscope (Nikon,
Japan). To count fecal Eimeria oocyst shedding, collection of
feces from three cages of each group was started at 5 DPI until
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9 DPI (n = 3), and the number of E. tenella oocyst in the feces
was calculated, as previously described, by using a McMaster
counting chamber (Marienfeld-Superior, Germany) (40). The
total number of oocysts was calculated according to the following
formula: total oocysts = oocysts counted × dilution factor ×

fecal sample volume/counting chamber volume. The values were
converted as oocyst per gram of feces.

Sporozoite Viability Test
To assess the viability of sporozoites, purified sporozoites
were incubated with DIM (0–500µM) for 24 h, the viability
was measured using CyQuant direct cell proliferation assay
(41). To infect sporozoites into chicken epithelial cell line
(8E11), purified sporozoites were stained with carboxyfluorescein
succinimidyl ester (CFSE, Thermo Fisher Scientific) according to
manufacturer’s instructions. 8E11 was cultured in DMEM/F12
supplemented with 10% FBS, penicillin/streptomycin, and
25mM HEPES and the sporozoites was infected at a multiplicity
of infection of 1.0 (sporozoite/cell ratio of 1:1). Free sporozoites
were washed after 3 h incubation and new media was replaced.
After further incubation for 21 h, the number of sporozoites was
measured at 485/528 nm.

Statistical Analysis
The data were analyzed using Prism Version 5.01 (GraphPad
Software, La Jolla, CA). The normality of each data was
tested by Kolmogorov–Smirnov test. Parametric tests were
used to compare between groups with one-way ANOVA and
Dunnett’s multiple comparison test and non-parametric tests
were conducted with Kruskal–Wallis test and Dunn’s multiple
comparison test. The data are expressed as the mean ± standard
error for parametric analysis andmedian with interquartile range
for non-parametric analysis and the differences were considered
significant at p < 0.05 or p < 0.01.

RESULTS

Increased Treg Cells and Th17/Treg Ratio
in Indole-Treated Chickens
To determine the dietary effects of indole treatment on CD4+ T
cells in healthy chickens, we firstly investigated the frequencies
of CD4+CD25+ (Treg) and CD4+IL-17A+ (Th17) cells from the
spleen and intestine after oral treatment of either DIM or I3C.
In the indole-treated groups compared with the vehicle control
group, Treg cells were significantly higher, whereas the treatment
with indoles induced a decrease in Th17 cells in both the spleen
and cecal tonsils (Figures 1A,B). The ratio of Th17/Treg cells
decreased in both indole-treated groups (Figure 1C). There was
no significant difference in the frequencies of Treg or Th17 cells
between the treatments with DIM and I3C. Furthermore, the
real-time qPCR results showed that indoles increased the mRNA
expression of the Treg-related cytokine IL-10 and decreased
Th17-related cytokines such as IL-17F, IL-21, and IL-22 in cecal
tonsils (Figure 1D).

The in vitro Effects of Indoles on Treg Cells
and Aryl Hydrocarbon Receptor
To validate in vivo findings on the role of indoles on CD4+ T
cell subsets, we performed in vitro experiments to investigate the
effects of indole treatment on Treg cells in chicken lymphocytes.
Chicken splenic lymphocytes were purified and stimulated with
Con A or EtSzAg in the presence or absence of both indoles
for 72 h. The data indicated that cell proliferation induced
by Con A was inhibited by both DIM or I3C, as compared
with the results for Con A-stimulated cells. Interestingly, indole
treatment also inhibited the proliferation induced by EtSzAg,
thus suggesting a role in coccidiosis in chickens (Figure 2A). We
further investigated the mRNA expression of Treg-related (IL-
10) or Th17-related (IL-17A) cytokine mRNAs in those cells.
Both indole treatments significantly up-regulated expression
of IL-10 while down-regulating IL-17A (Figures 2B,C). In
agreement with data from in vivo experiments, the proportion
of Treg cells in in vitro assays was increased in splenic
lymphocytes incubated with DIM or I3C (Figure 2D). To test
the hypothesis that indoles are ligands for AhR and can cause
AhR activation in chickens as in mammals (42), we determined
the mRNA expression levels of the chicken cytochrome P-
450 enzymes CYP1A4 and CYP1A5, which are orthologous to
mammalian CYP1A1 and CYP1A2, in indole-treated cecal tonsil
lymphocytes. Both are AhR-regulated genes and markers of
AhR activation (43). As shown in Figure 3A, the expression of
CYP1A4 and CYP1A5 increased after treatment with DIM or
I3C, and normal expression was restored in the presence of the
AhR-specific antagonist CH223191 (Figure 3A). Furthermore,
the frequency of Treg cells was higher in DIM-treated cecal
tonsil lymphocytes than in non-treated cells in the presence of
CH223191 (Figure 3B).

Effects of DIM on Treg and Th17 Cells in
E. tenella Infection
Because our findings indicated that indoles induced Treg cells
while suppressing Th17 cells in chickens, and Th17 is known
to play a pathological role in coccidiosis (7, 44), we designed
the in vivo experiment to determine the effect of DIM on the
regulation of CD4+ T cells in E. tenella infection in chickens
(Figure 4A). Treatment of chickens with DIM, compared with
vehicle control, induced a significant increase in intestinal Treg
cells while decreasing Th17 cells. Compared with the ET group,
the ETDIM group showed an increase in Treg cells at from
4 DPI, and Treg cells remained elevated until the end of
experiment, whereas the decrease in Th17 cells was seen only
early in infection, such as at 4 DPI (Figures 4B,C). The ratio of
Th17/Treg cells exhibited significant decrease at 1, 4, and 7 DPI
(Figure 4D). We also found that DIM inhibited the proliferation
of lymphocytes. As shown in Figure 4E, the ETDIM group
showed lower proliferation than the other groups during the
re-activation of the lymphocytes with DIM in vitro. Notably,
the NIDIM group did not show any significant inhibition of
proliferation, thus suggesting that the inhibitory effect of DIM
is much stronger when the lymphocytes are pre-activated with
Eimeria antigen.
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FIGURE 1 | Effects of indoles to induce Treg cells in indole-treated chickens. Two-weeks-old chickens were given orally corn oil as a vehicle control, DIM (200 mg/kg),

or I3C (200 mg/kg) for 14 days on a daily basis. Lymphocytes were isolated from the spleen and cecal tonsils, and stained with CD3, CD45, CD4, and CD25, or CD3,

CD45, CD4, and IL-17A for analyzing Treg (A) and Th17 (B) populations, respectively, and gated CD4+ T cells. Cells were stimulated with PMA and ionomycin for the

determination of Th17 cells. Data show the representative staining from two independent experiments. (C) The ratio of Th17/Treg cells in the spleen and cecal tonsils.

The data represent median with interquartile range after Kruskal-Wallis test with Dunn’s multiple comparison test. (D) RNA was isolated from cecal tonsils and used for

real-time qPCR to measure Treg- (IL-10) and Th17-related (IL-17A, IL-17F, IL-21, and IL-22) mRNA expression. The data represent the mean ± SE from two

independent experiments. *p < 0.05 and **p < 0.01 were considered statistically significant compared to the vehicle control in each sample or target.

mRNA Expression of Treg- and
Th17-Related Genes in DIM-Treated
Chickens
To determine the cytokines involved in T cell regulation by DIM,
we carried out real-time qPCR to measure the mRNA expression
of Treg- and Th17-related genes in T cells. In agreement with our
in vitro findings, the expression of IL-10 increased after treatment

of DIM. Following E. tenella infection, IL-10 expression increased

in the ET group and the increased IL-10 expression in the ET
groups persisted until the end of the experiment. Compared

with DIM, ETDIM induced greater IL-10 expression after 1

DPI, thus suggesting that DIM induces more Treg cells in

coccidiosis (Figure 5A). However, the expression of Th17-related

cytokines was generally down-regulated in the DIM and ETDIM
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FIGURE 2 | Effects of indoles to induce Treg cells in vitro. (A) Lymphocytes from spleen of healthy chickens were isolated and stimulated with DMSO as a vehicle

control, DIM (100µM), or I3C (100µM) in the presence of Con A (10µg/ml) or EtSzAg for 24 h and the proliferation was measured by CyQuant direct cell proliferation

assay. (B) The mRNA expressions of Treg- and Th17-related cytokine were measured after 24 h by real-time qPCR. The frequency of Treg (C) and Th17 cells (D) were

analyzed by flow cytometry. The data represent the mean ± SE from two independent experiments. *p < 0.05 and **p < 0.01 were considered statistically significant

compared to the vehicle control of each treatment.

FIGURE 3 | Regulation of indoles by AhR. Lymphocytes from cecal tonsils were isolated and stimulated with DMSO as a vehicle control, DIM (100 M/ml), or I3C (100

M/ml) in the absence of presence of specific AhR antagonist, CH223191 for 24 h. (A) The mRNA expressions of CYP1A4 and CYP1A5 were measure by real-time

qPCR. (B) The frequency of Treg cells were analyzed by flow cytometry. The data represent the mean ± SE from two independent experiments. *p < 0.05 and

**p < 0.01 were considered statistically significant compared to the samples.

groups (Figure 5B). Interestingly, we found high expression

of IL-17A in the ET group between 7 and 13 DPI, but the

increases in expression of these cytokines were diminished in the

ETDIM group (Figure 5B). These results suggest that E. tenella
infection induces Th17 cells at a later stage of infection, and the
suppression of Th17 cells by DIM seems to depend on the level
of Th17 cytokine.

Effects of DIM on Growth Performance,
Oocyst Production, and Intestinal Lesions
Next, we examined the effects of dietary DIM on BWG, oocyst
production, and intestinal lesions in E. tenella-infected chickens.
The NIDIM group showed no difference in BWG compared
with the NI group, thus indicating that DIM has no effect on
growth performance. Furthermore, the ETDIM and ET groups
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FIGURE 4 | Effect of dietary DIM on intestinal T cells in E. tenella infection. (A) Schematic outline of the in vivo experimental design. The frequencies of Treg (B) and

Th17 cells (C) of cecal tonsil lymphocytes were analyzed at indicated DPIs by flow cytometry. *p < 0.05 and **p < 0.01 were considered statistically significant

compared between the ET and ETDIM groups at each time point. (D) The ratio of Th17/Treg cells in and cecal tonsils. (E) Lymphocytes were stimulated with Con A

(10µg/ml) and the proliferation of cecal tonsil lymphocytes was measured by CyQuant direct cell proliferation assay in EtSzAg-activated cells. *p < 0.05 and

**p < 0.01 were considered statistically significant compared to the samples.

FIGURE 5 | Effect of dietary DIM on mRNA expressions of Treg- and Th17-related genes in E. tenella infection. The mRNA expressions of IL-10 (A) and IL-17A

(B) were measure in cecal tonsils by real-time qPCR. The data represent the mean ± SE from two independent experiments. *p < 0.05 and **p < 0.01 were

considered statistically significant compared to the samples.
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showed comparable BWG (Figure 6A). In agreement with the
BWG data, the ETDIM group, compared with the ET group,
did not exhibit significantly less oocyst shedding from feces
(Figure 6B). Interestingly, however, the severity of intestinal
lesions was significantly lower in the ETDIM group than the
ET group (Figure 6C). In H&E staining, the NI and NIDIM
groups displayed a normal structure and no visible changes.
In all ET groups, there was structural disorder, epithelial loss,
and inflammatory cell infiltration; however, the ETDIM group
showed less severity in terms of abnormality of villi structure and
inflammatory cell number (Figure 6D). These has been validated
by our histological finding that showed the gross morphological
changes in the cecum of ETDIM group showed less hemorrhage
in the mucosa and less watery ingesta mixed with mucus than did
the ET group (data not shown).

mRNA Expression of Proinflammatory
Genes in DIM-Treated Chickens
From the findings from our in vivo experiments, we hypothesized
that DIM treatment decreases inflammation in the intestine
through the regulation of Treg and Th17 cells. To this end, we
determined the mRNA expression profiles of proinflammatory
genes in intestinal tissues by using real-time qPCR. As
expected, E. tenella infection induced robust expression of
proinflammatory genes such as IL-1β, IL-6, and CXCLi2 (a
homolog of mammalian CXCL8) but not TNFSF15 (TL1A, a
functional homolog of mammalian TNF-α) (36). Compared with
the ET group, the ETDIM group showed lower expression of
those genes (Figure 7A). Next, we measured the expression of
tight junction proteins such as JAM2, and ZO1 to determine
whether DIM treatment is involved in intestinal barrier function.
Following E. tenella infection, mRNA expression of JAM2, and
ZO1 significantly decreased, but their expression was restored
to a much greater extent in the ETDIM group than the ET
or ETVEH groups (Figure 7B). Together, these results suggest
that treatment of DIM in coccidiosis may be beneficial to
reduce intestinal inflammation and to help to restore the damage
from coccidiosis.

Direct Effect of DIM on E. tenella
Finally, we determined whether DIM has any direct activity
against Eimeria sporozoites, an invasive form of parasites.
First, we incubated E. tenella sporozoites with various
concentrations of DIM. Figure 8A shows that DIM had
no effect on sporozoites viability. Second, we infected
sporozoites to the chicken epithelial cell line 8E11, then
treated DIM to the cells harboring sporozoites. DIM treatment
did not alter the viability of sporozoites inside of cells
(Figure 8B). It suggests that the beneficial effects of DIM
on E. tenella infection are not associated with its activity against
parasite itself.

DISCUSSION

I3C is derived from cruciferous vegetables, which contain
abundant indoles.When digested, it produces several biologically
active I3C oligomers such as DIM. Earlier studies of dietary

indole derivatives have focused on their anti-cancer effect,
given that they have been shown to reduce the risk of
cancer (45–47). Indoles have been shown to induce antioxidant
activity and apoptosis of cancer cells, and to regulate hormone
metabolism (48–51). Recently, several studies have reported
that indoles also have immunoregulatory properties, especially
on T cells. For example, Singh et al. (17) have reported
that dietary indoles suppress the delayed-type hypersensitivity
(DTH) response through the regulation of Treg and Th17
cells in mice. Dietary supplementation of indoles also has
been shown to suppress neuroinflammation by induction of
reciprocal differentiation of Treg and Th17 cells in experimental
autoimmune encephalomyelitis (EAE) mice (18). These abilities
of indoles to modulate the immune response are related to
AhR signaling (21). AhR was first discovered as a transcription
factor mediating the toxicity of chemicals such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) (52). Recent studies have
suggested that AhR activation plays diverse roles in cellular
function including the regulation of the immune system (53, 54).
Interestingly, there are two types of AhR found in chickens,
AhR1 and AhR2, and AhR1 is the dominant form in cormorants
(Phalacrocorax carbo) (55). In the chicken intestine, both mRNA
were expressed; however further studies will be required to
elucidate their role in T cell regulation (56). Moreover, there is
a distinct set of cytochrome P450 family members in chickens:
CYP1A4 and CYP1A5. On the basis of their amino acid
sequences, they can be classified in the CYP1A family, but both
are more like CYP1A1 than CYP1A2 (57). Because they are
induced by AhR activation in chickens (34, 58), we identified
their expression levels after DIM treatment in cecal tonsil
lymphocytes. Inhibition assays using AhR-specific inhibitor
confirmed that DIM and its precursor I3C induce AhR activation
in chickens. Unfortunately, we did not find any evidence of an
effect of chicken CYP1As on T cell regulation, thus suggesting
that the mechanism of AhR activation in modulating Treg and
Th17 cells may differ from the one that mediating the toxicity
of environmental toxins. Quintana et al. (21) have identified an
evolutionarily conserved binding site for AhR in the foxp3 gene
and three non-evolutionarily conserved AhR-binding sites in the
promoter regions of foxp3 genes in zebrafish, mice, and humans.
Their subsequence studies proved that AhR controls foxp3
expression, which induces the generation of Treg cells. Another
report has explained the possible AhR activation mechanism.
Singh et al. (17) have investigated microRNA profiles in DTH
mice treated with several AhR ligands and found that several
microRNAs targeting foxp3 and IL-17 mRNA are important
in regulating Treg and Th17 cells. The activation of AhR to
regulate T cells is dependent on the type of AhR ligands. For
example, TCDD induces Treg cells in EAE mice to reduce the
EAE score, whereas FICZ increases Th17 cell differentiation and
the severity of EAE (21, 59). DIM, an AhR ligand that we used
in this study, has therapeutic effects in oxazolone-induced colitis
and mBSA-induced DTH in mice through Treg cell induction
and suppression of Th2 or Th17 cells (17, 60). In chickens,
compared to mammals, very little is known about the effect
of dietary indoles as AhR ligands on the immune response. In
this study, we provide the first demonstration in chickens of
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FIGURE 6 | Effect of dietary DIM on growth performance, oocyst production and intestinal lesions in E. tenella infection. (A) Body weight gain was measured from 0 to

13 DPI (n = 15). (B) Fecal oocysts were collected and pooled from 5 to 9 DPI and counted using McMaster counting chamber (n = 15). *p < 0.05 and **p < 0.01

were considered statistically significant compared to the samples. (C) Lesion score was determined from cecum at 7 DPI (n = 5). (D) Histological sections prepared

from the cecum (X400).

FIGURE 7 | Effect of dietary DIM on mRNA expressions of proinflammatory and tight junction protein genes in E. tenella infection. The mRNA expressions of

proinflammatory genes; IL-1β, IL-6, CXCLi2, and TL1A (A) and tight junction protein gene; JAM2 and ZO1 (B) were measure in cecum by real-time qPCR. *p < 0.05

and was considered statistically significant compared to the samples.

how AhR ligand modulates T cells in terms of Treg and Th17
cells. As we expected, DIM and I3C increased the number of
CD4+CD25+ cells in chicken lymphocytes in vivo as well as
in vitro, thus suggesting that they have comparable effects to
those in mammals. Regarding the Th17 cells, the data showed
a decrease in CD4+IL-17A+ cells, but to a lesser extent than
the increase in intestinal Treg cells. Moreover, the expression
of each lineage of Th cell-related cytokines was consistent
with data obtained from flow cytometry. The anti-inflammatory
cytokine IL-10 showed increased expression in DIM-treated
groups, whereas the expression of the IL-17A, IL-17F, IL-21, and
IL-22 was downregulated in the DIM-treated groups. These data

suggest that the cytokine profile for each Th lineage is likely to
overlap in chickens and mammals.

We further investigated the effects of indole in regulating
Treg and Th17 cells in coccidiosis. Coccidiosis caused by Eimeria
spp. induces an inflammatory response in parasitized intestinal
tissues (61). Profiling of cytokines in coccidiosis revealed that
most T cell cytokines are increased along with the inflammation
in the intestine (62, 63). Moreover, our previous studies have
indicated that Th17-related cytokines such as IL-17A and IL-
17F, and IL-17 receptor signaling are involved in inflammation
induced by coccidiosis, although the predominant protective
response in coccidiosis is considered to be an IFN-γ-related
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FIGURE 8 | Direct effect of DIM on E. tenella parasite. (A) DIM was incubated with E. tenella sporozoites for 24 h and measured viability using CyQuant direct cell

proliferation assay. (B) E. tenella sporozoites were stained with CFSE and infected to intestinal epithelial cells (8E11). Following infection, DIM was treated and

fluorescence was measured. The data represent the mean ± SE from two independent experiments.

Th1 response (6, 8, 31, 64). We investigated the changes in
Th1 cells as CD4+IFN-γ+ cells in E. tenella infection. Initially,
we expected that DIM would also affect the Th1 response,
because several studies have shown that AhR agonists can also
modulate the differentiation of Th1 cells (65, 66). As shown in
Figure S1, Th1 cells were highly induced at 1 and 4 DPI following
E. tenella infection although they did not change as much as
Treg and Th17 cells in the DIM-treated groups. Therefore, Th1
response may play a role during the early phase of coccidiosis
by initiating local inflammatory response started by the host cell
invasion of sporozoites of Eimeria with subsequent intracellular
development in early to intermediate phase. Compared to the
NI group, Treg and Th17 cells in the ET groups were induced
in a later phase, thus suggesting that they might be involved in
tissue recovery from the damage induced by Th17 responses or
have an important function in gut homeostasis. Several studies
have reported that chicken IL-17A plays a pathogenic role in
Eimeria infection (7, 44). Likewise, in the ETDIM group, which
showed a lower degree of intestinal lesions, Th17 cells were
downregulated compared with their levels in the NI or DIM
group, and it is likely Th17 cells are involved in pathogenicity or
inhibiting recovery from inflammation. At the same time points,
Treg cells showed increased populations in the ETDIM group,
thus indicating that DIM increased the Treg populations and
decreased the inflammation in the parasitized intestine. IL-10 has
been considered to play an important role to evade host immune
response in coccidiosis. One possible mechanism is that coccidial
parasites have evolved to stimulate Treg cells to express IL-10 and
it helps parasites to facilitate invasion and survival in chickens
through the suppression of protective responsemediating IFN-γ-
expressing Th1 cells. Using two inbred lines of chicken differing
in their resistance or susceptibility to Eimeria infection, it is
revealed that the expression of IL-10 was the major difference
between those two lines. The expression of IL-10 was highly
induced in susceptible line of chickens among the genes related
to different helper T cell lineages such as IFN-γ for Th1, IL-
4 for Th2, and IL-10 and TGF-β for Treg cells while it is
suppressed in age-matched resistant line (10). The administration
of IL-10 antibody in Eimeria-infected chicken showed improved

growth rate compared to control antibody group but it did not
influence fecal oocyst production (67, 68). These results are
indicating that the regulation of protective immune response
to Eimeria spp. by Treg cells is critical and IL-10 contributes
to pathogenesis in coccidiosis. In the current study, on the
other aspect of Treg cells, we found another role of Treg cells
that involves in anti-inflammatory response through suppress
inflammatory Th17 cells. It is thought that the anti-inflammatory
Treg cells could be participate in the self-limiting mechanism
of Eimeria spp. that prevents the collateral intestinal damage
caused by exaggerated inflammation. Other evidences of reduced
intestinal inflammation we found in this study was the expression
of proinflammatory genes and tight junction protein. Chicken
IL-17A and IL-17F have known to induce proinflammatory
cytokines such as IL-1β, IL-6, and CXCLi2 as in mammals
(31) thus decrease of Th17 cytokines might involve the anti-
inflammatory process in the intestine. As a marker of intestinal
integrity, tight junction protein play an important role in the
regulation of intestinal permeability by sealing the paracellular
space between intestinal epithelial cells (69). The recovery of tight
junction protein expressions was induced by dietary treatment
of DIM and it might be associated with that mammalian IL-17A
and IL-17F reported to disrupt the distribution of tight junction
protein (70).

As the main source of indoles in cruciferous vegetables,
Glucosinolates (GLS) have been used to measure the biologically
active constituent. McNaughton and Mark reported GLS content
of various cruciferous vegetables (71). It varies depending on
the species (e.g., cress for the highest GLS content as 389
mg/100 g while the lowest content for Pe-tsai chinese cabbage;
20 mg/100 g) and there is large variation in the values reported
for the same vegetable by different studies (71, 72). Since
the US Food and Drug Administration permitted the use
of claims acknowledging the relationship between increased
vegetable consumption and decreased cancer risk in 1993, there
has been a growing literature reporting human health benefits
of cruciferous vegetables, more specifically, indoles (73, 74).
In poultry research, however, there is a lack of information
of the effects of any forms of indole supplementation. In
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addition, the production of indoles, especially food-grade
indole naturally derived is very highly priced, due to an
expensive chemical conversion process which makes commercial
chicken supplementation unfeasible at this phase. Nonetheless,
the present study could support the scientific evidences for
beneficial effects of indole supplementation in human as well
as animal. From the present study, DIM treatment exhibited
significantly upregulated Treg cells and IL-10 expression in
Eimeria-infected chicken while DIM-treated chickens with no
Eimeria infection did not increase as much as the group infected
indicating that DIM likely displays of better effectiveness in
Eimeira-infected gut rather than those of healthy ones. In
the approach to such a drug to prevent/treat chicken gut
inflamed by coccidiosis, indoles might have potentials since
coccidiosis is considered one of most problematic disease in the
poultry industry.

In summary, this is the first evidence to show the effect
of dietary indole in reducing intestinal damage induced by
coccidiosis in chickens occurs through the regulation of Treg
and Th17 cells in the intestine. Because of the lack of immune
reagents to detect chicken cytokines related to the T cell response,
the study of T cell immunology in chickens has been lagging
far behind that in mammals. In this study, we validated that
monoclonal antibodies which we previously developed (6, 26)

for flow cytometry application could be easily applied to study
T cell immune response by determining specific cytokine-
expressing T cell phenotypes and in our knowledge, this is the
first report to stain chicken lymphocytes with four different
fluorescent dyes.
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Avian coccidiosis is caused by Eimeria, which is an intracellular apicomplexan parasite

that invades through the intestinal tract to cause devastating disease. Upon invasion

through the intestinal epithelial cells, a strong inflammatory response is induced that

results in complete villous destruction, diarrhea, hemorrhage, and in severe cases,

death. Since the life cycle of Eimeria parasites is complex and comprises several

intra- and extracellular developmental stages, the host immune responses are diverse

and complex. Interferon-γ-mediated T helper (Th)1 response was originally considered

to be the predominant immune response in avian coccidiosis. However, recent studies

on other avian T cell lineages such as Th17 and T regulatory cells have implicated

their significant involvement in maintaining gut homeostasis in normal and disease

states including coccidiosis. Therefore, there is a need to understand better their

role in coccidiosis. This review focuses on research findings concerning the host

immune response induced by avian coccidiosis in the context of T cell immunity,

including expression of T-cell-related cytokines and surface molecules that determine

the phenotype of T lymphocytes.

Keywords: chicken, coccidiosis, T cells, avian immunology, host immunity

INTRODUCTION

Avian coccidiosis is caused by intracellular protozoan parasites that belong to several different
species of Eimeria (1, 2). This apicomplexan parasite invades intestinal epithelial tissues and causes
severe damage in birds, resulting in enormous economic losses in the poultry industry. The major
challenge in coccidiosis control is the diversity among several Eimeria species that target different
specific regions of the intestine.

The coccidia exhibit a complex life cycle comprising both intracellular and extracellular stages as
well as asexual and sexual reproduction (3, 4). The life cycle mainly consists of an exogenous stage,
characterized by excretion of unsporulated oocysts, and endogenous stage of schizogony (asexual
reproduction) and gametogony (sexual differentiation) (5, 6). During the exogenous stage, the
unsporulated oocysts become sporulated (with four sporocysts, each containing two sporozoites)
under the influence of external environmental factors such as moisture, oxygen, and warmth. The
endogenous stage occurs inside the host, which involves several stages of asexual reproduction
followed by sexual reproduction, fertilization, and shedding of the unsporulated oocysts. In general,
two to four generations of asexual reproduction are followed by the sexual phase, in which zygote
formation takes place that eventually matures into oocysts that are released in the intestinal mucosa
and finally shed into feces (7). The coccidia life cycle is usually short (4–6 days depending on several
different species) and production of sporulating oocysts can easily increase the infectivity of the
parasites in a large population of chickens. After ingesting the sporulated oocysts, excystation of
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oocysts occurs in the gizzard and the sporozoites are released,
invade the intestinal cells, and cause severe damage as the
reproductive cycle of the parasite begins. As a result, symptoms
such as bloody diarrhea and reduced body weight and feed intake
are observed in the birds.

Upon exposure to developing schizonts, anti-Eimeria
immunity develops and is subsequently boosted by multiple
re-exposures to oocysts (7). The immunity to avian coccidiosis
can be categorized as innate and adaptive (8). As a first line of
defense, the innate immune response is activated in response
to the conserved antigens. Innate immune responses include
recognition of conserved pathogen-associated molecular
patterns (PAMPs) by pattern recognition receptors (PRRs) such
as Toll-like receptors (TLRs) (5, 9, 10). A major TLR ligand,
profilin, is expressed in all the developmental stages of the
life cycle of several Eimeria parasites and is conserved (11).
Such ligands induce a robust innate response such as immune
cell proliferation and cytokine production. The cells involved
in innate immune responses to Eimeria parasites at different
phases are natural killer (NK) cells, dendritic cells, epithelial
cells, heterophils, and macrophages. In particular, macrophage
migration inhibitory factor plays a crucial role in mediating
innate immunity in coccidiosis (12).

On the other hand, adaptive immunity is specific and
regulates the antigen-specific immune responses to prevent
colonization and growth of the pathogen inside the host. Like
mammals, two major lymphocyte types, B cells (producing
surface immunoglobulins) and T cells (T cell receptors), are
the major components of adaptive immune responses in birds
(13). Anticoccidial antibodies in serum and mucosal secretions
have been reported in avian coccidiosis (13). Although B cell
depletion studies (14) have revealed that antibodies do not
play a specific role in anticoccidial protective immunity, other
studies have emphasized the importance of passively transferred
humoral immunity in Eimeria infection in chickens (15–18).
Cell-mediated immunity in avian coccidiosis is characterized by
antigen-specific or non-specific activation of several immune
cells such as T cells, NK cells, and macrophages. The CD4+

T helper (Th) cells and CD8+ cytotoxic T lymphocytes
(CTLs) are the two major T-cell subsets that are involved in
anticoccidial immunity (19–22). Although the role of several
T-cell subpopulations in avian coccidiosis remains to be
elucidated, T cells are the most important for protection against
Eimeria infections in birds.

In this article, we reviewed the historical progress of
immunological studies on the host immune response to avian
coccidiosis, with an emphasis on recent findings in the
understanding of the complexity of T-cell immune responses
in avian coccidiosis, especially those mediated by Th17 and T
regulatory (Treg) cells.

DEVELOPMENT OF IMMUNOLOGY IN

AVIAN COCCIDIOSIS

Since the first report of chicken coccidiosis in the cecum in the
late eighteenth century (1), immunity to several Eimeria parasites

has been investigated thoroughly. An important contribution
from Rose and colleagues (23) defined the basic principles of
avian immunity to coccidial parasites in terms of specificity,
wherein one species of Eimeria offers little protection against
heterologous challenge with other species. Over the past few
decades, studies focusing on investigating the role of avian
immunity in response to various coccidial parasites has shown
promising developments toward better understanding of avian
immunity to coccidiosis (20, 24, 25). From all these studies, it
was apparent that out of the two types of immunity, cellular
immunity was more important than humoral immunity in
coccidiosis, as the later offered little protection against the
infection. Early investigations in both mammalian and avian
species have revealed that the cellular immune responses through
T cells and their associated cytokines play an important role
in anticoccidial immunity (2, 26, 27). Acquired immunity to
murine coccidiosis is attributed more to T cells than B cells
(26). Several immune cell types including NK cells, dendritic
cells, and macrophages are involved in innate immune responses
to avian coccidiosis (8, 27). B-cell-deficient chickens have
shown increased oocyst production after primary infection with
Eimeria species. However, secondary infection does not yield
clinical coccidiosis in the bursectomized chickens due to the
protective immunity acquired by the primary infection (8).
This indicates that the anticoccidial immunity acquired after
primary infection is B cell independent. It is also apparent that
chicken coccidiosis can be prevented by adaptive transfer of
peripheral blood lymphocytes and splenocytes from Eimeria-
infected chickens in the syngeneic recipients (28). Subsequently,
the T-cell immunosuppressant cyclosporin A abolished the
protective immunity offered by Eimeria re-infection, thus further
emphasizing the integral role of cellular immune mechanisms in
chicken coccidiosis (14).

The early findings indicated that T cells serve as a key
factor to mediate anticoccidial immunity in chickens (8,
14). Greater numbers of CTLs expressing CD8 cell surface
antigen were predominantly observed in chickens after primary
infection (29–31). Furthermore, the differential role of CD4+

and CD8+ T lymphocytes in offering resistance to primary
and secondary coccidial infection was also reported (32, 33).
Increased populations of T cells are linked to elevated production
of proinflammatory cytokine interferon (IFN)-γ, which has an
immunoregulatory effect (34), as well as inhibiting intracellular
development of the parasite (35, 36). The role of T cells in
mediating host immunity to coccidiosis became more evident
when flow cytometric analysis of intestinal epithelial lymphocytes
(IELs), using lymphocyte-specific immune reagents, revealed
their significance in innate immunity in naïve chickens and
adaptive immunity in previously infected chickens (19, 37, 38).
More studies showed that different IEL subtypes are involved in
anti-Eimeria defense in the gut (39, 40). Research over the past
several years has shown that, as a part of protective immunity
against avian coccidiosis, T cells produce numerous secretions
besides IFN-γ, such as cytokines interleukin (IL)-1, IL-2, IL-4–
6, IL-8, IL-10, IL-12, IL-13, and IL-15–18, tumor necrosis factor
(TNF)-α, lipopolysaccharide-induced TNF-α factor (LITAF),
TNF-α superfamily 15 (TNFSF15), transforming growth factor
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(TGF)-β1–4, and granulocyte–macrophage colony-stimulatory
factor (GM-CSF). All these findings are based on research
oriented toward investigating the immunoregulatory responses
of these molecules after primary and/or secondary coccidiosis
(40–60). More recent work has indicated the involvement of
TLR4 and TLR15 as a part of the innate immune response
to Eimeria infection (61). IL-17 also contributes to host
immunopathology in response to experimental infection (62).
The immunoproteomics analysis of three Eimeria species has
identified several immunodominant antigens from these three
species that could provide a useful breakthrough in exploring
anticoccidial immunity, as some of these molecules cause profuse
inflammatory and cellular immune response that contribute
to pathogenesis and severity of infection (3, 63). Additionally,
research on anticoccidial vaccines and natural alternatives has
explored the immunobiology of coccidiosis in poultry (7). All
these findings show the immunoregulatory effect of vaccines
or several naturally occurring anti-inflammatory products such
as curcumin and Allium hookeri. These findings also provide
a useful insight into immunoregulation in avian coccidiosis,
however, this is outside the scope of this review and has
been reviewed previously (7). Much of this work has focused
on immunomodulation by dietary ingredients in experimental
Eimeria infections (64, 65).

Besides the above information, immunological variation
among the different strains of the same Eimeria species
has also been reported in chickens (66, 67). These findings
show the characteristic intraspecific variations attributed to
the biological features of Eimeria, such as morphology of
oocysts, pathogenicity, and sensitivity to drugs (68). This inter-
and intraspecies variation has been recently defined with the
help of more advanced molecular approaches such as random
amplification of polymorphic DNA–PCR, and restricted or
amplified fragment length polymorphism (69). Analysis of
these variations has led to the identification of several strain-
specific immunoprotective antigens (70, 71). Similarly, more
recent findings have also highlighted the variation in immune
responses to Eimeria tenella infection in genetically distinct
chicken lineages (72).

ROLE OF IFN-γ-MEDIATED IMMUNITY IN

AVIAN COCCIDIOSIS

Among all the cytokines mentioned above, IFN-γ is a major
cytokine that has anticoccidial effects (73). In mammals, parasitic
infections are often characterized by increased levels of IFN-
γ. Similarly, the functional role of this cytokine in Eimeria
infections has been studied thoroughly (34, 74, 75). Until
the cDNA cloning of chicken IFNs revealed the independent
existence of type I (76) (IFN-α) and type II (77) (IFN-γ) IFNs,
most of the findings on the role of IFN-like activity in Eimeria
infections were believed to be associated with IFN-γ. All these
IFN-dependent activities inhibit the invasion or development of
Eimeria in cultured cells in vitro (73, 78). In vivo studies have also
revealed the anticoccidial IFN-like activity in Eimeria-infected

birds (79, 80). The specific involvement of IFN-γ in anti-Eimeria
immunity was later described by Breed et al. who showed that
IFN-γ was produced specifically after stimulation of peripheral
blood lymphocytes from Eimeria-infected birds (31). It was then
discovered that mitogen- or antigen-stimulated specific T cells
circulating in the blood of Eimeria-infected chickens specifically
produced IFN-γ (81). Based on these findings, it was proposed
that T-cell priming might occur at the site of infection, resulting
in production of IFN-γ at the infection site, thus regulating
anticoccidial immunity (81). It was also hypothesized that CD8+

cells produce IFN-γ, which is involved in immunoregulation
in primary coccidiosis (81). These findings were extended by
Rothwell et al. who showed that IFN-γ-producing cells were
present in blood and the spleen and may migrate from the
spleen after secondary infection (82). In situ hybridization has
shown that, following Eimeria challenge, IFN-γ is produced
by the cells (predominantly T cells) at the site of infection
(cecum) and by splenocytes (82). Several studies have shown
the potential application of IFN-γ in protecting against Eimeria
infections (36, 83, 84). Birds immunized with recombinant
IFN-γ show increased body weight gain during infection with
Eimeria acevirulina (36, 83). Also, the development of E. tenella
is inhibited by IFN-γ in vitro (36, 84). When chicken cells are
treated with recombinant IFN-γ, intracellular development of
E. tenella is inhibited, with no significant effect on sporozoite
invasion of the cells (36). Similarly, in vivo administration
of recombinant IFN-γ protects against E. acevirulina
characterized by reduced oocyst production and increased body
weight gain (36, 83).

Besides its immunoregulatory or immunoprotective effect
against chicken coccidiosis, IFN-γ has also been shown to
have an adjuvant effect on coccidial vaccine in Eimeria-infected
chickens (85). The adjuvant effect of IFN-γ is characterized
by enhanced immune response to the vaccine antigen that
induces a microbicidal effect to resolve the parasitic infection,
thus increasing vaccine efficacy (85). Some DNA vaccines
administered with IFN-γ increased the immunity at intestinal
level and protected against avian coccidiosis (36, 86, 87).
Recent studies have also indicated the beneficial effect of IFN-
γ on anticoccidial DNA vaccine (88, 89). A chimeric vaccine
constructed by fusion of genes encoding the E. tenella surface
antigen, and IFN-γ alleviated the cecal lesions and improved
the anticoccidial index in experimentally infected chickens,
further suggesting the adjuvant effect of IFN-γ (89). Thus, all
these efforts indicate the anticoccidial role of IFN-γ, direct,
or as an adjuvant, and underline the significance of IFN-γ in
anticoccidial immunity.

Th17 CELLS AND THEIR CYTOKINES IN

AVIAN COCCIDIOSIS

Besides the response elicited by IFN-γ-mediated Th1 cells against
avian coccidiosis, the other CD4 T-cell subsets have also been
studied since the discovery of their homologs in mammals
(42). A lineage of IL-17-producing CD4+ T helper (Th)17 cells
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that are distinct from the previously well-characterized Th1/Th2
paradigm, has emerged and is involved in proinflammatory
responses in various autoimmune diseases and infections (90).
The biological activities of IL-17 as a signature cytokine of
Th17 cells include recruitment of neutrophils, stimulation of
antimicrobial peptide production, such as β-defensins and
mucins, as well as induction of cytokines and chemokines,
in particular IL-6, CXCL8 and GM-CSF (91). Chicken IL-17
isolated from Eimeria-infected IELs exerts a proinflammatory
role in coccidiosis (8). The exact role of Th17 cells in
chicken is poorly understood due to the lack of immunological
reagents. This section describes studies that focused on the
role of IL-17 as a signature cytokine in Th17 cells in chicken
coccidiosis. Following infection by E. acervulina or E. maxima,
IL-17 mRNA levels were increased in IELs compared to
uninfected controls (40). In E. tenella infection, IL-17 expression
in IELs was downregulated, except in the latter stage of
infection (39). Similarly, Kim et al. reported that chicken IL-
17 expression was downregulated in inflamed intestinal tissue
following E. tenella infection, and treatment with IL-17 or
IL-17F induced expression of proinflammatory cytokines in
chicken fibroblasts (92). These results suggest that chicken
coccidiosis induces IL-17 expression in the gut and is dependent
on the species of Eimeria. Th17 response can play both
protective and pathological roles in protozoan infections. The
cloning of IL-17 receptor A (IL-17RA), which binds IL-17A
and IL-17F in chickens, has revealed that Eimeria infection
downregulates expression of IL-17RA, and modulation of this
receptor facilitates the host to reduce intestinal pathogenesis
amplified by IL-17/IL-17RA signaling. Several authors have
proposed that Th17 cells or IL-17 promote pathogenesis in
leishmaniasis, toxoplasmosis, and Eimeria falciformis infection
(93–95), whereas others have demonstrated that they are
involved in protective immunity against trypanosomiasis,
toxoplasmosis and Pneumocystis carinii infection (96, 97). Recent
evidence seems to support a role for Th17 cytokines in host
immunopathology in coccidiosis in chickens. Treatment with IL-
17 neutralizing antibody in E. tenella infection induces lower
heterophil recruitment, inflammatory cytokine expression, and
parasite burden in the intestinal tract, resulting in enhanced
body weight gain, reduced oocyst production in feces, and
intestinal lesions (62). IL-17 is also involved in the initiation
and migratory response of epithelial cells during intracellular
development, and maturation of parasites, contributing to
pathogenesis in the intestinal tract. Following E. tenella
infection, chickens treated with IL-17 neutralizing antibody
have a reduced number of second-generation schizonts and
cecal lesions (98).

ANTI-INFLAMMATORY IL-10 AND Treg

CELLS IN AVIAN COCCIDIOSIS

Treg cells are a subset of T cells involved in immunosuppression.
Mammalian Treg cells have the phenotype CD4+CD25+FoxP3+

(99). In chickens, the ortholog of mammalian FoxP3 has yet

to be identified, although there is a report of an avian foxp3
gene (100, 101). Thus, CD4+CD25+ T cells in chickens have
been characterized as Treg cells showing suppression of activated
immune cells (102). These cells produce high amounts of IL-10,
TGF-β, CTLA-4, and LAG-3, as in mammals (103). IL-10 showed
29-fold higher expression in CD4+CD25+ cells compared to
CD4+CD25− cells and its immunosuppression in chickens has
been extensively studied (102). In coccidiosis, IL-10 is considered
to play an important role in evasion of the host immune response.
One possible mechanism to explain its role in coccidiosis is that
coccidial parasites have evolved to stimulate Treg cells to express
IL-10, and it helps parasites to facilitate invasion and survival in
chickens through suppression of the IFN-γ-related Th1 response
that is critical for protective immunity against coccidial parasites.
Two inbred lines of chickens that differ in their resistance or
susceptibility to Eimeria infection have revealed that expression
of IL-10 is the major difference between the two lines. Expression
of IL-10 is highly induced in susceptible chickens among the
genes related to different Th lineages, such as IFN-γ for Th1,
IL-4 for Th2, and IL-10 and TGF-β for Treg cells, while IL-10
is suppressed in the age-matched resistant line (46). Eimeria-
infected chickens treated with IL-10 neutralizing antibody show
improved growth rate compared to those with control antibody
but it has no effect on fecal oocyst production (104, 105). Morris
et al. reported that supplementation of vitamin D induced IL-10
expression as well as Treg cells and showed decreased production
losses associated with coccidial infection (106). These results
indicate that regulation of the protective immune response to
Eimeria infection by Treg cells is critical, and IL-10 plays a role
in pathogenesis in chicken coccidiosis. We recently identified
that Treg cells could help to reduce pathology in Eimeria-
infected intestine by suppression of Th17 cells that induce tissue
inflammation. Increased expression of CD4+CD25+ Treg cells
has been found in E. tenella-infected chickens with increased IL-
10 expression. After treatment with aryl hydrocarbon receptor

such as 3,3
′

-diindolylmethane, Treg cells are increased in the
intestine, whereas CD4+IL-17+ Th17 cells are suppressed. We
have also found that generation of Th17 cells is suppressed
by Treg cells, which leads to reduced pathogenicity in chicken
coccidiosis (107).

CONCLUDING REMARKS

It is the consensus that the Th1 response is the most efficient
host response in avian coccidiosis. However, studies on other
aspects like Th17 and Treg responses are also important
because the immune responses are not independent, but
rather they are connected and work together in an integrated
immune system. It is becoming clear that the outcome of
an inflammatory process caused by infection depends on the
balance of responses by several components of the immune
system of particular relevance is the interplay between Treg and
Th17 cells during immunoinflammatory events (108). Compared
to mammalian immunology, little is known about the role
of T cells in chickens, although the number of reports on
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coccidiosis is steadily growing. To understand better immunity
against chicken coccidiosis, it is necessary to know how T cells
are modulated and how they interplay since this intracellular
pathogen predominantly induces a T-cell-associated immune
response that involves several types of T cells. In regard to
controlling coccidiosis, the best way might be development of
alternatives to antibiotics because most effective anticoccidial
drugs that produce resistance or residues will be banned from
the market in the future. Understanding the mechanism of how
chickens respond to Eimeria will lead to new approaches to
control coccidiosis.
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Helminth parasites are masters at manipulating host immune responses, using an array

of sophisticated mechanisms. One of the major mechanisms enabling helminths to

establish chronic infections is the targeting of pattern recognition receptors (PRRs)

including toll-like receptors, C-type lectin receptors, and the inflammasome. Given

the critical role of these receptors and their intracellular pathways in regulating

innate inflammatory responses, and also directing adaptive immunity toward Th1

and Th2 responses, recognition of the pathways triggered and/or modulated by

helminths and their products will provide detailed insights about how helminths are

able to establish an immunoregulatory environment. However, helminths also target

PRRs-independent mechanisms (and most likely other yet unknown mechanisms

and pathways) underpinning the battery of different molecules helminths produce.

Herein, the current knowledge on intracellular pathways in antigen presenting cells

activated by helminth-derived biomolecules is reviewed. Furthermore, we discuss the

importance of helminth-derived vesicles as a less-appreciated components released

during infection, their role in activating these host intracellular pathways, and their

implication in the development of new therapeutic approaches for inflammatory diseases

and the possibility of designing a new generation of vaccines.

Keywords: extracellular vesicle, helminths, immunosuppression, intracellular pathways, pattern recognition

receptors

INTRODUCTION

Host-Parasite Interactions (Live Infection, Excretory Secretory

Molecules, and Extracellular Vesicle)
Parasitic worms (helminths) constitute a very successful group of pathogens that have evolved a
number of unique host adaptations (1). Despite their large size, and local or systemic migration
throughout the host body, the worms only elicit limited inflammation in invaded tissues and install
an immunoregulatory environment which ensures their survival (1). Such a masterful adaption is
ascribed to their long coevolution with the hosts enabling them to perform an effective modulation
of the immune system (2). Of note, this mutual relationship between worm and host evolves
to reciprocal beneficial outcomes, as deworming can result in the emergence of immune-related
disorders along with clinical manifestations (3). Various mechanisms have been identified by
which helminths restrain host immune responses including expansion of regulatory cells (4),
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induction of apoptosis in immune cells (5), manipulation of
pattern recognition receptors (PRRs) and downstream signaling
(6), and suppression of Th1/Th2 cells and associated cytokines
(7). However, there are likely to still be complex and unknown
aspects of the strategies underpinning this sophisticated interface
which are yet to be investigated (8).

In recent years, the regulatory functions of helminths and
their potential ability to ameliorate inflammatory diseases have
received much interest (8). Seminal research in this area mostly
derives from the hypothesis of Strachan et al. who suggested an
inverse relationship between sanitation and prevalence of allergy
in different societies, the so-called “hygiene hypothesis” (9, 10).
Based on this hypothesis, changes in or eradication of infections
can lead to dysregulation of host immune responses, paving the
way for allergic and autoimmune disorders (11).

A number of animal models along with some human pilot
studies have evaluated the effects of live helminth infections
on various inflammatory and autoimmune diseases, such as
experimental autoimmune encephalomyelitis (12), asthma (13,
14), anaphylaxis (15) and inflammatory bowel disease (IBD)
(16, 17). These experimental studies provided promising results
concerning the beneficial effects of helminth infections on allergic
and autoimmune diseases through stimulation of Treg cells,
activation of toll-like receptor (TLRs), and induction of anti-
inflammatory cytokines, such as TGFβ and IL-10 (18). Promising
results obtained in both human and animal studies prompted
clinical evaluations (16), but due to potential deleterious
consequences and side effects which live worms may cause for
humans, investigations have also focused on characterizing and
recognition of helminth-derived products (HDPs) via exploiting
high-throughput assays and omics-based techniques, such as
proteomics (19, 20).

There are a number of studies indicating that many
HDPs possess immunoregulatory properties. For example, the
tapeworm, Echinococcus granulosus is able to bypass host
immunosurveillance and polarize immune response toward the
regulatory state (21). Antigen B (AgB) and sheep hydatid fluid
(SHF) are two major components by which E. granulosus
suppresses dendritic cell (DC) maturation and monocyte
differentiation, resulting in reduced anti-parasite responses (21).
Likewise, a well-known compound with remarkable regulatory
functions is the phosphorylcholine-containing glycoprotein, ES-
62 released by the filarial worm, Acanthocheilonema viteae,
which has widely been investigated by Harnett and collogues
(22). In addition, glycan-based compounds, such as Lacto-N-
fucopentaose III /LewisX from helminths have been found to
be central molecules eliciting Th2 responses and orchestration
of immunoregulation through the involvement of C-type
lectin receptors (23). Interestingly, some worms, such as
the whipworm, Trichuris suis can forestall pro-inflammatory
responses in human DCs (24). T. suis has been found to
possess a high level of lipid-based biomolecules, such as
prostaglandin (PGE2) which impairs TLR4-associated myeloid
differentiation primary response protein 88 (MyD88) and the
TIR-domain-containing adaptor-inducing interferon-β (TRIF)
signaling (25, 26). Similarly, there is evidence showing that
helminth defense molecules contribute to immunomodulatory

outcomes of parasitic infections via targeting innate immunity
(27). However, the study of HDPs is still a major research area and
fractionating HDPs and subsequent detailed studies have opened
a new avenue for ongoing investigations.

Recently, extracellular vesicles (EVs) have emerged as a
previously unappreciated entity of HDPs which may play
a crucial role in parasite immunomodulation. These “magic
bullets” have encouraged investigators to unravel their role in
pathogenicity, invasion, and longevity of parasitic infections
(28). Currently, EVs have shown that may be central in the
host-parasite interplay and intracellular communication (29).
During infection, the immune system is constantly interacting
with a wide range of helminth-derived products including
EVs which eventually results in either immune stimulation
or immunoregulation. For example, it has recently been
documented that parasite EVs can manipulate macrophage
activation and regulate inflammatory responses (30, 31). The
intercellular delivery of EV-associated RNAs, such asmicroRNAs,
has identified them as important means for inducing epigenetic
modifications in intracellular signaling and post-transcriptional
regulation of gene expression (30, 32).

In this review, we aim to elaborate modulation of intracellular
pathways, mainly in antigen presenting cells (APCs), by which
HDPs polarize and suppress host immunity. Moreover, we
suggest that understanding the intracellular outcomes upon
interaction with HDPs will provide a broad insight into the
possible interactions between EVs (as an important component
of HDPs) and host intracellular machinery. The putative
pathways enabling EVs to impose immunomodulatory effects on
host immunity are highlighted. Furthermore, the implication of
these vehicles in the development of new therapeutic approaches
against inflammatory responses and possibilities of designing a
new generation of vaccines based on EVs are discussed.

HELMINTH-DERIVED PRODUCTS (HDPS)

AS POTENT IMMUNOMODULATORS

How HDPs Polarize Immune Responses by

Targeting Intracellular Pathways
Helminths have evolved sophisticated mechanisms to
target intracellular machinery in host cells (33). They have
shown a remarkable ability to induce a tolerogenic immune
microenvironment by releasing an array of bioactive materials
(33). A large body of literature has identified HDPs as powerful
modulators of inflammatory signals comprising an impressive
range of molecular pathways elicited against parasites (33).
HDPs, in total and as individual compounds, play a central role
establishing a beneficial niche for the parasite via an effective
manipulation of the host immunity to engage a receptor, degrade
intracellular molecules, and interfering with essential signals
(34). However, the majority of intracellular pathways targeted by
these biomolecules are poorly described, but in the following,
we focus on innate receptors as important sensors which are
targeted by HDPs.

Pattern recognition receptors (PRRs) are one of the most
important immune receptors, and their signaling is now
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becoming more apparent in regulation of immune responses
(35). PRRs are a family of highly sensitive extra and intracellular
sensors including Toll-like receptors (TLRs), nucleotide-
binding oligomerization domain (NODs)-like receptors (NLRs),
retinoic acid-inducible gene-like receptors (RIG-like receptors),
and C-type lectin receptors (CLRs) (35). They are widely
expressed by immune cells, in particular, those responsible for
immunosurveillance, such as DCs and macrophages. PRRs are
able to trigger a complex of intracellular crosstalk resulting in
DC maturation and T cell priming (36).

Since HDPs are mostly rich in glycan-based products,
such as glycoprotein along with lipid structures, TLRs and
CLRs have been found to be predominantly targeted by these
antigens during immunomodulation and hyporesponsiveness
(37). HDPs not only alter the expression of TLRs but also
masterfully manipulate their intracellular signaling, reflecting a
strict control over host immunity by helminths (6). Interfering
with these intracellular pathways, which are main drivers for
priming inflammatory responses, suggests that these extracellular
parasites can release substances modulating early responding
cells in innate immunity (38). Despite the general view that
microbial components can engage PRRs and thereby activate
DCs, it is well-known that DCs exposed concurrently to HDPs
and TLR agonists, such as viral or bacterial products do often
not express markers associated with classical maturation (39,
40). For instance, murine DCs treated with soluble SEA fail to
express MHC-II, costimulatory molecules, and proinflammatory
cytokines in response to LPS (40). In the same way, the
release of antigen B (AgB) (a hydatid cyst-derived antigen)
by E. granulosus prevents upregulation of LPS-induced CD80,
CD86, and TNFα in DCs (21), monocytes, and macrophages via
an IL-10 independent manner (41).

Intriguingly, HDPs can alsomodulate TLRs signaling to prime
a tolerogenic phenotype of DCs that produce anti-inflammatory
cytokines (42). Schistosoma mansoni and released eggs can
produce bioactive antigens, such as lysophosphatidylserine,
lacto-N-fucopentaose III (LNFPIII), and double-stranded RNA
(dsRNA) which attenuate inflammatory responses by targeting
TLRs. LNFPIII has also been reported to induce DCs maturation
and Th2 response polarization through CLRs (23). Another
biomolecule that interacts with TLRs is ES-62 released by A.
viteae which targets TLR4 on host immune cells. ES-62 is able
to interfere with the downstream signalings mediated by TLR4,
and through which diminishes the production of inflammatory
mediators (22).

Likewise, many other HDPs, such as body fluid from
adult Ascaris suum, have also been documented to induce
hyporesponsiveness in human APCs treated with LPS and
modulate different human macrophage phenotypes (43, 44).
Although HDPs mainly seem to impair TLR4-associated
inflammatory responses, it appears that these components tend
to target manifold pathways in TLRs and CLRs signaling. Recent
bioinformatics-based data has suggested that HDPs constitute
a myriad of molecules with complex structures (20). Thus,
recognition of a target on DCs would be essential to dissect
and identify the major immunosuppressive functions. Here we
focus on the main PRR-associated intracellular machinery that is

altered by HDPs to favor helminth survival and persistence in the
host (Figure 1).

TLR Signaling (Map Kinases and Nf-κ B Cascade)
Mitogen-activated protein kinases (MAPKs) are a group of
highly important molecules orchestrating the production of
different cytokines via involving various downstream accessory
proteins in DCs (45). The MAPK pathway is one of the main
signaling cascades induced as a result of TLRs stimulation (45).
Different kinases contribute to MAPK signaling including the
extracellular signal-related kinases 1 and 2 (ERK 1/2), c-jun
NH2-terminal kinase (JNK), and p38 MAPK. Activation of these
molecules results in DC maturation, cytokine production, and
gene expression via stimulation of transcription factors, such as
activating protein 1 (AP-1), nuclear factor-κB (NF-κB), and IFN
regulatory factors (IRFs) (45). ERK1/2 signaling mostly mediates
Th2 response andDCs hyporesponsiveness due to stabilization of
the c-fos transcription factor which suppresses IL-12 production
(46, 47), whereas JNK and p38 are mostly associated with
Th1 responses and DCs activation (47). In support of this,
blocking ERK1/2 pathway by the specific inhibitor U0126 up-
regulates IL-12 and suppresses TLR2-induced IL-10 production
(47). Furthermore, it has been reported that ERK1 knockout mice
spontaneously develop autoimmunity (48). On the other hand,
two important adaptor molecules associated with TLRs signaling
are MyD88 and TRIF, and TLR-induced activation of these
molecules is responsible for the expression of genes encoding
inflammatorymediators, such as IL-12 and TNFα (36). A number
of helminths release molecules that are capable of triggering anti-
inflammatory responses via interference with these downstream
pathways (38, 49, 50). For example, soluble products of T. suis not
only suppress transcription of essential molecules orchestrating
both MyD88 and TRIF pathways in LPS-treated DCs, but also
restrain TLR4 expression preventing DC maturation (26). The
precise mechanisms by which HDPs influence these intracellular
events are currently the subject of intense investigation. However,
interesting data is becoming available regarding inhibitory effects
of some HDPs, such as ES-62 and LNFPIII on key molecules
involved in these inflammatory pathways.

One of the most important molecules that is targeted by
HDPs to subvert TLRs signaling is ERK1/2. This intracellular
component plays an essential role in mediation of anti-
inflammatory functions of ES-62 and LNFPIII. In fact, both
LNFP-III and ES-62, through engagement of TLR4 on DCs,
induce Th2 responses (38, 49, 50). Although the capacity
of TLR4 in skewing immune response toward Th2 seems
surprising, various mechanisms might be at play and might
explain the strikingly different response to LPS and some HDPs
(51). The main explanations for this phenomenon are selective
stimulation of ERK1/2 signaling and involvement of different
co-receptors by HDPs which eventually interfere with TLR4-
induced inflammatory signals in DCs (38, 51). In addition,
it should be noted that TLR4 signaling can be conducted by
two distinct of adaptor molecule pathways (TRIF and MyD88),
however, it is still obscure which adaptor molecule is responsible
for induction of immunoregulatory signals and how it is
selectively activated by HDPs (38).
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FIGURE 1 | Involvement of TLRs and CLRs during interaction with HDPs. TLRs and CLRs are widely targeted by HDPs during induction of immunomodulation and

hyporesponsiveness in APCs. HDPs not only alter the expression of TLRs and CLRs in APCs but also masterfully manipulate their intracellular signaling. Some HDPs

are able to redirect TLR4 signaling toward MAPK pathway and ERK1/2 activation supporting Treg/Th2 induction. In addition, co-engagement of DC-SIGN along with

TLR4 enables HDPs to trigger unknown intracellular pathways which cross-inhibit MyD88 and NFκB activation. HDPs can further restrain NFκB activity via

DC-SIGN-mediated RAF signaling along with upregulation of negative regulators of TLRs signaling, such as SOCSs and PI3K. Obviously, strict inhibition of NFκB as

the main transcription factor supporting inflammation results in prevention of priming Th1 cells. Other CLRs have been reported to participate in priming Treg/Th2 cells

upon stimulation by HDPs. For example, some HDPs suppress phosphorylation of Dectin1/2-induced Syk molecule and through which inhibit deviation of immune

response toward Th1. On the other hand, MR and MGL upon activation by HDPs through an unknown mechanism support Treg/Th2 differentiation. Degrading host

key intracellular molecules is another strategy that HDPs exploit to reprogram host immunity. Omega-1, ES-62, and FheCL1 by degrading host mRNA, endosomal

TLR4, and TLR3, respectively, not only strengthen Treg/Th2 responses but also forestall anti-parasite immunity. NLRP3 also has been revealed to be targeted by some

HDPs to modulate inflammatory responses. However, there has been reported that some HDPs are able to fight anti-worm immunity by stimulation of NLRP3 leading

to release of IL-1B and Th1 amplification.

There is strong evidence that activation of ERK1/2 signaling
inhibits a Th1 response and instead polarizes immune responses
toward anti-inflammatory and Th2 response both in vivo
and in vitro (45, 52). LNF-PIII is one the most powerful
HDPs in supporting ERK signaling which significantly induces
phosphorylation of ERK and TLR4-dependent differentiation
of naive DCs to a DC2 phenotype (50). It seems that such
a dysregulation of TLR signaling with a bias toward ERK1/2
is an effective strategy employed by the parasite to suppress
Th1 responses and polarization of host immunity. In addition,
Trichinella spiralis muscle larvae secrete bioactive components
which strongly induce transient ERK1/2 signaling, thereby
priming Th2/Treg-inducing DCs (53). However, different stages
of this nematode have also been shown to arrest NF-κB
translocation and the phosphorylation of p38 and ERK1/2 in
LPS-treated J774A.1 murine macrophage cell line (54).

To further explore the mechanism of these biomolecules on
immune cells, it is necessary to compare the signaling pathway(s)
triggered by these antigens and LPS (38). First, stimulation of
TLR4 by LPS results in triggering three different aforementioned
MAPK cascades (ERK1/2, JNK, and p38MAP kinases) along with
NF-κB pathway activation which ultimately leads to the release of
pro-inflammatory mediators (55). In contrast to the response to
LPS, it has been shown that LNFPIII and ES-62 are able to induce
mainly ERK1/2 signaling without significant stimulation of p38

and JNK. Second, furthermolecular dissection revealed that these
HDPs not only slightly activate NF-κB signaling relative to LPS,
but also shorten NF-κB longevity by stabilizing its inhibitor
(50, 56). Third, the suppressive functions of ES-62 have been
ascribed to inhibition of p38 and JNK, which play a central
role in the production of Th1-associated cytokines, such as IL-
12, IL-6, and TNFα (56, 57). Fourth, it should be noted that
another explanation for such a difference in signal transduction
between LPS and ES-62 might be due to the discrepancy in
ubiquitylation of TLR4 and/or downstream signaling complexes
(57). These data support the notion that some HDPs can elicit
Th2 response by TLR4 stimulation in a manner distinct from
customary agonists like LPS, which is a strong Th1 inducer.

The modulatory effects of ES-62 are not restricted only to
the skewing of TLR4 signaling toward ERK1/2. Melendez et al.
showed that ES-62 can also degrade key molecules involved in
FcεRI signaling onmast cells via TLR4 engagement (58). Multiple
downstream molecules are activated upon binding IgE to FcεRI,
such as protein kinase Cα (PKCα), phospholipase D-coupled, and
sphingosine kinase 1 (SPHK1) which subsequently trigger NF-
κB signaling. In comparison to LPS, which strengthens (FcεRI)-
mediated signaling, ES-62 directs PKCα toward degradation
via a TLR4-dependent and proteasome-independent manner,
suppressing mast cell activation in response to IgE stimulation
(58). Importantly, other members of the PKC family (PKCβ,
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PKCδ, PKCι, and PKCζ) can also be degraded by ES-62 (58, 59).
Among them, PKCδ is regarded as a TLR4-mediated pathway
molecule, which plays an important role in full activation
of LPS-induced inflammation (60). Eason et al. have recently
reported that despite LPS, ES-62 can exert downregulation and
autophagolysosomal degradation of PKCδ in DCs to undergo
autophagy (60).

Finally, a significant discrepancy between LPS and ES-62
stimulation of TLR4 relates to intracellular trafficking of this
receptor. It has been shown that ES-62 can trigger TLR4
trafficking to a distinct caveolae lipid raft route leading to
TLR4 degradation, whereas the route through which LPS
induces TLR4 trafficking is associated with the promotion of
Th1 and inflammatory responses (58) . Owing to promising
results achieved from ES-62, analog molecules of ES-62 termed
11a, 11e, 11i, and 12b have been synthesized by Harnett
and colleagues. These synthetic structures could experimentally
suppress collagen-induced arthritis (CIA) by downregulation of
key adaptor molecules in TLRs signaling, such as MyD88 and
NF-κB (61–63).

Of note, other helminthes, such as S. mansoni and Ascaris
lumbricoides can induce an imbalance in the intracellular
signaling of LPS-treated human DCs via engagement of TLR2
and high stimulation of the ERK pathway. Given the fact that
ERK1/2 signaling can increase c-Fos stabilization and IL-12
inhibition (47), it has been demonstrated that S. mansoni and A.
lumbricoides-derived phospholipids support Th2 polarization via
induction of imbalance in TLR2 signaling by strengthening ERK
pathway in human monocyte-derived DCs (64). Interestingly,
soluble SEA through TLR2 signaling induces a crosslink
manipulation on the expression of co-inhibitory-associated
genes, such as programmed death-ligand 1 (PD-1) and PD-L2 on
murine BMDCs and CD4+ T cells, respectively. Upregulation of
PD-1 and PD-L2 expression by egg antigens is a TLR2-dependent
mechanism leading to anergy and hyporesponsiveness during
interaction between macrophages and CD4+ T cells (65).

In addition, Correale et al. have suggested that SEA can
activate several genes associated with retinoic acid synthesis, such
as SOCS3 and IL-10R in DCs, via engagement of TLR2 and
activation of ERK1/2 signaling (66). Importantly, egg antigen-
treated DCs have been shown to strongly prime Tregs and
suppress production of inflammatory cytokines, indicating a
clear polarization by targeting TLR signaling. Mechanistically,
Agrawal et al. suggested that immunoregulatory function of egg
antigen is mediated via ERK1/2-induced c-Fos phosphorylation,
as in the absence of c-Fos immune response were redirected
toward Th1 (47).

Moreover, some HDPs, such as egg antigens condition DCs
to prime Foxp3 Tregs via TLR2-dependent ERK1/2 signaling.
This effect can also be observed with the antigen SJMHE1
from S. japonicum which increases proliferation and suppressive
functions of Tregs by activating TLR2 (67–69). However, it is
unknown how HDPs modify TLRs on Tregs to optimize their
lifespan and suppressive activity, so further research is required
to document the underlying molecular mechanism. Generally,
TLRs signaling is mediated through two distinct pathways known
as MAPK and NF-κB cascade. NF-κB signaling also plays an

essential role in priming Th2 response, since the lack of NF-κB in
DCs has been shown to result in Th2 impairment in the presence
of egg antigens and LNFPIII (70, 71).

SOCSs, JAK/STAT, and PI3K
There is evidence suggesting that some HDPs can directly
manipulate molecules controlling TLRs signaling, such as
suppressor of cytokine signaling 3 (SOCS3) (66, 72). In this
regard, it has been shown that F. hepatica produces biomolecules,
such as tegumental coat antigens (FhTeg) and cathepsin L1
cysteine protease (FheCL1) which are capable of interfering
with both the NF-κB and ERK/MAPK pathways in a manner
distinct from other HDPs (72, 73). For instance, FhTeg can
diminish the expression of inflammatory mediators in LPS-
treated DCs via upregulation of a negative regulator of the TLRs
pathway known as SOCS3 (72). On the other hand, FheCL1
is involved in neutralizing TLR3 signaling, as a TLR utilizing
TRIF adaptor as an activator of downstream molecules. In
fact, Donnelly et al. indicated that TRIF-dependent MyD88-
independent signaling pathway is impaired by FheCL1 via
degradation of TLR3 (73). Similar to FheCL1, SmCB-1 from S.
mansoni has been found to enter the endosome and degrade
TLR3. The protective effects of these antigens (FheCL1 and
SmCB-1) against LPS-induced lethality were found to be
mediated through MyD88-independent and TRIF-dependent
pathways shared by both TLR4 and TLR3, suggesting the
potential of HDPs as druggable targets due to their ability to
disrupt intracellular pathways activated during inflammation
(73). The TRIF-dependent pathway of TLR4 signaling can also
be inhibited by T. spiralis-derived antigens as a mechanism to
orchestrate regulatory responses (74). Brugia malayi has also
been shown to produce a component known as abundant larval
transcript (ALT-2) which promotes type 2 immune response and
attenuates IFN-dependent signals via activation of GATA-3 and
SOCS-1 in macrophages (75). SOCS-1 has also been reported to
be upregulated by SEA in human DCs exposed to LPS which was
associated with inhibition of pro-inflammatory cytokines (76).

Apart from ES-62, another well-known and highly bioactive
component from A. viteae with significant intracellular activity
is AvCystatin (77). Generally, cystatins are regarded as protease
inhibitors which have been detected in excretory-secretory
products of most filarial nematodes (78). Macrophages and IL-10
have been found to be central in the immunoregulatory effects
of AvCystatin on experimental models of colitis and asthma
(77, 79). AvCystatin is able to induce regulatory macrophages
(Mreg) representing remarkable suppressive effects on DCs
via IL-10 dependent and cell-contact independent mechanism
(79). Klotz et al. identified the molecular mechanism by which
AvCystatin can reprogram the macrophage phenotype and
suppresses inflammation. They suggest that AvCystatin is taken
up by macrophages and through stimulation of dual specificity
phosphatases (DUSPs), which are negative regulators of MAPK
signaling and IL-10 expression, targets ERK1/2 and p38 to
modulate downstream signals inducing regulatory responses
(77). Through this mechanism, the immunoregulatory effects of
AvCystatin are mediated via the phosphorylation of the CREB
and STAT3 (77). In addition, some HDPs, such as dsRNA
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derived from S. mansoni egg can also modulate STAT1 signaling
(80). This dsRNA is able to engage TLR3 and phosphorylate
STAT1 in DCs supporting signaling pathway associated with
type I IFN expression (80). Yang et al. have recently provided
evidence suggesting that the immunomodulatory activity of
S. mansoni egg antigens (SEA) and S. japonicum worm antigen
(SWA) in myeloid-derived suppressor cells (MDSCs) is mediated
through the Janus kinase/signal transducers and activators of
transcription 3 (JAK/STAT3) pathway (81). They corroborated
their findings by application of a JAK inhibitor (JSI-124) which
abrogated immunomodulatory functions of SEA and SWA (81).
Besides STAT1 and 3, STAT6 signaling has also been found
to be manipulated by some HDPs, such as T. spiralis-derived
cathepsin B-like protein (82). Liu et al. indicated that the
recombinant form of this antigen (rTsCPB) can significantly
restrain intestinal ischemia/reperfusion injury in mice by active
reprogramming macrophages from an inflammatory (M1) to an
alternative phenotype (M2) (82). One of the main intracellular
signalings for such a phenotypic alteration is activation of
STAT6 in M1 macrophages (82). Mechanistically, rTsCPB was
shown to support upregulation of M2-associated markers and
subsequently transition of M1 to M2 macrophage via STAT6-
dependent manner, as inhibition of STAT6 restored disease
severity and M1 domination (82).

Some parasites tend to target another pathway in TLR
signaling known as phosphoinositide 3-kinase (PI3K) which
is a strong inhibitor of TLR-induced IL-12 production and
DCs maturation (77, 83, 84). Accordingly, this pathway has
been revealed to shape immune response toward Th2 and
IL-10 production. For instance, some protozoan parasites,
such as Giardia lamblia and Leshmania major, along with A.
vitae, are able to interfere with TLR-mediated DCmaturation
via stimulation of PI3K signaling maturation (77, 83, 84).
Importantly, both CLRs and TLRs can share ERK and PI3K
signaling to redirect immune response toward Th2 during
infection with helminths (85).

These data show how HDPs may impact TLR signaling,
thereby bypassing inflammatory responses. The predominant
pathway triggered by HDPs is ERK1/2 signaling which supports
phosphorylation of the transcription factor c-Fos inducing
modified Th2 and/or anti-inflammatory responses (46, 50, 56).
Generally, it seems that one of the main mechanisms by which
helminths minimize host tissue injury is suppression of innate
immunity via modification of TLR signaling (6, 85).

C-Type Lectins Receptor (CLRs) Signaling
There is evidence suggesting the commencement of Th2
response can be initiated independent of the two adaptor
proteins MyD88 and TRIF (86). In this case, it is expected
that other PRRs beside TLRs also can initiate the Th2
response (37). As mentioned above, APCs express an array
of receptors known as CLRs specialized in the recognition
of glycans (87). CLRs can mediate different immunological
processes including antigen uptake, intracellular trafficking, and
priming innate immunity (87). Various types of CLRs are
expressed by APCs including DC-specific ICAM-3 grabbing
nonintegrin (DC-SIGN), macrophage galactose binding lectin

receptor (MGL), mannose receptor (MR), and Dectin-1. DC-
SIGN is involved in recognition of high mannose glycans and
is able to stimulate TLR signaling (87). MGL and MR detect
pathogens-associated mannose-containing glycans with high
sensitivity (87). Recently, surfactant protein (SP)-D, collectin
related to the family of C-type lectins, has also been reported
to interact with carbohydrate-based compartments of worms,
such as Nippostrongylus brasiliensis in the lung (88). Thawer
et al. demonstrated that SP-D KO mice are unable to control
N. brasiliensis in the lung, as this protein plays a key role
in stimulation of Th2 responses and alternative activation of
alveolarmacrophages (alvM) which is essential for binding to and
killing L4 parasites (88).

Importantly, CLRs play an important role in host-parasite
interaction through recognition of glycan-based components
in helminth-derived antigens (89). These parasite-derived
glycans constitute versatile glycoconjugates with highly various
structures targeting CLRs, and in turn skew adaptive immunity
(90). For instance, N-linked glycoconjugates from A. suum
extract engage DC-SIGN and MR to suppress LPS-induced DCs
maturation and triggering inflammatory signals (89). Similarly, it
has been shown that DC-SIGN, MR, and MGL can be involved
in capturing and internalization of SEA (91–93). Also, some
HDPs are quite similar to host glycans which, during interplay
with CLRs of DCs, induce both Th2 suppression and Treg
proliferation, establishing a tolerogenic state in host immune
function (94). In this way, this mechanism can create a balance
between Th1 and Th2 responses through the involvement of
CLRs on DCs (37, 95). Unfortunately, limited data are available
on the parasite components inducing immunological bias via the
involvement of CLRs.

One of the main pathways shared by most CLRs to trigger
downstream signaling is the spleen tyrosine kinase (Syk)
pathway, which has been shown to contribute to DC priming
and elicitation of inflammatory responses (96). Interestingly,
Heligmosomoides polygyrus and its products elicit a strong
downregulation of different CLRs including CLEC7A, 9A, 12A,
and 4N along with suppression of Syk phosphorylation (96).
In fact, it is suggested that the inhibitory effects of this worm
on CLRs and Syk expression leading to induction of regulatory
DCs in intestine and mitigation of colitis in infected mice
(96). In another way, excretory-secretory products of Taenia
crassiceps (TcES) have been found to inhibit DCs maturation in
response to TLR4 and TLR9 agonist (97). Molecular dissections
revealed that TcES are able to interfere with TLR signaling
and induce tolerogenic DCs. Terrazas et al. delineated that
TcES support Th2 response by activation of MGL, MR, and
TLR2 (97). The reported that the major intracellular mechanism
by which TcES prevent TLR4-mediate DCs maturation is by
targeting c-RAF, which is a MAP3K acting on downstream
pathways of the Ras family (97). Indeed, TcES significantly
suppress downstream molecules, such as p38 and NF-κB by
phosphorylation of c-RAF and consequently polarize immune
responses toward a Th2 phenotype (97). It has also recently
been observed that T. crassiceps-induced Ly6Chi monocyte-
derived alternatively activated macrophages (AAMs) express a
high level of MR (CD206), PD-L2, and CCR2/CX3CR1 enabling
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them to prime Tregs and suppress experimental autoimmune
encephalomyelitis in mice (98).

CLRs have also been suggested to associate with induction
of Th2 responses by Toxocara-derived antigens (99). Among
them, DC-SIGN is one of the most important receptors in
recognition of T. canis, F. hepatica, and B. malayi-derived glycan
products shaping the immune response toward a Th2/regulatory
state (100–102). Rodríguez and colleagues have recently found
that DC-SIGN plays a central role in priming Treg upon
interaction with F. hepatica-derived glycans (102). The presence
of mannose and fucose residues in F. hepatica-glycoconjugates
can facilitate DC-SIGN stimulation and trigger intracellular
pathway enabling DCs to prime Treg and inhibit proliferation
of allogeneic T cells (102). Surprisingly, stimulation of DC-
SIGN with F. hepatica-glycoconjugates activates a pathway in
DCs which, during intracellular crosstalk with TLR-mediated
signaling, induces IL-10 and IL-27 secretion in support of Treg
expansion (102). A similar mechanism has been reported for
immunoregulatory effects of F. hepatica-derived glycans upon
engagement of MGL on both human monocyte-derived DCs
(mo-DCs) and mMgl2+ CD11+ cells in mice (103). In this study,
the authors suggest that a cross regulation between pathways
due to co-stimulation of MGL and TLR4 with F. hepatica-
derived glycans and LPS, respectively, which enables DCs to
produce immunoregulatory cytokines and support Th2/Treg
proliferation (103). MR can recognize F. hepatica tegumental
antigens (FhTeg) and condition DCs to induce anergy in CD4+

T cells (104). In addition, this receptor is able to suppress
DCs maturation or Th2 induction in response to F. hepatica
total extract (105, 106). However, it is believed that MR is not
solely involved in conduction of immunosuppressive function
of FhTeg and other CLRs most likely also contribute to these
interactions (107). In support of this, F. hepatica excretory-
secretory products (FhESP) have been demonstrated to suppress
T cell activation via Dectin-1 dependent upregulation of PD-L2
and IL-10 in macrophages (108). Also, the strong suppressive
activity of FhESP has been ascribed to co-activation of MR and
Dectine-1 in macrophages underpinned by high levels of TGF-β
and IL-10 production (109).

SEA possesses an array of complex glycan-based products
which are predominantly recognized and taken up by surface
CLRs on DC including MR, MGL, DC-SIGN, and Dectin1,
triggering SYK-mediated intracellular pathways (91–93, 110).
Endocytosis of egg-derived antigens results in interference
with TLR signaling in DCs (93). The most well-known
antigens of schistosoma egg which stimulate CLRs are LEX-
containing glycans, omega-1, lacto-N-fucopentaose III and lacto-
N-neotetraose. LEX-containing glycans involve DC-SIGN on
DCs and trigger intracellular signaling, thereby promoting
Th2 responses (111). Moreover, plant-based reconstruction of
omega-1 has recently been reported to provoke Th2 responses
by engaging DC-SIGN (51). Omega-1 is a Lex-containing
glycoprotein structure representing T2 ribonuclease (RNase)
activity. The MR has also been displayed to capture and
internalize omega-1 leading to Th2 polarization along with
interfering protein synthesis via degrading host cell RNAs (112,
113). LNFPIII and lacto-N-neotetraose are potent suppressors of

T cell proliferation and DCs activation through stimulation of IL-
10 production (114). Interestingly, it has been indicated that the
immunoregulatory functions of these glycan-based biomolecules
are mediated via the MR and DC-SIGN (38, 49, 115). Of interest
is a recent study by Kooij et al. which highlighted a critical
role of MR in polarization of human classical monocytes toward
regulatory phenotype (expressing SOCS1, IL-10, and TGFβ)
upon interaction with soluble products of T. suis (TsSP) (116). In
this study, MR was found to respond to TsSP and triggers a PKC-
mediated signaling (mainly PKCδ) responsible for induction of
anti-inflammatory monocytes (116). Also, glycan compounds
in T. spiralis muscle larvae excretory-secretory antigens (ES
L1) have been reported to be able to polarize host immunity
toward Th2/Treg via corroboration of ERK1/2 signaling in DCs
and production of IL-10 and TGFβ (117). However, the major
receptor responsible for such modulation is obscure and possible
candidates need to be investigated (117).

These data suggest that CLRs can strongly react to HDPs
and condition DCs to redirect immune response toward
Th2 immunity and/or an anti-inflammatory response (118).
However, the precise shared pathway by TLRs and CLRs upon
simultaneous activation leading to release of regulatory cytokines
remains enigmatic. In the following, we discuss this topic, to
which less attention has been given.

Co-involvement of TLRs and CLRs by HDPs
Interestingly, recent data suggest that the immunomodulatory
functions of some HDPs are mediated via simultaneous
involvement of TLRs and CLRs. In fact, signaling pathways of
CLRs have shown to co-operate with TLRs which strengthen
effective immunomodulation. For example, S. mansoni secretes
glycolipids which co-involve DC-SIGN and TLR4 in human
DCs (119). Regarding intracellular crosstalk, Meyer-Wentrup
et al. suggested that TLR8-mediated production of inflammatory
cytokines, such as IL-12 and TNFα can be forestalled by dendritic
cell immunoreceptor (DCIR) as a C-type lectin receptor (120).

This complex mechanism suggests an intricate intracellular
crosstalk between two distinct receptors which results in
hyporesponsiveness and immunosuppression. Activation of CLR
signaling can modify inflammatory responses via manipulation
of TLRs signaling (121, 122). For instance, SEA and LNFPIII are
among the well-known schistosome-associated antigens which
have been reported to co-involve TLRs and CLRs in host DCs.
Egg antigens can regulate TLR2, TLR3, and TLR4 signaling
through stimulation of β-galactoside-binding lectin galectin 3
(40, 80, 123–125), while LNFPIII via interaction with DC-SIGN
and MGL1(23, 126), cross-inhibits the TLR4 pathway (101). DC-
SIGN also strongly directs the immune response toward Th2,
Treg, and modulation of inflammatory reactions. In this regard,
Geijtenbeek et al. showed that mannosylated components of
Mycobacterial cell walls diminish TLR4-associated inflammation
via DC-SIGN (122). Similarly, other pathogens seem to modify
TLR-mediated inflammatory consequences through stimulating
DC-SIGN-associated Raf-1 signaling (127).

Likewise, other glycan-based compounds released by
S. mansoni are expected to modify inflammatory responses
via co-involvement (128). The immunoregulatory activity of
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schistosome-derived lysoPS may be similar to zymosan, which
co-engages TLR2 and Dectin-1 (a type of CLRs) on DCs and
induces Treg priming along with IL-10 production (129).
Stimulation of Dectin-2 by whole extracts of S. mansoni eggs
was reported to trigger Syk and inflammasome signaling and
thereby enable inhibition of TLR signaling (110). Apart from
intracellular crosstalk, physical interaction between CLRs and
other surface receptors is believed to affect their intracellular
signaling leading to a significant modification in immune
response (128). Generally, it seems that glycan-based materials
released by helminths can modulate host immunity through
manifold signaling stemming from different receptors, such
as TLRs, CLRs, and likely other PRRs provoking both Th2
and regulatory responses (23, 130). Tracking the mechanisms
through which HDPs induce Th2 and/or regulatory responses
will provide new insight into recognition of molecules and
targets that selectively stimulate ERK signaling, which may be
beneficial in development of new generations of vaccines and
therapeutics against inflammatory diseases.

Inflammasome
Inflammasomes constitute an intracellular platform possessing
NOD-like receptor (NLR) family proteins which are highly
sensitive to various PAMPs and DAMPs (131). These cytosolic
sensors include different family of NLRPs and absent in
melanoma 2 (AIM2) which play a key role in triggering
inflammatory signals in most immune cells, but mainly in APCs
(131). Stimulation of inflammasomes results in activation of a
cascade signaling supporting active release of IL-1β and IL-18
(131). However, limited data is available on the interaction of
helminths with inflammasome, but some studies have provided
interesting results in this regard. For example, Rzepecka et al.
reported that a synthetic analog of ES-62 known as SMA-
12b is able to suppress arthritis in mice by prevention of
inflammasome activation (132). Further in-depth molecular
dissection on murine macrophages revealed the underlying
mechanisms are mediated through downregulation of IL-1β
and inflammasome-associated signals which strongly counters
inflammasome-induced responses supporting arthritis (132).
Some helminth infections and their products are able to activate
inflammasome in order to restrict production of early released
innate cytokines, such as IL-25 and IL-33 (133). For example, H.
polygyrus has been found to instigate NLRP3 in intestinal lamina
propria cells inducing IL-1β secretion and by this mechanism
prevents Th2 response initiation, ILC2 expansion, and eventually
helminth expulsion (133). The same scenario has recently been
reported for T. muris as Alhallaf et al. unraveled a novel
mechanism by which T. muris exosomes and ESP suppress anti-
parasite immunity by targeting NLRP3 (134). This study showed
that this worm and its released compounds actively counter Th2
response andworm expulsion by increasingNLRP3-mediated IL-
18 both in vivo and in vitro (134). Thus, this intracellular sensor
may be targeted by helminths to suppress Th2 responses via IL-1β
and IL-18 (133, 134).

Likewise, a well-known component from S. mansoni called
omega-1 has also shown to be able to activate NLRP3 via co-
involvement of Dectin-1 in macrophages (135). However,

it is unknown how modulating the inflammasome can
facilitate infection. In the same line, Ritter et al. studied the
inflammasome-associated activity of SEA (110). They suggested
that egg antigens can simultaneously suppress TLR signaling
and activate NLRP3. Mechanistically, egg antigens were found
to require co-activation of Dectin-1/FcγR and downstream
signaling (Syk kinase signaling) to irritate NLRP3 via activation
of reactive oxygen species and potassium efflux leading to IL-1β
secretion in BMDCs (100).

Targeting Non-PRR Signaling
Generally, no precise pattern of intra- and extracellular sensors
along with downstream signaling has been fully recognized
by which HDPs exert immunomodulation. Indeed, helminths
have shown to be able to exploit an array of highly complex
strategies beyond the manipulation of canonical PRRs signaling
to restore aberrant immune responses (136). In the following
section, immunosuppressive functions of some HDPs through a
PRR-independent manner will be discussed (Figure 2).

Impairment in antigen presentation, T cell receptor (TCR),

and B cell receptor (BCR) signaling
Given the myriad biomolecules released by helminths, it is not
surprising that some HDPs manipulate host immune cells via
receptor-independent manner, such as enzymatic activity. For
instance, B. malayi cystatins, such as Bm-CPI-1 (produced by
the L2 and L3 stage of B. malayi) and Bm-CPI-2 are able
to impede antigen presentation in APCs via interference with
host cysteine protease function, reducing T cell priming (136,
137). In this way, Bm-CPI-2 was reported to inhibit human
B cells to present tetanus toxoid associated peptide. Bm-CPI-
2 was shown to possess two inhibitory sites enabling it to
hinder host cysteine proteases and asparaginyl endopeptidase
(AEP) (136–138). Likewise, Onchocerca volvulus was shown
to diminish HLA-DR expression by release of onchocystatin
(139, 140). Other worms, such as Nippostrongylus brasiliensis
and Litomosoides sigmodontis produce cystatins enabling these
worms to block B cell-associated endosomal proteases and T
cell proliferation via IL-10 induction, respectively (140–143).
However, the main mechanism through which helminth-derived
cystatins affect host cells is unknown, but there is evidence
suggesting the involvement of scavenger receptors and the
transforming growth factor-β receptor (TGFβ R) pathways in
particular by Avcystatin (A. viteae-derived recombinant cystatin)
and calreticulin (a protein secreted by H. polygyrus), thereby
polarizing Th2 responses (144, 145). In support of the critical role
of helminth cystatins in promoting worm longevity, it has been
suggested that presence of anti-cystatin circulating antibodies
in mice can confine infection, suggesting that cystatins restrict
the process of antigen loading and presentation by MHCII in
APCs (141).

TCR signaling can also be affected by some HDPs in favor
of shaping immune response toward immunoregulation (146–
148). A well-known component of SEA known as omega-1 is
the best example of HDPs which directs host immunity toward
Th2 response through an intriguingmechanism.Mechanistically,
omega-1 has been found to target cytoskeletal compartments to
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FIGURE 2 | Some HDPs has been shown to target non-PRRs sensors including Kv1.3 and TCRs on T cells. Blocking Kv1.3 can significantly decrease Th1 cell

activity and proliferation. Also, presenting HDPs on the MHCII leads to induction a weak TCR signaling in naïve CD4T cells which corroborates Th2 differentiation. Of

note, the main phenotype of Th2 response elicited by helminths and their products is “modified Th2” immunity in which IL-5, IL-13, eosinophlilia, and IgE are all

downregulated, while IL-4, TGFβ, and IL-10 are increased. BCR signaling has also been shown to be impaired by some HDPs which prevent B cell activation. HDPs

have recently been more considered as magic components which are able to mimic or block several host key mediators which play an important role in

immunosuppression and Th2 amplification, respectively.

confine the formation of a stable DC-CD4+ T cell interplay,
leading to suppression of TCR signaling strength and eventually
Th2 cell differentiation. Since it has been documented that
low dose antigens, which induce a weak TCR signaling, can
prime Th2 response, the Th2-inducing property of omega-1 has
also been ascribed to this hypothesis (149). Although omega-1
is able to inhibit TLR4-mediated DC stimulation independent
of TLR-, MyD88- and TRIF, the main receptor targeted by
omega-1 is still unknown, and it is thought that its enzymatic
activity (T2 ribonuclease) likely contributes to such effects (86,
146). More investigations are required to identify whether other
S. mansoni egg-derived antigens deviate immune responses
toward Th2 by targeting TCR signaling (147). In support of
helminth-mediated TCR signaling manipulation, Appleby et al.
recently reported that in schistosome-endemic area of rural
Zimbabwe, patients infected with S. haematobium had lower
expression of CD3ζ (an integral part of TCR signaling) on
peripheral blood mononuclear cells (PBMCs) than non-infected
individuals, suggesting a possible TCR-targeted mechanism for
hyporesponsiveness and immunosuppression (150).

In comparison to omega-1, the precise interruptive effects of
ES-62 on TCR and BCR signaling have widely been determined
(148). In fact, ES-62 by degradation of key components of
downstream TCR and BCR signaling induces desensitization and
in turn restrains cell proliferation and antibody production (151).
Protein kinase C (PKC) and its different isoforms are one group
of the major molecules that play a central role in orchestration
of downstream cascade in TCR and BCR signaling for activation
of transcription factors (152). It has been documented that
ES-62 not only targets PKCs to be degraded/down-regulated

in B and T cells but also up-regulates negative regulators of
MAPKs signaling, such as RasGAP to suppress this pathway
in Jurkat T cells (153). In addition, exposure of activated
Th17 cells to LPS in the presence of ES-62 resulted in down-
regulation of MyD88 and inhibition of LPS-mediated IL-17
production (154).

IgE signaling
Some HDPs, such as Dirofilaria immitis-derived antigen (DiAg)
and Clonorchis sinensis-derived components called venom
allergen-like proteins (CsVAL) are able to impair IgE-mediated
degranulation followed by downstream signaling (155, 156).
In this way, DiAg has been demonstrated to suppress type 1
diabetes in non-obese diabetic mice via Th1 inhibition and IL-
10 induction (157). Interestingly, application of recombinant
DiAg was associated with induction of nonspecific IgE by
involving CD40 on B cells and saturation of FcεRI on mast
cells, representing protective function against passive cutaneous
anaphylaxis in rats (155). CsVAL has also displayed inhibitory
activity on IgE-mediated degranulation of mast cells via
targeting downstream pathways (156). Prevention of IgE receptor
signaling has also been observed during exposure of human
PBMCs to S. mansoni (158). It was revealed that the worm is able
to secrete a component termed as schistosome-generated (SG)
sCD23 which not only functions as a soluble decoy for the IgE
receptor but also decreases the expression of this receptor (158).
In addition, one of the well-characterized HDPs with interruptive
effects on IgE signaling is ES-62. Collectively, these molecules
might be considered as a potential therapeutic candidate in
allergic disorders.
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Mimicking and blocking host key mediators
TGFβ is one of the most powerful cytokines with
immunoregulatory activity, which stimulates naïve T cells
into regulatory T and B cells inducing immunobalance and
tolerance in mucosal tissues, such as the intestine (159). This
immunosuppressive cytokine and its receptor pathway have
been reported to be mimicked and manipulated by helminths
(159). Up to now, various components from nematodes like
A. caninum, B. malayi, H. polygyrus, and trematodes, such
as F. hepatica and the Schistosoma species have shown to
produce TGFβ homologs (159). Bm-tgh-1 and Bm-tgh-2 from
Brugia species and SmRK-1, 2, a TGF-β receptor homolog,
from S. mansoni are well-known examples of HDPs with
immunoregulatory activity due to mimicking TGFβ-induced
mechanism (159). H. polygyrus is also able to stimulate naive
T cells to express Treg-associated markers, such as Foxp3
amplifying immunoregulation via an unknown mechanism
(160). Recently, Johnston et al. have characterized an important
component from this worm known asH. polygyrus TGF-βmimic
(Hp-TGM) which is structurally similar to a member of the
complement control protein superfamily (161). Interestingly,
Hp-TGM is functionally able to ligand mammalian TGFβR
and mimic properties of TGFβ in induction of both mouse and
human Foxp3+ Treg cells (161).

Furthermore, Sulaiman et al. have recently suggested that
juvenile stages of F. hepatica release a TGF-like molecule known
as FhTLM, engaging host TGF-β receptors and triggers Smad2/3
signaling in leukocytes (162). They showed that TGF-β RII is the
main target of this component through which FhTLM increases
the production of IL-10 and PD-L1 and the mannose receptor
expression which eventually facilitate the early evasion of juvenile
by suppression host immune activation (162).

Another class of host mediators which are masterfully
mimicked by some helminths, such as S. mansoni (163), Taenia
taeniaeformis, and B. malayi are prostaglandins (PGs) (164).
Among various PGs, the immunoregulatory properties of PGE2
have widely been documented (165), and it is known that it
can modulate DC function to polarize immune response from
Th1 toward Th2 (166). Laan et al. have recently found that
T. suis releases high levels of PGE2 in its excretory-secretory
products which are likely responsible for inhibition of LPS-
induced production of inflammatory cytokines from human
DCs (25). By contrast, T. muris may expedite Th1 response
by production of IFNγ homologs to engage IFNγ receptors
leading to Th1 amplification and suppression of IL-4 mediated
responses against the worm (167, 168). Of note, the immune
response depends on the host genotype and the infection levels,
for example, resistant genotypes display Th2 response while
susceptible hosts represent Th1 response. Also, low infection
levels of T. muris elicit a Th1 and high infection induces a Th2
response (168).

Another strategy whereby helminths attenuate inflammatory
signals is production of bioactive blockers to occupy receptors
and entrap mediators triggering inflammatory responses, such
as chemokines (169). For instance, a well-known chemokine
blocker is a chemokine-binding protein which is released by
SEA called smCKBP (169). This component has been found to

be able to bind several chemokine ligands including CXCL8,
CCL2, 3, 5, and CX3CL1 resulting in suppression of both
inflammatory signals and recruitment of inflammatory cells at
the site of insult (169). Relevant to helminth-derived blocking
compounds, a very recent study by Osbourn et al. recognized a
potent IL-33 blocking component called H. polygyrus Alarmin
Release Inhibitor (HpARI) (170). Mechanistically, HpARI binds
to both nuclear DNA and mature IL-33, preventing its release
and interaction with IL-33R on airway epithelial cells and ILC2.
Further experiments in mice confirmed the suppression ability
of HpARI on IL-33 and subsequent airway allergic responses,
involving eosinophilia and IL-5 and−13 (170). These authors
revealed a novel mechanism of suppressing Th2 response onset
via inhibition of IL-33 released from necrotic epithelial cells
which are insulted during helminth infection and exposure to
airway allergens (170).

Blocking potassium voltage-gated channel (Kv1.3) on the

T cells
It has recently been shown that some HDPs can control the
function of T cells by blocking potassium voltage-gated channel
(Kv1.3) (171). AcK1 and BmK1 are a large family of Stichodactyla
helianthus toxin (ShK) composed of peptide structures secreted
by A. ceylanicum and B. malayi, respectively. These compounds
are able to block Kv1.3 channels on T cells by engaging the outer
vestibule of the channel (171). Kv1.3 channels have been proved
to widely be expressed and involved in activation of human
T cells (172). Since there are an immense number of myelin-
reactive T cells (autoreactive) resembling Kv1.3high phenotype in
multiple sclerosis (MS) forestalling these cells by targeting Kv1.3
channels would be of great interest (173, 174). In accordance with
this, some clinical trial studies have been launched to evaluate
the efficacy of AcK1 and BmK1 in attenuation of inflammation
(NCT02446340; NCT02435342).

Taken together, these data show that a complex of diverse
intracellular pathways is triggered by HDPs which ultimately
converge host immunity toward hyporesponsiveness and
immunological tolerance via manipulation of PRR-dependent
and independent strategies. Up to now, we have briefly
reviewed the intracellular interferences of HDPs as a foundation
to provide novel insights into the possible mechanisms of
extracellular vesicles (EVs) as an important component of HDPs.
In the following section, we aim to discuss the recognized
pathways utilized by EVs released during helminth infections to
bypass host immunity with the aim of proposing other unknown
mechanisms.

EXTRACELLULAR VESICLES

Biogenesis, Content, and Morphological

Properties
Various types of extracellular vesicles exist, but the structures
that are most often referred to are called exosomes, which are
30–100 nm in diameter, or microvesicles, which measure about
100–1,000 nm in diameter (175). In terms of morphological
properties and contents, exosomes are endocytic vesicles with
a spherical shape surrounded by a bilamellar membrane. Their
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contents constitute a wide variety of biomolecules including
glycans, proteins, lipids, and nucleic acids (176). Exosomes
are originally derived from endosomes via budding from
their wall, and then aggregated in a large body known as
the multivesicular body (MVB). Exosomes are unleashed in
extracellular environment upon exocytosis of MVB through
fusion with the plasma membrane (176). Apart from exosomes,
other distinct vesicles with similar function and properties can be
detected in extracellular space including microvesicles (plasma
membrane-derived microparticle) and apoptotic bodies, which
can be distinguished from exosomes in terms of biogenesis, size,
protein contents, density, and isolation technique (176). Also, the
formation of microvesicles is simpler and happens through an
outward budding of the plasmamembrane (177). Generally, all of
them are considered as EV and exosomes are the smallest EVwith
the lowest density (176). Apoptotic bodies are not the subjects of
this review and beyond our discussion.

Uptake in Recipient Cells
EVs have been acknowledged as important elements of cell-
cell communication due to their role as vehicles for molecules
and biological signals to be shuttled from one cell to another
(178). Transfer of molecules, such as protein and miRNA can
completely change the physiology of the receiving target cell and
can in this way control both normal biological processes as well
as distinct pathological processes (178).

EVs recognize and attach to their target cells through
surface proteins, such as integrins, tetraspannins, proteoglycans,
lectins, and immunoglobulins (179). The transfer of the
EV content occurs as the EVs fuse with the target cells,
which can be facilitated by various endocytic internalization
pathways and the fusion can appear as rapidly as 15min after
exposure (180). Macropinocytosis is one such mechanism where
EVs are captured and enclosed during the invagination of
ruffled extensions from the plasma membrane (179). Another
mechanism is phagocytosis, which is exploited by bacteria and
viruses as well as DCs and macrophages and is facilitated by
absorbing EVs by extended pseudopodia (180). Alternatively,
EVs can be taken up by clathrin-mediated endocytosis, which
involves the deformation of the target cell membrane by
clathrin on the EV surface creating an inward bud that
encloses the EVs, which can then pinch off and fuse with the
endosome (181). Calveolin-dependent endocytosis is yet another
mechanism for EV uptake where EVs oligomerize calveolin
proteins on the membrane of the target cells facilitating the
formation of intracellular calveolin-rich vesicles which then
transports the EV contents to the target site (182). Finally, under
specific conditions, EVs can fuse directly with the cell surface
membrane (183).

Parasites use this remarkable ability of EVs to communicate
with other parasite cells (parasite-parasite communication) (184)
and host cells (host-parasite communication) (185). Strong
evidence of the uptake of EVs by host cells has been obtained
for a range of parasite species, including Giardia duodenalis
(186), Leishmania major (187), Plasmodium falciparum (184),
Trichomonas vaginalis (188), Trypanosoma brucei (189), T. cruzi
(190), Echinostoma caproni (191), F. hepatica (28), H. polygyrus

(30), S. mansoni (192), A. suum, O. Dentatum, and T. suis
(Hansen et al., unpublished). Interestingly, Eichenberger et al.
have recently employed organoids from murine colonic crypts
to explore uptake of T. muris-derived EVs (193). These authors
showed that when labeled EVs are delivered into the central
lumen of organoids, they are internalized within 3 h and this
process can be inhibited upon prevention of endocytosis (193).
Furthermore, in this study transcriptomic and proteomic profile
of T. muris EVs were characterized in which a number of miRNA
with potential immunoregulatory effects on host immunity were
identified (193). Upon fusion, specifically loaded compounds and
biological signals in the EVs are transferred, which then can
exert its function in the target cell. These events are responsible
for the EV-related host immune manipulation (30, 194, 195),
pathogenesis (196, 197) and parasite development (198), that
have been reported for many parasitological diseases as described
previously.

EVs FOR THE HOST IMMUNE SYSTEM

EV-Mediated Delivery of Message by

Helminths
A number of parasites have shown to release EVs and
they have received great interest due to their remarkable
immunomodulatory properties including suppression of IL-6,
TNFα, and IL-17A in mice (191, 199, 200). Various potential
mechanisms have been suggested through which these vesicles
might affect host cells (201). In fact, they have unique biological
properties mediating cell-cell interaction both via direct contact
and/or delivering biomaterial contents affecting intracellular
crosstalk (202). However, the specific intracellular mechanisms
that are targeted remain unknown or only partially characterized.

In recent years, helminth-associated EVs have shown to
be essential mediators that contain bioactive cargo that
contribute to establishing a permissive infection (30, 202).
Apart from helminths, other microbes including fungi, bacteria,
and protozoa are able to produce EVs and mediate active
interaction with their host immunity to achieve a suitable
niche (203). The release of such a protected package can
undoubtedly optimize the integrity of contents, which in turn
improve their efficacy in genetic exchange and secure delivery
to modulate host immunity (203). Indeed, several studies
have shown that powerful biomolecules are present in the
helminth-derived EVs, which can offer potential and druggable
candidates against inflammatory diseases (204). In addition,
omics-based approaches, such as proteomics and transcriptomics
have provided a plethora of valuable data facilitating recognition
of major components mediating host immunosuppression. Such
explorations provide novel insight into previously unknown
strategies by which worms send messages to host cells to
manipulate the host immune system and may therefore also pave
the way to new ways to control infections (204–206).

Given interesting results achieved from EVs investigation,
a surge of interest has been paid to focus on their contents.
In the following, the most important biomolecules represented
by helminth EVs along with their potential implications are
discussed.
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miRNAs as an Important Player for

Intracellular Communication
One important component of EVs is miRNA, which is an
evolutionary conserved class of short non-coding RNA, of 19–
24 nucleotides in length, which plays an essential role in post-
transcriptional gene regulation and is involved in the fine-tuning
of a range of cellular processes. miRNA has been discovered in all
types of human body fluids (207) and in various different species
(208), including parasitic organisms (209, 210).

miRNA has been shown to take part in the regulation of any
kind of biological process, here among embryonic development
(211), cell differentiation and apoptosis (212–214) but also
various immunological processes (215). In fact, miRNA seems
to be involved in basically all aspects of immunological events
of both innate and adaptive character. That being differential
and activation of macrophages (216), dendritic cells (217),
granulocytes (218), NK cells (219), and other innate immune cells
(220) as well as development and function of B cells (221, 222)
and T cells (223, 224).

Recent investigations suggest that helminth EVs also contain
various RNA molecules including miRNA which may participate

to the manipulating signaling pathways which orchestrating
inflammatory responses (193). This mechanism may enable

worms to directly interfere with host gene translation and
thereby immunity to facilitate parasite survive (29, 30, 225). In
support of this, an in vitro study showed that E. multilocularis

produces a type of miRNA (emu-miR-71) which is able to

suppress NO production and inflammation-associated miRNAs
in LPS/IFN-treated murine macrophage RAW264.7 (29). By
contrast, the effects of S. japonicum-derived exosomes on the

same cell line of macrophages showed an increase of iNOS and

TNF-α, supporting M1-type macrophage development (226).
The steadily growing body of literature is supporting the
critical role of exosome-associated miRNA as an important
player involved in suppression or stimulation of target cells

(30). One of this miRNA-mediated mechanism which has
been recently suggested by Buck et al. is genetically blocking
or targeting host mRNA for degradation, causing a severe
defect in host immune response to confine worm expulsion.
Molecular digestion showed that this miRNA is able to target
3′ untranslated region of the mRNA encoding Th2-associated
cytokines, such as IL-33 which in turn prevents the ILC2
expansion and eliciting a strong Th2 response (30). Thus, it seems
that helminths possess EVs with bioactive compounds, such as

miRNAs that are able to effectively neutralize host immunity
and polarize immune responses toward the way supporting their

survival.
Gu et al. also suggest that some helminth miRNAs only might

target host genes and that their release is a selective process
as the profile of released miRNAs in the excretory-secretory

products differed from that of adult extracts of Haemonchus

contortus (227).
In addition to miRNA, other RNA molecules have been

identified within helminth EVs, such as mRNA and tsRNA
(193, 228) but their potential function and role in host-parasite
interaction still need to be elucidated.

Proteins and Lipids in EVs
In addition to nucleic acid, EVs do also contain a diverse
collection of molecules including lipids and proteins (229, 230).
The protein composition has been characterized in excretory-
secretory products from several parasite species using proteomic
approaches based on mass spectrometry and has shown that it
contains a suite of immunomodulatory proteins with immune
suppressive effects e.g., on type 1 and type 2 effector molecules
(30, 231–233).

Proteins identified in EVs comprise several peptidases,
proteases, cytoskeletal proteins, nuclear proteins, calcium-
binding proteins as well as stress-related proteins (28, 234, 235).
Importantly, Coakley et al. demonstrated that H. polygyrus
secretes EVs containing Argonaute protein, which is a central
protein in the RNA-induced silencing complex (RISC) and is a
powerful mechanism of gene silencing (229, 236). Furthermore,
EVs are expected to be an important part of the secretome
and it has been shown that the secreotomes of many helminths
contain a variety of highly-abundant leaderless proteins, which
is homolog to damage-associated molecular pattern molecules
(DAMPs) in the host (28, 197). These DAMPs can, just like the
host’s DAMPs, modulate the host innate cells, such as stimulation
of cytokine secretion in macrophages and lymphocytes. This
could indicate that helminths have evolved mechanisms that are
similar to their hosts in order to avoid elimination by the immune
response of the hosts (182, 237).

Interestingly, besides parasite proteins, EVs have also been
shown to contain host-derived proteins. Marcilla et al. identified
36 different host proteins in vesicles from the trematode
E. caproni, which mainly corresponded to histones, partial
sequences of mucins, metabolic enzymes, and immunoglobulins
(28). Their study suggests that EVs might be an important part of
the host-parasite communication as host proteins were identified
in the parasite EVs and as the vesicles were taken up by host
cells. These findings are interesting, however further studies are
needed to confirm the role of the vesicles for the establishment
of the infection (28). Very recently a similar study has been
conducted by Eichenberger et al. in which proteomic profile
of T. muris-derived EVs also identified a number of proteins
of importance in host-parasite interaction. Of interest, among
the common most proteins were predicted not to have a signal
peptide supporting the idea that EVs constitute an important
mechanism by which molecules are transferred to the host (193).

Surprisingly, several studies have shown that a significant
proportion of the EV proteins are lacking an N-terminal
presequence, also referred to as transit peptide. The transit
peptide is required for protein transport across relevant
membranes and indicates a protein transport through a classical
sorting pathway via ER/Golgi pathway (238). Since a significant
proportion of the parasite proteins are lacking the transit peptide,
this suggests that EVs may be an important mechanism for
transport of proteins host cells (28, 185, 239).

Lipids are a major component of EVs and play an important
role in the function, stability, rigidity, and uptake of EVs, as they
are directly exposed to the environment. Most of the lipidomic
studies have been performed in cancer cells and these studies have
indicated that EVs may have a function as lipid carriers where
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they carry bioactive lipids to recipient cells. In the context of the
tumor microenvironment, this transport may have an effect on
the enrichment of tumor progression and immunosuppressive
lipids, such as prostaglandins that enhance tumor growth (240,
241). Even though lipids are central to EV trafficking, only a few
studies have yet explored the lipid content of EVs in parasites and
their specific role remain to be elucidated (242, 243).

EVs AS NOVEL VACCINES

Even though helminth parasites infect over 25% of the world’s
population and are highly prevalent in livestock worldwide, these
infections are one of the most “neglected” tropical diseases with
no effective vaccines available for humans and only a few for
animals (244, 245). The use of EVs as vaccines is an area of
growing interest due to their immunomodulation role and EVs
ability to generate specific antibodies (30, 191, 202).

Using EVs purified from Echinostoma caproni, Trelis et al.
found that subcutaneous injection could reduce symptom
severity and mortality of subsequent experimental infection in
mice (191). Likewise, EV vaccination in mice generates specific
antibodies and was sufficient to confer protective immunity
against H. polygyrus challenge (202). T. muris-derived EVs has
also recently been found to confer protection against subsequent
infection (246). Several proteins were identified in the T.
muris EVs and some proposed to be potential candidates for
vaccine (246).

However, further studies are needed to further explore the
potential of parasite-derived EVs as novel vaccine candidates
(206). In another approach, DCs have been stimulated or infected
with protozoan parasites following isolation of EVs, which then
have been tested as vaccines. In this way, DC-derived EVs have
shown to confer protective immunity against Toxoplasma gondii
(247), Leishmania major (248).

Sotillo et al. observed that 31% of the identified proteins in
EVs secreted from S. mansoni are homolog to previous describes
vaccine candidates, where several of these proteins are common
throughout the life cycle of the parasite. This indicates that a
vaccine based on EVs could target different life stages of the
parasite and may be effective against S. mansoni infection (249).
However, EVs are biological complex and virtually nothing is
known about their specific mechanisms and how they engage
with the immune system. However, it was recently demonstrated
that EVs from H. polygyrus are able to suppress both the
activation of macrophages and target the Il-33 pathway, which is
known to be essential for worm expulsion (202). Taken together,
all these observations indicate that EVs hold a great potential for
future vaccine development, and thereby pave the way for novel
treatment options against parasite infection (206).

EVs AS NOVEL GENERATION OF

BIOMARKERS: POSSIBILITIES AND

POTENTIALS FOR EARLY DIAGNOSIS OF

PARASITIC INFECTIONS

EVs have shown to contain a rich source of molecules and as
these are protected from the environment by a membrane they

are stable over time (250). In addition, as EVs are distributed in
various body fluids and organs, they have received great interest
for biomarker-based diagnosis (250). Indeed, the potential of EVs
as a biomarker has widely been investigated in the field of cancers
and the contents of exosomes derived from ovarian cancer
patients have shown to differ from that of healthy individuals
(250). Interestingly, some cancer types are associated with
specific miRNA signatures in the exosomes and may, therefore,
serve as a novel way of diagnosis and monitoring progression of
treatment (251, 252). In infectious diseases, EVs isolated from
serum samples have also shown potential in diagnostics (253).
However, the physical location of the pathogen may affect the
applicability of this method or at least the way samples should
be collected. Buck et al. found that miRNA of Litomosoides
sigmodontis, which is located in the pleural cavity, could be
identified in the host serum whereas no miRNA of H. polygyrus,
which resides in the gut lumen could be detected (30).

With the advent of high throughput assays, which now
also includes EV array (254), a profound understanding is
being established regarding host-parasite interplay and the main
pathway by which EVs target host immune cells. Proteomics
analysis on the HDPs concentrated in EVs has provided
invaluable data to identify and purify the central candidate
components for biomarkers, diagnostic tools, and vaccine
development (255, 256). Likewise, HDPs merely have shown
an acceptable potential to be considered as an approach to
early infection diagnosis (257). For instance, cathepsin B1 from
Opisthorchis viverrini has shown a potential candidate for further
consideration as a biomarker in sera (258).

Altogether, the release of EVs might be a reciprocal beneficial
interaction for both host and helminths. Eliciting an effective
immune response against EVs is an obvious reason for the
presence of highly immunogenic components which may offer
possible biomarker candidate. On the other hand, helminths
constantly explore a way to defeat host immunity and set up a
permissive infection which production of EVs containing various
types of material is might be a strong strategy (Figure 3).

PERSPECTIVES

Until now, many different and highly complex mechanisms have
been suggested for immunosuppressive functions of HDPs. But,
given the advances in recognition of EVs and their importance
as an effective tool in manipulation of host immune cells, it
makes sense to suppose the possible involvement of EVs in most
HDPs-mediated immunomodulation.

Main intracellular pathways manipulated by HDPs were
reviewed, but limited information has been provided regarding
interaction between helminth-derived EVs and immune cells.
Although several investigations have recently reported the
potential intracellular functions of EVs, they are only partially
characterized. Given the different mechanisms by which EVs
are taken up by recipient cells (discussed in EV section), future
investigations should focus on the intracellular mechanisms and
pathways responsible for immunosuppression.

We believe that most mechanistic pathways which have been
reported for HDPs can be tracked for EVs and their contents.
Most biomolecules form contents of EVs require to reach into
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FIGURE 3 | Schematic illustration of known effects imposed by helminth-derived EVs during interaction with host immunity. As illustrated here, EVs can affect different

host cells including immune cells and intestinal epithelial cells (IECs). Also, they can potentially be used to develop new vaccines against helminths. EVs deliver cargo

containing various biomolecules to host cells which can interfere with host cell gene transcription. EVs are internalized by macrophages and IECs via unknown

mechanism and target IL-33R and DUSP1 expression reducing signal transmission and leads to inhibition of helminth expulsion. EVs have also shown great potential

in priming host immunity along with Alum as a vaccine complex against helminth infections. Effective suppression of both classical Mφ and AAMφ have also been

reported, implying EVs are well-equipped with a wide range of active components. In addition to in vitro studies, immunomodulatory functions of EVs have also been

monitored in in vivo model in which allergic responses, associated cytokines, ILC2, and eosinophilia are down-regulated in Alternaria-exposed mice.

the recipient cells to show their functions. The intracellular and
PRR-targeting mechanisms of HDPs which were discussed in this
review provide a framework to explore the possible interaction
between EVs contents and intracellular components. In this
regard, study on the PRRs-EV interplay would be of great interest
to address some of the intracellular effects mediated by EVs.
Release of EVs cargo in host immune cells can be associated
with various outcomes, so determining the potential interaction
between EVs cargo and PRRs downstream signaling would be
valuable. For instance, Kojima et al. (259) showed that mesenteric
lymph is able to exacerbate inflammatory responses via activation
of TLR4 on macrophages without uptake through this receptor.
They also showed that TLR4 signaling pathway is essential for
exosome-induced macrophage activation (259).

EVs have recently been considered as a promising option to
tune immune responses, as well as reprogram aberrant reactions
to innocuous antigens. With respect to this, unraveling the main
components of helminth-derived EVs, which are responsible
for host immunomodulation may offer personalized therapeutic
approaches in translational medicine.

Also, from a diagnostic point of view, EVs released by
helminths may pave the way for developing a rapid diagnostic
test that also can detect early parasitic infection. In addition,
recognition and targeting main players in the biogenesis of
helminth-derived EVs will be associated with novel insights
into control of parasitic infections. Obviously, suppression of
EVs synthesis containing a wide array of bioactive components
will neutralize one of the central mechanism of helminths to
overcome host immunity. Interestingly, interfering with EVs
biogenesis with exploiting selective inhibitors has provided

promising results in the field of cancer therapy (260), but the
applicability of this approach to combat helminth infections
remains elusive. However, several investigations have been
conducted to assess the potential of protozoan EVs for vaccine
development against toxoplasmosis and leishmaniasis (248, 261).
In these studies, exosomes derived from DCs exposed to parasite
antigens have shown to be able to protect against infection in
experimental models. Collectively, it seems that the importance
of EVs and their relevance in establishment of a chronic infection
are less-known and eagerly awaited to precisely be unraveled in
the near future.
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After a successful invasion, malaria parasite Plasmodium falciparum extensively remodels

the infected erythrocyte cellular architecture, conferring cytoadhesive properties to the

infected erythrocytes. Cytoadherence plays a central role in the parasite’s immune-

escape mechanism, at the same time contributing to the pathogenesis of severe

falciparum malaria. In this review, we discuss the cytoadhesive interactions between

P. falciparum infected erythrocytes and various host cell types, and how these events

are linked to malaria pathogenesis. We also highlight the limitations faced by studies

attempting to correlate diversity in parasite ligands and host receptors with the

development of severe malaria.

Keywords: malaria, Plasmodium, cytoadherence, pathogenesis, host immune responses

INTRODUCTION

Malaria continues to be a significant healthcare problem to many human populations, despite
efforts to eliminate this debilitating and potentially fatal tropical disease. While the malaria
mortality did not significantly change between 2015 and 2016, the number of malaria cases
increased by five millions within the same period (1). Among the medically important malaria
parasites (2, 3), Plasmodium falciparum is the primary cause of severe disease and death (4, 5).

As with other malaria parasites, P. falciparum has a complex life cycle involving humans as
the intermediate host and Anopheles mosquitoes as the definitive host (where sexual reproductive
forms of the parasites establish) (Figure 1). During its blood meal, the infected female Anopheles
mosquito releases Plasmodium sporozoites from its salivary glands into the dermis of human
host. A proportion of sporozoites migrate rapidly to the blood capillaries, then to the liver and
invade the parenchymal hepatocytes after traversing the Kupffer cells (6). Inside the invaded
parenchymal cells, parasites asexually multiply, producing numerous (∼20,000–40,000) liver
merozoites. Subsequently, these merozoites are released into the blood circulation, where they
target and invade the erythrocytes (RBCs). It is the erythrocytic life cycle that is responsible for
the manifestation of signs and symptoms in malaria. Within the infected erythrocytes (IRBCs),
the blood stage-parasites develop from the early ring forms into trophozoites, subsequently form
schizonts, which upon maturation will rupture and release blood stage merozoites to invade
other uninfected erythrocytes (URBCs). Meanwhile, a fraction of the parasites are driven into the
formation of sexual forms (gametocytes), which will be taken up by mosquitoes during feeding.
Inside the mosquito, fertilization of male and female gametocytes leads to zygote formation.
Subsequent developments lead to formation of salivary gland sporozoites, which are infective to
the human host.
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FIGURE 1 | Schematic diagram depicting life cycles of Plasmodium

falciparum, involving Anopheles mosquito and human hosts, where the stages

in humans can be furthered divided into liver (exoerythrocytic) and erythrocytic

stages.

One fascinating aspect of P. falciparum infection is the
cytoadherence phenomenon associated with the late stage-
IRBC (7), which is considered to be a major contributor to
the pathogenesis of falciparum malaria (8). As the parasite
develops and matures within the host RBC, it causes substantial
alteration to the IRBC membrane architecture, which changes
various rheological properties of the IRBC, including its
cytoadhesive characteristics (9–11). Here, we review the different
types of cytoadhesive interactions of the IRBCs, how they are
linked to each other, the molecular and cellular mechanisms
behind these phenomena and their proposed involvement
in malaria pathology. We also discuss knowledge gap,
controversies and diverging views on the role of cytoadherence
in P. falciparum immunopathogenesis.

COMPLEX PROFILE OF P. falciparum-IRBC

CYTOADHERENCE

The cytoadherence of IRBCs to host cells in falciparum malaria
is highly complex, involving at least three distinct groups
of parasite-derived variant surface antigens (VSAs) encoded
by multigene families, namely; P. falciparum Erythrocyte
Membrane Protein 1 (PfEMP1) (12, 13), Subtelomeric Variable
Open Reading frame (STEVOR) proteins (14), and repetitive
interspersed family (RIFIN) proteins (15). The temporal
expression of these ligands also differs, with PfEMP1 being
expressed the earliest (transcription starts at ring forms and
protein surface expression happens when parasites mature into
trophozoites) (16, 17), followed by RIFIN (17, 18), then STEVOR
(17, 19–21). In addition, only few members of VSA are expressed
by a single IRBC. Members of these VSA families bind to a

wide range of different host-derived proteins, proteoglycans,
and glycosaminoglycans (as summarized in Table 1). The role
of RIFINs and STEVORs in the cytoadhesion of P. falciparum
IRBCs is undoubtedly of significance. Apart from forming
rosettes (a cytoadherence phenomenon by the late stage-IRBCs,
which is elaborated in latter section) via interactions with the
A antigens on the URBCs (15), some RIFINs can interact with
leukocyte immunoglobulin-like receptor B1 (LILRB1), which
inhibits the activation of B cells and natural killer (NK) cells
expressing LILRB1 (51). This discovery suggests the involvement
of RIFIN in the parasite’s immune-evasion mechanisms.
STEVOR proteins interact with the RBCs, and current evidence
suggests their involvement in immune evasion, rosette formation
and merozoite invasion (14, 21). By comparison, PfEMP1 binds
to diverse array of host receptors on different host cells, leading
to suggestions of its involvement in immune evasion (52) and
immune modulation (53). Hence, it is generally accepted that
the PfEMP1 is the most important of the VSAs. A detailed
description of PfEMP1 variant domains and their binding targets,
as well as the switching of expressions, have been elegantly
reviewed elsewhere (54–56). In general, the extracellular domain
of PfEMP1 can be classified into four major regions, which are
the N-terminal segment (NTS), the C2 region, the Cysteine-
rich inter-domain region (CIDR), and the Duffy binding-like
region (DBL). These regions are responsible for the diverse
cytoadherence phenomena attributed to PfEMP1, and difference
in these regions gives rise to different cytoadherence properties,
hence different tissue tropism for different strains of parasites
(57, 58). Importantly, the various parasite-derived antigens that
are expressed on IRBC surface make IRBCs an obvious target for
host’s immune system (59).

The IRBC-cytoadherence events are usually classified
based on their binding sites, i.e., endothelial cytoadhesion,
cytoadhesion to placental syncytiotrophoblasts, platelets,
URBCs (rosetting phenomenon) and leukocytes (monocytes,
macrophages, and dendritic cells) (23, 60–62). P. falciparum
IRBCs can adhere to each other through platelet bridges, forming
aggregates of IRBCs, a mechanism defined as autoagglutination
(63–65). This phenomenon has been shown to be uncorrelated
to rosetting and parasitemia, but significantly associated with
severe malaria (63). These different interactions between the
parasites and the host described above have been proposed to
shape the immunopathobiology of malaria.

WHY DO P. falciparum IRBC

CYTOADHERE?

Within hours after the P. falciparum merozoite invading the
RBCs, the relatively low intra-erythrocytic viscosity of liquid
hemoglobin is transformed into viscous gel-like cytoplasm of
a developing IRBC (66). Besides, the parasite also remodels
the IRBC by building a trafficking network with its parasite-
derived proteins and organelles (such as Maurer’s cleft) to bring
in nutrients essential for its survival (67). The net consequence
of these modifications (∼10 h post-invasion) is a host cell with
a compromised rheological profile (68). Such biomechanical
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TABLE 1 | Host-derived receptors for P. falciparum cytoadherence ligands.

Ligands Receptors Expression sites References

PfEMP1 Complement receptor 1 (CR1/CD35) RBCs, leukocytes, splenic follicular dendritic cells (22)

Chondroitin sulfate A (CSA) Endothelial cells, placental syncytiotrophoblasts (23, 24)

Hyaluronic acid (HA) Placenta, and other connective, epithelial and neural

tissues

(25)

Heparan sulfate (HS) All tissues (26, 27)

Platelet glycoprotein 4 (CD36) Platelets, RBCs, monocytes, differentiated

adipocytes, microdermal endothelial cells, skeletal

muscles

(28–33)

Intercellular adhesion molecule 1 (ICAM1/CD54) Endothelial cells, leukocytes (29, 31, 33–36)

Vascular cell adhesion protein molecule 1

(VCAM1/CD106)

Endothelial cells (31, 33, 35)

RBC group A/B antigens RBCs (37, 38)

Platelet endothelial cell adhesion molecule 1

(PECAM-1/CD31)

Platelets, monocytes, neutrophils, T-cells,

endothelial cell (intercellular junctions)

(39, 40)

Ig M Circulation (41–43)

P-selectin (CD62P) Activated platelets, activated endothelial cells (31, 33, 44)

E-selectin (CD62E) Activated endothelial cells (29, 35)

Endothelial protein C receptor (EPCR/CD201) Endothelial cells (45–47)

Hyaluronan-binding protein 1 (HABP1/gC1qR/P32) Extracellular matrix, endothelial cells, platelets (48, 49)

Neural cell adhesion molecule (NCAM) Endothelial cells (50)

STEVOR Glycophorin C (Gly C) RBC (14)

RIFIN RBC group A antigen RBC, B cells, NK cells (15, 51)

changes render the IRBCs highly susceptible to splenic filtration.
Within a spleen, the sinusoids of the red pulps act as a mechanical
filter of the circulation. All entities in circulation have to move
through the narrow (4µm at its widest point) inter-endothelial
slits (IES) of the red pulps (69). These are the smallest passage
space for the blood circulation (69, 70). Healthy erythrocytes
with normal morphology and rheology will be able to move
through these IES whereas the abnormal cells will be retained
and engulfed by the macrophages. As the red pulp of spleen
is very effective in destroying rheologically impaired and less
deformable erythrocytes, the developing malaria parasite has
developed mechanisms that alters the host cell in some ways
to escape splenic clearance (71). To this end, P. falciparum
IRBCs avoid splenic clearance by cytoadhering to the vascular
endothelium and sequestering in capillary beds of organs that are
less dangerous than the spleen (72).

The central role of the spleen as a selective pressure for
the evolution of cytoadhesive IRBCs is supported by the fact
that in falciparum malaria patients and P. falciparum-infected
monkeys whose spleens were removed prior to the infection,
late stage-IRBCs that do not sequester are readily detected in
peripheral blood (73–75). These circulating late-stage IRBCs have
lost the capacity to cytoadhere to endothelial cells (74). These
observations form the basis for the development of an anti-
sequestration vaccine against P. falciparum (76). Theoretically,
under spleen-intact conditions, the blockade of late stage-IRBCs
to cytoadhere to endothelial cells will render these forms highly
susceptible to splenic filtration. Thus, IRBC-cytoadherence plays
critical roles in the immune-escape strategies by P. falciparum.

Besides endothelial cells, late stage-IRBCs can also adhere
to URBC, forming flower-like structures known as “rosettes”
(61). To date, P. falciparum rosetting has been attributed to
three ligands, namely PfEMP1, STEVOR, and RIFIN (11, 13–
15). Various host-derived receptors on RBCs have been found
to be rosetting receptors (Table 1), the majority of these interact
with the variant extracellular domains of PfEMP1. The binding
affinity of these variants to the various receptors depends
on the sequences coded for these regions, which has been
described in detail elsewhere (55, 57, 77). Various roles have been
proposed for rosetting; firstly, to facilitate merozoite invasion
by bringing URBCs closer to the intracellular parasite. However,
this “invasion facilitation” hypothesis for rosettes has been ruled
out (78). The second proposed role for rosetting is that URBCs
mask parasite-derived antigens (VSAs) expressed on the surface
of IRBCs, allowing them to escape immune-recognition by
antibodies or phagocytes. Practically, this masking strategy is
similar to those applied by other parasites such as the blood
flukes Schistosoma spp., where the flukes adsorb host-derived
antigens (such as the blood surface A, B, H, Lewis b+ antigens)
onto its surface (79–81). During the course of malaria infection,
phagocytosis of IRBC plays a critical role in the clearance of
parasites, especially in the spleen as mentioned earlier (82,
83). Opsonization of IRBCs leads to phagocytosis by the host
phagocytes. The opsonization of IRBCs happens via antibody-
mediated recognition and complement deposition (84–87). For
instance, complement-decorated IRBCs are opsonized through
the complement receptor 1 (CR1/CD35) (86, 88). Interestingly,
CR1 on URBC is a receptor used by PfEMP1 on the surface of P.
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falciparum-IRBC in rosetting (22). Formation of rosette via CR1
may block this phagocytosis pathway. Meanwhile, phagocytosis
can also be mediated in a complement-independent, CD36-
dependent manner (89, 90). Likewise, CD36 is also one of
the receptors that bind with PfEMP1 for rosette formation
(28) (Table 1). Although direct evidence of rosette hampering
phagocytosis has yet to be reported, a previous study has
demonstrated an inverse relationship between the amount of
group A antigens (another rosetting receptor) being expressed
on IRBC and its susceptibility to phagocytosis (91), and this
may be linked to the better ability of blood group A-IRBCs
to form rosettes (92). In addition, the larger size of a rosette
relative to individual IRBCs may be more difficult to be
engulfed by individual phagocytes as well. Previously, it has
been demonstrated that opsonized targets larger than 3µm
and non-opsonized targets larger than 2µm negatively affect
the attachment step of phagocytosis (93). Of note, the thickest
point of a RBC is 2–2.5µm whereas the thinnest point of this
cell is ∼1µm. Thus, size wise, a rosette will affect at least
this critical step of phagocytosis. Furthermore, adherence of an
IRBC to a URBC significantly reduces the deformability of the
whole rosetting structure further, as compared to a non-rosetting
IRBC harboring parasite of similar stage (68, 94). Such larger,
more rigid yet stable structures are likely to be “mechanically”
sequestered in microvasculature and may not even be able to
reach the spleen.

Apart from endothelial cytoadhesion and rosetting as
described above, some strains of P. falciparum can sequester
within the placental intervillous space of pregnant patients
(95), particularly the first-time-pregnant mothers (96). This
enables the parasite to escape maternal immune responses (97).
Interestingly, parasites that can sequester in placenta usually do
not form rosettes well (98). On top of these evasion mechanisms,
there are reports showing ability of PfEMP1 and RIFIN to
modulate or suppress the host’s immune responses as mentioned
earlier (51, 53). Thus, it seems that P. falciparum uses various
cytoadherence phenomena as an immune-escape mechanism.

HOST IMMUNE RESPONSES AND

ANTIGENIC VARIATION OF THE

CYTOADHERENCE LIGANDS

Since the cytoadherence of IRBCs relies on the IRBC-surface
expression of parasite-derived cytoadherence ligands, these
ligands would be easily recognized and hence destroyed by the
host’s immune system (59, 99). For instance, antibodies against
PfEMP1 have been shown to inhibit rosette formation and
induce phagocytosis in experiments using a laboratory-adapted
P. falciparum strain (100). Antibodies raised against STEVOR
expressed by different stages of P. falciparum can also inhibit
either rosetting or merozoite reinvasion (14). Furthermore, the
level of antibodies specific for RIFINs in pediatric malaria
patients was reported to be positively correlated with the speed
of parasite clearance (101). In fact, antibodies targeting the VSA
have been shown to confer protection against malaria (101–
106). For an extra level of survival advantage to the parasites,

these critical cytoadhesion ligands are VSA coded by multigene
families as mentioned earlier (107). During multiplication, VSA
expression changes, with a fraction of the progeny expressing
a different set of VSAs. Such switching of VSA expression
hampers the successful development of an immune response
against all IRBCs (108–110). Taking PfEMP1 as an example,
DBL and CIDR are the two regions of its extracellular domain
responsible for the most of its cytoadherence activities (55, 111).
Following the expression switching, the extracellular domains
of PfEMP1, hence the binding receptors (targets) are different
(112). Nevertheless, many binding receptors targeted by various
PfEMP1 extracellular domains are available on endothelial cells.
This also partly explains the diverse cytoadhesion receptors for
PfEMP1, where the sequestration of IRBCs continues even with
altered PfEMP1 variant expression.

SIDE EFFECTS OF THE PARASITE

SEQUESTRATION ESCAPE STRATEGY

While the evolution of cytoadhesive IRBCs by P. falciparum has
proven to be a potent immune-evasion strategy, the sequestration
of IRBCs has an important side effect, which is the development
of severe malaria (113). The manifestation of severe malaria
largely depends on the site of sequestration. For instance,
cytoadhesion of the IRBCs to syncytiotrophoblasts causes
placental malaria, which is characterized by the inflammation of
placental tissues, occlusion of nutrient supply to the fetus by the
mother, resulting in higher risk of premature delivery, low birth
weight of the neonates and subsequent negative impacts on future
growth and development (114, 115).

Cytoadhesion of IRBCs to endothelial cells directly activates
the endothelial cells, as shown in vivo (116) and in vitro
(117), which in part may lead to endothelial injuries and
vascular leakage (118). Various studies have implicated PfEMP1
[particularly its interaction with endothelial protein C receptor
(EPCR)] in the pathogenesis of cerebral malaria, one of the
most important forms of malaria-induced complications (45,
119–121). Nevertheless, the definitive in vivo demonstration of
its involvement remains to be performed. There are apparent
differences between the in vitro and in vivo conditions,
encompassing content of nutrients, waste products, hormones,
cytokines, oxygen level and shear force to name a few, as
highlighted elsewhere (122). These differences may become
the confounding factors in in vitro studies. However, the
advancement of technology in the in vivo vascular imaging may
provide a platform for the relevant in vivo works in future (123).

Based on the available information, a simplified sequential
development of PfEMP1-mediated cerebral malaria has been
suggested (7). The series of parasite-host interactive events
start with the IRBCs binding to the endothelial cells via EPCR
(119). EPCR plays protective role in maintaining the integrity
of circulation through its ability to activate protein C, which is
anti-coagulative and anti-inflammatory. The binding of IRBC-
PfEMP1 to EPCR may hamper the protein C activation by
EPCR, hence reducing the level of activated protein C in the
microvasculature affected, which facilitates thrombin formation

Frontiers in Immunology | www.frontiersin.org 4 June 2019 | Volume 10 | Article 144473

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lee et al. P. falciparum Cytoadherence

(112). Such pro-coagulative environment further contributes
to compromising microvasculature integrity. Following this,
endothelial activation and inflammation may happen (124).
The early onset of endothelial inflammation is characterized by
the release of Weibel-Palade bodies and subsequent endothelial
surface expression of P-selectin and vonWillebrand factor (vWF)
(113, 125, 126), which in turn mediate leukocyte and platelet
rolling on inflamed endothelial cells (127).

Weibel-Palade bodies are the storage granules of endothelial
cells (128). This structure contains of a number of components
(P-selectin, VWF, angiopoietin 2, IL-8) that have been associated
with endothelial injuries and vasculature leakage in malaria
pathogenesis (113, 125, 126, 129–134). Other reported
components of Weibel-Palade bodies include eotaxin 3, CD63,
tissue plasminogen activator (TPA), factor VIII, endothelin
1, osteoprotegerin (OPG), alpha-(1,3)-fucosyltransferase
(FUT6), endothelin-converting enzyme, calcitonin gene-
related peptide, and insulin-like growth factor-binding protein
7 (IGFBP7). These components are involved in various
homeostasis and inflammation related functions encompassing
vasculature toning, inflammation and repair, regulating blood
coagulation and angiogenesis (135–143). Remarkably, the
release of different components within Weibel-Palade bodies
is tightly regulated according to the microenvironment of the
vasculature (140, 144, 145). This enables the endothelial cells to
respond to changes of its microenvironment such as injuries,
inflammation or shear stress changes. For instance, the release
of VWF from Weibel-Palade bodies by endothelial cells can
be triggered by interruption of blood flow (146). In such pro-
coagulation environment, platelets can also serve as the bridge
between IRBCs and endothelial cells, allowing cytoadhesion
to happen even on endothelial cells devoid of principal
cytoadhesion receptors (147). Additionally, platelet-mediated
autoagglutination of IRBCs may happen in parallel (63), which
further disrupts blood flow and activates the endothelial cells
(148). Furthermore, angiopoietin-2 released fromWeibel-Palade
bodies can disrupt the integrity of endothelial junctions, which
drives vasculature leakage (149). Following the “first bout”
of endothelial inflammation, the expression of EPCR and
thrombomodulin by host endothelial cells is downregulated
(150), aggravating the pro-coagulation situation. The subsequent
release of cytokines triggers expression upregulation of
endothelial cell adhesion molecules (CAMs) such as ICAM1,
E-selectin, and VCAM (151, 152). ICAM1 is used by other IRBCs
to remain sequestering in the microvasculature, possibly with an
expression switch of PfEMP1 variants (7). Notably, the disrupted
blood flow can cause metabolic acidosis, which further facilitates
the acidic pH-dependent binding of IRBCs to receptors like
ICAM1 and CD36 (153). The vicious cycle continues, and the
integrity of blood brain barrier is altered, leading to hemorrhages
and possibly death if left without proper medical intervention.

The hypothesized sequences of pathological events described
above remain to be validated fully. Of note, the dual
EPCR/ICAM1 binding ability by certain PfEMP1 variants has
been demonstrated (154), which may confound the hypothesized
sequences of vascular pathogenesis events. Nevertheless, the
critical role of EPCR in severe malaria pathogenesis has

been highlighted by recent studies. The EPCR-binding P.
falciparum isolates have been shown to be associated with severe
malaria in both adults and children, with different clinical
presentations including cerebral malaria, retinopathy and severe
malaria-induced anemia (45–47, 155–159). On the other hand,
falciparum malaria cases with predominantly CD36-binding
parasites have been correlated with uncomplicated clinical
presentations (159). Succinctly, the complex IRBC cytoadherence
events trigger biological cascade reactions that lead to severe
malaria pathologies.

P. falciparum ROSETTING AND

SEVERE DISEASE

Rosetting was first reported in the simian malaria parasite
P. fragile, and subsequently in P. falciparum and all other
human malaria parasites (61, 160, 161). While it has been
suggested that rosetting may aggravate the vasculature occlusion
initiated by endothelial-cytoadhered IRBCs (162–164), its
importance to pathogenesis of falciparummalaria is still debated.
Associations between rosetting rates and malaria severity have
been confounded with locality. African cohorts showed positive
correlation between rosetting and malaria severity, where
association of rosetting rates with parasitemia and different
clinical parameters of severe malaria, as well as correlation
between malaria severity and impairment of rosette formation
due to availability of anti-rosette antibodies in serum and genetic
blood disorders with abnormal erythrocytes have been reported
(165–169). On the other hand, those conducted in Asia could
not find such correlation (170, 171). Although correlation-based
findings help to generate hypotheses, it is also important not
to overlook the availability of confounding factors in many
correlation studies, and the difference between a correlation and
a causation.

As mentioned earlier, PfEMP1 is one of the key rosetting
ligands for P. falciparum. The PfEMP1-mediated rosetting and
endothelial cytoadhesion are two distinct biological phenomena,
as demonstrated by previous studies (61, 162, 163). Nevertheless,
dual cytoadhesion of rosetting IRBCs to endothelial cells have
been demonstrated (164, 172), and distinct domain of PfEMP1
variant that possesses dual cytoadhesive (to endothelial cells
and URBCs) properties has been described, albeit with very
weak affinity to endothelia (the rosetting IRBCs were seen
rolling instead of stably adhering to endothelial cells) under
flow conditions mimicking microvasculature shear stress (164).
Therefore, it remains to be investigated if such dual-binding
phenomenon by IRBCs exists in vivo.

Importantly, all rosetting studies have been conducted under
in vitro or ex vivo conditions using blood samples collected
from peripheral circulation of patients, or clones of parasites
derived from such sampling methods. The conundrum lies in the
fact that the IRBCs that stably cytoadhere to microvasculature
endothelium are responsible for parasite sequestration and may
be the major contributor to the manifestation of severe malaria.
However, the subpopulation of IRBCs collected from peripheral
blood may be phenotypically different from those sequestering in
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the microvasculature when it comes to propensity of the IRBCs
to cytoadhere. From another viewpoint, if the cytoadhesive
phenotypes of IRBCs (usually the early stages) collected from the
peripheral circulation are essentially similar to the sequestering
late stage-IRBCs, the findings from in vitro rosetting studies
(conducted on these parasites after ex vivo maturation) may not
imply the actual situation in vivo since the recruited IRBCs are
not given an equal exposure to URBCs and endothelial cells in
rosetting assays, which raises doubts if rosetting ever happens in
vivo. If this were the case, the rosetting phenomenon seen in vitro
is merely an indication of “IRBC’s stickiness,” where the IRBCs
would probably adhere to the microvasculature wall in vivo.
Such situation makes it difficult to extrapolate the importance of
rosetting in contributing to pathogenesis of severe malaria.

Malaria pathogenesis develops with time and often takes
days to occur. One of the important shortcomings of studies
correlating severe malaria with cytoadhesive IRBCs is that
these studies are essentially snapshots of a multi-step process,
which may be difficult to capture the complete chronology
of an infection’s pathogenesis. For cases with low parasite
density, IRBCs have plenty of endothelial cells to cytoadhere
to, leaving the non-endothelial cytoadhering IRBCs available
in peripheral circulation. To avoid splenic clearance, these
IRBCs may default to form rosettes over IRBC-endothelial
cytoadhesion. Hence, it would be difficult to draw any correlation
between rosetting phenomenon by this IRBC subpopulation
and the pathology development that is happening in the
deep microvasculature. On the other hand, parasite density
in certain patients from certain localities may become too
high (depending on parasite’s virulence, genetic background
and immunity status of the host, or lack of accessibility to
timely treatment) and over-saturated relative to the total surface
area of deep vasculature endothelial cells available for IRBC
cytoadhesion. Thus, the IRBCs that do not get to cytoadhere to
endothelia will be available in peripheral circulation. Of note,
the availability of late stage P. falciparum-IRBCs in peripheral
blood of a patient suffering hyperparasitemia has been reported
(173). When these IRBCs are collected for rosetting assay,
they are provided with only URBCs. Without their preferred
cytoadhesive target (endothelial cells), these IRBCs may form
rosette with the URBCs. Such alternative binding may happen
as host-derived receptors like heparan sulfate (HS) (26, 164,
174–176), and CD36 (28, 177) have been reported as the
receptor for endothelial cytoadhesion and rosette formation
by the IRBCs. Rosetting rates obtained from such samples
may reflect the relative endothelial cytoadhesion propensity
of the IRBCs, which is associated with the severe malaria
development. This may explain the positive correlation between
rosetting and parasitemia in African clinical isolates previously
reported (168). This hypothesis may also partly explain the
discrepancies in correlation studies of rosetting rates and malaria
severity conducted in different parts of the world. Notably,
earlier studies have shown that the parasite clones in peripheral
circulation and those sequestering in deep vasculature are similar
(178, 179). Nevertheless, these molecular findings were based
only on MSP-1 and MSP-2 alleles, and the tissue tropisms of
the parasite subpopulations in a patient may not be revealed

without specifically analyzing genes related to cytoadherence, as
highlighted by the study (179).

So, the question remains: does the rosetting phenomenon
contribute to severe malaria apart from its role as an immune-
evasion strategy? To date, there is still a lack of solid evidence
demonstrating stable, direct binding of rosetting IRBCs to
endothelial cells under flow conditions. Nevertheless, such event
may still be possible if the site of occurrence (microvasculature)
has its blood flow hampered significantly in advance by
the IRBC-endothelial cytoadhesion. Alternately, the rosetting
IRBCs may be adhered securely to the endothelial cells via
platelet as elaborated earlier (147). Regardless of how the
rosette-endothelial binding interactions are, the contribution by
rosetting to vasculature occlusion may not even require direct
cytoadherence of rosetting IRBC to the endothelial cells. As
mentioned earlier, it was shown that rosettes are less deformable
and takes longer time to flow through a capillary-mimicking
micropipette (68). In addition, Kaul et al. (180) demonstrated in
an ex vivo system using rat isolated mesocecum that rosetting
IRBCs contributed to microvasculature occlusion under flow
condition. In this system, rosette-forming P. falciparum IRBC
formed aggregates at venule junction, which restricted the
flow. These aggregates were eventually dissociated slowly by
the induced upstream force mimicking blood flow, leaving
some IRBCs still attached to the endothelial cells afterwards.
Here, rosetting was seen as an event that “widens the
zone of vasculature occlusion.” With merely IRBC-endothelial
cytoadhesion, blockade may only happen at fine capillaries with
lumen size (∼5–10µm) close to the size of a normal RBC.
However, sites of IRBC sequestration encompass capillaries and
venules (lumen size of∼ 7µm to 1mm) (73, 181). As pointed out
by Nash et al. (68), even with a monolayer of IRBCs cytoadhering
to its endothelial wall, venules should has lumen wide enough
to allow circulation flow, albeit with higher resistance. Following
this theory, rosetting may occlude microvasculature distal to
the endothelial-cytoadhered IRBC-obstructed fine capillaries.
Nevertheless, it is important to note that another species of
human malaria parasite, P. vivax, also readily forms rosettes
(182, 183). Besides, the rigidity of P. vivax rosettes also increases
(94). However, P. vivax-related cerebral malaria cases are not
as common, with majority of such cases being reported from
India (184–190), suggesting involvement of the human host-
derived factors in this relatively geography-restricted pathology.
Importantly, the endothelial cytoadhesion phenomenon by P.
vivax IRBCs has been demonstrated, which is of similar binding
strength but ten times lower in frequency than that of P.
falciparum IRBCs (191). Therefore, this suggests that the key
player that drives vasculature occlusion is IRBC-endothelial
cytoadhesion. In this context, rosette formation is likely to play
a subsidiary role.

Genetic polymorphisms influencing rosetting receptor
expression is another factor to consider when assessing the
roles of rosetting in malaria pathogenesis. For example, low
level expression of CR1 on the surface of URBC (receptor for
both rosette formation and IRBC clearance by the host) was
reported to be a risk factor for severe malaria in Thai population
(192). Another polymorphism that increases RBC surface
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expression of CR1 was reported to confer protection against
cerebral malaria development in Thai population (193). On the
other hand, studies conducted in India yielded complex picture,
where low CR1 expression was found to be correlated with
severe malaria susceptibility in non-endemic regions whereas
high CR1 levels were associated with disease development in
the malaria-endemic areas (194). Another study conducted in
eastern part of India reported that extremely high and extremely
low expression level of CR1 can lead to the higher risk of cerebral
malaria development (195). Likewise, studies from Africa and
Papua New Guinea yielded conflicting outcomes (196–198).
Recently, two distinct CR1 polymorphisms commonly seen
in African populations were found to demonstrate opposing
correlation with the development of cerebral malaria in Kenya
(199). The Sl2 allele was reported to confer protection against
cerebral malaria, possibly due partly to its reduced rosetting
phenomenon in addition to other factors, as suggested by the
authors; whereas McCb allele served as a risk factor to develop
cerebral malaria, but arises from selection probably due to
survival advantage against other infections (199). Based on the
example above, it is not easy to draw clear conclusions based on
the correlations between genetic polymorphisms in a population
and the outcome of a P. falciparum infection. More downstream
experiments with carefully controlled longitudinal studies are
needed to validate the significance of these findings.

ROSETTING AGAINST

ENDOTHELIAL CYTOADHESION?

Parasitism is a relationship between two organisms where one
party (the parasite) causes harms to the other party (the
host) while living in/on the host. Evolution, through selection
process, tends to drive this relationship toward a relatively
“peaceful” one, where the selected parasites cause as little harm
as possible to the host while the host is evolved and adapted
to accommodate the parasite, without eliciting much immune
response against the parasites. Following this evolutionary point
of view, it would make more sense that P. falciparum that
do not kill its human host while trying to survive within its
host would be selected over time. As elaborated earlier, the
P. falciparum late stage-IRBCs require sequestration to escape
host’s immune system. However, the endothelial cytoadhesion-
mediated sequestration causes potentially fatal outcomes to the
host, which is disadvantageous to the parasite as well.

Importantly, in areas with seasonal malaria transmission,
asymptomatic carriers of P. falciparum serve as the parasite
reservoirs during dry seasons, when the Anopheline mosquito
number is low (200–203). Parasites persist within the hosts
for months without causing clinical symptoms. In addition,
the severity of clinical presentations for falciparum malaria
covers a broad spectrum. This suggests that sequestration of late
stage-IRBCs away from peripheral circulation can still happen
without inducing grave outcomes to the host. Is endothelial
cytoadhesion the only way for the parasites to sequester and
escape splenic clearance?

Interestingly, cytoadhesive events such as rosetting,
autoagglutination, and endothelial cytoadhesion use PfEMP1
as their ligand. Is there any form of competition between
these events in vivo? In fact, the whorl of URBCs around a
rosetting IRBCs can serve as a mechanical barrier against IRBC-
endothelial cytoadhesion (164, 204, 205) and autoagglutination
(206). Does rosetting carry any merit in reducing or preventing
the endothelial injuries? Such theory has been raised no long
after the discovery of rosetting phenomenon, where the role
of rosetting either as a friend or foe to human host relies
on the location or timing of rosette formation (68). IRBC-
endothelial cytoadhesion occurs at capillaries and venules. If
rosettes are formed ahead of these sites, rosettes can prevent
IRBC-endothelial cytoadhesion. If rosettes can only be formed at
similar vasculature sites as the IRBC-endothelial cytoadhesion,
rosettes formed by the already endothelial-cytoadhered IRBCs
can worsen the vasculature occlusion.

The manifestation of rosetting relies on the stability of
rosetting complex under flow conditions. Rosettes are stable
under sheared conditions, from very low shear forces to shear
stress of about 1.5 Pa (68, 207), which is applicable to shear stress
generated by blood flowing through arteries (208). This suggests
that rosettes are available throughout the systemic circulation
and that the in vivo rosettes may prevent IRBC-endothelial
cytoadhesion. One concern was raised by an earlier study based
on observation from its micropipette assay (68), where a rosetting
IRBC that is forced into a capillary by blood flow will eventually
have direct contact with the capillary wall (endothelial cells),
hence IRBC-endothelial cytoadhesionmay still happen even with
rosetting. It is important to note that the force applied by that
study to maneuver the rosetting IRBC into the micropipette
was much higher (30 Pa) than the in vivo arterial shear force.
Assuming that rosettes cannot move into capillaries in vivo,
they may block the flow of blood into the capillary bed. If this
were the case, the brain tissues covered by the affected capillary
bed would suffer hypoxia and irreversible damages. However,
cerebral malaria cases with irreversible hypoxia-induced brain
tissue damages (as in stroke patients) following microvasculature
occlusion by the IRBCs are rarely seen (209). Interestingly,
via microvasculature-mimicking microfluidics channels, it was
observed that the more rigid P. vivax rosettes that blocked
the channel openings did not occlude the flow of normal
URBCs through the channels (94). Although the experiment
was conducted with P. vivax, we believe that it is applicable
to P. falciparum as well, since both species preferably rosette
with normocytes (matured RBCs) with similar binding strength
(94, 183), and the rosettes formed by both species show enhanced
rigidity (68, 94).

Another interesting evidence that suggests rosetting as
“counter-endothelial cytoadhesion” stems from studies that
investigated effects of sulfated glycoconjugates on rosetting
and IRBC-endothelial adhesion. A number of sulfated
glycoconjugates such as fucoidan, dextran sulfate, and heparin
can disrupt rosettes (174, 210, 211). However, these molecules
were found to enhance cytoadherence of IRBCs to CD36-bearing
endothelial cells (177). An earlier study also reported the
need of rosette disruption to allow IRBC adherence to CD36
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(205). These findings suggest the need of cautious approach in
considering heparin-derived molecules as malaria adjunctive
treatment on the ground that they can disrupt rosette formation,
as such adjunctive therapy may worsen the clinical situation by
promoting IRBC-endothelial cytoadhesion (177). Is rosetting
by the IRBCs purely a risk factor to human host, or an attempt
by the parasites to minimize damages to the host without
compromising its own survival? Various host- and parasite-
derived confounding factors complicate the role characterization
of rosetting.

INVOLVEMENT OF HUMAN-DERIVED

FACTORS IN SHAPING THE DIRECTION

OF IRBC-CYTOADHERENCE?

To date, most of the studies on human host-malaria parasite
interactions in the context of IRBC cytoadherence focus on
injuries sustained by the host from the parasites. Whether
there is any “damage control” approach by either party in this
parasitism relationship remains unknown. This is rather bizarre
for a parasitism relationship with such a long evolutionary
history. Importantly, as mentioned earlier, the parasites can
persist in some human hosts for a very long time without
causing signs and symptoms. This suggests that the survival-
essential phenomena of the parasites, such as deep vasculature
sequestration to avoid splenic clearance, can be tolerated by the
host, and these phenomena may be the result of host-parasite
interactions. Interestingly, the host-derived complement factor
D, albumin, and anti-band 3 IgG have been reported as the
rosette-promoting factors for P. falciparum (212). On top of that,
a recent study reported “something” other than IgG from pooled
human sera inhibited cytoadhesion of PfEMP1 to EPCR (213).
Such serum-mediated IRBC-cytoadherence inhibition suggests
intervention attempts by the host to control damages. According
to this study, the inhibitors are available in circulation even under
non-malaria infected conditions (usage of pooled donor sera)
(213). Nevertheless, it is not known if there is any underlying
medical condition among the donors. This is important since
the serum component profiles of individual with cardiovascular
problems, diabetes or chronic subclinical inflammation may be
different from those of optimal health condition (214, 215).
In addition, the components of serum from peripheral blood
maybe different from that of the microenvironment within
deep vasculature suffering endothelial injuries following IRBC-
endothelial cytoadhesion. Nevertheless, this study sheds lights on
potential host-parasite interactions in malaria pathogenesis.

As stated earlier, the adherence of IRBCs to endothelial cells
trigger endothelial activation and inflammation. Subsequently,
the level of various cytokines at the inflamed site is increased.
Weibel-Palade body is one of the components being released
by endothelial cells upon the onset of endothelial activation.
As elaborated earlier, of the various components found within
Weibel-Palade bodies, some have been associated with severe
malaria pathogenesis and some have important role in regulating
homeostasis in vasculature. It would be interesting to examine
the effects of all key components in Weibel-Palade bodies on

the dynamics of IRBC cytoadherence, as well as other interplays
between the host and the parasite.

Based on the currently available literature, it is likely that
the malaria-related cytoadherence phenomena may give rise to

FIGURE 2 | Schematic diagram to illustrate the postulated chronology and

mechanism of P. falciparum sequestration and pathogenesis in deep

vasculature. The blue arrows on top of the diagram represent the direction of

blood flow from arteriole to venule. (A) Cytoadhesion of IRBCs on endothelial

cells causes endothelial inflammation. In addition, rosette formation at the

capillary junctions opening into venules also contributes to the hampering of

blood flow within the vasculature. The endothelial inflammation by direct

IRBC-cytoadherence, coupled with hampering of blood flood stimulate the

affected endothelial cells (pink halo) to release various substances in response

to the changes in its environment. (B) Some of the components released by

the endothelial cells (blue halo) may reverse and prevent IRBC-endothelial

cytoadhesion, at the same time stimulate rosette formation. Rosetting

mechanically prevents IRBCs from binding to endothelial cells while enabling

the IRBCs to sequester in larger microvasculature. This will enable the parasite

to escape splenic clearance. This switch of cytoadhesive characteristics also

prevents complete occlusion of blood flow, thus minimizing, if not preventing

irreversible tissue damages from tissue hypoxia. (C) However, for hosts with

endothelial cells that are not as well-responsive to IRBC-endothelial

cytoadhesion and slowing down of blood flow, the components that can

reverse and prevent IRBC-endothelial cytoadhesion may be inadequate to

exert such effect. As a result, vasculature occlusion ensures. At the same time,

endothelial injury and vasculature leakage worsen (black halo), which may lead

to fatal outcome.
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complex host-parasite immunopathological interactions, starting
from IRBC-endothelial cytoadhesion at the microvasculature
(Figure 2). This results in endothelial activation and vasculature
inflammation. Blood flow slows down due to the IRBC
sequestration, which enables some immediately reformed
rosettes with dual cytoadhesive capability to adhere at the
venular junction. In fact, vasculature areas subjected to complex
shear stresses such as the vascular branching junctions have
abundant VWF-containing Weibel-Palade bodies (144), which
may facilitate IRBC-endothelial binding. This further aggravates
vasculature occlusion. On the other hand, stable rosettes that are
formed before entering capillary bed will stay at the arteriole
due to the higher rigidity of the whole rosetting structure.
This form of rosettes prevents the rosetting IRBCs from having
direct contact with the capillary endothelial, hence preventing
endothelial cytoadhesion. Meanwhile, the reduction in shear
stress of the microvasculature (capillaries and venules), coupled
with endothelial inflammation trigger the affected endothelial
cells to alter their expression, releasing unknown factors that
may reverse IRBC-endothelial cytoadhesion. The endothelial
cells may also secrete some other components to shield the
endothelia from cytoadherence by incoming IRBCs, or the
aforementioned unknown factors may be capable of reversing
and preventing IRBC-endothelial cytoadhesion. The IRBCs
detached from endothelial cells will flow out of the capillary bed
into the venule, and form rosettes. The rigid structure of rosettes
enables the IRBCs to escape splenic clearance by mechanically
sequester in larger-size microvasculature. This may avoid further
damaging of host’s vasculature, minimize complete occlusion of
blood flow hence hypoxia and tissue necrosis. Finally, the ability

of the host to respond to IRBC-induced endothelial activation
by secreting and releasing these anti-endothelial cytoadhesion
mediators will determine his survival in battling malaria.

CONCLUDING REMARKS

Undeniably, IRBC cytoadhesion is an important aspect in the
pathogenesis of malaria, and a key interplay between the malaria
parasite and its host. However, there are many “unresolved
issues,” such as the role of rosetting and feedback responses by the
host following malaria-induced vascular injury, which deserve
further research attention. A better understanding on these
issues will enable us to understand malaria pathogenesis better,
and design a reliable and safe clinical intervention strategies to
improve the clinical management of malaria patients.
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The protozoan parasite Histomonas meleagridis is the causative agent of histomonosis

in gallinaceous birds, predominantly in turkeys and chickens. Depending on the host

species the outcome of the disease can be very severe with high mortality as observed

in turkeys, whereas in chickens the mortality rates are generally lower. The disease

is known for more than 100 years when in vitro and in vivo investigations started to

understand histomonosis and the causative pathogen. For decades histomonosis could

be well-controlled by effective drugs for prevention and therapy until the withdrawal of

such chemicals for reasons of consumer protection in Europe, the USA and additional

countries worldwide. Consequently, research efforts also focused to find new strategies

against the disease, resulting in the development of an efficacious live-attenuated

vaccine. In addition to efficacy and safety several studies were performed to obtain a

deeper understanding of the immune response of the host against H. meleagridis. It

could be demonstrated that antibodies accumulate in different parts of the intestine

of chickens following infection with H. meleagridis which was much pronounced in

the ceca. Furthermore, expression profiles of various cytokines revealed that chickens

mounted an effective cecal innate immune response during histomonosis compared to

turkeys. Studying the cellular immune response following infection and/or vaccination

of host birds showed a limitation of pronounced changes of B cells and T-cell subsets

in vaccinated birds in comparison to non-protected birds. Additionally, numbers of

lymphocytes including cytotoxic T cells increased in the ceca of diseased turkeys

compared to infected chickens suggesting an immunopathological impact on disease

pathogenesis. The identification of type 1 and type 2 T-helper (Th) cells in infected and

lymphoid organs by in situ hybridization did not show a clear separation of Th cells during

infection but revealed a coherence of an increase of interferon (IFN)-γ mRNA positive cells
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in ceca and protection. The present review not only summarizes the research performed

on the immune response of host birds in the course of histomonosis but also highlights

the specific features of H. meleagridis as a model organism to study immunological

principles of an extracellular organism in birds.

Keywords: Histomonas meleagridis, histomonosis, immunity, vaccination, immune response, extracellular

parasite, poultry

INTRODUCTION

Histomonas meleagridis is an important flagellated parasite of
poultry causing the disease histomonosis (syn. blackhead disease,
histomoniasis, or infectious typhlohepatitis) (1). Historically, the
disease was extensively investigated in the first half of the last
century and thereby effective chemotherapeutics were identified
to prevent and treat birds from infection. This success neglects
that for a long time the true etiology of the disease was questioned
and under debate. Difficulties to determine the real cause of
histomonosis in earlier studies are comprehensively recapitulated
elsewhere (2). However, to date the disease is of high relevance in
poultry flocks as effective prophylactic and therapeutic options
are not available anymore in many countries for reasons of food
safety. As a consequence research was intensified in recent years
and with it several reviews were published addressing different
features of the parasite or the disease. This includes a general
overview on the disease (3), updated findings of the recent years
(4), a summary of experimental infections (5), a recapitulation
on previous and current strategies for prevention and therapy
(6), and assumptions how the disease might be controlled in the
future (7).

The purpose of this review is to emphasize on studies
investigating mechanisms of the immune response of
host birds against the disease. This includes early studies
describing inflammatory reactions of birds’ up to recent
investigations on specific immune cells and signaling proteins
involved in host defense. Furthermore, the host reaction
due to vaccination and its functional aspects are reviewed.
Finally, H. meleagridis might be a model to unravel peculiar
immune mechanisms of extracellular pathogens considering
that the avian immune response against these organisms is
not as investigated in depth compared to viral or bacterial
infections.

Histomonosis, an Important Poultry

Disease
Histomonosis was firstly described in turkeys by Cushman (8)
more than a century ago. Infection with H. meleagridis can occur
directly or via embryonated eggs of the nematode Heterakis
gallinarum which was already described by Graybill and Smith
(9). Horizontal transmission was hypothesized to occur by
active uptake via the cloaca (10) or orally, based on successful
oral application of cultured histomonads (11).The first signs of
histomonosis are reflected by clinical changes such as reduced
appetite, depression, drowsiness, droopy wings, and ruffled
feathers. Infected birds might suffer from yellowish diarrhea and

succumb to death (4). The pathogenesis generally varies between
species of gallinaceous birds: in turkeys (Meleagris gallopavo)
the disease can cause high mortality due to severe necrotic
inflammation of the ceca and the liver, while in chickens (Gallus
gallus) clinical signs are milder and pathological manifestations
are often restricted to the ceca of infected birds.

Following infection, H. meleagridis migrates into the mucosa
and deeper layers of the cecal wall leading to inflammation
and ulceration, resulting in a thickening of the cecal tissue and
formation of fibrin. Occasionally, ulcers erode throughout the
cecal wall leading to peritonitis. Following destruction of cecal
tissue, the parasite is able to infiltrate into blood vessels and to
reach the liver via the portal vein. As a consequence, areas of
inflammation and necrosis can occur in the liver. Liver lesions are
highly variable in appearance: they may be up to 4 cm in diameter
and can involve parts or the entire organ. Liver and cecal lesions
together are a strong hint during post mortem investigations. The
disease causes generally less severe lesions in chickens. Especially
changes in the liver occur less frequently in chickens as compared
to turkeys. In the final stage, the disease may become systemic
when DNA of histomonads can be found in the blood and in the
tissues of many organs, whether lesions are present or not (12).
Lesions can be observed in different organs beside cecum and
liver, such as kidneys, bursa of Fabricius, spleen, and pancreas
(13–15). Apart from turkeys and chickens, other members of
the galliformes, including pheasants, partridges, and farm-reared
bobwhite quails can serve as hosts (16–19). In contrary, other
avian species like ostriches and ducks show a high resistance to
disease even though they may contribute to the transmission of
the parasite (20, 21).

Histomonas meleagridis, a Unique

Protozoan Parasite
H. meleagridis is a member of the family Dientamoebidae,
order Tritrichomonadida (22). The parasite mainly possesses cell
organelles that are typical for trichomonads (3). It is pleomorphic
and generally two forms of the parasite are known: (i) the tissue
form and (ii) the cecal lumen dwelling form. The tissue form
is almost round with 6–20µm in size and capable of forming
pseudopodia (23, 24). Unlike the tissue form the cecal lumen
form (3–16µm) has a single flagellum although early during
cell division, two may be observed (25). It was observed that
the flagellum is getting lost during the invasion in the host
tissue (26). In culture, H. meleagridis exhibits the morphology
of the lumen-dwelling form. More recently, the occurrence of a
cyst-like stage was reported (27). Later on, this resistant stage
of H. meleagridis was investigated in vitro and it could be

Frontiers in Immunology | www.frontiersin.org 2 November 2018 | Volume 9 | Article 251886

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mitra et al. Immune Response Against Histomonas meleagridis

observed independent of the passage level and pathogenicity
in vivo indicating an early adaption to in vitro conditions
(28).

H. meleagridis is antigenetically (29) closely related to the
intestinal parasite Dientamoeba fragilis, a trichomonad with a
wider host range in mammals which is suspected to be associated
with gastrointestinal disorders in humans. Dientamoeba fragilis
is a protozoan parasite often described as “neglected parasite”
(30). Recently, several major advances have been made with
respect to this organism’s life cycle and molecular biology,
although knowledge on immune response against the pathogen
is scant. The pathogenic potential of D. fragilis is still debatable.
However, because of the close relativity to histomonads,
the immunological research on H. meleagridis can give an
indication to the immunological responsiveness of host against
D. fragilis.

Hyperimmune antisera raised in rabbits against the two
flagellates cross-reacted in an indirect fluorescent antibody test
(31), although in agar gel immune-diffusion test (32) species-
specific precipitin lines were seen. Both, antigenic differences
and some cross-reactivity could also be demonstrated by
immunoelectrophoresis (33). The nucleotide sequence analysis
of a small subunit rRNA of the organism showed a close
relationship between D. fragilis and H. meleagridis (34). First
investigations on specific proteins of H. meleagridis were
performed by Mazet et al. (35). The authors characterized genes
encoding three proteins involved in hydrogenosomal carbon
metabolism: a nicotinamide adenine dinucleotide phosphate-
dependent hydrogenosomal malic enzyme, an α-subunit of a
succinyl coenzyme-A synthetase and an iron-only hydrogenase.
Afterwards, Bilic et al. (36) identified a broad spectrum of partial
protein-coding sequences with homology to both intracellular
and surface proteins. The antigenic potential of α-actinins of the
parasite in host animals was later on demonstrated (37). Lynn
and Beckstead, (38) applied splinkerette PCR to identify new

genes. Their sequence analysis identified the 5
′

coding portions
of the β-tubulin genes, the intergenic regions, and two different
open reading frames encoding for a putative serine/threonine
phosphatase and a putative ras-related protein, racG. They
predicted that these intergenic regions contain polyadenylation
and cleavage signals for the two open reading frames and initiator
elements for the β-tubulin genes. These regulatory elements are
necessary for gene transcription in H. meleagridis. Most recently,
sequencing of a cDNA library reported sequences of 3425 H.
meleagridis genes (39). These analyses identified 81 genes coding
for putative hydrogenosomal proteins and determined the codon
usage frequency. That study also suggested that H. meleagridis
α-actinins strongly contribute to the immune-reaction of host
birds. Recently, de novo transcriptome sequencing of a virulent
and an attenuated H. meleagridis strain provided novel insights
into the parasite’s biological processes, such as metabolism,
locomotion, cell signaling and its ability to adapt to dynamic
environmental changes (40). In addition, the study elucidated
potential pathogenic mechanisms in respect to cytoadherence
and host cell membrane disruption, together with the possible
regulation of such processes. Monoyios et al. (41) addressed
differences between in vivo cultivated virulent and attenuated H.

meleagridis parasites on protein expression level. Based on mass
spectrometry data it could be shown that eight different proteins,
with the majority related to cellular stress management, have
been found up-regulated in virulent histomonads compared to
the attenuated strain which potentially affect the host-pathogen
interaction between the two strains. Additionally, a virulence
factor named legumain cysteine peptidase was detected. Applying
two-dimensional electrophoresis in combination with mass
spectrometric analysis 32 spots were identified as specific for
the attenuated strain. These spots were described to correspond
to the increased metabolism due to in vitro adaptation of the
parasite and the amoeboid morphology.

IMMUNOLOGICAL RESPONSES AGAINST

HISTOMONOSIS

Modulations of the innate and adaptive immune responses of
the host by pathogens are known to be major determinants in
the outcome of certain infectious diseases. Histomonosis causes
severe disease in turkeys whereas less clinical signs occur in
chickens as described above. This outcome can be linked with the
host defense, indicating substantial differences between these two
phylogenetically closely related species against H. meleagridis.
Elucidating these differences in host response does not only
unravel a certain host reaction it is also useful to understand
protection and susceptibility in a broader context. Important
studies investigating distinct parameter of the immune response
against H. meleagridis are listed in Table 1.

Innate Immune Response
The first arm of the innate immune system against histomonosis
is the anatomical barrier in the gastrointestinal tract. The parasite
can infect its host via cloacal or oral route. However, oral
inoculation was not always successful probably due to the acidity
of the gizzard (10, 11, 54–56). The acid environment in the
gizzard is a physiological barrier against pathogens and it was
reported earlier that an effective infection depends upon the pH
of the gizzard and the upper intestine (55). In the last mentioned
work it was observed that the severity of lesions increased in
chickens that have starved or were fed with an alkali mixture
before the oral infection. Feed restriction after the application
of live histomonads was shown to be an additional parameter
which should be considered in the context of a successful oral
infection (11).

Concerning the innate cellular response, first observations
weremade by histopathology in birds infected withH. gallinarum
and H. meleagridis (57). Thereby, larvae of the cecal worm
and an influx of heterophilic granulocytes were visible already
from day 1 post infection (p.i.), even though first histomonads
were only visualized after 5 days p.i.. First lesions in the liver,
characterized by lymphocytic infiltration with few heterophils
at the portal area, were observed at the same time point (13).
Specific detection of the parasite in tissue sections was described
to be accompanied with infiltrations of mononuclear and
polymorphonuclear cells in the infected organs cecum and liver
(58, 59). In recent studies, quantitative analyses using specific
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markers against chicken macrophages/monocytes revealed that
significantly higher amounts of this cell population were present
in the blood (52) and the cecum (53) of infected chickens from
the early stage of infection until the time period whenmost severe
lesions were observed. The ability of macrophages to incorporate
cells by phagocytosis indicates efforts to contain the parasite
during the initial stage of infection in chickens. Furthermore, a
lower presence of heterophils in the infected chickens’ blood can
be explained by the infiltration of these granulocytes to the local
site of infection (52). Due to the lack of specific or cross-reactive
antibodies for innate immune cells of turkeys it was so far not
possible to generate comparative data in this more affected host
species.

To investigate the innate cell signaling following infection,
mRNA expression of the pro-inflammatory innate cytokines IL-
1beta, IL-6, and CXCLi2 were measured in chickens and in
turkeys after infection with histomonads (45). It was found that
the immune response in the chicken was initiated in the cecal
tonsils already after 1 day p.i. Interestingly, mRNA expression
levels of these pro-inflammatory cytokines in turkeys were not
up-regulated locally during the initial phase of infection even
until the protozoa were already detectable in the liver. This
depicts that an initial induced innate inflammatory response in
the cecal tonsils may be critical to limit the dissemination of the
parasite to the liver, with consequences on the clinical outcome
within the different poultry species.

Adaptive Immune Response
Pathogen-Specific Antibodies
The first study on specific antibodies against H. meleagridis
was reported by Clarkson (42), who detected serum precipitins
7 days after infection. The attempt to transfer protective
immunity by injections of serum from infected turkeys to
naïve birds failed in the last mentioned study. Several years
later, Powell et al. (45), observed increased antibody levels
in sera of infected chickens compared to infected turkeys,
but no further information on the methodology was given.
More recently, vaccination against histomonosis using killed
vaccines which elicit a dominantly antibody-mediated immune
response was shown to be ineffective in providing protection
(60). Similarly, Bleyen et al. (43) confirmed the inadequacy
of serum antibodies in protecting turkeys from histomonosis,
although the same immune component was shown to induce
complement-mediated lysis of H. meleagridis in vitro. In recent
years, an indirect sandwich ELISA (44), as well as a blocking
ELISA using monoclonal antibodies (47) for the detection of
antibodies against histomonads have been established. In these
studies, an increase of antibodies in sera could be demonstrated
in experimentally infected chickens and turkeys. Field studies
on the prevalence of histomonads-specific antibodies in chicken
flocks revealed a wide dissemination of the parasite in European
countries (61, 62). In experimental studies, it was demonstrated
that pathogen-specific serum antibodies increased already 2
weeks p.i. (44) and 3 weeks post vaccination with attenuated
parasites above the cut off value until the following 13 weeks
when the experiment was finished (48).

In a single study, the occurrence of different types of
systemic and intestinal antibodies of chickens following infection
with H. meleagridis was investigated by ELISA (46). Thereby,
first optical density values for IgG above the cut-off in the
serum were detected at 14 days p.i., whereas IgA and IgM
levels remained low. Furthermore, it could be revealed that
the intestinal tissue showed an intense humoral response in
the parasitized ceca with an initial peak of IgM, high levels
of IgG as well as a continuous increase of IgA and similar
high levels of IgG together with IgA in the small intestine.
Unfortunately, comparative results to the last mentioned studies
in turkeys are not available which might be due to the lack
of suitable reagents. However, along with an elevated level of
antibodies the numbers of B cells increased in infected organs
and systemically during infection were also reported recently in
chickens and turkeys (52), which is outlined in the following
chapter.

Another study, involving different lines of chickens, reported
that antibody production differ due to the genetic background
of the host (51). The study reported that the humoral immune
response against actinin 1 started sooner and was significantly
more pronounced in layer-type chickens than in meat-type
chickens.

Cell-Mediated Immune Response
First investigations on leukocytes were based on histopathology
and indicated an influx of different populations of immune cells
including lymphocytes in the infected organs cecum and liver
(57). However, until recently there was no detailed information
on the phenotype of immune cells that are involved in an adapted
immune response and the link with the appearance following
infection. In the last few years different studies were performed to
investigate themechanisms of the cellular modulation by detailed
characterization of the involved leukocytes as well as cytokines
triggering specific changes in the cellular response.

In general, the polarization of CD4+ T-helper (Th) and
CD8+ T-cytotoxic (Tc) cells plays a major role in host-pathogen
interaction. CD3+CD4+CD8α− T cells are predominantly of
helper phenotype, act as coordinators of the immune response
by producing a variety of cytokines and secrete soluble molecules
to the extracellular space which affects other cells of the
immune system. In contrast, CD3+CD4−CD8α+ T cells are
cytotoxic cells, promoting the cytolytic pathway. A protective
immune response may rely on the ability of CD4+ T cells to
accumulate high numbers of effector cells in order to activate a
response against an invading pathogen. They can promote B cell-
immunity with antibody production or, on the opposite, directly
modulate, respectively control, the activity of different types of
T cells. Secreted cytokines can activate macrophages and other
cells through cell to cell signal communication. Powell et al. (45)
used immunohistochemical stainings to specifically detect CD4+,
CD8α+, CD28+, and CD44+ cells in the spleen as well as liver
of chickens and turkeys infected with H. meleagridis. With this,
they noticed an influx of the mentioned T cell-subpopulations
into the liver of turkeys and chickens in coincidence with parasite
infiltration. These cellular changes were more pronounced in
turkeys and correlated with a decrease in numbers of such cells in
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FIGURE 1 | Key differences in the disease and immune response of the two main avian host species during infection with H. meleagridis. The numbers refer to the

respective references.

spleens whereas no obvious changes were observed in the spleen
of chickens.

By investigating T-cell subsets of chickens co-infected with H.
gallinarum andH. meleagridis, a decrease of splenic CD4+ T cells
together with a destruction of the cecal mucosa in association
with a severe T cell infiltration in the cecal lamina propria was
described (63).

In amore recent work, different populations of lymphocytes of
host birds were analyzed by flow cytometry after vaccination with
attenuated histomonads and/or infection using virulent parasites
(52). Thereby, a detailed investigation on the adaptive immune
system by investigating quantitative changes of CD4+, CD8α+

T cells and B cells in different organs and blood of turkeys
and chickens was performed. In that study, all infected turkeys
died by 14 days p.i. due to severe histomonosis whereas infected
chickens or vaccinated birds were not clinically affected. It was
hypothesized that the excessive necrosis of caecum and liver
in infected tissues of turkeys might be an effect of cytotoxic
activity of effector CD8+ T cells which still needs to be verified.
The predominance of CD8α+ T cells might contribute to the
destruction of the host tissue and the local suppression of other
immune responses including the inhibition of CD4+ T-cell
proliferation (52). This is supported by the finding that CD4+

T cells were significantly decreased in the cecum of infected
turkeys. On the other hand, the challenge of vaccinated turkeys
led to a significant increase of CD4+, CD8α+, and B cells in the
blood already at 4 days post inoculation, indicating an effective
and fast recall response of the primed immune system. In infected
chickens the analyzed immune cells in cecum and liver were
mostly in the range of values of non-infected birds matching with
the lower lesion scores. However, a continuing recruitment of

CD4+ and CD8α+ T cells was observed in the blood of infected
chickens. Beside the translocation of these cells to the target
organs of infection, this finding might also be explained by the
presence of the parasite in the blood of infected host birds (14, 64,
65). In vaccinated as well as vaccinated and challenged chickens,
changes of cecal B cells, CD4+ and CD8α+ T cells were in general
even lower compared to infected chickens (52). Overall, such
findings demonstrated that vaccination of turkeys and chickens
using clonal cultures of H. meleagridis limits severe changes
of B cells and T cell-subsets as compared to the exacerbated
influx observed in non-protected animals. Additionally, a more
intense cellular immune response in infected organs of turkeys in
comparison to chickens was concluded to contribute to the fatal
clinical outcome of the infection in turkeys.

Immunofluorescence and quantification of lymphocyte
populations by image analyses, confirmed an influx of B
cells and T cells in the infected chicken’s cecum from 4 days
p.i. until 10 days p.i. (53). In contrast, chickens that were
vaccinated showed a similar range of the above mentioned
cell population in the cecum compared to control birds even
after challenge. Comparative data on turkey ceca obtained
by immunofluorescence have so far not been reported due to
the lack of cross-reactivity of those antibodies for this host
species (52).

Investigations on cytokines in context of an immune response
againstH.meleagridiswere performed in different studies by gene
expression analyses and in situ hybridization for the detection
of cells that contain transcripts of specific cytokines. Along with
innate pro-inflammatory cytokines mentioned above, Powell
et al. (45) investigated adaptive response-signature cytokines
IFN-γ, IL-13, and IL-4 and the regulatory cytokines IL-10 and
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TGF-β4 by RT-qPCR in different organs of infected chickens
and turkeys. Most important, in chickens, IFN-γ and IL-
13 mRNA expression was up-regulated while IL-4 mRNA
expression remained unaltered during infection. Expression of
the regulatory cytokine IL-10 was up-regulated very early during
infection in this host species while TGF-β4 mRNA expression
levels were unchanged during the experiment. In turkeys, IFN-γ
mRNA expression levels were down-regulated in the cecal tonsils
soon after infection but up-regulated during later stages. IL-4
mRNA expression levels were variable while IL-13 again showed
a sustained up-regulation. As in chickens, IL-10 did not appear
to play a significant role during infection in turkeys, but TGF-β4
mRNA expression levels were increased.

Later on, Schwarz et al. (63) found a significant increase
in mRNA expression of IFN-γ in chicken cecal tissue
infected with H. gallinarum harboring histomonads in
contrast to an elevated expression of IL-13 when chickens
were infected only with H. gallinarum. The authors
hypothesized that the IFN-γ over-expression in the co-
infection was modulated by the presence of H. meleagridis.
Nevertheless, based on the experimental setting it is difficult to
determine if both parasites together cause a variant immune
response.

Recently, Kidane et al. (53) investigated the abundance of Th1
and Th2 cytokines, IFN-γ, respectively IL-13 mRNA positive
cells by in situ hybridization in vaccinated and/or infected
chickens and turkeys. It was demonstrated that changes in the
abundance of positive cells following infection or vaccination
were less pronounced in chickens compared to turkeys. Infected
turkeys showed an early decrease of cytokine mRNA positive
cells in cecum which later increased together with a severe
destruction of the mucosa and infiltration of cytokine expressing
cells up to the muscularis layer. A similar destruction and
cytokine distribution was observed in the liver of these birds. In
comparison, an increased percentage of IFN-γ mRNA positive
cells were noticed in vaccinated and challenged turkeys already
4 days post challenge confirming the priming of an immune
response by vaccination. An interesting finding was that IFN-
γ mRNA positive cells in the cecum of naïve chickens were
distinctly higher than in naïve turkeys. These findings led to the
conclusion that IFN-γ positive cells may act as a protective trait
against histomonosis. However, no distinct Th1/Th2 separation
in the immune response was noticed, indicating a more
balanced activation of the Th pathways during infection with
an extracellular protozoan parasite in birds. Moreover, it could
be demonstrated that the fatal clinical outcome of turkeys
due to histomonosis is in coherence with a more intense
adaptive immune response in infected organs compared to
chickens.

CONCLUSION AND OUTLOOK

The reviewed studies are fundamental in devising prospective
immunoprophylactic strategies against histomonosis. Results
on different types of vaccine either killed or live, revealed a
possible direction into how a vaccine could successfully mount

a protective immune response. Furthermore, it is crucial to
understand relevant protective traits as well as the failure of the
immune system against an infection with H. meleagridis.

The most peculiar and differing changes in the immune
response in chickens and turkeys against histomonosis are
drafted in Figure 1. From the experimental studies on the
immune response during histomonosis we can clearly elicited
that differing profiles of cytokine expression and abundances of
specific immune cells resulted in a varying disease progression
and outcome in the two main avian host species, chickens
and turkeys. At the early infection phase chickens show an
expeditious immune response against the parasite which triggers
the immune cascade to restrict the parasite progression. In
comparison, the turkey’s immune responsiveness is delayed,
which obviously allows the parasite to disseminate systematically
to the liver and other organs. After the initial phase, the
effectiveness of the adaptive immune response is based on the
accessibility of natural IFN-γ positive cells and a controlled
expression of adaptive immune cells which seem to be further
key factors to minimize clinical signs and to induce the
recovery of chickens. In contrast, a predominance of the cellular
response toward the cytolytic pathway may be involved in
aggravating tissue destruction in turkeys. Thus, un-controlled
immune response and excessive destruction of the tissue can
be understood as a further failure of the immune system with
consequences on the fatal outcome of the disease in turkeys.
Conclusions on the different immune response in chickens and
turkeys are supported by the fact that vaccination triggered
a similar enhanced allocation of IFN-γ cells and controlled
adaptive cell response for both host species. Overall, it can be
concluded that an early and locally induced immune response
is the crucial factor behind the survival of chickens and
immunoprophylaxis induced by vaccination independent of the
host.

Further studies on the immune response of poultry against
Histomonas meleagridis should consider both host and pathogen
factors. Given the fact that turkeys and chickens display a
different involvement of the immune response to H. meleagridis,
it could be beneficial to use these contrasting host features
in further exploring traits of the immune response. So far,
there is hardly any information on the innate immune
response against histomonosis. Especially the role of toll-like
receptors (TLRs), with possible consequences on modulation of
the immune response following vaccination and/or infection,
needs to be understood. Furthermore, mechanisms on the
function of innate immunity, particularly pro-inflammatory
cytokines and antigen-presenting cells, could be useful to link
the transition from the innate to the adaptive stage of the
immune response. This can unveil essential features such as
the quality and persistence of the acquired immune response
which is helpful in establishing vaccination schedules. Data
collected in experimental studies investigating histomonosis or
following vaccination against the disease revealed important
changes in the immune response but further identification
on pathogen-specific mechanisms would be valuable. Hence,
determining specific immunological correlates of protection
e.g., the role and function of pathogen-specific T cells would
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contribute in pin-pointing features that mediate protection.
Consequently, unraveling selective mechanisms that induce
protection would be useful to promote such effector functions
for facilitating new prospects in research on vaccination
against histomonosis. Finally, along with studies on screening
virulence factors of the protozoa, further explorations on the
molecular plethora for potential immunogenic components are

necessary to explain pathogen-directed immune reactions of the
host.
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Malaria is a widespread disease caused mainly by the Plasmodium falciparum (Pf) and

Plasmodium vivax (Pv) protozoan parasites. Depending on the parasite responsible for

the infection, high morbidity and mortality can be triggered. To escape the host immune

responses, Plasmodium parasites disturb the functionality of B cell subsets among other

cell types. However, some antibodies elicited during a malaria infection have the potential

to block pathogen invasion and dissemination into the host. Thus, the question remains,

why is protection not developed and maintained after the primary parasite exposure? In

this review, we discuss different aspects of B cell responses againstPlasmodium antigens

during malaria infection. Since most studies have focused on the quantification of serum

antibody titers, those B cell responses have not been fully characterized. However, to

secrete antibodies, a complex cellular response is set up, including not only the activation

and differentiation of B cells into antibody-secreting cells, but also the participation of

other cell subsets in the germinal center reactions. Therefore, a better understanding of

how B cell subsets are stimulated during malaria infection will provide essential insights

toward the design of potent interventions.

Keywords: B cell biology, malaria, antibodies, effective mechanism, protective immunity

MALARIA INFECTION AND IMMUNITY

Malaria is a widespread disease mainly caused by the Plasmodium falciparum (Pf) and Plasmodium
vivax (Pv) parasites in tropical countries. Currently, half of the world population lives in areas
at risk of a malaria infection. In 2016, a global estimative enumerated 216 million clinical cases
and 445,000 deaths associated with this disease (1), portraying the real magnitude of this public
health problem.Most cases ofmalariamorbidity andmortality have been attributed to Pf infections,
prevalent in sub-Saharan Africa and characterized by high parasitemias and severe complications,
especially in children (2). Contrarily, Pv infections are more disseminated in American and Asian
countries and induce lower parasitemia levels andmilder symptoms. Rarely, Pv infections can elicit
severe symptoms and kill like Pf infections (2–4).

Plasmodium parasites have a complex life cycle, with sporozoites transmitted from theAnopheles
mosquito salivary glands to the human skin dermis during mosquito blood meals. These motile
parasites cross layers of the skin and enter the bloodstream, reaching the liver within hours upon
infection. Then, they invade the hepatocytes, replicating and differentiating into schizonts. In
the case of a Pv infection, part of the sporozoites are transformed into dormant forms called
hypnozoites, which can be activated even after a long term of parasite infection. As a result of
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the hepatocyte burst, the merozoites are released in the
bloodstream and invade the erythrocytes (Pf parasites) or the
reticulocytes (Pv parasites), initiating the asexual blood stage
of the cycle. These parasitic forms undergo several rounds of
multiplication and differentiation, increasing the parasitemia
levels in the host. Those forms found in infected red blood cells
(iRBCs) have been identified as rings, trophozoites, schizonts,
and gametocytes. Whereas the newly-released merozoites can
keep re-invading the erythrocytes, a small fraction of them
differentiate directly into gametocytes, giving rise to the sexual
blood stage. Gametocytes are ingested during themosquito blood
meal and fuse to each other within the digestive tract, forming
a zygote. The zygote differentiates into an ookinete, followed
by oocyst forms, previously to the generation of infectious
sporozoites that can be found in a mosquito’s salivary glands
(5, 6). Interestingly, the bone marrow has been described as the
major parasite reservoir for early blood stage (asexual and sexual)
and gametocytes in Pv infections (7, 8).

Regarding the mechanisms of immunity naturally induced
by malaria, the humoral response has been described as the
most important for the establishment of protection. This concept
has been solidified after the finding that a passive transfer
of serum samples from malaria-immune adults controlled the
Pf parasitemia levels and ameliorated symptoms in acutely
infected children (9). Although the elicitation of the humoral
response is critical to reduce malaria morbidity and mortality,
antibody-dependent protective immunity usually takes multiple
parasitic exposures and may take even years to be established.
The extensive genetic diversity of clinical Pf and Pv malaria
episodes (10, 11) and the low frequency of malaria-specific
memory B cells (MBCs) detected in residents of high endemic
areas (12, 13) corroborate this statement. Considering that
antibodies represent a snapshot of B cell responses at a single
cell level (14), it is fundamental to understand how this cellular
component is stimulated upon Plasmodium infection to improve
vaccine formulations and consequently generate more effective
antibodies against human malaria. In this review, we present
the distinct aspects of B cell immunity derived from a malaria
infection, ranging from the activation of naive B cells to the
generation of antibody-secreting cells and the mechanisms of
action by protective antibodies.

MALARIA-SPECIFIC B CELL RESPONSES

During malaria infection, thousands of parasitic antigens are
expressed in each stage of the parasite life cycle (15). However,
the anti-malarial humoral responses are preferentially headed
to blood stage antigens rather than the liver counterparts.
Besides the differences on the antigen density, a malaria murine
model has shown that the blood stage of infection weakens
the humoral immunity against the liver stage antigens through
the modification of lymphoid structures and the expression
of cytokines and chemokines (16). Overall, these responses
are mainly characterized by the generation of the antibody-
secreting cells (ASCs), memory B cells (MBCs), and antibody
titers. Whereas, the MBCs and antibody titers have been

found with steady levels for years in individuals living in
low Pf and Pv malaria-endemic areas without the evidence of
reinfection (17), these parameters are not sustained for longer
periods, especially in younger individuals from high Pf-endemic
areas (12, 13).

The question arises, disregarding the timing that antibodies
can be detected in serum samples, how is their secretion triggered
upon malaria infection? Usually, the antigen-specific antibodies
are expected to be detected in the serum in <2 weeks upon
any pathogen exposure. During this period, the naive B cells
are activated upon B cell receptor (BCR) interaction with a
parasitic antigen in the periphery, eliciting cell proliferation and
differentiation into multiple subsets such as the MBCs, follicular
B cells (FoBs), major players of the germinal center (GC)
reactions, or marginal zone B cells (MZBs). Although all these B
cell subsets express immunoglobulin (Ig) genes, only the ASCs
secrete antibodies. Regarding FoBs, they form and maintain
structures called the germinal centers (GCs) together with the
follicular T helper cells (TFh), dendritic cells (FDCs), cytokines
[IL-21, IL-6, and B cell activating factor (BAFF)], and the critical
participation of co-stimulatory molecules (CD40L and ICOS).
During the germinal center reactions, the GC B cells are activated
and undergo several rounds of antigen selection, acquiring a
mature status through the somatic hypermutations and class-
switch in Ig genes. Thus, it prompts the production of high-
affinity, class-switched antibodies. Models of human and murine
malaria infections point to higher numbers of GC B cells and
lower for MZB-like cells (18, 19). Terminal signaling triggered by
activation guides the FoB cells to exit the follicles and differentiate
into high-affinity, atypical, or classical MBCs (20) or short-lived,
class-switched ASCs. However, there is evidence from a malaria
murine model that high affinity, somatic hypermutated IgM+

MBCs dominate a recall response, being differentiated either into
IgM+ or IgG+ ASCs and MBCs (21). The higher the frequency
of the antigen-specific MBCs during that second encounter with
the antigen, the higher will be the frequency of the antigen-
specific ASCs generated. It is still controversial whether the
unswitched or switched MBCs enter the GCs or form the ASCs:
[reviewed by (22)]. Once generated, the ASCs migrate through
circulation to the bone marrow or secondary lymphoid organs.
More specifically, their physical contact with bone marrow
stroma cells and the recognition of cytokines described above
lead to modifications in their transcriptome profile, upregulating
preferentially the expression of anti-apoptotic genes. This process
culminates in their transformation from short-lived to long-lived
ASCs, whose function results in the increased titers of serum
antibodies (23).

On the other hand, malaria infection affects the generation
of some critical cell subsets for humoral responses. Repeated
parasitic exposures drive the expansion and accumulation of
atypical MBCs in individuals from Pf malaria-endemic areas
(24, 25). Although these cells have been mostly associated with
the impaired B cell responses in this infection context, some
groups have stated that atypical MBCs present a similar function
as classical MBCs (26). Furthermore, this was demonstrated
in an impaired GC response in a murine model of severe
malaria due to the inhibition of TFh cell differentiation (27).
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In addition, the murine conventional DCs presented lower
BAFF expression, culminating in a reduced ASC number in the
spleen (28). Noteworthily, the bone marrow ASCs have serious
restrictions for sampling due to their location, being avoided
in malaria clinical trials. This issue has impaired our complete
understanding around the immune response triggered bymalaria
infection in humans.

ACTIVATION OF B CELLS

Similar to pathogenic infections such as Trypanosoma cruzi
(the etiologic agent of Chagas disease) or HIV, malaria
infection elicits the polyclonal activation of B cells. Among the
major factors contributing to this condition are the parasite-
specific antigens and cytokines. Consequently, malaria patients
present hypergammaglobulinemia, i.e., the increased serologic
IgG titers. Furthermore, asymptomatic individuals with high
parasitemia usually display broader antibody responses than the
asymptomatic individuals with low parasitemia or symptomatic
individuals (29). Thus, the malarial parasite load derived from
the acute phase of infection seems to drive the ASC response as
described for HIV and SIV (30) and Silveira et al., manuscript
in preparation. A primary parasite exposure elicits the activation
and differentiation of naive B cells into Plasmodium-specific
MBCs and ASCs. These antigen-specific MBCs, activated
through engagement of BCR or Toll-like receptors (31), can also
be differentiated into ASCs, enhancing the antibody secretion
upon Pf infection (32–35). Alternatively, MBCs induced by S.
mansion worms may cross-react with Pf antigens and become
activated in an malarial-specific manner (36, 37). However,
this humoral response does not reach enough concentration
in the serum to provide protection. As already mentioned, the
individuals from malaria-endemic areas develop an antibody-
derived natural immunity only after multiple parasite exposures.

Among the several potential parasite antigens that could
induce hypergammaglobulinemia under infection, the domain
C1DR1a of EMP1 from a cloned strain (FCR3S1.2), a blood-
stage antigen, has been identified in Pf (38). It remains elusive
whether the same antigen derived from Pf isolates can also trigger
hypergammaglobulinaemia. Interestingly, the domain C1DR1a
of PfEMP1 preferentially promotes the MBC activation and
proliferation (39). Another Plasmodium variant antigen (MSP-
1) has been described to activate antigen-specific IgM+ MBCs
as the earlier responders upon a malaria re-challenge in mice.
Both IgM- and IgG-secreting cells can be generated from the
differentiation of those IgM+ MBCs (21). It is still obscure
whether the domain C1DR1a is capable of eliciting a similar
response during malaria infection in humans. Considering that
autoimmunity has been commonly detected during malaria
infection as a result of hypergammaglobulinemia, molecular
mimicking cannot be ruled out for parasite antigens. In fact,
the serum samples of systemic lupus erythematosus (SLE)
patients displayed the ability to recognize the Pf malarial
antigens (40). Cardiolipin, histones, and DNA are among
the auto-antigens usually targeted by the anti-Plasmodium
antibodies (41).

Another important piece of the polyclonal B cell
activation puzzle is related to the modifications in the
cytokine profile during malaria infection. BAFF is known
to support B cell differentiation into ASCs and potentially
elicit hypergammaglobulinemia. Increased levels of this
cytokine have been found in the plasma of volunteers upon
the Pf challenge (42), in acute Pf-infected children (43), in
pregnant women (44), and in Pv infection (45). Moreover,
the IL-10 has shown increased levels detected upon the Pf
or Pv infections (46) and can influence the serological BAFF
levels (47).

B Cell Subsets
Strikingly, human and murine malaria infections strongly alter
the composition of B cell subsets. A murine malaria model
showed severe reductions in the bone marrow-derived B cell
progenitor numbers (48). Alternately, the infection enhances the
numbers of atypical hematopoietic stem and progenitor cells
(HSPCs) in the murine spleen. Considering their potential to
differentiate into B cells and generate the GC B cells, MBCs, and
antigen-specific ASCs in vivo (49), the HSPCs could repopulate
the immune cell repertoire by counteracting the deficiency
in B cell progenitors. Besides progenitor B cells, the Pf and
Pv infections also affect the frequency of the peripheral B
cells. Whereas the kinetics of classical MBCs and ASCs seem
paradoxical in infected individuals living in endemic or non-
endemic areas, the transitional B cells (TBCs) and atypical MBCs
consistently have shown increased numbers in the blood of all
individuals (42, 50).

In terms of TBCs, their frequency has been directly correlated
to high parasitemias and an impaired immunity to Pf infection
(50). Interestingly, the BAFF receptor signaling has been
connected to the control of the immature B cell differentiation to
TBCs (51). Considering that BAFF levels are significantly higher
during the acute phase of Pf and Pvmalaria (43, 45), this cytokine
could indeed stimulate a stronger TBC proliferation. Regarding
the atypical MBCs in malaria, these cells have been mainly
characterized as exhausted cells with a decreased capability to
differentiate into ASCs and secrete antibodies (24, 25), as for
HIV infection (52). However, the monoclonal antibodies cloned
out from those cells majorly recognized the Pf-infected RBCs
and neutralized Pf parasites. Furthermore, it has been speculated
that their contribution for the neutralizing IgG titers would be
similar to the classical MBCs (26). Although total atypical MBCs
significantly expand upon Pf or Pv malaria infections, parasitic-
specific atypical MBCs still present similar frequencies to classical
counterparts (26). In terms of longevity, it remains undetermined
whether atypical MBCs represent the majority of the malarial-
specific MBCs detected years after parasite exposure in primed
individuals without reinfection (17). In infected mice, malarial-
specific atypical MBCs were recently associated to short-lived
responses that were dependent on the presence of the parasite
(53). It would be plausible that the atypical MBCs are high-
affinity, somatic hypermutated MBCs in human malaria. Indeed,
these cells have been described as the first cells to expand during
a recall malaria challenge in mice (21) and both cell subsets

Frontiers in Immunology | www.frontiersin.org 3 December 2018 | Volume 9 | Article 296196

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Silveira et al. Malaria-Specific B Cell Immunity

can differentiate into IgG+ ASCs, strongly related to malaria
immunity.

Follicular T Helper Cells
To clear microbial infections, the immune system simultaneously
triggers cellular and humoral responses that converge to the onset
of a long-lasting, protective response. Although it correlates with
the titers of high-affinity, class-switched antibodies, B cells are not
the unique players in this scenario. In fact, the generation of these
antibodies relies on assistance from a particular CD4+ T cell
subset called the follicular T helper (TFh) cells. More specifically,
the germinal center (GC) B cells physically interact with the
activated CD4+ T cells in structures of lymphoid organs called
follicles. Within the GCs, B-T cell talk leads to B cell activation,
whichmature through somatic hypermutations in V(D)J Ig genes
as well as the Ig isotype switch, and differentiation into ASCs.
Importantly, some TFh cytokines have shown to be critical in this
process, such as the IL-6 and IL-21 that regulate B cell survival
and cell differentiation.

It has been demonstrated that Pv malaria stimulates the
expansion of the TFh cells and secretion of the TFh cytokines
(54). Interestingly, Pf infection stimulates a less-functional Th1-
like Tfh cell subset, whose function does not correlate to ASC
differentiation and antibody secretion. Due to the increased
secretion of IFNγ and TNFα during the Pf acute malaria, TFh
cell precursors increase the T-bet expression and hinder their
differentiation into mature TFh cells (55). Moreover, B cells are
also affected by that IFNγ secretion, expressing high levels of
T-bet and mainly expanding IgG3 class-switched cells that have
the phenotype of atypical MBCs (20). Similarly, this issue is also
seen in murine malaria models, implicating lower frequencies
of the GC B cells and ASCs as well as the decreased antibody
titers. Noteworthily, the murine bone marrow reconstituted
with T-bet KO CD4+ T cells had the TFh cell functionality
restored, followed by the elicitation of GC formation and higher
antibody titers (27). Alternately, IL-10 signaling restricts the
T-bet expression and rescues the GC formation and antibody
responses upon malaria infection in mice (56). Hence, the IL-
21 has also demonstrated an important role during this process
since the IL-21 KO mice showed decreased numbers of splenic
GC B cells and ASCs in the bone marrow, lower antibody titers,
and, consequently, a failure to control the parasitemia levels upon
challenge (57).

Moreover, other factors can disturb the TFh cell
differentiation and influence the effectiveness of humoral
responses, such as the expression of particular MHC class II
molecules by B cells or co-infections. Regarding the MHC class
II expression, humanized mice expressing only HLA-DR0401
as the only MHC class II molecules had impaired antibody
responses and could not clear parasitemia after a challenge with
a strain causing murine malaria. An expanded subset of the
regulatory T cells (Tregs) was found to interact with B cells
in those mice, rather than the TFh cells. However, the Treg
depletion or HLA-DR0401 co-expression with murine MHC
class II molecules boosted the antibody titers and, consequently,
the parasitemia dropped to undetectable levels in these mice
(58). The expression of T-bet and the influence of Th1 cytokines,

such as IFNγ, have been associated with that Treg expansion
which impairs the Tfh cell differentiation and survival as well as
wanes the secretion of malaria-specific antibodies (59, 60). In
terms of co-infections, an acute gammaherpesvirus (MHV68)
infection decreased the resistance against a non-lethal malaria
in mice. This co-infection diminished the frequencies of the Tfh
cells, GC B cells, and ASCs, suppressing the humoral response to
malaria (61).

Antibody-dependent Protective Immunity
The malarial-specific antibody responses derived from Pf
exposure are usually transient since their titers decrease by the
next parasitic transmission season. After their contraction, the
antibody levels are still maintained in a higher magnitude than
the respective titers detected in the previous parasite exposure
(62). For the Pv infection, it follows an opposite pattern (17,
54). However, once secreted at a certain level in the serum,
the antibodies can provide protection against human malaria.
Serology data against blood stage antigens have determined an
inverse correlation between the antibody titers specific for Pf
MSP-2-, MSP-3-, and AMA-1 and Pf morbidity in the infected
individuals. Thus, an increased breadth of antibody specificity
would be associated with a lower chance to experience a clinical
episode or be admitted to hospital with severe Pf malaria
(63).

To provide antibody-dependent protection, the immune
system launches different mechanisms of action upon malaria
infection. Considering that the blood stage of infection
breaks humoral immunity against the liver stage antigens in
murine malaria models (16), malaria-specific antibodies would
preferentially opsonize the merozoites. Subsequently, they could
trigger effector functions, such as inhibition of cell invasion,
phagocytosis, activation of respiratory burst, or complement-
derived parasite death [reviewed by (64)]. In the context of the
inhibition of cell invasion, it has been challenging to study the
breadth of antibody responses which could block sporozoite
or merozoite invasion into the hepatocytes or erythrocytes
(Pf) / reticulocytes (Pv), respectively. To assess the antigens
linked to protective humoral responses against Pf malaria, the
high-throughput technologies have been utilized. Among the
identified antigens were liver and blood-stage antigens (65).
Regarding the reactivity against the Plasmodium liver stage
antigens, most of such response is driven to the circumsporozoite
protein (CSP). The most immunogenic region of Pf CSP for
antibodies consists of the central repeat-region. Recently, a
Pf CSP-specific mAb (CIS43) displayed a high capacity of
parasite neutralization, with its binding region identified in the
junction between the N-terminal and central repeat regions
of CSP (66). Another anti-Pf CSP repeat-region mAb (2A10)
has been shown to elicit protection in mice challenged with
chimeric Pb-Pf sporozoites. After being cloned into a adeno-
associated virus vector, 2A10 was expressed for long-term and
reduced parasite burden, providing protection in mice either
by sporozoite injection or mosquito bites (67). The N-terminal
region flanking those Pf CSP repeat-regions also possess a
linear protective B cell epitope recognized by the mAb 5D5.
The antibody-binding inhibits the CSP proteolytic cleavage,
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neutralizing the hepatocyte invasion. Whenever administrated
in combination with mAb 2A10, these mAbs enhanced the
sporozoite neutralization in vivo (68). Contrarily, the antibody
reactivity had multiple targets against the blood stage antigens.
Anti-EBA-175 mAbs (R217 and R218) have been described
as inhibitory for Pf invasion in RBCs. Whereas R217, the
more inhibitory mAb, engages fundamental antigen residues
for RBC binding, R218 interacts with F1 region residues,
irrelevant for RBC binding (69). The subdomains I and II of
Duffy binding protein (DBP) have also been targeted by the
neutralizing antibodies detected in high concentration in the
serum of individuals from Pv malaria-endemic areas. Mutations
in those antibody sequences accumulate over parasitic exposures,
enhancing their breadth and potency (70). Furthermore,
although barely recognized during infection even in residents
of Pf malaria-endemic areas (71), the anti-RH5 antibodies have
demonstrated a great capacity of inhibiting invasion of the
Pf merozoites in erythrocytes (72–76). Due to a subcellular
location, the RH5 antigen has been detected around the moving
junction that is assembled just before the erythrocyte invasion.
Thus, RH5 would be accessible to antibodies only during
the short contact between Pf merozoites and erythrocytes.
Crystallography data showed that anti-RH5 bNabs bind at
or close to the basigin-binding site, blocking the interaction

between RH5 and basigin (77) that is critical for Pf merozoite
invasion. However, this protein interaction does not seem to
be the unique spot for the anti-RH5 mAb neutralizing activity.
Considering that distinct RH5-derived B cell epitopes have
been described with those bNAbs, it suggests that the RH5
sequences may suffer some immunological pressure (78). Other
Pf antigens have been described as stimulators of malaria bNAbs,
such as EXP1, MSP-3, GLURP, RAMA, SEA, and EBA-181.
Those antigens were discovered after an investigation of serum
samples from the cured Pf malaria patients and individuals
with subsequent recrudescent infection. The cured patient
samples had higher antibody titers against all those antigens
and consequently, a higher capacity to inhibit the erythrocytes
invasion by Pf merozoites (79). Recently, a mechanism based
on interchromosomal DNA transposition was described as the
contributor to the antibody diversity in the context of Pf malaria
infection. A DNA insertion from a sequence of a collagen-
binding inhibitory receptor (LAIR1) into V(D)J Ig genes was
described to generate broad reactive antibodies against the Pf-
infected erythrocytes (80). Although these LAIR1-containing
antibodies were found in 5-10% of residents of Pf malaria-
endemic areas and recognized distinct members of the RIFIN
family, they did not confer protection against the disease
(80, 81).

FIGURE 1 | B cell response triggered by malaria infection. (A) During a malaria infection, the naive B cells are activated by a Plasmodium antigen through the

interaction with B cell receptors (BCR), leading to their differentiation into marginal zone B cells (MZB), follicular B cells (FoB), or unswitched memory B cell (MBCs).

The switched and atypical MBCs are derived from the activation of FoBs within the germinal centers (GCs). Either the MZBs, or the unswitched, switched, or atypical

MBCs can differentiate into antibody-secreting cells (ASCs). These ASCs range from short-lived, low-affinity, IgM+ to long-lived, high-affinity, IgM+ or IgG+. This

variation depends on the type of interaction between a particular B cell with a T cell subset. The activated Th1 T cells migrate to the GCs, becoming follicular T helper

cells (TFh) that help the GC reactions (acquisition of somatic hypermutations in V(D)J Ig genes and class switch by activated FoBs). Contrarily, the regulatory T cells

(Tregs) have the potential to inhibit TFh cell differentiation and GC reactions. (B) A single parasite infection can induce the differentiation of multiple

Plasmodium-specific B cell clones. However, the repeated parasite exposures shift the MBC frequencies with an increase for an atypical MBC over the unswitched or

switched MBCs. This shift in cell frequency may interfere on the function of the secreted antibodies and, consequently, on the development of protective immunity.

Frontiers in Immunology | www.frontiersin.org 5 December 2018 | Volume 9 | Article 296198

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Silveira et al. Malaria-Specific B Cell Immunity

Similar to the importance of immunoglobulin variable
regions for effective humoral responses, Fc regions also
have a fundamental role in mediating protection against
infectious diseases. Receptors for immunoglobulin Fc regions
have been described to be involved in cellular processes
such as phagocytosis, antibody-dependent cellular cytotoxicity,
and inflammation, among others (82). In the context of Pf
malaria infection, the inoculations of human anti-MSP119 IgG
protected transgenic mice for human Fc gamma receptor
after challenge with chimeric Pb-Pf sporozoites. Contrarily,
protection was not obtained when the same mAb was tested in
non-transgenic mice, suggesting that the antibody interaction
with MSP119 is not sufficient, while the presence of the Fc
region is critical for parasite clearance (83). Few studies about
human single nucleotide polymorphisms (SNPs) of the Fc
gamma receptor have already validated the relevance of this
opsonizing antibody-dependent phagocytosis for Pf malaria
immunity [reviewed by (64)]. Noteworthily, the merozoite
opsonisation has been associated with several conserved
antigens and induces immunity against multiple Pf parasite
strains (84).

Among the cells that can phagocyte and eliminate an
opsonised Pf merozoite are neutrophils through the activation
of respiratory burst [reviewed by (64)]. A SNP study has
associated the increased levels of nitric oxide (NO) to
Pf malaria protection (85). Furthermore, ROS levels have
been correlated to natural acquired Pf malaria immunity
(86). Once secreted to the extracellular medium, NO and
ROS can both dampen the growth of Pf parasites in vitro
(64, 87).

In terms of antibody-dependent complement activation,
complement C1q proteins have shown to be deposited on
the merozoite surface after the antibody-antigen interaction,
allowing the further formation of the membrane attack complex
(MAC) for parasite destruction. MSP-1 and MSP-2 have been
identified as the main Pf merozoite targets involved in this
protective mechanism. The higher is the C1q deposition, the
higher is the protection. Interestingly, older children from Pf
endemic areas presented higher C1q deposition than the younger
children (88).

CONCLUDING REMARKS

After decades of suffering with malaria morbidity and mortality
in several tropical areas, the at risk-populations are long overdue
for effective strategies to contain this epidemic. The development
of Plasmodium-specific vaccines already tested in clinical trials
has not presented a considerable degree of protection yet. Hence,
it has been strongly demonstrated that Plasmodium parasites
have an enhanced resistance against the anti-malarial drugs on a
daily basis. Thus, other alternatives of preventative or therapeutic
treatments for malaria should be considered. Following all
the characteristics presented in this manuscript about malaria-
derived B cell immunity (Figure 1), those formulations must
prioritize the best conditions for optimal B cell activation
and development of the GC, TFh, and ASC responses. In
terms of antibodies which are the final and effector products
of the potential formulations, there are several reports of
neutralizing antibodies identified for human malaria. However,
their mechanisms of action have not been elucidated yet. Overall,
it has been widely seen that antibody-based prophylaxis or
therapeutical approaches possess a great efficacy against multiple
pathogens. Therefore, strategies that properly stimulate malarial
B cell responses may be beneficial not only in inhibiting infection,
but also in reducing the morbidity and mortality numbers and
disease transmission.
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The Influence of Parasite Infections
on Host Immunity to Co-infection
With Other Pathogens

Neil A. Mabbott*

The Roslin Institute & Royal (Dick) School of Veterinary Studies, University of Edinburgh, Edinburgh, United Kingdom

Parasites have evolved a wide range of mechanisms that they use to evade or

manipulate the host’s immune response and establish infection. The majority of the in vivo

studies that have investigated these host-parasite interactions have been undertaken

in experimental animals, especially rodents, which were housed and maintained to a

high microbiological status. However, in the field situation it is increasingly apparent

that pathogen co-infections within the same host are a common occurrence. For

example, chronic infection with pathogens including malarial parasites, soil-transmitted

helminths, Mycobacterium tuberculosis and viruses such as HIV may affect a third of

the human population of some developing countries. Increasing evidence shows that

co-infection with these pathogens may alter susceptibility to other important pathogens,

and/or influence vaccine efficacy through their effects on host immune responsiveness.

Co-infection with certain pathogens may also hinder accurate disease diagnosis. This

review summarizes our current understanding of how the host’s immune response to

infection with different types of parasites can influence susceptibility to infection with

other pathogenic microorganisms. A greater understanding of how infectious disease

susceptibility and pathogenesis can be influenced by parasite co-infections will enhance

disease diagnosis and the design of novel vaccines or therapeutics to more effectively

control the spread of infectious diseases.

Keywords: parasite, helminth, co-infection, pathogenesis, susceptibility, immunity

INTRODUCTION

The important host-parasite interactions that influence the progression and control of infection to
individual pathogenic microorganisms have been studied in much detail, especially in laboratory
mice. However, since many pathogens are acquired through similar routes of exposure (e.g., orally
following ingestion of contaminated water, food, or pasture) infection of natural host species in
field situations and humans with multiple pathogens is common, especially in regions with poor
sanitation and/or limited access to clean drinking water. In order to sustain chronic infections, the
parasitic microorgansisms have evolved a diverse range of mechanisms to enable them to evade or
manipulate the host’s immune response. As a consequence, by-stander effects due to infection with
certain parasite species can significantly alter susceptibility to other important pathogens, and/or
influence the development of pathology. Discussed throughout this review are examples of the
many studies that have investigated the effects of parasitic helminth infections on host susceptibility
to co-infection with a diverse range other pathogenic microorganisms.
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Mabbott Parasite Co-infections

Helminths are large, multicellular parasitic microorganisms.
Estimates suggest that approximately a third of the global human
population may be infected with helminth parasites, causing
important public health concerns, especially in regions with poor
sanitation or limited access to clean drinking water. Helminths
are commonly referred to as parasitic worms and can include
the following groupings: roundworms (nematodes), such as
Ascaris lumbricoides; whipworms, such as Trichuris trichiura in
humans and T. muris in mice; hookworms, such as Necator
americanus; flukes (trematodes), such as Facsiola hepatica and
Schistosoma mansoni; and cestodes (tapeworms). Many of these
helminth parasites are soil-transmitted and cause gastrointestinal
infections following ingestion of pasture or water contaminated
with their eggs. The schistosomes, in contrast, can establish
chronic infection within the host’s bloodstream. Infections with
helminth parasites often cause significant pathology, for example
as they migrate through host tissues following infection via
the skin (e.g., schistosomes), or feed on the gut epithelium
(e.g., Trichuris spp.) (1). These chronic infections are often
associated with the development of systemic and mucosal CD4+

T helper cell type 2 (Th2) polarized immune responses. These
are typically characterized by increased expression of cytokines
such as interleukin-4 (IL-4), IL-13, eosinophilia, production
of immunoglobulin E (IgE), and stimulation of alternatively
activated (M2) macrophages and type 2 innate lymphoid cells
(ILC2) (2, 3). The alternatively activated macrophages are
considered to play an important role in repairing the tissue
damage caused by the helminth infection.

However, the characteristics of the immune response to
infection with other types of parasites can differ substantially.
Trypanosomes and malaria parasites are important vector-borne
unicellular protozoan parasites, and are the causative agents
of trypanosomiasis and malaria, respectively, in humans and
animals. Each of these parasite species can establish chronic
infections in the host’s bloodstream: the trypanosomes living
extracellularly, whereas the malaria parasites establish cyclical
rounds of intracellular infection within erythrocytes. Host
immune responses to infection with these protozoan parasites
are usually fundamentally distinct from the predominantly Th2-
polarized responses induced by helminth infections. Malaria
infections, for example, are associated with elevated levels of
pro-inflammatory cytokines such as interferon-γ (IFNγ), IL-12,
increased levels of CD4+ Th1 cells, CD8+ T cells, and NK cells
and the stimulation of pro-inflammatory classically activated
(M1) macrophages (4, 5).

An increasing body of data indicates that alterations to
these responses due to co-infection with other pathogens
can dramatically influence disease susceptibility. Many
of the examples presented below suggest links between
parasite-induced disturbances to the Th1/Th2 balance and/or
macrophage phenotype (alternatively activated vs. classically
activated) and altered susceptibility or pathogenesis following
subsequent co-infection with other pathogens. The effects of
the parasite infection on the host’s immune response may also
have serious implications for the accurate diagnosis of other
infections within the same individual. Bovine tuberculosis is an
important infectious disease of cattle caused by the pathogenic

bacterium Mycobacterium bovis. Current measures to control
this disease include the regular testing of cattle and removal
of infected stock from herds. A widely used diagnostic test
for this disease is based on the detection of M. bovis-specific
IFNγ production by peripheral blood lymphocytes. However,
as helminth infections can modulate host IFNγ responses, co-
infections with these parasites could have serious consequences
for the reliable detection of other important pathogens (see
sectionMycobacterium tuberculosis).

This review therefore discusses how the induction of an
immune response to infection with distinct types of parasites may
modulate the development of effective immunity and/or disease
pathogenesis to co-infections with other important pathogenic
microorganisms. Many of the data obtained in the studies
described below was derived from experimental mouse models,
but studies from humans and natural host species are included
where data were available.

MALARIA

Malaria, caused by infection with unicellular protozoan
Plasmodium parasites, is an important infectious disease of
humans and animals that inflicts significant morbidity and
mortality in tropical and sub-tropical regions throughout the
world. Infections are transmitted through the deposition of
sporozoite parasite stages into the skin via the bite of infected
mosquito vectors. These then travel via the bloodstream
to the liver, where they infect hepatocytes and undergo
morphological change and replication before subsequently
infecting erythrocytes. The parasites then undergo extensive
cycles of replication and infection in erythrocytes leading to
anemia. During the erythrocytic stage of malaria infection, IFNγ

production from CD4+ Th1-cells and CD4+ T-cell help for
the B-cell response are each required for effective control and
elimination of the parasitaemia. The actions of CD4+ T cells
are also important for controlling the pre-erythrocytic stages of
infection through the activation of parasite-specific CD8+ T cells
[for in-depth review see (5)]. However, excessive inflammatory
responses in response to malaria infection can also lead to
significant immunopathology.

Effects of Malaria on Helminth Co-infection
Malaria patients in endemic regions are often co-infected
with soil-transmitted helminths. Following infection of the
mammalian host the larval stages of certain parasitic helminth
species migrate to the lungs of the host where they cause
pathology. The larvae typically induce strong pulmonary Th2
immune responses and are accompanied by the induction of
alternatively activated macrophages. The combined actions of
these immune responses are considered to help mediate parasite
clearance and the repair of host tissues. In BALB/c mice infected
with hookworms parasites such as Nippostrongylus brasiliensis,
the development of a Th2-polarized immune response to
the hookworm infection was impaired in those co-infected
with P. chabaudi chabaudi malaria parasites. This effect also
coincided with the reduced expression of alternatively activated
macrophage-derived factors in the lung such as chitinase and
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resistin family members (6). Similarly, in a separate study
the incidence of lung granulomas induced by infection with
Litomosoides sigmodontis microfilariae was reduced in mice co-
infected with either P. chabaudi or P. yoelii malaria parasites
(7). These experimental mouse studies suggest that malaria
infection can negatively impact on the ability of the host
to induce a Th2-polarized specific immune response to co-
infection with helminths. How malaria infection mediates
these effects is not known. Further experiments are clearly
necessary to determine whether they are a consequence of
direct effects of the malaria parasites themselves or are an
indirect consequence of the induction of a strong Th1-
polarized immune response/cytokine milieu in response to the
malaria infection.

Effects of Helminth Co-infection on Malaria
Co-infections with parasites such as helminths may also have a
significant impact on malaria pathogenesis and susceptibility (8).
In mice infected with N. brasiliensis 2 weeks before subsequent
infection with P. berghei malaria parasites, the induction of a
malaria-driven Th1 cytokine response was impeded, affecting
the activation phenotype of the macrophages in the lung
(8). Helminth infections can promote the secretion of IL-
10 by regulatory T cells (9, 10), and this can downregulate
the expression of pro-inflammatory cytokines such as IL-
12p70 and IFNγ. Since IFNγ plays an important role in
protective immunity to P. falciparum infection, it is plausible
that expression of an anti-inflammatory cytokine milieu during
helminth infection might exacerbate malaria pathogenesis and
susceptibility. In support of this hypothesis, co-infection of mice
with the hookworm parasite N. brasiliensis was reported to
impede the induction of a pro-inflammatory classically activated
macrophage phenotype in the lungs of mice subsequently
infected with malaria parasites (8). The induction of an effective
Th1 response to P. berghei infection was similarly reduced
in mice co-infected with schistosomes (S. mansoni). As a
consequence, the co-infected mice were less able to control
the malaria infection, displaying increased parasitemias during
the early phase of P. berghei infection and increased fatality
(11). Mice chronically infected with the gastrointestinal helminth
pathogen Heligmosomoides polygyrus before a subsequent P.
chabaudi AS infection likewise displayed reduced immunity to
the bloodstream stage of malaria infection, including decreased
production of IFNγ and malaria-specific Th1-associated IgG2a
antibody production (12).

Parasite co-infections may also affect the magnitude of
the pathology that develops in host tissues. For example,
an exacerbation of immunopathology during P. chabaudi
infection was observed in mice co-infected with L. sigmodontis
microfilariae (13). The incidence of pathology in the co-
infected mice was found to be associated with the absence
of microfilaraemia. This implies that the presence of the
microfilariae stimulates an immunomodulatory response in the
host that can partially protect against severe malaria (13).
However, helminth co-infections may differentially regulate
murine malarial infections in a malaria strain-dependent way.
For example, co-infection of mice with L. sigmodontis impaired

the development of lesions in the kidneys caused by infection
with either P. chabaudi or P. yoelii. However, the peak of malaria
parasitaemia was decreased in mice co-infected P. yoelii, but not
in those co-infected with P. chabaudi (7). Conversely, the growth
of P. yoelii in the liver was inhibited in mice co-infected with S.
mansoni, and malaria parasite gametocyte infectivity was much
reduced (14).

Whether co-infections with helminths such as schistosomes
can modulate susceptibility to malaria in humans is uncertain,
but an experimental study in baboons (Papio anubis) suggests
that this also plausible. This study showed that the baboons that
were chronically infected with S. mansoni had significantly lower
P. knowlesi malaria parasite burdens and were protected from
anemia (15). A study of Senegalese children similarly showed that
those with light S. haematobium infection had lower burdens of P.
falciparumwhen compared to those that weren’t co-infected with
schistosomes (16). The mechanisms responsible for mediating
these effects are not known. It is possible that the reduced levels
of regulatory T cells or a Th2-polarized cytokine milieu in S.
haematobium infected children may provide protection against
falciparum malaria by modulating systemic expression of Th1
cytokines (17).

Effects of Parasite Co-infection on

Experimental Cerebral Malaria
Severe forms of malaria are leading causes of mortality in
infected children and pregnant mothers, presenting as cerebral
malaria, severe anemia, or acidosis (18). The sequestration of
malaria parasites across the blood-brain barrier leads to the
influx of immune lymphocytes and leukocytes into the brain,
particularly parasite-specific CD8+ T cells, which ultimately leads
to the development of neuropathology. Studies using a murine
experimental cerebral malaria (ECM) model show that co-
infection with Chikungunya virus can impede the sequestration
of malaria parasites into the brain and provide some protection
against ECM (19). In this model co-infection system, the malaria
parasite-specific pathogenic CD8+ T cells appeared to be retained
in the spleens of mice co-infected with Chikungunya virus
due to their reduced expression of the CXCR3 chemokine
receptor (19). This implied that the reduced early migration of
pathogenic CD8+ T cells into the brains of the virus co-infected
mice may have impeded the development of ECM and brain
pathology.

Systemic co-infection of mice with the schistosomes (S.
mansoni) seven weeks before infection with P. berghei malaria
parasites was similarly shown to reduce the severity of ECM
(11, 20). In this study, protection from ECM was dependent on
the relative doses of the parasites used in the co-infections. Here,
infection with a high dose of schistosome cercariae resulted in
higher protection against ECM when co-infected with a low dose
of P. berghei malaria paratites. Conversely, when the mice were
co-infected with S. mansoni and a higher dose of P. berghei,
the development of ECM was unaffected when compared to
mice infected with malaria parasites alone (21). Development
of ECM in mice is considered to be Th1-associated. The switch
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toward a Th2-polarized cytokine profile in the S. mansoni co-
infected mice suggests a mechanism by which the effects on
ECM pathogenesis may have been mediated. Clearly further
experiments are required to specifically confirm the identify of
the cellular and molecular factors responsible for these effects.
A predominantly Th1-polarized cytokine profile is observed in
mice by 4 weeks after S. mansoni infection (before significant
egg production occurs). When mice were co-infected with
malaria parasites 4 weeks after S. mansoni infection (prior to
the onset of the Th1/Th2 switch), no improvements to ECM
pathogenesis were observed (20), supporting the hypothesis
that a Th2-polarized cytokine response may have a protective
role.

Co-infections with the helminth parasites A. lumbricoides
and T. trichiura have also been associated with reductions
in risk of cerebral malaria in humans (22). However, it is
interesting to note that the beneficial effects of T. trichiura
were reduced when the individuals were also co-infected
with hookworms (22). This study reveals an additional layer
of complexity in naturally affected host-species where the
outcome on the host of interactions between two parasite
species can be modified by the presence of a third. These
data emphasize how the relationships between multiple parasite
communities in an individual host can significantly affect disease
outcomes.

TREMATODES (FLUKES)

Liver Fluke
The liver fluke Fasciola hepatica is highly prevalent in ruminant
livestock species, but can also establish infection in a wide range
of other mammalian species including humans. Infection of
livestock with F. hepatica occurs through the ingestion of pasture
contaminated with encysted cercariae. The parasites thenmigrate
through the gut wall and peritoneal cavity to the liver and bile
ducts, where they mature and produce large numbers of eggs
that are excreted into the environment. In common with many
helminth infections, the migrating juvenile parasite stages induce
a strong Th2-polarized immune response in the mammalian
host. Infection of mice with F. hepatica can down-regulate Th1-
responses in vivo, even in IL-4-deficient mice (23) suggesting
this is not simply due to the actions of Th2 cells or cytokines.
Indeed, the parasites produce a large range of excretory/secretory
(ES) molecules that help them to mediate tissue invasion, feeding
and immunomodulation (24) including the suppression of IFNγ

responses (25).
Bovine tuberculosis (BTB), caused by infection with the

bacteriumM. bovis is an important pathogen of cattle worldwide
and has zoonotic potential. Although some countries have
reduced or eliminated BTB, wildlife M. bovis reservoirs and
the limitations of diagnostic tests have hindered successful
eradication in other regions. The single intradermal comparative
cervical tuberculin test (SICCT) and the in vitro IFNγ assay are
commonly used to identify M. bovis infected cattle. However,
certain parasite co-infections can reduce the sensitivity of these
assays. A large-scale epidemiological study in England and
Wales showed that in dairy herds with a high incidence of

F. hepatica fewer animals were detected as positive reactors
against BTB (26). Experiments in cattle confirmed that infection
with F. hepatica reduces the sensitivity of the standard BTB
tests (SICCT test and IFNγ test) through reduced M. bovis-
specific Th1 immune responses (27). However, F. hepatica co-
infection did not influence the detection of visible lesions in
BTB infected cows (28). These data clearly show how the
immunomodulatory effects of F. hepatica on the bovine host
can reduce the sensitivity of current pre-mortem BTB tests.
This may significantly influence the ability of practical measures
to eliminate BTB infections in regions with high prevalence
of F. hepatica.

Despite the reduced M. bovis-specific Th1 immunity in
cows co-infected with F. hepatica, mycobacterial burdens were
shown to be reduced (29). The mechanisms responsible for
this are uncertain, but the authors proposed that the actions of
alternatively-activated macrophages induced in response to F.
hepatica infection may act to limit the proliferation ofM. bovis.

In sheep, infections with the liver flukes Dicrocoelium
dentriticum or F. hepatica can predispose the ewes to mastitis in
the immediate post-partum period (30). Abnormal metabolism
of carbohydrates during the later stages of pregnancy in ewes
can cause pregnancy toxemia. This disease is associated with
hyperketonaeimia, and blood concentrations of the ketone
body β-hydroxybutyrate can help detect ewes at risk of
developing pregnancy toxemia. Higher concentrations of β-
hydroxybutyrate were recorded in trematode-infected ewes (30).
Since β-hydroxybutyrate may have immunomodulatory effects,
the authors hypothesized that its increased levels in infected
ewes may suppress immunity in the udder enhancing the risk of
infection at this site (30). This has raised the hypothesis that the
use of anthelmintic drugs may also help reduce the incidence of
mastitis in trematode-affected flocks.

Finally, infection with the human liver fluke Opisthorchis
viverrini is endemic in the Greater Mekong sub-region. This
fluke is classified as a group 1 carcinogen by the International
Agency for Research on Cancer because chronic infections with
O. viverrini can lead to the development of cholangiocarcinoma,
a malignant cancer of the bile ducts. In areas of Thailand where
flukes are endemic, the Gram-negative bacterium Helicobacter
pylori was found in 66.7% of the patients studied that had
cholangiocarcinoma (31). This raised the hypothesis that co-
infections with H. pylori and with O. viverrini synergistically
increases the severity of hepatobiliary abnormalities. Indeed, in
an experimental hamster model the severity of the hepatobiliary
abnormalities was increased in those that were co-infected with
O. viverrini (32).

Effects on Schistosome (Blood Fluke)

Infections
Infections with schistosomes cause chronic inflammatory disease
in humans and animals. The diseases they cause can lead to
the development of severe pathology, significant morbidity, and
economic loss. Schistosomes are transmitted through the skin via
contact with infected water sources inhabited by the snail vector.
The parasites establish chronic infections in the mammalian
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host’s bloodstream where they mature, mate, and produce
substantial quantities of eggs. The eggs enter the intestines and
bladder where they are excreted via feces and urine. Deposition
of the eggs in host tissues can cause chronic inflammation,
tissue damage and fibrosis. Schistosomes typically induce a Th2-
polarized immune response in the mammalian host that enables
them to establish chronic infections where they can persist for
years (33).

Experiments in mice have shown that a gastrointestinal
nematode infection can influence the pathogenesis of a
subsequent schistosome infection. A chronic Trichuris muris
infection within the large intestine enhanced the survival
and migration of S. mansoni schistosomula to the portal
system. Consequently, schistosome worm and egg burdens and
associated pathology were enhanced when compared to mice
infected with S. mansoni alone (34). This suggests that the
immunomodulatory effects elicited in the mucosa of the large
intestine to enable the gastrointestinal helminth to establish
chronic infection can extend to other host tissues. This may
exacerbate host susceptibility to subsequent co-infection with
other helminth parasites. A similar effect has been reported to
occur in a naturally-affected livestock species. A longitudinal
study of free-ranging African buffalo reported that animals
infected with Cooperia fuelleborni had greater burdens of
schistosomes (Schistosoma mattheei) than those where this
nematode species was not detected (35). The mechanisms
that mediate these effects in the co-infected animals remain
to be determined. This could simply represent host variation
in susceptibility to gastrointestinal nematodes. However, since
infection of cattle with the related gastrointestinal nematode
species C. oncophora enhanced their susceptibility to lungworm
(Dictyocaulus viviparus) infection (36), it is plausible that
nematode-mediated effects on the buffalo immune response may
similarly impede the establishment of immunity to schistosomes.

However, it is important to note that data from mouse studies
show that differences in the species of the co-infecting parasite
may have contrasting effects on schistosome infections (34, 37).
The gastrointestinal helminth H. polygyrus establishes infection
specifically within the murine duodenum. In mice infected
with H. polygyrus a marked reduction in schistosome egg-
induced hepatic pathology was observed. This effect appeared
to correlate with significant decreases in the expression of pro-
inflammatory cytokines responsible for the induction of the egg-
induced immunopathology (37). Thus, although co-infection
with gastrointestinal helminths may significantly impact on
schistosomiasis, the currently available data do not help us to
reliably predict whether they are likely to exacerbate or reduce
the disease pathogenesis.

TRYPANOSOMES

African Trypanosomes
African trypanosomes are single-cell extracellular hemoflagellate
protozoan parasites and are transmitted between mammalian
hosts via blood-feeding tsetse flies of the genus Glossina. The
Trypanosoma brucei rhodesiense and T. b. gambiense subspecies
cause human African trypanosomiasis in endemic regions within

the tsetse fly belt across sub-Saharan Africa. Animal African
trypanosomiasis is caused by T. congolense, T. vivax, and T.
brucei and inflicts substantial economic strains on the African
livestock industry. The parasitic life cycle within the mammalian
host is initiated by the intradermal injection of metacyclic
trypomastigotes by the tsetse fly vector. The extracellular
parasites then reach the draining lymph nodes, presumably
via invasion of the afferent lymphatics and then disseminate
systemically (38, 39). During this process the metacyclic
trypanosome forms differentiate into long slender bloodstream
forms that are adapted for survival within the mammalian host.
When C57BL/6 mice are infected with T. brucei the initial
parasitaemic wave coincides with the expression of high levels of
IFNγ by the host in an attempt to control the infection. However,
the trypanosomes also cause significant immunosuppression
enabling them to establish chronic infections in the hostile
environment of the host’s bloodstream.

A study has shown that the severity of malaria and
trypanosomiasis was exacerbated in mice co-infected with P.
berghei and T. brucei (40). In the co-infected mice survival
rates were reduced and the parasitaemias were greater, with
more severe anemia and hypoglycaemia. Each of these infections
induces a strong pro-inflammatory response with high levels
of IFNγ. Further studies are necessary to determine whether
additive/synergistic effects of each infection on IFNγ expression
are responsible for the increased disease severity observed in the
co-infected mice.

Trypanosome infectionsmay alsomodulate host susceptibility
to infection with some pathogenic bacteria. For example, in
mice chronically-infected with either Brucella melitensis, B.
abortus, or B. suis, the burden of bacteria in the spleen was
reduced if the mice were also co-infected with T. brucei (41).
The effects of T. brucei infection on Brucella burdens in
co-infected mice were impeded in the absence of functional
IL-12p35/IFNγ signaling. This suggests that the strong pro-
inflammatory IFNγ-mediated immune response induced by
the T. brucei infection aided the clearance of Brucella. Thus,
although infections with T. brucei can induce significant levels
of immunosuppression and immunopathology, this study shows
that under some circumstances the host’s response to T. brucei
infection may provide protection against co-infection with other
pathogens (41). However, this not true for all pathogenic
bacteria. Although Th1 responses are essential for protection
against Mycobacterium tuberculosis, T. brucei infection did not
ameliorate the susceptibility of mice to co-infection with this
pathogenic bacterium (41).

T. cruzi
Infection with the obligate intracellular parasite T. cruzi causes
Chagas’ disease and is an important cause of morbidity and
mortality in humans in Central and South America (42).
Concurrent infection of mice with S. mansoni can significantly
affect disease pathogenesis and susceptibility following infection
with T. cruzi (43). The co-infected mice were shown to be unable
to effectively control the T. cruzi infection, and the increased
parasitic load was accompanied by substantial inflammation
in their livers. Infections with T. cruzi are associated with
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the establishment of a Th1-polarized immune response, and
the production of macrophage-derived NO from arginine by
inducible NO synthetase (iNOS) is important for parasite
clearance. However, during the chronic phase of schistosomiasis
high levels of arginase-1 are instead expressed by alternatively
activated macrophages. In the S. mansoni co-infected mice, the
reduced protection against T. cruzi coincided with the reduced
production of IFN-γ and NO (43). This study illustrates how
macrophage polarity and the relative expression levels of iNOS
and arginase-1 in response to infection with one parasite could
influence the host’s ability to co-infection with other parasites.

APICOMPLEXAN PARASITES

Toxoplasma gondii
T. gondii is an orally-acquired obligate intracellular protozoan
parasite affecting ∼30% of the human population. Following
oral infection, the parasites typically disseminate systemically
and convert into dormant stages in muscle tissues and the
brain. Infection with T. gondii elicits a strong Th1-polarized
immune response characterized by production of IFNγ, IL-12,
and parasite specific IgG2a antibodies. Studies in mice suggest
these responses are important for host protection. Infections are
typically asymptomatic in immunocompetent humans, but can
reactivate in immunocompromised individuals and result in the
development of a life-threatening encephalitis.

Although a study has shown that gastrointestinal helminth
(H. polygyrus) co-infection did not affect the induction of a
protective Th1 response to T. gondii infection (44), the Th2-
response to theH. polygyrus infection was impeded. Co-infection
with T. gondii in these mice was instead accompanied by a shift
toward a non-protective helminth-specific Th1 response (44).
Conversely, separate studies have shown that H. polygyrus co-
infection can negatively impact upon CD8+ T cell differentiation
and cytokine production in response to T. gondii infection
(45, 46). Conventional dendritic cells from the H. polygyrus co-
infected mice also had reduced expression of IL-12 (46). The
reasons for the contrasting outcomes in these two studies are not
immediately apparent, but are perhaps explained by important
differences in their experiment design. In the first study (44), the
mice were first infected with T. gondii and 14 days later orally co-
infected withH. polygyrus. However, in the other studies (45, 46),
the mice were first infected with H. polygyrus and subsequently
co-infected with T. gondii parasites.

Although further experiments are necessary to confirm
the cellular and molecular mechanisms that underpin these
effects, these studies suggest that differences in the order and
timing of the infections with two distinct oral pathogens, can
significantly influence the host’s response to the second. In
particular these data imply that the presence of a strong Th1-
polarized immune response to an ongoing T. gondii infection can
impede the development of Th2-polarized immune responses to
a subsequent helminth co-infection (44). However, the induction
of CD8+ T-cell responses against T. gondii co-infection is
impeded in the presence of an existing Th2-polarized immune
response to a gastrointestinal helminth infection.

Eimeria
Eimeria tenella is a major pathogen of chickens causing
intestinal coccidiosis. Infection with E. tenella is restricted to the
caecum and causes significantmorbidity andmortality, including
diarrhea, mucosal lesions and weight loss. The prevalence of E.
tenella and T. gondii is widespread, suggesting co-infections with
these two pathogens may be common. The effect of co-infection
of chickens with Eimeria and T. gondii has been addressed in an
experimental study (47). However, the pathology and immune
response following co-infection with these parasites did not
differ significantly from that observed in chickens infected with
Eimeria alone. Co-infection with Eimeria also did not affect the
abundance of T. gondii-positive tissue samples or the clinical
course of T. gondii infection. Distinct T. gondii strain types have
been characterized in Europe and North America (type I, II,
and III) and these can significantly influence the virulence and
severity of the disease in different host species (48). For example,
chickens are generally considered refractory to infection with
type I or II oocysts (49, 50), but they may cause severe disease
in other host species such as mice (51). Whereas, co-infection
of chickens with two common apicomplexan parasites did not
reveal any significant mutual effects on disease pathogenesis (47),
a study of wild rabbits in Scotland suggested a link between T.
gondii infection and higher burdens of E. stiedae (52). Whether
differences in the virulence of T. gondii infection in different host
species could have a significant impact on their susceptibility to
co-infection with other pathogens remains to be determined. Of
course, the possibility also cannot be excluded that the rabbits
with high Eimeria burdens had high susceptibility to orally-
acquired parasite infections.

Giardia
Infection with Giardia duodenalis (syn. G. intestinalis, or G.
lamblia) is a leading cause of waterborne diarrhoeal disease.
The characteristic signs of Giardiasis include diarrhea, abdominal
pain, nausea, vomiting, and anorexia, with some individuals also
developing extra-intestinal and post-infectious complications.
Little is currently known of the effects of parasite co-infections on
susceptibility to giardiasis. A study of 3 year old children in the
Quininde district of Ecuador has shown that those co-infected
with the gastrointestinal helminth A. lumbricoides had plasma
cytokine profiles indicative of an increased Th2/Th1 cytokine
bias, and significantly lower plasma levels of IL-2 and TNF-α
when compared to those infected with G. lamblia alone (53).
Studies from mouse models have shown that expression of TNF-
α is essential for resistance to G. lamblia infection (54). Little
is known of the mechanisms that are essential for protection of
humans against Giardia infections. However, it is plausible that
the effects of Ascaris infection on TNF-α expression may have
negatively affected the ability of the children to eradicate Giardia.

EFFECTS ON BACTERIAL INFECTIONS

Effects on Salmonella Pathogenesis
Oral infections with the Gram negative bacterium Salmonella,
through consumption of contaminated food such as meat, eggs,
or milk are amongst the most common causes of diarrhea.
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Co-infections with distinct parasites, helminths, and malaria
parasites, have each been shown to exacerbate susceptibility to,
or the pathogenesis of, salmonellosis.

Many of the examples discussed above have suggested a link
between the induction of a Th2-polarized immune response
to helminth infection and the reduced development of Th1-
polarized immunity to co-infection with other pathogens.
However, co-infection of mice with the gastrointestinal helminth
H. polygyrus has also been shown to enhance the pathogenesis
of infection with Salmonella enterica serovar Typhimurium
independently of the actions of Th2 cells and regulatory T cells
(55). Here, co-infection with H. polygyrus has been reported
to disrupt the metabolic profile within the small intestine,
and by doing so, directly affect the invasive capacity of S.
typhimurium. This helminth infection was shown to mediate
this effect through the enhancement of bacterial expression
of Salmonella pathogenicity island 1 (SPI-1) genes (55). This
study reveals a novel immune system-independent mechanism
by which a helminth-modified metabolome in the host’s intestine
can promote susceptibility to bacterial co-infection.

Invasive nontyphoid Salmonella (NTS) bacteraemia is
a common cause of community-acquired bacteraemia in
the human populations of several regions of sub-Saharan
Africa (56). Associations between NTS co-infection and
high malaria mortality have been reported (57), and a
study of hospitalized children in north-eastern Tanzania
showed that a decline in malaria cases was associated with a
similar decline in the incidence of NTS and other forms of
bacteraemia (58).

Since malaria parasites establish infection within erythrocytes,
the daily rounds of parasite replication within these cells
can cause high levels of erythrocyte lysis and haemolysis,
resulting in anemia. The association of NTS infection with
haemolysis is well-established in humans with malaria, especially
in patients with severe malarial anemia (59). This haemolysis
releases large quantities of cell-free haeme which is toxic
to the host. To counter this cytotoxicity, haeme oxygenase
1 (HO-1) expression is induced to degrade the haeme and
provide tolerance toward some of the pathological consequences
of malaria infection. The actions of HO-1 also provide
an additional cytoprotective role by limiting the production
of reactive oxygen species (60). However, data from mice
(61) and from the analysis of neutrophils from malaria-
infected children (62) show that the actions of HO-1 in
granulocytes in response to haemolysis during malaria infection
impedes their oxidative burst activity and production of
reactive oxygen species. This leads to dysfunctional granulocyte
mobilization and long-term neutrophil dysfunction. As a
consequence, Salmonella are able to survive and proliferate
within neutrophils during malaria infection due to their
decreased oxidative burst activity, leading to increased NTS
susceptibility (61, 62). These data clearly show how a host-
induced cytoprotective response to one of the pathological
consequences of malaria infection (haemolysis) can significantly
impair neutrophil-mediated resistance to co-infection with
another pathogen.

Mycobacterium tuberculosis
Infection with the obligate intracellular bacteriumM. tuberculosis
causes tuberculosis (TB), a chronic disease affecting ∼2 billion
people worldwide. This infection typically affects the lungs, and
the majority of individuals infected with M. tuberculosis have
latent infections and are asymptomatic. However, data from
various clinical studies in humans have raised the hypothesis
that helminth co-infections may affect TB susceptibility and
the risk of developing latent M. tuberculosis infection, as co-
infected patients often displayed more advanced disease (63,
64). Gastrointestinal helminth infections may also modulate
susceptibility and/or disease pathogenesis to co-infection with
other pathogenic Mycobacteria spp. Infection with M. leprae
or M. lepromatis causes leprosy, a chronic granulomatous
infectious disease. A study of Indonesian patients infected with
M. lepromatis reported that those with gastrointestinal helminth
infections (e.g., T. trichiura, Stongyloides sterocalis) similarly
presented with more severe types of leprosy (65).

Studies from animal models, especially mice, indicate that
protection against TB infection is dependent upon the induction
of a strong pro-inflammatory Th1-polarized immune response
and production of IFNγ, IL-12, and TNF-α, as well as
contribution from Th17 cells and IL-17 and IL-23 (66, 67). The
immune response induced by co-infection with gastrointestinal
helminths may affect immunity to M. tuberculosis through
a range of distinct mechanisms, including the induction of
regulatory T cell responses (68), modulation of Th1 and Th17
responses to the bacterial infection and reduced expression of
effector cytokines (69–71). The increased expression of Th2
cytokines, especially IL-4, inmice co-infected with helminths also
promotes the induction of alternatively activated macrophages.
These cells have been shown to be less effective than pro-
inflammatory IFNγ-stimulated macrophages in controlling M.
tuberculosis (72, 73). Indeed, antigens from helminths such as
T. muris and Hymenolepis diminuta (tapeworms) can induce
an alternatively activated phenotype in human macrophages,
reducing their ability to control M. tuberculosis infection in
vitro (74). However, mouse studies show that under some
circumstances the acute host response to helminth infection
might enhance the early control of M. tuberculosis infection by
alveolar macrophages (75).

Although the induction of T cell responses is considered
essential for protective immunity against TB infection, B cells,
and the production of mycobacterial-specific antibodies have
also been proposed to play an important role (76). However,
helminth infections can also influence B cell responses to M.
tuberculosis infection. Co-infection of humans with Strongyloides
stercoralis has been shown to affect B cell responses during latent
tuberculosis infection, significantly reducing B cell numbers, the
induction of mycobacterial-specific IgM and IgG resopnses and
expression levels of the B-cell growth factors APRIL and BAFF
(77). These helminth-associated impairments to mycobacteria-
specific B cell responses could have significant implications
for the efficacy of vaccine-induced immune responses to TB
in affected regions. However, a clinical trial study in healthy,
previously BCG vaccinated adolescents reported that helminth
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co-infection (S. mansoni did not impact on the efficacy of a
candidate viral vector-based TB vaccine (78).

Pneumonia
A study of goats in Nigeria revealed that the incidence of
pneumonia corresponded with the presence of gastrointestinal
parasitism in the same animals (79). Furthermore, a strong
association was observed between the occurrence of helminth
infections and granulomatous pneumonia. In this study
the affected goats were often hydrated, implying that the
gastrointestinal helminth infections may have caused pulmonary
oedema due to increased fluid accumulation in the lung.
The authors suggested that may this have reduced the
efficacy of immunity in the lung, enabling other pathogenic
microorganisms (bacteria and/or viruses) to establish infection
and the subsequent development of pneumonia (79).

Pathogenic Escherichia coli
The zoonotic bacterium E. coli O157 is a worldwide problem for
public health causing haemorrhagic diarrhea in infected humans.
Cattle are considered the major reservoir for human infection,
and infection in these animals is usually asymptomatic. A study of
14 British farms suggested that co-infection with the liver fluke F.
hepaticamay increase the risk of E. coliO157 shedding (80). This
implies that strategies aimed at controlling F. hepatica infection
may have additional benefit by reducing the shedding of E. coli
O157.

Giardia lamblia and enteroaggregative E. coli are two
of the most commonly isolated pathogens in malnourished
children. Mice fed on a protein-deficient diet were used to
model the pathogenesis of co-infection with these pathogens in
malnourished individuals (81). The malnourished mice fed a
protein-deficient diet exhibited significantly greater weight loss
following co-infection with G. lamblia and enteroaggregative
E. coli when compared to co-infected mice that received a
normal diet. This study reveals how the combined effects of
the composition of the host’s diet and pathogen infection
can affect disease pathogenicity. Studies using a laboratory
biofilm system to mimic the human gut microbiota have
revealed that G. duodenalis can cause significant dysbiosis.
These effects were mediated in part through the actions of
secretory-excretory Giardia cysteine proteases, and these could
promote gut epithelial cell apoptosis, tight junction disruption,
and bacterial translocation across the gut epithelium (82).

Despite the ability of Giardia infection to cause intestinal
dysbiosis, in countries with poor standards of sanitation Giardia
infection has been associated with decreased incidence of
diarrhoeal disease. This raised the hypothesis that infection
with Giardia spp. might modulate host responses to co-
infection with attaching and effacing enteropathogens. Weight
loss, pathological signs of colitis and bacterial colonization and
translocation were significantly attenuated in mice co-infected
with G. muris and the attaching and effacing enteropathogen
Citrobacter rodentium (83). These effects coincided with
enhanced secretion of the antimicrobial factors β-defensin 2
and trefoil factor 3 by gut epithelial cells during co-infection
(83). This suggests that components of the host response to

infection with Giardia spp. (e.g., production of antimicrobial
factors) may reduce susceptibility to gastrointestinal co-infection
with certain pathogenic bacteria. These studies also highlight how
differences in the anatomical niches that the parasites inhabit
may also have a significant influence on the disease pathogenesis
of a bacterial co-infection. When pathogens infect the same
niche such as the gastrointestinal tract, infection with Giardia
spp. may provide protection against bacterial co-infection (83).
Conversely, infection with F. hepatica in the liver was associated
with the enhanced pathogenesis of a bacterial co-infection in the
intestine (80).

EFFECTS ON VIRAL INFECTIONS

Several studies have revealed how parasite co-infections,
especially helminths, can reduce immunity to important viral
pathogens. In many of these instances the induction of a Th2-
polarized immune response to the parasite infection appears to
impede the development of effective antiviral immunity. For
example, mice co-infected with the gastrointestinal helminths
Trichinella spiralis or H. polygyrus and mouse norovirus (MNV)
had increased viral loads and reduced levels of virus-specific
CD4+ T cells expressing IFNγ and TNF-α when compared
to mice infected with norovirus alone (84). The production
of Th2 cytokines during helminth infection is associated with
the expression of the transcription factor signal transducer
and activator of transcription 6 (STAT6) by alternatively
activated macrophages. In mice deficient in STAT6, viral
loads were reduced when compared to wild-type controls
indicating that the induction of STAT6-dependent alternatively
activated macrophages during helminth infection can impede the
induction of antiviral innate and adaptive immunity (85). As well
as impeding the efficacy of anti-viral immunity, the expression
of IL-4 and activation of the transcription factor STAT6 during
helminth infection in mice can also promote the reactivation of a
latent γ-herpesvirus infection (85). The sections below describe
how parasite co-infections may impede immunity to certain
viral pathogens, but examples are also provided where potential
host-protective effects have been proposed.

Impeding Viral Immunity
Hepatitis C Virus (HCV)
Infections with HCV can cause liver fibrosis and cirrhosis
and are major causes of chronic liver disease throughout the
world. A study of Egyptian HCV patients co-infected with
S. mansoni showed that these individuals had significantly
higher concentrations of HCV proteins in distinct stages of
the virus-mediated hepatic fibrosis (86). Co-infected individuals
may also have an increased rate of progressing through the
different pathological stages of HCV-mediated hepatic fibrosis
than those infected with HCV alone. The authors suggested
that the immune response induced in response to S. mansoni
infection may have led to enhanced HCV propagation and
increased concentration of HCV proteins. This implies that
that components of the immune response to the schistosome
infection may have suppressed the HCV-induced Th1 cytokine
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production, reducing antiviral immunity. Treatment of co-
infected patients with anti-schistosome therapy may therefore
help to decrease the progression rate of the HCV-induced hepatic
fibrosis.

Human Immunodeficiency Virus (HIV)
African adults infected with HIV are often co-infected with
gastrointestinal parasites. A study of HIV-infected Ugandans
showed a high prevalence of parasitic infections (especially
Necator americanus), and co-infection with hookworms
correlated with much lower peripheral blood CD4+ T cell
levels than those infected with HIV alone (87). This raises
the suggestion that individuals co-infected with hookworms
and HIV are at a distinct immunologic disadvantage when
compared to those infected with HIV alone. This hypothesis has
been experimentally tested in mice using a helminth/retrovirus
co-infection model (88). Although the ability of the mice
to control the L. sigmodontis infection was not affected in
the co-infected mice, helminth infection did interfere with
the host’s ability to the control of the viral infection. Levels
of virus-specific CD8+ T cells, FoxP3+ regulatory T cells,
and cytokines were similar in co-infected mice and those
infected with Friend virus alone. The increased viral loads in
co-infected mice were instead associated with reduced titres
of neutralizing virus-specific IgG2b and IgG2c antibodies.
However, earlier studies in humans have reported no beneficial
effect of antihelminthic treatment on HIV viral loads [plasma
HIV-1 RNA concentrations; (89)], and other studies have
suggested that helminth co-infections do not exacerbate HIV
infection (90). On face value, the prospective studies undertaken
in humans suggest that antihelmitic treatments or helminth-
specific vaccines are unlikely to have any beneficial effects in
regions with high incidence of helminth and HIV infections.
However, further studies are necessary to determine whether
additional factors such as host age, the intensity of the helminth
infection or magnitude of the viral load affect the efficacy of such
approaches.

Human T-Cell Lymphotropic Virus-1 (HTLV-1)
Strongyloides stercoralis is a soil-transmitted intestinal helminth
parasite of humans. Infection occurs following penetration of the
skin by filiform larvae. The majority of S. stercoralis infections
are asymptomatic to mild, but a life-threatening hyper-infection
syndrome can develop in immunosuppressed hosts. This is
accompanied by the massive dissemination of the filariform
larvae from the colon to the lungs, liver, central nervous
system, or kidneys. Co-infection with HTLV-1 can impede the
induction of Th2-polarized immunity (91, 92), and patients
infected with HTLV-1 have more frequent andmore severe forms
of strongyloidiasis. Patients co-infected with HTLV-1 and S.
stercoraliswere shown to have higher parasite burdens than those
with strongyloidiasis alone (93). Mouse models have shown that
IL-5-mediated eosinophil production and activation is important
for protection against infection with S. stercoralis (94). In patients
co-infected with HTLV-1 and S. stercoralis both parasite antigen-
specific IL-5 responses and eosinophil levels were significantly
decreased, suggesting an additional means by which the virus

infection may impede immunity to helminths. However, rare
incidences of acute respiratory distress syndrome have been
encountered in HTLV-1-infected patients following treatment
with antihelminthics (95). The mechanisms responsible for the
development of this pathology are unknown, but it is plausible
that acute immune reactions to the intrapulmonary destruction
of the large parasite burden following antihelminthic treatment
may play a role in triggering this response (95).

Vaccinia Virus
A study in BALB/c mice has shown that co-infection with Ascaris
in Vaccinia virus-infected hosts enhances the virus-associated
pathology due to impairedVaccinia virus-specific immunity (96).
The levels of splenic CD8+ T cells in the co-infected mice were
significantly reduced, as was the frequency of IFN-γ-producing
virus-specific CD4+ and CD8+ T cells. Similar effects have also
been reported in mice co-infected with S. mansoni (97). In this
study Vaccinia virus-specific CD8+ cytotoxic T-cell responses
were reduced in the mice co-infected with S. mansoni, suggesting
a mechanistic link between the increased viral loads and reduced
viral clearance. Since many chronic helminth infections induce
a strong Th2-polarized immune response, the above examples
suggest that the presence of this cytokine milieu at the time of
virus co-infection may play an important role in impeding the
induction of the IFNγ-mediated control of virus replication.

Respiratory Syncytial Virus (RSV)
In contrast to the above reports, it is plausible that in some
circumstances that co-infection with helminths may enhance
protection against viruses. Respiratory syncytial virus (RSV) is
a major respiratory pathogen, and nearly all infants are infected
with this virus by the age of 2 years old. However, because
the virus does not induce lasting immunity recurrent RSV
infections can occur throughout life. A study has shown how
a gastrointestinal helminth infection can promote protective
antiviral effects in the lung (98). Mice infected with H.
polygyrus had reduced viral loads after co-infection with
RSV and developed significantly less disease and pulmonary
inflammation. These effects were not a considered to be a
consequence of the induction of a Th2-polarized immune
response to the worm infection. Instead, H. polygyrus infection
coincided with the upregulated expression of type I IFN in the gut
and the lung in a microbiota-dependent manner. Furthermore,
the protective effects of helminth infection on RSV co-infection
were impeded in mice lacking type I IFN receptor signaling
(Ifnar1-deficient mice).

Virus Infection in Amphibians
All the above studies have described parasite virus co-infections
in mammals or birds, but similar interactions have been
reported in experimental amphibians. Prior infection of the
larval stages (tadpole) of four distinct amphibian species
with trematode parasites (Echinoparyphium spp.) significantly
reduced viral loads following co-infection with ranavirus
(99). Furthermore, Echinoparyphium co-infection coincided
with reduced ranavirus transmission within a community
of larval wood frogs (Lithobates sylvaticus). The cellular
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and molecular mechanisms by which helminth co-infection
mediated these effects on ranavirus pathogenesis remain to be
determined.

INFECTIONS WITH PRIONS

(TRANSMISSIBLE SPONGIFORM

ENCEPHALOPATHIES)

Prions are a unique group of pathogens that can cause infectious,
chronic, neurodegenerative diseases in humans and some
domesticated and free-ranging animal species. The precise nature
of the infectious prion is uncertain, but an abnormal, relatively
proteinase-resistant isoform (PrPSc) of the host cellular prion
protein (PrPC), co-purifies with prion infectivity in diseased
tissues (100). Many natural prion diseases are acquired by
oral consumption of contaminated food or pasture. The gut-
associated lymphoid tissues (GALT) within the lining of the
intestine such as the tonsils, Peyer’s patches, appendix, colonic,
and caecal patches, together with the mesenteric lymph nodes,
help to provide protection against intestinal pathogens. However,
the early replication of prions within the Peyer’s patches in
the small intestine is essential for their efficient spread of from
the gut to the brain (a process termed neuroinvasion) (101–
104).

Natural prion disease susceptible hosts such as sheep,
deer, and cattle are regularly exposed to helminths but it
is uncertain whether co-infections with these pathogens can
influence oral prion disease pathogenesis, for example by
causing damage to the gut epithelium and enhancing the
uptake of prions into the GALT. In one study, lambs with
high genetic susceptibility to natural sheep scrapie were
experimentally co-infected with Teladorsagia circumcincta at
monthly intervals from 6 to 11 months old and effects on prion
disease determined (105). Although no mechanistic insights
were reported, the authors suggested that the onset of prion
disease was shortened in the co-infected lambs. However,
the significance of data reported in this study is unclear
as the animals were co-infected with T. circumcincta long
after prion neuroinvasion from the intestine had occurred
(106, 107). Conversely, when mice were co-infected with the
large intestine-restricted helminth pathogen T. muris around
the time of oral prion exposure, no effects on prion disease
duration were observed (104). This is most likely because
the large intestinal GALT are not important early sites of
prion accumulation and neuroinvasion (104). Clearly additional
studies are required to determine whether the pathology
specifically in small intestine caused by a helminth infection
may influence the prion neuroinvasion from the gut to the
brain.

CONCLUDING REMARKS

Infectious diseases are commonly studied in experimental
animals exposed to individual pathogenic microorganisms.
However, this review described many examples of how infection
with certain parasites can have a dramatic influence on host

susceptibility or disease pathogenesis to co-infection with other
pathogens. Many of these studies have reported correlations
between alterations to specific immune parameters (T cell
polarity etc.) and pathogen susceptibility, raising the hypothesis
that many of the effects of co-infection are immune mediated.
For example, alterations to the polarity of the T-cell response
or macrophage phenotype induced by the parasite infection
could affect the induction of protective immunity to co-
infection with another pathogen. Further scrutiny of these
studies shows that in many instances definitive demonstrations
that the effects are indeed immune-mediated are lacking.
Addressing these issues in natural host species is technically
challenging. However, a large array of murine in vivo tractable
systems are now available that enable the contributions of
specific cellular and molecular immune components to be
determined.

Laboratory mice housed to high microbiological status in
specific-pathogen free conditions have proved to be highly
tractable model systems in which to study the pathogenesis of
many infectious diseases. How representative these mice are to
natural host species in field conditions is questionable, since wild
mice are typically infected with numerous micro- and macro-
parasite species. The immune status of laboratory mice and
wild mice differs significantly (108). Wild mice are markedly
more antigen-experienced than laboratory mice, displaying on-
going immune activation and the presence of an inflammatory
myeloid cell subset that has not been detected in laboratory
mice. Wild mice also express cytokine responses to microbial
ligands that are similar or lower when compared to laboratory
mice, and have highly heterogeneous gut microbiomes (108,
109). This suggests that the high level of pathogen exposure
is a major driver of the enhanced immune activation in
wild mice.

Many of the above examples suggest links between alterations
to Th2/Th1 polarity or the nature of the innate immune
response and susceptibility to pathogen co-infection. However,
the underlying rules that dictate whether these interactions are
likely to confer increased susceptibility or protection are not
always apparent and are likely influenced by multiple factors. For
example, susceptibility to these co-infections may be dependent
on the individual niches that each pathogen inhabits in the
host e.g., the same niche, or mucosal (gastrointestinal) vs.
systemic. In other situations, the induction of a strong pro-
inflammatory response to a parasite infection may exacerbate
susceptibility and/or pathology following co-infection with
another pathogen that induces a similar pro-inflammatory
response. Chronic helminth infection in mice also promoted the
reactivation of a latent virus infection. But not all the effects
on co-infection appear to be directly immune mediated, as
disruptions to the metabolic profile within the gastrointestinal
tract following helminth infection promoted susceptibility to
co-infection with certain pathogenic bacteria. As well as
influencing host susceptibility to pathogen co-infection, the
immune response to certain parasite infections may have other
important health issues by negatively affecting the induction of
antigen-specific immunity to vaccine antigens, reducing vaccine
efficacy.
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A greater understanding of how infectious disease
susceptibility and pathogenesis are influenced by concurrent
parasite infections will help the design of more effective
treatments to control the spread of infectious diseases.
For example, some helminth-derived ES products possess
potent immunoregulatory properties, and these could be
sufficient to suppress allograft rejection (110). Whether
similar parasite-derived molecules can suppress host-
responses to other pathogens, or conversely can be used
therapeutically to enhance their clearance, remains to be
determined.
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RNA-sequencing was used to detect transcriptional changes in six tissues of cats, seven

days after T. gondii infection. A total of 737 genes were differentially expressed (DEGs),

of which 410 were up-regulated and 327 were down-regulated. The liver exhibited

151 DEGs, lung (149 DEGs), small intestine (130 DEGs), heart (123 DEGs), brain

(104 DEGs), and spleen (80 DEGs)-suggesting tissue-specific transcriptional patterns.

Gene ontology and KEGG analyses identified DEGs enriched in immune pathways,

such as cytokine-cytokine receptor interaction, Jak-STAT signaling pathway, NOD-like

receptor signaling pathway, NF-kappa B signaling pathway, MAPK signaling pathway,

T cell receptor signaling pathway, and the cytosolic DNA sensing pathway. C-X-C

motif chemokine 10 (CXCL10) was involved in most of the immune-related pathways.

PI3K/Akt expression was down-regulated in all tissues, except the spleen. The genes

for phosphatase, indoleamine 2,3-dioxygenase, Hes Family BHLH Transcription Factor

1, and guanylate-binding protein 5, playing various roles in immune defense, were

co-expressed across various feline tissues. Multivariate K-means clustering analysis

produced seven gene clusters featuring similar gene expression patterns specific to

individual tissues, with lung tissue cluster having the largest number of DEGs. These

findings suggest the presence of a broad immune defense mechanism across various

tissues in cats against acute T. gondii infection.

Keywords: Toxoplasma gondii, host-parasite interaction, transcriptome, differential gene expression, biomarkers

INTRODUCTION

The intracellular protozoan Toxoplasma gondii infects almost all warm-blooded animals and
approximately one-third of the world’s human population, causing toxoplasmosis, a serious
illness with fatal consequences in immune-compromised individuals and the unborn fetus (1–3).
The emergence of drug-resistant parasite strains (4) together with the adverse effects of the
currently-available drug therapies (5), and the inability to clear chronic infection highlight
the need for improved treatment strategies to combat toxoplasmosis in humans and animals.
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GRAPHICAL ABSTRACT | The top 10 Differentially Expressed Genes (DEGs) per examined cat tissue. The gene name and symbol, the log2 fold change and

P-value for each gene are shown.

T. gondii has a complex lifecycle, wherein the parasite undergoes
asexual reproduction in the intermediate host and sexual
reproduction in the definitive host (members of the Felidae
family). Cats acquire infection by ingesting prey tissue containing
parasite cysts or, more rarely, oocysts. Prenatal infection may
also occur in cats and humans (2, 6). Infected cats discharge
oocysts (the product of parasite sexual reproduction in the cat’s
intestine) in their feces. The ability to accommodate both sexual
and asexual reproduction of T. gondii, makes cats a significant
source of infection to humans and animals (1, 7). T. gondii is a
food-borne pathogen acquired via oral infection; however, it has
a dispersive nature and can disseminate throughout the cat’s body
to infect multiple tissues (8–14).

Recognizing early transcriptional signatures of infection,
while knowing the factors that determine tissue susceptibility
to T. gondii infection in cats, would assist in planning
preventative measures against environmental contamination
with oocysts. Previous investigations have provided insights
into the transcriptome of many intermediate host species

during T. gondii infection (15–21). However, knowledge of
the mechanisms that underpin the feline host transcriptional
response to T. gondii remains poorly understood; and no
genome-wide expression profiling of multiple tissues from cat,
has been reported. Single-tissue gene expression can provide
information on how a specific tissue responds to infection;
however, understanding the patterns of gene expression across
various tissues may advance our understanding of T. gondii
molecular-pathogenesis events occurring during acute infection
in cats and reveal the mechanisms by which the definitive
host counters a complex infection such as T. gondii. RNA
sequencing (RNA-Seq) of the whole transcriptome has proved
a powerful and versatile tool for global gene expression analysis
(22–24), enabling a comparison of transcriptomes between the
merozoite and tachyzoite stages of T. gondii infecting the cat’s
intestine (25).

Here, we hypothesized that tissues of T. gondii-infected
cats exhibit characteristic transcriptional signatures which are
dominated by a number of genes, and may be exclusive to
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a particular tissue with variance across tissues from the same
individual. Differential gene expression and gene clustering
analyses were performed on six tissues, individually or combined,
in cats infected with T. gondii. Our studies provided novel
information about the transcriptomic landscape of the major
tissue types in cats during acute T. gondii infection and
revealed tissue responsive signatures during acute T. gondii
infection.

MATERIALS AND METHODS

Ethics Approval
All efforts were made to minimize suffering and to reduce the
number of animals in the experiment. All work with live T. gondii
was performed at biosafety level 2 and the animal experimental
protocols were approved by The Animal Administration and
Ethics Committee of Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural Sciences (Protocol Permit
Number: LVRIAEC-2014-001).

Animal Husbandry
Twelve domestic cats (Felis catus; 2 to 3-months-old; Chinese
Li Hua breed) were purchased from a local breeder and housed
individually in a controlled environment. Six cats each from two
litters– were randomly allocated into four groups (2x infected
and 2x control) with three cats per group. All of the cats were
tested negative for feline immunodeficiency virus and feline
leukemia virus using SNAP FIV/FeLV Combo Test (IDEXX,
Westbrook, US), and feline calicivirus and feline parvovirus by
ELISA KIT (NuoYuan, Shanghai, China) prior to the experiment.
Also, cats tested seronegative for the presence of specific anti-
T. gondii antibodies using indirect fluorescent antibody test
(IFAT). Cats were supplied with a commercial diet (Royal
Canine Inc., St. Charles, MO, USA) and water ad libitum during
the 3 weeks prior to experimentation. During the experiment
cats were fed a maintenance diet, based on their daily energy
requirement.

Parasite Strain, Infection and Sample

Collection
T. gondii Pru strain (genotype II) was maintained by passage
through Kunming mice (26). The number of T. gondii cysts
(determined using an optical microscope) was adjusted to 100
cysts per 1ml phosphate buffered saline (PBS, pH 7.4). Each
experimental animal was infected with 100 cysts in 1ml PBS
by intragrastric inoculation. The enteroepithelial sexual cycle of
T. gondii is completed within 3-10 days post ingestion of T. gondii
cysts. This period can be extended to>18 days if cats are infected
by oocysts. Control cats were sham-infected with 1ml PBS only.
Six different tissues (brain, heart, liver, lung, small intestine, and
spleen) were collected from cats seven days after infection, in
order to allow sufficient time for infection to establish. Tissue
collection was performed as a terminal procedure from cats
under deep isoflurane anesthesia, and unresponsiveness to all
stimuli. Collected tissue samples were rinsed in saline, flash
frozen in liquid nitrogen and stored at−80◦C until processing.

Confirmation of Infection
Total genomic DNA was extracted from all harvested tissues

using TIANamp Genomic DNA kit (TianGen
TM

, Beijing, China).
A PCR assay targeting T. gondii B1 gene was used to detect T.
gondii infection in all cat tissues (27, 28). The PCR products
were subjected to electrophoresis on ethidium bromide-stained
2% agarose–Tris-acetate-EDTA gels, and the banding pattern was
visualized by UV transillumination. All of the electrophoresed
PCR products were run with positive and negative control.
T. gondii genotype was confirmed by PCR-restriction fragment
length polymorphism (RFLP) analysis of the positive amplicons
(29).

RNA Extraction and Qualification
Total RNA was extracted individually from the six tissues of
the cats using TRIzol Reagent according to the manufacturer’s
protocol (Invitrogen, CA, USA). The RNA was checked
for degradation and contamination using 1% agarose gels.
RNA purity was evaluated with a NanoPhotometer R©

spectrophotometer (IMPLEN, CA, USA) and RNA concentration
was measured using the Qubit R© RNA Assay Kit in Qubit R©

2.0 Flurometer (Life Technologies, CA, USA). RNA integrity
was assessed using the RNA Nano 6000 Assay Kit of the Agilent
Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

cDNA Library Preparation and Illumina

Deep Sequencing
RNA samples that conformed with Quality Control checks
(QC) were used in the transcriptome-sequencing (RNA-seq)
analysis. Samples were run in duplicate, and each RNA template
consisted of three pooled biological replicates from the same
group. 3 µg RNA per sample was used as input material for

RNA-seq library preparation using NEBNext R© Ultra
TM

RNA
Library Prep Kit for Illumina R© (NEB, USA). Index codes
were added to correlate sequences to their respective samples.
The mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext First
Strand Synthesis Reaction Buffer (5X). First strand cDNA
was synthesized using a random hexamer primer and M-
MuLV Reverse Transcriptase (RNase H-). Second strand cDNA
was synthesized using DNA Polymerase I and RNase H.
Remaining overhangs were converted into blunt ends using
exonuclease/polymerase. Following adenylation of the 3′ends of
DNA fragments, NEBNext Adaptor with hairpin loop structures
were ligated to prepare for hybridization. In order to select
cDNA fragments of 150∼200 bp in length, library fragments
were purified using the AMPure XP system (Beckman Coulter,
Beverly, USA). Then, 3 µl USER Enzyme (NEB, USA) were
used with size-selected, adaptor-ligated cDNA at 37◦C for 15min
followed by 5min at 95◦C before PCR, which was performed
with Phusion High-Fidelity DNA polymerase, Universal PCR
primers and Index (X) Primer. PCR products were purified
(AMPure XP system) and the library quality was assessed with the
Agilent Bioanalyzer 2100 system. The clustering of index-coded
samples was performed on a cBot Cluster Generation System
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using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according
to the manufacturer’s instructions. Following cluster generation,
library preparations were sequenced on an Illumina Hiseq 2500
platform and 125 bp paired-end reads were generated.

Quality Trimming of Illumina Paired-End

Reads
Before read alignment, all the data files (Fastq) were adaptor
trimmed using “scythe” (v0.994 BETA) (https://github.com/
vsbuffalo/scythe) and quality trimmed using the library “sickle”
(v1.33) (https://github.com/najoshi/sickle).

Read Alignment and Transcript Assembly
Index of the reference genome was built using Hisat2 (v2.1.0)
(30). Trimmed paired-end reads were aligned to the reference
genome usingHisat2 for expression estimation. StringTie (v1.3.3)
was then used to assemble the read alignments into known
transcripts for each sample (31). In addition, StringTie also
produces a gene abundance table (FPKM and TPM), which was
used for clustering analysis.

Tissue-Specific Differential Expression

Analysis
A combined read count table at the gene level for all the
samples was generated using a python script available from
StringTie. The Bioconductor package edgeR (v3.18.1) (32) was
used to identify the differentially expressed (DE) genes per-tissue
condition (infected vs. uninfected; two biological replicates per
condition). Genes with a 5% false discovery rate (FDR < 0.05)
and log fold change (logFC) ≥ 1 were considered differentially
expressed.

Gene Ontology (GO) and Pathway Analyses
The Bioconductor package GOstats (v2.42.0) (33) was used to
test for over-representation of GO terms using a hypergeometric
test (hyperGTest). Orthologues for cat gene-sets were found
using Ensembl BioMart against human data; then the cat gene
orthologues were used for gene ontology analysis. GO terms
with a corrected P < 0.05 were considered significantly enriched.
Pathway analysis was performed using bioconductor package
“pathview” (v1.16.5), which implements Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. The significance level of
enrichment of KEGG pathways was identified using FDR < 0.05
and a corrected P < 0.05.

K-Means Clustering
The 21,890 genes identified through HiSat2 and StringTie were
subjected to clustering analysis. In detail: the FPKM values of the
genes from both replicates of each tissue and each treatment (e.g.,
rep 1 and rep 2 of infected brain tissues) were averaged; the log of
the ratio between infected and non-infected conditions for each
tissue was calculated; then, two subsequent k-means clustering
analyses were performed [MeV_4_8 v10.2 (Multi Experiment
viewer)] using Euclidean distance and k= 10 number of clusters.
A stringent expression cutoff was applied to each sub-group of
genes to discard background noise. Specifically, in each of the
six generated clusters where genes showed increased expression

levels concentrated on a single infected tissue, only those genes
with FPKM values >1 in the specific infected condition were
considered as expressed and selected for further analysis. To
visualize gene expression in each cluster, bean plots (which
represent the actual distribution of the individual data sets) were
produced using BoxPlotR: a web-tool for generation of box plots.

Quantitative Real Time (RT)-PCR
Total RNA was extracted from various cat tissues using the
TRIzol method (Invitrogen) and reverse-transcripted to single
strand cDNA using the GoScriptTM Reverse Transcription
System (Promega, MI, USA). GoTaq R© qPCR Master Mix
(Promega, MI, USA) was used to perform RT-PCR reactions in a
QIAGEN’s real-time PCR cycler (Rotor-Gene Q). Amplification
reactions were performed under the following conditions: 2min
at 95◦C, 40 cycles of 95◦C for 15s, 55◦C for 30s, and 72◦C for
30s. All quantitative measurements were carried out in triplicate
and normalized to the housekeeping gene glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) for every reaction (34).
Twelve significant DEGs were selected to validate the sequencing
data. Primers used for RT-PCR are listed in Table 1. The mRNA
fold change was calculated using the following equations (35):

1CT =
1CT(target) −

1CT(GAPDH);

11CT =
1CT(infected) −

1CT(control);mRNA fold change = 2−11CT

RESULTS

Presence of T. Gondii Infection in Cats
Parasite dissemination from the intestine to other tissues, both
close to the inoculation site (small intestine, liver, and spleen) and
to distantly placed organs (brain, heart, and lungs) was confirmed
seven days post infection. T. gondii B1 gene-based PCR analysis
detected the parasite DNA in the brain, heart, liver, lung, small
intestine, and spleen of all infected cats (Figure S1). The parasite
load did not seem to vary across the cat tissues. However, it
is possible that the parasite load may vary over the course of
infection. T. gondii DNA was not detected in any tissue of the
control cats. All positive amplicons that were characterized by
RFLP produced a restriction fragment pattern that correlated
with T. gondii genotype II.

General Features of the Transcriptome

Data
Transcriptome-sequencing analysis generated ∼143 million
sequence reads (125 bp in length) from 24 libraries. After quality
control analysis and the removal of low quality reads, ∼170
Gb clean reads were obtained, with an average of 7 Gb clean
reads/tissue. Less than 95% of the clean reads had Phred-like
quality scores at the Q20 level and GC content of about 50%
(Table S1). The clean reads were mapped to the genome of Felis
catus. Themajority of the clean reads were distributed in the exon
region, with fewer in the intergenic region and the intron region.
Approximately 80% of the clean reads were unique (Table S2);
and subsequent analyses were based on these uniquely mapped
reads.
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TABLE 1 | Gene names and primers used in qRT-PCR analysis.

Gene Primer name* Primer sequence (5
′

to 3
′

)

ADAM11 ADAM11-F 5
′
-CTGTGGCTTCCTCCTCTGTGT−3

′

ADAM11-R 5
′
-TTGCCCTGGTGGTAGAAGGT−3

′

APOA2 APOA2-F 5
′
-CGGTGACTGACTACGGCAAG-3

′

APOA2-R 5
′
-TAACTGCTCCTGGGTCTTCTCAA−3

′

MEP1A MEP1A-F 5
′
-CACCATCATCAACATCCTGTCTC−3

′

MEP1A-R 5
′
-AAGGAAGGTCTGAAGTAGCAAAGGT-3

′

ENO4 ENO4-F 5
′
-TGCATCTCTGTGTTGGTTATGCT−3

′

ENO4-R 5
′
- CGAAGGGCTACATACCGATTTTAC-3

′

IGFI IGFI-F 5
′
-GAGAGGAGTGGAAAACGCAGA−3

′

IGFI-R 5
′
-AGCGGTGAGTCCAAGACAGAG−3

′

GKN2 GKN2-F 5
′
-CATGCTCCTCTACCACGGTTT−3

′

GKN2-R 5
′
-GCAGGGATGGCTTTATGTTTC−3

′

GBP5 GBP5-F 5
′
-GCTAAAGGAAGGCACCGATAAA−3

′

GBP5-R 5
′
-AGTGAGCAGGAGAGTCGAAGATAAA−3

′

OAS1 OAS1-F 5
′
-AGCCATCCACATCATCTCCAC−3

′

OAS1-R 5
′
- AGAGCCACCCTTGACCACTTT-3

′

IDO1 IDO1-F 5
′
-GAACCAAGGCGGTGAAGATG−3

′

IDO1-R 5
′
-GCATAAACCAGAATAGGAGGCAGA−3

′

PI16 PI16-F 5
′
-CTGCCAGAACTGTCTGCCTCT−3

′

PI16-R 5
′
-GTCCTTCATCTGCCCCTCAC−3

′

ACTG2 ACTG2-F 5
′
-AACAGGGAGAAGATGACCCAGA−3

′

ACTG2-R 5
′
-CCAGAAGCATAGAGAGAGAGCACA−3

′

ANKFN1 ANKFN1-F 5
′
-ATACCTCTACACCAGGCAAGGAAC−3

′

ANKFN1-R 5
′
-GCAGGGAGCAGGAGAAGAAA−3

′

GAPDH GAPDH(CAT)-F 5
′
-AAGCCCATCACCATCTTCCA−3

′

GAPDH(CAT)-R 5
′
-TTCACGCCCATCACAAACA−3

′

*Forward (F) and reverse (R) primers.

ADAM11, ADAM metallopeptidase domain 11; APOA2, apolipoprotein A2; MEP1A,

Meprin A Subunit Alpha; ENO4, enolase family member 4; IGFI, Insulin-like growth

factor 1 level; GKN2, gastrokine 2; GBP5, Guanylate Binding Protein 5; OAS1, 2’-5’-

Oligoadenylate Synthetase 1; IDO1, indoleamine 2,3-dioxygenase 1; PI16, Peptidase

Inhibitor 16; ACTG2, actin, gamma 2; ANKFN1, ankyrin repeat and fibronectin type III

domain containing 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Infection Induced Significant Alterations in

Gene Expression
We investigated the distribution of gene expression values across
the six tissues by fragment Per Kilobase of exon per Million
mapped reads (FPKM) (Table S3). ∼47% of the expressed genes
had low expression values (0 < FPKM ≤ 1). The number of
genes with moderate expression values (1< FPKM ≤ 60) and
high expression values (FPKM > 60) accounted for ∼53% of
the total annotated genes. Genes with FPKM ≥ 1 [ranging
from 12,195 (43.80%) to 16,734 (60.10%)] in the six tissues
were considered expressed genes. We used the Bioconductor
package edgeR (v3.18.1) to identify DEGs in each body tissue
of the infected and uninfected cats. A total of 737 genes were
differentially expressed in infected vs. uninfected cats, of which
410 were up-regulated and 327 were down-regulated. Large
differences in gene expression were observed between cat tissues,
indicating heterogenities in the response of cat tissues to T.
gondii infection. Liver exhibited the highest number of DEGs

(151 genes) compared to lung (149 genes), small intestine (130
genes), heart (123 genes), brain (104 genes), and spleen (80
genes) (Figure 1). DEGs of each tissue are listed in Table S4. We
also used quantitative real-time PCR to validate the expression
levels of representative genes, across cat tissues, detected by
RNA-sequencing analysis (Figure 2).

Gene Ontology (GO) Enrichment and

Functional Annotation Analyses
GO enrichment analysis was used to identify the significantly
enriched GO terms in all DEGs using the GOseq R package.
The enriched GO terms of each tissue are shown in Table S5.
All DEGs were mapped to terms in the KEGG database. DEGs
and KEGG pathways related to immune response were highly
represented and are summarized in Table S6.

Signatures of Gene Co-expression
Differences were detected between the transcriptomes of cat
tissues, with significant variations in gene expression between
infected and uninfected tissues (Table S4). Gene co-expression
analysis of DEGs indicated that phosphatase and indoleamine
2,3-dioxygenase (IDO) were co-expressed in five tissues (brain,
heart, liver, small intestine, and spleen); while the HES1 (Hes
Family BHLH Transcription Factor 1) was co-expressed in brain,
heart, liver, and small intestine. Guanylate-binding protein 5 was
detected in heart, liver, lung, and spleen (Figure 3, Table S7).
Expression patterns and pathways associated with co-expressed
DEGs across the various cat tissues are shown (Figure S2).

Global Gene Regulation During T. Gondii

Infection
We employed cluster analysis, which was based on the partition
of genes into clusters according to the log-ratios of gene
expression between infected and uninfected tissues using a
two-tier K-means algorithm. This analysis identified a set of
10 gene groups each characterized by a unique pattern. The
patterns corresponding to individual clusters are visualized as
line plots (Figure 4). Seven of these 10 clusters showed significant
expression levels: spleen (cluster 2); brain (cluster 3); lung (cluster
7); liver (cluster 8), and heart (cluster 9), included up-regulated
genes. Small intestine tissue produced two clusters with opposite
regulation: cluster 4 (up-regulated genes) and cluster 10 (down-
regulated genes). Two clusters (5 and 6) did not exhibit gene
expression patterns specific to any tissue. To isolate the most
representative genes in each cluster, a second clustering analysis
was performed, focusing on genes contained in each of the seven
clusters identified by the initial cluster analysis. Ultimately, seven
groups of tissue-specific genes were identified, and are shown in
heat maps and graphical formats, based on patterns of expression
of individual genes across various tissues (Figures 5A,B).

Refined Gene Clusters After FPKM Filtering
Here, a stringent expression cutoff was applied to each sub-
group of genes to remove background noise. In each of the six
clusters where genes showed increased expression concentrated
on a single infected tissue, only those genes with FPKM values>1
in the infected condition were selected for further analysis. Five
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FIGURE 1 | Bar plot representation of the differentially Expressed Genes (DEGs) across the cat tissues after acute T. gondii infection. The numbers of up-regulated

and down-regulated DEGs assigned to each cat tissue are indicated above the bars. The greatest changes in DEGs between infected and uninfected tissues were

observed in the liver and lung.

FIGURE 2 | RNA-seq transcriptome analysis and quantitative, real-time RT–PCR produced similar gene expression profiles. The expression levels of 12 DEGs across

various cat tissues were determined by qRT-PCR for validation of RNA-seq data. Relative expression levels were calculated using the the 11CT threshold cycle (CT )

method and GAPDH as the reference gene. RNA-seq data are mean of two biological replicates + standard deviation (SD) of normalized read counts. qRT–PCR data

are mean of three biological replicates + SD. P values are calculated with unpaired, two-tailed t-test. The height of the bars represents the log-transformed median

fold changes in gene expression between infected and uninfected cats.
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FIGURE 3 | The number of co-expressed DEGs across cat tissues. Phosphatase and indoleamine 2,3-dioxygenase were co-expressed in five tissues, whereas Hes

Family BHLH Transcription Factor 1 and Guanylate-binding protein 5 were co-expressed in four tissues. Only fully annotated genes are shown.

of these clusters contained up-regulated genes in the spleen (6
genes), brain (13 genes), lung (75 genes), liver (1 gene), and heart
(6 genes). However, the small intestine produced one cluster
of 19 up-regulated genes and one cluster of 21 down-regulated
genes. GO analysis of genes within these seven clusters provided
new insights into biological processes, cellular processes and
molecular functions regulated in cats during T. gondii infection.
The five most highly associated biological process terms with the
enrichment P-values of each cluster are shown (Figure 5C).

KEGG analysis of the DEGs within these seven final
clusters was performed to gain more insight into the biological
processes influenced during infection. We found no similarity
in gene annotation in any cluster in any of the tissues
examined. In small intestine cluster, KEGG analysis identified
networks associated with hematopoietic cell lineage, metabolism
of xenobiotics by cytochrome-P, chemical carcinogenesis and
cytokine-cytokine receptor interaction. Lung cluster showed
high expression levels of genes involved in nicotine addiction,
biosynthesis of unsaturated fatty acids, long-term potentiation,
glycosaminoglycan biosynthesis - heparan sulfate/heparin, cell
adhesion molecules, insulin secretion, GABAergic synapse, fatty
acid metabolism, amyotrophic lateral sclerosis, and adrenergic
signaling in cardiomyocytes. The heart cluster showed high
expression levels in complement and coagulation cascades
and platelet activation. Small intestine cluster showed high
expression levels of genes involved in metabolic metabolism,
drug metabolism and fatty acid and amino acid metabolism.

Genes with different expression patterns across the seven clusters
are shown in Table S8. All of the analyzed clusters contained
genes annotated to GO terms from the three ontologies at
roughly equivalent levels. However, we found considerable bias
in some tissues in regards to the representation of clustered genes
among the three ontologies (Figure S3). The high proportion
of genes annotated to biological process, reflects a trend toward
clustering of metabolic and immune pathways. The most striking
example was in the lung cluster, where 253 terms were found in
the biological process.

Tissue-Specific Changes in Gene

Expression
Even though the number of genes in each cluster was small,
large-magnitude gene expression changes between infected and
uninfected was observed in most of the tissues (Figure 6). The
liver gene cluster had the highest magnitude (7.68 fold), followed
by lung (5.44 fold), brain (3.58 fold), small intestine cluster 4
(3.55 fold), spleen (3.09 fold), and heart (2.98 fold); whereas small
intestine tissue cluster 10 had a magnitude of −3.22 fold. Apart
from the liver with only on gene, lung, brain, small intestine, and
heart showed large magnitude transcriptional changes occurring
in a small number of genes. This suggests that changes induced
by T. gondii infection seem to rely on a small number of genes,
but with large transcriptional changes. The lung was the tissue
showing the greatest number of genes with the largest magnitude
of transcriptional change. Among all highly expressed genes, the
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FIGURE 4 | k-Means clustering patterns of the differentially expressed genes across cat tissues. All DEGs were clustered into 10 groups using k-means clustering

method and visualized with TM4 software. The pink line shows average expression z-scores to visualize the dominant expression trend of each cluster. Each line in the

figure represents an expression value of the corresponding gene. The horizontal axis indicates the type of cat tissues and the vertical axis is the log2 expression ratio.

Fold expression changes between various tissues from infected and uninfected cats were calculated using the log2 ratios. The numbers of genes for each cluster are

indicated. The clusters included DEGs whose expression was either up regulated (clusters 2, 3, 4, 7, 8, and 9) or down regulated (cluster 10). There were no changes

in gene expression observed in clusters 5 and 6. DEGs in cluster 1 was not considered due to lack of specificity to a single tissue.

metallothionein 3 (MT3) gene showed the highest expression
in the infected lung, and it was also one of the genes with
the highest log ratio between infected and uninfected tissues.
Metallothionein-3 protein encoded by MT3 gene binds metals
both in natural (such as Zn, Cu, Se) and xenobiotic (such as Ag,
Cd) conditions, conferring a protective role against metal toxicity
and oxidative stress.

DISCUSSION

The influence of T. gondii infection on the transcriptome of
different tissue of cats is largely unknown. In this study, we
examined the transcriptomes of liver, lung, small intestine, heart,
brain, and spleen tissues of cats, seven days post infection. Inter-
tissue transcriptome comparison revealed that the levels of DEGs
were highest in the liver (151 genes) and lungs (149 genes),
indicating a significant gene transcriptional response to infection
in the liver and lung compared to other feline tissues. This
result supports previous reports, wherein liver and lung seemed
to be the most likely tissues to be involved in clinical cases
of toxoplasmosis with a rapid fatal outcome (11–13, 34, 36).

It is plausible that the timing and duration of infection can
influence host tissue transcriptional response to the parasite, as
previously indicated by the difference in the transcriptomes of
mouse brain between acute and chronic T. gondii infection (17),
and this could alter cytokine responses of the host to infection.

The transcriptional landscape of infected cat tissues was
dominated by an immune gene expression signature, wherein,
cytokine-cytokine receptor interaction, Jak-STAT signaling
pathway, NOD-like receptor signaling pathway, NF-kappa B
signaling pathway, MAPK signaling pathway, T cell receptor
signaling pathway and the cytosolic DNA sensing pathway,
were amongst the up-regulated immune pathways in almost
all tissues. The importance of Toll-like receptor signaling in
controlling T. gondii infection has been established (37). Many
of the upregulated genes (e.g., CXCL10, SOCS3, MAPK13,
CXCL9, CD2, CSF2RA, PI4K2B, IGF1, PFKFB1, MMP7, FZD8,
TNFSF10, and RelB) identified in the livers are involved in
immune-related pathways. Some of these genes are involved
in the development of Natural Killer (NK) and adaptive T
cell responses, leading to the production of Interferon gamma
(IFN-γ) and resistance to infection (38). T. gondii is very
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FIGURE 5 | Hierarchical and K-mean clustering analysis of the DEGs within clusters. Differentially expressed, co-regulated genes in each cluster were grouped using

k-means clustering. Average cluster size varied considerably among tissues with lung containing the largest cluster with 75 genes. The smallest cluster was found in

(Continued)
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FIGURE 5 | the liver, averaging 1 gene per cluster. The DEGs clustered into 7 major groups, demonstrated in (A) heat map and (B) graphical format, based on

patterns of gene expression across the differing cat tissues. Red and green circles indicate the tissue-specific up- and down regulated genes, respectively. Negative

values indicate decreased expression, and positive values indicate increased expression. (C) GO analysis of DEGs within clusters after FPKM filtering identified the top

associated enriched GO terms with corresponding enrichment P-values, shown on right.

FIGURE 6 | Beanplots showing variation in the magnitude of gene expression within clusters in infected vs. uninfected tissues. The x-axis shows the number of genes

of each cluster in the corresponding tissue. The y-axis indicates the average log2 fold change in gene expression. The width of the plot represents the distribution of

data, short lines inside the shapes depict individual data points and heavy horizontal lines show the medians within each cluster, while the dotted line indicates the

overall average. Plots were drawn using the R beanplot package.

efficient in manipulating the host’s immune defense (39, 40); and
previous studies have indicated that host immune response is
a key determinant of clinical outcome following infection with
T. gondii (16–20, 41, 42).

Although spleen had the lowest number of DEGs (80
genes) compared to other tissues, KEGG analysis identified
multiple immune signaling pathways that were influenced
by infection. Most of the immune pathways were up-
regulated in spleen of infected cats; such as Toll-like receptor
signaling pathway, cytosolic DNA-sensing pathway, RIG-
I-like receptor signaling, TNF signaling pathway, FoxO
signaling pathway, chemokine signaling pathway, and PI3K/Akt
signaling pathway. Of note, C-X-C motif chemokine 10
(CXCL10) was involved in most of the immune-related
pathways. Our previous study demonstrated that CXCL10
was up-regulated in pig peripheral blood mononuclear
cells during early T. gondii infection (20, 21). CXCL10 is a
chemokine secreted from cells stimulated with IFN-γ, and
plays an important role in chemo-attraction of immune
cells (43). This result indicates that T. gondii influences
chemokine gene expression in spleen during early T. gondii
infection.

T. gondii is a food-borne pathogen and infection is initially
established in the small intestine by consuming prey containing
parasite cysts or oocyst-contaminated water (44); leading to

enteropathy (45). Therefore, successful infection of the host
intestine is essential for subsequent parasite dissemination to
different tissues. Others have showed that in vitro infection of
rat intestinal epithelial cells can trigger an inflammatory response
characterized by Tumor Necrosis Factor alpha (TNFα) signaling
via NF-κB (46). However, feline host factors that are influenced
by intestinal infection remain largely unknown. In our study, the
global transcriptomic changes in the intestine of the definitive
feline host, have been investigated. A total of 130 DEGs in
the small intestine of infected cats were identified; of which 75
were down-regulated and 55 up-regulated. Some of the DEGs
were involved in immune processes and signaling pathways,
including LOC100302541, TNFSF18, CCL20, TNFRSF6B, IFNG,
SOCS3, ICAM1, CD36, and FGF19. Other immune pathways up-
regulated in liver and spleen tissues were also up-regulated in the
small intestine.

An earlier study investigating the transcriptome of mouse
brain during T. gondii infection reported an increased expression
of genes involved in immune responses and cell activation
(16). Also, host immune and inflammatory response was the
major feature of genes affected by T. gondii infection of
mouse peritoneal cells at five days post infection (47). We also
showed that the expression of genes and signaling pathways
involved in host immune response and cell fate, such as PI3K-
Akt signaling pathway, Hippo signaling pathway and MAPK

Frontiers in Immunology | www.frontiersin.org 10 October 2018 | Volume 9 | Article 2403126

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cong et al. Toxoplasma Induces Tissue-Specific Response in Cats

signaling pathway, was altered in the cat brain. Transcriptional
signatures observed in the cat brain tissue showed also that Notch
signaling pathway is involved in T. gondii neuro-pathogenesis.
Previous T. gondii host/pathogen KEGG pathway interactome
analysis suggested the involvement of six genes of the Notch
pathway in psychiatric/neurological disorders (45, 48). Notch
signaling interacts with other signaling pathways, including
phosphatidylinositol-3-kinase (PI3K)/serine/threonine kinase
(Akt) and NF-κB to regulate cell fate. PI3K/Akt signaling
pathway regulates diverse cellular activities related to cell growth,
metabolism, migration, and apoptosis (49). Notch signaling plays
an important role in various facets of T. gondii pathogenesis
(50). The possibility that PI3K/Akt signaling pathway participates
in promoting T. gondii survival and proliferation (51) and in
mediating cell survival and blockage of apoptotic responses
during T. gondii infection (50), suggests a link between T. gondii
and this signal pathway. This finding supports an earlier
observation wherein many T. gondii strains were found able
to regulate genes enriched for processes involved in cell cycle
regulation in murine macrophages (15).

T. gondii exploits heterotrimeric Gi-protein-mediated
signaling to activate PI3K, leading to phosphorylation of
downstream serine/threonine kinase AKT and extracellular
signal-regulated protein kinases 1/2 (ERK1/2), and the inhibition
of apoptosis (52). In our study, down-regulation of PI3K/AKT
signaling in all tissues, except spleen, was detected and this can
enhance apoptosis of host tissue and limits parasite growth.
Phosphatase (a negative regulator of PI3K/Akt signaling, by
converting PIP3 to PIP2, an opposite action to PI3K) can
interfere with a number of cellular functions, such as cell
proliferation and cell-cycle progression (53), was co-expressed
in five cat tissues. These results indicate diverse roles played
by PI3K/Akt signaling in T. gondii-host interaction. Further
investigation into how the PI3K/Akt pathway interacts with other
signaling mediators is required. NF-κB and mitogen-activated
protein kinase (MAPK) signaling pathways are involved in
the innate immune response to T. gondii (54). Altered MAPK
signaling has been also implicated in toxoplasmosis of mice
(55, 56) and humans (57). Considering that NF-κB and MAPK
are downstream effectors of Akt, it is of significance to clarify
whether this pathway influences the fate of infected cells via the
regulation of NF-κB and MAPK.

Gene co-association Across Tissues
Co-expression analysis of DEGs indicated that phosphatase
gene expression overlapped in five tissues; including brain,
heart, liver, small intestine, and spleen. Transcripts for the
inner-membrane complex (IMC) protein phosphatase have been
involved in gene expression and cell division (46). Indoleamine
2,3-dioxygenase (IDO) was also co-expressed in five tissues:
heart, liver, lung, small intestine, and spleen, but not in the
brain tissue. IDO, the rate limiting catabolic enzyme in the
degradation pathway of tryptophan, initiates the production
of tryptophan degradation products, which exert important
immuno-regulatory functions. IDO, through T-cell functions
and other mechanisms (58), modulates pathophysiological
processes, such as antimicrobial and antioxidant activities, and

immune-regulation. IFNγ produced in response to T. gondii
infection induces IDO enzyme to degrade L-tryptophan, an
amino acid for which T. gondii is auxotrophic (59, 60). IFNγ-
induced L-tryptophan starvation was believed to trigger T. gondii
clearance via noncanonical, ubiquitin-mediated autophagy (61).
Guanylate-binding protein (GBP) was detected in the heart, liver,
lung, and spleen. GBP, IFN-γ-inducible effector, is a member of
the GTPase family, and plays an essential role in mediating host
defense against T. gondii (62). Human guanylate-binding protein
1 (hGBP1) functions against T. gondii infection in human MSCs
(hMSCs). T. gondii replication can be significantly inhibited
by the recruitment of hGBP1 to the parasitophorous vacuole
(PV) membrane in IFN-γ-stimulated hMSCs (63). In mice, the
recruitment of mGBP2 to T. gondii-containing PV was essential
for controlling T. gondii replication (64).

Patterns of Gene Clusters
Genes clustered according to their pattern of expressions
across the six tissues examined, led to the identification of
seven clusters featuring expressions differentiated across tissues
and infected/non-infected conditions. We also detected tissue-
specific variations in the percentage of clustered genes, and in
the properties of gene clusters including functional annotation
and magnitude of gene expression. The differences in each
tissue’s response to infection may imply that some tissue-
specific defense mechanisms exist in order to maintain the
balance between enhancing the host’s response to infection and
promoting the parasite’s survival. The genes within these clusters
after a further processing step imposing a stringent expression
cutoff to avoid any background expression noise were analyzed
for differential transcriptional changes between infected and
uninfected samples (magnitude). Interestingly, the lung besides
showing the greater number of genes showed also the largest
magnitude of transcriptional changes between infected and non-
infected conditions, suggesting that changes induced by infection
in lungs seem to rely on genes, which had large transcriptional
changes.

CONCLUSION

We used two complementary approaches to characterize
alterations in tissue-specific gene expression in cats infected
with T. gondii. Our results revealed considerable transcriptional
differences between cat body tissues, and between infected and
healthy cats. We identified significant tissue-specific differences
in gene expression, and in gene cluster content and functional
annotations. The differences in gene expression and gene
clusters may result from tissue-specific differences in the defense
processes that shape the host-pathogen interaction. Our data
also underlined the importance of immune and inflammatory
response to T. gondii infection, regardless of tissue types. Genes
and pathways discovered in this study, should serve as a basis
for further understanding the cellular and molecular basis of
cat response to T. gondii. These results may assist the selection
of biomarkers useful for developing new diagnostic tools or
therapeutic interventions to control toxoplasmosis in cats.
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Figure S1 | Agarose gel electrophoresis of PCR amplicons after nested

amplification of Toxoplasma gondii B1 gene-specific fragment from cat tissue

DNA. ∼96-bp products of B1 gene were amplified from ∼193-bp B1 PCR

products, originally generated from genomic DNA extracted from different cat

tissues, using the nested primers 5
′
-TGCATAGGTTGCAGTCACTG-3

′
and

5
′
-GGCGACCAATCTGCGAATACACC-3

′
. Samples were analyzed by

electrophoresis through 2% (wt/vol) agarose gels. Gels were stained with ethidium

bromide and DNA was visualized under UV. Lanes: M, DNA ladder marker

(TAKARA, China); 1, positive control; 2, negative control without DNA template;

3–8, positive PCR products from brain, heart, liver, lung, spleen and small intestine

of infected cats; 9–14, negative results of samples obtained from the equivalent

tissues of uninfected cats. The numbers to the left refer to the size (bp) of marker

DNA fragments.

Figure S2 | Differential gene expression patterns across tissues and GO terms of

the overlapping DEGs. (A) A heatmap of the genes expressed in all six tissues.

(B) Gene Ontology terms associated with the co-expressed DEGs.

Figure S3 | Gene Ontology terms and KEGG pathways distribution per gene

cluster.

Table S1 | Summary of RNA-Sequencing data obtained by Illumina HiSeq 2500

platform.

Table S2 | Summary of read mapping.

Table S3 | The number of gene in different expression level intervals.

Table S4 | Differentially expressed genes in various cat tissues.

Table S5 | Functional enrichment analysis of DEGs in various cat tissues.

Table S6 | DEGs involved in immune-related pathways in cat tissues.

Table S7 | Differentially co-expressed genes across various cat tissues.

Table S8 | Gene Ontology analysis of seven gene clusters.
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Intestinal parasitic nematodes live in intimate contact with the host microbiota. Changes

in the microbiome composition during nematode infection affect immune control of

the parasites and shifts in the abundance of bacterial groups have been linked to

the immunoregulatory potential of nematodes. Here we asked if the small intestinal

parasite Heligmosomoides polygyrus produces factors with antimicrobial activity, senses

its microbial environment and if the anti-nematode immune and regulatory responses are

altered in mice devoid of gut microbes. We found that H. polygyrus excretory/secretory

products exhibited antimicrobial activity against gram+/− bacteria. Parasites from

germ-free mice displayed alterations in gene expression, comprising factors with

putative antimicrobial functions such as chitinase and lysozyme. Infected germ-free mice

developed increased small intestinal Th2 responses coinciding with a reduction in local

Foxp3+RORγt+ regulatory T cells and decreased parasite fecundity. Our data suggest

that nematodes sense their microbial surrounding and have evolved factors that limit the

outgrowth of certain microbes. Moreover, the parasites benefit from microbiota-driven

immune regulatory circuits, as an increased ratio of intestinal Th2 effector to regulatory

T cells coincides with reduced parasite fitness in germ-free mice.

Keywords: parasite, nematode, immune regulation, germ-free, microbiota, antimicrobial, Treg, Th2

INTRODUCTION

Infections with enteric nematodes are associated with changes in the composition of the host
intestinal microbiota in mice, pigs, and primates (1–5). Our previous work showed that nematode-
infected mice deficient in IL-4Rα-signaling, hence refractory to IL-4/IL-13-dependent immune
sequelae, experience similar microbiota alterations as fully immune-competent mice (2), leaving
open the question of the mechanistic basis for structural changes in microbial communities
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associated with nematode infections. Our and other groups have
shown that products released by parasitic nematodes possess
antimicrobial activity (6–8), prompting the question if enteric
nematodes sense and actively shape their microbial environment.

To ensure prolonged survival and reproduction, parasitic
nematodes have developed strategies suppressing host immune
responses, in part driven by the release of immunomodulators
interfering with innate and adaptive immune effector
mechanisms (9–11), but also by supporting the de novo
generation, expansion and activation of regulatory T cells (Treg)
(12–16). Recent studies provide evidence for a contribution of
microbiota alterations to immune regulation during nematode
infection. More specifically, the increased abundances of
Lactobacilli and Clostridiales family members during nematode-
infection have been linked to the expansion and activation of
Treg (1, 17), which in turn control the magnitude of anti-parasite
and unrelated inflammatory responses (13–16, 18).

Here we focused on the interaction of an enteric parasite
infection, microbiota, and host immunity. We surveyed
fitness and gene expression of the small intestinal nematode
Heligmosomoides polygyrus reared in conventional and germ-
free mice and investigated products released by the parasite
for antimicrobial activity against gram− and gram+ bacterial
species. Furthermore, we compared anti-parasite Th2 immunity
and the expansion, cytokine production and phenotypic
heterogeneity of Treg in conventional and germfree mice. Our
data demonstrate that (I) H. polygyrus may actively shape the
composition of the host microbiota by releasing antimicrobials
and that (II) nematode fitness is compromised in the absence of
host microbes. Furthermore, our data suggest that the nematode
senses themicrobiota, as indicated by differential gene expression
of worms from germ-free and conventional hosts, and finally,
that microbes support Treg responses regulating anti-parasite
Th2 immunity.

MATERIALS AND METHODS

Mice and Parasites
The experiments performed followed the National Animal
Protection Guidelines and were approved by the German Animal
Ethics Committee for the protection of animals (G0176/16).
Female specific pathogen-free (SPF) and germfree C57BL/6
mice were kept in individually ventilated, filter-topped cages
with autoclaved bedding, chow and water. Infections with 200
H. polygyrus larvae were performed aseptically in a laminar
flow. H. polygyrus L3 were freshly isolated from fecal cultures of
infected mice and treated for 1 week with an antibiotic cocktail (5
mg/ml streptomycin, 1 mg/ml ampicillin, 0.5 mg/ml gentamicin,
1 mg/ml neomycin, 0.5 mg/ml vancomycin; all from AppliChem,
Darmstadt, Germany). L3 were shown to be free of aerobic
microbes as determined by lack of bacterial growth in antibiotic-
free LB medium. Infected and naïve control GF mice received
antibiotics (as specified above) via the drinking water. To further
reduce the risk of contamination, SPF andGFC57BL/6mice were
kept without bedding change until the dissection 2 weeks post-
infection. The axenic status of GF mice was confirmed by qPCR
of eubacterial 16s rRNA with colon content collected on the day

of infection and dissection. Adult worms were removed from the
small intestine, counted and eight females per mouse were kept
at 37◦C in RPMI-1640 medium containing 200 U/mL penicillin,
200µg/mL streptomycin (all from PAN Biotech, Aidenbach,
Germany) and 1% glucose for 24 h for the determination of
individual egg counts. Female worm length was determined after
culture.

Parasite Excretory/Secretory Products
Excretory/secretory products of H. polygyrus (HES) were
collected from adult worms extensively washed before being
cultured in phenol-red free RPMI-1640 medium containing
200 U/mL penicillin, 200µg/mL streptomycin. After 24 h in
culture, worms were washed extensively with antibiotic-free
worm growth media (RPMI-1640 medium with 1% glucose) and
maintained in this medium with daily media changes. Spent
media from the first 48 hwere discarded. Thereafter, supernatants
were harvested every 48 h and sterile filtered through a 0.22µm
syringe-driven filter system, and stored at −20◦C until further
use.

Bacterial Strains
The strains used to evaluate antibacterial activities of HES in
the radial diffusion assay included Escherichia coli IMT19224,
Salmonella enterica serovar Typhimurium ATCC14028, and
Staphylococcus aureus IMT29828 obtained from the strain
collection of the Institute of Microbiology and Epizoonotics,
Freie Universität Berlin and Enterococcus faecium DSM20477
provided by Dr. Markus Heimesaat (Institute of Microbiology,
Charité—Universitätsmedizin Berlin). E. coli IMT19224 was used
to assess agglutinating activity of HES.

Radial Diffusion Assay
Antibacterial activities of HES were assessed using the radial
diffusion assay (19). Overnight bacterial cultures were diluted
1:100 in Mueller-Hinton broth (Carl Roth, Karlsruhe, Germany)
and incubated at 37◦C with shaking at 250 rpm until reaching
an optical density of 0.3–0.4 at 600 nm. Bacteria were washed
and resuspended in cold sodium phosphate buffer (100mM, pH
7.4) by centrifugation (880 × g, 10min, 4◦C). Bacteria were
then resuspended in warm (50◦C), sterile underlay agar [10mM
sodium phosphate buffer, 1% (v/v) Mueller-Hinton broth, 1.5
(w/v) agar] at 4 × 105 colony forming units per mL. Fifteen
milliliter of bacteria-infused underlay agar was poured into
120mm square petri dishes and allowed to solidify. Evenly spaced
wells (5mm) were formed in the agar using the blunt ends of
P10 pipet tips, and treatments and controls added (5 µL/well).
Five microliter native HES corresponded to 5 µg protein. The
antimicrobial peptide Pexiganan (kindly provided by Jens Rolff,
Institute of Biology, Freie Universität Berlin, 0.0125 µg/well)
was applied as positive control. PBS and RPMI-1640 medium
were included as negative controls. Plates were incubated at
37◦C for 3 h and then overlaid with double-strength Mueller-
Hinton agar [4.2% (w/v) Mueller-Hinton broth, 1.5% agar]. Petri
dishes were incubated for 18 h at 37◦C and the growth inhibition
zones around each well were measured. Antibacterial activity is
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represented as the diameter of the inhibition zone (mm) beyond
the 5mm well.

Agglutination Assay
Agglutinating activity of HES was assessed as described
previously (20) using E. coli IMT19224. Bacteria were collected
at mid-logarithmic phase by centrifugation at 880 × g for 5min,
then washed and resuspended in Tris-buffered saline (50mM
Tris-HCl, 150mM NaCl, pH 7.5) at approximately 109 cells/mL.
Thirty microliter of bacteria weremixed with 30µL of treatments
in the presence and absence of 10mM CaCl2 and incubated for
1 h at room temperature on a glass slide. Concanavalin A from
Canavalia ensiformis (Con A) and Lectin from Triticum vulgaris
(Wheat germ agglutinin; WGA, both from Sigma-Aldrich) were
included as positive controls. Samples were then visualized
and photographed using the 40X objective on a Leica DM750
microscope equipped with an ICC50HD digital camera (Leica
Microsystems, Wetzlar, Germany).

Parasite RNA-Isolation and Quality Check
Small intestines and the bulk of removed parasites were kept
in ice-cold physiological NaCl solution. Thirty worms (15
males/15 females) were quickly isolated from three individual
SPF and GF mice, washed repeatedly in cold physiological
NaCl solution, inspected for physical integrity, and absence
of host tissue and then snap frozen in liquid nitrogen before
storage at −80◦C. Samples were homogenized using shredder
columns filled with 200mg sterile sea sand and the FastPrep R©-24
instrument (MP Biomedicals, Eschwege, Germany) at 5 m/s for
35 s. Supernatants of homogenized wormswere further processed
for RNA isolation (InnuPREP RNA isolation, Analytik Jena
AG, Germany), DNase treatment (Analytik Jena AG, Germany),
and RNA quality control (Agilent 2100 Bioanalyzer, RNA 6000
NanoKit, Agilent Technologies,Waldbronn, Germany). All RNA
samples displayed RIN values of 10.

Sequencing and Data Processing
For transcriptome sequencing on an Illumina platform a TruSeq
RNA library generation was utilized. The library was generated
by using the TruSeq RNA Sample Prep Kit v2 (Illumina, San
Diego, CA, USA) following the manufacturer’s instructions. The
library was quantified by using the KAPA Library Quantification
Kit for Illumina (Kapa Biosystems, Wilmington, MA, USA).
The library size was determined by using the High Sensitivity
DNA Analysis Kit for the 2100 Bioanalyzer Instrument (Agilent
Technologies, Waldbronn, Germany). Libraries were adjusted
to a concentration of 12 pM and sequenced on a HiSeq 1500
instrument (Illumina, San Diego, CA, USA) in rapid mode. For
cluster generation, the TruSeq Rapid PE Cluster Kit v2 was used.
Cluster generation was performed on board. For sequencing the
HiSeq Rapid SBS kit v2 was used to sequence 100+ 100 bases.

We sequenced three isolates from SPF and GF mice
with a mean library size of 40.15 million paired-end
reads and a standard deviation of 10.74. Raw reads
were subjected to quality control and trimming via the
QCumber pipeline (version 1.0.14, https://gitlab.com/
RKIBioinformaticsPipelines/QCumber) utilizing FastQC

(v0.11.5, https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), Trimmomatic (0.36) (21) and Kraken (0.10.5-beta) (22).
On average, 91.77% of reads remained after trimming.

Preprocessed reads were mapped to a reference genome (as
specified below) and corresponding sequence features using
the TopHat split-read mapper (v2.1.1) (23) and reference as
well as novel features were extracted and merged with the
aid of Cufflinks and Cuffmerg (24) (v2.2.1) to obtain one
integrated and unified transcriptome for H. polygyrus samples.
The H. polygyrus draft genome nHp_v2.0 was applied as
reference genome (database versionWBPS10, annotation version
2016-09-WormBase), as available at WormBase ParaSite (25).
For each sample, raw expression values were created by counting
uniquely mapped reads on gene level using featureCounts
(v1.5.0-p3) (26). To identify differentially expressed genes
(DEGs) between SPF and GF mice isolates, respectively, DESeq2
(1.12.4) (27) was applied with a classic pairwise design model
and a p-value threshold of 0.05. In addition, normalized and
transformed expression values were extracted from DESeq2
(regularized log transformation) and corrected for batch effects
via Limma (3.28.21, removeBatchEffect) (28) to allow for sample
comparison with clustered heatmaps and principal component
analysis (PCA).

Reference as well as novel transcripts were functionally
(re-)annotated using an iterative annotation strategy. First,
transcripts were either first-frame translated (reference) or
examined for ORFs (novels, Cuffcompare class code “u”)
using EMBOSS transeq (6.6.0.0) (29) and TransDecoder (v2.1),
respectively. Next, resulting protein sequences were passed
through a series of database searches until successfully annotated
with Gene Ontology (GO) terms (30), either via blastp (2.6.0+)
(31), and Blast2GO (4.0.7) (32) or by a final InterProScan
(33). Databases used for annotation included (in this order)
the UniProt (34) Heligmosomoides polygyrus bakeri proteome
(UP000050761, downloaded at 07.04.2017), UniProt Swiss-Prot
Nematoda proteins, UniProt TrEMBLNematoda proteins as well
as the complete Swiss-Prot database and the complete TrEMBL
database (all downloaded at 16.02.2017).

Cell Isolation, Stimulation, and Flow

Cytometry
Lymph node single cell suspensions and small intestinal tissue
digestion for the isolation of siLP cells were performed as
described previously (35). Cultures were kept for 6 h with
brefeldin A added after 1 h before surface and intracellular
staining. Surface and intracellular markers were stained
according to the manufacturer’s instructions with the following
antibodies obtained from ThermoFisher/eBioscience, if not
stated otherwise: CD4-PerCP/-BV510/-A700 (RM4-5), Foxp3-
FITC/-PerCP-Cy5.5 (FJK-16s), GATA-3-A660/-PE/-PE-eF610
(TWAJ), T-bet-PE/-PE-Cy7 (eBio4B10), RORγt-BV421 (Q31-
378, BD biosciences), IL-10-APC (JES5-16E3), IL-4-PE/-PE-Cy7
(11B11), and IL-17A-PerCP-Cy5.5 (eBio17B7). Live/dead
discrimination was performed using fixable viability dye eF780
(ThermoFisher/eBioscience). Unspecific binding was prevented
by addition of 20µg/ml FcgRII/III blocking antibody (2.4G2).
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Histology
Formalin-fixed, paraffin-embedded sections (1–2µm) of
duodenum were de-waxed and stained with hematoxylin and
eosin for overview, with periodic acid Schiff for goblet cell
quantification and by Direct red 80 (Sigma) for the detection
of eosinophils. Enteritis was scored using hematoxylin and
eosin-stained section as described before (16). PAS+ goblet cells
were counted along five villi per section. Images were acquired
using the AxioImager Z1 microscope (Carl Zeiss MicroImaging,
Inc., Göttingen, Germany). All evaluations were performed
blinded.

Statistical Analyses
Data were assessed for normality using GraphPad Prism software
(La Jolla, CA, USA). For comparison between two groups,
an unpaired T-test was used. Testing of multiple groups was
performed using a one-way analysis of variances followed
by Tukey’s multiple comparison or the Kruskall-Wallis test
combined with Dunn’s multiple comparison test.

RESULTS

Antimicrobial Activity of Nematode

Excretory/Secretory Products
Infection with H. polygyrus alters the composition of the
intestinal microbiota alongside the intestine, including an
increase in gram− Enterobacteriaceae (2, 17, 36). Similar changes
occurred in IL-4Rα−/− mice, hence independently of Th2-
mediated changes in gut physiology (2). As both free-living
and parasitic nematodes defend themselves against potentially
harmful microbes by the production of antimicrobial factors
(7), we asked if H. polygyrus releases active antimicrobials,
possibly interfering with its microbial environment. We used
the radial diffusion assay to test the antibacterial activity of
H. polygyrus excretory/secretory products (HES) in comparison
to the antimicrobial peptide Pexiganan. Five micrograms of
native HES collected from H. polygyrus cultures inhibited the
growth of gram− and gram+ bacteria, including E. coli, S. enterica
var. Typhimurium, E. faecium, and S. aureus (Table 1).

TABLE 1 | Antimicrobial activity* of excretory/secretory products from adult

Heligmosomoides polygyrus nematodes in the radial diffusion assay.

E. coli S. typhimurium E. faecium S. aureus

IMT19224 ATCC14028 DSM20477 IMT29828

H. polygyrus

E/S (5 µg)

5.3 ± 3.1 4.3 ± 0.6 3.7 ± 1.5 5.7 ± 1.5

Pexiganan

(0.0125 µg)

9.0 ± 0.0 8.0 ± 0.0 12.0 ± 0.0 13.0 ± 0.0

PBS – – – –

RPMI-1640 – – – –

*Activity reported as inhibition zone (mm; mean ± standard deviation) produced by 5 µL

treatments (n = 3 biological replicates with independent batches of HES). “–”indicates no

detectable activity. Data are representative for two independent experiments.

C-type lectin domain-containing proteins are known to
agglutinate bacteria and are important in nematode immune
defense against microbial infection (37). As H. polygyrus
produces a C-type lectin protein (38) we tested the agglutinating
activity of nematode products by treating E. coli with increasing
amounts of native HES in the presence and absence of
CaCl2. We observed dose- and calcium-dependent agglutinating
activity (Figure 1), suggestive of C-type lectin-mediated bacterial
agglutination. These data indicate that H. polygyrus employs
defense mechanisms via released products during its interactions
with microbes which may contribute to shaping its microbial
environment in the murine gut.

Altered Parasite Gene Expression in

Germ-Free Mice
Having demonstrated the ability of nematode products
to influence bacterial growth, we sought to investigate if
intestinal nematodes sense their microbial environment and
hence asked if the complete absence of microbes in the host
gut resulted in altered parasite gene expression. To that
end, we infected germfree (GF) and conventional (specific
pathogen-free; SPF) mice and performed RNA-sequencing
with parasites isolated 2 weeks post-infection. Samples
clearly clustered according to SPF vs. GF parasite origin
(Figures 2A,B). We found that a surprisingly small set of 52
genes was differentially expressed in adult worms isolated
from GF compared to SPF mice (Supplementary Table 1).
The majority of genes were upregulated, comprising a venom-
like allergen (VAL-1), chitinase-1, lysozyme-3, and orthologs
of putative Caenorhabditis elegans glutathione S-transferase
and C. elegans/C. briggsae UDP-glucuronosyl- transferases,
amongst others (Supplementary Table 1). Only four of ten
genes downregulated in parasites isolated from GF mice were
annotated, including a putative C. elegans UDP-glucuronosyl-
transferase. Hence, parasitic nematodes reared in a germ-free
environment display a distinct gene expression pattern.

Reduced Parasite Fitness in Germ-Free

Mice
Previous studies reported on impeded survival and fecundity
of intestinal nematodes in the absence of gut microbes (39–
41); therefore, we assessed if parasite burden and fitness were
altered depending on the hostmicrobial status.While adult worm
burdens were similar in SPF and GF mice at 2 weeks post-
infection (Figure 3A), female worms developing in GFmice were
significantly smaller and produced fewer eggs (Figures 3B,C).
Importantly, H. polygyrus resides in the proximal small intestine
harboring few microbes and the parasite mainly relies on host
tissue as food source (42). Thus, we investigated next if the
reduced parasite fitness in GF mice coincided with immune
changes.

Altered Treg Responses in

Nematode-Infected Germ-Free Mice
The microbiota supports the induction and maintenance of
regulatory T cells (Treg) (43–46) and infections withH. polygyrus
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FIGURE 1 | H. polygyrus excretory/secretory products cause bacterial agglutination. (Top) Bacterial agglutination in the presence and absence of native adult

H. polygyrus E/S products (HES) and 10mM CaCl2. Representative images of agglutination of E. coli IMT19224 with serial dilutions of H. polygyrus E/S products are

shown. (Bottom) controls of agglutination include tris-buffered saline (TBS) with and without CaCl2 as well as the C-type lectins wheat germ agglutinin (WGA) and

concanavalin A (Con A). Magnification x400. Data are representative for two individual experiments performed with two independent HES batches.

FIGURE 2 | Principle component analysis (PCA) and clustering of differentially expressed genes (DEGs). (A) Unsupervised clustering heatmap of differentially

expressed genes (DEG, n = 52) in H. polygyrus samples isolated from SPF and GF mice. Red intensity indicates high gene expression, whereas blue intensity

indicates low gene expression. (B) Principle component (PC) analysis revealed that 89% of the data variation is explained by the difference between SPF and GF

isolates. Data are from one experiment with three biological replicates.

lead to the activation and expansion of regulatory T cells
suppressing local immunopathology, but also host protective Th2
immunity (1, 15–17). Therefore, we surveyed if Treg expansion,
phenotype and cytokine production inH. polygyrus infectedmice
differed depending on the microbial status.

The overall frequencies of Foxp3+ Treg were similar in mLN
of naive SPF and GF mice and did not change significantly
upon infection (Figure 4A). While Treg frequencies in the
small intestinal lamina propria (siLP) were stably maintained in
infected SPF mice, Treg frequencies dropped significantly in the
small intestines of infected GF mice compared to the respective
naive controls (Figure 4B).

Intestinal Foxp3+ Treg form a functional heterogeneous
population comprising subsetsmarked by the elevated expression
of GATA-3 or RORγt, respectively (47). While GATA-3
expression is necessary for Treg stability under inflammatory

conditions (48, 49), RORγt+ Treg exhibit a highly activated
phenotype and limit the Th2-driven control of helminth
infection and immune pathology in intestinal inflammation (43,
50). Hence, we investigated if the reduced fitness of worms
isolated fromGFmice was associated with phenotypic alterations
in the Treg population. Fewer Treg in mLN and siLP of naïve and
infected GF mice expressed RORγt compared to the respective
SPF controls (Figures 4C,D). Steady state GATA-3 expression by
Treg and the expansion of GATA-3+ Treg upon infection was
similar in mLN of SPF and GFmice (Figure 4C). Upon infection,
the increase in GATA-3+Treg reached significance in the small
intestine of SPF mice (Figure 4D). Thus, naïve and infected GF
mice harbored significantly less RORγt+ Treg compared to SPF
mice, while GATA-3+Treg expanded similarly.

Next, we asked if Treg activation differed depending on the
microbial status and hence assessed their cytokine production.
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FIGURE 3 | Parasite burden and fitness in SPF and GF mice. (A) Number of

luminal adults isolated 2 weeks post-H. polygyrus infection from SPF and GF

mice. (B) Length of female parasites. (C) Fecundity of female worms

determined as egg production within 24 h after isolation. Data are pooled from

two independent experiments each performed with four to five infected mice

per group. Mean, SD, and individual data points are shown. **p < 0.01,

****p < 0.0001.

IL-10 production by Treg in mLN increased similarly and
strongly in SPF and GF mice upon infection (Figure 4E). IL-
10 production by siLP Treg of SPF mice did not change in
response to infection (Figure 4F). Small intestinal Treg of GF
mice were rather poor IL-10 producers at steady state and upon
infection (Figure 4F). As intestinal RORγt+ Treg have been
reported as superior in IL-10 production compared to other
gut Treg (43), we next surveyed IL-10+ Treg of SPF and GF
mice for co-expression of RORγt and GATA-3. Expectedly, the
reduced frequencies of RORγt+ cells in the Foxp3+Treg pool
(Figures 4C,D) was reflected by their underrepresentation in the
IL-10 producing Treg population of naïve and infected GF mice
(Figures 4G,H). GATA-3+Treg expanding in mLN of infected
SPF and GF mice (Figure 4C) clearly dominated the IL-10-
expressing Treg pool in both groups upon infection (Figure 4G).
Reflecting their high frequencies in the total siLP Treg population
(Figure 4D), GATA-3+Treg dominated in the small intestinal IL-
10+ population irrespective of microbial and nematode-infection
status (Figure 4H). Finally, we investigated if the reduction in
RORγt+ Treg in the intestine and the poor IL-10 expression
by gut Treg in GF mice was associated with differences in local
immunopathology. Duodenal enteritis scores were, however,
similar in SPF and GF nematode-infected mice (Figure 4I).

Taken together our data show that Treg activation in gut-
associated lymphoid tissue seen as increased IL-10 production

occurs independently of the presence of gut microbes. Naïve and
nematode-infected GF mice display a reduction in RORγt+ Treg
in the gut and gut-draining lymph nodes, while GATA-3+ Treg
expanded similarly in SPF and GF mice and formed the major
IL-10 producing Treg subset upon infection irrespective of the
microbial status.

Increased Th2/Treg Ratios in

Nematode-Infected Germ-Free Mice
To see if the reduction in RORγt+ Treg and the lower IL-
10 expression by small intestinal Treg in GF mice coincided
with deregulated Th2 responses we quantified Th2 cells based
on GATA-3 expression and IL-4 expression. Significantly more
GATA-3+ Th2 cells were present in the small intestines of
infected GF mice compared to SPF mice, while IL-4 production
was significantly increased in mLN (Figures 5A,B). Calculating
the ratios of Th2 cells to Treg based on their frequencies in
CD4+ T cells, we found significantly elevated Th2 effector to
Treg ratios in the small intestine of infected GF compared to
SPF mice (Figure 5C). We have previously shown that intestinal
nematode infections lead to the differentiation of GATA-3+ Th2
and GATA-3+T-bet+ Th2/1 hybrid cells (51, 52). Th2/1 cells
developed in infected SPF as well as GF mic, hence microbial
signals were dispensable for their induction (Figures 5D,E).
The increase in intestinal GATA-3+Th2 cells coincided with
trends of increased goblet cell and eosinophil counts in the
duodenum (Figures 5F,G). As the microbiota supports Th17
differentiation (53, 54) we assessed RORγt and IL-17A expression
by Foxp3−CD4+ T effector cells. Expectedly, GF mice harbored
very few Th17 cells in mLN and small intestine (Figure S1).
In conclusion, nematode-induced local Th2 responses were
significantly increased in the absence of gut microbes and
decreased parasite fitness in GFmice was associated with elevated
Th2 to Treg ratios at the site of infection.

DISCUSSION

Over the last decade, several studies have shown that intestinal
parasite infections lead to changes in the gut microbiota of
the host [reviewed in (55, 56)]. Enteric nematodes such as
H. polygyrus, Nippostrongylus brasiliensis, and Trichuris species
alter the abundance of numerous bacterial genera in the host
gut (2–4, 36, 57). Changes in the microbiota composition also
result from infections with the protozoan parasites Toxoplasma
gondii and Giardia lamblia (58, 59). Though the mechanistic
basis for the microbiome changes provoked by the infections
is not well understood, it is speculated that parasites may
directly influence the composition of the microbiota. Parasite-
driven immune responses resulting from tissue damage (3, 59)
and leading to changes in gut physiology and epithelial barrier
function (60–63) are likely to be involved. Nutrient competition
and changes in host antimicrobial peptide production upon
parasite infectionmay also contribute to structural changes in gut
microbial communities (3, 64).

Here, we show that the excretory/secretory (E/S) products of
the small intestinal nematode H. polygyrus exert antimicrobial
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FIGURE 4 | Treg responses in SPF and GF mice infected with H. polygyrus. (A,B) Representative plots of Foxp3+ Treg detection in CD4+ T cells and Treg

frequencies in mesenteric lymph nodes (mLN, A) and small intestinal lamina propria (siLP, B) of uninfected controls and mice infected with H. polygyrus for 2 weeks.

(C,D) Representative plots of RORγt and GATA-3 expression by Treg and frequencies of RORγt+ and GATA-3+ Treg in mLN (C) and siLP (D). (E,F) Representative

plots of IL-10 expression and frequencies of IL-10+ Treg in mLN (E) and siLP (F). (G,H) Representation of RORγt+, RORγt+GATA-3+, GATA-3+, and

RORγt−GATA-3− Treg in the IL-10+ Treg population in mLN and siLP of naïve and infected mice. Numbers express group means and SD. (I) Duodenal enteritis

scores. Data are pooled from two independent experiments each performed with two to three uninfected and four to five infected mice per group. Mean, SD, and

individual data points are shown in (A–H). *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 5 | Th2 response and Th2/Treg ratios in SPF and GF mice. (A,B) Representative plots of GATA-3 and IL-4 expression by CD4+Foxp3− T cells (A) and

frequencies (B) of GATA-3+ and IL-4+ Th2 cells in mLN and siLP. Bold italic numbers in FACS plots refer to IL-4+ cells. (C) Ratios of GATA-3+ Th2 cells to Foxp3+

Treg in mLN and siLP determined based on frequencies in CD4+ T cells. (D,E) Representative plots of GATA-3 and T-bet expression by CD4+Foxp3− T cells (D) and

frequencies of T-bet+ Th1, GATA-3+ Th2, and GATA-3+T-bet+ Th2/1 cells in mLN (E). (F,G) Histological goblet cell (F) and eosinophil (G) quantification in the small

intestine of naïve and infected mice. Data are pooled from two independent experiments each performed with two to three uninfected and four to five infected mice

per group. Mean, SD, and individual data points are shown. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.

activities seen as inhibited growth of several bacterial species
including commensal intestinal species such as E. faecium, and
agglutination of E. coli. Previous studies have reported on
antimicrobial activity of nematode products, such as Ascaris
suum antibacterial factors (ASABF) and cecropins (65, 66). We
have recently shown that E/S products of the porcine roundworm
A. suum possess antibacterial and agglutinating activity and
impair biofilm formation (8). Ascaris E/S products comprise
proteins and peptides with known and predicted antimicrobial
activity, such as cecropins, ASABF, lysozymes, and C-type lectins
(8). As our previous studies showed that changes in the gut
microbiota ofH. polygyrus-infectedmice occurred independently
of the parasite-driven Th2 response and subsequent changes in
gut physiology (2), the detection of antimicrobial activities of

nematode E/S products offers an attractive explanation of how
these parasites may directly shape their microbial environment.
On the other hand, strong Th2 responses, and the subsequent
changes in host antimicrobial peptide and mucin production
have been shown to be related to the decrease of segmented
filamentous bacteria during infections with N. brasiliensis (3).

Of note, our previous studies showed an increase in
Enterobacteriaceae along the small and large intestine upon
infection with H. polygyrus (2). Whether the antimicrobial
activity of H. polygyrus E/S products against Enterobacteriaceae
family members such as E. coli and S. enterica prevents a
more vigorous increase of such potentially pathogenic bacteria
benefitting from intestinal inflammation can only be speculated
on. It is conceivable that during coevolution, parasitic worms
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have not only developed intricate mechanisms interfering with
host immunity, but also adapted to directly support or restrict
the growth of commensal families which might be beneficial
or detrimental to parasite survival and host health via the
release of antimicrobial factors. Furthermore, the parasites may
benefit from the support of immune regulatory circuits fostered
by microbiome changes upon infection. Indeed, others have
shown that H. polygyrus infection leads to the outgrowth of
Lactobacillus species and members of the Clostridiales family,
which in turn support the expansion and activation of regulatory
T cells (1, 17). Our unpublished data show strong and selective
antimicrobial activity of E/S products of A. suum on several
members of the porcine microbiota, whereas Clostridia species
displayed a growth advantage in presence of A. suum E/S.
It hence seems that nematode infections provoke fine-tuned
changes in the structure of the gut microbiome in favor of
commensals supporting anti-inflammatory circuits, assisting
host health and facilitating parasite survival. Future work will
address if nematode antimicrobial factors such as cecropins,
ASABF, lysozymes, and c-type lectins present in nematode E/S
products differentially affect the growth of commensal and
potentially pathogenic gut bacteria.

The release of antimicrobial factors by enteric nematodes and
potential interference with the growth of certain bacterial species
suggest that the parasites sense their microbial environment
similar to free living worms such as C. elegans or Pristionchus
pacificus (67, 68). However, whether intestinal parasites react
by the differential expression of antimicrobial factors to
environmental changes has not been assessed before. Here,
we show that nematode gene expression is altered in the
absence of host microbes. Our data provide evidence for
microbial sensing by H. polygyrus, as factors with putative
antimicrobial defense functions, such as chitinase (69) and
lysozyme (70), were differentially expressed in nematodes
isolated from germ-free in comparison to conventional mice, in
addition to xenobiotic detoxification genes which are upregulated
during bacterial infection of C. elegans (71). Interestingly, while
lysozymes are thought to play an important role in nematode
antimicrobial defenses (72), lysozyme-3 was upregulated in
nematodes isolated from germ-free mice. Compared to worms
reared in conventional mice, nematodes from germ-free mice
develop in the face of a stronger Th2 response and are likely
negatively impacted by the lack of a host microbiota, as evidenced
by their reduced size and fecundity. Hence, upregulation of
defense factors such as lysozyme-3 may be due to a stress
response rather than a lack of microbial stimulation. This view
is supported by the fact that also putative detoxification genes
were upregulated in parasites isolated from germ-free mice. The
altered gene expression of nematodes from germ-free mice might
further result from the lack of microbial metabolic factors in the
germ-free host gut. A direct dependence ofH. polygyrus on small
intestinal microbes as food source appears, however, unlikely, as
host tissue, but not ingesta provide the main food source of the
adult worms (42).

Several reports linked the host microbial status to differences
in susceptibility for infections with intestinal helminths
[reviewed in (56)]. We show here that H. polygrus adult worms

display signs of reduced fitness when developing in GF mice,
confirming early studies reporting impeded nematode infectivity
and fitness in the absence of gut microbes (39–41). H. polygyrus
fitness is determined by the magnitude of the anti-parasite Th2
response, evident as disparate worm fecundity and duration
of infection in inbred mouse lines differing in Th2 reactivity
(73). Anti-nematode immune responses are regulated by Treg,
seen as increased Th2 and associated innate responses after
Treg depletion, leading to lower worm burdens or shortened
retention of adult worms in some experimental systems
(12, 15, 74). Microbial signals are important for the activation
and instruction of thymus-derived and peripherally induced
Foxp3+ Treg in the gut (75). Here we show that the frequencies
of Foxp3+ Treg were similar in conventional and GF mice
infected with H. polygyrus, but the phenotypic composition of
Foxp3+ Treg was altered in the small intestine and gut-associated
lymphoid tissue of germ-free mice. Confirming a previous report
(43), RORγt+Foxp3+ Treg were reduced in GF mice at steady
state and after H. polygyrus infection, while the expansion of
GATA-3+Foxp3+ Treg did not differ between infected SPF and
GF mice. Whereas the complete absence of microbiota-induced
RORgt+Foxp3+ Treg during H. polygyrus infection has been
shown to result in the overt production of Th2 cytokines and
reduced parasite fitness (43), our study provides evidence that
more subtle changes in the intestinal Th2/Treg ratio are resulting
from the germ-free status and, presumably, a reduction of
microbiota-induced RORγt+Treg is sufficient to significantly
stunt parasite fitness.

The production of IL-10 by regulatory T cells has been
shown to be of central importance for the prevention of gut
inflammation at steady state and in experimental settings of lung
and skin inflammation (76). We show here that while IL-10
production by mLN-derived Treg increased significantly upon
nematode infection irrespective of the host microbial status,
IL-10 production by small intestinal Treg was not altered in
response to infection. Furthermore, small intestinal Treg of
GF mice displayed reduced IL-10 production at steady state
and after nematode infection. The reduced IL-10 expression by
small intestinal Treg of GF mice may in part be explained by
the reduction in RORγt+ Treg, which have been previously
reported as superior in IL-10 production compared to other
intestinal Treg (43). Upon infection, however, we detected
GATA-3+Treg as the dominant IL-10+ Treg source in the
small intestine and mLN of SPF as well as GF mice. While
our earlier studies have shown that Treg depletion during
H. polygyrus infection results in increased small intestinal
immunopathology (16), neither the decreased IL-10 production
nor the reduction in RORγt+ Treg detected in nematode-infected
GFmice reported here were associated with signs of increased gut
inflammation.

In conclusion, the antimicrobial activity of nematode products
reported here suggests that enteric helminths actively shape their
microbial environment, possibly facilitating the outgrowth of
microbes supporting immune regulatory circuits, and restricting
the expansion of potentially harmful species. Our finding
of stunted parasite fitness in germ-free mice associated with
locally increased Th2 and blunted Treg responses is in
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line with previous reports on gut microbes affecting host
susceptibility and Th2 reactivity during nematode infection.
Future studies should assess if altering the gut microbiota
could be used to shift the Th2/Treg balance in favor of
parasite-specific effector cells and if parasite products may be
employed to counteract states of pathological dysbiosis resulting
from and perpetuating inflammation in intestinal inflammatory
disorders.
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Salivarian trypanosomes are single cell extracellular parasites that cause infections in

a wide range of hosts. Most pathogenic infections worldwide are caused by one of

four major species of trypanosomes including (i) Trypanosoma brucei and the human

infective subspecies T. b. gambiense and T. b. rhodesiense, (ii) Trypanosoma evansi and

T. equiperdum, (iii) Trypanosoma congolense and (iv) Trypanosoma vivax. Infections with

these parasites are marked by excessive immune dysfunction and immunopathology,

both related to prolonged inflammatory host immune responses. Here we review the

classification and global distribution of these parasites, highlight the adaptation of human

infective trypanosomes that allow them to survive innate defense molecules unique

to man, gorilla, and baboon serum and refer to the discovery of sexual reproduction

of trypanosomes in the tsetse vector. With respect to the immunology of mammalian

host-parasite interactions, the review highlights recent findings with respect to the B cell

destruction capacity of trypanosomes and the role of T cells in the governance of infection

control. Understanding infection-associated dysfunction and regulation of both these

immune compartments is crucial to explain the continued failures of anti-trypanosome

vaccine developments as well as the lack of any field-applicable vaccine based

anti-trypanosomosis intervention strategy. Finally, the link between infection-associated

inflammation and trypanosomosis induced anemia is covered in the context of both

livestock and human infections.

Keywords: trypanosomosis, immunology, pathology, anemia, transmission

INTRODUCTION

Human African Trypanosomosis and Animal African Trypanosomosis are two well-known
diseases that affect sub-Saharan Africa and have historically prevented the development of vast
lands of the African continent into highly productive agricultural areas. However, the first salivarian
pathogenic trypanosome to be discovered was T. evansi, a parasite identified by Dr. Griffith Evans
in 1880, in horses and camels suffering from a disease called Surra on the Indian subcontinent
(1). Almost 140 years after this initial discovery, a wealth of world-wide epidemiological data
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on pathogenic trypanosomes shows they are present on four
different continents. Molecular parasite mechanisms, that allow
the escape from the hosts’ immune and non-immune defense
systems, have been discovered and various interactions in the
context of vector biology have been described. However, in
the end the data available today has still not given us a way
to intervene in trypanosomosis transmission by means of an
effective anti-parasite vaccination strategy. Hence, control still
relies on a combination of active case diagnosis and treatment,
as well as vector control (2, 3). In this review we cover the
classification of trypanosomes, which has recently become under
scrutiny (4), as well as new discoveries with respect to genetic
exchange between trypanosomes that takes place in the insect
vector (5, 6). In addition, the paper provides an update on
recent discoveries with respect to the B cell destructive potential
of trypanosomes (7, 8), T cell biology (9), and the impact
of trypanosomosis on red blood cell (RBC) homeostasis and
infection-associated anemia (10). Throughout the data review,
both animal trypanosomosis (AT) and human trypanosomosis
(HT) have been considered. However, as most recent data shows,
this “artificial” distinction might be less useful than previously
thought, as atypical human trypanosomosis (a-HT), which can
be caused by various animal trypanosomes, is now gaining more
and more attention in the field (11).

SETTING THE SCENE FOR SALIVARIAN

TRYPANOSOMOSIS

Trypanosomes are unicellular protozoan organisms of the class
Kinetoplastida that cause a wide range of infections in a broad
range of hosts. The latter includes not just mammals but also
fish (12), birds (13), and reptiles (14), while insect vectors
actually should be considered not just as transmission “tools”
but also as definite hosts. Indeed, it is only here that sexual
reproduction stages have been reported, as comprehensively
outlined in a recent review by Gibson W. (5). In mammals,
both salivarian and stercorarian trypanosomes cause diseases that
affect the health status of the infected host in multiple ways.
While the stercorarian trypanosomes are an important group
of parasites, the main focus of this review is directed toward
the pathogenic salivarian trypanosomes that cause infections
in human, livestock, and game animals. These infections are
marked by the extracellular nature of the infecting agent, causing
pathologies and health complications that are very different
from the features that characterize intracellular pathogenic
infections such as those caused by the stercorarian T. cruzi
parasite. An additional complication that arises when describing
trypanosomosis, is the use of the term African Trypanosomosis.
This denomination is very often used in an incorrect way. Indeed,
as will be described in this review, all major pathogenic salivarian
trypanosome infections do occur on the African continent.
However several of the pathogens responsible for these diseases
have moved “out of Africa” and infections are progressing
throughout the world. A last introductory remark for this paper
is the fact that Human African Trypanosomosis or HAT has
recently been brought under control in a very significant manner

by huge consorted international efforts of the last decennium
(15). Hence, this might give the impression that trypanosomosis
has become a disease of the past. This however could very well
be a wrong assumption for three main reasons. First, there are
no reports that suggest that AT is near to being controlled on
a world-wide scale. Second, the most aggressive form of HAT
caused by T. b. rhodesiense has a zoonotic origin, so as long as
human infective trypanosomes are present in a wildlife reservoir,
re-emergence of the disease remains a risk (16, 17). This holds
true even if the majority of infections caused by T. b gambiense
are being brought under control. Third, reports of a-HT in-
and outside Africa show that “African” trypanosomosis is only
part of the problem (11). Hence, for now trypanosome diseases
still remain a threat to human health and to agriculture systems
of emerging economies. In the absence of any vaccine strategy
preventing the spread of these infections, continued research into
host-parasite interactions is needed. This will provide a better
understanding of trypanosome diseases itself, the mechanisms of
disease resistance, modes of immune evasion, and ultimately the
reasons for continued failure of vaccination attempts.

CLASSIFICATION OF THE MAIN

PATHOGENIC SALIVARIAN

TRYPANOSOMES

Trypanosomes belong to the sub-kingdom Protozoa, the
order Kinetoplastida, the family Trypanosomatidae, and genus
Trypanosoma. The large numbers of different species belonging
to this genus have been classified in several subgenera according
to their morphology. For the salivarian pathogenic trypanosomes
the subgenera include Trypanozoon, Duttonella, Nannomonas,
and Pycnomonas, of which the first three account for the vast
majority of human and animal infections and are the subject of
this review. Their combined geographic spread covers most of
the developing world (Figure 1).

The first trypanosome subgenus, Trypanozoon, is composed
of several Trypanosoma species, which are human and animal
infective and includes the first pathogenic trypanosome ever to
be discovered i.e. Trypanosoma evansi. Today, T. evansi is a
parasite that is considered to havemainly a veterinary importance
(1), causing the disease Surra in a wide range of economically
important mammals such as horses, cattle, goats, buffalos, dogs,
and camels. In addition, the parasite can be found in game
animals such as deer, wild pigs, and capybaras, representing a
reservoir that often might escape attention. Today, T. evansi
is found across Central and South America, North Africa,
the Russian territories, the Indian subcontinent, China, and
Southeast Asia (23). Transmission mainly occurs mechanically
through the bite of bloodsucking insects from the family
Tabanidae (genus Tabanus) (24), Chrysops (25), Atylotus (26),
and Muscidae (genus Stomoxys and Haematobia) (18). It is this
mechanical transmission that has allowed the parasite to move
beyond the tsetse fly region and out of Africa. Morphologically,
T. evansi has long been considered as a monomorphic parasite
with the main bloodstream form appearing as so called “long
slender” forms. However, the appearance of short intermediate
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FIGURE 1 | Geographic distribution of salivarian trypanosomosis. Salivarian trypanosomosis is a worldwide problem caused in large by Trypanosoma evansi,

Trypanosoma brucei (including the human infective subspecies T. b. gambiense and T. b. rhodesiense), Trypanosoma vivax and Trypanosoma congolense. T. brucei,

and T. congolense infections are limited to the sub-Saharan tsetse belt. In contrast, as T. vivax and T. evansi can be mechanically transmitted, these parasites have

migrate beyond the tsetse belt, out of Africa and into South America and Asia [adapted from (18–22)].

forms has also been reported, but only in blood smears of
infected cat and monkey (27). Important is that the parasite
has a peculiar kinetoplast, characterized by either a reduced
(lack of maxi-circles and homogenous mini-circles) or a total
absence of kinetoplast DNA (kDNA) (28). This deficiency is
thought to lock T. evansi in the bloodstream form, as they
are unable to transcribe the kDNA genes required to perform
the oxidative phosphorylation required for the developmental
processes in the midgut of the tsetse (29). For long, this altered
kDNA characteristic has been used to differentiate T. evansi from
African T. brucei subspecies. Recently however, genetic analysis
of a large battery of both T. evansi and T. brucei parasites has

shown that the situation is more complex, and that many T.
evansi parasites are closely related to T. brucei, even more closely
than the relation between T. evansi parasites from different
geographic locations (30–32). In addition, these data suggest that
T. evansi arose multiple times from a different T. brucei ancestor.
Hence, this has sparked a debate about the nomenclature of the
Trypanozoon parasites. While it has been suggested by some to
considerT. evansi as aT. brucei variant, amost recent revision has
been proposed based on the proper application of the principles
of biological nomenclature. This proposal suggests to rename all
T. brucei subspecies as T. evansi subspecies, and even adopt the
use of T. evansi gambiense and T. evansi rhodesiense for human
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infective African Trypanosomes (4). Important in the context of
the parasite-host interplay of T. evansi is the notion that several
human T. evansi infections have been reported in- and outside
Africa (11). However, despite the wide geographic distribution of
T. evansi, the reports on human non-African trypanosomosis are
overall extremely rare. However, it cannot be excluded that one of
the reasons for the scarce amount of data on a-HT is simply due
to the lack of proper diagnostic practices that are able to correctly
identify human trypanosomosis in T. evansi endemic areas.

The second Trypanozoon subspecies to be discovered was T.
brucei, endemic to sub-Saharan Africa and transmitted by biting
flies of the genus Glossina, commonly known as tsetse, with
tsetse meaning “fly” in the Tswana language of Southern Africa.
T. brucei parasites present a major health problem for humans,
as the causative agent of the disease called HAT, or sleeping
sickness. Domestic animals such as cattle, pigs, small ruminants,
and game animals are also common hosts for T. brucei, in
which the latter serve as a natural reservoir of the parasite.
Three morphological indistinguishable subspecies of T. brucei
are known (namely T. b. gambiense, T. b. rhodesiense, and T. b.
brucei.) with T. b. gambiense and T. b. rhodesiense responsible for
human trypanosome diseases in West/Central and East Africa,
respectively. Uganda is one of the only countries where the
two forms of HAT appear in adjacent regions. T. b. brucei, on
the other hand, is unable to infect humans and is responsible
for animal trypanosomosis only. The correct identification of
the T. brucei subspecies is nearly impossible when solely based
on their morphology or geographical origin. Indeed, all three
subspecies appear as pleomorphic bloodstream parasites, having
both long slender and short stumpy forms. However, molecular
approaches have shown that this group is highly heterogeneous
(33). The exclusive presence of the serum resistance associated
(SRA) gene in T. b. rhodesiense has been used as a marker for the
identification of this subspecies (34, 35). T. b. gambiense specific
identification can be done through PCR amplification of the T.
b. gambiense-specific glycoprotein (TgsGP) gene that encodes for
a receptor-like glycoprotein, which is also involved in normal
human serum resistance (36).

The third species within the subgenera of Trypanozoon,
responsible for livestock infections, is Trypanosoma equiperdum.
This parasite can be sexually transmitted amongst species from
the family Equidae (horses and donkey), causing a venereal
disease known as Dourine. Due to this transmission mode, the
parasite has also acquired a wide geographic distribution. As for
T. evansi, to which it is very closely related, also the classification
of T. equiperdum as a separate species has been under scrutiny for
many years (37), and several authors have suggested that there is
no scientific argument tomake a species level distinction between
the two.

The second trypanosome subgenus responsible for salivarian
trypanosomosis is Dutonella, which is mainly composed of two
species, i.e., T. vivax and T. uniforme. Due to the global socio-
economic impact caused by T. vivax infections in domestic
animals, most of the studies of this subgenus have been carried
out on this particular parasite species. This trypanosome is a
pathogenic parasite species mainly found in Africa and South
America (38). So far, only a single human infection has ever been

reported (11). In Africa, transmission occurs in large through the
bite of tsetse flies, having the highest infection rate of any tsetse-
transmitted trypanosome species (39, 40). This high infectivity
could be attributed to the relatively simple cycle of development
in the vector’s mouthparts. The transmission beyond Africa is
mainly carried out mechanically by hematophagous flies from
the genus Stomoxys and Tabanus, which transmit the disease
to domestic animals such as cattle and goats, as well as to
endemic wild animals such as capybaras, deer, and bubaline
antelopes. Despite its large economic impact, especially in South
America,T. vivax remains one of the less studied animal-infective
Trypanosoma species. The main issue with T. vivax in the context
of experimental parasitology and immunology research is the
fact that virtually no parasites of this species are capable to be
grown inmice. Hence, virtually all laboratory infections inmouse
models (incl. Tv700, STIB 719, STIB 731-A, ILRAD 560, IL 1392)
are being executed with the derivatives of Y468T. vivax clone that
was originally isolated in Nigeria that happened to “grow well” in
mice after extensive adaptation (41). Hence, it remains to be seen
if the TvY486 T. vivax reference strain is a good representative
parasite for the general population of parasites found both in
Africa and South America regarding host-parasite interaction
mechanisms.

The third subgenus of pathogenic salivarian trypanosomes
is Nannomonas, encompassing three species of animal-infective
trypanosomes, i.e., Trypanosoma simiae, Trypanosoma godfreyi,
and Trypanosoma congolense. The two first species are mainly
infective to mammals belonging to the Suidae family (domestic
pigs, warthogs etc.) while T. congolense has a broader range
of hosts including livestock and game animals, but is generally
accepted to be non-infective to humans. It should however be
mentioned that a mixed T. b. gambiense/T. congolense infection
has been reported in a human (42) and that in vitro testing
of human serum-induced trypanolysis has shown a resistance
phenotype in several stocks (43). T. congolense is the major tsetse
transmitted pathogenic salivarian livestock trypanosome present
in sub-Saharan Africa and causes large economical losses in
the countries where it is endemic. The disease caused by this
parasite is referred to as Nagana, meaning depressed spirit in
the Zulu language of Southern Africa. During transmission, T.
congolense develops in the midgut and proboscis of the tsetse
vector. Mechanical transmission can occur, involving mainly
Tabanus and Stomoxys species (44). In general, T. congolense
is considered to be a monomorphic parasite. The host-parasite
interaction as well as immunopathology associated with T.
congolense infections has been better studied than in the case of
T. evansi and T. vivax. However, it is important to point out the
fact that while the molecular parasite surface structure has been
well-described and compared to T. brucei (45), the regulation and
kinetics of surface coat variation, as well as the infection of the
coat with the immune system have never been analyzed in detail.
Hence, most statements about these interactions and regulations
are based on the assumption that T. congolense should behave
the same way as T. brucei. A second scientific issue that plagues
the T. congolense research literature is the fact that it is often
used as a “chronic” model in comparison to “acute” T. brucei
infections. This artifact originates from the fact that a specific
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chronic T. congolense clone, i.e., Tc13, has been used in major
immunological investigations for almost three decades (46). In
contrast, the vast majority of experimental host-parasite research
in T. brucei brucei and T. brucei rhodesiense models has been
done with much more virulent T. b. AnTat 1 or LouTat 1 clones
(47–49). While these studies by themselves all resulted in valid
experimental data, it should be said that there are virulent T.
congolense strains, resulting in infections in mice which display
very similar survival times as the T. brucei clones mentioned
above (50). Unfortunately, these more virulent T. congolense
isolates have not been systematically used in comparative studies
with T. brucei. Hence, reports that compare highly virulent T.
brucei infections with low virulent T. congolense infections, and
subsequently provide conclusion in which infection outcome is
linked to the species-specific background of the parasite, should
be taken with utmost caution. Of note is that the high genetic
heterogeneity of T. congolense has led to the division of this
parasite in three different subgroups i.e., Savannah, Kilifi, and
Forest within the same species (51).

GENERAL LIFE CYCLE OF SALIVARIAN

TRYPANOSOMES AND INTERACTION

WITH BOTH INSECT AND MAMMALIAN

HOSTS

The life cycle of cyclically transmitted salivarian trypanosomes
inside their vector shows the plasticity of those parasites to
adapt to new environments (Figure 2). Today, most of the
knowledge on parasite transmission comes from the T. brucei
model in which infection of tsetse flies occurs when the non-
dividing short stumpy bloodstream form parasites are taken
up during a fly’s blood meal, reaching the fly’s midgut and
transforming into procyclic trypomastigotes (52). Once the
parasite infection is established in the fly’s midgut, the parasites
migrate anteriorly to the proventriculus of the fly. Here,
elongated trypomastigotes start to divide asymmetrically into
both long and short epimastigotes of which the latter migrate
toward the salivary glands and attach to the epithelial cells of the
gland. Next, a final division occurs giving rise to the host-infective
metacyclic forms. Once in the host’s bloodstream, metacyclic
parasites transform into long slender shaped bloodstream form
parasites, which further divide by binary fission and represent
the active dividing parasite form during themammalian infection
stage. It is at this stage that trypanosomes express the Variant
Surface Glycoprotein (VSG) (55). This coat protein is encoded by
a battery of over 1,000 different genes, mosaics and pseudogenes
(56) and serves as an antibody decoy defense system (57). Indeed,
VSGs are highly immunogenic and induce VSG-specific antibody
responses. Hence, by regularly altering VSG variant expression,
the parasite avoids efficient immune recognition and destruction
(58). Genetic regulation of antigenic variation has been studied
in detail and has been shown to involve various mechanisms of
DNA recombination and transcription regulation of VSG genes
(59, 60). With respect to mechanisms of genetic variation in
trypanosomes, there is now ample evidence supporting the fact
that T. brucei parasite mating or sexual reproduction does take

place in the tsetse (5, 6). Hence, while the tsetse is conventionally
referred as the insect vector for trypanosomosis, it should actually
be considered as the definite host for the parasite. To put it
in other words: mammals are merely the vessel that is used to
ensure that trypanosomes are able to migrate from one tsetse
to the next, and in addition provide long-term reservoirs that
allow trypanosomes to survive seasonal periods in which fly
populations are diminished. Sexual reproduction inside the insect
vector offers the parasite in theory the chance of generating new
hybrids, combining different parental characteristics. Important
to note however is the fact that the effectiveness of trypanosome
infection in the fly rapidly decreases with the age of the fly, hence
also affecting the chance to generate hybrid descendants. Using
both green and red fluorescent trypanosomes to study hybrid
formation, it was shown that midgut and salivary gland infection
rates were highest when flies were exposed to parasites in their
first feed (53). Waiting 21/2 weeks for a first parasite exposure
reduced the infection success by half. Interestingly, exposing
tsetse flies to two different trypanosome lines in a consecutive
feeding experiment resulted most often in the establishment of
the first infection only, as if the primary infection was able
to push the vector to mount a protective immune response
preventing secondary infection. Under natural circumstances,
this would greatly reduce the chance of hybrids being formed,
although the experimental conditions used above showed that
in all combinations tested, hybrid formation did take place
(53). As will be outlined later in this review, even the rarest
hybrid formation events can have a significant impact on the
transition from AAT to HAT, as it allows generation of a
continuous pool of new human infective T. rhodesiense parasite
strains (54). With respect to the vector immunity mentioned
above, several studies published in the recent past have made
contributions to the understanding of the mechanism underlying
tsetse anti-trypanosome immunity. It is interesting to note that
tsetse immunity development per se requires the presence of
the obligate symbiont Wigglesworthia in the larval stage of the
fly, transmitted through maternal milk gland secretion (61, 62).
This finding complements the notion that the development of
a fully functional innate immune system of the mature adult
tsetse fly depends on the establishment of a bacterial microbiome
population, and that the immaturity of the immune system is
responsible for the high susceptibility to trypanosome infections
during a first blood feeding (63). The fly immunity itself relies on
multiple mechanisms. Indeed, the action of scavenger receptor
peptidoglycan-recognition protein LB (PGRP-LP) is crucial for
the colonization of the fly by its Wigglesworthia symbiont, and
in addition has a direct trypanocidal activity on both procyclic
and bloodstream form trypanosomes (64, 65). In addition, anti-
trypanosome immunity relies on activation of the immune
deficiency regulated pathway and antimicrobial peptides (66, 67),
as well as reactive oxygen species (ROS) mediated defenses (68),
which provides combined protective immunity at the level of
the midgut and hemocoel. Interesting here is that for some
time the peritrophic matrix, which is a chitinous protective
layer lining the insect gut, has been considered as a physical
barrier that could provide protection against invading infections.
However, RNA interference-based reversed genetic approaches
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have shown that the matrix is a true immunological regulator.
Its integrity is necessary to build a proper immune context in
the defense against different microbes, including trypanosomes,
through its role in the expression of the antimicrobial peptide
attacin as well as dual oxidase and iNOS, both involved in the
production of reactive oxygen intermediates (ROIs) (65). Finally,
the tsetse fly’s specific TsetseEP protein was shown to provide
anti-trypanosome protection at the level of the midgut (69).
Interestingly, starvation of flies reduces immune responsiveness
and increases susceptibility toward trypanosome infections both
in young and older flies (70–72).

Naturally, from a human and economic point of view, it is
the mammalian infection stage that has attracted most attention
in the past. It is only more recently that the parasite-vector
interaction and biology has received more detailed attention and
that also non-T. brucei infections have been studied in tsetse
(73, 74). These reports show that in fact both T. congolense and
T. vivax are much more effective in establishing tsetse infections
than T. brucei. In particular, for T. congolense it has been shown
that this parasite is particularly effective in reaching the proboscis
of the fly, where the trypomastigote-epimastigote transformation
takes place. In this case, migration from the foregut to the
mouthparts appeared to occur with high efficiency. In contrast,
T. brucei is much less efficient in colonizing the tsetse, as most
parasites do not survive the migration from the foregut to the
salivary glands. Investigating both T. brucei and T. congolense
infections in parallel have suggested that T. brucei adopted to
final survival in the salivary gland, as this niche would not be
preoccupied by the much more efficiently growing T. congolense
parasites. Hence, despite the fact that both parasites use the
same transmission vector, and that also for T. congolensemeiotic
reproduction has been reported in the teste vector (75), there
are remarkable differences in the way the two trypanosomes
infect and occupy the body of the insect host. In recent years,
specific attention has also been given to the immunological
events that take place at the bite site of the tsetse, in order to
explain how successful mammalian infections are initiated. Here,
it has become clear that there is a crucial role for tsetse saliva
components in preventing local blood clothing, vasodilation, and
neutrophil influx, all leading to the successful establishment of
a primary infection and allowing metacyclic saliva parasites to
be transformed successfully into long slender bloodstream form
parasites (76, 77).

Besides the biological vector transmission described above,
mechanical transmission is a second way of ensuring parasites
can move from one mammalian host to the next. This mode
has been described for T. congolense, T. evansi, and T. vivax,
but only the latter two have successfully used this way of
transmission to migrate out of Africa, into other continents. The
main vectors that have been reported today for both trypanosome
species are the horsefly, stable fly, horn fly, and deerfly. In all
cases, mechanical transmission occurs when a fly with blood-
contaminated mouthparts, containing living bloodstream form
parasites, rapidly changes feeding hosts allowing the parasites to
be transmitted without any intermediate insect-specific forms. To
date, virtually no information is available on possible immune
interactions that could make this way of parasite transmission

more or less successful. Interestingly, also nothing is known
about the immune events that aid in parasite transfer back
to the fly. Indeed, it is remarkable that livestock parasitaemia
levels are often extremely low, presenting blood parasite load
levels that are hardly detectable by microscopy. Yet, even when
circulating parasite numbers are extremely low, flies still manages
to successfully pick up parasites while taking very small blood
meal volumes. Whether this is due to the fact that parasitaemia
in the skin microvasculature is uniquely high as compared to the
general blood circulation, or whether fly saliva has unique and
potent trypanosome chemoattractant, remains to be elucidated.

HUMAN TRYPANOSOMOSIS IN AFRICA IS

ONLY PART OF THE PROBLEM

In 2009, the number of reported HAT cases dropped below
10.000 for the first time in 50 years, and the most recent figures
available for 2015 indicate that the global incidence of HAT
has dropped below 3.000. It is now estimated that by 2020
HAT will no longer be considered as a major human health
problem in Africa and hence will also no longer be listed as
a neglected disease (78). With HAT being caused by either
Trypanosoma brucei gambiense (>97%) or Trypanosoma brucei
rhodesiense (<3%) (79), these numbers and assumptions are
mainly based on the current West/Central African situation.
Considering however that T. b. rhodesiense is a zoonotic parasite
with a cattle and wildlife reservoir, re-emergence of HAT is going
to remain a crucial concern in Africa. Indeed, whether or not the
reservoir of T. b rhodesiense has been brought under control is
hard to verify due to the insufficient systemic reporting on T.
b. rhodesiense game and cattle infections. In addition, beyond
the borders of the African continent the existence of non-T.
brucei human trypanosomosis could become a future problem
as T. evansi infections spread around the globe. Despite the
reports of T. evansi infections in humans (80–83), this parasite
is still not widely considered as a human pathogen. The lack
of interest in these infections, combined with the continued
spread of these trypanosomes mainly in South America, the
Indian subcontinent, and Asia, risks of exposing humans to a new
type of “unconventional” disease that will require a whole new
approach to trypanosomosis world-wide. In addition, the lack
of experimental studies on T. evansi infections as compared to
T. brucei infections makes it harder to link the discussion about
the genetic classification of T. evansi as a T. brucei subspecies
to data dealing with the cellular and molecular mechanisms that
govern host-pathogen interactions, pathology development, and
zoonotic behavior.

Taken the importance of the zoonotic aspect of most
remaining human trypanosome infections, it is clear that
(African) Animal Trypanosomosis (AAT) per se deserves
particular attention. In fact, there is a wealth of information
available with respect to geographic distribution of AAT, immune
pathologies including anemia and vaccine efforts as well as
failures. These reports outnumber the scientific data published
on host-pathogen aspect of human trypanosomosis. However,
this contrasts very much the situation with respect to the actual
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FIGURE 2 | Cyclic transmission of salivarian trypanosomes mediated by tsetse and other biting flies. Most lifecycle data of African Trypanosomes is based on the T.

brucei cycle involving the tsetse (52). Here, short stumpy form parasite are taken up by the fly, progress through the body of the insect vector passing via the midgut,

proventiculus and salivary gland, to be re-injected though the proboscis as infective metacyclic trypomastigotes into a new target. In the bloodstream, differentiation to

long slender forms occurs followed by binary fission proliferation. Differentiation back to short stumpy forms will complete the cycle. While T. congolense and T. vivax

can follow a similar cyclic transmission mode, the latter also is known to be spread through mechanical transmission (53, 54), as is the case for T. evansi (1). T.

equiperdum spreads through sexual transmission only (37). Sexual reproduction of trypanosomes itself has been reported to take part in the teste, and has been

reported for both T. brucei and T. congolense (5).

understanding of trypanosome diseases. Indeed, while many
have focused on experimental models to understand human
trypanosomosis in the past, much less effort has been made
to understand the fundamentals of animal trypanosomosis. A
fine example to illustrate this is the issue of antigenic variation.
For more than four decades, scientists have been studying
antigenic variation of the VSG coat used by trypanosomes
to deliver a protective response against the host antibody
defense system. All work that included genetic approaches as
well as molecular biology approaches combined with computer
modeling, has been done for T. brucei, largely ignoring the fact
that the main cattle parasites i.e., T. congolense and T. vivax
are very different trypanosomes that might use other systems of
regulation and defense. For example, comparative studies of the
VSG repertoire conducted in T. congolense and T. vivax indicated

that the scale of the VSG recombination differs between two
species, being more frequent in T. congolense than in T. vivax.
Moreover, T. vivax populations were shown to be consistent
with clonal reproduction (84), while the T. congolense ability to
undergo sexual reproduction generates opportunities for allelic
recombination among VSG genes (85). Hence, to date we are
left with molecular tools that are very suitable to study a wide
range of host-parasite interactions in mice which could model
human infections, but at the same time we have very little
experimental models and tools to study AT. One striking example
is T. equiperdum, which is hardly studied in comparison to other
infections due to the fact that it causes a disease characterized
by sexual transmission in horses, a feature so far not reported
in mice. In fact, only a single report is available on experimental
sexual transmission of trypanosomosis in mice, and this report
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is dealing with T. b. gambiense (86). However, whether sexual
transmission of T. brucei gambiense is a real issue in human
trypanosomosis, remains a matter of debate (87) and more
species-specific research is needed to resolve these issues.

ADAPTATIONS OF ANIMAL INFECTIVE

TRYPANOSOMES TO HUMAN HOST

Humans are considered naturally resistant to pathogenic animal
trypanosomes such as T. b. brucei, T. evansi, T. equiperdum, T.
congolense, and T. vivax. The mechanism of human resistance
to those trypanosomes is based on the presence of cytolytic
factors in the high density lipoprotein (HDL) fraction of normal
human serum (NHS) (88) and is attributed to two fractions called
trypanosome lytic factor 1 and 2 (TLF1 and TLF2), with the latter
being the major active compound (89). The human infective T.
brucei subspecies T. b. gambiense and T. b. rhodesiense are known
to be resistant to TLF lysis through various mechanisms. A
number of reports demonstrating T. evansi infections in humans
has triggered a new wave of interest in molecular mechanisms
underlying human infectivity in the context of the transition
from an animal infective trypanosome to a zoonotic pathogen
causing disease in humans. While TLF1 and TLF2 have slightly
different compositions, they both contain the haptoglobin related
protein (HPR) and Apolipoprotein L1 (ApoL1), of which the
latter is considered themain active lytic compound. Furthermore,
TLF2 is complexed with IgM molecules and has a much higher
molecular mass than TLF1, but is lipid poor (90). With respect
to the mechanisms of lysis and resistance to NHS, initial data
was obtained in an experimental model for T. b. rhodesiense.
Here, it was shown that resistant and susceptible sub-clones can
be derived from a common ancestor by passaging trypanosomes
in either the presence or absence of human serum. This work
gave rise to the discovery of the SRA gene, encoding a truncated
VSG and located within the VSG expression site (91). Transfer
of the gene to T. b. brucei showed that the presence of this
single gene indeed was enough to confer resistance to NHS
(92). Subsequently, the identity of SRA allowed to characterize
ApoL1 as the active serum compound (93) that acts through
both lysosomal and mitochondrial membrane permeabilization
(94). The inhibitory mechanism of SRA was shown to rely on
its capacity to block the membrane pore-forming capacity of
ApoL1 upon entering the acid compartments of the lysosomal
system (95–98). Finally, the haptoglobin-hemoglobin receptor
(HpHbR), localized in the flagellar pocket, was identified as
the trypanosome receptor involved in TLF1 uptake (99), while
the mechanism for TLF2 uptake has still not been elucidated
(100). Indeed, HpHbR knock down T. b. brucei parasites remain
sensitive to both NHS and TLF2 lysis (101). However, as both
TLFs contain the same active ApoL1 compound, the SRA is
capable of blocking all NHS activity. Interestingly, the SRA gene
is only present in T. b. rhodesiense and hence has been used in
a string of different diagnostic approaches for HAT, including
PCR and LAMP, targeting not just human samples but also
livestock and game reservoirs as well as the tsetse vector, in
various regions in Eastern Africa. Of note is a report in which

a Ugandan HAT survey indicated that 20% of parasitologicaly
confirmed T. b. rhodesiense cases resulted from infections that
could not be detected by any of the SRA PCR methods described
so far. Whether this indicates that SRA-negative human infective
T. b. rhodesiense parasites exist, implying these parasites have
alternative NHS resistance mechanisms, or whether the negative
results were due to SRA gene polymorphism that prevented PCR
primer annealing, remains amatter of debate (102). The existence
of such SRA gene polymorphisms has been studied in the context
of human disease severity (54). Most recently, using SRA as a
genetic tracer, it has been shown that genetic recombination
between T. b rhodesiense and the much larger pool of T. b. brucei
animal trypanosomes allows for the continuous generation of
new SRA-positive human infective parasites (103, 104). This once
again indicates that in order to really bring HAT under control,
AAT and particularly the animal T. b. rhodesiense reservoir has to
be eliminated as well.

Interestingly, more than 97% of all human trypanosomosis
infections are caused by SRA-negative T. b. gambiense (79),
a parasite that is subdivided in Group 1 and Group 2 T. b.
gambiense (105). While Group 1 parasites have an invariant
phenotype toward NHS resistance, Group 2 parasites show a
variable degree of resistance, modulated by the actual exposure to
NHS. Neither Group 1, nor Group 2 parasites have the SRA gene
(8), indicating that there are multiple ways to mount resistance
to NHS. Literature of the last 5 years has mainly focused on
the Group 1 T. b. gambiense resistance, showing that these
parasites have acquired a combination of defense systems which
allows them to resist the lytic action of NHS. This includes
a specific point mutation in the HpHbR in combination with
reduced receptor expression, reducing TLF1 uptake (106, 107).
However, as this receptor is not a main player in TLF2 uptake,
T. b. gambiense needs additional mechanisms to survive in
human blood. These involve the alteration of lipid membrane
fluidity by the T. b. gambiense-specific glycoprotein (TgsGP)
(108, 109), as well as increased cysteine protease activity in
the digestive vacuoles of the parasite. The latter is believed to
directly affect ApoL1 activity (110). Today, it remains unclear
how T. b. gambiense Group 2 parasites deal with the toxicity of
NHS.

T. evansi parasites express neither SRA, nor TgsGP, but now
have been reported in several instances as human pathogens
causing a-HT (11, 18, 80, 82, 111). Similarly to T. b. rhodesiense
and T. b. gambiense Group 2 parasites, a remarkable phenotypic
plasticity of T. evansi has been described upon exposure to
NHS, with resistance occurring after prolonged NHS exposure
and being absent when NHS selective pressure is removed.
Screenings of various T. evansi isolates indicated that some
even display natural resistance to NHS, while others were found
to be fully sensitive (112). In line with these observations in
T. evansi, even T. b. brucei NHS resistance has now been
reported. In the latter, a switch to a resistant phenotype
was recorded to occur upon repetitive exposure to NHS or
TLF1 in the absence of the SRA gene (113). However, a
fragment homolog to SRA, named SRA basic copy (SRAbc),
was found in the T. brucei brucei TREU927/4 strain, which
exhibits low resistance to NHS (114). Similarly, one of the
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human infective T. evansi isolates was shown to contain the
SRAbc homolog (115). Interestingly, the T. b. brucei parasites
exhibiting increased NHS resistance had a significant reduction
in TLF1 uptake, which coincided with downregulation of T.
b. brucei HpHbR mRNA levels (100). Hence, it seems that
the resistance mechanism in these parasites shows a mixed
but attenuated phenotype of those found in either T. b.
gambiense or T. b. rhodesiense, as if the latter could have been
selected as “optimized” derivatives of T. b. brucei semi-resistant
predecessors.

With respect to human T. evansi, it is important to highlight
that at least one human infective case has been attributed
to the lack of functional ApoL1 (81). Indeed, a frameshift
mutation, found in both ApoL1 alleles of the patient, resulted
in the ability of trypanosomes to establish infection and to
survive in the human bloodstream. This strongly suggests that
human trypanosome resistance in large relies on a non-classical
immune mechanism, i.e., lipid membrane disruption by TLF.
However, a Vietnamese a-HT T. evansi victim was shown to
have fully functional ApoL1 alleles and a normal concentration
of serum ApoL1 (116). Hence, this shows that there is an
additional role for the immune system in the overall defense
against trypanosomes, most likely involving a combination of
the action of antibodies, cytokines, and complement factors.
In at least two confirmed human T. evansi infections, the
infected individuals were shown to have a compromised immune
system. One case relates to a pregnant woman from Mumbai,
India suffering from HIV/AIDS, anemia, and upper respiratory
tract infection (117). The second case relates to the above
mentioned Vietnamese woman who had just given birth (116),
with pregnancy itself being known as a unique immune condition
that is modulated by fetus development resulting in immune
alterations that in some cases in facilitation of parasite growth.
Important is that also in experimental T. evansi infections in
mice, in particular IgM antibodies are crucial for parasitaemia
control (118). This indicates that when “natural resistance” such
as the resistance conferred by ApoL1 fails, the antibody-mediated
immune response does provide a second defense barrier against
the progressing of infection.

Finally, it should also be mentioned that several reports
in the past have indicated the existence of a-HT caused by
the stercorarian T. lewisi parasite (119). Here, resistance to
NHS lysis was correlated with resistance to human ApoL1 as
well. Hence, it seems that while multiple mechanisms have
been acquired by various trypanosomes to block the lysosomal
pore-forming catalytic activity of NHS, this activity itself is
executed in large by a single factor, i.e., ApoL1. This finding
itself has attracted scientific attention over the last years
with respect to primate evolution (120), and has resulted in
the findings that (i) ApoL1 is the common lytic factor in
human, gorilla, and baboon primate sera (7, 8, 121), (ii) the
chimpanzee, orangutan, and macaque, which are susceptible
to all T. brucei subspecies, lack functional ApoL1 (121), and
(iii) the baboon ApoL1 variant is capable of killing even T.
b. gambiense and T. b. rhodesiense, as opposed to the human
ApoL1 (122, 123). The latter finding has prompted an attempt
to generate genetically modified TLF transgenic livestock that

would be able to resist all known pathogenic trypanosome species
(122).

THE ROLE OF B CELLS AND ANTIBODIES

IN SALIVARIAN TRYPANOSOMOSIS

As outlined above, VSG switching and antigenic variation,
including the generation of VSG mosaic genes, have generally
be considered as the major defense systems that parasites
have developed against the host’s adaptive immune system (56,
124, 125). However, in recent years it has become clear that
trypanosomes have developed several precautionary adaptations
that provide a rescue in case they do get recognized by
antibodies. The reason for this is obvious: even if different
VSG variants exhibit different hypervariable loops, and even
if mosaic VSG present new epitopes to the immune system,
there is no reason to assume that the overall pool of infection-
induced antibodies is not at all capable of detecting new
parasite variants. In fact, the existence of the cross-reactive
nature of anti-VSG antibodies has been used since the beginning
of trypanosome immunology research. Here, the VSG of the
first arising variant or living cloned parasites, expressing a
single VSG, have been used to monitor fluctuating anti-VSG
titers throughout infection for weeks or months (57, 126).
More interestingly maybe is the fact that reinfection models
have shown that weeks into a primary infection, mice can
be killed by a secondary infection with virulent trypanosomes
expressing exactly the same VSG as the primary infection
(127). In order to understand these results, three major host-
parasite interactions mechanisms have to be considered. First,
trypanosomes have developed a very efficient way of driving
endocytosis. This system allows to continuously clear surface
bound antibodies from the VSG coat, preventing antibody-
mediated lysis (128). Secondly, while antibody/complement-
mediated lysis has long been proposed to result in antibody-
mediated trypanosome killing, it is important to note that
AKR mice, which are natural C5 complement knockout mice,
are able to clear peaks of parasitaemia in a similar way as
other mice. This shows that the lack of complement-mediated
lysis does not prevent the immune system of controlling peak
stage parasite levels (129). Third, there is now ample evidence
that trypanosomes cause a B cell depletion pathology, which
is initiated by the very rapid disappearance of immature B
cells in the bone marrow, as well as transitional and IgM+

marginal zone B cells from the spleen, followed by a gradual
depletion of Follicular B cells (FoB) (127, 130). This has
now been reported for T. b. gambiense and T. congolense
infections (50, 131). Mechanisms involved in the depletion
process have been linked to IFNγ-mediated inflammation (132),
NK-mediated B cell destruction (133), and direct cell-cell
contact-mediated B cell apoptosis (111, 127). Once FoB cell
depletion is accomplished by the parasite, it becomes impossible
for the host to generate new efficient antibody responses
against newly arising VSG variants (Figure 3). In addition, it
hampers anti-VSG memory recall responses against previously
encountered variants, hence making the host susceptible to
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secondary infections with old variants. This might also explain
the accumulation of mosaic VSG variants during later stages
of infection (56). Indeed, the question whether later variants
are immunologically distinct (or not) from their ancestral
variants, which has so far not been answered, might not be
important at all. Possibly, these variants arise simply from
the continuous gene rearrangements that are ongoing at the
telemoric ends of the VSG expression sites and are tolerated,
due to the lack of antibody-mediated elimination by the host,
rather than being produced in order to evade the already existing
antibodies.

B cell dysfunction, associated to trypanosomosis, also has

a secondary detrimental effect on the mammalian host, i.e.,
the elimination of vaccine-induced memory recall responses.

Indeed, in an experimental model for DTPa vaccination, it was

shown that T. b. brucei is capable of destroying immunological

memory rendering vaccinated mice susceptible to infections
with Bordetella pertussis (130). This was not a result of an
infection-associated immunosuppression, as it persisted after
anti-trypanosome drug treatment and the elimination of active
trypanosome infections. This detrimental effect of trypanosomes
on non-related vaccine efficacy has also been reported in
other models and natural infections. Although not thoroughly
studied in human infections, one study has shown that antibody
titers induced by the anti-measles vaccine are significantly
downregulated in HAT patients, and that curative HAT treatment
did not result in a restauration of antibody titers (Figure 4). For
obvious ethical reasons, this study stopped short of assessing
whether or not the remaining titers would still confer protection.
In addition, the study did not address the question whether
vaccine-induced memory recall responses were affected (138).
With respect to AT, more data is available in particular with
respect to T. evansi and T. congolense infections. Indeed,
such infections in pigs were shown to abrogate protective
immune responses generated against the classical swine fever
vaccine (139). They were characterized by significantly reduced
antibody responses, leukopenia, and high fever. Similarly, T.
evansi infections in water buffalos, vaccinated against Pasteurella
multocida (hemorrhagic septicemia), showed impaired capacity
to mount a humoral and cell-mediated immune response
upon challenge (140). When cattle, harboring T. congolense
and T. vivax, were given a Brucella abortus vaccine or
were vaccinated against contagious bovine pleuropneumonia,
specific antibody responses to the vaccine were shown to
be severely depressed (135, 141–143). Similarly, T. congolense
infected goats vaccinated with Bacillus anthracis showed a
profoundly diminished anti-anthrax antibody responses (144),
while T. congolense infected cattle were shown to suffer from
immunosuppression and failed recall responses in a foot-and-
mouth vaccination setting (145). Taken together, these studies,
conducted in natural hosts for animal trypanosomes such
as cattle, water buffalos, goats, and pigs, confirmed studies
in mice showing that trypanosome infection induces severe
impairment of B cell responses and antibody production to
a number of non-trypanosome related commercial veterinary
vaccines.

THE ROLE OF T CELLS AND T

CELL-DERIVED CYTOKINES IN

SALIVARIAN TRYPANOSOMOSIS

Taken the extracellular nature of salivarian trypanosome
infections, initial thoughts on the control of infection were
naturally focused on the role of antibodies and B cells. However,
already early in the 1980’s it became obvious that while the
virulence of experimental trypanosomosis was not linked to the
expression of a specific VSG variant, or the use of a specific
MHC-II type, CD4+ T cells played an absolutely crucial role
in infection control (146). Twenty-five years after this initial
discovery, it was shown that major T cell responses against
cryptic T cell epitopes play a major role in trypanosomosis
control (147, 148). This observation caused a major paradigm
shift in the way trypanosomosis control is thought to occur, as
it shows that T cell help is not just needed to support effective
B cell functioning and antibody production, but that it plays a
crucial second B cell-independent role during the progression
of infection. This role of T cell biology might initially have
been underestimated, as a multitude of studies had shown that
trypanosomosis, both inmice and cattle, results in the occurrence
of T cell immunosuppression (49, 149). However, these reports
mostly referred to suppression of T cell proliferation and not to
cytokine secretion. To date, the active disease controlling role of
T cells is mainly attributed to the cytokine production in which
polarization toward a Th1-type response is crucial for initial
parasitaemia control (137). Detailed analysis of both T. brucei
and T. congolense infections has indeed shown that early IFNγ

production is crucial for the control of the onset of infection
(Figure 3). This hypothesis was initially driven by the description
of the cytokine production profile of CD4+T cells, and was later
corroborated by the use of neutralizing anti-IFNγ antibodies
as well as the use of IFNγ knockout mice (150, 151). The
latter were shown to have an impaired control of the first peak
of parasitaemia, followed by their inability to clear increasing
parasite numbers, leading to the early death of the mice using the
C57Bl/6 model (152). In experimental T. congolense infections,
it was demonstrated that while hyper-susceptible BALB/c mice
preferentially mount an infection associated Th2-type response
against the Tc13 T. congolense parasite, Th1-biased C57Bl/6 mice
were able to survive for up to 6 months when infected with
the same clone (136). Also here it was shown that altering
immune balances, by treatment with neutralizing anti-cytokine
(or cytokine receptor) monoclonal antibodies, drastically alters
the outcome of infection (153). Most recently, it was reported
for T. brucei that the CD4+ IFNγ response is preceded by the
production of this cytokine by NK and NKT cells, followed by a
marked upregulation of IFNγ production by CD8+ T cells (154).
This was observed in both the spleen and the liver of infected
mice. However, by 10 days post infection it was clear that these
cell populations were either drastically reduced in numbers or
became totally depleted, leaving the CD4+ T cells to execute
the major task of cytokine production. A comprehensive report
on the overall role of IFNγ in various trypanosome infection
models was recently published by Wu et al. (155). Interestingly,
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FIGURE 3 | Antigenic variation and host immune destruction are closely linked. Antigenic variation of the trypanosome VSG surface coat enables trypanosomes to

escape specific antibody-mediated destruction, resulting in immunologicaly distinct parasites occurring at regular intervals (upper panel). To prevent total eradication,

trypanosomes undermine the immune system by ablation of the B cell compartment. In mice, this results in abrogation of an efficient antibody mediated immune

defense system, allowing different parasite variants to occur simultaneously (schematically represented as the week 3 situation). Despite to co-occurrence of several

variants, later-stage parasitaemia peaks usually have a reduced magnitude in terms of actual parasite numbers as various non-B cell defense systems aid in

parasiteamia control [upper panel, adapted from (134)]. The lower panel schematically represent the finding that onset of infection is followed by a rapid depletion of

the MZ B cell compartment (purple), followed by a gradual destruction of the FoB cell compartment (red) (116, 119). While the initially host immune response

generates effector Plasma B cells, later waves of newly arising parasite variants fail to be efficiently depleted due to the impaired capacity of the host to deliver a

renewed Plasma B cell response (green). Overall immunopathology is initiated by excessive production of IFNγ during the first week of infection, involving mainly

CD8+ T cells, NK cells, and NKT cells. By 7 days post infection, IFNγ production is taken over by CD4+ T cells, while activated macrophages now produce excessive

amounts of TNF that contribute to pathology (135, 136). Later-on in infection, production of IL-10 has been documented to counteract the initial inflammation (137).

to date only one single trypanosome factor has been identified
as being able to induce IFNγ production by T cells, CD8+ T
cells in particular. This molecule, named TLTF (trypanosome
lymphocyte triggering factor) (10) has been characterized in T.
brucei and T. evansi parasites (156), but a homolog has not been
described for other trypanosomes. TLTF was shown to be capable
of inducing IFNγ production by astrocytes, suggesting a direct
role of the molecule in the pathology development of sleeping

sickness (157). This hypothesis has been further supported by
the finding that IFNγ deficient mice show reduced CD4+ and
CD8+ T cell influx into the brain parenchyma of T. brucei
infected mice (158). Important is that when the role of T cells
and IFNγ are considered within a trypanosomosis context, IL-
10 was shown to be the main counter regulator of infection-
associated inflammation in both T. brucei and T. congolense
models. The source of the latter was proposed to be the regulatory
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FIGURE 4 | Trypanosomosis-induced B cell destruction results in prolonged B cell dysfunction. Experimental infections in mice have shown that trypanosomes can

destroy non-related DTPa induced vaccine responses (upper panel). Vaccinated mice that have been confronted with trypanosomes fail to clear diphtheria bacteria

from their lungs, even when the bacterial challenge is performed after the trypanosome infection has been cleared by drug treatment [adapted from (119)]. Indeed is

was shown that while the commercial vaccine Boostrix® provides significant protection against a B. pertussis challenge (green bar: vaccinated, blue bar:

non-vaccinated), exposure to trypanosomes abrogated vaccine-induced protection (red bar). In humans (lower panel), trypanosome infections were shown to

suppress vaccine induced anti-measles antibodies. Serum antibody titers in vaccinated T. gambiense HAT patients (blue bar) were shown to be significantly lower as

compared to vaccinated control individuals (green bar), and specific antibody titers did not recover after curative anti-HAT treatment (red bar) (121).

T cells (9). However, a most recent effort to understand the full
kinetics of IL-10 production during trypanosomosis, using the
IL-10 reporter mouse system, has indicated that a whole range
of cells is capable of producing IL-10 during infection and that
most notably CD4+ T cells, that do not have a defined regulatory
phenotype, are the main producers of this cytokine (159).

As for the role of IFNγ in parasitaemia control, early reports
characterized this cytokine as a trypanosome growth factor
(160). In contrast, a number of follow-up reports have indicated
that IFNγ is crucial for inhibition of trypanosome growth, as
well as for trypanosomosis-associated NO production and TNF
production that both limit trypanosome growth (152, 161, 162).
Both these factors have subsequently been identified as direct
players in the control of peak parasitaemia levels in T. brucei
as well as T. congolense infections. Using TNF knockout mice,
it was shown that parasitaemia control in relatively resistant
C57Bl/6 mice depends on TNF production during the first peak
of parasitaemia (163, 164). This confirmed initial reports in which
neutralizing anti-TNF antibodies had a negative effect on T.
brucei parasitaemia control (165). Subsequently, a comparative

infection model using BALB/c, C57Bl/6, C3H/HeN, and CBA/Ca
mice showed that while TNF production per se was required
for proper parasitaemia control, infected mice responded to
TNF-associated inflammation with the shedding of TNF-R2
receptors. This, in turn resulted in limiting the TNF-mediated
infection-associated immunopathology (166). Based on these
results, and placing these observations in the wider context
of trypanosome infections using various gene-deficient mouse
models, it has been proposed that while soluble TNF could plays
a pivotal role in parasitaemia control, it is the membrane-bound
form of the cytokine that has a major impact on progressing
inflammation and inducing pathology (167). When analyzing the
possible direct effect of TNF on trypanosomes, results showed a
differential outcome depending upon the model studied. First,
it was reported for the T. brucei brucei AnTat 1.1 clone that
TNF has a direct trypanolytic effect. The latter is mediated by
a lectin binding domain of the TNF molecule that is located at
the opposite site of the molecule as compared to the mammalian
receptor binding site (168). Interestingly, the lectin specificity
of TNF exhibits a high affinity for complex branched mannose
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sugars, such as those found on the trypanosome VSG molecule
(169). Using a model for T. brucei gambiense, these findings were
independently confirmed in an in vitro co-culture system (170).
In contrast, experimental mouse studies with the human infective
T. brucei rhodesiense LouTat 1 clone did not show a direct
effect of TNF (171), suggesting that various trypanosome stocks
can exhibit different levels of susceptibility to host cytokine-
mediated growth regulation, as might be the case for IFNγ.
Studies in trypanotolerant vs. trypanosusceptible cattle, using
a T. congolense model, confirmed the possible role of TNF in
parasitaemia control in natural infections (172), but here no
link was made to a possible direct trypanolytic effect of the
cytokine. Also, for the T. congolense infection mouse model,
the direct action of TNF has not been reported but here TNF-
R1 signaling has been associated to the combined release of
soluble TNF and NO by activated macrophages. Those two
combined were shown to play a crucial role in parasitaemia
control, in conjunction with infection-induced anti-trypanosome
antibodies (118). Interesting to note here is that in contrast
to the limited knowledge on the molecular mechanisms of
trypanosomosis-driven T cell IFNγ production, detailed research
into themechanisms ofmacrophage-derived TNF induction have
been able to provide a more in-depth understanding of the
host-parasite interplay. Indeed, first the VSG-GPI anchor was
identified as the major trypanosome molecule responsible for
TNF induction, with the trypanosome-specific galactose side-
branch of the anchor playing a major role in macrophage
activation (173, 174). Subsequently, it was shown that IFNγ

could prime macrophages to become responsive to GPI-VSG and
trypanosome stimulation (175). These results are in line with
in vivo data showing that a rise in serum IFNγ values precedes
the induction of infection-associated TNF (154). However, when
macrophages are primed with VSG, prior to IFNγ, the cells
are de-sensitize with respect to cytokine secretion (175). This
may represent a way to prevent hyper-inflammation during the
phase that corresponds to peak parasitaemia clearance, in which
massive amounts of VSG are being released into the hosts’
circulation. This information has been used to try and design
an anti-disease vaccination approach for trypanosomosis (176).
Although it was shown that repeated exposure to VSG-GPI
prior to infection could indeed reduce the infection-associated
pathology related to excessive macrophage activation, the results
indicated that the vaccine approach did not result in the buildup
of immunological memory involving antibodies or B cells.
Instead, the reduction of inflammation, following the repeated
GPI exposure related to an alteration of macrophage phenotypes,
shifted the balance from infection-induced inflammatory type 1
cells to more anti-inflammatory type 2 cells or macrophages. This
response was short-lived. Moreover, as the beneficial effect of the
VSG-GPI treatment was observed to the same extent in both B
cell deficient mice and in wild-type littermates, it became clear
the approach could no longer be considered as a possible vaccine
approach (177). In addition to the VSG-GPI, trypanosome
DNA that contains high levels of unmethylated CpG sequences
has been reported to be responsible for driving NF-κB an
MAPK signaling pathways, resulting in the transcription of
pro-inflammatory cytokine genes including tnf, in case of T.

brucei infection(178). As for infection with T. evansi, the
information on the role of IFNγ is limited, but data has shown
that in addition to anti-trypanosome antibodies, this cytokine
is required for parasitaemia control (179). Most recently, a
comparative cytokine analysis using different T. evansi infections
confirmed the induction of IFNγ in all infections (180). For T.
vivax infections, there is a general lack of published information
on the role of T cells and their cytokines in the control of onset
in infection, but it appears reasonable to assume that a similar
cytokine environment is needed to obtain the best parasitaemia
control possible. As for human (T. b. rhodesiense) and cattle (T.
congolense) infection, the role of IFNγ in inducing inflammatory
pathology has been confirmed in both (181, 182), and as already
outlined above, IFNγ has been shown to play a major role in the
actual cerebral complications that characterize human sleeping
sickness (183).

ANEMIA IS A MAJOR PATHOLOGICAL

FEATURE OF ANIMAL TRYPANOSOMOSIS

From the data reviewed above, it has become clear that
the IFNγ/TNF driven immunopathology is a hallmark of
trypanosomosis in both human and livestock. When focusing
on the latter it has been amply documented that TNF-linked
infection-associated anemia is the major pathological feature
that marks both T. congolense and T. vivax trypanosomosis.
In fact, the classification of so-called trypanotolerant and
trypanosusceptible animals is based on the relative capacity to
control anemia during infection which consequently is directly
linked to whether or not animals remain productive while
infected with trypanosomes (184). Mechanisms that underlie this
tolerance are complex and to date still not clearly understood,
but most likely include differences in erythropoeitic potential
and hemodilution (185), factors involved in erythrolysis (186),
eryhtrophagocytosis (187), the regulation of the erythropoietin
homeostasis (188), the host’s potential to raise neutralizing
antibodies against secreted trypanosome virulence factors (189),
and the general mechanism involved in inflammation control
such as the regulation of the IFNγ/IL-10 balance as well as
other cytokines (167). With respect to cytokine regulation
during infection, it is worth mentioning that MIF (Macrophage
migration Inhibitory Factor) was recently shown to be one of the
key trypanosomosis-associated inflammation inducing cytokines
involved in the promotion of so-called anemia of inflammation,
in which classically activated macrophages also play a major role
(190). Indeed, it was shown that MIF promotes the storage of
iron in liver myeloid cells, subsequently depriving iron from the
eythropoeitic system and preventing the maturation of RBCs.
Important here is that the T. congolense C57Bl/6 mouse model
has been proven useful over the years to unravel the molecular
mechanisms that govern anemia pathology. Gene expression
profiling studies in these mice have pinpointed infection-induced
deregulation of erythropoiesis as well as the involvement of
stress-induced acute phase responses linked to T. congolense-
associated anemia (191). More recently, the C57Bl/6 model was
also shown to be suitable for unraveling the pathology of T.
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vivax infections (129, 192, 193). In addition, the use of various
knockout mouse strains generated on the C56Bl/6 background,
such as TNF−/− and Lymphytoxin−/− (194), TNFp75−/− (166),
IFNγR−/− (152), IL-10−/− (195), and Gal3−/− (196) have
all been used to study specific aspects of the inflammatory
cascade that drive trypanosomosis-associated inflammation. One
of the most recent finding here has shown that the reduced
PCV, associated with experimental mouse trypanosomosis, is
not just the result of reduced circulating RBC numbers, but
also of increased plasma volume, leading to hemodilution. The
reduction of platelet concentrations in T. congolense-infected
mice has also been reported in T. congolense-infected cattle and
sheep (197, 198) suggesting that hemodilution could be a major
pathogenic characteristic of livestock trypanosomosis, as well.

To date, the characteristics of anemia are probably the most
and best described features of AT. Whenever new surveillance
efforts result in the discovery of new infection foci, anemia
is usually the parameter that is used to describe disease
severity. This is the case for T. evansi, T. congolense, and T.
vivax independently of the geographic location of infection
or host species. As described for T. congolense, T. evansi-
induced anemia was linked to infection-associated deregulation
of the iron metabolism as well (199), although the number
of detailed mechanistic studies available for this infection are
rare. Interestingly, trypanosomosis-associated anemia has even
been observed in more rare infection cases of wildlife in the
Australian little red flying fox infected with T. minasense and
T. rangeli (200). Together, all these reports indicate that the
general occurrence of trypanosomosis-associated anemia is most
likely due to the multitude of inflammatory pathways, and
linked to various aspects of impaired RBC development and
clearance. Taken this into account, it is very intriguing that
reports of severe infection-associated anemia are missing in the
case of HAT. Indeed, most reports documenting HAT-associated
anemia describe the induction of RBC lysis and acute anemia
as the result of treatment rather than the infection itself. This
is particularly the case for T. b. gambiense infections (201–204).
For T. b. rhodesiense rare reports do exist on the occurrence
of infection-associated anemia and hemolysis (205), and models
have been developed using vervet monkeys to investigate this
aspect of acute HAT pathology in details (206). However, at the
same time other reports have shown the lack of any correlation
between T. b. rhodesiense severity in humans and the presence
or absence of anemia (207–209). Hence, it seems that the human
immune system might have found unique ways of dealing with
trypanosomosis both in terms of dealing with parasite killing
through the TLF1/2 ApoL1 mechanisms, as well as the control
of infection-associated anemia.

CONCLUSION

Over the past years, international joint efforts to control Human
African Trypanosomosis have resulted in a drastic reduction
in the number of confirmed disease cases. In addition, it
might be feasible that by 2020 the incidence of this neglected

tropic disease will be reduced to levels where it is no longer
considered as a public health threat. However, at the same
time the incidence of animal trypanosomosis is on the rise,
affecting animal productivity through the detrimental health
effects caused by excessive host-parasite immune interactions.
This has now become a world-wide issue that affects agricultural
infrastructures in emerging economy countries, not just in
Africa but also in Asia and South America. In addition, AT
even threatens the livestock industry of developed countries
when sudden outbreaks occur due to importation of the disease
either through infected vectors or host animals. To date, not a
single vaccine strategy is available to control AT. Detrimental
infection-associated mechanisms undermine both T cell and B
cell compartments, making it virtually impossible to develop
methods that allow the generation of long-term sustainable
immunological memory. It appears that in the evolutionary battle
between the trypanosome and the host immune system, the
parasite has not only been able to find ways to evade innate
trypanosome killing mechanisms, but has also acquired tools
to undermine the crucial immunological defense and memory
systems of the host. Only recently, it has become obvious that
one of the major strengths of the African Trypanosomes’ defense
system is the capacity of genetic exchanges between individual
parasites, while residing in the insect vector. Through this
mechanism, new human-infective parasites can be generated
and this by combining resistant genes from existing T. b.
rhodesiense parasites with the vast repertoire of the T. b. brucei
animal parasite reservoir. In addition, it has become clear that
mechanisms of genetic plasticity also have allowed T. b. brucei
to transform into T. equiperdum and T. evansi, parasites that
have now successfully conquered large areas of the developing
world, as they no longer need the tsetse vector for transmission.
In particular, the latter risks to become a future health problem,
as human infective cases of T. evansi have already been reported
in India, Vietnam, Egypt, and Algeria. Together, these results
show that while classic T. gambiense trypanosomosis is becoming
rare, AT and new atypical human trypanosomosis remain a
serious risk for the human population. Future research into
the host-parasite interactions and trypanosomosis- associated
inflammation of these new atypical infections should allow to
obtain a better understanding of problems, including vaccine
failure, and hopefully lead us to a long-term solution that can
deal with both human and livestock infections, as well as the ever
surviving wildlife trypanosome reservoir.
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Apicomplexans are a diverse and complex group of protozoan pathogens including

Toxoplasma gondii, Plasmodium spp., Cryptosporidium spp., Eimeria spp., and Babesia

spp. They infect a wide variety of hosts and are a major health threat to humans and other

animals. Innate immunity provides early control and also regulates the development of

adaptive immune responses important for controlling these pathogens. Innate immune

responses also contribute to immunopathology associated with these infections. Natural

killer (NK) cells have been for a long time known to be potent first line effector cells in

helping control protozoan infection. They provide control by producing IL-12 dependent

IFNγ and killing infected cells and parasites via their cytotoxic response. Results from

more recent studies indicate that NK cells could provide additional effector functions

such as IL-10 and IL-17 and might have diverse roles in immunity to these pathogens.

These early studies based their conclusions on the identification of NK cells to be

CD3–, CD49b+, NK1.1+, and/or NKp46+ and the common accepted paradigm at that

time that NK cells were one of the only lymphoid derived innate immune cells present.

New discoveries have lead to major advances in understanding that NK cells are only

one of several populations of innate immune cells of lymphoid origin. Common lymphoid

progenitor derived innate immune cells are now known as innate lymphoid cells (ILC)

and comprise three different groups, group 1, group 2, and group 3 ILC. They are a

functionally heterogeneous and plastic cell population and are important effector cells in

disease and tissue homeostasis. Very little is known about each of these different types of

ILCs in parasitic infection. Therefore, we will review what is known about NK cells in innate

immune responses during different protozoan infections. We will discuss what immune

responses attributed to NK cells might be reconsidered as ILC1, 2, or 3 population

responses. We will then discuss how different ILCs may impact immunopathology and

adaptive immune responses to these parasites.
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INTRODUCTION

Apicomplexa are a large family of protozoan parasites, which
are obligate intracellular parasites of warm-blooded animals.
Almost all of them are considered to be major health threats to
humans and livestock throughout the world. These include but
are not limited to Toxoplasma gondii (T. gondii), Plasmodium
spp., Cryptosporidium spp., Eimeria spp., and Babesia spp. Others
do exist, but this review will focus on the genera listed above.
They can be generally divided into either vector borne or orally
transmitted pathogens. Apicomplexans have reduced genome
sizes compared to higher eukaryotes, but they encode several
different types effector proteins that allow them to develop a
very complex relationship with their hosts and contribute to
virulence. The vector borne apicomplexans include the mosquito
borne Plasmodium spp. and the tick borne Babesia spp. Orally
infectious apicomplexans include T. gondii, Cryptosporidium
spp. and Eimeria spp. Plasmodium spp. infects ∼200 million
people and kills around 400,000 a year (1). Babesia spp. is a
newly emerging parasitic infection of humans (2, 3). Toxoplasma
gondii infects ∼30% of people worldwide and is the third
leading cause of food borne illness in the U.S (4). There are
on average 750,000 new cases of Cryptosporidium spp. per year
in the U.S. alone and the parasite is distributed worldwide
(5). Eimeria spp. infections can be devastating to chicken and
beef farms, but it does not appear to be infectious to humans
(6). Many of these protozoan parasites can be problematic
for people with compromised immune systems especially those
with HIV/AIDS. Moreover, in immune competent individuals
the majority of these infections can cause considerable tissue
morbidity and pathology resulting in long term damage to
the host. In the case of T. gondii infection there is increasing
evidence that persistent infection could contribute to psychiatric
disorders and neurodegenerative disorders (7). Thus, gaining
a better understanding of the immune factors involved in
control of these pathogens as well as the factors that contribute
to immunopathology is important to reduce negative health
outcome caused by these common infections.

Immune control of apicomplexans largely depends upon
induction of adaptive immunity via a T helper type 1 (Th1)
response and production of IFNγ (8). In addition to Th1
response, IL-17 production and associated inflammation also are
induced (9–12). In many cases this Th17 response appears to
contribute to immune pathology associated with these infections.

In order to develop either a Th1 or Th17 response, innate
immune cells have to be triggered to produce the cytokines

important in directing which types of T helper responses develop.
In comparison to viral infections where much is known about
innate immune cell composition and how these cells function

in protection and immunopathology, less is known in the
context of apicomplexan infection. Active areas of research to
expand this knowledge in protozoan infection exist including
an understanding of how innate immune responses contribute
to control, cause pathology and influence the development of
adaptive responses. However, a major gap in knowledge still
exists in understanding all of the innate immune cell populations

that are recruited and activated during protozoan infections and
what role they each have in protection, causing pathology and/or
regulating adaptive immune responses.

Innate immune responses are critical in setting the stage for
how the adaptive immune system responds to infection. Many
types of cells of either myeloid or lymphoid origin within the
innate immune cell compartment contribute to this process.
Commonmyeloid progenitor derived cells include, granulocytes,
monocytes/macrophages, dendritic cells, and mast cells (13).
These myeloid populations initiate a response to infection and
activate the lymphoid cell populations by producing chemokines
and cytokines, presenting antigen, and providing costimulation.
Innate immune cells are derived from the common lymphoid
progenitor and were originally only thought to include Natural
Killer cells and some innate B cell like populations. However,
in 2013 after a continuous flow of new discoveries about
innate immune responses by lymphoid derived cells, the newly
appreciated complexity of lymphoid progenitor derived innate
immune cells was acknowledged and the Innate Lymphoid Cell
classification was proposed (14). As a result, NK cells were
formally recognized to not be the only cell comprising this
population and there exist 3 groups of innate lymphoid cells
(ILC) (Figure 1). Group 1 ILC include what are now considered
to be conventional NK (NK) cells and ILC1 (15). Currently,
group 2 ILCs include ILC2s, and group 3 ILC include ILC3
and Lymphoid Tissue inducer like cells (LTi-like ILC3) (16, 17).
Conventional NK cells appear to be the only cytotoxic cell
while all the other ILCs follow the pattern of helper CD4T
cells and produce cytokines and other soluble factors that help
adaptive immune responses develop. Conventional NK cells
have been studied for years in apicomplexan infection and their
importance in producing IFNγ during acute infection is very
well-established (1, 4). However, several studies demonstrate that
what were considered to be NK cell responses during parasitic
infection might be responses of other ILCs to infection. Given
the updated view of the diversity of ILC populations, a major
gap in knowledge in the apicomplexan field is how do different
ILC populations contribute to innate and adaptive immunity
and/or immunopathology associated with these infections.
Another important question to address is whether and how ILC
populations positively and negatively regulate adaptive immunity
to apicomplexans. Where published data is available, we will
detail what is known about the development, activation, and
effector functions of NK cells and other ILCs in the context
of different apicomplexan infections. We will also discuss the
possible roles of non-NK cell ILC populations in protection or
pathology associated with the different apicomplexan infections
and how they may impact adaptive immunity during infection
with these parasitic protozoans.

GROUP 1 ILC

Group 1 ILCs include the conventional NK cell and ILC1
(Figure 1). NK cells have been extensively studied in the context
of Apicomplexan infection (1, 4, 18, 19). ILC1 have only recently
been investigated (20). Group 1 ILCs can be identified by
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FIGURE 1 | Description of ILC subsets. There are three groups of ILC, group 1 ILC, group 2 ILC, and group 3 ILC. Within each of these groups, subsets of cells are

indicated (group 1: NK cells and ILC1; group 2: ILC2; group 3 ILC3 and LTi-like ILC3). Each ILC is illustrated with the transcription factors important for their

development and function, their surface phenotype, the stimuli that is known to activate them and the immune factors produced when they are activated and

responding to infection.

surface expression of the natural cytotoxicity receptor NKp46
and NK1.1 (only in mice that express NKrp1). ILC1 can be
distinguished from NK cells by their surface expression of very
late antigen 1 (VLA-1) or CD49a and TNF—related apoptosis
inducing ligand (TRAIL) (15). In the resting state, NK cells
are negative for CD49a and positive for very late antigen 2
(VLA-2) or CD49b. Although TRAIL is considered a marker
specific for ILC1s, evidence supports that it is also expressed
by immature NK cells (iNK) prior to their maturation in
the mature NK cells (mNK) which are TRAIL negative (21).
NK cells can be found in many tissues and are continuously
circulating through the blood. ILC1s are considered to have
tissue residence and have been found in both mucosal and non-
mucosal tissues (15). These include the spleen, liver, salivary
glands, peritoneal cavity, gut, and uterus. NK cells are dependent
on expression of T-bet and Eomes for their development and
function (21, 22). ILC1 are only dependent upon T-bet (15).
Due to the apparent plasticity in ILC populations, ILC1-like cells
can arise from both ILC2 and ILC3 (23). Transdifferentiation of
ILC2 and ILC3 into ex-ILC2 and ex-ILC3 ILC1 are marked by
their increase in NKp46, NK1.1, CD49a, and T-bet expression.
These types of ILC1 are also positive for the high affinity
IL-7 receptor subunit alpha (IL-7Rα) or CD127 (23). NK
cells are the only group 1 ILC that can be cytotoxic. NK
cell cytotoxicity is important for killing virally infected cells
and tumor cells. The importance of NK cell cytotoxicity in
apicomplexan infection is still unclear. NK cells and ILC1
and ex ILC2 and 3 ILC1s produce high levels of IFNγ and
TNFα in response to Th1 inducing cytokines IL-12, IL-15,
and IL-18 (15). Via their IFNγ production they help control
apicomplexan infection.

GROUP 2 ILC

Group 2 ILC includes ILC2 (Figure 1) (16). ILC2 could be
involved in apicomplexan infection, however, their importance is
still not well defined (24, 25). An important distinction between
ILC2 and other ILCs is that to date a distinct surface marker has
not been identified. ILC2 are lineage (CD3, CD19), NKp46, and
NK1.1 negative and CD127, c-Kit(CD117), KLRG1, and the IL-
33 receptor (ST2) positive (16, 26). The ILC2 is tissue resident
similar to ILC1 and is found at mucosal tissues including the
intestine and lungs. ILC2 development and activation depend
on the transcription factor GATA3 and they contribute to Th2
responses by producing IL-4, IL-5, IL-9, and IL-13. ILC2 can
also express MHC Class II and may be able to prime CD4T cells
(16). ILC2 are known for their importance in immunity against
helminth infections to promote tissue repair. Since they express
the IL-33 receptor ST2 they can sense tissue damage and respond
to promote tissue repair. They are also damaging as they can
contribute to allergic inflammation and asthma. As mentioned
above, ILC2 demonstrate a high level of plasticity (27–30). IL-1β
and IL-12 can drive them to differentiate into an ILC1-like cells.
Thus, in addition to their importance in Th2 responses, when
given the proper signals they can produce IFNγ and contribute
to Th1 dependent immunity. Therefore, ILC2 could contribute
to immune protection and immune system regulation during
apicomplexan infections.

GROUP 3 ILC

Group 3 ILCs include ILC3 and LTi and LTi-like ILC3 (Figure 1)
(17). Recent studies suggest that ILC3 can contribute to
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immunity during apicomplexan infections, however, much is not
known about how these cells impact immunity against these
parasites (31). Based on surface phenotype ILC3 can be either
positive or negative for NKp46 (17). They are also positive for
CD127, CD117, and receptors for IL-1(IL-1R) and IL-23 (IL-
23R). LTi and LTi-like-ILC3 are NKp46 and CD49a negative, but
positive or negative for CCR6 depending on the tissue in which
they reside (32). Some LTi cells can also be CD4 positive and
ILC3 can express MHC Class II. Group 3 ILC have a wide tissue
distribution and reside in mucosal tissues and their associated
lymphoid organs. ILC3 and LTi-like-ILC3 differentiation and
function depend on the transcription factors RORγt and the
aryl hydrocarbon receptor (AHR). Given their tissue residency
they are poised to respond to different environmental cues to
either maintain barrier homeostasis or provide an inflammatory
response against infection. In response to IL-1β and IL-23, ILC3
produce IL-17A, IL-22 and GM-CSF and LTi-like-ILC3s produce
IL-17F and IL-22. LTi-like ILC3 also can produce lymphotoxin
α/β (LTα/β) to promote lymphoid tissue development. Since
group 3 ILC can produce IL-17 and IL-22, they could contribute
significantly to Th17 responses observed in many apicomplexan
infections, yet their importance is unclear.

ILC PLASTICITY

The border between ILC subtypes has become more defined,
however as noted above, ILC are highly plastic and can convert
into each other depending on the environment they experience
(23). For example, under certain inflammatory conditions, ILC2
and ILC3 can express T-bet and produces Th1 cytokines (27, 29,
33). When the conditions permit, these newly generated ILC1
can convert back into ILC2 and ILC3. This cellular plasticity is
likely essential for the generation of optimal responses against
pathogens and maintenance of tissue integrity. Due to this new
appreciation of ILC diversity, how different ILC populations
participate in immunity to apicomplexan infection has not been
well defined. We will next discuss what is currently known about
ILCs during these parasitic infections and highlight situations
where different ILCs may be involved. We will also discuss
how different ILCs could be implicated in adaptive immunity to
these pathogens.

ILC AND TOXOPLASMA GONDII

Even though the ILC classification was recently established
to define the innate immune cells of lymphoid lineage, the
importance of ILC function for control of T. gondii infection
has been investigated for many years (4, 34) (Figure 2). Infection
with T. gondii begins after ingestion of oocysts from cat feces
or bradyzoite containing tissue cysts from undercooked meat
(4, 8). Acute infection is followed by chronic infection in the CNS
and muscle for the life of the host. Innate immune responses
at mucosal sites and in secondary lymphoid organs are critical
for early control of the parasite. In early studies NK cells were
shown to be activated by T. gondii infection to be cytotoxic
(35). Later on NK cells were shown to be a non-T cell source

of IFNγ and were essential for innate immunity to T. gondii
infection (36, 37). Whether NK cell cytotoxicity is important
for early control of T. gondii infection is not known and had
not been thoroughly tested (4). Importantly, these early studies
were some of the first to demonstrate the importance of the IL-
12/IFNγ axis in development of Th1 biased immunity (36–38).
Indeed IL-12 is required for activation of NK cells to produce
IFNγ during T. gondii infection (37). Additional cytokines can
help stimulate NK cell activation including IL-1β and IL-18
(39, 40). Whether recognition of self-vs. non-self is an important
stimulant for NK cells during T. gondii infection is not clear
(41). To date there have been no observed dominant NK cell
populations based on NK cell receptor expression in mice that
arise during acute infection suggesting their response is mostly
to inflammatory cytokines. Verification of the importance of NK
cells in protection against T. gondii infection was tested using
lymphocyte deficient animals including RAGknockout and SCID
mice. In addition NK cell antibody depletion regimes in vivo
targeting asialo ganglio-N-tetraosylceramide (anti-ASGM1) or
anti-NK1.1 were used. These studies laid the foundation for the
importance of NK cells in control of T. gondii infection.

More recently, studies have addressed how NK cells are
involved in immunity against T. gondii infection through their
impact on other immune cells. NK cell IFNγ can help prime
CD8T cells in the absence of CD4T cell help (42). NK cell
IFNγ can also help activate CD4T cells during acute T. gondii
infection (43). Infection of TAP1−/− mice results in reduced
CD4T cell IFNγ production. Adoptive transfer of IFNγ+ but
not IFNγ- NK cells restore this deficient CD4+ T cell response.
NK cell activity during early during infection could also impact
the myeloid cell compartment (44–46). NK cells may enhance
DC maturation via NKG2D on the NK cell resulting in more
robust CD8T cell priming during acute infection (44). NK cell
IFNγ may be required for the loss of resident mononuclear
phagocytes followed by recruitment of circulating monocytes
that locally differentiate into macrophages and monocyte derived
DC (MoDC) (45). These MoDC then serve as the main source
of IL12p40 at the site of infection, which in this study was
the peritoneum. Early NK cell (CD49b+CD49a-CD45+TCRb-
NK1.1+) IFNγ production during T. gondii infection has also
been shown to educate the myeloid compartment in the bone
marrow. The IFNγ generated by NK cells in the bone marrow
skewedmonocyte development at that site into a more regulatory
phenotype (46). In summary, NK cells via their IFNγ production
are able to both positively and negatively regulate other immune
cells during T. gondii infection. The impact of NK cells on other
immune cells could therefore positively or negatively impact the
generation of adaptive immune responses to the parasite.

A small number of studies have investigated whether parasite
infection of NK cells affects their behavior (47–49). NK cells can
be parasitized, however, this occurs at a very low frequency in
vitro and in vivo. These infected NK cells display a hypermotility
phenotype and defective function. A recent study indicates that
infected NK cells do not contribute to parasite dissemination
in the mouse (47). Thus, how direct parasite infection of NK
cells impacts the disease course is not known and needs to be
further explored.
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FIGURE 2 | ILC and apicomplexan infection. This figure presents an overview of ILC responses to different apicomplexan infections covered in this article. Each

section represents one parasitic protozoan. Under each genus heading there are listed 3 subheadings indicating; (1) Stimuli for each ILC subset (stimulation), (2) The

ILC subpopulation activated (ILC Act.), and (3) The function of the activated ILC subset. Question marks indicate where there is no or limited data available. An
*denotes where function attributed to NK cells may be from a different ILC population. (A) Toxoplasma gondii stimulates the production of IL-1β, IL-12, IL-15, and

IL-18 that activate NK cells and possibly ILC1 to produce IFNγ and IL-10. IL-17 produced by NK cells may also be produced by other ILC. IL-33 is produced and may

activate ILC2. IL-6 and IL-23 are produced and could activate ILC3 for IL-17 and IL-22 production. The importance of LTi-like ILC3 are not known. (B) Plasmodium

spp. stimulates IL-2, IL-12, IL-15, and IL-18, which activate NK cells to produce IFNγ. Recognition of non-self may stimulate NK cell cytotoxicity (CT). These cytokines

also stimulate NK cells to produce IL-10. NK cell IL-17 may also be produced by other ILC. The role of ILC2, ILC3, and LTi-like ILC3 are not clear. (C) Cryptosporidium

spp. infection stimulates the production of IL-12, IL-15, and IL-18. These cytokines can activate NK cells to produce IFNγ. NK cell cytotoxicity is also increased after

infection, but the stimulus is not known. The importance of ILC1, ILC2, ILC3, and LTi-like ILC3 has not been tested. (D) Eimeria spp. infection induces IL-12

production that activates NK cells to produce IFNγ. The importance of ILC1, ILC2, ILC3, and LTI-like ILC3 are not known, however evidence suggests IL-17 and IL-22

are produced during infection highlighting the potential activity of non-NK cell ILCs. (E) Babesia spp. infection stimulates the production of IL-12, which activates NK

cells to produce IL-12. The importance of other ILCs has not been investigated at this time.
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A major question that now needs to be considered based
on the increase in knowledge about additional ILC subsets
is can the observations discussed above involve other ILC
populations during T. gondii infection? This question arises
because for many of these studies, the importance of NK cells
was further demonstrated by using anti-NK1.1 or anti-ASGM1
to deplete the cells in vivo (12, 36). These treatments could
easily target other ILC types because of their expression of
NK1.1 and or asialo GM1 on their surfaces. One population
of ILC that could also be involved in parasite control and
in shaping the immune response to the parasite is the ILC1.
ILC1 are tissue resident cells that produce large amounts of
IFNγ (15). Support for this idea was demonstrated by a study
that identified the common helper innate lymphoid progenitor
cell or CHILP (20). In these studies, ILC1 as defined by
their phenotype Lin-NKp46+NK1.1+Tbet+Eomes- in the small
intestine produced the highest amount of IFNγ compared to
NK cells and NKp46+NK1.1+ ILC3. Using T-bet deficient
(Tbx21−/−) mice to eliminate ILC1 development, ILC1 IFNγ

was significantly reduced and parasite burdens were significantly
increased in the gut. These results suggest that ILC1 resident
in specific tissues can also influence the outcome of T. gondii
infection. A good example that different ILC subsets are involved
in different tissues was shown by a separate study using the same
T-bet deficient animals (50). In this study the authors found that
the NK cells still produced a high level of IFNγ in response
to T. gondii in the spleen in the absence of this transcription
factor. These results demonstrate that in different tissues different
transcription factors are important for ILC (NK cell vs. ILC1)
responses to T. gondii. They also suggest the potential critical role
of Eomes and not T-bet in development of NK cell responses in
the spleen. Thus, where group 1 ILC IFNγ is impacting immunity
to T. gondii further investigation is needed to distinguish between
NK cells and ILC1 as the source of this cytokine and in what
tissues they are working.

Other ILC populations may also be playing an important role
in immunity to T. gondii. These include the ILC2, ILC3, and
LTi-like ILC3 populations. Although ILC2 are helper cells that
drive Th2 responses, they could be important during T. gondii
infection. ILC2 could have a role in dampening the inflammatory
response to T. gondii infection. ILC2 respond to tissue damage
at mucosal sites associated with parasitic helminth infections
(16). Their response is controlled by alarmins including IL-
33 and IL-1β. Interestingly, a previous report using ST2 (IL-
33R) deficient mice demonstrated that these mice were more
susceptible to developing inflammatory lesions and Toxoplasmic
encephalitis associated with increases in iNOS, IFNγ, and TNFα
(25). However, a separate study demonstrated that IL-33 and
ST2 correlated with greater immunopathology, inflammation
and ocular toxoplasmosis (51). Therefore, whether ILC2 are
important or not is unclear. It is still possible that as a result of
mucosal tissue damage caused by acute T. gondii infection, the
release of IL-33 and signaling induced via ST2 could dampen the
Th1 biased inflammatory response to the parasite by activating
ILC2 to produce Th2 biased cytokines. Whether ILC2s are
an important cell type involved as a negative regulator of
inflammation and T cell responses during T. gondii infection

has not been tested and would be important to address in
future studies.

Group 3 ILCs could also be an important immune cell
involved in T. gondii infections, however, very little is known
about them. Group 3 ILCs include LTi-like ILC3 and ILC3, both
important cell types that are tissue resident and present in several
tissues including the gut. They are important for maintaining
tissue homeostasis at these sites, but can also promote tissue
damage when they are highly activated (17). ILC3 production
of IL-22 is thought to help maintain tissue integrity while
ILC3 derived IL-17 can be inflammatory and associated with
pathology. ILC3 are thought to be resident at mucosal barriers,
but are also found in the spleen (32). During T. gondii infection
a study revealed that IL-17 was produced and signaling through
the IL-17 receptor was important for protection by stimulating
neutrophil recruitment (52). A separate study demonstrated that
IL-17 via IL-17 receptor signaling caused gut immunopathology
associated with infection and was important in promoting
chronic T. gondii infection (53). At this time, the cellular source
of IL-17 was not known. One report suggested that NK cells
were the source of T. gondii induced IL-17 (12). In this study IL-
17 levels increased in infected Rag1−/− mice and anti-ASGM1
treatment significantly reduced the levels of this cytokine in these
animals. IL-17 production was induced by IL-6, followed by IL-23
and TGFβ, and suppressed by addition of Th1 cytokines (IL-12,
15, and 27). The splenic NK1.1+CD3- cells that produced IL-
17 were not secreting IFNγ as no double positive IFNg+IL17+
NK1.1+CD3- cells were detected. These results suggested that
this NK cell population might be distinct from the NK cell
population involved in early control of the parasite. Taking into
consideration the experimental approaches used to define that
these cells were NK cells (Rag1−/− and anti-ASGM1) and that
these same approaches can target ILC3may suggest that the ILC3
populations were the IL-17 producers in these studies and not
NK cells. Further support for this idea was revealed because the
ILC population studied expressed IL-6Ra and the transcription
factor RORγt rather than T-bet (12). Group 3 ILC are now known
to depend upon expression of RORγt (17). Since ILC3 are also
found in the gut, additional studies indicate that an NKp46+
ILC cell develops in the lamina propria and in response to IL-
18 recruits inflammatory monocytes into the gut that increase
immunopathology associated with T. gondii infection (54). A
recent study has investigated more specifically the role of ILC3
in the gut during T. gondii infection using aryl hydrocarbon
receptor deficient mice and demonstrates that these cells appear
to negatively regulate T cell activity (31). Thus, again depending
on the tissue investigated, ILC3may havemultiple roles including
causing disease pathology and potentially as a negative regulator
of adaptive immune responses during T. gondii infection. Many
questions remain unanswered about these cells during this
infection including formal dissection of whether ILC3 could
positively or negatively impact development and maintenance of
T cell responses against T. gondii. In addition, ILC3 and LTi-
like ILC3 plasticity would be important to investigate during
T. gondii infection.

As discussed above, ILCs may also play a role as negative
regulators of immunity against T. gondii. Using systemic T.
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gondii as a model infection, NK cells were shown to be capable
of producing IL-10 (55). These IL-10 producing cells were
defined as conventional NK cells because they were lineage
negative (CD3-CD19-TCRβ-) and NK1.1 positive. These cells
were also CD127 negative suggesting that they were not ILC2
or ILC3. This regulatory NK cell population was induced by
systemic inflammation, and IL-12 and NK cell IL-10 limited IL-
12 production by DC. These cells were found to produce IL-10
in lung, liver, brain, blood, but not in spleen and MLN during
acute T. gondii infection. In another study, NK cells (CD3-CD19-
DX5+NK1.1+) were shown to be the major source of IL-10 in
spleen, PEC, liver during acute infection (56). Both IL-12 and
aryl hydrocarbon receptor (AHR) were required for maximal
IL-10 production by these cells. These regulatory NK cells also
expressed T-bet, KLRG1 and co-produced IFNγ. The presence
of the IL-10 producing NK cells reduced the ability of the mice
to control T. gondii infection. These data suggest that IL-10
producing cells are present during acuteT. gondii infection, could
be members of group 1 ILC and are important for regulating
adaptive immune responses to T. gondii. A major open question
still is where do these cells originate, what are the long term affects
of these cells on T cell responses to the parasite and could they
have a negative impact on chronic toxoplasmosis.

There are still many open questions about the roles of different
populations of ILCs and T. gondii infection. The importance
of each ILC subtype has not been fully addressed and there
are questions about NK cells that will have to be reinvestigated
because of the increase in knowledge of the different ILC subsets
in the context of infection. Many studies investigating ILCs
during T. gondii infection have focused on the acute stage of
infection. Their importance in long-term control of the parasite
is still not clear especially in chronic T. gondii infection and the
CNS, which is the current focus of our laboratory.

ILC AND PLASMODIUM

As with T. gondii infection, investigations of ILCs in Plasmodium
spp. infection have been ongoing for many years. Of the ILCs
researched the majority of data has been generated from NK cell
specific studies [reviewed in (1)]. Infection with Plasmodium spp.
in humans begins with the injection of sporozoites of the parasite
from the salivary gland of the mosquito into the blood stream of
the host (57). Once the parasite is inside the host, it migrates to
the liver where hepatocytes are infected. The parasite transforms
as it replicates into the merozoite stage, which is released from
the infected hepatocyte after lysis of the cell. The merozoites
then infect erythrocytes (RBC) and develop into male and female
gametes and the cycle is repeated. The innate immune response
is important in early control of the parasite in liver, periphery,
and secondary lymphoid structures where many innate immune
cells including ILCs reside. Inflammation generated by the innate
immune response including ILC may contribute to Plasmodium
spp. pathogenesis and pathology such as cerebral malaria (58).
NK cells are critical immune cell type in early and continuous
control of Plasmodium spp. infections in both mouse models of
infection and humans (1) (Figure 2). NK cells and/or other ILC

types may also be pathogenic by contributing to the development
of cerebral malaria. Additionally, the diverse life stages and tissue
locations of the parasite likely require the involvement of distinct
ILC subsets. Much is still not known about how each ILC type
contributes to these processes during Plasmodium spp. infection.

In mice splenic, hepatic and peripheral NK (NK1.1+) cells
protect against early stages of malaria infection by producing
IFNγ and TNFα (59–62). After anti-ASGM1 treatment and NK
cell depletion there was a decrease in IFNγ production and
an increase in parasitemia in mice (59, 60). In humans, NK
cells are thought to be some of the first cells to produce IFNγ

during infection (1, 58). Human NK cells (CD56+) produce
IFNγ and TNFα after Plasmodium falciparum infection (63–
65). Human NK cells (can produce IFNγ after stimulation with
Plasmodium infected erythrocytes in vitro (66). In addition to
IFNγ production, peripheral blood NK cells are thought to be
stimulated to be cytotoxic in response to parasite infection (67,
68). Human NK cells release cytotoxic molecules when cultured
with infected hepatocytes and erythrocytes in vitro. NK cells
have been observed to directly interact with infected erythrocytes
forming conjugates (66, 69, 70). Human NK cells have been
shown to kill infected erythrocytes (71). Whether NK cell specific
cytotoxicity is important in controlling the parasite in vivo is still
unclear and still needs to be formally tested in mouse models of
infection or in humans.

NK cell activation during Plasmodium spp. infection is
mediated by several signals including cytokines produced
by other immune cells and potentially via self-vs. non-self-
recognition. Generally, the classic IL-12/IFNγ axis applies to this
infection as well as it does to other Apicomplexan infections.
Studies are consistent in showing that IL-12 is essential for IFNγ

production by NK cells during Plasmodium spp. infection (72).
Not only is IL-12 important for activation, but also there is
interplay between several cytokines and the activation of NK
cells to produce IFNγ in response to IL-12. IL-18 in combination
with IL-12 can enhance NK cell IFNγ production in mice in
response to Plasmodium spp. infection (73). This is via IL-18
dependent up regulation of CD25 (IL-2Rα) expression on NK
cells allowing them to be more sensitive to IL-2 and produce
IFNγ. This IL-18-IL-12-IL-2-NK cell IFNγ is thought to also
be occurring in humans exposed to Plasmodium spp. infection
(65, 74, 75). IL-2 produced by antigen-specific CD4T cells
augmented NK cell activation in immunized individuals. These
human studies also demonstrated that different individuals had
variable NK cell activation after exposure to infected erythrocytes
(75). One hypothesis is that the variability in human NK cell
responses is caused by polymorphisms in KIR and/or HLA genes.
IL-15 is another cytokine important in NK cell development
and function. The role of IL-15 in NK cell activation during
Plasmodium spp. infection is less clear. One study showed that
IL-15 enhanced NK cell IFNγ production (76). In another study
IL15−/− DC were as good as WT DC in activating NK cell
IFNγ production in vitro (72). This is similar to a study with T.
gondii infection that demonstrated IL-15 is dispensable for NK
cell activation (77). In response to Plasmodium spp. infection,
NK cells are also activated by interactions with monocytes
and monocyte derived DCs (70, 78). One of the interactions
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is dependent upon IL-18. Another interaction is dependent
upon direct macrophage to NK cell contact. This cell-to-cell
interaction is thought to promote NK cell IFNγ production via
interaction between LFA-1 on the macrophage and intercellular
adhesion molecule-1 (ICAM-1) on the NK cell (79). In regard
to cytotoxicity targeted against hepatocytes and erythrocytes, the
exact mechanism of NK cell recognition of these cells remains
unknown. Several studies addressed whether NK cell expression
of ICAM-1, PECAM, VCAM, CD36, CSA, NKp30, NKp44,
NKp46, NKG2D, and the expression of PfEMP1 or heat shock
protein 70 on infected erythrocytes facilitated this interaction,
however, an exactmechanism is still not known and needs further
exploration (71, 79–81).

As with T. gondii infection, NK cells may also impact the
function of other immune cells and development of adaptive
immune responses to Plasmodium spp. infection. However, very
little has been investigated about how NK cells or other ILCs are
involved. NK cells may increase DC maturation and cytokine
production facilitating T cell priming (72). In one study, after
infection with P. chabaudi NK cells promoted DC maturation
in vitro, IL-12 production and ability to prime CD4T cells to
proliferate and produce IFNγ. Another study demonstrated that
NK cell activation in vivo was not required for DC maturation or
DC-mediated priming of CD4+ T cells specific for OVA antigens
expressed by P. bergheiANKA (82). This study demonstrated that
NK cells (NK1.1+) contributed to the DC-mediated priming of
CD8+ T cells via a mechanism that required IL-12. Although
these studies may differ in mechanism, it appears that similar
to T. gondii infection, activated NK cells are important for DC
priming of adaptive immunity against Plasmodium spp. This
NK cell dependent enhancement of T cell priming appears to
depend upon IFNγ. Whether activated NK cells can take the
place of helper T cells in helping the priming of CD8T cells has
not been addressed during Plasmodium spp. infection. How NK
cell IFNγ could impact development of long-term immunity to
Plasmodium spp. is also not understood. There are still many
questions about the importance of NK cells in their role during
Plasmodium spp. infection.

To date very little is known about other ILCs and Plasmodium
spp. infection. Many of the observations about NK cells in
malaria could also be attributed to other ILC subsets. Again, this
is because NK cell targeting experimental strategies (phenotype:
NK1.1+, in vivo depletion: anti-NK1.1, anti-ASGM1) also can
target the other ILC populations. Evidence supporting the
involvement of other ILC in immunity to Plasmodium spp.
is found in studies elucidating the mechanisms involved in
development of cerebral malaria (CM) (83). The first ILC
to consider is the ILC1 because of its tissue residency in
the liver and ability to produce high levels of IFNγ (84).
Although NK cell IFNγ production is important for reducing
parasite numbers early during infection, the IFNγ producing
liver ILCs could be ILC1. T-bet−/− animals have elevated
parasitemia after Plasmodium berghei ANKA infection (83).
T-bet deficiency would implicate ILC1 as a controller of acute
infection because development of ILC1 is T-bet dependent
(15). Interestingly, although parasite burden was increased,
T-bet deficiency reduced the severity of CM suggesting that

T-bet dependent ILC1 development and activation could also
cause immunopathology. A recent study indicates that NK cells
and ILC1 are lost in peripheral blood of humans infected
with Plasmodium falciparum and spleens and livers of mice
infected with Plasmodium chaubaudi chabaudi AS (85). Using
NKp46-iCre mice crossed onto myeloid cell leukemia sequence-
1 floxed mice (Mcl1) to genetically ablate mature NK cells, there
was no difference in parasitemia compared to WT controls.
Using NKp46 iCre mice crossed onto TGFβR2 floxed mice
to genetically ablate ILC1, again there was no difference in
parasitemia. The results of these studies may suggest that early
liver control by NK cells and ILC1s is important, but once the
parasite reaches the blood, group 1 ILCmay be less able to control
the infection.

ILCs are not only important for protecting against infection,
but they can also cause immunopathology associated with
infections (17). As noted above, the data from studies of CM
support this hypothesis (58). In CM susceptible C57BL6 mice,
experimental CM is characterized by overproduction of Th1
cytokines (IFNγ, IL-12, and TNFα) (83, 86). Therefore, NK
cells and ILC1 could promote CM through the production
of inflammatory cytokines including IFNγ. NK cell IFNγ

production has been shown to help recruit CXCR3+ T cells into
the brain (86). T-bet deficient mice survived experimental CM
longer but had higher parasite burdens, indirectly suggesting the
potential involvement of group I ILC in contributing to CM
pathogenesis (83). While group 1 ILCmay be both protective and
a cause of immune pathology during Plasmodium spp. infection,
group 2 ILC may help negatively regulate inflammation and thus
prevent development of CM. A recent study suggests that ILC2
may contribute to protection against development of CM (24).
ILC2 are sensitive to IL-33 via the expression of the IL-33 receptor
ST2 (17). Administration of IL-33 prevented development of
CM (24). The therapeutic effect of IL-33 was associated with
the expansion of ILC2 and their production of IL-4, IL-5,
and IL-13. Adoptive transfer of ILC2 into Plasmodium berghei
ANKA infection mice increased the frequency of alternatively
activated macrophages and T regulatory cells and reduced the
severity of CM.

To date there have been no published studies on group 3 ILC
including ILC3 and LTi-like ILC3 and Plasmodium spp. infection.
ILC3 can produce IL-17, IL-22 and GM-CSF in response to IL-
1β and IL-23 (17, 32). Based on the function of ILC3 there
could be support that they are responding during Plasmodium
spp. infection. Whether they are protective or causing pathology
has not been established. However, during malaria infection in
mouse experimental models and humans IL-17 levels increase
(87–89). In several cases the increased IL-17 was independent
of CD4+ Th17 cells. Macrophages may be one source, but
another source not measured in this study could be ILC3s (87).
Whether IL-17 is protective or pathogenic is not clear because
the data from multiple studies is contradictory (9, 87–91). In
mice, IL-17 may help in protection because IL-17 KO mice have
higher parasitemia (87). However, in a human study looking at
the association of inflammation including IL-17 in Plasmodium
induced multiple organ dysfunction (MOD) and CM, high levels
of IL-17 in patients was associated with the highest level of MOD
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(89). Plasmodium spp. infection of AhR KO mice, which are
deficient in ILC3, were more susceptible to CM and generated
higher IL-17 and IL-6 in brain (91). Lastly, IL-17 deficient and IL-
23 deficientmice developed CM similarly toWTmice and similar
levels of parasitemia (87, 90). Another important function of
ILC3 is the maintenance of tissue immune homeostasis through
IL-22 production. Two independent studies have demonstrated
that in the absence of IL-22 (IL-22 KO mice) pathology cause
by Plasmodium spp. infection is more severe (88, 92). Again,
whether this IL-22 is coming from ILC3 is not known. Current
information about IL-17 and IL-22 produced during Plasmodium
spp. infection does not definitively suggest ILC3 are an important
cell type for immunity. However, given the lack of ILC3 specific
studies performed, their production of these cytokines may make
these studies important to explore. LTi-like ILC3 have not been
explored in Plasmodium spp. infection. Overall, even though a
recent study suggests that ILCs are irrelevant (85), there are still
substantial gaps in knowledge about ILCs and Plasmodium spp.
that would be important to investigate.

Another open question that has not been investigated in
Plasmodium spp. infection is whether and how ILC populations
can regulate adaptive immune responses. ILCs can both
positively and negatively regulate adaptive immunity. NK cell
IFNγ may help prime T cell responses during Plasmodium spp.
infection (72). During T. gondii infection, NK cells and/or other
ILC produce IL-10 (55, 56). This NK cell IL-10 may negatively
regulate the adaptive immune response against the parasite
likely to prevent immunopathology. A recent study has now
demonstrated that treatment of mice with an IL-15 complex (IL-
15C) stimulates NK cells to produce IL-10 during Plasmodium
berghei ANKA infection (93). This NK cell IL-10 was required
to protect against CM. Whether NK cell or other ILC IL-10
production in response to Plasmodium spp. infection has an
impact on development of adaptive immunity to Plasmodium
spp. infection will be important to further explore.

ILC AND CRYPTOSPORIDIUM

There is very limited information of the importance of ILCs
during Cryptosporidium spp. infection (Figure 2). Infection
with Cryptosporidium spp. occurs via ingestion of oocysts in
contaminated water (5). The parasite remains in the small
intestine living inside of gut epithelial cells and is a major cause
of diarrhea in people. Innate immunity against the parasite
is important for control of the parasite, however there is still
limited knowledge about the factors that are critical for this
response. This is especially important to investigate because of
the mucosal barrier location of the infection where NK cell,
ILC1, ILC2, ILC3, and LTi-like ILC3 can all be present (15–17).
The level of inflammation generated by these cells could have a
positive and or negative impact on infection pathology with this
parasite. Results from an early study suggested that a non T cell
source of IFNγ was important for control of Cryptosporidium
spp. infection in mice (94). Subsequent studies suggested that
NK cells were not involved into the control of infection (95,
96). Anti-ASGM1 treatment of SCID mice to deplete NK

cells did not result in increased infection pathology. However,
more recent studies indicate that innate lymphoid cells are
protective againstCryptosporidium spp. infection (97). Both adult
Rag2−/− and Rag2−/−γc−/− mice developed chronic infection
but parasite burdens were higher and intestinal pathology was
worse in Rag2−/−γc−/− mice, which eventually succumbed to
the infection. Interestingly, in contrast to adult mice, neonatal
mice of both genotypes were able to survive the infection,
however, Rag2−/−γc−/− had higher parasite burdens for a
more extended period of time as compared to Rag2−/− (18).
Neonatal C57BL6 mice treated with anti-NK1.1 were slower in
controlling the infection and had higher parasite burdens (97).
In Rag2−/−γc−/− protection was attributed to IFNγ produced
by peritoneal macrophages that were IL-18 and IL-12-dependent
(98). Whether NK cell IFNγ is also important for control of
Cryptosporidium spp. infection is still not clear and needs further
investigation. In addition the mechanisms by which NK cells
could be activated in Cryptosporidium spp. infection have not
been thoroughly tested. IL-12, one of the potent activators of NK
cell IFNγ production, is produced and is needed for immunity
against Cryptosporidium spp. in mice (99, 100). In humans,
peripheral blood NK cells (CD3-CD16+CD56+) were shown to
be cytotoxic against cryptosporidium infected intestinal epithelial
cells in the presence of IL15 in vitro (101). IL-15 induced
increased expression of NKG2D receptor on NK cells and that
correlated with increased expression of the NKG2D ligands
MHC class I-related molecules MICA and MICB on infected
intestinal epithelial cells. This data suggests that there may be
direct recognition of the infected epithelium by NK cells during
this infection (101). Therefore, it is possible that IL-12 and IL-15
are important NK cell activation signals during Cryptosporidium
spp. infection. However, this has not been thoroughly tested
and whether these signals are critical for parasite control is
still unclear.

Beyond this very basic knowledge about NK cells and
their involvement in protection against Cryptosporidium spp.
infection, nothing is known about other ILCs and their role
in immunity against infection. In addition it has not been
tested whether and how ILCs can (1) impact the function of
other immune cells (monocytes, macrophages, DCs and T cells);
(2) affect the pathology associated with disease; (3) positively
or negatively regulate adaptive immunity to this parasite. A
small hint that other ILCs may be involved was discovered in
a neonatal lamb infection model of Cryptosporidium parvum
(102). After infection of neonatal lambs, total NKp46+ cells
increased in numbers. The frequency of perforin+ cells increased
in NKp46+CD16+ and NKp46+CD16- subsets. In addition,
IL-22 mRNA expression was upregulated in small intestines of
infected lambs.Whether these NKp46+ cells were ILC3s or other
ILC is not known (102). ILC3 could be responding to infection
because IL-17 is produced in response to Cryptosporidium spp.
Infection (10, 103, 104). However, no clear links have been
established and more research is needed to dissect the roles
of different ILCs in Cryptosporidium spp. infection. Elucidating
the role of different ILCs in control of Cryptosporidium spp.
could lead to better therapy and vaccine design to help treat
this infection.
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ILC AND EIMERIA

Similar to Cryptosporidium spp., very little is known about NK
cells and other ILC and their role in protection vs. pathology
during Eimeria spp. infection. This is a difficult infection to
study ILCs because the host animals are chickens and other
livestock and thus have limited reagents available. However,
this is another important apicomplexan infection that could
provide more insight into how the immune system functions
in response to other gut tropic apicomplexans. Infection with
Eimeria spp. occurs via ingestion of fecal matter containing
oocysts of the parasite, which then cause severe inflammation
in the mucosa of the gut (105). Eimeria spp. is a major cause
of disease that can impair productivity in livestock including
chickens. Similar to other apicomplexan infections, Eimeria spp.
stimulates a very strong Th1 response that is initiated by innate
immune cells that could include ILC (105). Studies investigating
innate immunity to this parasite have focused mainly on
NK cells and not other ILCs (Figure 2). Early investigations
of the importance of NK cells in Eimeria spp. infection in
mice suggested that NK cells were not involved in providing
protection (106). Even though infection of BALBC mice with
E. vermifornis induced an increase in splenic and mesenteric
lymph node (MLN) NK cell cytolytic activity, treatment with
anti-ASGM1 to deplete the NK cells did not increase parasite
burdens in BALBC mice. A later study demonstrated that in
chickens, splenic and intestinal NK cell activity via cytotoxicity as
measured by 51Cr-release assay decreased after primary infection
followed by recovery of this activity (19). However, during
secondary Eimeria spp. infection, NK cell activity was increased.
Secondary intraepithelial lymphocyte derived NK cell activity
was accompanied by increase in number of ASGM1-expressing
cells. In beige/beige (bg) mice that are NK cell deficient,
replication of E. vermiformis was reduced (107). A protective
role of NK cells in the immune response against Eimeria spp.
was demonstrated using SCID, SCID/bg and C57BL6 mice
treated with anti-NK1.1 (108). After primary infection with E.
papillata, WT mice depleted of their NK cells with anti-NK1.1
had higher parasite shedding compared to isotype control treated
animals. This NK cell dependent protection may have been due
to IFNγ production however this was not test directly. The
mechanisms underlying the activation of NK cells during Eimeria
spp. infection most likely involve IL-12 as it is upregulated after
infection, however there are no studies that have tested this
directly (109). Whether and how other cytokines and signals
impact the development of NK cells responses to Eimeria spp.
infection have not been addressed.

The role of non-NK cell ILCs has not been addressed in
Eimeria spp. Given the gut pathology that develops in infected
animals ILC1, ILC2, and ILC3 (both ILC3 and LTi-like ILC3)
may be involved. Based on research into IL-17 and IL-22
production and its importance in this disease implicates ILC3
may be responding to infection (11, 110). In the absence of IFNγ

signaling, mice infected with Eimeria falciformis had greater
body weight loss and gut pathology, but had a lower parasite
burden (110). In these animals IL-17A and IL-22 expression was
significantly increased. Importantly antibody blockade of IL-17

and IL-22 reduced the pathology associated with infection. This
infection pathology was thought to be CD4T cell dependent
because Th17 CD4T cells expanded in the absence of IFNγ.
Whether ILC3 were also producing IL-17 and IL-22 was not
tested in this study. A second also demonstrated that IL-17 was
a cause of gut pathology in chickens (11). Since ILC3 can help
maintain tissue integrity and also cause pathology at mucosal
sites, it is possible they contribute to Eimeria spp. associated
pathology. Outstanding questions are the importance of ILC
in protection and immunopathology, impact of ILC on other
immune cells function and impact of ILC on positive and
negative regulation of adaptive immune responses to Eimeria
spp. Understanding their role in infection may help to develop
therapies to treat this infection.

ILC AND BABESIA

Knowledge about ILCs and Babesia spp. infection is very limited.
How ILC function in response to this infection is still not
thoroughly explored, however, based on other apicomplexan
infections, they could be very important for at least early control
of Babesia spp. infection (Figure 2). Babesia spp. infection
of humans begins after the tick Ixodes scapularis harboring
sporozoites of the parasite has a blood meal from the host (3).
Sporozoites infect RBCs where they replicate as trophozoites
eventually transforming into merozoites. Blood stage infection
causes hemolysis, fever and fatigue in individuals infected.
Increasing rates of infection in people have been observed in
endemic regions and Babesia spp. has severe health consequences
for immunocompromised people. Interestingly, this parasite
remains in the blood stream during infection and immunity
seems to depend upon the spleen as splenectomyzed people are
more susceptible to infection (3). NK cell activity was increased
in spleen and peritoneal excudate cells (PEC) of infected with
Babesia microti mice. However, the course of infection in NK
cell deficient bg mice was unaltered (111). NK cell frequencies
increased in blood, spleen, and liver of BALBC mice infected
with Babesia spp. (112). Experiments performed in SCID mice
on the C57BL6 background indicated that control of Babesia
spp. was independent of adaptive immune cells (113). Control
of Babesia spp. in mice was shown to be dependent upon IL-
12 and IFNγ signaling because STAT4 and IFNγR2 deficient
animals were more susceptible to infection (114). Loss of NK
cells from anti-ASGM1 treatment also resulted in elevated
susceptibility to Babesia spp. Infection (114). Babesia spp. is a
dangerous pathogen for cattle (3). NK-like cells proliferated in
the spleens of young calves during early response to B. bovis
(115). Bovine splenic NK cells (NKp46+CD3-CD2+/–CD8+/–)
produced IFNγ in the presence of supernatants from Babesia
bovis-exposed monocytes in an IL-12 dependent manner (116).
Bovine NK cell IFNγ production required direct cell-to-cell
contact with DCs in co-culture after cytokine stimulation (117).
Interestingly, bovine NK cells were more cytotoxic when co-
cultured with non-cytokine stimulated DCs. Taken together as
with other apicomplexans, group 1 ILCs and specifically NK cells
play an important role in early control of Babesia spp. infection.
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Whether other ILCs are responding and playing a role in
Babesia spp. infection is not known. However, due to the location
of this infection (blood and spleen) other ILC may be less
important for this infection. Interestingly, Babesia spp. appears to
predominantly induce a Th1 response as IL-17 and IL-22 levels
did not significantly change in a mouse model of infection (2).
More in depth investigation of ILC subsets will be needed to
fully assess the role of these cells in immunity against Babesia
spp. infection. This would include studies exploring how ILC can
positively and negatively impact adaptive immune responses.

ILCS AND APICOMPLEXA CONCLUSIONS

AND FUTURE DIRECTIONS

ILCs are important cells for the early control of Apicomplexan
infections via their production of IFNγ (Figure 2). NK cells and
possibly ILC1 in many of these infections are the source of this
cytokine, which is made in response to IL-12, IL-15, IL-18, and
IL-2. Although very few studies have dissected the importance
of ILC2 and ILC3 in apicomplexan infection, there are hints
that these cells are responding to these infections and could
either be protective, helping to dampen inflammation (NK-ILC1-
IL-10, ILC2-IL-33, ILC3-IL22) or potentiating inflammatory
pathology (NK-ILC1-IFNγ ILC3-IL-17). However, there are
still major gaps in knowledge for apicomplexan infections
about all of the ways ILC contribute to protection and impact
overall immunity to these protozoan pathogens. ILC not only
provide early protection, but could also participate in the
generation and maintenance of adaptive immune responses
against these important parasitic infections. ILCs are important
in priming T cell responses either indirectly by maturing APCs
or directly via their cytokine production. Immune factors such
as cytokines or signaling molecules produced by ILC could
have a positive or negative impact on primed T cell long-term
fate and memory differentiation. ILC could also contribute to
long-term protection by developing memory-like responses to

these protozoan pathogens as they do to viral infections (118).
Interestingly, during Plasmodium spp. vaccination, memory
CD4T cells directed memory-like NK cell responses during
secondary infection in vaccinated people (65). How important
the ILC contribution to adaptive recall responses during all
apicomplexan infections is not well-understood. Lastly, ILC
could be cells that are important in honing the adaptive response
against these pathogens either making the memory T cell
pools better or decreasing their ability to protect against these
infections and promoting parasite persistence or susceptibility to
reinfection. There are several situations now known during viral
infections, in the tumor microenvironment and in autoimmunity
where ILC appear to have a negative impact on adaptive immune
responses in these different disease situations (4, 119–129). All
of these questions will be an important area of research to
investigate. Results from future studies of ILC and apicomplexan
infections could help improve knowledge of the biology of
these complex cells and promote better therapeutic development
against these important parasitic pathogens.
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Currently, oral infection is the most frequent transmission mechanism of Chagas disease 
in Brazil and others Latin American countries. This transmission pathway presents 
increased mortality rate in the first 2 weeks, which is higher than the calculated mor-
tality after the biting of infected insect vectors. Thus, the oral route of Trypanosoma 
cruzi infection, and the consequences in the host must be taken into account when 
thinking on the mechanisms underlying the natural history of the disease. Distinct 
routes of parasite entry may differentially affect immune circuits, stimulating regional 
immune responses that impact on the overall profile of the host protective immunity. 
Experimental studies related to oral infection usually comprise inoculation in the mouth 
(oral infection, OI) or gavage (gastrointestinal infection, GI), being often considered as 
similar routes of infection. Hence, establishing a relationship between the inoculation site 
(OI or GI) with disease progression and the mounting of T. cruzi-specific regional immune 
responses is an important issue to be considered. Here, we provide a discussion on 
studies performed in OI and GI in experimental models of acute infections, including  
T. cruzi infection.

Keywords: Trypanosoma cruzi, oral cavity, intragastric infection, immune response, T cell activation

INTRODUCTION

Chagas disease, or American trypanosomiasis, caused by the hemoflagellate protozoan Trypanosoma 
cruzi, is a tropical neglected illness Trypanosoma cruzi (T. cruzi). Infection was initially enzooty and 
maintained among wild animals and insect vectors of the Reduviidae family. Deforestation in rural 
areas allowed vectors to invade human homes (1, 2).

Chagas disease transmission to humans can be classified in primary (vectorial, blood transfu-
sion, congenital, and orally) and secondary (less frequent, such as laboratory accident, handling of 
infected animals, organ transplantation from infected donors, and hypothetically through sexual) 
routes of T. cruzi infection (3, 4). Different transmission routes present variable incubation period, 
such as oral, 3–22 days; vector feces near the bite, 4–15 days; blood transfusion, 8–120 days; and 
organ transplantation, 23–420 days (5–9). Besides the transmission pathway, mortality rates depend 
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also on the patients’ clinical condition and on the time between 
disease diagnosis and beginning of treatment. Oral transmission 
results in a higher mortality, estimated between 8 and 35%, than 
the classical vector-borne infection (<5–10%) (5, 7–10).

From 1990 to 1993, the Brazilian Health Minister started to 
insert the Notifiable Diseases System of Information-SINAN 
(DATASUS) to control the number of acute cases in the country. 
Although underestimated, from 2002 to 2006 Brazil registered 
2510 cases of acute Chagas disease according to the DATASUS 
system. Number of notifications decreased at the time that the 
pan-American Health Organization registered the interruption of 
Triatoma infestans population in the area in 2006 (11); however, 
numbers still reached 1,539 new cases in the DATASUS from 
2007 to 2014. Nowadays, oral transmission of Chagas disease is 
the most frequent transmission route in the Brazilian Amazon 
region (12). Food/beverages contamination with T. cruzi-infected 
insect excreta, macerate, or reservoir meal is responsible for oral 
transmission in one to more than a hundred cases (outbreaks). 
It is noteworthy that oral transmission has been associated with 
high mortality and morbidity, including increased prevalence 
and severity of the cardiac pathology (myocarditis) (13–16). 
Argentina, Bolivia, Colombia, Ecuador, French Guiana, and 
Venezuela have also reported acute Chagas disease outbreaks 
associated with contaminated food consumption [revised in Ref. 
(11, 17)]. Fruits pasteurization is the appropriate pathway to kill 
the parasite, and it has been shown that outbreaks of oral infection 
in Brazilian Amazonia increase with seasonal months of higher 
açaí pulp production. Moreover, epidemiological data suggest 
that in the Pará state most of the cases are caused by consump-
tion of artisanal açaí. Therefore, good practices of quality control 
could avoid the transmission, such as good agricultural practice 
and “bleaching” or “whitening” of the fruits (12, 18).

The infection is presently considered as a worldwide health 
problem with deficiencies in treatment, absence of vaccines, and 
world spreading (19–22).

PARASITE–HOST INTERACTION AND 
TARGET TISSUES

T. cruzi presents one of the most complex life cycles among the 
trypanosomatids, alternating between vertebrate hosts, which 
comprises a wide range of mammals including humans and 
invertebrate hematophagous insects from the Reduviidae fam-
ily (23, 24). Mammalian cell invasion by the T. cruzi is critical 
to its survival in the host. Once inside the vertebrate host, the 
metacyclic trypomastigotes are able to infect several nucleated 
mammalian cells at the inoculation site, such as macrophages, 
fibroblasts, epithelial cells, and others. The intracellular cycle in a 
mammalian cell presents different steps and begins at the moment 
that infective forms of T. cruzi interact with phagocytic or non-
phagocytic surface molecules. These processes lead to cell signal-
ing and internalization of the parasite through multiple endocytic 
pathways (25–27). T. cruzi proteins such as gp82, gp80, gp35/50, 
gp85, trans-sialidase, and host cell adhesion molecules such as 
mucins, VLA (very late antigen), and extracellular matrix pro-
teins (ECM) such as laminin and fibronectin have been reported 

to contribute to parasite infection (23, 25, 28–33). In addition, 
T. cruzi proteases as cruzipain, oligopeptidase B, and Tc80 have 
been implicated in T. cruzi internalization (23, 31). In addition 
to presenting a large variety of surface molecules that can par-
ticipate in host–parasite interaction, strain and forms (metacyclic 
trypomastigotes, tissue culture-derived trypomastigotes, and 
amastigotes) of the parasite differently express these molecules in 
the membrane. The capacity of trypomastigotes to interact with 
a diverse number of molecules on cell surface is determinant to 
improve invasion processes and allows the parasite to explore 
survival and multiplicative strategies in the host (23, 31, 34).

It is believed that any mammalian host cell class of molecules 
in the membrane are potential partners for T. cruzi recognition, 
and the expression of these molecules can vary depending on 
the cell type involved. Well-characterized groups of receptor 
are carbohydrates that contain galactosyl, mannosyl, and sialyl 
residues and lectin-like proteins (23, 26). Interestingly, T. cruzi is 
either able to use and increase expression of ECM in the host cell 
during the initial process of infection. Regarding T. cruzi surface 
molecules, it has been shown that trypomastigote forms present 
motifs that bind to cytokeratin 18, fibronectin, laminin, heparan 
sulfate proteoglycans, and integrins (35, 36).

The components involved in T. cruzi oral infection were 
suggested in experimental models. Hoft and colleagues demon-
strated by histological analysis that after oral infection, T. cruzi 
invades and replicates inside epithelial cells within the gastric 
mucosa. This initial invasion is followed by the establishment 
of a progressive gastritis and further systemic dissemination 
of the parasite. Furthermore, hypertrophy and the presence of 
parasites in adjacent lymph nodes of stomach and inflammatory 
infiltrates in various organs (pancreas, liver, spleen, bone marrow, 
heart, duodenum, adrenal, brain, and/or skeletal muscle) were 
also described. Amastigote nests were detected in the gastric 
mucosal epithelium, but not in the upper gastrointestinal tract, 
like esophagus and oropharynx after oral infection. These data 
suggested that oral infection initiates in gastric mucosal followed 
by systemic dissemination (37).

Analysis of molecular mechanisms involved in T. cruzi inter-
action with host cells during oral infection is under investigation. 
It has been suggested that gastric epithelium express mucins that 
interacts with T. cruzi glycoproteins, such as gp82 and gp30, trig-
gering a cascade of intracellular signaling in the parasite and at 
the host cell, leading to the mobilization of intracellular Ca2+ that 
is essential for parasite internalization (32, 34, 38, 39).

In line with this, previous studies of intrapharyngeal infec-
tion in mice, and in vitro studies of human epithelial cells have 
demonstrated the key role of glycoprotein gp82 during T. cruzi 
invasion in gastric of mucosal (40). Gp82 is present in metacyclic 
trypomastigotes forms, but not in amastigotes, epimastigotes, 
or tissue culture-derived trypomastigotes forms (41, 42). 
Interestingly, gp82 expressed in different T. cruzi strains is resist-
ant to degradation by pepsin or proteinase K (43, 44). Metacyclic 
forms of T. cruzi recovered from the stomach 1 h after an intrap-
haryngeal inoculation in mice preserve the gp82 intact, and the 
parasite infectivity was not altered. Furthermore, T. cruzi gp82−/− 
metacyclic forms have reduced gastric mucin-binding capacity, 
less efficient migration through the gastric mucin-coated and low 
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infectivity in mice by the intrapharyngeal route when compared 
with metacyclic forms that express gp82 (44, 45).

GP30 is another glycoprotein involved in T. cruzi interaction 
with the gastric epithelium, binding the target cells in a receptor-
dependent manner, inducing Ca2+ response and lysosome 
exocytosis, both required for the parasite internalization in the 
cell (44, 45). Interestingly, gp30 shows a lower affinity to gastric 
mucin-binding proteins as compared to gp82, and this seems to 
be associated with low infective capacity of gp82-deficient strains 
in vivo (45, 46). Different isolates of Y strain differ in the expres-
sion of gp82 and gp30 surface molecules and the ability to infect 
mice by the intragastric/intrapharyngeal inoculation (46).

The infection process is also influenced by gp90, a metacy-
clic stage-specific molecule, that binds to mammalian cells in 
receptor-dependent manner but, differently from gp82, this 
protein is unable to trigger Ca2+ signal and downmodulates the 
parasite cell invasion capacity (47). It has been shown that T. cruzi 
strains that express high levels of gp90 on the surface, in addition 
to gp82 and gp30, have low cellular infection capacity in vitro. 
However, recent in  vivo studies indicated that infectivity of  
T. cruzi is also influenced by the susceptibility of g90 molecules to 
peptic digestion. T. cruzi strains expressing pepsin-resistant gp90 
isoform show a low capacity to invade gastric mucosal epithelium 
after intrapharyngeal inoculation in mice, resulting in subpat-
ent or low parasitemia. By contrast, T. cruzi strains expressing 
pepsin-susceptible gp90 produced high parasitemia and high 
mortality when given to mice by the intrapharyngeal route (43). 
In addition, analysis of extracellular vesicles and soluble proteins 
released by metacyclic trypomastigotes forms of T. cruzi has 
revealed presence of gp82 and gp90 surface molecules in these 
compartments (48, 49).

A variety number of molecules involved in parasite–host cell 
interactions are potential candidates in oral infection. During the 
oral infection, parasites come across different cells throughout 
the gastrointestinal tract, from tissues as the mouth to intestines. 
In previous data, Diaz-Ungría and Bracho showed signs of a 
possible T. cruzi penetration in the oral, esophageal, gastric, and 
intestinal mucosa with local eosinophilia, infiltrated lymphocytes 
and monocytes in histological sections from dogs after oral infec-
tion (50). We have recently demonstrated that the site of parasite 
entrance, through the mouth (oral infection—OI), which is more 
similar to natural infection, versus gastrointestinal infection (GI) 
promotes different host immune response and mortality. Thus, 
compared with GI mice, OI mice presented elevated infection rate, 
parasitemia, and higher Th1 cytokines (51) (Figures 1A,B). This 
distinct immunological response and infection severity accord-
ing to the different mucosal pathways highlighted important 
considerations concerning the primary site of T. cruzi infection 
in the oral route and indicated that the pathophysiology in this 
model may not be the same when parasites are administrated into 
the oral cavity or by gavage into the stomach (intrapharyngeal/
intragastric).

In a recent study, the site of parasite entry in OI mice, 
inoculating T. cruzi directly in the mouth and analyzing by 
bioluminescence imaging corroborates the hypothesis that oral 
cavity is a potential critical site of initial T. cruzi infection before 

spreading to other organs in the acute phase. Moreover, OI leads 
to T. cruzi entrance in the palate, multiplication at the nasal cav-
ity and dissemination to central nervous system and peripheral 
tissues. These evidences suggest that oral cavity is the primary site 
of infection and the nasal cavity comprises most of the parasite 
replication (52) (Figures 1C,D). Interestingly, facial edema and 
paresthesia of the tongue were already described in patients 
infected with T. cruzi by the oral route (53).

The mouth/oral cavity is also a target tissue for different viral, 
bacterial, and fungal infections disease, such as Herpes virus type 
1 and 2, Helicobacter pylori, Candida albicans, and others disease 
(54–56). The oral cavity contains distinct mucosal surfaces and 
molecules expression, such as mucins, in which microorganisms 
can bind and, consequently colonize this anatomical region (57). 
The oral mucosa is coated by a film of mucus consisting of lipids, 
glycosylated proteins, such as mucin immunoglobulins, as well as 
growth factors and others. The mucins are considered as the first 
line of defense in the oral cavity, preventing the attachment of 
certain pathogens to the epithelium or forming aggregates facili-
tating the elimination of pathogens by the organism. However, 
some pathogens can bind in the carbohydrate structures present 
in the mucins, such as sialic acids, which favors access to epithelial 
cells and cell invasion (57–59).

Previous data demonstrated that Streptococcus sp. binds to sali-
vary mucins on the surface of the tooth, being one of the first steps 
in the formation of dental plaque (60). Studies using Tannerella 
forsythia, one of the major bacterial pathogens associated with 
periodontitis, uncovered that glycoprotein-associated sialic acid 
in terminal sugars on the surface of oral cavity epithelium is 
important for the adhesion and invasion of these bacteria. In this 
study, parasite inactivation by mutation or inhibition of NanH 
sialidase decreased the adhesion and invasion of T. forsythia in 
human gingival epithelial cell culture lines (OBA-9). The NanH 
sialidase activity is specific for α-2,3 sialic acid present on the 
surface of gingival epithelial cells, suggesting its role in parasite 
adhesion and invasion (61, 62).

In line with these findings, Lakdawala and colleagues demon-
strated that the soft palate is a relevant focus of influenza viruses’ 
infection. The soft palate is a mucin-rich environment, which 
favors the infection and may contribute to airborne transmission. 
Furthermore, the expression of α-2,3 sialic acids, the viral hemag-
glutinin ligands, is detected on the soft palate, in the regions of 
the oral surface and the nasopharyngeal tissues from humans and 
ferret (63).

Interestingly, α-2,3 sialic acids are the main molecule involved 
in T. cruzi trans-sialidase-mediated binding. Trans-sialidase are 
considered as an important virulence factor, since this enzyme 
is able to reduce host cell immune response and mediates  
T. cruzi and host cells adhesion (33). It has been shown that 
trans-sialidase binds to host sialoglycans, generating “eat me” 
signals in epithelial cells, which facilitates parasite entry into non-
phagocytic cells (64). Notably, the mouth seems to be a potential 
source of infection and this knowledge contributes to the eluci-
dation of the target tissue/organs and the molecular components 
regulating the establishment of T. cruzi oral infection and its  
pathogenesis.
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Figure 1 | Severity and target tissues during acute phase of Trypanosoma cruzi orally infected mice. (A) Male BALB/c mice were infected with 5 × 104 tissue 
culture-derived trypomastigotes forms of T. cruzi (Tulahuén strain) through gavage [gastrointestinal infection (GI)] or oral cavity (OI). Parasitemia (mean and SEM) was 
assessed during the acute phase and expressed as ln parasites per milliliter for statistical analysis. Parasites were counted by light microscopy, and parasitemia 
calculated by the Brenner method. Parasitemia comparisons were performed at different days post-infection (dpi), Kruskal–Wallis, Dunn’s post-test (until 15 dpi), 
and one-tailed Mann–Whitney (after 15 dpi) tests were used. (A) n: GI, 3 dpi = 7; 7 dpi = 22; 9 dpi = 29; 12 dpi = 17; 15 dpi = 45; 17 dpi = 10; 21 dpi = 24; 
25 dpi = 16; 29 dpi = 11 and OI, 3 dpi = 4; 7 dpi = 9; 9 dpi = 14; 12 dpi = 22; 15 dpi = 40; 17 dpi = 12; 21 dpi = 14; 25 dpi = 8; 29 dpi = 6. Lower numbers 
represent early stages, when parasitemia was still undetectable and final stages, when mortality rates were too high. (B) Cytokine analysis in GI and OI mice. Male 
BALB/c mice were infected with 5 × 104 tissue culture-derived trypomastigotes forms of T. cruzi (Tulahuén strain) through gavage (GI) or within oral cavity (OI). In the 
course of acute infection, serum was isolated and levels of cytokines (IFN-γ, TNF, IL-17, IL-10, and TGF-β) were quantified in uninfected control and infected mice 
by a multiplex analysis. The results are expressed as the mean values (±SEM) for each group/day post-infection. n: IFN-γ, uninfected (0) = 12; 3 dpi GI = 11, 
OI = 5; 9 dpi GI = 8, OI = 5; 12 dpi GI = 9, OI = 4; 17 dpi GI = 4, OI = 6. TNF, uninfected (0) = 11; 3 dpi GI = 10, OI = 10; 9, 12 dpi, GI = 3, OI = 3; 17 dpi, GI = 6, 
OI = 11. IL-17, uninfected (0) = 12; 3 dpi, GI = 10, OI = 10; 9 dpi, GI = 3, OI = 3; 12 dpi, GI = 5, OI = 5; 17 dpi, GI = 6, OI = 14. TGF-β, uninfected (0) = 6; 3 dpi, 
GI = 4, OI = 4; 9 dpi, GI = 5, OI = 5; 12 dpi, GI = 5, OI = 4; 17 dpi, GI = 2, OI = 5. IL-10 and IL-4, uninfected (0) = 6; 3, 9, 12 dpi, GI = 6, OI = 6; 17 dpi, GI = 3, 
OI = 8. Statistical analysis was performed using GraphPad Prism 5. *p = 0.05; **p = 0.01; ***p = 0.001. (C) Course of parasite distribution in oral infection. Male 
BALB/c mice were infected in the oral cavity (OI) with 1 × 106 trypomastigotes forms of T. cruzi expressing luciferase (Dm28c-luc). Representative in vivo 
bioluminescence images were acquired in the same mice (n = 6), at 7 and 21 dpi, after 15 min of d-luciferin intraperitoneal administration (150 mg/kg), using IVIS® 
Lumina image system (Xenogen). (D) T. cruzi loads in orally infected mice. Male BALB/c mice were infected in the oral cavity (OI) with 1 × 106 trypomastigotes forms 
of T. cruzi expressing luciferase (Dm28c-luc). Organs and tissues were harvested for qPCR analysis to determine the parasite load (parasite equivalent/g) at 60 min, 
7, and 21 dpi. The qPCR was performed in multiplex, targeting T. cruzi nuclear satellite DNA (Sat DNA) and IAC (internal amplification control), as a quality control. 
Parasite load in the nasal cavity (n: 60 min and 7 dpi = 5; 21 dpi = 4), esophagus (n: 60 min = 4; 21 dpi = 3), stomach (n: 60 min and 7 dpi = 4; 21 dpi = 3), small 
intestine (n: 60 min = 5; 7 dpi = 3; 21 dpi = 4), large intestine (n: 60 min = 5; 7 and 21 dpi = 4), and mandibular lymph nodes (n: 60 min = 4; 7 and 21 dpi = 3). 
Red dots: no parasite detection. Values present mean ± SEM. Kruskal–Wallis (Dunn’s post-test) for group kinetics. Statistical analysis was performed using Graph 
Pad Prism 5. *p < 0.05, **p < 0.01. Adapted from Barreto-de-Albuquerque et al. (51) and Silva-dos Santos et al. (52).
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IMMUNE RESPONSE AND DISEASE 
OUTCOME IN EXPERIMENTAL MODELS

The most widely used experimental model to study T. cruzi 
infection has been for years the intraperitoneal (IP) inoculation 
of the parasite in mice, in which 102 trypomastigotes are able 
to promote functional alterations in the immune system from 
14 days post-infection (dpi) (65). However, this pathway does not 
mimic the natural infection through contaminated excreta left 
by the vector after biting. More importantly, especially in Brazil 
and other endemic countries, the most frequent transmission 
route has been reported to be by ingestion of contaminated food 
and beverages (7, 17, 66, 67). Several approaches to address oral 
infection in mice have been described in the literature, such as 
intrapharyngeal, intragastric, and in the oral cavity inoculation 
(37, 44, 45, 51, 68–70).

Comparing mucosal routes through the digestive tube with  
systemic inoculation, differences in disease outcome and immune 
response can be observed. Intraperitoneally infected mice present 
higher parasitemia and mortality than intragastric or oral cavity-
inoculated mice with the same inoculum (51, 69, 71). Besides, 
IP-infected mice also start to die earlier than GI/OI-infected 
and present 80–100% mortality, while GI/OI results in higher 
survival rates. Still, OI leads to parasitemia and mortality levels 
higher than in GI models. Infection through gavage (intragastri-
cally) presents less percentage of mice with patent parasitemia, 
parasitemia, and mortality than IP injection (51, 70). Despite 
intermediate parasitemia and mortality levels between GI and IP, 
OI infection leads to a percentage of mice with patent parasitemia 
similar to IP (49.3% for GI and 97.5% for OI) (51). These temporal 
and quantitative differences in parasitemia might be related to the 
distinct barriers the parasite needs to cross after these inocula-
tion routes. As it has been discussed in the literature, the route of 
parasite inoculation affects the pathogenesis and disease outcome 
of experimental T. cruzi infection (72).

After oral infection, parasites have been detected in several 
tissues, and even where they are not detected, inflammatory 
infiltrates are found (37, 52). Systemic versus mucosal T. cruzi 
infection leads to distinct disease patterns. Systemic infec-
tions with Peruvian strain, such as IP, IV (intravenous), or SC 
(subcutaneous) promote higher infection rates (67–100%) and 
mortality than mucosal, such as OI, GI, intrarectal, genitalia, or 
conjunctival infection (17–67%) (73). By contrast, the study by 
Caradonna and Pereiraperrin (74), mice infected with Tulahuén 
strain through intranasal (IN) route present higher mortality 
than SC. In addition, after an oral inoculation (oropharynx), 
insect-derived metacyclic trypomastigotes are more infective 
when compared to cutaneous challenge (over puncture wound 
that is not the same as the SC) (75).

Inoculation route can also lead to preferential tropism, as well 
as distinct local and systemic immune responses (51, 52, 72, 74) 
(Table 1). Inflammatory infiltrates can be found in the heart and 
the severity is not necessarily the main cause of death (37, 51, 
69). Infiltration of immune cells is observed in several organs 
regardless the presence of parasite (37). The literature shows 
that Tulahuén strain of T. cruzi induces TNF production and 
apoptosis of hepatocytes (76). In this regard, OI and GI infection 
leads to apoptosis in the liver and in the heart of acute infected 
mice and the macrophages are the main source of TNF. These 
different pathways can also lead to elevated serum IFN-γ levels 
and TNF, especially in OI (51). Also in the heart higher levels 
of TNF mRNA is detected in OI when compared with GI. This 
elevated TNF levels in OI may be associated with cardiac, spleen, 
and hepatic damage, as well as toxic shock in mice, as reported 
in studies with other models (51, 77, 78). Besides, it can be con-
sidered one of the factors for death in mice, since blockage of this 
cytokine improves the survival (51).

After OI or GI, different cell types can be found within the heart 
and liver, such as CD4+ and CD8+ cells, neutrophils, and mac-
rophages. Among them, macrophages constitute the main source 
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Table 1 | Cytokines are differentially expressed according to the infection route.

GI Reference OI Reference

CCL3 ↑ stomach (a; c)/spleen (c) (79) N.A. –
CCL5 ↑ stomach (c)/heart (c) (79) N.A. –
CXCL1 ↑ stomach (c)/heart (c) (79) N.A. –
CXCL10 ↑ stomach (c)/heart (c)/

spleen (c)
(79) N.A. –

CXCL9 ↑ stomach (c)/heart (c)/
spleen (c)

(79) N.A. –

G-CSF ↑ stomach (c) (79) N.A. –
IFN-γ ↑ stomach (a; c)/spleen (c)/

serum (a)
(51, 79) ↑ IEL (a)/

LP (a)/↑↑ 
serum (a)

(37, 51)

IL-10 ↑ stomach (a; c)/heart (c)/
spleen (a)

(79) ↑ serum 
(a)

(51)

IL-12 ↑ stomach (a; c)/heart (c)/
spleen (a)

(79) N.A.

IL-17 ↑ serum (a) (51, 79) ↑↑ serum 
(a)

(51)

IL-2 ↑ stomach (c)/spleen (c) (79) N.A. –
IL-3 ↑ stomach (a; c) (79) N.A. –
IL-4 ↑ stomach (a; c)/spleen (c) (79) ↑ serum 

(a)
(51)

IL-6 ↑ spleen (c) (79) N.A. –
IL-7 ↑ stomach (c)/spleen (c) (79) N.A. –
IL-9 ↑ spleen (c) (79) N.A. –
M-CSF ↑ stomach (c) (79) N.A. –
TGF-β ↑↑ serum (a) (51) ↑ serum 

(a)
(51)

TNF ↑ stomach (c)/spleen (c)/liver 
(a)/heart (a)/↑ serum (a)

(51, 79) ↑ liver/
heart/↑↑ 
serum (a)

(51)

GM-CSF ↑ spleen (a; c) (79) N.A. –

GI, gastrointestinal infection; OI, oral infection; a, acute phase; c, chronic phase; N.A., 
not analyzed; IEL, intraephitelial lymphocytes; LP, lamina propria.
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of tissue TNF (51). In acute and chronic phase, inflammation can 
be detected in the stomach and heart after GI infection, followed 
by alterations in cytokine production. An increase of IL-12,  
IFN-γ, IL-4, IL-10, CCL3/4, and IL-3 is observed in the stomach 
during the acute phase of the disease and IL-12, TNF-α, CCL3/4, 
CXCL1, CCL5, CXCL9, CXCL10, G-CSF, M-CSF, IL-2, and IL-7 in 
the chronic phase. Hoft and collaborators demonstrated that after 
oral inoculation, T. cruzi infection within the gastric epithelium 
is able to stimulate B cell responses with parasite-specific IgA and 
IgG, suggesting activation of these cells in mucosal inductive sites, 
such as Peyer’s patches, although the presence of parasite was not 
proven there. Furthermore, gastric intraepithelial lymphocytes 
and from lamina propria produce IFN-γ (37). In the heart, IL-10 
and CXCL1 increase in animals GI-infected with the CL strain, in 
addition to IL-12, IL-10, CXCL9, and CXCL10 during the chronic 
phase. Of note, this profile can vary according to strain (79). Yet, 
little is known after oral inoculation of the parasite.

It was already described after IP infection, alterations in 
secondary lymphoid organs are observed in acute infection with 
an increase in total cell numbers and individual subsets as well as 
cytokine production in the subcutaneous lymph nodes and spleen, 
and a decrease in mesenteric lymph nodes and thymus (65, 80). 
After GI, there is an increase of neutrophils, lymphocytes, and 
monocytes and a reduction of the number of eosinophils in 
GI- and IP-infected mice. As demonstrated in Domingues and 

colleagues study, the peak of parasitemia in GI at 18 dpi is cor-
related with an increase in monocytes in the blood. The spleen 
also increases in GI, mainly CD8+ cells and double-positive 
CD8+CD4+, but at a later time and the thymus is slightly increased 
instead of the atrophy observed after IP (70). High levels of IL-12, 
IL-10, and GM-CSF are expressed in the spleen during the acute 
phase of CL strain-infected mice, while IFN-γ, TNF-α, IL-6, IL-4, 
IL-9, CCL3/4, CXCL9, CXCL10, GM-CSF, IL-2, and IL-7 are 
elevated during chronic infection (79). The mesenteric lymph 
nodes decrease in GI with reduction of CD4+ cells (70). Of note, 
the only study addressing lymphoid organ alteration after oral 
infection (oral cavity inoculation) reports an increase of gastric 
lymph nodes (37).

Regarding systemic cytokines GI and OI mice have a high con-
centration of serum IL-4, while OI leads to lower amounts of the 
regulatory cytokine IL-10 and TGF-β. These cytokines are known 
to inhibit macrophage microbicidal function, protecting the host 
from tissue damage (77, 81). Furthermore, inoculation of parasite 
through digestive mucosa (oral and more in GI) triggers IL-17 
production, which is reflected in the serum. IL-17-producing 
cells have also been described to contribute to the formation of 
the gastrointestinal barrier (82). Moreover, mucosal infections 
(IN or OI/GI) with bacteria, such as Listeria monocytogenes 
(Lm), Streptococcus pyogenes, and Francisella tularensis leads to 
Th17 responses, while the systemic routes (IV or SC) trigger a 
Th1 response (83).

For different infection models systemic inoculations, IP, IV, 
and SC have been widely used. Although these approaches do 
not always necessarily mimic the natural transmission pathway. 
Our group and others have already demonstrated that the route 
of parasite administration is relevant for the disease outcome 
in infections by different pathogens (72, 84). Besides as ideal 
experimental model should mimic all phases of infection, includ-
ing the transmission pathway (84). In this regard, for food-borne 
diseases, oral inoculation is an essential issue to consider.

Considering the human counterpart in Chagas disease, oral 
transmission has become more epidemiologically relevant and 
the outbreaks are related to contaminated food ingestion (85). 
Interestingly, facial edema is frequently observed in these patients 
(53). In experimental models, we described that host response is 
distinct when parasites are delivered into the oral cavity or by gav-
age (51). As it has been discussed also in non-infectious models, 
the oral cavity represents the first contact with the organism after 
ingestion and presents an underexplored environment. Thus, it 
should really be considered as more than just the entrance for 
the gastrointestinal tract (86). Tolerogenic dendritic cells produc-
ing IL-10 and IL-12 (regulatory and inflammatory profiles) can 
capture parasite/antigens within the mucosa in the oral cavity and 
in the gastrointestinal tract from where they can also be drained 
to the liver by the portal system (87, 88). Thus, regarding oral 
infections, parasite delivery into the oral cavity or by gavage 
(intrapharyngeal/gastrointestinal) should not be assumed as 
equivalent processes.

The importance to standardize the nomenclature and the 
choice among different approaches to address “oral” infection, 
such as ad  libitum, oral gavage and in the oral cavity has been 
discussed also in the context of other food-borne diseases, such 
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as Listeriosis, caused by the bacteria Lm (84). After GI Lm 
inoculation, high amounts of Lm and specific T cells are found 
in the intestinal mucosa, mesenteric lymph nodes, spleen, and 
liver, whereas ingestion of Lm-contaminated bread promotes 
increased and phenotypically distinct intestinal resident memory 
cells (TRM) compared with other routes of infection (89–91). 
Moreover, IV and IN routes are able to induce TH1 and TH17 
CD4+ cells, respectively, but TH1 cells from IV were are more 
likely to originate a memory cell pool than TH17 from IN (92).

CONCLUSION AND PERSPECTIVES

Nowadays, T. cruzi oral transmission is an important route of 
infection in Latin American countries. Despite its relevance, sig-
nificant studies about this form of parasite infection are largely 
lacking. Experimental studies related to oral T. cruzi and other 
infective agents usually comprise inoculation in the mouth (OI) 

or intragastrically/intrapharyngeal (GI), being roughly consid-
ered as similar routes of infection. In this review, we unraveled the 
intrinsic importance of specific (and distinct) tissues involved 
in the primary site of an infective agent entrance, resulting in 
regional immune response and differential disease outcome. 
New studies investigating the influence of target tissues and 
host–parasite interactions in OI and GI must be performed.
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In cestodiasis, mechanical and molecular contact between the parasite and the

host activates the immune response of the host and may result in inflammatory

processes, leading to ulceration and intestinal dysfunctions. The aim of the present

study was to identify antigenic proteins of the adult cestode Hymenolepis diminuta

by subjecting the total protein extracts from adult tapeworms to 2DE immunoblotting

(two-dimensional electrophoresis combined with immunoblotting) using sera collected

from experimentally infected rats. A total of 36 protein spots cross-reacting with the

rat sera were identified using LC-MS/MS. As a result, 68 proteins, including certain

structural muscle proteins (actin, myosin, and paramyosin) and moonlighters (heat shock

proteins, kinases, phosphatases, and glycolytic enzymes) were identified; most of these

were predicted to possess binding and/or catalytic activity required in various metabolic

and cellular processes, and reported here as potential antigens of the adult cestode

for the first time. As several of these antigens can also be found at the cell surface,

the surface-associated proteins were extracted and subjected to in-solution digestion

for LC-MS/MS identification (surfaceomics). As a result, a total of 76 proteins were

identified, from which 31 proteins, based on 2DE immunoblotting, were predicted to

be immunogenic. These included structural proteins actin, myosin and tubulin as well

as certain moonlighting proteins (heat-shock chaperones) while enzymes with diverse

catalytic activities were found as the most dominating group of proteins. In conclusion,

the present study shed new light into the complexity of the enteric cestodiasis by showing

that the H. diminuta somatic proteins exposed to the host possess immunomodulatory

functions, and that the immune response of the host could be stimulated by diverse

mechanisms, involving also those triggering protein export via yet unknown pathways.

Keywords: Hymenolepis diminuta, tapeworm, cestoda, host–parasite interactions, proteomics, mass

spectrometry, immunoblotting, surface proteins
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INTRODUCTION

Cestodes have been recognized for many years as being among
the most important human parasites, causing diseases that
remain within the top health priorities in many parts of the
world (1). Indeed, cestode diseases are explicit targets for control
efforts, especially in developing countries (2, 3). Such diseases
are emerging threats even in more developed countries, where
hymenolepiasis remains among the cestode diseases that have the
highest morbidity globally (4, 5).

Similarly to other cestode species the life-cycle ofHymenolepis
diminuta is complex and involve three morphologically distinct
developmental stages: the hexacanth larva, the metacestode
juvenile, and the sexual adult stage (6). The hexacanth is enclosed
within its oncospheral envelopes, forming the cestode egg (7)
that undergoes progressive metamorphosis into the metacestode
stage in the intermediate host’s body tissues and/or cavities.
In most of the cases, the metacestode needs to be ingested to
reach the vertebrate definitive host’s small intestine and grow
into the adult parasite. In the intestinal lumen, developing
immature and adult cestodes are exposed to the hostile intestinal
environment, including digestive enzymes, immune responses,
bacteria, and active peristaltic movements of the small intestine.
Adult tapeworms utilize their scolex that is armed with adhesive
structures (suckers), for anchoring themselves to the intestinal
epithelium. In addition, juvenile, premature and adult cestodes
use tegumental surface structures—microtiches—to mediate
broad adherence to the intestinal epithelium. In a number of
cases, this mechanical contact between the parasite and host
intestinal tissue can irritate the intestinal mucosa, which may
finally result in inflammatory processes leading to ulceration
and intestinal dysfunctions (8). In this way parasite-derived
molecules interact with the host immune system as antigens
associated with three sources: excretory-secretory, surface, and
tegumental proteins (9–11). Many of thesemolecules are proteins
involved in the parasite’s metabolism and survival strategies. In
our previous study we identified numerous excretory-secretory
proteins (ESPs), among which several were found as antigens
with potential impact on the parasite–host interaction (10).

However, despite the current progress in understanding the
parasite–host cross-talk mechanisms, the immunoparasitology
and related proteomes of the adult cestodes have remained largely
unknown. The only available data related to immunoproteomics
of these organisms is based on the adult tapeworms Echinococcus
granulosus infecting dogs (9). Comparing the number of reports
regarding the immunoparasitology of cestode metacestode stages
(predominantly hydatidosis), adult trematodes and nematodes,
there is still a gap in our knowledge related to the adult cestode.

Human or other mammalian cestodiases are mostly caused
by the metacestode juvenile stages of Echinococcus spp. (hydatid
cysts) and Taenia spp. (cysticerci). Selected Hymenolepis species
may infect humans in the adult stage, and H. diminuta has
been extensively studied as it can be maintained in laboratory
animal hosts (12). From these species, H. diminuta can establish
successful invasion in both rodent and human hosts, and
has become an important model for studying cestode-host
interrelationships. However, from immunological perspectives,

the adult stage of this organism has remained largely unexplored
(13–23). The presence of adult tapeworms in the host intestine
may also influence the function of this organ, thereby affecting
the immunity and host condition. In support of this, Kosik-
Bogacka et al. (24–31) have reported thatH. diminuta had impact
on ion transport, oxidative stress, the expression and/or activity
of toll-like receptors and cyclooxygenases in rat intestines.
Due to its low pathogenicity and immunomodulatory activity,
H. diminuta is also considered a source of potential therapeutic
molecules for treating autoimmune and inflammatory diseases
activity (32–34).

In the present study, we applied 2DE immunoblotting (two-
dimensional gel electrophoresis followed by immunoblotting)
of H. diminuta proteins using antisera raised against this
organism in rats to indicate antigenic proteins with potential
role in adaptation and host–parasite interaction. In addition,
the surface-associated proteins were identified to complement
the 2DE results and to pinpoint the subcellular location
of the identified antigens. Our study, besides uncovering
plausible antigens in the adult cestodes, demonstrates that
gel-based proteomic approach investigating individual proteins
still offers an effective way for finding new candidates for
immunodiagnostics and therapeutic strategies.

ANIMALS AND METHODS

Experimental Animals
Healthy and pathogen-free male Lewis rats, aged 3 months, were
used as definitive hosts for adult H. diminuta. They were kept in
plastic cages in the laboratory animal facilities of the Institute of
Parasitology, PAS. They were provided feed and water ad libitum.

Ethics Statement
This study was approved by the 3rd Local Ethical Committee for
Scientific Experiments on Animals in Warsaw, Poland (Permit
number 51/2012, 30th of May 2012).

Cultivation of H. diminuta Adult Cestodes
Six-week-old H. diminuta cysticercoids were extracted from
dissected Tenebrio molitor beetles under a microscope
(magnification 100×). Three-month-old rats (10) were infected
by voluntary oral uptake of six cysticercoids of H. diminuta per
rat and the fecal sample direct smears were examined under a
microscope (magnification 400×) after 5–6 weeks from the initial
infection to verify the presence of adult parasites by finding eggs.
Rats were euthanized with 100 mg/kg intraperitoneal tiopenthal
anesthesia (Biochemie GmbH, Austria). The rat small intestines
were removed immediately, adult parasites were isolated and
washed up to five times with 100mM PBS with antibiotics added
(1% penicillin) to remove debris. Before protein extraction and
proteomic analysis the parasitic material was stored at−80◦C.

Collection of Serum From Infected Rats
Blood samples were collected 4–5 weeks after infection from
rats, infected with H. diminuta and serum was separated.
Sera before the infection at day 0 and from uninfected rats
were used as negative controls (Supplementary Figure 1). Blood
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samples were collected to tubes by cardiac puncture at the time
of euthanasia from heavily sedated animals. After collection,
samples were allow to clot by leaving them undisturbed at
room temperature for 20–25min. The clot was removed by
centrifugation (1,500× g for 15min,+4◦C), serum samples were
collected immediately and transferred into a clean polypropylene
tube using a pipette. If not used immediately samples were stored
at−80◦C.

Protein Extraction
Hymenolepis diminuta adult worms in whole (size between 40
and 60 cm in length) were suspended in lysis buffer, containing
8M Urea, 4% CHAPS and 40mM Tris-base supplemented with
protease inhibitor cocktail (Roche, Germany) and homogenized
by sonication on ice until the suspension became clear. The
homogenate was centrifuged at 15,000 × g at 4◦C for 25min
to collect the supernatant containing soluble proteins, which
were either used directly or stored at −80◦C until use. The
protein concentration was measured using a Spectrometer ND-
1000 UV/Vis (NanoDrop Technologies, United States). Three
biological replicates (three adult worms at the same age collected
from different animals) taken from independent experiments
were used in the present study.

Two-Dimensional Gel Electrophoresis

(2DE)
The protein samples (150 ±10 µg from each replicate) were
rehydrated overnight in 250 µl of the rehydration solution
(ReadyPrepTM 2-D Rehydration Buffer, Bio-Rad, USA) with
immobilized pH gradient (IPG) gel 7 cm strips having pH
ranging from 4 to 7. Isoelectric focusing (IEF) was performed
using a Protean IEF Cell (BioRad, United States) at 20◦C as
follows: 15min at 250V, then rapid ramping to 4,000V for 2 h,
and 4,000V for 16,000 Vh (using a limit of 50 µA/strip). After
IEF, the strips were first equilibrated for 25min in equilibration
buffer (ReadyPrepTM 2-D Starter Kit Equilibration Buffer I, Bio-
Rad, USA), followed by a 25-min equilibration in the same
buffer supplemented with 2.5% iodoacetamide (ReadyPrepTM 2-
D Starter Kit Equilibration Buffer II). The second dimension,
SDS-PAGE, was run on 12% polyacrylamide gel in the Midi-
Protean Tera Cell (Bio-Rad, United States) with 200V, for
approximately 45min. All the replica gels were run in the same
conditions.

After 2DE, the proteomes were visualized using the Silver
Staining Kit according to the manufacturer’s protocol (Krzysztof
Kucharczyk Techniki Elektroforetyczne, Poland), or the 2DE
gels were used without staining for immunoblotting. The silver-
stained gels were scanned with a GS-800 densitometer (Bio-Rad,
United States) and quantitatively analyzed using Quantity One
and PDQuest Analysis Software (Bio-Rad, United States). To
minimize the risk of protein overstaining, the time used in the
developing step was reduced to a minimum.

2DE-Immunoblotting
Proteins from 2DE-gels were transferred by a wet transfer
system (Bio-Rad, United States) to a nitrocellulose membrane
(Bio-Rad, United States) that was then treated with sera

collected from rats experimentally infected with H. diminuta
diluted 1:500 in Protein-Free T20 (TBS) Blocking Buffer
(Thermo Scientific, Rockford, United States) and then with
anti-rat IgG-conjugated to horseradish peroxidase (1:8,000,
Sigma Aldrich, United States). The blots were developed
using the SuperSignal West Pico Chemiluminescent Substrate
(ThermoFisher Scientific, United States) according to the
provided instructions, and visualized using the GS-800
Densitometer (Bio-Rad, United States) and analyzed by the
1-D Analysis Software Quantity 1 (Bio-Rad, United States).
The experiment was performed with three biological replicate
samples.

LC-MS/MS Identification
Spots of interest were manually excised from the silver-stained
gels and subjected to standard “in-gel digestion” procedure, in
which they were first dehydrated with acetonitrile (ACN) and
then reduced, alkylated, and digested with trypsin as previously
described by Kordan et al. (35). Briefly, the gel pieces were first
treated with 10mM DTT in 100mM NH4HCO3 for 30min at
57◦C, and then with 0.5M iodoacetamide in 100mMNH4HCO3

(45min in the dark at room temperature). Proteins were digested
overnight with 10 ng/µl trypsin in 25mM NH4HCO3, at pH 8.5
(Promega, Madison, WI, United States) at 37◦C. The resulting
tryptic peptides were extracted in a solution containing 0.1%
formic acid and 2% ACN.

The tryptic peptides were subjected to liquid chromatography
and tandem mass spectrometry (LC-MS/MS) in the Laboratory
of Mass Spectrometry, Institute of Biochemistry and Biophysics,
Polish Academy of Sciences (Warsaw, Poland). Samples were
concentrated and desalted on a RP-C18 pre-column (Waters,
United States), and further peptide separation was achieved on
a nano-Ultra Performance Liquid Chromatography (UPLC) RP-
C18 column (Waters, BEH130 C18 column, 75µm i.d., 250mm
long) of a nanoACQUITY UPLC system, using a 45-min linear
acetonitrile gradient. The column outlet was directly coupled to
the Electrospray ionization (ESI) ion source of the Orbitrap Velos
type mass spectrometer (Thermo, United States), working in the
regime of data dependent MS to MS/MS switch with HCD type
peptide fragmentation. An electrospray voltage of 1.5 kV was
used. Raw data files were pre-processed with Mascot Distiller
software (version 2.5, MatrixScience).

The obtained peptide masses and fragmentation spectra were
matched to the National Center Biotechnology Information
(NCBI) non-redundant database NCBInr 20150115 (57,412,064
sequences; 20,591,031,683 residues), with a Cestoda filter (44,695
sequences) using the Mascot search engine (Mascot Server v.
2.4.1, MatrixScience). The following search parameters were
applied: enzyme specificity was set to trypsin, peptide mass
tolerance to ± 30 ppm and fragment mass tolerance to ± 0.1
Da. The protein mass was left as unrestricted, and mass values as
monoisotopic with onemissed cleavage being allowed. Alkylation
of cysteine by carbamidomethylation as fixed and oxidation of
methionine was set as a variable modification.

Multidimensional protein Identification Technology–type
(MudPIT-type) and/or the highest number of peptide sequences,
were selected. The expected value threshold of 0.05 was used
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for analysis, which means that all peptide identifications had
a <1 in 20 chance of being a random match. Spectra derived
from silver-stained gel pieces usually do not contain enough
MS/MS fragmentations to calculate a meaningful FDR, therefore
a Mascot score threshold of 30 or above (p < 0.05) was used.

Extraction and Identification of

Surface-Associated Proteins
Adult H. diminuta worms were first washed 3 times in sterile
phosphate-buffered saline (PBS), followed by quick wash in
sterile PBS with antibiotics (1% penicillin) to remove debris.
Then they were washed again in sterile PBS without antibiotics
and incubated in 3ml of 1% Nonidet P-40 (NP-40 [Sigma
Aldrich]) in 50mM Ambic/AMBIC buffer for 30min on a
roller mixer at room temperature. After incubation samples
were centrifuged at 15,000 × g and the supernatant was
collected to a new tube. In order to perform mass spectrometry
analysis Nonidet P-40 was removed using detergent Removal
Spin Columns (Pierce) according to manufacturer’s instructions.
Columns were first equilibrated with 50mM AMBIC without
the detergent and then the sample was carefully applied on
the column and incubated for 2min in room temperature and
eluted by centrifugation (1,000 × g, 2min) to a new tube. The
protein concentration was measured using a Spectrometer ND-
1000 UV/Vis (NanoDrop Technologies, United States). Three
replicates from the collected surface proteins were subjected to
LC-MS/MS identification.

Proteins were identified by LC-MS/MS (Laboratory of Mass
Spectrometry, Institute of Biochemistry and Biophysics, Polish
Academy of Sciences (Warsaw, Poland) as described above.
Protein solutions were subjected to standard procedure of trypsin
digestion, during which proteins were reduced with 0.5M (5mM
f.c.) TCEP for 1 h at 60◦C, blocked with 200mMMMTS (10mM
f.c.) for 10min at RT and digested overnight with 10µl of 0.1
ug/ul trypsin. The resulting peptide mixtures were applied in
equal volumes of 20µl to RP-18 pre-column (Waters, Milford,
MA) using water containing 0.1% FA as a mobile phase and then
transferred to a nano-HPLC RP-18 column (internal diameter
75µM, Waters, Milford MA) using ACN gradient (0–35% ACN
in 160min) in the presence of 0.1% FA at a flow rate of
250 nl/min. The column outlet was coupled directly to the
ion source of the Orbitrap Elite mass spectrometer (Thermo
Electron Corp., San Jose, CA, United States) working in the
regime of data-dependent MS to MS/MS switch with HCD
type peptide fragmentation. A blank run ensuring absence
of cross-contamination from previous samples preceded each
analysis.

Raw data files were pre-processed with Mascot Distiller
software (v. 2.6, MatrixScience, London, UK). The obtained
peptide masses and fragmentation spectra were matched to
the NCBInr database (167,148,673 sequences; 60,963,227,986
residues), with a Cestoda filter (49,619 sequences) using the
Mascot Search Engine (MatrixScience, London, UK, Mascot
Server 2.5). To reduce mass errors, the peptide and fragment
mass tolerance settings were established separately for individual
LC-MS/MS runs after a measured mass recalibration, resulting

in values 5 ppm for parent and 0.01 Da for fragment ions.
The rest of search parameters were as follows: enzyme, Trypsin;
missed cleavages, 1; fixed modifications, Alkylation of cysteine
by carbamidomethylation; oxidation of methionine was set as
a variable modification. In each Mascot search, the score cutoff
was determined automatically to obtain an FDR below 1%?
The Decoy Mascot functionality was used for keeping FDR for
peptide identifications below 1%.

Proteome Bioinformatics
The presence of potential N-terminal signal peptide cleavage site
for the identified proteins was analyzed using the SignalP 4.1 tool
(36). The identified proteins were classified according to their
predicted molecular function, biological process, and cellular
component using the UniProtKB database (http://www.uniprot.
org/) and QuickGO (http://www.ebi.ac.uk/QuickGO/). Proteins
with enzymatic properties were further classified according to
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(http://www.genome.jp/kegg/).

RESULTS

2DE of the H. diminuta Adult-Stage

Proteins
The stained 2DE-protein patterns in each three biological replica
gels were comparable. As our preliminary 2DE analyses indicated
that most of the adult-stage proteins migrated with pI values
ranging from 4 to 7 (data not shown), the present study
focused on proteins covering this proteome region. The PDQuest
software analyses of the silver-stained proteomes enabled us
to distinguish more than 580 adult-stage protein spots from
H. diminuta. Figure 1 showing the representative silver-stained
master gel indicates that majority of the protein spots migrated
with molecular weights (MWs) between 15 and 130 kDa.

With the use of the 2DE-immunoblotting we detected 36
spots as positively recognized by the H. diminuta-infected
rat sera, whereas sera collected form uninfected rats were
signal free (Figure 2 and Supplementary Figure 1). Potentially
immunogenic proteins migrated predominantly with MWs
between 35 and 250 kDa and pHs ranging from 4 to 5 and 6 to
7 (Figure 2). Several immunoreactive spots were also detected in
the area between 10 and 35 kDa. The proteins were organized
in eight groups of horizontally adjacent immunoreactive spots as
shown in Figures 1, 2.

LC-MS/MS Identification of Antigenic and

Surface Proteins of H. diminuta Adult

Stage
Thirty-six protein spots cross-reacting with the rat antisera were
excised from the silver-stained replica 2DE-gel and subjected
to in-gel tryptic digestion and LC-MS/MS analyses. As a result,
68 potentially antigenic proteins were identified and are listed
in Table 1 and Supplementary File 1. As shown in Table 1

numerous proteins were identified from multiple spots; 38 of
the identified proteins were present in more than one spot
(Table 1 and Supplementary File 1). Similarly, the number
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FIGURE 1 | Master gel of silver-stained 2-DE protein maps of H. diminuta adult-stage somatic proteome showing spots recognized as immunogenic and excised

from the gel for LC-MS/MS analysis (indicated by red color).

FIGURE 2 | Recognition pattern of H. diminuta adult-stage immunoreactive protein spots by antibodies of H. diminuta-infected rats visualized using

chemiluminescence.

of proteins identified per spot varied from spot to spot; the
highest number of proteins were identified from the spot
number 12 (with 11 proteins) (Supplementary File 2). Only one
protein was present in spots 10 (spectrin beta chain) and 36
(myosin essential light chain). Proteins that were most frequently

identified from multiple spots included the aldo-keto reductase
family 1 (present in 8 spots) proteins, glutamate dehydrogenase
(in 9 spots), glyceraldehyde-3-phosphate dehydrogenase—
GAPDH (in 8 spots), enolase, phosphoenolpyruvate
carboxykinase and pyruvate kinase—PYK (in 7 spots).
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TABLE 1 | Alphabetical list of identified adult Hymenolepis diminuta antigenic

proteins with spot numbers and recognition of potentially signaling/secretory

proteins (antigenic proteins identified for the first time in the adult cestode are

indicated in bold).

Protein [Organism] Spot number

(Number of spots)

SP*

3-oxoacyl-acyl-carrier-protein

reductase# [Hm]

35 (1) N

Actin, cytoplasmic 2 [Eg] 1, 2, 11, 18, 19, 20 (6) N

Actin, partial [Dd] 18, 19, 20, 26 (4) N

Actin-1 [Eg] 19 (1) N

Actin-5#, partial [Dd] 19 (1) N

Alanine aminotransferase 2# [Hm] 12, 21, 22 (3) N

Aldo-keto reductase family 1, member

B4# [Hm]

22, 27, 28, 29, 30, 32,

33, 35 (8)

N

Alpha-tubulin [Hd] 11 (1) N

Annexin A8 [Eg] 18, 25 (2) N

Aspartyl tRNA synthetase,

cytoplasmic [Hm]

12, 13 (2) N

Calpain A# [Hm] 11 (1) N

Calumenin-B [Eg] 26 (1) Y

Capping protein (actin filament)

muscle Z line [Hm]

31 (1) N

Cytosolic malate dehydrogenase# [Hm] 27, 28, 29, 30, 31 (5) N

Deoxyhypusine

hydroxylase:monooxygenase# [Hm]

18, 19 (2) N

Dnaj subfamily A [Hm] 21 (1) N

Ef hand family protein [Hm] 27 (1) Y

Elongation factor 2# [Hm] 15 (1) N

Enolase# [Hm] 4, 12, 21, 22, 23, 24,

25 (7)

N

Estradiol 17 beta-dehydrogenase [Eg] 27 (1) N

Eukaryotic initiation factor 4A [Hm] 19, 33 (2) N

Filamin# [Hm] 1, 2, 11 (3) N

Fructose-1,6-bisphosphate aldolase#

[Hm]

32, 33 (2) N

Fumarate hydratase class I# [Hm] 14, 15 (2) N

Glucose-6-phosphate isomerase [Eg] 15, 31 (2) N

Glutamate dehydrogenase# [Hm] 6, 7, 12, 14, 21, 22,

23, 24, 25 (9)

N

Glutamate dehydrogenase,

mitochondrial# [Hm]

12, 23 (2) N

Glyceraldehyde-3-phosphate

dehydrogenase# [Hm]

9, 15, 28, 29, 30, 31,

32, 33 (8)

N

Glycogen phosphorylase# [Hm] 1 (1) N

GTP-binding nuclear protein Ran [Hm] 35 (1) N

Heat shock cognate protein [Eg] 2 (1) N

Heat shock protein [Eg] 2, 11 (2) N

Heat shock protein 60 [Em] 11 (1) N

Heat shock protein 70# [Hm] 2, 3 (2) N

Heterogeneous nuclear

ribonucleoprotein 87F [Eg]

31, 32, 33 (3) N

Hypothetical transcript [Hm] 2, 12, 13 (3) N

Inosine-5- monophosphate

dehydrogenase 2 [Hm]

25 (1) N

Lactate dehydrogenase# [Hm] 28, 30 (2) N

(Continued)

TABLE 1 | Continued

Protein [Organism] Spot number

(Number of spots)

SP*

Lamin [Hm] 2, 3 (2) N

Leucyl aminopeptydase [Eg] 13 (1) N

Major egg antigen [Hm] 11 (1) N

Major vault protein# [Hm] 1 (1) N

Myosin essential light chain [Hm] 36 (1) N

Myosin heavy chain# [Hm] 1, 2 (2) N

Myosin regulatory light chain [Eg] 34 (1) N

NADP-dependent malic enzyme# [Hm] 12, 13, 14, 15 (4) N

Neuronal calcium sensor [Hm] 12, 13 (2) N

Paramyosin [Hm] 1, 2, 3, 4, 11 (4) N

Phosphoenolpyruvate carboxykinase#

[Hm]

4, 5, 6, 7, 8, 9, 15 (7) N

Phosphoglucomutase# [Hm] 12, 14 (2) N

Pseudouridine metabolizing

bifunctional protein [Hm]

9 (1) N

Pyruvate kinase# [Hm] 6, 9, 12, 13, 14, 15 (7) N

Spectrin alpha actinin# [Hm] 18, 26 (2) N

Spectrin beta chain [Hm] 10, 16, 20 (3) N

Stress-70 protein [Eg] 2 (1) N

Subfamily T1A non peptidase [Hm] 34 (1) N

Succinate dehydrogenase

flavoprotein# [Eg]

3 (1) N

Succinyl coenzyme A ligase# [Hm] 19, 20 (2) N

T-complex protein 1 subunit delta

[Hm]

14, 15 (2) N

T-complex protein 1 subunit zeta [Hm] 12, 13 (2) N

Transketolase# [Hm] 4, 5 (2) N

Triosephosphate isomerase# [Hm] 35 (1) N

Tropomyosin [Hm] 16, 17 (2) N

Tropomyosin 2 high molecular weight

[Mc]

17 (1) N

Tubulin# [Se] 11 (1) N

Tubulin beta chain# [Eg] 11, 26 (2) N

Vacuolar H+ atpase v1 sector subunit

A [Hm]

2 (1) N

V-type proton atpase catalytic subunit

A [Eg]

2 (1) N

SP - signal peptide; * - the presence of secretory/signal proteins predicted with the use

of SignalP 4.1 Server software; Y - potentially secretory protein; N - negative search

results; # - protein recognized among surface proteins; Dd - Diphyllobothrium dendriticum;

Eg - Echinococcus granulosus; Em - Echinococcus multilocularis; Hd - Hymenolepis

diminuta; Hm - Hymenolepis microstoma; Mc - Mesocestoides corti; Se - Spirometra

erinaceieuropaei.

Altogether, 30 proteins were identified from individual spots
(Table 1).

Figure 1 shows the cross-reactive protein spots numbered

with 1, 5–8, 18–20, 22–23, 28–29, and 35. They were found
to match with the following proteins: actin, aldo keto

reductase family 1 proteins, enolase, filamin, glutamate
dehydrogenase, paramyosin, myosin, malate dehydrogenase,
phosphoenolpyruvate carboxykinase, succinyl coenzyme-A
ligase, spectrin, triosephosphate isomerase (TPI), and 3 oxoacyl
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TABLE 2 | Enzymatic proteins identified by LCMS/MS in immunoreactive spots of

the adult tapeworm Hymenolepis diminuta.

Enzyme classes Protein names

Fructose-bisphosphate aldolase Fructose-1,6-bisphosphate aldolase

Hydrolases Calpain A

Leucyl aminopeptidase

Vacuolar H+ ATPase v1 sector subunit A

V-type proton ATPase catalytic subunit A

Interconverting aldoses and ketoses Glucose-6-phosphate isomerase

Triosephosphate isomerase

Isomerases Phosphoglucomutase

Triosephosphate isomerase

Ligase Aspartyl tRNA synthetase cytoplasmic

Succinyl coenzyme A ligase

Lyases Enolase

Fumarate hydratase

Phosphoenolpyruvate carboxykinase

Oxidoreductases 3-oxoacyl-[acyl-carrier-protein] reductase

Aldo keto reductase family 1 member B4

Cytosolic malate dehydrogenase

Deoxyhypusine hydroxylase

Estradiol 17 beta-dehydrogenase

Glutamate dehydrogenase

Glutamate dehydrogenase, mitochondrial

Glyceraldehyde-3-phosphate dehydrogenase

Inosine-5′-monophosphate dehydrogenase

Lactate dehydrogenase

NADP-dependent malic enzyme

Succinate dehydrogenase flavoprotein

Proteasome endopeptidase complex Proteasome subunit alpha type

Transferases Alanine aminotransferase 2

Pyruvate kinase

Transketolase

acyl carrier protein reductase. The MW and pH values of these
potential antigens ranged between 55 and 250 kDa and 4 and 7,
respectively.

Several of the potentially antigenic H. diminuta adult-stage
proteins could be classified as enzymes with 9 different subclasses,
structural proteins and heat shock proteins (HSPs) (Tables 1, 2).
The oxidoreductases were found to be the most dominating
enzyme group for the identified proteins (13 proteins) (Table 2).

Using non-gel based proteomic approach (in-solution tryptic
digestion of proteins coupled with LC-MS/MS identification)
we were able to identify 76 proteins from the surface of
H. diminuta adult stage worms. All these proteins were
identified in each replicate with at least three matching peptides
(Supplementary File 3). Among these surface-associated
proteins, enzymes involved in various catalytic activities were
suggested to be the most abundant protein group. In addition,
heat shock proteins with potential moonlighting functions
and classical structural proteins including actins, myosins,
and tubulins were also identified. Notably, 31 from these

surface proteins were detected as potential antigens in 2DE
immunoblotting (Table 1, proteins marked with hashtag), which
indicates that several of these antigens are excreted out of the
worm.

Gene Ontology (GO) of the Potentially

Antigenic Proteins of H. diminuta Adult

Stage
According to bioinformatics predictions only 2 of the proteins
were predicted to be secreted via the classical secretion pathway
(calumenin-B, ef-hand family protein) (Table 1). Based on
the GO annotation the identified proteins were classified
into 3 different categories; molecular function (62 proteins),
biological process (35 proteins), and as cellular components
(30 proteins) (Figures 3–5). Twenty subcategories were assigned
to molecular functions (Figure 3), with predominant groups
related to binding, e.g., ion binding (42 proteins), organic cyclic
compound binding (29), heterocyclic compound binding (29),
and small molecule binding (27). Biological processes could be
assigned to 35 proteins, most of them engaged with carboxylic
acid metabolism (12), cellular nitrogen compound metabolism
(9), aromatic compound metabolism (9), heterocycle (9) and
phosphorus (8) metabolic processes (Figure 4). Figure 5 shows
the distribution of the identified proteins according to their
subcellular location; 30 proteins were associated with cellular
structures (Figure 5), majority of them predicted to be localized
in different cell (25) and organelle parts (9) or macromolecular
complexes (9).

According to GO annotation 75 of the identified surface
proteins were classified to molecular function, 48 to biological
processes and 32 to associated cellular components (Figures 6–
8). Among molecular functions the recognized proteins could
be divided into 21 subcategories related mainly to molecule
binding ion binding (43 proteins), organic (35) and heterocyclic
compound binding (35), and small molecule binding (33)
(Figure 6). The identified surface proteins associated with
biological processes (Figure 7) are involved in cellular processes
(40 proteins), organic substance (29) and primary metabolic (26)
processes as well as in electron transport chain (25). Figure 8
illustrates the division of the identified surface proteins into
different cellular compartments.

DISCUSSION

The present study shows that somatic proteins of the adult
H. diminuta tapeworms exhibit immunogenicity in the
rat host, and that the revealed immunoproteome could
be used to propose new candidate proteins taking part
in parasite–host interactions. Our previously published
proteomic results of the H. diminuta (ESPs) show that the
adult cestode immunogenic proteins were involved in stress
response, various metabolic processes and structurally related
functions (10). Some of these proteins have been considered
as potential vaccine candidates and drug targets for treating
e.g., schistosomiasis (37–39) and hydatidosis (40–42). Present
study indicates slight differences between the protein profiles
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FIGURE 3 | Identified H. diminuta adult stage antigenic proteins categorized by their molecular functions according to gene ontology (GO) information obtained from

UniProtKB and QuickGO databases.

FIGURE 4 | Identified H. diminuta adult-stage antigenic proteins categorized by their biological processes according to gene ontology (GO) information obtained from

UniProtKB and QuickGO databases.

FIGURE 5 | Identified H. diminuta adult-stage antigenic proteins categorized by their cellular component category according to gene ontology (GO) information

obtained from UniProtKB and QuickGO databases.
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FIGURE 6 | Identified H. diminuta adult stage surface proteins categorized by their molecular functions according to gene ontology (GO) information obtained from

UniProtKB and QuickGO databases.

FIGURE 7 | Identified H. diminuta adult stage surface proteins categorized by their biological processes according to gene ontology (GO) information obtained from

UniProtKB and QuickGO databases.

FIGURE 8 | Identified H. diminuta adult stage surface proteins categorized by their cellular component category according to gene ontology (GO) information

obtained from UniProtKB and QuickGO databases.
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obtained from ESPs and somatic proteome. The ESPs, cross-
reacting with the specific antibodies and not recognized
in the somatic proteome, were predominantly identified as
structural proteins (titin, myoferlin, gelsolin, and neurogenic
locus notch protein), proteins associated with transport
(basement membrane-specific heparan sulfate, phospholipid
transporting ATPase, armadillo type fold) and ion-binding
and/or ion channels (anoctamin, sarcoplasmic calcium-binding
protein).

The identified immunoproteome of the adult H. diminuta
tapeworm could be divided into two main groups: (i) structural
proteins engaged in diverse parasite–host interactions and
(ii) enzymes involved in key metabolic processes (NADP
dependent malic enzyme, pyruvate kinase–PYK) or conferring
moonlighting activity (43, 44) (e.g., triosephosphate isomerase—
TPI, glycogen phosphorylase, L- lactate dehydrogenase–L-LDH,
glyceraldehyde 3-phosphate dehydrogenase—GAPDH, glucose-
6-phosphate isomerase-GPI, fructose 1,6-bisphosphate aldolase-
FBA, inosine-5′-monophosphate dehydrogenase-IMP, succinate
dehydrogenase, and deoxyhypusine hydroxylase) to the cells.
Majority of these proteins are catalytic enzymes with a role
in glycolysis, glyconeogenesis, tricarboxylic acid cycle, pyruvate
fermentation or purine metabolism, which are cytosolic proteins
predicted to be exported via non-classical secretion pathways
and having adhesive moonlighting functions after entering the
cell surface of an organism (43, 44). Since cestodes take the
nutrients through the tegument and directly from the host, the
direct contact of the host with the parasite-derived enzymes is
highly probable. We may then hypothesize that the constant
release of enzymes by the parasite not only influence host
immunity but may also change the environment, and could
explain the ability of the cestode to modify and alter the
microbiome communities of the host intestine (14, 45–47).
This is in consistent with the results of Kosik-Bogacka et al.
who studied the impact of H. diminuta on transepithelial
ion transport in intestines, and blood parameters of infected
rats at different stages of the infection (24, 26). According
to these observations cestodiasis reduced the transepithelial
electrical potential and caused a leakage of tight junctions.
Another effect of active hymenolepidosis was related to increased
lipid peroxidation, changes in anti-oxidant enzyme activity
and altered glutathion level in the infected rat gastrointestinal
tract (25). This suggests decreased efficiency of intestinal
protection against oxidative stress induced by the presence
of the parasite. All of the aforementioned processes and
the presence of parasite derived molecules may change the
intestinal environment and provoke changes in microbiome
composition.

On the other hand, as suggested by Kosik-Bogacka (24–
26) imbalance between oxidant and anti-oxidant processes can
play a major role in pathology associated with hymenolepidosis,
including its proinflamatory role associated with the expression
and activation of cyclooxygenases in the rat gastrointestinal
tract (31). Pathomechanisms observed during infection with
H. diminutamay be connected with the changes in the expression
of toll-like receptors (TLR) important for pathogen recognition.
Kosik-Bogacka et al. (28, 29), studying the expression of TLR

in H. diminuta infected rats, observed increased TLR2 and
TLR4 expression compared to the control group, especially in
the small intestine. Similarly, the TLR3 snf TLT9 expression
was higher in infected rats (30). These analyses confirmed the
role of TLR in hymenolepidosis and suggest that H. diminuta
releases antigens stimulating immune response, which results in
adaptation of the host organism to parasite derived molecules
(32). Our previous research demonstrated the presence of PYK
and GAPDH among the ESP of adult H. diminuta (10) and
here we confirmed their immunogenic potential. In addition to
glycolytic enzymes (PYK and GAPDH), also these taking part in
fatty enzyme metabolism are considered important drug targets.
Similarly to 3-oxoacyl-ACP reductase, an important candidate
in antischistosomal combat (48). As the above mentioned
enzymatic proteins have not been identified as immunogenic
in the adult E. granulosus (9), our study reports their possible
antigenicity in an adult tapeworms for the first time. This
suggests that similarly to metacestodes, adult tapeworm enzymes
(moonlighters) take part in parasite-host interplay. Some of
these metabolic enzymes may be derived from the tegument
by shedding of glycocalyx (present paper) or are released with
secretory vesicles as described by Ancarola et al. (49) for
metacestodes.

Our findings suggest that the non-classical protein export,
possibly involving protein moonlighters, could contribute to
increased viability and interaction with the host. Intriguingly,
a recent study reported that this interplay may be mediated by
the involvement of extracellular vesicles (EVs) to export cytosolic
proteins in a protected and concentrated manner, as proved for
metacestodes (49). Similarly, EVs released by hexacanth larvae
were proved to be a source of Taenia ovis vaccine antigens (50).
Since our immunoproteomic approach shows the presence of
certain cytosolic and structural proteins as possible antigens,
we suppose that the mechanism of their trafficking may have
involved EVs. These include for instance antigens considered as
vaccine candidates such as calpain (51, 52) and the major egg
antigen p40 (mp40) (53–55).

Structural and enzymatic proteins are the most typical
immunodominant antigens represented by the somatic proteome
of the adult stage ofH. diminuta. Among cestodes, antigenicity of
certain structural proteins was first described in studies focusing
on the metacestode stages (40–42, 56–61). Our recent study
on antigenic proteins of H. diminuta cysticercoid metacestodes
(57) supported these findings and confirmed the immunogenic
importance of structural proteins, in host’s immune response to
infection. This indicated that structural proteins, for example
beta-tubulin, should be considered as vaccine candidates and/or
drug targets against cestode metacestode and adult stages.
Another interesting example of structural protein is paramyosin
identified at the helminths’ surface or among the secreted
proteins. This structural protein is believed to function as a
multifunctional modulator of the host immune response (62, 63),
and together with actin is involved in tegumental repair and
considered to represent an important vaccine target molecule.
The localization of this protein in the tegument of the parasite
is the likely basis for resistance observed in mice immunized
with paramyosin (64). Interestingly, it has been speculated that
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paramyosin protects invading helminths from the immune attack
by “decoy” binding proteins of the complement pathway (62).
The presence of paramyosin has also been identified as a potential
antigen in adult tapeworms (51). Antigenicity of paramyosin was
further confirmed by Wang et al. (9), as this protein was one of
the major antigens recognized by the antisera from dogs infected
with adult Echinococcus granulosus.

Immunoproteomic analysis of adult E. granulosus has revealed
the presence of 12 and 8 potentially antigenic proteins associated,
respectively with the somatic proteome and the secretome of
this organism (9). Only 7 potentially immunogenic proteins
were commonly identified from E. granulosus and by us in
H. diminuta adult worms. These included actin, paramyosin
and several moonlighters such as enolase (ENO), malate
dehydrogenase (MDH), TPI as well as the stress-related HSP60
and HSP70 proteins. Two other proteins, namely, calreticulin
and superoxide dismutase (SOD) were previously identified in
H. diminuta cysticercoids (11), but they have not been recognized
as immunogenic (57). The revealed immunoproteome of the
H. diminuta indicated potential vaccine candidates against
echinococcosis, such as ENO, calpain, and GAPDH and the stress
proteins HSP60 and HSP70 (51). Heat shock proteins (HSPs)
are known key players in processes associated with development,
differentiation, survival, aging, and death. While the antigenic
potential of HSPs was shown in previous studies on cestode
metacestode stages (56, 57, 65), their immunogenicity in the
adult tapeworms has been confirmed only in E. granulosus (9),
in the present and in our previous studies on H. diminuta ESP
(10). For as much as HSPs are considered as potential vaccine
target proteins (66), their presence throughout the cestode life
cycle suggests their importance in cestode biology and survival
in the host. The balanced interplay between structural and stress
molecules is probably one of the survival factors adopted by
parasites during coevolution with their hosts (11). Comparative
proteomic analyses of adult andmetacestode stages suggest stage-
specific mechanisms engaged in the parasite’s survival at different
life-cycle stages (11, 67). In H. diminuta, proteins with antigenic
potential, common for these two stages are structural proteins
(actins, annexin, lamin, myosin, paramyosin, tubulin), enzymes
(calpain, NADP dependent malic enzyme, phosphoenolpyruvate
carboxykinase, succinyl co-A), HSPs, and major egg antigen (57).
Differences in the expression of immunogenic proteins observed
in these two distinct stages are associated predominantly with
enzymes and may reflect variability in metabolic activity and
stage-specific survival strategies.

There has been interest in targeting metabolic enzymes in
the treatment of infectious diseases (68). Fumarate hydratase,
involved in canalization of the stereospecific reversible hydration
of fumarate to l-malate during the citric acid cycle, was one
of the enzymes we have previously identified as one of the
immunogens characteristic for the adult H. diminuta (11). It
has been shown that this enzyme takes part in dismutation
of malate in the nematode mitochondria (69), thereby making
this enzyme one of the promising targets for designing efficient
anthelminthic drugs. The present study also suggests that
non-classically exported cytoplasmic proteins, i.e., moonlighters
(e.g., enzymes, structural proteins, and HSPs), form another

group of proteins playing important roles in host–parasite
interactions. One of these moonlighters may be TPI that
has also been identified as one of the somatic and surface
proteins in H. diminuta (9) and in the present study. This
enzyme is involved in glycolysis and has been proposed to
represent a potential drug target and vaccine candidate to treat
schistosomiasis (70).

The potential role of parasite antigens in contributing
to increased viability via their immunomodulatory and anti-
inflammatory activity has resulted in the concept of helminth-
derived molecules as a source of immunomodulatory agents
(32, 71, 72). The immunogenic proteins in the crude extract and
among the identified surface proteins ofH. diminuta adult worms
may show potential in search of new drug targets and diagnostic
methods, since the helminth-derived molecules are considered as
potential therapeutics of autoimmune and inflammatory diseases
(32–34, 72–74). Recent reports indicated that adult H. diminuta
tapeworms can effectively modulate the host immune system (15,
16, 20, 47, 75, 76), and thatH. diminuta-derived molecules can be
used to control inflammation (20, 75, 77–79). The results here
indicate that H. diminuta somatic proteins have been exposed
to the host immune system as antigens. However, to uncover
full immunomodulatory potential of the identified H. diminuta
proteins, further studies and finally in vivo experiments are
needed.

CONCLUSIONS

The somatic proteome and surfaceome of the adult H. diminuta
with the use of 2DE immunoblotting and LC-MS/MS
identification is reported here. The present study proposed
a number of new immunogenic proteins involved in key
metabolic processes and with likely roles in mediating parasite–
host interactions. The identified immunodominant antigens,
classified as proteins having structural and enzymatic functions,
suggest contributory role of these molecules in mediating
host–parasite interaction and during the adult cestode infection.
Here we point to enzymes, structural and heat-shock proteins
as potential mediators in the interactions between the parasite
and the host. Most of these molecules are predicted to trafficate
by non-classical ways by motifs or signals that remain to be
uncovered. Thus, the present study shed new light on the
complexity of the parasite-host interplay during cestodiasis, and
highlights the importance of non-classical protein export (e.g.,
EVs and protein moonlighters) in modulating the parasite–host
interaction. This study also provides valuable data not only for
understanding the adult cestode biology but also for searching
new targets for diagnostic and drug innovations.
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Toxoplasma gondii is an important human and animal pathogen that causes

life-threatening toxoplasmosis. Interferon-γ (IFN-γ) is critical for anti-T. gondii

cell-autonomous immunity in both humans and mice. To proliferate efficiently within

the hosts, virulent strains of T. gondii can suppress IFN-γ-dependent immunity. During

parasite infection, it is well-characterized that various virulence effectors are secreted

to transcriptionally or post-translationally target IFN-γ-inducible GTPases, which are

essential for anti-parasite responses in mice. However, the role of IFN-γ-inducible

GTPases in anti-T. gondii responses in human cells is controversial since they are

non-functional or absent in humans. Instead, IFN-γ-induced tryptophan degradation by

indole-2,3-dioxygenase (IDO) is important for the anti-T. gondii human response. To date,

the T. gondii virulent mechanism targeting IDO in human cells remains elusive. Here we

show that although humans possess two IDO isozymes, IDO1 and IDO2, human cells of

various origins require IDO1 but not IDO2 for IFN-γ-induced cell-autonomous immunity

to T. gondii. T. gondii secretes an effector TgIST to inhibit IDO1 mRNA expression.

Taken together, the data suggests that T. gondii possesses virulence programs operated

by TgIST to antagonize IFN-γ-induced IDO1-mediated anti-parasite cell-autonomous

immunity in human cells.

Keywords: IFN-γ, IDO1, IDO2, virulence, human, TgIST

INTRODUCTION

Toxoplasma gondii is an intracellular apicomplexan protozoan that has a broad range of
intermediate hosts, including humans (1, 2). Although it is estimated that at least one-third of the
world’s population is infected with T. gondii, most of these infections are asymptomatic. However,
the parasite remains in a latent state and may reactivate and lead to severe diseases including
hepatitis, encephalitis, and myocarditis if that individual becomes immunocompromised (3, 4).
Moreover, toxoplasmosis caused by T. gondii infection may lead to congenital diseases in fetuses
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and newborn infants from primarily-infected pregnant women
(5). Thus, T. gondii is one of the most important human and
animal pathogens.

The host immune system plays a critical role in the course
of T. gondii infection and in the progression of toxoplasmosis.
In particular, the type I cytokine interferon-γ (IFN-γ), which
is produced by CD4+ T cells and natural killer cells (NK),
is an essential host factor for anti-T. gondii responses in host
cells (6). This is because IFN-γ activates the transcription factor
STAT1 and induces the expression of hundreds of genes (7). In
the mouse model, IFN-γ-induced anti-T. gondii responses have
been extensively analyzed. Parasitocidal and parasitostatic effects
mediated by IFN-γ-inducible gene products have been observed
in mice. The parasitocidal effects are coordinated by IFN-γ-
inducible GTPases such as p47 immunity-related GTPases (IRGs)
and p65 guanylate-binding proteins (GBPs) (8, 9). These GTPases
accumulate on parastitophorous vacuoles (PVs), leading to their
destruction (10). In mice, the accumulation of IRGs and GBPs
on T. gondii requires some essential autophagy-related (Atg)
proteins such as Atg3, Atg5, Atg7, Atg16L1, and GABARAPs but
not other Atg proteins such as Atg9, Atg14, FIP200, and LC3s
(11), suggesting the non-autophagic role of these Atg proteins
in IFN-γ-mediated anti-T. gondii responses in mice. Atg16L1-
deficient murine cells are severely defective in the IFN-γ-induced
clearance of T. gondii due to impaired recruitment of GBPs and
IRGs to T. gondii (12, 13), suggesting the essential role of Atg16L1
in anti-T. gondii responses inmice. In addition, this parasitostatic
mechanism involves nitric oxide (NO), which is produced by
IFN-γ-inducible NO synthase (iNOS) (14). Mice lacking IRGs,
GBPs, and iNOS are susceptible to T. gondii infection (8, 15–
20). Thus, the significance of these IFN-γ-inducible factors for
anti-T. gondii immune responses in mice has previously been
established.

However, the importance of IFN-γ-inducible GTPase- and
NO-mediated mechanisms in humans is less certain. For
example, compared with more than 20 IRG members in mice,
humans only possess one IRG, which is not inducible by IFN-γ
(21). Furthermore, inhibition of NO production does not affect
T. gondii growth in IFN-γ-stimulated human macrophages (22).
Regarding GBPs, a human reprogrammed fibroblast-like cell
line (HAP1) lacking all GBPs shows a normal IFN-γ-dependent
reduction in T. gondii growth (12, 23). However, knockout of
GBP1 in a human lung epithelial cell line (A549) and knockdown
of GBP1 in human mesenchymal stem cells (MSCs) results in
impaired restriction of T. gondii growth in response to IFN-
γ (24, 25). Thus, the involvement of IFN-γ-inducible GTPases
and NO in the human anti-T. gondii response is controversial
(12, 23–26). Regarding the role of autophagy proteins in human
cells, ATG16L1 is dispensable for IFN-γ-induced inhibition of
T. gondii growth in HAP1 cells and HUVECs (12, 27), whereas
ATG16L1 is required for anti-parasite responses in HeLa cells
via IFN-γ-inducible ubiquitination of T. gondii PVs (23). Thus,
the anti-T. gondii role of ATG16L1 in humans may be cell-type
specific. By contrast, IFN-γ-dependent nutrient deprivation or
cell death has been established as an anti-T. gondii response
in human cells (28, 29). Regarding nutrient deprivation, IFN-
γ stimulates the expression of indoleamine 2,3-dioxygenases

(IDO) to degrade tryptophan, which is an essential amino acid
for T. gondii intracellular growth (30, 31). The treatment of
IFN-γ-activated human cells with a pharmacological inhibitor
of IDO called 1-methyl-DL- tryptophan (1-DL-MT) leads to
defects in the IFN-γ-induced reduction of T. gondii numbers
(32), establishing the significance of IDO in the IFN-γ-induced
anti-T. gondii response in human cells. IDO consists of two
closely related family members, IDO1 and IDO2 (33). Previous
studies using 1-DL-MT concluded that IDO is responsible for the
IFN-γ-inducible anti-T. gondii response (32, 34). However, given
that both IDO1 and IDO2 are sensitive to 1-DL-MT (35, 36), it
remains unclear whether either IDO1 or IDO2 (or both) is more
important.

To antagonize the IFN-γ-induced anti-parasitic host response,
T. gondii secretes various effector molecules into host cells upon
infection (37, 38). The effector mechanisms are also extensively
analyzed in the mouse model. ROP5, ROP17, and ROP18 are
secreted from the rhoptry organelles to suppress IRG/GBP-
dependent immune responses at PV membranes, resulting in
increased virulence inmice (39–43). In addition, a dense granule-
derived effector GRA7 is also injected into host cells to enhance
ROP18-mediated inhibition of IRGs in mice (44). Furthermore,
T. gondii infection is shown to impede STAT1-mediated gene
expression (45, 46). TgIST was recently shown to be secreted
from dense granules and finally localized at the host nucleus,
where TgIST associates with the remodeled host nucleosome
and the deacetylase complex to inhibit the expression of STAT1-
dependent genes including iNOS, chemokines, IRGs, and GBPs,
leading to enhanced virulence in mice (47, 48). Although ROP5
and ROP18 are virulence factors in mice, these effectors do not
affect the ability of T. gondii to survive in IFN-γ-stimulated
human fibroblasts (49). Regarding TgIST, although TgIST-
deficient parasites are defective in STAT1-depdendent gene
expression in human cells (47, 48), whether TgIST affects parasite
survival in IFN-γ-stimulated host cells and which, if any, of
the STAT1-regulated human gene products is targeted by TgIST
remains elusive, given the differences between humans and
mice in terms of IFN-γ-induced anti-T. gondii cell-autonomous
immunity.

In the present study, we first demonstrated that IDO1, but
not IDO2, is required for IFN-γ-induced inhibition of T. gondii
growth of human cell lines of various origins. In terms of T.
gondii virulence mechanisms, we have shown that TgIST directly
suppresses IDO1 gene expression to promote parasite growth
in IFN-γ-activated human cells. Taken together, these data have
revealed that T. gondii uses TgIST as a virulence mechanism
to impede the IDO1-dependent cell-autonomous response in
IFN-γ-activated human cells.

RESULTS

ATG16L1-Independent IFN-γ-Induced

Reduction of T. gondii Numbers in the

Human HAP1 Cell Line
We have previously shown that ATG16L1 plays an important
role in the IFN-γ-induced reduction of type II T. gondii (ME49)
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in mouse cells (mouse embryonic fibroblasts; MEFs) but not
in human HAP1 cells (Figure 1A), suggesting an ATG16L1-
independent IFN-γ-induced anti-T. gondii response in human
cells (12). To elucidate the molecular mechanism, we next
challenged MEFs and HAP1 cells with type I (RH) or type
II (ME49) parasites. As shown previously (12), MEFs showed
more efficient IFN-γ-induced reduction of type II parasites
than of type I parasites. By contrast, IFN-γ stimulation could
similarly and efficiently reduce the numbers of both type I and II
parasites in HAP1 cells (Figure 1B). IFN-γ-induced degradation
of arginine by iNOS, or of tryptophan by IDO, which consists
of two members, IDO1 and IDO2, have been shown to be
important for the anti-T. gondii response in mouse or human
cells (18, 30, 31). To test whether iNOS or IDO (or both) are
involved in the process in HAP1 cells, we examined iNOS,
IDO1, or IDO2 mRNA expression in HAP1 cells (Figure 1C).
Stimulation of IFN-γ led to strong induction of IDO1 and IDO2
mRNAs and weak induction of iNOS mRNA. Second, we tested
the expression levels of these mRNAs in IFN-γ-stimulated cells
followed by T. gondii infection (Figure 1C). T. gondii infection
at 24 hours after IFN-γ stimulation did not interfere with
the expression of iNOS, IDO1, and IDO2 mRNAs in HAP1
cells (Figure 1C). Furthermore, we treated HAP1 cells with a
pharmacological inhibitor of iNOS known as aminoguanidine
or an inhibitor of IDO known as 1-methyl-DL-tryptophan (1-
DL-MT), and compared the parasite numbers. 1-DL-MT but
not aminoguanidine treatment abolished the IFN-γ-induced
reduction of T. gondii numbers in HAP1 cells (Figure 1D),
strongly suggesting the anti-T. gondii function of IDO in the
human HAP1 cell line.

IDO1 but Not IDO2 Plays a Critical Role in

the Anti-T. gondii Response in HAP1 Cells
Both IDO1 and IDO2 could be inhibited by 1-DL-MT (35, 36).
Although both IDO1 and IDO2 mRNAs were highly induced by
IFN-γ stimulation in HAP1 cells (Figure 1C), it remained to be
seen which was more important for the IFN-γ-induced response
in HAP1 cells. To clarify the contribution of IDOs in HAP1 cells,
we generated IDO1 singly deficient (IDO1-KO), IDO2 singly
deficient (IDO2-KO), and doubly deficient (IDO1/IDO2-DKO)
HAP1 cells by CRISPR/Cas9 genome editing (Figures 2A,B,
Figure S1A) and tested the IFN-γ-induced reduction of type II
parasite numbers. Although IDO2-KO HAP1 cells functioned
normally, IDO1-KO cells as well as IDO1/IDO2-DKO cells
were completely defective in IFN-γ-induced parasite reduction
(Figure 2C), suggesting that IDO1 but not IDO2 is essential
for the IFN-γ-induced anti-T. gondii response in the human
cell line. Kynurenine is a tryptophan metabolite of IDOs (50).
Therefore, we measured kynurenine concentrations in HAP1
cells lacking IDOs (Figure S1B). Whereas, the kynurenine
concentrations were increased upon IFN-γ treatment in wild-
type HAP1 cells, such an increment was not observed in IDO1-
KO or IDO1/IDO2-DKO HAP1 cells (Figure S1B). By contrast,
IDO2-KO cells showed normal induction of kynurenine after
IFN-γ stimulation (Figure S1B), correlating with the importance
of IDO1 in the IFN-γ-induced reduction of parasite numbers

and the degree of tryptophan degradation. In mouse cells,
a T. gondii strain-dependent difference was observed in the
IFN-γ-induced anti-T. gondii response (Figure 1B) (12, 13).
By contrast, although wild-type cells exhibited greatly reduced
numbers of type I parasites after IFN-γ stimulation, this IFN-γ-
mediated reduction was not observed in IDO1-KO HAP1 cells
(Figure S1C), suggesting the lack of strain dependence in this
human cell line. Next, we analyzed whether IDO1 expression
could rescue the defective anti-T. gondii response of IDO1-KO
cells. To achieve this, IDO1-KO cells were transfected with a
doxycycline-inducible IDO1 or the empty control vectors and the
IFN-γ-induced anti-T. gondii response was tested (Figure 2D,
Figure S1D). The doxycycline-inducible IDO1 expression led
to a reduction of parasite numbers in the IFN-γ-stimulated
IDO1-KO cells (Figure 2D). Next we tested whether IDO1
plays a role in the inhibition of T. gondii replication or in
parasite elimination. The parasite numbers per vacuole in IFN-γ-
stimulated IDO1-KO HAP1 cells were significantly higher than
those of wild-type cells (Figures 2E,F). Whereas, the rates of
T. gondii-infected wild-type or IDO1-KO cells were comparable
3 and 24 h post infection (Figures 2E,G), indicating that IDO1
inhibits T. gondii replication in IFN-γ-stimulated HAP1 cells.
Taken together, these data suggest that IDO1 plays a critical role
in the IFN-γ-induced anti-T. gondii response in HAP1 cells.

IDO1 Is Required for the Anti-T. gondii

Response in Various Human Cell Lines
Next we assessed whether IDO1 is important for the IFN-γ-
induced anti-T. gondii response in other human cells. IDO1
mRNAs were highly induced in foreskin fibroblasts (HFFs),
a hepatocyte cell line (Huh7), and an epithelial cell line
(HeLa) upon IFN-γ stimulation regardless of the subsequent
T. gondii infection (Figure 3A). Then we generated IDO1-
KO HFFs, Huh7, or HeLa cells by CRISPR/Cas9-genome
editing (Figure 3B, Figure S2A) and analyzed the IFN-γ-induced
reduction in T. gondii numbers. Among all of the cell types tested,
IDO1-KO cells were defective in the IFN-γ-mediated anti-T.
gondii response (Figure 3C). However, compared with IDO1-
KO HAP1 cells or HFFs, both of which displayed complete loss
of an anti-parasite response (Figures 2C, 3C), IDO1 deficiency
in Huh7 or HeLa cells resulted in severely impaired or modest
defects (Figure 3C), suggesting an IDO1-independent anti-T.
gondii response in Huh7 and HeLa cells. In addition, Tryptophan
2,3-dioxygenase (TDO) was not involved to IFN-γ induced anti-
T. gondii responses in Huh7 cells (Figure S2B).

ATG16L1 Is Required for the Anti-T. gondii

Response in a Cell Type-Specific Manner
A previous study demonstrated that ATG16L1 is involved
in the IFN-γ-induced anti-T. gondii response in HeLa cells
(23). Therefore, we hypothesized that ATG16L1 plays a
role in the IDO1-independent response in Huh7 and HeLa
cells. To examine this possibility, we generated ATG16L1-
deficient (ATG16L1-KO) HFFs, Huh7, and HeLa cells by
CRISPR/Cas9 genome editing (Figure 4A). Although ATG16L1-
KO HFFs and Huh7 cells showed no increment of parasite
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FIGURE 1 | IDO plays a critical role in anti T. gondii response in HAP1 cells. (A) WT or Atg16L1-KO MEFs or HAP1 cells were untreated or pre-treated with IFN-γ for

24 h, and then infected with T. gondii. The parasite survival rate after 24 h post infection was measured by luciferase assay. (B) MEFs or HAP1 cells were untreated or

pre-treated with IFN-γ for 24 h, and then infected with Type I or Type II T. gondii. The parasite survival rate after 24 h post infection was measured by luciferase assay.

(C) Quantitative RT-PCR analysis of iNOS, IDO1 or IDO2 mRNA level in HAP1 cells that were untreated or treated with IFN-γ for 24 h, and then infected with or without

T. gondii was performed. (D) HAP1 cells were untreated or treated with IFN-γ and/or Aminoguanidine and/or 1-DL-MT for 24 h, and then infected with T. gondii. The

parasite survival rate after 24 h post infection was measured by luciferase assay. Indicated values are means of ± s.d. (three biological replicates per group from three

independent experiments) (A–D). ***p < 0.001; N.S., not significant; (Student’s t-test).

numbers (Figure 4B) or parasite numbers per vacuole upon
IFN-γ stimulation (Figures 4C,D), ATG16L1-KO HeLa cells
exhibited modest defects (Figures 4C,D). Furthermore, 1-DL-
MT treatment in ATG16L1-KO HeLa cells resulted in a less
efficient IFN-γ-mediated response than in non-treated control
cells (Figure S2C), suggesting that ATG16L1 is involved in

the IFN-γ-induced anti-parasite response in a cell type-specific
manner. Thus, IDO1 is involved in the IFN-γ-induced anti-T.
gondii response in human cells of various origins (Figure 6A).
However, given the dispensable role of IDO in HUVECs (51),
the degree of importance of IDO1 in the anti-T. gondii response
depends on cell type.
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FIGURE 2 | IDO1 but not IDO2 has a critical role in anti-T. gondii response in HAP1 cells. (A) WT, IDO1-KO, IDO2-KO, or IDO1/IDO2-DKO HAP1 cells were stimulated

with IFN-γ for 24 h, and then lysates were detected by Western blot. (B) Quantitative RT-PCR analysis of IDO2 mRNA level in IDO1-KO, IDO2-KO, or IDO1/IDO2-DKO

HAP1 cells that were untreated or treated with IFN-γ for 24 h was performed. (C) WT, IDO1-KO, IDO2-KO, or IDO1/IDO2-DKO HAP1 cells were untreated or treated

with IFN-γ for 24 h, and then infected with T. gondii. The parasite survival rate after 24 h post infection was measured by luciferase assay. (D) WT, IDO1-KO,

IDO1-KO+empty, or IDO1-KO+IDO1 HAP1 cells were untreated or treated with IFN-γ for 24 h, and then infected with T. gondii. The parasite survival rate after 24 h

post infection was measured by luciferase assay. (E) Fluorescence confocal microscopy of WT and IDO1-KO HAP1 cells stimulated by IFN-γ for 24 h, subsequently

infected with T. gondii for 3 or 24 h, and immunostained for ACTIN (red) and T. gondii GAP45 (green). The nucleus was stained with DAPI (blue). Arrow heads show

vacuoles containing 2 or more parasites. Scale bars correspond to 5µm. (F,G) WT or IDO1-KO HAP1 cells were stimulated with IFN-γ for 24 h, and then infected with

T. gondii. The parasite number per vacuole after 24 h post infection (F) or the parasite infection rate after 3 or 24 h post infection (G) was measured by IFA. Western

blot and immunofluorescence images are representative of three independent experiments (A,E). Indicated values are means of ± s.d. (three biological replicates per

group from three independent experiments) (B,C,D,F,G). ***p < 0.001, **p < 0.01; N.S., not significant; (Student’s t-test). N.D., not detected.
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FIGURE 3 | IDO1 has a critical role in anti-T. gondii response in various human cells. (A) Quantitative RT-PCR analysis of IDO1 mRNA level in HFFs, Huh7 or HeLa

cells that were untreated or treated with IFN-γ for 24 h, and then infected with or without T. gondii was performed. (B) WT or IDO1-KO HFFs, Huh7 or Hela cells were

untreated or treated with IFN-γ for 24 h, and then lysates were detected by Western blot. (C) WT or IDO1-KO HFFs, Huh7 or Hela cells were untreated or treated with

IFN-γ for 24 h, and then infected with T. gondii. The parasite survival rate after 24 h post infection was measured by luciferase assay. Western blot image is

representative of three independent experiments (B). Indicated values are means of ± s.d. (three biological replicates per group from three independent experiments)

(A,C). ***p < 0.001, **p < 0.01; N.S., not significant; (Student’s t-test). N.D., not detected.

TgIST Directly Suppresses IDO1

Expression to Inhibit the IFN-γ-Induced

Anti-T. gondii Response in Human Cell

Lines
Since IDO1 plays a critical role in the IFN-γ-induced anti-

T. gondii response in various human cells, we next explored

the possible T. gondii virulence mechanisms targeting IDO1 in

human cells. We selected TgIST, a T. gondii secreting effector

molecule, as the candidate (47, 48), since the regulation of

IDO1 expression by IFN-γ was shown to be regulated by STAT1
(52). To assess this possibility, we generated TgIST-KO type
II parasites by CRISPR/Cas9 genome editing (Figures S3A,B)
and asked whether TgIST deficiency affects T. gondii virulence
in human cells (Figure 5A). As previously reported (47, 48),
we also confirmed that TgIST-dependent suppression of the
anti-T. gondii effect could be detected only when T. gondii-
infected cells were subsequently stimulated with IFN-γ but
not when IFN-γ-pre-treated cells were followed by T. gondii
infection (Figure 5A, Figure S4A). By contrast, we observed
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FIGURE 4 | IDO1 but not ATG16L1 extensively participate in anti-T. gondii response in human cell lines. (A) WT or ATG16L1-KO HFFs, Huh7 or Hela cells were

untreated or treated with IFN-γ for 24 h, and then lysates were detected by Western blot. (B) WT, IDO1-KO, or ATG16L1-KO HFFs, Huh7 or Hela cells were untreated

or treated with IFN-γ for 24 h, and then infected with T. gondii. The parasite survival rate after 24 h post infection was measured by luciferase assay. (C) Fluorescence

confocal microscopy of WT, ATG16L1-KO and IDO1-KO HFF, Huh7 or HeLa cells stimulated by IFN-γ for 24 h, subsequently infected with T. gondii for 24 h, and

immunostained for ACTIN (red) and T. gondii GAP45 (green). The nucleus was stained with DAPI (blue). Arrow heads show vacuoles containing 2 or more parasites.

(Continued)
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FIGURE 4 | Scale bars correspond to 5µm. (D) WT, IDO1-KO or ATG16L1-KO HFFs, Huh7 or Hela cells were untreated or treated with IFN-γ for 24 h, and then

infected with T. gondii. The number of parasites per vacuole after 24 h post infection was measured by IFA. Western blot and immunofluorescence images

representative of three independent experiments (A,C). Indicated values are means of ± s.d. (three biological replicates per group from three independent

experiments) (B,D). ***p < 0.001, **p < 0.01; N.S., not significant; (Student’s t-test). N.D., not detected.

an IFN-γ-dependent reduction in TgIST-KO parasite numbers
(Figure 5A), suggesting that TgIST promotes parasite growth in
the IFN-γ-post-stimulated cells. Phosphorylation of the Y701
residue of STAT1 (STAT1 Y701-p) was previously shown to
be induced by T. gondii infection without IFN-γ stimulation
and STAT1 Y701-p proteins were translocated to the nucleus
(48). TgIST directly binds to STAT1 and recruits the chromatin-
modifying Mi-2/NuRD complex to STAT1 transcriptional
complexes. As a result, chromatin is remodeled and interferon-
stimulated gene expression, including that of IRF-1, is decreased
(47, 48). We tested whether T. gondii infection inhibits STAT1-
dependent transcription in IFN-γ-post-treated HFF, Huh7, or
HAP1 cells in a TgIST-dependent manner. Although phospho-
STAT1 (STAT1 Y701-p) proteins were not detected in the nucleus
in unstimulated cells, STAT1 Y701-p proteins were translocated
to the nucleus upon IFN-γ-treatment. As previously reported
(47, 48), wild-type T. gondii infection caused STAT1 Y701-p
nuclear translocation even in unstimulated cells (Figure 5B).
The subsequent IFN-γ-stimulation further induced translocation
of STAT1 Y701-p to the nucleus (Figure 5B); however, STAT1
Y701-p was not active since STAT1-regulated gene products
such as IRF1 and IDO1 mRNAs and proteins were not
induced (Figure 5C, Figures S4B,C). By contrast, infection of
TgIST-KO T. gondii did not result in STAT1 Y701-p nuclear
translocation in unstimulated cells. Furthermore, the subsequent
IFN-γ stimulation in TgIST-KO parasite-infected cells normally
induced STAT1 Y701-p nuclear translocation in comparison
with uninfected cells. Moreover, normal levels of IFN-γ-induced
IRF1 and IDO1 expression suggested that the STAT1 activity
in TgIST-KO T. gondii-infected cells was normal (Figure 5C,
Figures S4B,C). Furthermore, IDO1-KO cells did not exhibit an
IFN-γ-induced reduction in TgIST-KO parasites (Figure 5D).
Conversely, growth of TgIST-intact wild-type T. gondii as
well as TgIST-KO parasite growth was strongly inhibited
by doxycycline-induced (thereby, STAT1-independent) IDO1
overexpression (Figure 5E), indicating that the pro-parasitic role
of TgIST for T. gondii growth in IFN-γ-post-stimulated human
cells is mainly due to inhibition of IDO1 but not other IFN-γ-
inducible proteins (Figure 6B).

DISCUSSION

In the present study, we have demonstrated that IDO1 but not
IDO2 plays an essential role in the IFN-γ-induced anti-T. gondii
response in several human cell lines and primary fibroblasts.
This finding is further strengthened by subsequent findings that
treatment of an IDO inhibitor 1-DL-MT, consisting of 1-D-MT
and 1-L-MT, reverses IFN-γ-dependent growth inhibition (32).
However, IDO2 as well as IDO1 are possibly inhibited by both 1-
D-MT and 1-L-MT (35, 36). Thus, whether the inhibitory effect

of 1-DL-MT is on IDO1 or/and IDO2 remained unclear. Here
we found that, by complete genetic deletion of IDO1 or/and
IDO2 in HAP1 cells, IDO2-KO cells were able to reduce parasite
numbers similarly to wild-type cells. By contrast, IDO1-KO cells
as well as IDO1/IDO2-DKO cells could not control the parasite
in response to IFN-γ. In addition, T. gondii numbers per vacuole
at 24 h post infection in IDO1-KO cells were higher than in
wild-type cells, whereas the infection rates were comparable.
Thus, we have formally clarified that IDO1 is more important
for the IFN-γ-induced inhibition of T. gondii growth in human
cells than IDO2. Moreover, given that assessment in T. gondii
numbers in PVs and the infection rate have been established as
being indicative of the restriction of parasite replication and of
parasite elimination/killing (20), IDO1 is required for T. gondii
replication control rather than parasite elimination.

The ATG16L1-dependent cell-autonomous response
mediated by IFN-γ-inducible GTPases such as IRGs and
GBPs is important for the IFN-γ-mediated anti-T. gondii
response in mice (12, 13). However, humans lack most of
the IRGs (21). Moreover, human GBPs have been shown to
be dispensable for the IFN-γ-inducible response (12, 24, 29).
Recently, the IFN-γ-induced ubiquitination of T. gondii PVs
has been shown to be required for the anti-T. gondii response
in human cells such as HeLa cells and HUVECs (23, 27).

Furthermore, ATG16L1 together with ATG7 are also important
for the ubiquitin-mediated reduction of parasite numbers in

HeLa cells (23). We have confirmed the anti-parasitic role
of ATG16L1 in HeLa cells in this study. Moreover, although

ATG16L1 is dispensable for the IFN-γ-induced reduction
of T. gondii numbers in HAP1 cells, HFFs, and Huh7 cells,

this autophagy protein is required in HeLa cells. The specific

participation of ATG16L1 in the anti-T. gondii response in HeLa
cells might be partly due to constitutively high levels of basal

autophagy in HeLa cells (53, 54). Although the involvement of
ATG16L1 in the human IFN-γ-induced anti-T. gondii response

may be cell type-specific, complete genetic deletion of IDO1 in all

human cells tested led to the impaired control of T. gondii growth
by IFN-γ, suggesting that IDO1 is mainly used for the IFN-γ-

mediated anti-T. gondii response in normal cells and various

human cell lines. Given that ATG16L1-KO HeLa cells treated
with 1-DL-MT still exhibit a modest IFN-γ-dependent reduction

of T. gondii numbers, an ATG16L1 and IDO-independent anti-T.

gondii response may exist in HeLa cells. It has been shown that
IFN-γ stimulates cell death before parasite replication, reducing

the parasite number in HFFs. In addition, IFN-γ-inducible cell

death is independent of ATG5 and IDOs (29). Although we
have not tested cell death in 1-DL-MT-treated ATG16L1-KO

HeLa cells, it is possible that IFN-γ-dependent cell death
might be responsible for the ATG16L1 and IDO-independent
response.
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FIGURE 5 | TgIST directly inhibits IDO1 mRNA induction in IFN-γ-post-treated human cells (A) HFFs, Huh7, or HAP1 cells were infected with WT or TgIST-KO T.

gondii for 8 h, and subsequently treated with IFN-γ for 24 h or untreated. The parasite survival rate after 24 h post IFN-γ treatment was measured by luciferase assay.

(B,C) HFFs, Huh7 or HAP1 cells infected with WT or TgIST-KO T. gondii for 8 h or uninfected, and subsequently treated with IFN-γ for 24 h or untreated. Cell lysates

(Continued)
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FIGURE 5 | were detected by Western blot to detect phospho-STAT1 and HDAC1 (B) or IRF1, IDO1, and Actin (C). (D) WT or IDO1-KO HAP1 cells were infected

with WT or TgIST-KO T. gondii for 8 h, and subsequently treated with IFN-γ for 24 h or untreated. The parasite survival rate after 24 h post IFN-γ treatment was

measured by luciferase assay. (E) IDO1-KO + Empty or IDO1-KO + IDO1 HAP1 cells were infected with WT or TgIST-KO T. gondii for 8 h, and subsequently treated

with IFN-γ and doxycycline for 24 h or untreated. The parasite survival rate 24 h post treatment was measured by luciferase assay. Western blot image is

representative of three independent experiments (B,C). Indicated values are means of ± s.d. (three biological replicates per group from three independent

experiments) (A,D,E). **p < 0.01; N.S., not significant; (Student’s t-test).

FIGURE 6 | Simplified scheme of IFN-γ-induced anti-T. gondii host immune response and T. gondii virulence programs in human cells. (A) IFN-γ-induced anti-T. gondii

response in human cells. IFN-γ induce the expression of IDO1, which results in depletion of L-tryptophan (Trp), leading to inhibition of T. gondii growth in various human

cells. IFN-γ also induce ATG16L1-dependent cell—autonomous response, but the involvement of ATG16L1 in the human IFN-γ-induced anti-T. gondii response is cell

type-specific manner. (B) TgIST-mediated direct virulence program targeting IDO1 in human cells. T. gondii secrete effector TgIST in the infected human cells, which

results in the inhibition of host STAT1-dependent gene expression, leading to directly inhibition of IDO1 mRNA induction and allowing the T. gondii growth.

We report a novel T. gondii virulence strategy in human
cells, where IDO1 mRNA transcription is targeted by TgIST
that directly binds to STAT1 and recruits the Mi-2/NuRD
chromatin remodeling repressor complex to inhibit STAT1-
dependent gene expression (47, 48). Expression of STAT1-
regulated genes such as IRF1, CXCL9, CIITA, MX, GBP2,
SOCS1, and ICAM1 is shown to be inhibited by TgIST in
human cells (47, 48). Here we added IDO1 to the list of
genes down-regulated by TgIST. Moreover, TgIST-independent
(STAT1-independent) expression of IDO1 fully recovered the
IFN-γ-induced growth inhibition by TgIST-sufficient parasite
infection. In addition, TgIST-KO parasites can proliferate in
IDO1-KO cells. Given that mRNA and protein levels of IRF1
as well as IDO1 were also inhibited in a TgIST-dependent
manner, T. gondii may secrete TgIST to directly target STAT1
and non-specifically suppress expression of STAT1-regulated
genes including IDO1 and IRF1 in the infected human
cells.

In summary, we have demonstrated that IDO1 plays an
important role in IFN-γ-inducible anti-T. gondii responses in

various human cell types. Furthermore, TgIST suppresses the
IFN-γ-induced anti-T. gondii response by directly targeting
IDO1, which plays an important role in various human cells. By
focusing on the difference between human and mouse immune
responses, unidentified virulence mechanisms by known or
unknown T. gondii effectors might be discovered in the future. In
addition, STAT1-independent artificial induction of IDO1 could
evade the TgIST-dependent virulence mechanism and offer a
novel therapeutic strategy for treating human toxoplasmosis.

MATERIALS AND METHODS

Cells and Parasites
All T. gondii strains were maintained in Vero cells in
RPMI (Nacalai Tesque) supplemented with 2% heat-inactivated
FBS (JRH Bioscience), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Nacalai Tesque), as previously described (55).
HAP1 cells were maintained in IMDM (Nacalai Tesque)
containing 10% heat-inactivated FBS, and 100 U/ml penicillin,
and 0.1 mg/ml streptomycin. HFFs, Huh7 cells were maintained
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in RPMI (Nacalai Tesque) containing 10% heat-inactivated FBS,
and 100 U/ml penicillin, and 0.1 mg/ml streptomycin. HeLa
cells and MEF cells were maintained in DMEM (Nacalai Tesque)
containing 10% heat-inactivated FBS, 100 U/ml penicillin, and
0.1 mg/ml streptomycin.

Reagents
Antibodies against IDO1 (13268-1-AP), HDAC1 (10197-1-
AP), and IRF1 (11335-1-AP) was obtained from Proteintech.
Antibodies against Phospho-Stat1 (Tyr701) (#9167) was obtained
from Cell Signaling. Antibodies against ATG16L1 (PM040) was
obtained fromMBL. Anti-β-actin antibody (A1978) was obtained
from Sigma. Antibodies against GAP45 was described previously
(56). Recombinant human and mouse IFN-γ were obtained
from Peprotech. 1-Methyl-DL-tryptophan (sc-224746) was
obtained from Santa Cruz Biotechnology, Inc. Aminoguanidine
hydrochloride (396494) was obtained from Sigma.

Plasmid Construction for Generation of

Human Cell Lines
All genomic deficient cell lines were generated with the
px330 plasmid CRISPR/Cas9 system. The insert fragment of
IDO1, IDO2 ATG16L1 gRNA were generated by annealing
primers. All the primers used in this study are listed in
Table S1. These insert fragments were inserted into the BbsI
site of the cloning vector containing U6 promoter to generate
gRNA expressing plasmids pIDO1_gRNA1, pIDO1_gRNA2,
pIDO2_gRNA1, pIDO2_gRNA2, pATG16L1_gRNA1, and
pATG16L1_gRNA2, respectively. The insert fragment was cut
out by XhoI and SalI from the pIDO1_gRNA2, pIDO2_gRNA2,
and pATG16L1_gRNA2 vector, and ligated into the XhoI site of
the pIDO1_gRNA1, pIDO2_gRNA1, and pATG16L1_gRNA1
vector to generate plasmids pIDO1_gRNA1/2, pIDO2_gRNA1/2,
and pATG16L1_gRNA1/2. The insert fragment was cut out by
KpnI and MluI from pIDO1_gRNA1/2, pIDO2_gRNA1/2, and
pATG16L1_gRNA1/2 vector, respectively, and ligated into the
KpnI and MluI site of the pEF6-hCas9-Puro vector.

Generation of Gene-Targeted Human Cell

Lines by CRISPR/Cas9 Genome Editing
Human cells were electroporated with the pEF6-hCas9-Puro
vector containing target gRNA1/2 using NEPA21 (nepa gene).
And then 24 h post-electroporation, 0.5–5µg/ml puromycin was
added for 5–10 days to select for cells with a stably integrated.
Cells were plated in limiting dilution in 96-well plates to isolate
single cell clones. To confirm complete target gene deficient, the
IDO1, IDO2 and ATG16L1 protein expression were analyzed by
Western blot. Atg16L1 KO MEF cells were described previously
(12).

Plasmid Construction for Generation of

Knockout T. gondii Strain
Plasmid pSAG1::Cas9-U6::sgUPRT that encoding Cas9 nuclease
(GFP fusion) under control of the T. gondii SAG1 promotor was
obtained from addgene (plasmid 54467). The primer sequences
are listed inTable S1. The TgIST-targeting CRISPR/Cas9 plasmid
(pSAG1::Cas9-U6::sgTgIST-1 or pSAG1::Cas9-U6::sgTgIST-2)

was constructed in two steps. First, the overlap PCR method was
used to generate gRNA expressing plasmids. The U6 promoter
from ME49 driving expression of the TgIST specific sgRNA
(pgTgIST-1 or pgTgIST-2) was amplified from pSAG1::Cas9-
U6::sgUPRT. For first-step PCR, primer pairs TgU6_F and
TgISTgRNA1-R, TgISTgRNA1-F and TgU6_R, TgU6_F and
TgISTgRNA2-R, TgISTgRNA2-F and TgU6_R were used. For
second-step PCR primer pairs TgU6_F and TgU6_R were
used, and cloning it into the NotI and SacI sites of the
pBluescript II SK(+) (plasmid 54467). Second, the Cas9-Ds-
Red monomer cassette under the SAG1 promoter was cut out
from pSAG1::Cas9-U6::sgUPRT (Ds-Red monomer fusion), and
ligated into the KpnI and NotI site of the pgTgIST-1 or pgTgIST-
2. To generate a construct for deleting the entire coding sequence
of TgIST, flanking regions of 5′ outside the sgTgIST-1 and 3′

outside the sgTgIST-2 regions were used to surround the TgIST
cassette. To generate a plasmid for inserting HXGPRT into
the TgIST gene, upstream regions of sgTgIST-1 (894-bp) and
downstream regions of sgTgIST-2 (670-bp) were amplified from
ME49 genomic DNA by using primers TgIST targeting 5′_F and
TgIST targeting 5′_R or TgIST targeting 3′_F and TgIST targeting
3′_R. These two fragments were ligated into the KpnI and XhoI
or BamHI and NotI sites of pHXGPRT vector.

Generation of TgIST-KO T. gondii by

CRISPR/Cas9 Genome Editing
Prugniaud (Pru) T. gondii-expressing luciferase were filtered,
washed and resuspended in Cytomix (10mM KPO4, 120mM
KCl, 0.15mM CaCl2, 5mM MgCl2, 25mM HEPES, 2mM
EDTA). Parasites were mixed with 50 µg of sgTgIST-1 and
sgTgIST-2 CRISPR plasmid along with 40 µg of the targeting
vector linearized by Kpnl and SacI, and supplemented with
2mM ATP, 5mM GSH. Parasites were electroporated by GENE
PULSER II (Bio-Rad Laboratories). Selection by growth for
14 days in 25µg/ml mycophenolic acid (Sigma) and 25µg/ml
xanthine (Wako) were used to obtain stably resistant clone.
And then parasites were plated in limiting dilution in 96-
well plates to isolate single clones. To confirm the disruption
of the gene encoding TgIST, we analyzed messenger RNA of
TgIST from WT and TgIST-KO parasites by quantitative RT-
PCR. In addition, we observed comparable in vitro growth
and in vivo virulence to each other and to the parental
line.

Quantitative RT-PCR
Total RNAwas extracted, and cDNAwas synthesized using Verso
Reverse transcription (Thermo Fisher Scientic). Quantitative RT-
PCR was performed with a CFX connect real-time PCR system
(Bio-Rad Laboratories) using the Go-Taq Real-Time PCR system
(Promega). The values were normalized to the amount of beta
actin (β-actin) for human cells or tubulin for T. gondii in each
sample. The primer sequences are listed in Table S1.

Western Blot Analysis
Cells were lysed in a lysis buffer (0.5% Nonidet P-40, 150mM
NaCl, and 20mM Tris-HCl, pH 7.5) containing a protease
inhibitor cocktail (Roche) and phosphatase inhibitor cocktail
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(Nacalai Tesque). The cell lysates were separated by SDS-
PAGE and transferred to polyvinylidene uoride membranes and
subjected to Western blot analysis using the indicated antibodies
as described previously (57).

Luciferase Assay
For the experiment using IFN-γ pre-stimulated cells, HFFs
(6 × 105), HAP1 (2 × 106), HeLa (8 × 105), or Huh7 (6
× 105) cells were untreated or treated with 10 ng/ml IFN-
γ for 24 h, and subsequently infected with the luciferase-
expressing T. gondii (MOI = 0.5) for 24 h. For the experiment
using IFN-γ post-stimulation cells, HFFs (6 × 105), HAP1
(2 × 106), HeLa (8 × 105), or Huh7 (6 × 105) cells were
infected with the luciferase-expressing T. gondii (MOI = 0.5)
for 8 h, and subsequently untreated or treated with 10 ng/ml
IFN-γ for 24 h. To measure the number of T. gondii, all
infected cells were collected and lysed by 100 µl of lysis buffer
(Promega) and sonicated. After centrifugation at 20,000 × g
at 4◦C, the luciferase activity of the supernatant was measured
using the Dual Luciferase Reporter Assay System (Promega)
and GLOMAX 20/20 luminometer (Promega). The percentages
of the activities in cytokines stimulated cells over those in
unstimulated cells were shown as “Relative T. gondii numbers”
in figures.

Immunofluorescence Assays
HFFs, Huh7, or HeLa cells were cultured on glass coverslips, and

infected with T. gondii (MOI = 2) for the indicated time, and
fixed in PBS containing 3.7% paraformaldehyde for 10min at

room temperature. Cells were permeabilized with PBS containing
0.002% Digitonin for 5min and then blocked with 8% FBS in
PBS for 1 h at room temperature. And then, cells were incubated
with the indicated primary antibodies for 1 h at 37◦C, followed by
incubation with Alexa 488-, Alexa 594-, or Alexa 647-conjugated

secondary antibodies (Molecular Probes) and DAPI for 1 h at
37◦C in the dark. Finally, coverslips were mounted onto glass

slides with PermaFluor (Thermo Scientific) and analyzed using

confocal laser microscopy (FV1200 IX-83, Olympus).

IDO Activity Assay
The enzymatic IDO activity was evaluated by the calculation

of the kynurenine concentration in the cell culture supernatant
as previously described (58). Cells were cultured in 12-well

plates and untreated or treated with 10 ng/ml IFN-γ for

24 h. The concentration of kynurenine in culture supernatant
was measured using Ehrlich reagent method (59). Seventy

microliters of culture supernatant was mixed with 35 µl of 30%
trichloroacetic acid, and centrifuged at 8,000 x g for 5min. Then
75 µl of the supernatant was added to an equal volume of

Ehrlich reagent (0.8% p-dimethylaminobenzaldehyde in acetic
acid) in a 96-well plate, and the absorbance was read at 490 nm.
The values were compared with a standard curve with defined
concentrations of kynurenine (Sigma Aldrich).

Statistical Analysis
All statistical analyses were performed using Excel (Microsoft).
All the experimental points and n values represent an average of
each three biological replicates (three independent experiments).
The statistical significance of differences in mean values was
analyzed by using an unpaired two-tailed Student’s t-test. P-
values less than 0.05 were considered to be statistically significant.
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Transcriptomics Reveals Epithelial 
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Helminth Larval Encounter and 
Fostered Larval Development
Friederike Ebner1*, Mathias Kuhring2,3,4,5, Aleksandar Radonić 6, Ankur Midha1,  
Bernhard Y. Renard2 and Susanne Hartmann1

1 Department of Veterinary Medicine, Institute of Immunology, Freie Universität Berlin, Berlin, Germany, 2 Bioinformatics Unit 
(MF1), Department for Methods Development and Research Infrastructure, Robert Koch Institute, Berlin, Germany, 3 Core Unit 
Bioinformatics, Berlin Institute of Health (BIH), Berlin, Germany, 4 Berlin Institute of Health Metabolomics Platform, Berlin 
Institute of Health (BIH), Berlin, Germany, 5 Max Delbrück Center (MDC) for Molecular Medicine, Berlin, Germany, 6 Center for 
Biological Threats and Special Pathogens: Highly Pathogenic Viruses (ZBS 1), Robert Koch Institute, Berlin, Germany

Gastrointestinal nematodes are among the most prevalent parasites infecting humans 
and livestock worldwide. Infective larvae of the soil-transmitted nematode Ascaris spp. 
enter the host and start tissue migration by crossing the intestinal epithelial barrier. The 
initial interaction of the intestinal epithelium with the parasite, however, has received 
little attention. In a time-resolved interaction model of porcine intestinal epithelial cells 
(IPEC-J2) and infective Ascaris suum larvae, we addressed the early transcriptional 
changes occurring simultaneously in both organisms using dual-species RNA-Seq. 
Functional analysis of the host response revealed an overall induction of metabolic 
activity, without induction of immune responsive genes or immune signaling pathways 
and showing suppression of chemotactic genes like CXCL8/IL-8 or CHI3L1. Ascaris 
larvae, when getting in contact with the epithelium, showed induction of genes that 
orchestrate motor activity and larval development, such as myosin, troponin, myoglobin, 
and protein disulfide isomerase 2 (PDI-2). In addition, excretory-secretory products 
that likely facilitate parasite invasion were increased, among them, aspartic protease 
6 or hyaluronidase. Integration of host and pathogen data in an interspecies gene  
co-expression network indicated links between nematode fatty acid biosynthesis and 
host ribosome assembly/protein synthesis. In summary, our study provides new molec-
ular insights into the early factors of parasite invasion, while at the same time revealing 
host immunological unresponsiveness. Reproducible software for dual RNA-Seq analysis  
of non-model organisms is available at https://gitlab.com/mkuhring/project_asuum and 
can be applied to similar studies.

Keywords: host–pathogen, parasitic nematode, IPEC-J2, Ascaris suum, dual-species, RNA sequencing, 
transcriptomics, epithelial communication
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INTRODUCTION

The large roundworms Ascaris (A.) lumbricoides and Ascaris suum 
are the most prevalent soil-transmitted helminths worldwide and 
parasitize the gastrointestinal tract of humans and pigs, respec-
tively. With an estimated 800 million people currently infected, 
typically in the most impoverished populations, Ascariasis 
belongs to the group of neglected tropical diseases (1–3). Among 
pigs, the prevalence of A. suum in high intensity production 
farms remains high all over the world and A. suum infections 
are known to cause major economic losses in the pig industry 
due to reduced growth performance, liver condemnation, and 
reduced vaccination responses (4, 5). Due to the genetic close-
ness of A. lumbricoides and A. suum (6, 7), studying host–parasite 
interactions in pigs is not only of veterinary importance but also 
represents an ideal research model for the human condition (8).

Ascariasis is caused by ingesting infective eggs containing L3 
larvae from contaminated food and water, or with regard to pigs, 
coprophagy (9). The eggs hatch in the intestine and parasites 
undergo larval migration through the body before developing into 
adult worms that inhabit the small intestine. The early, intestinal 
migratory path involves newly hatched L3 larvae penetrating the 
walls of the distal small intestine, cecum, and proximal colon (10, 
11) and migrating toward the liver.

Given the initial invasion and chronic infestation at gastroin-
testinal barriers, the mucosal immune response is of fundamental 
importance for defending against the parasite. The first cells to 
encounter invading Ascaris larvae are epithelial cells. The intesti-
nal epithelium represents a tight barrier that prevents pathogen 
invasion. However, rather than being just a physical barrier, epi-
thelial cells are equipped with microbial-detection mechanisms, 
signaling circuits, and both homeostatic and inflammatory 
mediators (12, 13). At the interface between host and environ-
ment, the epithelium defends the host against infection to the one 
side while fostering innate immune recognition and transmission 
of danger signals to the other side (12). While many types of pat-
tern recognition receptors (PRRs) facilitate sensing of microbes, 
it is less clear how enteric parasites like Ascaris spp., which do not 
express known PAMPs, are sensed and detected by the epithelium. 
Conversely, whether a targeted host–pathogen interaction at the 
epithelial barrier drives larval tissue migration is not yet known.

The site-specific mucosal penetration of invading Ascaris L3 
occurs within 3–6  h after oral infection (11) and restricts the 
window for an early intervention. Infection and challenge studies 
have greatly contributed to our understanding of hepatic- and 
pulmonary immune responses against A. suum (11, 14, 15); how-
ever, not much is known concerning the initial steps of immune 
recognition and modulation during early larval migration. 
Understanding to what extend host and parasite might sense, 
interact, regulate, or harm each other at the epithelial interface 
might clarify how mucosal immunity is initiated and reveal pos-
sible intervention strategies.

Therefore, we performed a time-resolved transcriptional 
analysis of infective A. suum third-stage larvae (AscL3) co-
incubated with porcine intestinal-epithelial cells (IPEC-J2), an 
in  vitro model widely used to study microbial pathogen–host 
interaction (16, 17). In that context, RNA-Seq is extremely 

useful for addressing non-model organisms such as a parasitic 
nematode (A. suum) and the pig. Addressing the limitations of 
most current dual RNA-Seq pathogen–host studies, pointed out 
by Westerman and colleagues (18) in a recent review, we do not 
restrict our analysis to pairwise differential comparisons of sets of 
time points, but account for the complete temporal behavior. By 
contrasting splines fitted across the time lines to baseline models 
rather than individual time point comparisons, statistical power 
can be increased (19) and the statistical model can capture trends 
that otherwise may be missed due to the restricted temporal 
granularity of individual time points (18).

In contrast to intracellular microbial pathogens, the possibil-
ity of separating larvae and host tissue after incubation enables 
purer sequencing and thus transcriptome analysis is unaffected 
by asymmetric read coverage as well as cross read mappings. In 
addition, we complement annotation of the non-model A. suum 
transcriptome for functional analysis by implementing a unique 
iterative annotation strategy favoring transfer from closely related 
species. This workflow builds upon continuously increasing the 
search space of species, thereby favoring results from closely 
related species were available, but still annotating sequences were 
no hits on closely related species can be found.

While many software solutions for individual steps are avail-
able, we are not aware of any interconnected analysis pipeline for 
dual RNA-Seq studies of non-model organisms. Here, we rely on 
Snakemake (20) as a current bioinformatics community standard 
to provide workflows at https://gitlab.com/mkuhring/project_
asuum/. These workflows not only allow full reproduction of our 
analyses but are provided for reusage in related experiments and 
capture all relevant steps. Particularly, we integrated and primar-
ily automated the annotation steps for both non-model organisms 
with the differential expression and functional analysis.

Our time-resolved, dual-species whole-transcriptome 
approach provides molecular insights into host–parasite interac-
tions during direct physical interaction and in the absence of sur-
rounding microbes, their metabolites and second line immune 
cells, enabling us to focus exclusively on parasite-epithelial 
cross-talk. Our results demonstrate that Ascaris larvae invade the 
host soft-footed without initiating immune alarming responses 
while expressing genes ensuring invasion and their further 
development.

MATERIALS AND METHODS

Generation of Infective A. suum L3 Stage 
Larvae and Hatching
Infective third-stage larvae of A. suum were generated as previously 
described (21). In brief, secreted A. suum eggs were collected from 
the culture fluid of female worms obtained from a local slaughter 
house. Eggs were decoated in 0.5 M sodium hydroxide, washed, 
and embryonated in 0.1 N H2SO4 for 6–8 weeks under weekly 
aeration. For hatching, embryonated eggs were treated with 
5.25% sodium hypochlorite to remove the chitinous layer from 
the eggs. Hypochlorite-treated eggs were further layered below 
slowly moving sterile glass beads (4 mm) to facilitate hatching. 
Subsequently, intact and motile A. suum larvae were collected, 
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Figure 1 | Experimental design and RNA-Seq data processing. (A) Analysis of the early host–parasite interaction of Ascaris suum L3 and porcine epithelial cells 
(IPEC-J2) by studying dual-species gene expression dynamics over a time course (0–9 h). (B) Paired RNA samples were Illumina sequenced, preprocessed, 
mapped to reference genomes, annotated, and differential gene expression and functional analysis was performed using the illustrated bioinformatics pipeline.
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washed, counted, and adapted to mammalian cell culture media 
(IMDM, 5% FCS, 1% P/S) over night.

Parasite and Epithelial Cell Co-Incubation
Porcine intestinal epithelial cells (IPEC-J2 cell line) were 
cultured as monolayers for complete confluence in 35  mm 
Petri dishes [IMDM, 5% FCS, 1% P/S (all from PAN-Biotech, 
Aidenbach, Germany)]. L3 stage A. suum worms (50,000/
dish, resulting in a larva to cell ratio of 1:10) were layered on 
top of epithelial cells and co-incubated for the indicated time 
points at 37°C, 5% CO2. Three biological replicates of a time-
resolved co-incubation series of pathogen and epithelial cells 
were performed, with five time points (0, 1, 2, 3, and 9 h) being 
interrogated with regard to the early migratory pathway of A. 
suum (10, 11). Monocultures of either worms or epithelial cells 
served as controls (referred to as time point 0 h). Following co-
incubation, A. suum larvae were removed from the epithelial 
layer and worms and epithelial cells were processed separately 
for RNA isolation. Viability of IPEC-J2 cells following larval 
coculture was verified in separate experiments by vital cell 
counting, measuring ATP as indicator for metabolically active 
cells and by documenting the monolayer appearance using 
Giemsa staining (Figures S6A–C in Supplementary Material). 
Asc L3 were visually inspected for larval motility throughout 
the entire coculture period and assayed for migration capacity 
and viability [excretory-secretory (ES) production] after 9 h of 
coculture (Figures S6E,F in Supplementary Material).

RNA Isolation and Quality Check
Worm samples were homogenized using shredder columns filled 
with 200  mg sterile sea sand and the FastPrep®-24 instrument 
(MP Biomedicals) at 5  m/s for 35  s. Supernatants of homog-
enized worms and epithelial cell lysates were further processed 
for RNA isolation (InnuPREP RNA isolation, Analytik Jena AG, 
Germany), DNase treatment (Analytik Jena AG, Germany), and 
RNA quality control (Agilent 2100 Bioanalyzer, RNA 6000 Nano 
Kit, Agilent Technologies, Waldbronn, Germany). RNA sample 

RIN values ranged between 7.9 and 10 for porcine epithelial cells 
and 7.3 and 9.5 for AscL3, respectively.

Sequencing and Mapping
For transcriptome sequencing on an Illumina platform a TruSeq 
RNA library generation was utilized. The library was generated by 
using the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, 
CA, USA) following the manufacturer’s instructions. The library 
was quantified by using the KAPA Library Quantification Kit for 
Illumina (Kapa Biosystems, Wilmington, MA, USA). The library 
size was determined by using the High Sensitivity DNA Analysis 
Kit for the 2100 Bioanalyzer Instrument (Agilent Technologies, 
Waldbronn, Germany). Libraries were adjusted to a concentration 
of 12 pM and sequenced on a HiSeq 1500 instrument (Illumina, 
San Diego, CA, USA) in high-output mode. For cluster genera-
tion, the TruSeq PE Cluster Kit v3 was used. Cluster generation 
was performed on a cBot instrument. For sequencing, the TruSeq 
SBS Kit v3 was used to sequence 100 + 100 bases.

Sequence data processing and analysis were conducted as illus-
trated in Figure 1B. We sequenced 15 (resulting in three replicates 
for each of the five time points) AscL3 and IPEC-J2 samples each, 
with a mean library size of 45.5 million paired-end reads and a 
SD of 25.4. Raw reads were subjected to quality control and trim-
ming via the QCumber pipeline (version 1.0.0)1 utilizing FastQC 
(v0.11.5)2, Trimmomatic (0.33) (22), and Kraken (0.10.5-beta) 
(23). On average, 88.21% of reads remained after trimming.

Preprocessed reads were mapped to reference genomes as 
specified below and corresponding sequence features using the 
TopHat split-read mapper (v2.1.1) (24) and reference as well 
as novel features were extracted and merged with the aid of 
Cufflinks (25) and Cuffmerge (25) (v2.2.1) to obtain one inte-
grated and unified transcriptome for AscL3 and IPEC-J2 samples, 

1 https://gitlab.com/RKIBioinformaticsPipelines/QCumber (Accessed: March 17, 
2018).
2 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (Accessed: March 17, 
2018).
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respectively. Reference genomes used included the original A. 
suum draft genome from Jex et  al. (26) as available from the 
WormBase ParaSite (27) FTP server (ftp.wormbase.org/pub/
wormbase/species/a_suum/assemblies/v1/) and the Sus scrofa 
genome assembly from Ensembl (28) (Sscrofa10.2, release 85).

Differential Expression
For each sample, raw expression values were created by count-
ing uniquely mapped reads on gene level using featureCounts 
(v1.5.0-p3) (29). To identify differentially expressed genes 
(DEGs) within AscL3 and IPEC-J2 samples, respectively, DESeq2 
(1.12.4) (19) was adjusted for a time series design model based on 
natural splines to account for the time points in the experiment. A 
likelihood-ratio test against fits of a reduced null model including 
only intercept and the batch variable was applied to infer signifi-
cant DEGs. However, pairwise fold-changes for each time point 
greater than 0 h were extracted via a classic DESeq2 model and 
pairwise contrasts with the base time point 0 h (indicating expres-
sion changes in comparison to 0 h). In addition, normalized and 
transformed expression values were extracted from DESeq2 
(regularized log transformation) and corrected for batch effects 
via Limma (3.28.21, removeBatchEffect) (30) to allow for sample 
quality control with clustered heatmaps and principal component 
analysis (PCA).

Functional Annotation
Reference as well as novel transcripts were functionally anno-
tated with focus on Gene Ontology (GO) terms (31, 32) using a 
novel iterative annotation strategy. First, transcripts were either 
first-frame translated (reference) or examined for ORFs (novels, 
Cuffcompare class code “u”) using EMBOSS transeq (6.6.0.0) (33) 
and TransDecoder (v2.1)3, respectively. Next, resulting protein 
sequences were passed through a series of database searches until 
successfully annotated with GO, either via blastp (2.6.0+) (34) 
and Blast2GO (4.0.7) (35) or by a final InterProScan classification 
(5.23–62.0 for A. suum, 5.22–61.0 for S. scrofa) (36). Databases 
used for A. suum sequences annotation included (in this order) 
the UniProt (37) A. suum proteome (UP000017900), UniProt 
Swiss-Prot Nematoda proteins, UniProt TrEMBL Nematoda 
proteins as well as the complete Swiss-Prot database and the 
complete TrEMBL database (all downloaded at 16.02.2017). For 
S. scrofa sequences, Ensembl reference annotations were obtained 
via the Ensembl BioMart server (38, 39) (with date of 30.10.2016). 
In addition, remaining non-annotated transcripts were searched 
against the UniProt S. scrofa proteome (UP000008227), Swiss-Prot 
Mammalia proteins, TrEMBL Mammalia proteins (all downloaded 
at 27.02.2017) as well as the complete Swiss-Prot database and the 
complete TrEMBL database (both downloaded at 16.02.2017).

In addition to GO terms, protein sequences were annotated 
with KEGG Orthology terms (KO) (40) via the BlastKOALA 
web interface (2.1) (41) using the “family_eukaryotes” and 
“genus_prokaryotes” databases for A. suum sequences and the 
“genus_eukaryotes” database for S. scrofa sequences, respec-
tively (database builds 02.05.2017). However, for S. scrofa, 
reference annotations obtained via biomaRt (2.28.0) (42) and 

3 https://github.com/TransDecoder/TransDecoder (Accessed: March 17, 2018).

KEGGREST (1.12.3)4 were preferred if available. KO terms were 
then mapped to KEGG pathways via KEGGREST. Furthermore, 
A. suum sequences were examined for potential excretory and 
secretory proteins as previously described by others (43). In 
brief, ES proteins were annotated as classical or non-classical 
secretory proteins by combining SignalP (4.1 Server, organism 
group “Eukaryotes”) (44) and SecretomeP (2.0 Server, organism 
groups “Gram-negative bacteria,” “Gram-positive bacteria,” and 
“Mammalian”) (45, 46). Mitochondrial proteins were excluded 
from that list using TargetP (1.1 Server, organism group “Non-
plant”) (47) as well as proteins predicted for transmembrane 
regions by TMHMM (Server v. 2.0) (48). The remaining predicted 
ES proteins were further categorized by KEGG ENZYME enzyme 
codes derived from KO-terms with the use of KEGGREST.

Functional Analysis
Functional profiles and enrichment analysis of significant DEGs 
were calculated based on GO term annotations (projected onto 
level 2) of the three classes of molecular function (MF), cellular 
component (CC), and biological process (BP) as well as on 
KEGG Pathways. For enrichment analysis, significant DEGs were 
tested against background gene sets representing the expression 
potential in the experiment, i.e., all expressed and sufficiently 
annotated genes in the AscL3 and IPEC-J2 samples, respectively. 
Significantly over- and underrepresented GO terms were deter-
mined by the two-sided Fisher’s Exact test in Blast2GO (adjusted 
p < 0.05) while enriched KEGG pathways were determined with 
a hypergeometric test in clusterProfiler (3.0.5) (49) (adjusted 
p < 0.05). In addition to global analysis, significant DEGs were 
mined for specific functions of particular interest via filters based 
on specifically selected GO terms, free-text searched GO term 
collections, as well as gene description analysis. Thereby, GO term 
filters were recursively extended with corresponding child terms 
to account for descending functionality using GO.db (3.3.0)5. 
Target functions as well as corresponding GO-terms and descrip-
tion filter are found in Table S3 in Supplementary Material.

Co-Expression Analysis
The normalized, transformed, and batch-corrected expression val-
ues were used to infer an interspecies gene co-expression network 
(GEN) between A. suum and S. scrofa. The AscL3 and IPEC-J2 
expression matrices were combined (excluding replicate C of time 
point 2 h due to quality issues) and subjected to pairwise Spearman 
rank correlation tests using the psych R package (1.7.5) (50) with 
FDR p-value adjustment for multiple testing. Resulting gene pairs 
(edges in the GEN) were filtered by significance (adjusted p < 0.05) 
and correlation strength (rho > 0.95) before further analysis and 
visualization within Cytoscape (3.2.1) (51). In Cytoscape, dupli-
cated edges and self-loops were removed and the network was 
reduced to nodes participating in interspecies interactions (GEN1). 
Node degrees were calculated based once on all edges and once 
on interspecies edges alone (GEN2) to identify highly interacting 
genes between species. In addition, node (resp. gene) clusters were 
calculated on GEN1 with the MCODE plugin (v1.4.1) (52).

4 http://bioconductor.org/packages/KEGGREST/ (Accessed: March 17, 2018).
5 http://bioconductor.org/packages/GO.db/ (Accessed: March 17, 2018).
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Table 1 | Numbers of differentially expressed and annotated genes.

Total DEG FC ≥ 1.5a FC ≥ 1.8a FC ≥ 2a

Complete
Ascaris suum (α = 0.05) 146 74 17 9
Sus scrofa (α = 0.01) 1,423 763 181 56

GO-annotated
A. suum 87 34 11 5
S. scrofa 1,214 621 121 33

aabs(log(fold-change)) ≥ log(n).
Total and gene ontology (GO) annotated numbers of differentially expressed genes 
(DEG) and DEG numbers for distinct fold-change cut-offs (with respect to the maximal 
pairwise fold-change) are depicted for A. suum L3 and S. scrofa epithelial cell (IPEC-J2) 
expression data.

Figure 2 | Principal component analysis (PCA) of porcine epithelial cells (IPEC-J2) and Ascaris suum L3 expression data and clustering of differentially expressed 
genes (DEGs). (A) Unsupervised clustering heatmap of DEG in porcine epithelial cells (n = 1,423, IPEC-J2) and (B) A. suum L3 (n = 146). Red intensity indicates 
high gene expression during the time-course of host–parasite co-incubation, whereas blue intensity indicates low gene expression. PCA of RNA-Seq samples of 
(C) porcine epithelial cells and (D) A. suum L3 reveals that 79% (IPEC-J2) and 77% (A. suum) of the data variation is explained by the first two PCs, respectively. 
The five time points are color-coded (  0,  1,  2,  3, and  9 h) and comprise n = 3 biological replicates (exception: n = 2 for IPEC-J2;  2 h, due to 
RNA-Seq quality control exclusion).
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RESULTS AND DISCUSSION

Transcriptional Response Reveals 
Temporal Dynamics of Early Host–
Pathogen Interaction
A critical event during initial invasion of Ascaris parasites is cross-
ing the intestinal epithelial barrier of their mammalian hosts. The 
initial dialog of host epithelium and parasite before the parasite 
starts tissue migration has, however, received little attention. We 
thus performed a time-resolved RNA-Seq transcriptional profiling 
of both, A. suum L3 larvae and porcine epithelial cells (IPEC-J2) 
to examine the early and comprehensive transcription of genes 
potentially involved in sensing, attachment, barrier disruption, 
and immune response early after initial parasite–host contact.

We sequenced A. suum larvae (AscL3) and IPEC-J2 at five 
different time points during co-incubation (0, 1, 2, 3, and 9 h) 

with n = 3 biological replicates each (Figure 1A). Mapping qual-
ity control of raw reads using QualiMap (v.2.2.1, Figure 1B) (53) 
indicated one sample (IPEC-J2, 2 h, replicate C) being inconsistent 
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in comparison to all the other samples in the experiment, which 
consequently was excluded from further analysis.

In total, our exploratory study identified 146 A. suum genes 
and 1,423 S. scrofa genes with significant differential expression 
over time (Table 1, with adjusted p-value < 0.05 for A. suum and 
0.01 for S. scrofa, respectively). Normalized expression values 
of both IPEC-J2 and A. suum L3 genes demonstrated success-
ful clustering of replicates by time with minor exceptions of 
earlier time points for IPEC-J2 (Figure  2A) and median time 
points for AscL3 (Figure 2B). Clustering analysis indicates that 
most distinct changes in expression occur in later time points, 
additionally confirmed by the pairwise fold-changes (Table S1 
in Supplementary Material). PCA of IPEC-J2 (Figure  2C) and 
A. suum L3 (Figure 2D) expression data indicate a relation of the 
first principal component with time direction and thus confirms 
that most of the variance and, therefore, change in expression is 
occurring over time.

Particularly for genes of the non-model nematode A. suum, 
available GO annotation was limited. We, therefore, imple-
mented an iterative annotation strategy, depicted in Figure 1B 
and Figure S1 in Supplementary Material, which enabled us to 
assign GO terms to 13,683 reference and 410 novel A.  suum 
genes as well as to 21,265 reference and 890 novel S. scrofa genes 
(including Ensembl reference GO-annotations). Regarding our 
co-incubation experiment, 59.6% of the A. suum DEGs (87 of 
the 146) and 85.3% of the S. scrofa DEGs (1,214 of the 1,423) 
were adequately annotated and thereby eligible for further 
functional analysis (Table  1). In parallel, a total of 8,034 A. 
suum genes could be annotated with KEGG Orthology (KO) 
identifiers including 7,306 reference and 728 novel genes. 
Furthermore, 9,711 S. scrofa genes could be annotated with 
KOs comprising 8,954 reference and 757 novel genes. KEGG 
pathways were assigned to 59 A. suum and 471 S. scrofa DEGs, 
respectively. These data highlight the GO annotation gap for 
A. suum genes and point out a need for improving methods 
to functional annotate nematode genes in general. A complete 
list of all A. suum L3 and IPEC-J2 genes (annotated and not 
annotated) is provided as Table S4 in Supplementary Material.

The Epithelial Cell Response to Worm 
Invasion
Epithelial Cells Are Not Intensely “Alarmed”
The IPEC-J2 cell line is a non-transformed, porcine epithelial 
cell line derived from the small intestine and currently the 
most convincing model for porcine infection studies (16, 
54). The initial contact of A. suum larvae with the intestinal 
epithelial cells over 9 h results in a transcriptomic response of 
1,423 S. scrofa genes (982 upregulated/441 downregulated, with 
respect to the maximal pairwise fold-change). To functionally 
describe the regulated S. scrofa genes, level 2 GO term profiles 
are illustrated (Figure  3A), categorizing MF, CC, and BP. To 
gain insight into the biological significance of alterations in 
gene expression levels, GO enrichment analysis was used to 
determine whether certain GO terms are over- or underrep-
resented within the gene set of interest. GO terms significantly 
overrepresented (adjusted p  <  0.05) among S. scrofa DEGs 

were binding (as part of MF), CC organization or biogenesis 
and cellular process (BP) as well as several CC including cell, 
cell part, macromolecular complex, membrane-enclosed lumen, 
organelle, organelle part, and supramolecular fiber (Figure 3A). 
Surprisingly, the few underrepresented terms are almost exclu-
sively attributed to extracellular matrix (ECM), membrane, and 
membrane part (CC), a group of terms that we expected to be 
specifically addressed while being co-incubated with a com-
parably large and motile extracellular parasite. Further global 
analysis as subcellular location of S. scrofa DEGs and KEGG 
pathway annotation are depicted in Figures  3B,C. S. scrofa 
KEGG profiling features several significantly enriched pathways 
(hypergeometric test, adjusted p < 0.05) including induced cell 
cycle activity, FoxO signaling, homologous recombination and 
RNA degradation as well as a suppressed ribosome pathway.  
In addition, though not significant, oxidative phosphorylation 
and purine metabolism show distinct repression (Figure 3C). 
Genes of the FoxO family that are central for the here enriched 
FoxO signaling pathway regulate transcriptional responses 
including apoptosis, cell-cycle control, glucose metabolism, 
oxidative stress resistance, and longevity. A recent study 
revealed that intestinal FoxO-mediated signaling is required 
for epithelial antimicrobial response and AMP synthesis by 
enterocytes (55). Factors inducing FoxO signaling include 
oxidative and nutrient stress stimuli, such as insulin or several 
growth factors. The induced oxidative stress response is in line 
with the repression of the oxidative phosphorylation pathway, 
and together imply increased nutrient consumption or even 
nutritional competition between IPEC-J2 and A. suum larvae.

KEGG pathway analysis further highlights that pathways 
linked to extracellular recognition such as TLR signaling are 
not regulated (Figure  3C). This is supported by several other 
studies showing that host PRRs such as TLR are modulated by 
nematode species to limit inflammation (56–58) but TLR signal-
ing in generating an anti-helminth immune response remains 
controversial (59). Since epithelial cells are known to express all 
kinds of PRRs, we more specifically considered the role of C-type 
lectin receptors such as mannose receptor, DC-sign, ICAM-3, 
collectins, or selectins (59, 60) to be addressed, but found no 
transcriptional evidence that these receptors or correspond-
ing receptor signaling pathways are affected by the presence of 
A. suum larvae. Interestingly, we observe a generally low presence 
of S. scrofa DEGs in several other signal transduction pathways, 
such as HIF-1, MAPK, mTOR, NF-kappa B, Rap1, TGF-ß, or 
RAS indicating that IPEC-J2 cells overall were not in an “alarmed 
state” as expected.

Although we hypothesized that epithelial cells somehow sense 
incoming Ascaris larvae and might orchestrate an appropri-
ate response, we were surprised to find such a low magnitude 
of response (indicated by fold-change values) and the lack of 
conclusive activation signatures. We then specifically looked 
for genes involved in inflammatory responses (Figure  4A, 
GO declination in Table S3 in Supplementary Material) and 
chemotactic responses (Figure 4B, GO declination in Table S3 
in Supplementary Material) and found chemokine transcripts 
(CCL5, IL8, and CXCL18), the chitinase 3 like 1 protein, and the 
cytokines genes for IL17D to be suppressed. Interleukin-8, one 
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Figure 3 | Gene ontology (GO) and pathway profiling of porcine intestinal epithelial cell differentially expressed genes (DEGs). An iterative annotation strategy was 
used to assign GO terms to reference and novel porcine transcripts. (A) For 1,214 GO-annotated porcine DEGs, the level 2 of GO hierarchy is illustrated and classified 
into Molecular Function (MF), Cellular Component (CC) and Biological Process (BP). GO terms significantly enriched among differentially expressed S. scrofa genes 
(Fischer’s Exact Test, two-sided, p < 0.05) are highlighted as over-( ) and under-( ) represented terms alongside with averagely represented terms ( ) with regard 
to the reference genome. (B) Subcellular localization of DEG encoding proteins deduced from binning relevant GO terms (Table S3 in Supplementary Material) and 
offsprings [nucleus (CC, 483), endoplasmic reticulum (CC, 38), cytoplasm (CC, 583), intracellular transport (BP, 112), plasma membrane (CC, 128), transmembrane 
transport (BP, 34), transmembrane transporter activity (MF, 33), cell–cell-junction (CC, 31), and cell–cell junction organization (BP, 9)]. (C) Sequences were annotated 
with KEGG pathways and pathways with three or more assigned DEGs are visualized including color-coded ( ) enrichment analysis (hypergeometric test, p < 0.05).
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of the repressed immunity genes, is a potent chemoattractant for 
primary neutrophils but also other granulocytes, and is secreted 
by epithelial cells in response to bacterial stimuli (61). Upon 
LPS stimulation, also porcine IPEC-J2 cells rapidly upregulate 
IL-8 transcripts (Figure S6D in Supplementary Material). 
Intriguingly, Aprianto and colleagues (62) showed that a highly 
adherent, unencapsulated form of S. pneumoniae suppressed 

IL-8 production from epithelial cells compared to a free-floating, 
non-adherent form of the same strain early during infection. 
Their RNA-Seq study thereby links repression of epithelial innate 
immune response with the adherence mechanisms of the invad-
ing pathogen and provides evidence for targeted immune eva-
sion. Hence, active suppression of the innate chemokine response 
combined with restricted epithelial recognition of AscL3 larvae, 
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Figure 4 | Temporal gene expression changes in porcine intestinal epithelial cells in response to A. suum larvae. Blastp, Blast2GO, and InterProScan were used to 
identify S. scrofa differentially expressed genes associated with distinct immune responses or cell junction for (A) “Inflammatory processes,” (B) “Chemotaxis,” and 
(C) “NIK/NF-kappaB signaling.” For (D) “Cell junctions,” the cell–cell junction localization filter was manually selected for GO:0030054, GO:0005911, and 
GO:0070830.
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weak induction and even suppression of NIK/NF kappaB signal-
ing (Figure  4C), could explain the poor response of immune-
related genes that we observed. Following this line, mice lacking 
NF kappaB signaling specifically in epithelial cells are incapable 
of mounting protective type 2 cell-mediated immunity to the 
nematode Trichuris muris in its rodent host (63). The initiation 
of protective type 2 responses against helminth typically begins 
with production of epithelial cell-derived cytokines (IL-25, IL-33, 
and thymic stromal lymphopoietin), but none of them was found 
to be regulated in porcine IPEC-J2 cells early after A. suum co-
incubation. However, it has to be taken into account that it was 
recently found that rather than every epithelial cell, a very rare 
epithelial cell type, intestinal tuft cells, initiated mucosal type 2 
responses to helminth parasites through IL-25 secretion after 
TRMP5 taste chemoreception (64, 65).

Studies in the mouse model parasitic nematode Heligmosomoides 
polygyrus showed that factors secreted by the nematodes directly 
suppressed IL-33 release (66), but the upstream mechanisms 
of IL-33 release are somewhat controversial and suggest that 
IL-33 might also be released from intracellular stores when cells 
undergo necrosis or even after mechanical stress (67). However, 
from our data, we cannot conclude that IL-33 is not released. 
We, therefore, speculated that during co-incubation, worms 
cause epithelial barrier damage and induce mechanical stress 
responses or cell death, but the latter was only poorly reflected 
in the epithelial transcriptome response [no wound healing, 
apoptosis, or necroptosis pathways (Figure  3C)]. From 247 
DEGs associated with stress response in general (GO declination 
Table S3 and Figure S4 in Supplementary Material), only 10 are 
connected to mechanically induced stress responses/mechanical 

stimulus (Figure S5 in Supplementary Material). However, when 
genes associated to cell junction or bicellular junction formation 
(GO:0030054, GO:0070830, and GO:0005911) were considered, 
we noticed a clear trend toward an induced gene response, 
including claudin-12, plakophilin 2, and FLRT3 (Figure  4D). 
This highlights an active response to promote barrier integrity of 
IPEC-J2 and raises the question whether A. suum larvae and/or 
their secreted products specifically target tight junction forma-
tion. Moreover, the only downregulated gene in this functional 
group was claudin-4 (Figure 4D). This is particularly interesting, 
because researchers suggest that claudin-4 acts to tighten the 
paracellular pathway (68) and downregulation of claudin-4 is 
observed under conditions leading to increased permeability 
(69). The differential regulation of claudin-12 and claudin-4 and 
the downregulation of IL-8 was additionally validated by quanti-
tative PCR (Figure S7A in Supplementary Material).

Together, our results indicate that small intestinal epithelial 
cells show poor innate immune responses to co-incubated A. 
suum L3, reduced ribosome function and oxidative phosphoryla-
tion pathways, but specifically induce tight junction formation. 
Whether IPEC-J2 cells do not possess an adequate detection 
system or whether the parasite is inactivating the host detection 
systems that would otherwise raise the alarm remains unknown.

The Worm Response to the Epithelial 
Barrier
Ascaris suum Larvae Drive Invasion and Migration
The initial contact of Ascaris suum L3 with intestinal epithelial 
cells resulted in a transcriptomic response of 146 A. suum genes 
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Figure 5 | Gene ontology (GO) profiling of Ascaris suum differentially expressed genes (DEGs). (A) Distribution of level 2 GO terms for A. suum L3 DEGs, 
categorized into molecular function, cellular component (CC), and biological process (BP). (B) Global classification of A. suum L3 DEGs into enzymes, receptors, 
and channels/transporter based on GO-term filter and gene description analysis (Table S3 in Supplementary Material). (C) Time-resolved expression of A. suum 
DEGs with GO assigned receptor function.
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(68 upregulated/78 downregulated, with respect to the maximal 
pairwise fold-change). A total of 87 genes mapped to GO terms 
showed regulated functions such as binding and catalytic activity 
(MF), membrane and membrane part (CC) as well as cellular, 
metabolic, and single-organism processes (BP) (Figure  5A GO 
level 2). However, no significant enrichments (two-sided Fisher’s 
Exact test in Blast2GO; adjusted p < 0.05) could be observed with 
respect to the background genome. Due to the small number of 
A. suum DEGs in general, only a few KEGG pathways could be 
assigned more than once, namely ABC transporters (2), cAMP 
signaling pathway (2, repressed), cysteine and methionine 
metabolism (2, repressed), glycosaminoglycan degradation  
(2, activated), protein digestion and absorption (3), pyrimi-
dine metabolism (2), RNA degradation (2), and spliceosome  
(2) (Figure S2 in Supplementary Material). GO term filtering and 
gene description analysis were used to classify A. suum L3 DEGs 
into enzymes (36), receptors (15), and channels/transporters 
(19) (Figure  5B). Surprisingly, most receptor associated genes 
were indeed downregulated (10 out of 15, Figure 5C). We spe-
cifically looked for Ascaris C-type lectins (C-TL), a superfamily 
potentially involved in either site-specific tissue recognition or 
interference with mammalian C-TL-mediated inflammation 
(70), but found no C-TL within the A. suum DEGs of our early 
response experiment.

In contrast, the 20 most upregulated A suum L3 genes (Table 
S1 in Supplementary Material) included genes associated with 
motor activity (GS_03085 Myosin-4, GS_04138 Troponin 
T, GS_00138 Myoglobin) and structure (GS_04352 Cuticle 

collagen domain-containing protein, GS_11610 Cuticle collagen 
6, GS_09547 Cuticle collagen 34, GS_00653 Protein disulfide-
isomerase 2). The upregulation of genes associated with motor 
activity/motility driven by epithelial-contact is particularly 
interesting in the absence of host peristalsis, the luminal con-
tent/microbes, or mucus production and could be indicative of 
increased locomotion either in order to penetrate host tissue or 
to counteract passive movement after site-specific recognition. 
Increased muscular locomotor activity together with proteolytic 
enzymes secreted by glandular structures are thought to be essen-
tial for host tissue penetration.

The subset of upregulated genes involved in cuticle forma-
tion such as protein disulfide-isomerase 2 (PDI-2) (Table S1 in 
Supplementary Material and qPCR-validated in Figure S7B in 
Supplementary Material) suggests an epithelial trigger for driv-
ing further larval development. Nematode cuticles are formed 
by multiple collagenous layers that contain extensive disulfide 
linkages (71) and new cuticles are synthesized sequentially for 
each developmental stage. Cuticle biogenesis in the endoplasmic 
reticulum involves proline hydoxylation and disulfide bond for-
mation by PDI (72). Mutations in the Protein disulfide-isomerase 
2 (PDI-2) gene of Caenorhabditis elegans resulted in severe body 
morphology defects, uncoordinated movement, adult sterility, 
abnormal molting, and aberrant collagen deposition (73). The 
importance of PDI-2 activity for ECM formation demonstrated 
for C. elegans and more recently also for Brugia malayi (74) 
highlights its relevance as a potential anthelmintic drug target 
(72), including for Ascaris species.
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Figure 6 | The secretome response of Ascaris suum. (A) The pipeline to identify A. suum excretory-secretory (ES) transcripts used SignalP and SecretomeP to 
annotate classical (n = 23) and non-classical (n = 88) ES genes and excluded mitochondrial (n = 10; TargetP) and transmembrane (n = 34; TMHMM) protein 
transcripts. KEGG ENZYME identified enzyme classes of ES transcripts are depicted in the bottom pie chart. (B) Time-resolved expression of n = 28 induced A. 
suum ES transcripts. (C) Differentially expressed A. suum transcripts that matched to genome prediction of A. suum immunomodulatory ES products based on 
homology to other nematodes (26).
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At the host–parasite interface, ES proteins released by hel-
minths play an important role in mediating host–parasite interac-
tion, regulation, and control (75–78). To assess the transcriptional 
regulation of proteins potentially secreted by larval Ascaris 
parasites, we merged predicted DEGs for classical (SignalP) 
and non-classical (SecretomeP) secretory proteins and removed 
mitochondrial (TargetP) and transmembrane (TMHMM) pro-
teins (Figure 6A). From the 55 ES proteins, 20 can be assigned 
to enzymatic activity with diverse functions including hydrolases 
(n = 9), transferases (n = 6), isomerases (n = 2), oxidoreductases 
(n = 2), and lyases (n = 1) as depicted in Figure 6A.

We hypothesized that proteolytic enzymes would be essential 
for parasite invasion and, therefore, upregulated by A. suum lar-
vae once the epithelial barrier was detected. Within the class of 
proteases, nematode serine proteases have received considerable 
interest as they are widely distributed in parasitic nematodes with 
a wide variety of functions (79). Indeed, the parasite transcript 
with the highest maximal fold-change (comparing 0 versus 9 h 
time point, Table S1 in Supplementary Material) was identified 
as being A. suum aspartic protease 6 (Figure  6B). Aspartic 

proteases are a group of endopeptidases characterized by their 
catalytic aspartic residues that are known to drive host hemo-
globin digestion by the blood-feeding nematodes Haemonchus 
contortus, Ancylostoma caninum, and Necator americanus (80, 
81). Moreover, aspartic protease 1 from N. americanus is targeted 
by the bivalent human hookworm vaccine [Na-APR-1(M74), 
carrying a site-directed mutation abolishing its catalytic activity, 
and glutathione S-transferase (Na-GST-1)] currently being tested 
in clinical phase 1 studies in the US and Brazil (82–84). The 
Na-APR-1(M74) vaccine strategy is based on the induction of 
neutralizing antibodies against aspartic protease 1, thereby pre-
venting hemoglobin degradation in the brush border membrane 
of the parasite’s digestive tract and finally leading to diminished 
parasite-related blood loss and reduced numbers of hookworms 
[reviewed in Ref. (83, 85)]. For nematode parasites that do not 
feed on blood but express aspartic proteases, different functions 
such as skin macromolecule and epithelial degradation, aiding 
in tissue penetration, or host-derived nutrient digestion are sug-
gested (86–88). Interestingly, a proteomic study on ES products 
of different larval stages of A. suum shows the presence of aspartic 
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protease 6 protein in ES collected from L3-lung stage worms, but 
its absence in the ES of hatched L3 larvae (89), thereby directly 
supporting our findings on the protein level and highlighting an 
epithelial trigger and early role for this specific enzyme.

The same study revealed the high abundance of glycosyl 
hydrolases (family 31, GH31) in A. suum L4 ES (89) suggesting 
degradation of complex carbohydrates to be essential for its 
energy metabolism. Among the ES enzymes upregulated directly 
in response to epithelial cell contact, we indeed identified a 
hyaluronidase (Figure 6, GS_04442). There is evidence that some 
bacterial species use hyaluronidases to utilize host hyaluronic acid 
(HA), an essential part of the ECM of epithelial tissue, as a carbon 
source for their energy metabolism (90). This might indicate that 
A. suum L3 not only produce proteolytic enzymes that help in 
epithelial tissue invasion but that epithelial ECM components 
can be directly hydrolyzed to feed on. Moreover, the release of 
hyaluronidase by A. suum has been described earlier for larvae 
isolated from the lungs of infected pigs (91). Besides its role in 
facilitating larval migration, the authors added another functional 
point: the modulation of developmental processes by hydrolyzing 
HA present in extracellular cuticle during molting. The role of 
A. suum hyaluronidase in either breaking up the internal cuticle-
epidermal connection critical for molting (91), larval migration 
(92), or larval energy metabolism, therefore, remains speculative.

A comparison of the herein identified A. suum DEGs with a 
draft genome-based list of potential A. suum immunomodulators 
(26) revealed three upregulated transcripts (Figure 6C, GS_00653 
PDI-2, GS_02546 venom allergen-5 and GS_17130 tyrosinase 
like protein tyr-3). Genomic and proteomic evidence suggest the 
abundance of venom allergen-like (VAL) proteins (SCP/TAPs 
superfamily) also in the ES compartment of A. suum. The early 
upregulation of VAL genes (venom allergen-5: qPCR validated in 
Figure S7B in Supplementary Material) is perhaps not surprising 
and has been associated in previous studies with larval invasion 
(78, 93, 94), although there is only limited understanding on the 
detailed function of those proteins in the host–parasite relationship.

In summary, we provide transcriptomic evidence for an early 
response pattern of genes that A. suum L3 specifically regulate 
during contact with host epithelial cells. Among those genes are 
factors that might facilitate parasite invasion through the epithe-
lial barrier (aspartic protease 6), migration (myosin, troponin, 
and myoglobin), feeding (hyaluronidase), and development 
(PDI2) of the parasite. However, the parasite–host interaction 
not only depends on proteins but might also include glycans, 
lipids, miRNAs, or other small molecules and metabolites that 
have not been studied here, but can also contribute to parasite-
epithelial communication (75). Furthermore, intestinal parasites 
and microbes have co-evolved together in their respective hosts. 
For that reason, the complex interaction of parasites with the 
bacterial community and the microbiota–host interaction likely 
also contributes to the parasite–host communication.

Interspecies Interaction Is Dominated by 
Four A. suum Genes
Inference of interspecies gene co-expression networks (GENs) is 
an important systems biology approach to predict pathogen–host 

interactions. We applied established and efficient procedures 
to infer and analyze GENs including pairwise correlation, 
cluster (module) analysis, and functional enrichment (95, 96). 
Thereby, genes featuring a similar expression profile over time 
are associated by direct network links as well as gene clusters 
and are considered to participate in common functionality or 
in concurrent and thus interlinked processes. It must be noted 
that the recommended sample number of 20 is not met; however, 
our analysis compensates with distinctly higher read coverage 
than recommended (>10 million), an encompassing context of 
all samples due to the time series as well as strict GEN creation 
parameters (p < 0.05, rho > 0.95), resulting in a few but promi-
nent and explicit signals.

Based on node degrees of the co-expression network that 
was reduced to interspecies nodes and interspecies edges 
(Figure  7A, GEN2), we identified four highly interacting 
A. suum genes (Figures 7B,C). Three of the four highly interact-
ing A. suum genes could be annotated by the iterative strategy 
(Figure 1B); GS_12056 with the “elongation of very long-chain 
fatty acids” (UniProt:ASU_11627, GO:0016021 integral compo-
nents of the membrane), GS_09942 as “sperm-specific protein” 
(UniProt:ASU_04668, PROSITE:PS50202) and GS_11251 as 
“Uncharacterized protein,” or with the InterProScan classifica-
tion, “rhodopsin-like G protein-coupled receptors (GPCRs)” 
(UniProt:ASU_01462, GO:0016021 integral components of 
membrane) (Figure 7E). The one gene lacking thorough char-
acterization, L3E_01572, is annotated only with the associated 
GO-term (UniProt:Bm1034, GO:0016021 integral component 
of membrane). The overall gene regulation, based on maximal 
fold change values, of S. scrofa genes connected to the four 
A.  suum genes was diverse as illustrated in Figure  7D. In 
addition to node degrees, the four A. suum genes are further 
emphasized by the fact that they participate in the four largest 
clusters of GEN1 identified by MCODE (Cluster 1, 2, 4, and 
5, Figure 7B; Table S2 in Supplementary Material). Those four 
clusters are dominated by S. scrofa genes except for one A. 
suum gene each. The network data links the parasite’s fatty acid 
biosynthesis with host cluster 1, which is comprised of mostly 
repressed genes like Cystatin E/M and macrophage inhibitory 
factor 1 (MIF), known to be induced by bacterial invaders 
(97), and ribosomal proteins (RPS21, RPS16, RPL13, RPL18, 
RPL8) involved in peptide and protein synthesis (Table S2 in 
Supplementary Material). GO profiling of S. scrofa DEGs per 
cluster revealed significantly over-represented terms (two-sided 
Fisher’s Exact test, p < 0.05) in cluster 1 (Figures 7B,C; Figure S3 
in Supplementary Material) associated with structural molecule 
activity (MF), cell, cell part and macromolecular complex (CC). 
In parallel, the sperm-specific protein of A. suum interacted 
with cluster 2 that contained mostly repressed genes for cellular 
and metabolic processes (BP). A dominant activation of genes 
was found in cluster 5 with the interspecies link to GS_11251 
(A. suum) that shares structural similarity to known rhodopsin-
like G protein-coupled receptors according to InterPro. GPCRs 
transduce extracellular signals through interaction with guanine 
nucleotide-binding (G) proteins, highlighting its potential for 
interspecies linkage.
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Figure 7 | Inferred interspecies gene co-expression network. (A) Gene co-expression network reduced to interspecies nodes and interspecies edges (GEN2). 
Nodes represent co-expressed genes of S. scrofa (blue) and A. suum (violet) with node sizes corresponding to node degree (number of node interactions in GEN1). 
Edges between two nodes represent correlations that are either positive (green) or negative (red) with a Spearman correlation > 0.95. (B) The four most prominent 
interspecies clusters (Cluster 1, 2, 4, and 5, Table S2 in Supplementary Material) of the interspecies network GEN1 projected to GEN2 (i.e., without intra-species 
edges). (C) Number of interspecies edges versus cluster size for A. suum (AscL3, violet) and S. scrofa (IPEC-J2, blue) nodes [differentially expressed genes (DEGs)]. 
(D) Averaged gene regulation direction (based on max Fc) for all S. scrofa (IPEC-J2) DEGs connected to the four indicated A. suum (AscL3) genes. (E) Annotation 
and gene expression of the four interspecies network dominating A. suum genes over time by heatmapping the log2 Fc.

12

Ebner et al. Dual-Species RNA-Seq of Ascaris Larvae and Epithelium

Frontiers in Immunology  |  www.frontiersin.org August 2018  |  Volume 9  |  Article 1868

Even though more extensive interpretations are limited for 
the DEGs that have no functional information assigned, the 
prominent appearance of the four A. suum genes in the GENs 
and clusters render them into attractive and suitable candidates 
for targeted approaches.

DATA DEPOSITION

All sequencing data generated in this project are available from 
the NCBI Sequence Read Archive (SRA) and collectively avail-
able via the BioProject: PRJNA450204.
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All analysis code is provided at https://gitlab.com/mkuhring/
project_asuum.
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Toxoplasma gondii is a ubiquitous intracellular apicomplexan parasite that can cause
zoonotic toxoplasmosis. Effective vaccines against T. gondii infection are necessary
to prevent and control the spread of toxoplasmosis. The present study analyzed the
B-linear epitopes of T. gondii DOC2 (TgDOC2) protein and then cloned the C-terminus
of the TgDOC2 gene (TgDOC2C) to construct the pVAX-TgDOC2C eukaryotic vector.
After intramuscular injection of pVAX-TgDOC2C, immune responses were monitored.
Two weeks after the last immunization, the protective effects of pVAX-TgDOC2C against
acute and chronic toxoplasmosis were evaluated by challenges with T. gondii RH
tachyzoites (genotype I) and PRU cysts (genotype II). The DNA vaccine elicited strong
humoral and cellular immune responses with high levels of IgG antibody, IL-2 and IFN-γ
production compared to those of the controls. The percentage of CD4+ and CD8+ T
cells in mice immunized with pVAX-TgDOC2C was significantly increased compared
to that of mice injected with empty pVAX I or PBS. After acute infection with 103

lethal tachyzoites, mice immunized with pVAX-TgDOC2C survived longer (12.5 days)
than mice treated with pVAX I (8 days) and PBS (7.5 days). Mice immunized with
pVAX-TgDOC2C had significantly less brain cysts (1600.83 ± 284.61) compared to
mice immunized with pVAX I (3016.67 ± 153.84) or PBS (3100 ± 246.98). Together,
these results demonstrated that TgDOC2C confers protective immunity against T. gondii
infection and may be a promising candidate antigen for further development of an
effective multicomponent vaccine for veterinary use against toxoplasmosis in livestock
animals.

Keywords: Toxoplasma gondii, toxoplasmosis, TgDOC2C, DNA vaccine, protective efficacy

INTRODUCTION

Infections by the intracellular parasite Toxoplasma gondii are common in all warm-blooded
animals, including birds and humans (Dubey, 2008; Innes, 2010; Zhou et al., 2011). If women
acquire primary infection with the parasite during gestation, the fetus is at high risk of
developing congenital toxoplasmosis that would manifest clinical signs of chorioretinitis, cerebral
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calcifications, mental retardation and hydrocephalus (Gao et al.,
2012; Robert-Gangneux and Dardé, 2012; Aleixo et al., 2016).
For immunocompromised individuals, reactivation of latent
Toxoplasma infection may lead to encephalitis, ophthalmopathy
and focal neurological lesions or even fatal damage (Holland,
1989; Pereira-Chioccola et al., 2009; Robert-Gangneux and
Dardé, 2012; Wang et al., 2017). Toxoplasmosis in animals
can cause heavy economic losses, especially in sheep and
goats, arising from miscarriage, stillbirth, and neonatal death
(Innes et al., 2009; Gebremedhin et al., 2014). Of more
serious concern is the fact that the infected meat-producing
animal is considered an important source of infection for
humans (Dubey, 2009; Belluco et al., 2017; Pan et al.,
2017).

Development of a safe and effective vaccine against T. gondii
is an attractive option to prevent tissue cyst formation that
can improve food safety in meat production (Zhang et al.,
2013; Hiszczyńska-Sawicka et al., 2014). A DNA vaccine
has elicited strong Th1-bias humoral and cellular immune
responses in a mouse model to prolong the survival time after
Toxoplasma acute infection and reduce brain cyst formation
after chronic infection, which is considered a promising strategy
to prevent toxoplasmosis (Gurunathan et al., 2000; Zhang
et al., 2015a; Li and Zhou, 2018). Because no evaluated
antigen can completely protect hosts against T. gondii infection,
the identification of new potential vaccine candidates is a
crucial step toward the development of an effective vaccine
against T. gondii infection (Zhang et al., 2013; Li and Zhou,
2018).

Ca2+ is a crucial secondary messenger in the regulation
of intracellular parasite attachment, invasion and egress of
eukaryotic cells (Nagamune et al., 2008; Billker et al., 2009;
Stewart et al., 2017). Calcium-dependent protein kinases
(CDPKs) have been shown to participate in the downstream
calcium-related signaling cascades as signaling mediators
involved in distinct developmental processes of T. gondii
(Billker et al., 2009; McCoy et al., 2012). TgDOC2 is another
identified calcium signaling mediator that constitutes a second
level of the pathway, operating downstream of CDPKs (Farrell
et al., 2012; Jean et al., 2014). The DOC2 protein facilitates
the membrane fusion of T. gondii secretory vesicles with
the plasma membrane during the process of egress through
regulating the Ca2+ signal pathway (Farrell et al., 2012).
A previous study has shown that a TgDOC2-deficient strain
has a disability in microneme secretion (Farrell et al., 2012).
Together, these findings suggested that TgDOC2 may be
a novel drug target or a vaccine candidate (Lourido and
Moreno, 2015). However, there are no reports about the
immunogenicity of TgDOC2 and its potential application as a
vaccine candidate.

Thus, the aims of this study were to predict the potential
epitopes of TgDOC2 and to evaluate its immunogenicity
in the Kunming mouse model through a DNA strategy.
Furthermore, the present study aimed to analyze the
ability of the DNA vaccine against the infection with
the highly virulent RH strain and the less virulent PRU
strain.

MATERIALS AND METHODS

Animals
Specific pathogen-free (SPF) female Kunming mice aged 6–8
weeks were obtained from the Center of Laboratory Animals,
Lanzhou Institute of Biological Products (Lanzhou, China). The
present study was approved by the Animal Administration and
Ethics Committee of Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural Sciences (Approval No.
LVRIAEC2012-011). All mice used for the experiments were
raised and handled in strict accordance with the Good Animal
Practice requirements of the Animal Ethics Procedures and
Guidelines of the People’s Republic of China.

Parasites
Tachyzoites of the T. gondii RH strain (genotype I) were
maintained in the State Key Laboratory of Veterinary
Etiological Biology through serial passage in Kunming mice via
intraperitoneal injection. Tachyzoites were harvested from the
peritoneal exudates. The obtained tachyzoites were also used
for the preparation of Toxoplasma lysate antigen (TLA). The
PRU cysts (genotype II) were maintained monthly through oral
passage in Kunming mice, and they were purified from infected
brains.

Amplification and Bioinformatics
Analysis of the TgDOC2 Gene
Total RNA of T. gondii was extracted from the tachyzoites
of the RH strain using the Trizol reagent (Invitrogen)
according to the manufacturer’s protocol. The TgDOC2
gene was amplified by reverse transcription-polymerase chain
reaction (RT-PCR) using the following pair of primers: C2F
(5′-ATGATGAAACTAAAGGAAATGG-3′) and C2R (5′-
TCAGGTGCGCCCAGCCAGATCCAGTTG-3′). The PCR
product was sequenced by Sangon Biotech Co., Ltd. (China). The
potential epitopes of TgDOC2 were predicted using DNAStar 8.0
(DNAStar, United States) software with the Jameson-Wolf index.

Construction of Recombinant Plasmids
The C-terminus of the TgDOC2 gene (TgDOC2C)
was amplified by PCR from the TgDOC2 gene
using a pair of primers, namely, C2CF (5′-
CGGGGTACCACGGAGAGAGAACGGAGAC-3′) and C2CR
(5′-CCGGAATTCTCAGGTGCGCCCAGCCAGATCCAGT-3′),
in which Kpn I and EcoR I restriction sites were introduced
and underlined. PCR products were ligated into the pVAX
I eukaryotic vector (Invitrogen, United States) through Kpn
I/EcoR I sites to construct the recombinant pVAX-TgDOC2C
plasmid. The concentration of extracted recombinant plasmids
was determined by spectrophotometry at OD260 and OD280.
The pVAX-TgDOC2C vector was diluted in sterile phosphate
buffered saline (PBS) at a concentration of 1 µg/µl.

Expression of pVAX-TgDOC2C in vitro
The pVAX-TgDOC2C recombinant plasmid was transfected
into HEK293 cells using LipofectamineTM 2000 reagent
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FIGURE 1 | Analysis of the antigenic index of TgDOC2 protein by DNAStar 8.0 software with the Jameson-Wolf index. Linear B-cell epitopes were predicted to
widely distribute in the whole TgDOC2 protein but were mainly clustered in the C-terminal.

(Invitrogen, United States) following the manufacturer’s
instructions. Forty-eight hours posttransfection, the expression
of pVAX-TgDOC2C in vitro was assayed by indirect
immunofluorescence assay (IFA). In brief, pVAX-TgDOC2C-
transfected cells were fixed with absolute acetone and washed
with PBSTr (0.1% Triton-X-100 in PBS). Cells were then
incubated with goat anti-T. gondii tachyzoites polyclonal
antibody (in PBSTr at 1:50) for 1 h. After washing with PBSTr,
cells were stained by fluorescein isothiocyanate (FITC)-labeled
rabbit anti-goat IgG antibody (1:2000, Sigma, United States) for
1 h. HEK293 cells transfected with the empty pVAX I vector were
treated as the negative control.

The expression of pVAX-TgDOC2C in HEK293 cells was
detected by Western blot analysis. Briefly, transfected HEK293
cells (approximately 106) were lysed by freezing and thawing
five times, and the lysates were then subjected to SDS-
PAGE. After electrotransfer, the nitrocellulose (NC) membrane
(Pall, United States) was incubated with 5% bovine serum
albumin (BSA) in PBST (PBS with 0.05% Tween-20) at
room temperature (RT) for 1 h to block the non-specific
binding sites. The membrane was washed 3 times with
PBST and then was cultured with pVAX-TgDOC2C-vaccinated
mouse sera (diluted in 1:500; collected at 2 weeks after
the third immunization) at RT for 1 h. After washing 3
times with PBST, the membrane was incubated with goat
anti-mouse IgG-HRP antibody (diluted at 1:3000, Sigma,
United States) for 1 h at RT. The specific band was
visualized with ClarityTM Western ECL Blotting Substrates (Bio-
Rad, United States) according to the manufacturer’s protocol.
Mouse sera from PBS-treated mice were used as the negative
control.

Immunization and Challenge
Sixty-six female Kunming mice were randomly divided equally
into three groups. Mice were intramuscularly immunized with
100 µl of pVAX-TgDOC2C and boosted with a 2-week interval.
Mice treated with pVAX I vector alone or PBS served as controls.
Blood samples were collected prior to each vaccination from the
mouse tail vein and were centrifuged at 3,000 × g for 10 min to
separate blood samples. Preimmune serum samples were used as
negative controls.

For evaluation of the protective effect against acute T. gondii
infection, 10 mice from each group were intraperitoneally
infected with 103 tachyzoites of the virulent RH strain 2
weeks after the final immunization. The challenged mice were
monitored daily until total death. In addition, another six mice
from each group were orally infected with 10 brain cysts of the
PRU strain as the chronic infection model. Five weeks after the

challenge, the numbers of brain cysts were determined under
microscopic examination.

IgG Antibody Assay
The levels of IgG antibodies in sera from mice in each group were
determined by ELISA using the SBA Clonotyping System-HRP
Kit (Southern Biotech Co., Ltd., Birmingham, AL, United States)
following the manufacturer’s protocol. In brief, 96-well microtiter
plates were coated with 5 µg/ml TLA at 4◦C overnight. After
washing with PBST, plates were then treated with 1% skim
milk in PBST for 1 h while shaking at RT to block non-
specific binding sites. Serum (100 µl; 1:10 diluted with PBS)
from each mouse was pipetted into a well and incubated for
1 h at 37◦C. Each well was then incubated with 100 µl of
anti-mouse IgG (HRP, 1:250 dilution, Sigma, United States) for
1 h at 37◦C. Peroxidase activity was revealed by incubating
with 100 µl of substrate solution (pH 4.0; 1.5% ABST, 0.03%
H2O2 and 1.05% citrate substrate buffer). The reaction was
stopped after the addition of 1 M H2SO4, and the absorbance
was measured at 450 nm. All samples were performed in
triplicate.

Purified Splenocyte Collection
Two weeks after the last immunization, six mice per
group were sacrificed to aseptically harvest the spleen.
Splenocytes were obtained by filtering spleens through a
nylon membrane and were purified using erythrocyte lysis
buffer (Solarbio, Shanghai, China). Harvested splenocytes
were resuspended in DMEM medium supplemented with
penicillin/streptomycin (p/s) and 10% fetal bovine serum
(FBS).

Lymphocyte Proliferation Assay by MTS
Assay
The density of purified splenocytes was adjusted into
2 × 105/well in 96-well microtiter plates. Cells were
cultured in DMEM medium supplemented with 10% FBS
and 100 U/ml p/s. Splenocytes were then incubated with 10
µg/ml TLA or 5 µg/ml concanavalin A (ConA; Sigma, St.
Louis, MO, United States) at 37◦C in 5% CO2. Splenocytes
cultured with medium alone (M) served as the blank
control. The levels of proliferative responses in vitro were
estimated using the MTS assay (Promega, Madison, WI,
United States) after 92 h. The stimulation index (SI) was
calculated using the following equation: OD570TLA/OD570M or
OD570ConA/OD570M .

Frontiers in Microbiology | www.frontiersin.org 3 December 2018 | Volume 9 | Article 2965232

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02965 November 30, 2018 Time: 18:57 # 4

Zhang et al. TgDOC2C DNA Vaccine Against Toxoplasmosis

Flow Cytometry
CD4+ and CD8+ T lymphocytes were examined according to
previous methods (Li et al., 2014). Splenocytes were first adjusted
into a concentration of 106 cells/ml in PBS containing 2% FBS.
Staining with phycoerythrin (PE)-labeled anti-CD3 (eBioscience,
San Diego, CA, United States), allophycocyanin (APC)-labeled
anti-CD4 (eBioscience) and fluorescein isothiocyanate (FITC)-
labeled anti-CD8 (eBioscience) was performed at 4◦C for
30 min in the dark. After rinsing twice with PBS, cells were
fixed in FACScan solution (1% BSA and 0.1% sodium azide
diluted in PBS) and 2% paraformaldehyde. The fluorescence
profiles of stained samples were analyzed using a FACScan
flow cytometer (BD Biosciences) using SYSTEM II software
(Coulter).

Cytokine Assays
Purified splenocytes from mice in each group were stimulated
with TLA (10 µg/ml) in 96-well flat-bottom microtiter plates.
Supernatants in each well were harvested to determinate IL-4
and IL-2 levels at 24 h and IFN-γ levels at 96 h using ELISA
kits according to the manufacturer’s instructions (BioLegend,
United States). Briefly, the supernatants and assay buffer A were
pipetted into the same well, and plates were then incubated while
shaking at 200 rpm for 2 h at RT. After washing the plates four
times with 1×wash buffer, 100 µl of IL-4, IL-2 or IFN-γ detection
solution was added into each well and incubated at RT. After
1 h, the contents of the plates were discarded, and the avidin-
HRP solution was added after washing four times and incubated
while shaking for 30 min at RT. The substrate solution E was
then added and incubated for 20 min in the dark. To stop the
reaction, 100 µl of stop solution was added. Absorbance was
read by a Model 680 microplate reader (Bio-Rad, Hercules, CA,
United States) at 450 nm. Sensitivity limits for the assays were
50 pg/ml for IL-2, 20 pg/ml for IFN-γ and 10 pg/ml for IL-4.
Three independent experiments were performed for analysis of
the data.

Statistical Analysis
The differences in IgG levels, CD4+ T cells and CD8+ T
cells as well as the reduction in brain cysts were calculated
by one-way ANOVA among at least three groups and by the
t-test between two groups. The difference in survival time was
calculated by the Chi-square test. All figures regarding the
statistical analysis were prepared by GraphPad Prism version
5.0 (San Diego, CA, United States). A value of P < 0.05 was
considered significant.

FIGURE 2 | Analysis of pVAX-TgDOC2C expression in vitro. Expression of the
pVAX I empty vector (A) and pVAX-TgDOC2C (B) in HEK293 cells was
detected by indirect immunofluorescence (IFA). (C) The pVAX-TgDOC2C
product in HEK293 cell lysate was detected by Western blot analysis. M:
protein molecular weight; lane 1: membrane incubated with mouse sera from
the pVAX-TgDOC2C-vaccinated group at 2 weeks after the last immunization;
lane 2: membrane incubated with mouse sera from the PBS group.

RESULTS

Analysis of the Amplified TgDOC2 Gene
The amplified TgDOC2 gene was identified through alignment
with the corresponding sequence from the http://toxodb.org/
website. The cloned TgDOC2 gene showed 100% identity to the
reference sequence (Gene ID: TGGT1_240910).

The potential B-linear epitopes of the TgDOC2 protein was
predicted using DNAStar 8.0 software. The results showed that
potential B-linear epitopes of the TgDOC2 protein were mainly
gathered in the C-terminal end (Figure 1). Thus, the nucleotide
positions distributed between 3550 (position at 1183 aa) and the
end were selected for further amplification to construct the DNA
vaccine.

Detection of pVAX-TgDOC2C Plasmid
Expression in HEK293 Cells
The expression of pVAX-TgDOC2C in vitro was first
examined by IFA. Green fluorescence was identified in
HEK293 cells transfected with pVAX-TgDOC2C plasmids,
but no fluorescence was observed in cells transfected with
pVAX I alone (Figures 2A,B). These results indicated that
pVAX-TgDOC2C was successfully expressed in HEK293
cells. As shown in Figure 2C, the specific band was
detected in the membrane incubated with pVAX-TgDOC2C-
vaccinated mouse sera but not in the membrane incubated
with sera from the PBS-treated group. The size of the
band was approximately 30 kDa, which was the expected
size.

TABLE 1 | Splenocyte proliferative responses and the percentages of T cell subsets in immunized mice 2 weeks after the last immunization.

Groups SI (Mean ± SD) CD3 + CD4 + CD8 - (%) CD3 + CD8 + CD4 - (%)

TLA ConA

pVAX-TgDOC2C 1.51 ± 0.08∗∗∗ 1.80 ± 0.04∗ 13.33 ± 2.86∗∗∗ 8.45 ± 1.27∗

pVAX I 1.32 ± 0.04 1.44 ± 0.09 3.28 ± 1.18 5.13 ± 1.84

PBS 1.30 ± 0.05 1.56 ± 0.1 3.27 ± 0.94 5.61 ± 1.11

SI, stimulation index; TLA, Toxoplasma lysate antigen; ConA, concanavalin A. n = 6, ∗P < 0.05, ∗∗P < 0.001, ∗∗∗P < 0.0001.
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FIGURE 3 | Determination of IgG antibodies in the sera of Kunming mice at 0,
2, 4, and 6 weeks. Each bar represents the mean OD (±SE, n = 3).
∗∗∗P < 0.0001.

FIGURE 4 | Survival rate of mice immunized with pVAX-TgDOC2C, pVAX I
and PBS followed by challenge with 103 tachyzoites 2 weeks after the last
immunization. The mice immunized with pVAX-TgDOC2C died from day 9 to
19, which resulted in an increased survival time (12.5 days) compared to mice
in the pVAX I (8 days) and PBS (7.5 days) groups (n = 10). ∗∗P < 0.001.

Humoral Responses Induced by DNA
Immunization of pVAX-TgDOC2C
The antibody levels in the sera of mice injected with pVAX-
TgDOC2C increased with successive immunization and
were reached the highest levels at 2 weeks after the last
vaccination [F(3,8) = 66.21, P < 0.0001]. However, no
differences were detected in serum samples of mice from
pVAX I [F(3,8) = 0.04, P = 0.99] and PBS [F(3,8) = 0.27,
P = 0.84] groups following immunization. After the
third immunization, a significantly higher level of IgG
antibody was examined in the sera of mice inoculated
with pVAX-TgDOC2C compared to those receiving pVAX
I [t(4) = 29.20, P < 0.0001] and PBS [t(4) = 10.78, P < 0.0001]
(Figure 3).

Analysis of Cellular Immune Response
As shown in Table 1, an enhanced proliferative response
was detected in the splenocytes of mice immunized
with pVAX-TgDOC2C after incubation with TLA
[F(2,15) = 23.95, P < 0.0001] and ConA [F(2,15) = 4.131,
P = 0.04] compared to those from the pVAX I and PBS
groups.

FIGURE 5 | Protection against chronic toxoplasmosis in mice injected with
pVAX-TgDOC2C, pVAX I and PBS 2 weeks after the last immunization. Each
bar represents the mean number of brain cysts (±SE, n = 6). ∗∗∗P < 0.0001.
NS, not significant.

Percentages of CD4+ and CD8+ T cells were determined
in spleens of mice from each group by flow cytometry analysis.
The CD3+ CD4+ T lymphocytes in mice injected with pVAX-
TgDOC2C were significantly higher than those in mice from the
pVAX I and PBS groups [F(2,15) = 57.53, P < 0.0001] (Table 1).
The ratio of CD3+CD8+T cells in mice of the pVAX-TgDOC2C
group was higher than that in controls [F(2,15) = 9.3, P = 0.002]
(Table 1).

Cytokine Assays
Splenocytes from mice injected with pVAX-TgDOC2C had
significantly higher levels of IFN-γ [F(2,15) = 52.66, P < 0.0001]
and IL-2 [F(2,15) = 15.87, P = 0.0002] than those in mice in
the pVAX I and PBS groups (Table 2). However, the level of IL-
4 production was not significantly difference among the three
groups (P > 0.05).

Protective Efficacy Elicited by
pVAX-TgDOC2C Vaccination
To evaluate the protective activity of the pVAX-TgDOC2C
recombinant plasmid against acute T. gondii infection, 10 mice
in each group were intraperitoneally administered with 103 lethal
tachyzoites 2 weeks after the last vaccination. The average survival
time of mice inoculated with pVAX-TgDOC2C (12.5 days) was
significantly longer than those injected with pVAX I (8 days)
and PBS (7.5 days) (P = 0.0004) (Figure 4). Moreover, the

TABLE 2 | Cytokine production by splenocytes of immunized Kunming mice after
stimulation by toxoplasma lysate antigena.

Groups Cytokine production (pg/ml)

IFN-γ IL-2 IL-4

pVAX-TgDOC2C 1584.8 ± 474.4∗∗∗ 178.03 ± 58.55∗∗ < 10

pVAX I 172.21 ± 11.5 < 50 < 10

PBS 182.12 ± 24.03 < 50 < 10

aSplenocytes from mice were harvested 2 weeks after the last immunization. n = 6,
∗∗P < 0.001, ∗∗∗P < 0.0001.
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survival times of mice in the control groups were not significantly
different (P > 0.05).

The protective effect of the pVAX-TgDOC2C vaccine against
T. gondii chronic infection was assessed through examination
of brain cyst number per mouse from each group 35 days after
infection of 10 cysts of the PRU strain. As depicted in Figure 5,
mice immunized with pVAX-TgDOC2C (1600.83 ± 284.61)
had significantly decreased brain cyst loadings compared to
those injected with pVAX I (3016.67 ± 153.84) [t(10) = 10.72,
P < 0.0001] and PBS (3100 ± 246.98) [t(10) = 9.75, P < 0.0001].
Immunization of mice with pVAX-TgDOC2C resulted in a cyst
reduction rate of 48.36% compared to that of PBS-injected
mice.

DISCUSSION

The present study showed that a DNA vaccination encoding
the TgDOC2C gene in a mouse model promoted humoral and
cellular immune responses, which contributed to a prolonged
survival time (12.5 days, P = 0.0004) during acute infection
and a decrease in brain cysts (1600.83 ± 284.61, P < 0.0001)
during chronic infection. Significant progress has been made in
recent years in the investigation of immune effects of various
T. gondii antigens, such as ASP3 (Zhao et al., 2017), GRA2
(Ching et al., 2016), ROM5 (Zhang et al., 2015b), ROP18 (Yuan
et al., 2011), ROP1 (Hiszczyńska-Sawicka et al., 2011), MIC6
(Peng et al., 2009), and SAG1 (Couper et al., 2003), and most
of these antigens provide partial protection against T. gondii
infection. The present results first demonstrated the potentiality
of TgDOC2C as a vaccine candidate against acute and chronic
toxoplasmosis.

DOC2, a calcium-binding protein, acts on membrane
fusion and spontaneous neurotransmission in a murine model
(Pinheiro et al., 2016; Ramirez et al., 2017). In intracellular
parasites, the DOC2 protein impairs microneme secretion
and is an essential component for exocytosis (Farrell et al.,
2012; Jean et al., 2014). In the present study, the TgDOC2
protein was used to predict potential B-linear epitopes
using DNASTAR software. The C-terminal end of the
protein had more epitopes, suggesting that this sequence
had potential to become an effective DNA vaccine against
T. gondii. Analyses of epitopes, functions, or gene structures
by emerging bioinformatics programs are widely used to
design new vaccine candidates using an experimental
methodology that discards non-functional sequences (Bai
et al., 2012; Bastos et al., 2016; Zhou et al., 2016; Zhou and
Wang, 2017). As expected, TgDOC2C is an effective vaccine
candidate to improve the protective immunity against T. gondii
challenges. Further study should design an epitope-based
vaccine using calcium-dependent antigens in view of the
ability of several TgCDPKs to protect mice from toxoplasmosis
(Zhang et al., 2015a).

T cell-mediated immune defense is relevant to the control
of toxoplasmosis (El Bissati et al., 2017), and CD8+ and
CD4+ lymphocytes play a critical role during the adaptive
immune response against T. gondii infection and reactivation

(Gazzinelli et al., 1992). CD4+ T cells perform important roles in
adaptive immune responses and limit intracellular pathogens in
the early stage of infection (Kemball et al., 2007), while CD8+ T
cells participate in the resistance in the later stage of intracellular
infection through cytolytic activity (Ely et al., 1999). Enhanced
CD8+ and CD4+ T cells contribute to the increasing protective
immunity against T. gondii acute and chronic infection after
DNA immunization with TgSOD (Liu et al., 2017), TgROM5
(Zhang et al., 2015b), TgeIF4A (Chen et al., 2013a) and other
cocktail vaccines (Cao et al., 2015; Zhang et al., 2018). In
the present study, the increased CD8+ and CD4+ T cells in
mice immunized with TgDOC2C prolonged the survival time
against acute infection and decreased brain cysts against chronic
infection.

During the course of CD8+ and CD4+ T cell proliferation,
polarization and activation, IFN-γ and IL-2 participate in certain
stages and drive the immune response into Th1 type (Suzuki
et al., 2011). IFN-γ is not only crucial to restrict tachyzoite
growth in the early stage of infection but also important to inhibit
the reactivation of dormant T. gondii cysts (MacMicking, 2012).
Several previous studies have shown the correlation between
the Th1 type immune response, characterized by the increase
in IFN-γ and IL-2 production, and the enhanced resistance
against toxoplasmosis in mice (Li et al., 2014; Zhao et al.,
2017; Zheng et al., 2017). In the present study, significantly
higher levels of IFN-γ and IL-2 production were detected in
mice immunized with pVAX-TgDOC2C compared to those that
received empty pVAX I and PBS, which conferred the extent
of survival time after acute infection and the decrease in brain
cysts after chronic infection. However, IL-4, which is associated
with the Th2 immune response, was not significantly changed
among the three groups. A promoted protective immunity
against T. gondii infection along with a low secretion of IL-4
production has also been indicated in mice immunized with
TgROP8 (Parthasarathy et al., 2013) and TgIF2α (Chen et al.,
2013b).

The IgG antibodies against toxoplasmosis control T. gondii
infection through inhibiting T. gondii duplication, facilitating
the parasite attachment to immune cells and promoting
macrophages to kill intracellular parasites via the process
of antibody-dependent cell-mediated cytotoxicity (ADCC).
In the present study, the increasing humoral immune
response was associated with the enhanced protection
against T. gondii infection, which was similar to the
results from DNA immunization with TgROM5, TgeIF4A,
TgROP18, and other antigens (Peng et al., 2009; Yuan
et al., 2011; Cui et al., 2012; Chen et al., 2013a; Zhang et al.,
2015b).

CONCLUSION

The present study demonstrated that immunization of mice with
pVAX-TgDOC2C induces a strong humoral and cellular
Th1-type immune response, resulting in reduced brain
cyst numbers and the extent of survival time. The vaccine
potential of pVAX-TgDOC2C indicates the possibility of
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inclusion in further development of a multicomponent or an
epitope-based vaccine against toxoplasmosis in food-producing
animals.
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A Role for Epitope Networking in 
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Helminth infections, by nematodes, trematodes, or cestodes, can lead to the modulation 
of host immune responses. This allows long-duration parasite infections and also impacts 
responses to co-infections. Surface, secreted, excreted, and shed proteins are thought to 
play a major role in modulation. A commonly reported feature of such immune modulation 
is the role of T regulatory (Treg) cells and IL-10. Efforts to identify helminth proteins, which 
cause immunomodulation, have identified candidates but not provided clarity as to a 
uniform mechanism driving modulation. In this study, we applied a bioinformatics systems 
approach, allowing us to analyze predicted T-cell epitopes of 17 helminth species and the 
responses to their surface proteins. In addition to major histocompatibility complex (MHC) 
binding, we analyzed amino acid motifs that would be recognized by T-cell receptors 
[T-cell-exposed motifs (TCEMs)]. All the helminth species examined have, within their 
surface proteins, peptides, which combine very common TCEMs with predicted high 
affinity binding to many human MHC alleles. This combination of features would result in 
large cognate T cell and a high probability of eliciting Treg responses. The TCEMs, which 
determine recognition by responding T-cell clones, are shared to a high degree between 
helminth species and with Plasmodium falciparum and Mycobacterium tuberculosis, 
both common co-infecting organisms. The implication of our observations is not only that 
Treg cells play a significant role in helminth-induced immune modulation but also that the 
epitope specificities of Treg responses are shared across species and genera of helminth. 
Hence, the immune response to a given helminth cannot be considered in isolation but 
rather forms part of an epitope ecosystem, or microenvironment, in which potentially 
immunosuppressive peptides in the helminth network via their common T-cell receptor 
recognition signals with T-cell epitopes in self proteins, microbiome, other helminths, 
and taxonomically unrelated pathogens. Such a systems approach provides a high-level 
view of the antigen-immune system signaling dynamics that may bias a host’s immune 
response to helminth infections toward immune modulation. It may indicate how helminths 
have evolved to select for peptides that favor long-term parasite host coexistence.

Keywords: helminth, immunomodulation, bioinformatics, T regulatory, networking, T-cell-exposed motifs

INTRODUCTION

Parasitic helminth infections affect over 2 billion people, mostly in tropical and subtropical 
countries, causing a vast burden of clinical and subclinical disease (1–3). To allow them to infect 
their hosts for extended periods, sometimes over decades, helminths have evolved to modulate 
their host’s immune responses (4–6). Down-regulation of the immune response results in many 

Abbreviations: APC, antigen-presenting cell; FC, frequency category; GEM, groove-exposed motif; HLA, human leucocyte 
allele; MHC, major histocompatibility complex; pMHC, peptide MHC; sORF, small open reading frame; TCEM, T-cell-exposed 
motif; TMH, transmembrane helix.
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infected individuals being asymptomatic carriers and thus 
ensures perpetuation of the parasite life cycle.

Immune modulation by helminths extends to other immune 
stimulants; in infected individuals the immune response to 
secondary parasite infections, to other pathogens, and to vac-
cines is also down-regulated (7–11). While epidemiologic 
and socioeconomic factors also contribute to the prevalence 
of co-infections, helminth-induced immune modulation may 
predispose to infection by Mycobacterium tuberculosis or malaria 
(7, 12–14). A number of helminth infections have been associated 
with increased risks of cancer. The oriental liver flukes, Clonorchis 
sinensis and Opisthorchis viverrini, are risk factors for develop-
ment of cholangiocarcinoma, typically many decades after initial 
infection (15). Infection with Schistosoma haematobium is associ-
ated with an increased risk of bladder carcinoma (16). Intestinal 
helminths have been thought to reduce risk of Helicobacter pylori 
associated adenocarcinoma (17), but Opisthorchis flukes may 
serve as risk factor by vectoring H. pylori and thus increasing 
associated cancers (18).

Helminth immune modulation has some beneficial effects as 
allergies, and inflammatory and autoimmune diseases are less 
common in populations infected with helminths (11, 19–21). 
Treatment with anthelminthics removes this effect and is reported 
to increase the incidence of inflammatory, autoimmune and 
allergic diseases (22, 23). The observation that helminth infec-
tion modulates inflammation and allergic responses has raised 
interest in the use of helminth infections, helminth extracts, or 
recombinant helminth-derived proteins as therapeutic interven-
tions (24–27).

The mechanisms of immunomodulation arising from helminth 
infections have been extensively researched and are the subject of 
a large body of literature and many authoritative reviews (4, 11,  
27–29). Among the many reports of possible modes of action 
(30, 31), two common themes emerge. First, certain groups of 
proteins appear to play a key role in bringing about changes in 
the host immune response. This includes proteins, which are 
secreted or excreted (32–34), proteins that are present in outer 
surface tegument or gastrointestinal surfaces, or proteins that are 
continually shed into the environs of the worm, either in isolation 
or as components of extracellular vesicles (35, 36). Extracts of 
secreted and surface proteins have been shown experimentally 
to elicit some of the immunomodulatory effects (32, 34). This 
has been extended to testing a number of individual proteins 
and identifying several proteins that can affect immune function  
(24, 28, 31, 37). The second unifying theme is that T  regula-
tory (Treg) cells, and induction of IL-10, play a central role in 
helminth-induced host immune modulation (38–44), whether by 
classical Foxp3+ CD4 cells or other IL-10 secreting populations 
of CD4+ or CD8+ cells (45–50).

Helminth infections are not uniformly immunosuppres-
sive. Protective immunity does emerge over time and provides 
the impetus for research toward vaccines (1, 51, 52), although 
reinfection may follow anthelmintic treatment (53, 54). Allergic 
responses to some helminths also occur and may also predispose 
to asthma (55, 56).

Studies of helminth immune modulation have largely focused 
on how cytokine-mediated effector mechanisms may impact the 

immune response. However, they have not addressed the ques-
tion of whether the initial signaling in immune recognition of the 
parasite causes components of the immune response to be biased 
toward a suppressive or regulatory pathway.

In this study, we use a computational systems approach to 
evaluate the initial signal recognition patterns between helminth 
and host T  cells. We evaluate the complete proteomes of 17 
representative helminths and three reported co-infections based 
on the pattern of amino acids that would be exposed to T cells, 
which determine the interaction of parasite antigen and T cells. 
Essentially, we are attempting to see the helminth antigens as a 
T-cell receptor would see them, based on the minimal differen-
tiating signal patterns from major histocompatibility complex 
(MHC)-bound helminth peptides that would be exposed from 
the MHC histotope. We have previously examined such interac-
tions between T-cell receptor and amino acid motifs in a variety of 
bacterial pathogens and commensals and found distinct patterns 
that appear to relate to the pathogenesis of the organisms (57).

A single T-cell does not recognize, or respond to, a whole 
helminth; it instead engages with the few amino acids in a bound 
peptide MHC (pMHC) protruding from a MHC histotope, 
which is determined by the host human leucocyte allele (HLA) 
genotype. Protein antigens are processed by antigen-presenting 
cells (APCs) and presented to T cells as peptides bound in the 
groove of MHC molecules. The bound peptides (8–11 amino 
acids for MHC I and 13–22 amino acids for MHC II) comprise 
inward facing amino acids which determine peptide binding in 
the groove pockets [the groove-exposed motif (GEM) or pocket 
positions]. The intervening amino acids protrude outwards from 
the MHC surface or histotope and are thus exposed to the T-cell 
receptor, determining binding to that cognate receptor (58, 59). 
We refer to these amino acid motifs as the T-cell-exposed motif 
(TCEM). In MHC I-bound peptides, the TCEM comprises a 
continuous pentamer comprising positions 4, 5, 6, 7, and 8 of 
a nonamer, whereas in MHC II-bound peptides, the TCEM is 
a discontinuous pentamer in two possible recognition patterns, 
denoted here as TCEM IIA and IIB and comprised amino acid 
positions ~2,3~5~7,8~ or −1~~3~5~7,8~, respectively (where ~ 
is the intervening positions), relative to the central nonamer core 
of a longer bound peptide (60, 61). Hence, the signal that deter-
mines the outcome of the interaction with the cognate T cell is 
determined by the pentameric TCEM motif. This enables T cells 
to be polyspecific, responding to the same TCEM recognition 
signal, even though the MHC-bound peptide may be derived 
from antigens of different sources (62). The duration of TCEM 
signaling is determined by the stability of the pMHC complex and 
thus the dwell time of the peptide in the MHC groove, a function 
of the amino acids making up the MHC GEM. The frequency 
of signaling is determined by the size of the cognate T-cell 
population encountering the signal, which in turn is influenced 
by the frequency of occurrence of that TCEM in self proteins, 
commensal microbiome, and other pathogens.

The proteins of the human microbiome, especially the 
gastrointestinal microbiome, the human proteome, and the 
immunoglobulin repertoire are also continually processed by 
APCs and presented to T cells (63, 64). In examining the immu-
noglobulinome, it emerged that there is a frequency hierarchy of 
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Table 1 | Helminth proteomes analyzed.

Class Parasite evaluated Proteome 
sizea

15-mer peptides Secreted and surface 
proteins selected for 
complete analysisb

Secreted and surface 
proteins selected as 

percentage of proteome

Project number 
on http://parasite.
wormbase.org

Reference

Nematodes Ancylostoma ceylanicum 36,687 9,508,454 3,266 8.9 prjna231479 (75)
Ancylostoma duodenale 27,485 5,447,645 713 2.6 prjna72581
Necator americanus 19,153 4,868,515 737 3.8 prjna72135 (81)
Ascaris lumbricoides 23,604 6,833,958 1,064 4.5 prjeb4950
Brugia malayi 11,021 6,125,076 853 7.7 prjna10729 (82)
Loa loa 12,473 4,931,854 606 4.9 prjna246086 (83)
Onchocerca volvulus 12,117 4,873,818 736 6.1 prjeb513 (84)
Wucheria bancrofti 13,058 4,140,788 589 4.5 prjeb536
Trichinella spiralis 14,737 8,879,076 1,567 10.6 prjna257433 (85)
Trichuris trichuria 9,650 4,050,951 522 5.4 prjeb535 (86)

Trematodes Clonorchis sinensis 13,634 7,029,209 933 6.8 prjda72781 (87)
Opisthorchis viverrini 16,356 6,848,490 874 5.3 prjna222628 (88)
Fasciola hepatica 22,676 5,851,887 670 3.0 prjeb6687 (89)
Schistosoma mansoni 10,772 5,443,618 629 5.8 prjea36577 (90, 91)

Cestodes Diphylobothrium latum 19,966 3,872,702 529 2.6 prjeb1206
Echinococcus granulosus 10,245 4,932,446 804 7.8 prjeb121 (92)
Taenia solium 12,481 4,992,618 724 5.8 prjna170813 (92)

aT-cell-exposed motif (TCEM) extraction and ranking were completed on the whole proteome.
bProteins for detailed analysis were selected from the proteome based on the presence of a transmembrane domain and/or signal peptide, which are in the top 5% of content of 
high frequency TCEM (those motifs more common than 1 in 1,024 clones), or which contain TCEM in any pattern (TCEM I, IIA, or IIB).
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TCEM. This includes, at one extreme, common motifs found in 
most immunoglobulin variable regions. These are not limited to 
motifs encoded by the germline but also include motifs produced 
by somatic mutation. At the other extreme, very rare motifs are 
encountered only once in several million B-cell clones (65, 66). 
This frequency distribution is representative of that in the rest of 
the human proteome and gastrointestinal microbiome (57). The 
frequency of appearance of a TCEM determines the frequency 
of stimulation of a clone or clones of cognate T  cells. Hence, 
more common motifs would be expected to beget larger cognate 
T-cell populations than rare motifs. A highly bound peptide 
that recruits a large T-cell population and a high frequency of 
signal is more likely to generate a suppressive or Treg response 
(67–72). The human immunoglobulinome comprises the greatest 
diversity of motifs relative to the rest of the human proteome and 
microbiome and undergoes considerably more turnover. We use 
the immunoglobulinome variable regions as a reference scale 
of TCEM motif frequency (65). Here, we show that a feature of 
helminths is their content of common TCEM that, when in the 
context of a binding GEM, is potentially immunosuppressive and 
to which the infected host is chronically exposed.

Helminth parasites have large genomes and complex life 
cycles (73, 74). Considerable progress has been made in helminth 
genome sequencing, but many proteins remain unannotated, and 
transcriptomic studies that relate proteins to life stage, while more 
advanced for a few helminths (75–79) are mostly incomplete. 
With these limitations, we cannot define an exact combination 
of T-cell epitope modulation signals functioning within the 
human host, but the results we present are indicative of the 
complexity of potential T-cell epitope interactions within and 
among helminth species and with potential co-infections. Such 
a systems approach provides a high-level view of the antigen-
immune system signaling dynamics that may bias a host immune 

response to helminth infections toward immune modulation and 
may suggest approaches to develop a further understanding of the 
host:parasite interrelationship.

MATERIALS AND METHODS

Helminth Proteomes
Protein FASTA files for 17 complete helminth proteomes were 
downloaded from Wormbase (www.wormbase.org) (80) as 
shown in Table 1. All infect humans; most have human as their 
primary definitive host; some (e.g., Echinococcus granulosus, 
Trichinella spiralis, Fasciola hepatica, and Loa loa infect humans 
as an accidental zoonotic host). Proteomes identified and curated 
by different originating laboratories varied in the size criteria 
applied for inclusion as did criteria for inclusion of multiple splice 
variants. Proteins under 50 amino acids were excluded from our 
analysis as end effects of the sliding analysis windows preclude 
making meaningful comparisons to larger proteins.

Comparative Proteomes
The proteins of the human immunoglobulinome, comprising the 
variable region sequences of 40 million distinct immunoglobu-
lins, were assembled as previously described, supplemented with 
sequences from clinical samples and other published immuno-
globulin sequences, and the TCEM frequency distributions were 
precomputed as previously described (61, 66, 93). Examination of 
the frequency of occurrence of TCEM in the large immunoglobu-
lin dataset allows us to assign a frequency category (FC) to each 
TCEM motif as it occurs in the immunoglobulinome clonotypes. 
Each motif in each recognition pattern (TCEM I for MHC I and 
TCEM IIA and IIB for MHC II) is assigned a log base 2 FC based 
on whether it occurs in half (FC1), 1 in 4 (FC2), and 1 in 8 (FC3) 
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immunoglobulin variable regions, up to FC23, which represents 1 
in 8.39 million (223) clonotypes, or approximately one T-cell clone 
in the entire repertoire that a single human carries. A further 
category of FC24 designates those motifs not yet encountered 
in immunoglobulin variable regions analyzed to date. The mean 
frequency in the human immunoglobulinome is FC10, a motif 
which is found in 1 in 1,024 (210) variable regions. Motifs of FC1-3 
are referred to as very high frequency and those of FC10 or less 
as high frequency.

The human proteome, including all known isoforms of each 
protein (totaling 88,000 proteins), but excluding immunoglobu-
lin sequences, was assembled from Uniprot (www.uniprot.org) 
and its TCEMs precomputed. The proteomes of constituents 
of the GI microbiome were assembled and precomputed as 
previously described (57). This database comprised 67 bacterial 
species.

Proteomes of reference sequences of Plasmodium falciparum 
(3D7), M. tuberculosis (H37Rv), and H. pylori (26695) were down-
loaded from EupathDb (http://eupathdb.org) and Patric (https://
www.patricbrc.org/) (94, 95). These proteomes were screened in 
their entirety for high frequency TCEM and not filtered by SP and 
transmembrane helix (TMH) proteins.

Determination of TCEMs and Predicted 
MHC Binding
T-cell-exposed motif patterns were extracted from the complete 
proteomes and ranked as previously described for each of three 
recognition patterns (61, 65). Frequencies of motif occurrence 
were determined with respect to the immunoglobulinome, the 
human proteome, and the gastrointestinal microbiome (57). 
MHC binding was predicted using neural network ensembles 
trained to the LN ic50 (96) for approximately 230,000 binding 
reactions using the neural platform of JMP® (SAS Institute). 
This is an updated version of a system described previously 
(61). Predicted MHC binding was computed for each sequential 
9-mer and 15-mer peptides in selected protein sets, wherein the 
predicted binding affinity to 37 MHC I and 28 MHC II alleles 
was determined. To estimate population behavior comprising 
multiple alleles with varying affinities for any peptide, the LN 
ic50 binding data estimates were transformed and standardized 
to a zero mean unit variance within each protein using a Johnson 
Sb distribution (97). This transformation enables the combina-
tion of binding results from different alleles, which is akin to 
using the principle of the additivity of variance commonly used 
in quantitative genetics (98, 99). The probability of cleavage of 
each protein by human cathepsin B, L, or S was determined. Both 
binding affinity and cleavage predictions were accomplished 
using previously described methods by neural network predictors 
based on principal component analysis of amino acid physical 
properties (100).

Suppressive Indices
To derive an indicator of the probability of a particular peptide 
generating a Treg response, we combined the prediction of 
standardized MHC binding and the frequency of occurrence of 
the TCEM. The combination of these two parameters provides 

a metric that is directly related to the probability that a collision 
between a cognate T cell and a pMHC on the surface of an APC 
will occur. For each peptide, where the standardized predicted 
binding affinity is greater than the mean for the protein and allele 
combination, the predicted standardized affinity of each allele (A) 
is weighted by its cognate encounter number (nA × FC16-FC) and 
the sum that product provides the suppressive index. Thus, the 
final suppressive index is a composite metric of affinity and how 
often cognate T-cell encounters will occur in the human popula-
tion (Figure S1 in Supplementary Material).

The suppressive index is therefore an indicator of the 
predicted response of the human population of diverse immu-
nogenetics; the response of any particular HLA allele will vary 
around this mean index. Hence the suppressive index, as com-
puted here, does not distinguish the differences in modulation, 
which may arise between different ethnic or immunogenetic 
population subsets or between individual immunogenetically 
distinct hosts.

Bacteria and viruses, with small proteomes, typically comprise 
peptides with suppressive indices of up to a few hundred and usu-
ally under about 8,000, rare motifs have indices of 20,000–50,000 
(data not shown). Only exceptional proteins in bacteria and 
viruses have motifs with indices >200,000. A peptide scoring a 
suppressive index over 1 million is thus extremely rare and would 
only be possible with an extremely common motif (FC1-3) that 
binds to almost all human alleles (in either frames IIA and IIB or 
MHC I A and B).

Selection of Proteins Comprising Potential 
Suppressor Motifs
Given the large size of each helminth proteome, we focused 
attention particularly on proteins of the secreted and surface 
proteins and on those most likely to elicit a suppressive response. 
To this end, all proteins with signal peptides and/or transmem-
brane helices in an organism proteome were selected. To identify 
transmembrane regions and signal peptides in the primary 
amino acid sequence of proteins, the online resource Phobius 
http://phobius.sbc.su.se/was used. This combines the two types 
of domain identification tools generally used in genome annota-
tion in one resource (101). Signal peptides were predicted for 
eukaryotic organisms.

From these, in order to focus on the likely immunomodu-
latory protein candidates, two subsets of proteins were then 
compiled from each species based on the following criteria: the 
proteins having the highest content of common TCEM (less than 
or equal to FC 10) per 100 amino acid length were selected; and 
those proteins having any TCEM (TCEM I, IIA, or IIB) of FC1-3 
(motifs occurring at least as frequently as in one in eight immu-
noglobulin variable regions). These subsets were combined, 
duplicates were eliminated, and a full computation of predicted 
MHC binding and cathepsin excision sites was completed. This 
comprised from 2.5 to 10% of each proteome. All peptides for 
each protein in each species set (15-mer for MHC II and 9-mer 
for MHC I) were ranked by suppressive index. Any peptide hav-
ing a suppressive index over 300,000 and its source protein were 
identified.
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Table 2 | Sharing of total T-cell-exposed motif (TCEM) IIA between helminths, gastrointestinal microbiome, and human proteome.

Total TCEM IIA TCEM IIA as 
percentage 

of 3.2 million

TCEM IIA 
shared with GI 

microbiome

Percentage 
of TCEM IIA 

shared with GI 
microbiome

TCEM IIA 
shared 

with human 
proteome

Percentage 
of TCEM 

IIA shared 
with human 
proteome

TCEM IIA 
unique to 
helminth 
species

Unique 
TCEM IIA as 

percentage of 
species total

Immunoglobulinome 3,200,000 100.00
GI microbiome 2,921,445 91.30
Human proteome #1 2,412,699 75.40
Total motifs in 17 helminths 3,101,990 96.94
TCEM IIA common to all 
17 species

418,120 

Ancylostoma ceylanicum 2,281,190 71.29 2,193,019 96.13 1,931,093 84.65 13,051 0.57
Ancylostoma duodenale 1,844,757 57.65 1,790,685 97.07 1,609,132 87.23 4,032 0.22
Necator americanus 1,845,715 57.68 1,792,570 97.12 1,611,216 87.29 5,294 0.29
Ascaris lumbricoides 2,075,222 64.85 2,005,287 96.63 1,783,734 85.95 13,400 0.65
Brugia malayi 1,835,074 57.35 1,780,913 97.05 1,595,941 86.97 2,370 0.13
Loa loa 1,796,988 56.16 1,746,152 97.17 1,569,747 87.35 3,397 0.19
Onchocerca volvulus 1,855,127 57.97 1,800,210 97.04 1,610,305 86.80 5,015 0.27
Wucheria bancrofti 1,737,656 54.30 1,689,344 97.22 1,519,185 87.43 1,925 0.11
Trichinella spiralis 1,873,959 58.56 1,811,550 96.67 1,622,466 86.58 12,512 0.67
Trichuris trichura 1,716,725 53.65 1,669,456 97.25 1,507,130 87.79 9,275 0.54
Clonorchis sinensis 2,079,755 64.99 2,006,177 96.46 1,792,125 86.17 7,740 0.37
Opisthorchis viverrini 2,032,485 63.52 1,962,333 96.55 1,758,940 86.54 6,589 0.32
Fasciola hepatica 1,918,592 59.96 1,855,938 96.73 1,670,778 87.08 10,851 0.57
Schistosoma mansoni 1,822,979 56.97 1,767,657 96.97 1,586,723 87.04 9,105 0.50
Diphyllobothrium latum 1,592,066 49.75 1,551,677 97.46 1,417,136 89.01 6,647 0.42
Echinococcus granulosus 1,788,474 55.89 1,735,938 97.06 1,575,786 88.11 4,636 0.26
Taenia solium 1,801,611 56.30 1,748,550 97.05 1,585,759 88.02 5,002 0.28
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Proteins Reported to Be Associated  
With Immunomodulation
A set of sequences for proteins previously reported to be associ-
ated with immunomodulation (24, 28, 37) was assembled, using 
Reference sequences from GenBank. These proteins are listed in 
Table S1 in Supplementary Material.

Statistical Analysis
All data processing, pattern analysis, and statistical analysis were 
done with JMP® v13 from SAS Institute (Cary, NC, USA).

RESULTS

Analyses were conducted for all three TCEM recognition pat-
terns in the complete proteomes. To conserve space, in some 
cases, we show data for TCEM IIA in the body of the paper 
and provide corresponding TCEM I and TCEM IIB data in 
Supplementary Tables. Very similar results are seen for each of 
the TCEM patterns.

TCEM Characteristics of the  
Entire Organism Proteome
Sharing of TCEMs Is Common
For each TCEM pentameric motif pattern, the maximum possible 
configurations of the 20 amino acid is 3.2 million (205). All possible 
motifs are found in the immunoglobulinome. The human pro-
teome and GI microbiome comprise approximately 75 and 91%, 
respectively, of the possible motifs in each recognition pattern.

Table 2 shows the content the TCEM IIA motifs in the hel-
minth species studied and the degree of sharing of motifs (Table 
S2 in Supplementary Material shows additional motif patterns 
TCEM I and IIB). The repertoire of each helminth comprises 
from approximately 53 to 71% of the total possible motifs in 
each TCEM pattern, indicating the overlap of repertoire with the 
immunoglobulinome. Among all 17 species of helminth, >96% 
of all possible TCEMs are collectively represented.

Sharing Between Helminth Species
Given the breadth of the TCEM repertoires of each species of hel-
minth there is inevitably overlap in repertoires between the spe-
cies. Overall ~415,000 TCEM motifs of each pattern are present in 
all of the 17 species analyzed. The remaining ~2.6 million motifs 
are shared in varying combinations among the species. Figure 1 
shows the motif sharing patterns. Each tile represents a unique 
combination of sharing of the 3.2 million TCEM IIA motifs among 
the 17 species, in all comprising 112,225 different motif sharing 
combinations. This indicates the complexity of the potential T-cell 
epitope sharing and cross-reactivities between species.

Each helminth species has a small set of motifs, less than 0.6%, 
that are unique to that species relative to the other 16 species (last 
column Table 2). The exact number of these motifs is unlikely 
to be significant given the different approaches to sequencing 
and curation adopted for each species, but it is notable that 
each species does have a unique signature. However, it must be 
recognized that such unique motifs are overlapped with amino 
acids comprising non-unique motifs, so their utility in directing 
a unique immune response is limited.
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Figure 2 | Proteins with high content of common T-cell-exposed motif 
(TCEM). Each dot represents one protein of the species indicated. X-axis shows 
size of the protein (log10 amino acid number). Y-axis shows number of TCEM IIA 
motifs of higher than FC10, i.e., occurring more often than the mean in an 
immunoglobulinome reference database. Proteins shown in blue are secreted 
and surface proteins. Three example Onchocerca volvulus proteins are labeled, 
and sequences for these provided in Figure S3 in Supplementary Material.

Figure 1 | Treemap showing the complexity of sharing patterns of 
T-cell-exposed motifs (TCEMs) (shown for TCEM IIA) among the 17 helminth 
species analyzed. A total of 112,225 unique sharing patterns were identified. 
The sharing pattern refers to the combination of the 17 species of helminths 
that carries that motif. Some sharing patterns comprised a single TCEM motif 
represented by a very small tile; other sharing patterns comprise large groups 
of shared motifs and are shown by large tiles. The tiles are colored from 
highly shared motif groups (blue) to minimally shared motif groups (red). The 
large blue box at top left represents the TCEM IIA common to all 17 species; 
the red box at bottom right represents the TCEM IIA absent from all species. 
The intervening tiles each have a unique combination of motifs and species 
sharing pattern. The expanded high resolution cutout provides an 
appreciation of the number and complexity of different patterns embedded in 
the lower resolution picture.

6

Homan and Bremel Epitope Networking in Immunomodulation by Helminths

Frontiers in Immunology  |  www.frontiersin.org July 2018  |  Volume 9  |  Article 1763

Sharing of TCEM Between Helminths  
and Co-Infecting Pathogens
Three unrelated pathogens cited as common co-infections with 
heminthiases were selected for comparison. The extent of TCEM 
IIA sharing with P. falciparum, M. tuberculosis, and H. pylori is 
shown in Table S3 in Supplementary Material. Across all spe-
cies of helminth, approximately 50% of TCEM have matches in  
P. falciparum, 28% have matches in M. tuberculosis, and 16% have 
matches in H. pylori.

Distribution of High-Frequency TCEMs 
Within the Helminth Proteome
The frequency of occurrence of TCEMs in each helminth pro-
teome was compared to their frequency in the immunoglobu-
linome. There is no significant difference in the distribution of 
motifs found in helminths among the frequency categories 
observed in the immunoglobulinome (correlation coefficients 
all >0.9); those motifs that are common in immunoglobulins are 
commonly found in helminths and rare immunoglobulin motifs 
are also rare in helminths.

We then examined the distribution of high frequency 
TCEM in the proteins of each helminth proteome to evaluate 
whether particular proteins might be contributing more to an 
immunosuppressive response. Figure 2 shows examples of the 
distribution of proteins based on their content of TCEM of 
FC10 or lower, i.e., those motifs more common than the mean 
frequency in the immunoglobulin reference database. Each 
protein is plotted according to its size and the number of the 
frequent motifs. Comparable plots for the other helminths, and 
the three comparative co-infections, are provided in Figure S2 
in Supplementary Material. While the distribution is not dis-
similar from that seen in many other pathogens (57), the scatter 
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Table 3 | Content of extremely high suppressive index peptides in secreted and 
surface proteins, showing peptides with suppressive index over 300,000.

Major histocompatibility 
complex (MHC) I

MHC II

Ancylostoma ceylanicum 196 322
Ancylostoma duodenale 36 72
Necator americanus 32 63
Ascaris lumbricoides 81 83
Brugia malayi 56 72
Loa loa 32 56
Onchocerca volvulus 46 65
Wucheria bancrofti 34 48
Trichinella spiralis 71 150
Trichuris trichuria 20 64
Clonorchis sinensis 70 85
Opisthorchis viverrini 61 101
Fasciola hepatica 8 17
Schistosoma mansoni 30 58
Diphylobothrium latum 1 6
Echinococcus granulosus 68 62
Taenia solium 61 53

Total 903 1,377
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of outlier proteins with a high content of frequent or rare TCEM 
is distinctive. As shown in Figure 2, the outliers are not proteins 
with signal peptides or transmembrane domains. Having a high 
content of high frequency TCEM motifs would be an indicator 
that a protein may have more immunosuppressive peptides, if 
such peptides are appropriately processed in APC and bind to 
MHC. On closer examination, the outliers were found to be 
proteins which have a high content of repetitive residues, either 
homorepeats of amino acids or repeats of simple amino acid 
motifs. Homorepeats of L, S, G, T, and Y emerge as frequent FC 
categories while those homorepeats of M, C, H, Q, and W are 
rare motifs in immunoglobulins. Figure S3 in Supplementary 
Material shows the sequences of those Onchocerca volvulus 
examples labeled in Figure  2, which are examples of proteins 
comprising amino acid repeats. L. loa is particularly striking with 
respect to the number of proteins with extended homorepeats 
that show as having a high content of common TCEM (Figure S1 
in Supplementary Material).

TCEM Characteristics of Surface  
and TMH Proteins
Sharing of TCEM Associated With High Suppressive 
Index Between Helminth Species
Given the focus in the literature on the secreted, surface, and 
shed proteins as potential contributors to immunomodulation 
(32–35), we elected to focus further analysis on the subset of pro-
teins which have a signal peptide, one or more transmembrane 
helices or both, along with the highest frequency TCEM. For 
each helminth species, the top 2.5–10% of protein with respect to 
their likelihood of comprising suppressive motifs were analyzed, 
comprising 15,816 proteins overall (Table  1). The number of 
peptides with extremely high suppressive indices over 300,000 
was determined and included 903 peptides with high MHC I 
suppressive indices, of which 627 were unique, and 1,377 pep-
tides with high MHC II suppressive indices, of which 977 were 
unique. Such highly suppressive index peptides were found in 
all the helminth species examined. Table 3 shows the counts by 
species and suppressive index groupings. Among these, 70 pro-
teins were identified containing more than one high suppressive 
index peptide at separate positions. Given the differing criteria 
in helminth proteome assembly, and the criteria imposed for the 
selection of analysis of a secreted or surface subset of proteins, the 
absolute numbers shown are not of particular significance except 
to indicate that such high indices are quite common findings in 
helminths.

Several helminths have peptides of high suppressive index, 
which comprise shared TCEM motifs, but in association with the 
same or different flanking peptides. Not surprisingly, the same 
flanking sequences are found in closely related helminths, such 
as Clonorchis and Opisthorchis as well as in proteins with multiple 
different transcripts, as shown for Ancylostoma ceylanicum. It 
should also be noted however that the same TCEM motifs may 
occur in the same parasites in the context of flanking peptides 
which are not high affinity binders. Depending on their binding 
affinity, these would have a shorter or even a transitory dwell time 
within the MHC groove. However, to the degree they may attract 

cognate Treg cells whose phenotype has already been determined, 
they may reinforce Treg signaling. Figure 3 shows an example of 
peptides from O. viverrini and A. lumbricoides each comprising 
the same FC3 TCEM IIA motif SL~L~LV but within an array 
of peptides, which show different predicted MHC II binding 
affinities. It also indicates how binding may vary between alleles 
to generate different outcomes in different hosts.

Sharing of TCEM Associated With High Suppressive 
Index Between Helminths and Co-Infections
High-frequency TCEM associated with high suppressive indices 
was also shared between helminths and the three co-infecting 
pathogens examined. Table 4 shows the count of shared motifs 
and the TCEM associated with highest suppressive indices in 
helminths and their matches in the three co-infecting agents. 
Shared highly suppressive motifs were found particularly for  
M. tuberculosis and P. falciparum. We have focused on those with 
suppressive indices over 300,000. Figure  4 shows a conceptual 
model for how such T-cell networking among multiple helminths 
and co-infections may occur, based on a small illustrative group of 
five TCEM IIA motifs, which would each engage a finite number 
of T-cell clonotypes.

Proteins Previously Reported to Be Associated  
With Immunomodulation
Analysis of suppressive indices in 21 proteins reported to be 
associated with immunomodulation (Table S1 in Supplementary 
Material) identified only one, T. spiralis p53 with a peptide having 
a suppressive index over 300,000; the 15-mer at index position 
456 has a suppressive index of 305,422, driven by the motif 
AV~Y~AR, which is found in 25% of all immunoglobulin vari-
able regions. Suppressive indices of the other proteins are noted 
in Table S1 in Supplementary Material. Several proteins have 
suppressive indices in the range of 20,000–80,000.
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Table 4 | Sharing of helminth T-cell-exposed motifs (TCEMs) associated with extremely high suppressive index motifs with selected co-infections.

Suppressive indices >300,000

Mycobacterium tuberculosis motifs 
shared

Plasmodium falciparum motifs 
shared

Helicobacter pylori motifs  
shared

TCEM I TCEM IIA TCEM IIB TCEM I TCEM IIA TCEM IIB TCEM I TCEM IIA TCEM IIB

Ancylostoma ceylanicum 69 51 49 90 47 57 0 0 2
Ancylostoma duodenale 15 10 13 21 12 15 0 1 0
Necator americanus 9 14 8 20 14 14 0 0 1
Ascaris lumbricoides 21 24 6 41 26 14 0 2 1
Brugia malayi 16 13 5 29 16 14 0 1 1
Loa loa 8 7 9 18 9 8 0 1 1
Onchocerca volvulus 14 10 4 24 9 12 0 1 0
Wucheria bancrofti 9 6 7 17 7 11 0 1 0
Trichinella spiralis 15 17 12 32 40 34 0 10 0
Trichuris trichuria 6 11 10 5 11 18 0 1 0
Clonorchis sinensis 24 14 8 37 12 22 0 0 1
Opisthorchis viverrini 20 22 10 35 21 28 0 1 3
Fasciola hepatica 4 8 4 7 5 3 0 0 0
Schistosoma mansoni 7 8 6 17 13 8 0 2 1
Diphyllobothrium latum 0 0 2 0 0 4 0 0 0
Echinococcus granulosus 25 10 13 34 5 18 0 0 3
Taenia solium 26 9 7 33 9 13 0 0 1

Figure 3 | Example of peptides of Opisthorchis viverrini and Ascaris lumbricoides, which have shared T-cell-exposed motifs (TCEMs) but in the 
context of differing groove-exposed motifs. X-axis of cell plot indicates multiple different major histocompatibility complex (MHC) II DRB alleles. 
Coloration of the cell plot indicates predicted binding affinity in standard deviation units below the mean for that protein. Blue indicates high binding 
affinity; red indicates low affinity. The peptides represent a range of suppressive indices: O. viverrini ranges from 621,829 to 20,788 and A. lumbricoides 
from 371,273 to 36,698 based on binding to all MHC II alleles evaluated. As the TCEM motif SL~L~LV is a common motif (FC3), these are all relatively 
high indices.
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DISCUSSION

Reports of immunomodulation by helminths have led 
to a search for individual proteins, which may cause this 
effect. A comprehensive explanation of helminth associated 

immunomodulation has been elusive, but a recurring theme 
is that Treg cells play a central role (38, 40). In the present 
analysis, we apply a systems approach examining the poten-
tial magnitude of networking of T-cell responses between 
parasites, host, and co-infecting microrganisms and offering 
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Figure 4 | Illustration of networking among high suppressive index T-cell-exposed motifs in helminths and selected co-infections.
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a conceptual model, which may shed new light on the immu-
nomodulation phenomenon. The goal of this study was not to 
identify a definitive set of peptides that are solely responsible 
for immunomodulation, but rather to highlight potential inter-
play of T-cell epitopes in an ecosystem in which helminths are 
present, and also to know how such networking may contribute 
to immunomodulation of the host.

Our study has several important limitations. Both annotation 
of helminth proteomes and transcriptomic studies of helminths 
infecting their hosts are incomplete and challenging (102, 103). 
Indeed, we do not know in which life stage of the parasite, many 
proteins are expressed or in which host microenvironment they 
may have an effect. Thus, we cannot anticipate the quantita-
tive or temporal impact of each protein. In a highly expressed 
protein, a suppressive motif may be multiplied many times or 
a moderately suppressive peptide motif may carry more weight 
if that protein is highly upregulated. Each parasite proteome 
is large, and to facilitate analysis, we selected certain subsets 
(surface and secreted proteins) for more detailed evaluation. 
For most of the helminths studied, only a single proteome is 
available. We only studied one isolate or reference proteome 
for each organism, both helminth and the three selected 
co-infecting pathogens. Polymorphisms of proteins between 
isolates based on single amino acid changes are sufficient to 

change MHC binding of peptides and the TCEM presented 
(104). Furthermore, single amino acid changes impact T-cell 
interactions across up to 46 potential binding peptides, by 
changing any of cathepsin processing, MHC binding, or the 
TCEMs presented (65). Hence, different isolates will have 
somewhat different networking patterns, but the overall con-
ceptual model will apply.

The starting point for such a networking model is the premise 
that a T-cell receptor is agnostic as to the source of the amino 
acid motif of a bound peptide, which the TCR engages in the 
context of the MHC histotope. A cognate TCR engages a par-
ticular pentameric motif whether that occurs in a host protein, 
a microbiome protein, a helminth, or a co-infecting pathogen. 
While the flanking and intercalated amino acids in the groove 
or pocket positions determine MHC binding affinity (and thus 
the peptide dwell time), they are hidden from the TCR. Only 
three variables determine the signaling directed to the TCR: 
whether the TCR engages the pentameric motif or not; how 
frequently that motif is encountered and hence the population 
of cognate T cells stimulated to engage it; and the dwell time of 
the peptide bound in the MHC groove. A precondition is that 
the peptide is efficiently processed by peptidases in the APC 
to allow excision of a peptide of appropriate length to bind in 
the MHC.
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The second, and rather obvious, key point is that the rep-
ertoire of pentameric amino acid motifs in each recognition 
pattern is limited to 205 or 3.2 million permutations. These 
may be distributed in at least three different patterns: two 
recognition patterns based on binding in MHC II and one 
pattern based on binding in MHC I (58, 60). This limits the 
maximal repertoire of T-cell differentiation to 9.6 million. This 
is entirely consistent with estimates of a human’s total T-cell 
count and the essential role of polyspecificity (62, 105). Given 
this relatively small number, it is not surprising that the large 
helminth proteomes we examined embodied a large percentage 
of the total pentameric possibilities, including the common 
motifs, and showed a high degree of overlap with the other 
proteomes and organisms examined. This mirrors findings of 
motif sharing among bacteria, both pathogens and commensal 
microbiome (57).

A further layer of variables, not addressed in this analysis, 
lies in the fact that multiple different clones of T cells may have 
TCR that bind the same TCEM peptide motif but with different 
affinities, and hence different dwell times, and that may trigger 
different cytokine outcomes (106). Higher binding affinity, con-
sistent with higher suppressive indices, is reportedly more prone 
to generate IL-10 upregulation (106, 107). Binding based on less 
than five amino acid residues, or so-called “near neighbor” bind-
ing, further expands the possibilities for lesser binding affinities 
(108). The multiplicity of T-cell clones, which respond to any 
specific TCEM with differing binding affinities, do not change the 
importance of the TCEM cross-reactivity patterns but do expand 
the degrees of modulation possible.

The examples in Figures 3 and 4 show, for a small number of 
TCEM IIA motifs, that shared motifs may be embedded within 
many different peptides. The differing MHC GEMs, those 
amino acids that are directed into the MHC pockets (i.e. the 
non-TCEM amino acids), each determine the affinity of binding 
to a different set of HLA. We have focused here only on those 
peptides, which generate the most extreme high suppressive 
indices. To achieve such a score, a peptide has to be able to 
bind to almost all HLA alleles with high affinity. Peptides that 
bind with high affinity to only two or three alleles would not 
achieve such a high score but would have a potentially suppres-
sive effect in individuals carrying those alleles. This reinforces 
two points. First, the data shown are illustrations based on 
the most extreme cases of epitope sharing leading to potential 
shared immunosuppression, when in fact a much greater span 
of complexity of epitope networking patterns exists across lesser 
degrees of binding affinity. Second, regional/ethnic population 
adaptation to parasites – and by the parasites to their local hosts 
– may be a selection function of those alleles carried by the 
native subpopulation binding potentially suppressive peptides 
with greater affinity, while those of foreign hosts do not. In addi-
tion, peptide binding to mouse, or other animal, alleles may 
differ from human alleles, in some cases limiting the relevance 
of animal models.

The analyses, even with the limitations noted, suggest that 
a systems approach in which the immune response is seen as 
a network of shared T-cell engagement may be needed to fully 
understand the immunomodulatory functions of helminthiasis. 

What is extraordinary among the helminths, which initially drew 
our attention, is the presence of many extremely high suppressive 
indices, indicative of common TCEM combined with high bind-
ing by most or many HLA alleles. In this regard, the helminths, 
on an individual peptide basis, far outstrip viruses and bacteria 
we have previously examined, where any suppressive index over 
100,000 would be considered very high and where we have only 
in extremely rare instances observed an index of >1,000,000. 
Overall, this is likely due to the large helminth proteomes that 
increase the probability of common TCEM motifs and, when 
these also bind to MHC, and potentially beneficial modulatory 
peptides will be selected over evolutionary time.

Where shared TCEM motifs occur between helminth spe-
cies, it implies that the cognate T-cell population responsive 
to the first helminth TCEM would also be responsive, or 
cross-reactive, to the same TCEM where it occurs in a second 
helminth. If the MHC binding of the first motif is such that it has 
a long dwell time and is likely to elicit a Treg response (67–70); 
when that same motif occurs in a second helminth and is bound 
by the same T-cell clones, the effect of the Treg phenotype would 
carry over to the response to the second helminth. Induction 
of relatively few Treg cells may impact the effector cells within 
the local microenvironment through bystander suppression 
(109, 110). The lengthy association of the parasite with the host, 
and the motif sharing among multiple parasites, would ensure 
a chronic presence of motifs, which have high suppressive indi-
ces, thereby fulfilling another requirement for Treg induction, 
repeated stimulation (111). Whereas protozoal parasites employ 
antigenic variation as a defensive mechanism to maintain infec-
tion (73), helminths employ the continuity of antigenic signal-
ing to modulate the host T cell as a defense, while the surface 
proteins retain their invasive and other functions. It appears 
that relatively few Treg responders are needed to overcome a 
stimulatory response (67).

Mycobacterium tuberculosis, P. falciparum, and H. pylori 
were selected as examples of co-infections for analysis based on 
literature reports of interaction with helminths (7, 13, 14, 18). 
The widespread sharing of TCEMs among helminths, host, and 
the three co-infections indicates that there is potential for T-cell 
repertoires conditioned by exposure to a co-infecting pathogen 
proteome to be cross-reactive with helminths and vice  versa. 
TCEMs provide the minimal prerequisite for T-cell polyspecific-
ity or cross-reactivity. The shared motif counts in Table 2 are the 
maximum possible count of cross-reactions. This count must be 
further conditioned by MHC binding and peptidase processing 
and contemporaneous transcription. The degree of sharing is in 
part a function of the size of the proteome of each organism; 
the larger the proteome the more chance that rare motifs will be 
present and also that there will be more shared common motifs. 
However, such shared motifs can lead to mutual immunomodu-
latory consequences. Among the motifs that helminths share 
with the selected co-infections are potentially highly suppressive 
peptides, indicating, for example, that a Treg response elicited by  
M. tuberculosis may be shared with helminths, or vice  versa. 
Notably, in M. tuberculosis, TCEM IIA matches resulting in 
high suppressive indices were found in 27 proteins of the PE and 
PE PGRS families, which have been reported to be associated 
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with Treg induction (112, 113). In P. falciparum, shared high 
suppressive index motifs were most frequently found in rifins 
and in proteins annotated as conserved plasmodium proteins. 
Rifins are a family of proteins expressed on P. falciparum-
infected erythrocytes, which have been implicated in immune 
evasion through binding to immune inhibitory receptors and 
the development of severe malaria (114, 115). Less sharing was 
seen in H. pylori, which has a smaller proteome and where the 
interaction with helminths may not be dependent on immune 
mechanisms (18).

A networking model in which a helminth infection creates 
a Treg cell-rich microenvironment and simultaneously causes 
chronic tissue damage, and thus a high rate of host cell division 
prone to mutations, may also create an environment tolerant to 
the progression of neoplasia. Treg cells have been demonstrated 
to be increased in Opisthorchis infections (40) and may lead to 
impaired response to neoepitopes. While multiple mechanisms 
may trigger carcinogenesis, such a model could explain the 
emergence of cholangiocarcinoma following prolonged infection 
with Clonorchis or Opisthorchis (15, 18). Conversely, the increase 
in autoimmune, inflammatory, and allergic disease observed in 
the absence of helminths, or following anthelminthic applica-
tion, would be consistent with removal of the peptides driving an 
immunosuppressive Treg-dominated network.

Helminth proteins contain a large number of homopolymers 
of amino acids along with repetitious simple amino acid motifs. 
Only a few homopolymers (glycines, leucines, serines, threonines, 
and tyrosines) contribute to the counts of higher frequency 
TCEMs; of these, only leucines and tyrosines result in fairly high 
binding affinity for multiple alleles. While such repeats are a more 
common feature of eukaryotes than prokaryotes (116) and may 
offer some selective advantages (117), they do not emerge as a 
driver of very high suppressive indices in the helminths exam-
ined. However, their presence does raise the question of whether 
multiple occurrences, especially of leucine or tyrosine observed 
in L. loa, might have an additive suppressive effect.

We omitted from consideration proteins under 50 amino acids 
in length. Some helminth proteomes included a large number of 
small open reading frames (sORFs). Whether sORFs which gen-
erate peptides large enough to bind MHCs may also contribute 
to the overall epitope landscape is unknown (118, 119). Given 
species differences in the curation of proteins for inclusion, a 
comparative analysis is not possible.

In addressing networking as a factor in immunomodulation, 
we have focused here on the most common TCEM and those that 
are shared by many helminths. We also noted that a very small 
percentage of TCEM motifs are unique to any single helminth 
among those evaluated; these may or may not be motifs rarely 
found in the immunoglobulinome but are unlikely to be among 
the most common motifs. Figure 1 reflects the sharing patterns 
of motifs among helminth species. There is a range of less com-
mon motifs, which also have sharing patterns among the species 
(as reflected by the grey and red tiles in Figure  1). These are 
motifs that may elicit immune stimulation and potentially have 
utility in a vaccine. The challenge in designing a vaccine compris-
ing T-cell epitopes is to identify proteins comprising conserved 
stimulatory epitopes, appropriately processed by cathepsins for 

MHC presentation, which are not negated by an immunosup-
pressive motif (120).

It is likely that many mechanisms are contributing simultane-
ously to immunomodulation. The proteins previously reported 
(24, 27, 28, 37) may have a primary or secondary role in immune 
regulation. The cystatins, which have been reported to play an 
immunomodulatory role in several parasites (121–123), would 
likely inhibit cathepsin function and, hence, peptide excision for 
presentation on the MHC. Others may act through the induction 
of Treg cells or as a downstream consequence of such regulation. 
Among the previously reported immunomodulators that we 
analyzed, only T. spiralis p53 was found to have a suppressive 
index over 300,000. Several others had suppressive indices below 
this level, indicating that they might have a suppressive effect in 
individuals of certain alleles, or when present in large amounts; 
the major egg antigen of S. mansoni is one example. However, it is 
important to keep in mind that several of the proteins previously 
examined for their immunomodulatory role are from helminths 
that are not human pathogens and they have been examined in 
animal models, so our analysis of suppressive index based on 
human alleles examines those out of the host context in which 
they were tested.

There has been increasing interest in exploiting the immu-
nomodulatory effects of helminths (23, 26), by administering low 
level live parasite infections, extracts, or recombinant proteins 
(24, 25, 31). The TCEM networking model put forth here offers 
an approach to defining predicted immunomodulatory peptides, 
which have benefited from selection through an evolutionary 
filter and which may then be tested in a therapeutic model at less 
risk than a live parasite.

Given the lack of annotation of many individual proteins in 
the helminth proteomes, and the recognition that we have only 
worked with one isolate of each species, we have not focused 
here on highlighting the particular potential highly suppres-
sive peptides for each parasite. Rather we have addressed this 
as a conceptual model. For every motif example for which 
we show an unambiguous predicted outcome for most HLA, 
there are many more subtle effects based on lower suppres-
sive indices or particular host HLAs. The systems approach 
we have taken suggests that the immune response to a given 
parasite cannot be considered in isolation but should be seen as 
a part of an epitope ecosystem, or microenvironment, in which 
the potentially highly suppressive peptides in the helminths 
network through their common T-cell receptor recognition 
signals with T-cell epitopes in self proteins, microbiome, in 
other helminths and in taxonomically unrelated pathogens. 
It indicates the complexity of T-cell interactions, which may 
have allowed helminths to evolve to select for the peptides 
that drive an immunosuppressive repertoire of T  cells. Such 
a repertoire would favor long-term coexistence with the host, 
or an immunogenetic subpopulation thereof, and facilitate 
polyparasitism and co-infections. This approach suggests 
that a different paradigm, in which epitope networking is 
considered, can contribute to understanding helminth associ-
ated immunomodulation. It is a paradigm, which is both very 
simple in conception and profoundly complex to test through 
a reductionist approach.
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Leptin, a pleiotropic protein has long been recognized to play an important role in

the regulation of energy homeostasis, metabolism, neuroendocrine function, and other

physiological functions through its effects on the central nervous system (CNS) and

peripheral tissues. Leptin is secreted by adipose tissue and encoded by the obese

(ob) gene. Leptin acts as a central mediator which regulates immunity as well as

nutrition. Importantly, leptin can modulate both innate and adaptive immune responses.

Leptin deficiency/resistance is associated with dysregulation of cytokine production,

increased susceptibility toward infectious diseases, autoimmune disorders, malnutrition

and inflammatory responses. Malnutrition induces a state of immunodeficiency and

an inclination to death from communicable diseases. Infectious diseases are the

disease of poor who invariably suffer from malnutrition that could result from reduced

serum leptin levels. Thus, leptin has been placed at the center of many interrelated

functions in various pathogenic conditions, such as bacterial, viruses and parasitic

infections. We review herein, the recent advances on the role of leptin in malnutrition

in pathogenesis of infectious diseases with a particular emphasis on parasitic diseases

such as Leishmaniasis, Trypanosomiasis, Amoebiasis, and Malaria.

Keywords: leptin, leishmaniasis, trypanosomiasis, amoebiasis, malaria, bacteria, virus, malnutrition

INTRODUCTION

Leptin is a hormone derived from adipocytes in response to the nutritional status, and it signals
to the central nervous system (CNS) and peripheral organs (1). The circulating plasma leptin
concentrations are mostly influenced by the total body fat mass index, metabolic hormones, and
gender. Women have higher concentrations of circulating leptin compared to men (2). The central
function of leptin is metabolic homeostasis that can be attained by the delivery of information
about the total body fat mass to the hypothalamus that in turn alters the CNS function and
regulates glucocorticoids, insulin hormone and food intake & energy balance (3, 4). Concurrently,
leptin is also a critical regulator of immunity and functions as a pro-inflammatory cytokine-
like interleukin (IL)-1, IL-6, IL-8, IL-18, and tumor necrosis factor-α (TNF-α), and its deficiency
increases susceptibility to infectious (5–8).

Leptin was identified as the gene defect responsible for the obesity syndrome in Leptin-deficient
(ob/ob) mice and reported as the product of Ob gene (9, 10). Leptin is a 16 kDa α-helix type
protein like the long-chain helical cytokine family such as IL-6, IL-2, IL-12, leukocyte inhibitory
factor (LIF), Granulocyte-colony stimulating factor (G-CSF), Ciliary neurotrophic factor (CNTF),
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and Oncostatin M (11, 12). Most of the biological functions of
leptin are exerted through leptin receptor (Ob-R) signaling via
the Janus kinase/signal transducer and activator of transcription
(JAK/STAT) pathway (13, 14). In general, leptin enhances the
immune response via activating antigen presenting cells (APCs),
Th1 cells function and proliferation, and mediating the secretion
of the pro-inflammatory cytokines, such as TNF-α, IL-2, or IL-
6 (7, 15, 16). Leptin-deficient (ob/ob; double knockout obese
gene) and leptin receptor-deficient (db/db; double knockout
obese receptor gene) mice display marked reduction in the size &
thymic atrophy and exhibit defective immune responses (17, 18).
Similarly, reduced leptin levels in starved and malnourished
individuals is further associated with alterations of the immune
response and thymic atrophy. However, these conditions can be
reversed by leptin administration (19–22).

Over the past decade, the role leptin in infectious diseases
was extensively explored. It has been reported that leptin
deficiency is correlated with starvation or nutritional
deprivation/malnutrition (23). Malnutrition affects both
innate & acquired immunity of the host (24) thereby increasing
the incidences of infections and mortality (25). The immune
dysfunction in malnutrition or restricted calorie intake
reduced the memory T cells, total CD4+ and CD8+ T cell
numbers compared to well-nourished infected controls (26–29).
Interestingly, leptin has a crucial role in mediating phagocytosis,
T cell number, function, and metabolism in both obesity and
malnutrition. The systemic circulating leptin deficiency in
malnutrition is also correlated with several other bacterial, viral
and parasitic infections such as tuberculosis (30), pneumonia
(31), sepsis (32), colitis (33), viral infection (34, 35) leishmaniasis
(36), trypanosomiasis (37), amoebiasis (38), and malaria (39)
due to defective cytokine production (40–45). Hence, nutritional
status is critically essential for immune cell function in both
malnutrition and infection. Understanding how leptin is altered
in malnutrition and infection will lead to better insight of and
treatment for diseases where nutritional status determines
clinical outcome. Furthermore, there has been increasing
evidence that leptin is involved in the pathogenesis of various
infectious diseases. In the present review, we will discuss the
emerging role of leptin in different infectious diseases and will
further highlight how malnutrition or starvation could play a
role.

LEPTIN AND IMMUNITY

Leptin is a pleiotropicmolecule, which can function as a hormone
as well as cytokine (adipokine). Almost all immune cells such
as neutrophils, monocytes, lymphocytes express leptin receptor
and it belongs to the family of class-I cytokine receptors (46–48).
Leptin regulates angiogenesis, hematopoiesis, innate & adaptive
immunity and induces the Th1 response by increasing IFN-γ, IL-
2, and TNF-α production, subsequently leading to the activation
of monocyte/macrophages and prevents the apoptosis of various
immune cells by delaying the cleavage of Bid and Bax (49–55).

In innate immunity, leptin enhances the activity and function
of neutrophils by the release of oxygen free radicals, increased

CD11b expression and intercellular adhesion molecule-1
(ICAM-1), which leads to migration of immune cells at the
sites of inflammation (56–58). Leptin activates the monocytes
and dendrite cells (DCs) that in turn leads to the production
of pro-inflammatory cytokines such as TNF-α, IL-6 along with
IL-12, a key cytokine that facilitates the shifting of T-cells toward
the Th1 phenotype (59–62). Leptin also promotes DCs survival
by triggering the activation of nuclear factor-kappa B (NF-kappa
B) and up-regulates B-cell lymphoma 2 (Bcl-2) and B-cell
lymphoma-extra-large (Bcl-xL) gene expression via the PI3K-
Akt signaling pathway (62). Moreover, upon leptin stimulation,
DCs also exhibit increased production of multiple cytokines
including IL-1, IL-6, IL-12, TNF-α, MIP-1α and induces the
expression of surface molecules, such as CD1a, CD80, CD83, or
CD86 (63, 64). Indirectly, leptin leads to the activation of natural
killer (NK) cells upon modulation of IL-1, IL-6, and TNF-α via
monocytes and macrophages (61) resulting an increased IL-12
and reduced IL-15 expression in NK cells (65, 66).

In adaptive immunity, leptin induces the maturation and
survival of thymic T-cells by reducing their rate of apoptosis
through inhibition of FAS-directed apoptosis pathway (16,
67). Eventually, leptin has anti-apoptotic effects on mature T-
cells, by up-regulating the expression of Bcl-xL (68), T-box
transcription factor (T-bet) (69), and synergizes with other
cytokines in lymphocyte proliferation and activation possibly
via signal transducer and activator of transcription 3 (STAT3)
signaling (70, 71). Leptin deficiency in both mouse and human
results in severe immune defects characterized by decrease
in total lymphocytes, CD4+ helper T cell number, increased
thymocyte apoptosis, and a skewing away from the Th1 toward
Th2 phenotype thereby resulting in increased susceptibility to
intracellular infections (16, 17, 72–74). Leptin mediates T-cells
polarization by inducing the cell-mediated immune response
through the secretion of IL-2, IL-12, TNF-α, and IFN-γ from
Th1 cells and suppresses the production of IL-10 and IL-4 from
Th2 cells (13, 75–78). In facts, thymocytes treated with leptin
induces CD4+CD8+ cell differentiationmainly to CD4+mature
thymocytes (79). Additionally, leptin also activates human B cells
to secrete cytokines, such as IL-6, IL-10, and TNF-α, through
the activation of JAK2/STAT3 and p38MAPK/ERK1/2 signaling
pathways (80, 81). Leptin-STAT3 signaling also influences the
production of C-X-C chemokine receptor type 3 (CXCR3)
and C-C chemokine receptor type 5 (CCR5) ligands, which
are preferentially expressed on Th1 cells and enhances pro-
inflammatory cytokines such as IL-1β, TNF-α, and IL-6 in serum
(39, 82, 83). In conclusion, leptin acts as a Th1 cytokine and
regulates all immune cells through leptin receptor and affects
innate & adaptive immune responses together facilitating a shift
toward Th1 response. The brief role of leptin in innate & adaptive
immune response was summarized in Figure 1.

LEPTIN IN MALNUTRITION

Nutritional deficiency impaired phagocyte function, cell-
mediated immunity, cytokine production, antibody response
and the complement system (24, 25, 84) and predisposed to
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FIGURE 1 | The role of leptin in Innate and adaptive immunity: innate immunity; Leptin plays a crucial role in the activation and proliferation of macrophage, neutrophil,

and dendritic cells through the up and down regulation of various cytokine/chemokines. Adaptive immunity; Leptin-induced the activation and proliferation of total

lymphocytes (T and B cells), regulatory T cells and Naive T cells through the up and down regulation of pro-inflammatory and anti-inflammatory cytokines. The Innate

and adaptive immune response induced by leptin signaling through the phosphorylation of MAKP/STAT-3/P13K pathways (15–18, 49–55).

death from infectious diseases (85). Concurrently, malnutrition
is the most common cause of secondary immunodeficiency
worldwide associated with protein-energy malnutrition (PEM)
(86, 87), a nutritional deficiency in which individuals suffer
from protein but not calorific malnutrition (88). Strikingly,
PEM causes a drastic reduction in body fat mass and
decreases the circulating concentration of leptin, which, in
turn, impairs the generation of proinflammatory mediators
[IFN-γ, TNF-α and (NO) nitric oxide] (89, 90), and increases
the incidence of infectious diseases (72, 83). Malnutrition
is a primary risk factor for many infectious diseases. From
recent research, it seems that malnutrition is a predictor of
tuberculosis disease and is associated with worse outcomes.
Active tuberculosis is correlated with weight loss, cachexia, and
low serum concentrations of leptin which in turn suppresses
the lymphocyte stimulation and Th1 cytokines such as IL-
2, IFN-γ, and TNF-α secretion (91–96). PEM significantly
reduced the lymphocyte stimulation as well as secretion of
the Th1 cytokines such as IL-2, IFN-γ, and TNF-α, in M.
tuberculosis-infected guinea pig (92, 97). Furthermore, PEM
also diminishes leptin concentrations and increases serum
levels of stress hormones, i.e., glucocorticoids which impairs
macrophage functions by limiting NF-kB translocation into the
nucleus (96). Macrophages from experimental PEMmice are less
sensitive to lipopolysaccharides (LPS) due to decreased NF-kB
translocation resulting in impairment of active phagocytosis,

cytokines response and reactive oxygen intermediates (ROIs)
productions (98–101).

Serum leptin concentration decreases as malnutrition
becomes more pronounced and thus serves as a biomarker
of poor nutritional status in chronic cirrhosis due to viral
hepatitis and candidiasis due to Candida albicans (102–105).
Moreover, during fasting or starvation, leptin levels also fall
disproportionately due to the decrease in adipose tissue fat mass
(106, 107). The decrease in leptin level during starvation rendered
wild-type mice susceptible to LPS and TNF-α induced lethality
whereas leptin treatment restores those changes despite ongoing
starvation, suggesting that the lack of leptin plays a role in the
immune dysfunction during starvation (18, 108). Exogenous
leptin administration modulates T cell responses in mice
and prevents starvation-induced immune suppression on the
development of a delay type of hypersensitivity (DTH) response
and protects from starvation-induced lymphoid atrophy in mice
(12, 15, 68, 109).

Taken together, Leptin is a protein hormone secreted
by adipocytes, regulating body fat and food intake through
neuroendocrine-signaling system. Hence, it is possible to
speculate that leptin might act in the brain to directly
regulate metabolic response along with peripheral immune
function thereby contributing to better outcomes in various
infectious diseases compared with states of relative or total
leptin deficiency. Importantly, recent studies reported that

Frontiers in Immunology | www.frontiersin.org 3 November 2018 | Volume 9 | Article 2741255

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Maurya et al. Role of Leptin in Infectious Diseases

serum leptin level may be used as a promising diagnostic
or prognostic marker for critical illness sepsis that is
triggered by an infective agent such as bacteria, viruses,
fungi, or parasites (110). Therefore, from here onwards, the
review focuses on the role of leptin in various infectious
diseases.

LEPTIN AND BACTERIAL INFECTIONS

Leptin-deficient mice and mice rendered leptin-deficient by
fasting exhibit impaired pulmonary bacterial clearance (Table 1)
and enhanced lethality during pulmonary tuberculosis, bacterial
pneumonia, and sepsis (30–32). The patients with pulmonary
tuberculosis (PTB) have decreased serum leptin levels, and an
increase in adiponectin may serve as a reliable biomarker for
predicting the development and progression of PTB pathogenesis
(111, 145, 146). Mycobacterium infection in ob/ob mice was
hampered to produce organized granulomatous response and
defective in CD4+ and CD8+ T cells functions, IFN-γ
and DTH responses (30). The mechanisms underlying the
defective leukocyte effector function in cells from leptin-deficient
mice were associated with a reduction in leukotriene (LT)
synthesis in alveolar macrophage (AMs), reduced complement
receptor (CR3) expression and decreased H2O2 synthesis in
neutrophils (PMNs) infected with Klebsiella pneumoniae (112–
114). Restoring the level of circulating leptin to physiological
levels in fasted and ob/ob mice significantly improved the
survival and pulmonary bacterial clearance, reduced bacteraemia,
reconstituted alveolar macrophage phagocytosis and increased
H2O2 production in the PMNs resulting in increased killing of
S. pneumonia in vitro (31, 115). Leptin binding to leptin receptor
activates multiple intracellular signaling pathways, including
STAT3, STAT5, and ERK1/2. STAT3 activates transcription
of suppressor of cytokine signaling (SOCS)-3, a protein that
inhibits JAK2 and STAT3 signaling during prolonged stimulation
of the Leptin receptor long isoform (Lep-Rb) (147, 148).
Lep-Rb mediated phosphorylation of Tyr1077 activates STAT5
signaling pathway (149). Phosphorylation of Tyr985 in leptin
receptor recruits binding partners SH2-containing tyrosine
phosphatase (SHP-2) and growth factor binding 2 (GRB2)
which activate extracellular signal-regulated kinase 1 and 2
(ERK 1/2) signaling (147, 150). A mutation of the Try985

with L985 residue in the leptin receptor exhibited increased
mortality and impaired pulmonary bacterial clearance following
an intratracheal challenge with K. pneumoniae due to the
disruption of ERK-dependent activation (151).

Moreover, Leptin-dependent neutrophilic phagocytosis of L.
monocytogenes was more potent than Escherichia coli due to the
presence of apoptotic factor Listeriolysin O, which is absent in E.
coli (116). Exogenous leptin restored the anti-listeria resistance
and monocyte chemoattractant protein-1 (MCP-1) and MIP-
2 production in leptin-deficient mice (117, 152). Clostridium
difficile colitis is a primary causative agent of nosocomial
infection in humans and murine. The defective STAT3 signaling
pathway leads to susceptibility to infectious colitis and bacterial
peritonitis (33, 153) and leptin treatment restored the protective

mucosal immune response in C. difficile colitis by the STAT3
inflammatory pathway (33).

In contrast to above finding, disruption of leptin receptor-
mediated STAT3 signaling pathway improved AMs phagocytosis
and host defense against P. pneumonia in (Leprs1138/s1138) s/smice
following an intratracheal challenge with S. pneumonia (154).
These effects are mediated by an intracellular signaling pathway
that is dependent on ERK1/2 activation in AMs resulting an
increased in LT synthesis, which enhanced the phagocytosis in
cells from s/s mice (154). Mice infected with Helicobacter pylori-
induced pro-inflammatory cytokine response and enhanced the
leptin secretion from gastric mucosa which may be playing
a role in weight gain after eradication of H pylori infection
(118–120) suggesting that leptin has a local effect rather than
systemic action in patients with gastritis (121, 155). These
findings reveal the existence of a relevant neuroendocrine control
of leptin in systemic immune defense in various bacterial diseases
thereby highlighting the possible therapeutic potential of leptin
analogous to control infectious diseases.

LEPTIN AND VIRAL INFECTIONS

Mice deficient in the leptin receptor or malnourished leads to
impaired viral clearance (Table 1), diminished lung IFNγ level
and reduced survival during influenza-A pneumonia infections
(156). The mice lacking functional leptin receptor in T cells
(LepRT−/−) limits pH1N1 influenza mortality and infection
severity in obese mice suggesting that leptin signaling in T cells
may be a critical mediator of pH1N1 severity in obese mice
(122, 123). Moreover, Leptin resistant obese mice or decreased
leptin level in obese individuals may increase the susceptibility
to influenza virus infection by suppressing the memory T-
cell function and IFN-α, IFN-β, and IFN-γ mRNA expression
which leads to an increase in viral titer and infiltration (124).
Furthermore, mice lacking functional leptin receptor in tissue-
specific lung epithelial and macrophage cells have improved
viral clearance and reduced lung injury following influenza-
A infection suggesting that leptin signaling is also associated
with non-myeloid cells such as natural killer cells and T cells
(125). Leptin significantly upregulated the Th17 subset but
suppressed Th2 subset differentiation possibly via regulating
ERK1/2 phosphorylation in human bronchial epithelial cells
(hBECs) infected with the respiratory syncytial virus (RSV) (126).
Human immunodeficiency virus (HIV)-infected patients have
an exaggerated expression of leptin receptor on their blood
mononuclear cells while low leptin levels in their serum leads to
an immune deficiency in these patients (127, 128). Importantly,
leptin therapy, a novel strategy now in clinical trials, and its
beneficial positive role in HIV patients in correction of metabolic
complications related toHIV-associated lipodystrophy syndrome
(HALS) has been reported recently (129). Leptin also diminishes
the oxidative status of monocytes suggesting that leptin can alter
the redox status of monocytes, which leads to immunological
alterations in HIV infection (35). Therefore, taken together these
findings reveal that leptin could control the systemic immune
defense failure in viral specific immune cells dysfunction and
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TABLE 1 | The distinctive immune responses in various infectious diseases upon leptin treatment were summarized.

Infectious

group

Infectious species Effect of leptin on the Immune response Model used (in-vitro

& in-vivo)

References

Bacterial

disease

Mycobacterium

tuberculosis

Increase IFNγ & TNF-α levels and PMN cells & functions.

Increase T helper CD4T cells & CD8T cells activity.

Improve Ag- specific antibody response.

Restored DTH response and Granuloma formation.

Reduced IL-6 cytokine and bacterial load.

Mice and human (30, 95, 111)

Klebsiella pneumonia Increase phagocytosis index and Leukotriene synthesis.

Improve defective alveolar macrophage phagocytosis.

Restored CD11b expression level.

Decrease bacterial load and reduce mortality.

Mice (112, 113)

Pneumococcal

pneumonia

Restored defective alveolar macrophage phagocytosis activity.

Increase PMN H2O2 production.

Reduced TNF-α, MIP-2, PGE2 in the lung.

Improves pulmonary bacterial clearance and survival.

Mice (31, 114)

Clostridium difficile Leptin receptor Q223R mutation leads to defective STAT3 signaling pathway and

associated with an increased risk of colitis.

Mutation of tyrosine 1,138 in the intracellular domain of LepRb decreased

mucosal chemokine and cell recruitment.

Increases inflammation, colonic chemokine expression, and cellular recruitment.

Improve the bacterial clearance.

Mice (33)

Sepsis Improve the Neutrophil function.

Increase the phosphorylation of p38 MAP kinase.

Control sepsis-induced organ damage

Supresses IL-6 and MCP-1 level.

Control the bacteraemia.

Mice and rat (32, 110, 115)

Listeria

monocytogenes

Induce CD11b expression on neutrophils and lower the apoptosis.

Induce effective bacterial phagocytosis and lymphocytic apoptosis in sever

immune-deficiency.

Improvement of anti-listerial resistance and the MCP-1 mRNA expression.

Decrease defective MCP-1 expression in the liver.

Control the bacteraemia.

Mice (116, 117)

Helicobactor pylori Increase mucosal leptin in the infected patients compare to uninfected patients.

Amount of gastric leptin correlated positively with the mucosal levels of IL-1β and

IL-6, but not IL-8 cytokine.

Increase of gastric leptin expression during infection may have a local rather than

systemic action.

Increase in serum leptin concentration.

Circulating leptin correlated with body mass index, but not with bacterial load.

There was no change in plasma leptin levels following cure of the infection.

Mice and human (118–121)

Viral disease Influenza A/H1N1

pneumonia

Global deficiency of leptin receptor (db/db) have worsened survival following

influenza A infection.

Leptin receptor deficiency impaired viral clearance & diminished the IFN-γ levels.

Loss of leptin receptor within lung epithelium or within macrophages is not

associated with worsened lung injury or mortality following infection.

Decrease proinflammatory cytokines IL-6 and IL-1β level and increase survival.

Disruption of leptin signaling in T cells limits worsened the pH1N1 dependent

mortality and infection severity.

Human and mice (34, 122–125)

Respiratory Syncytial

Virus

Promoted Th17 subset differentiation.

Suppressed Th2 subset differentiation.

Increased phosphorylation of ERK1/2 in peripheral Lymphocytes.

Human (126)

HIV Leptin inhibits ROS and control oxidative burst mechanism in HIV+ monocyte

patients.

Leptin receptor (ob-R) expression increased in HIV+ PBMCs than control.

Serum leptin level positively correlated with CD4+ T lymphocyte during antiviral

therapy in HIV patients.

Supresses SOCS3 & mTOR expression and Th2 subset differentiation.

Reduced viral load.

Human and mice

(in-vitro & in-vivo)

(35, 127–129)

(Continued)
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TABLE 1 | Continued

Infectious

group

Infectious species Effect of leptin on the Immune response Model used (in-vitro

& in-vivo)

References

Parasitic

disease

Leishmania

major/Leishmania

donovani

Activates macrophage phagocytosis and ROS induction.

Enhances the phosphorylation of Erk1/2 & Akt in macrophages.

Increases IFN-γ, IL12, IL-1β secretion in macrophage.

Improve IFN-γ/IL-10 ratio, GrzA and Th1 cytokine response.

Activate CD8+ T-cell compartment and reduces PD-1 & CTLA-4 expression.

Increase IgG2a levels and improve IgG2a/IgG1 ratio.

Improve granuloma formation and repaired tissue degeneration.

Reduced parasite load in visceral organs.

Human (THP-1 and

PBMCs)

Mice (in-vitro & in-vivo)

(36, 49, 130–

132)

Trypanosoma cruzi Defective leptin receptors or reduction in leptin level increase parasitemia and

mortality rate.

Reconstitution of central leptin signaling in brain reduces tissue parasitism and

mortality rates.

Improve plasma cytokines and chemokine’s.

Mice (37, 133–136)

Entamoeba histolytica Mutation in leptin receptor (LEPR Q223R).

Substitution of arginine (223R) in the cytokine receptor homology domain 1 of

LEPR are more susceptible than those have glutamine (223Q) amino acid.

Q223R polymorphism also decreased leptin-dependent STAT3 activation and

defective STAT3 signaling and increase susceptibility to liver & intestinal abscess.

Q223R leptin receptor mutation results in defective neutrophil infiltration to the

site of infection.

Mutation of tyrosine 985 or 1138 in leptin receptor results in defective

SHP2/ERK and STAT3 signaling.

Leptin-mediated resistance to amebiasis requires leptin receptor signaling

through both the STAT3 and SHP2/ERK pathways.

Leptin promotes regeneration & mucin secretion by epithelial cell and control

apoptosis & integrity in intestinal epithelium lining.

Low serum leptin increase liver and intestinal abscess.

Intestinal parasites deregulate the secretion of leptin and adiponectin and play a

role in enteric parasitosis by modulating body immunity, food intake and blood

chemistry.

Human and mice (38, 137–142)

Plasmodium berghei

ANKA parasite

Higher serum leptin levels.

Increase mTORC1 (Mechanistic target of rapamycin complex 1) activity in CD4+

and CD8+ T cells in a dose dependent manner.

Leptin act as downstream target for mTORC1 activity in T cells during ECM.

The leptin gene mutation in ob/ob is associated with observed CM resistance

phenotype.

CM resistance phenotype is due to involvement of Th1 cytokines TNF-α and

INF-γ in the regulatory cascade controlling inflammatory responses after malarial

infections.

Mice (39, 143, 144)

further suggests the possible healing potential for leptin analogs
in infectious disease.

LEPTIN AND PARASITIC INFECTIONS

Parasitic infections contribute significantly to the burden
of communicable diseases worldwide. Reportedly, much of
infections and mortality from parasitic illnesses are restricted
mainly in developing countries (157). Malnutrition or loss
of appetite is a common characteristic of many infectious
diseases including parasitic infections which result in reduced
serum leptin levels (158). Since, leptin has been reported to
induce pro-inflammatory cytokines & chemokines, neutrophil
chemotaxis, NK cell cytotoxicity, and T cell functions,
therefore its deficiency leads to an increase in susceptibility
to infectious diseases (64, 65, 159, 160). Furthermore, leptin
exerts central effects on hypothalamic-pituitary function

and disruption of these effects have been implicated into
severe parasitic diseases due to immune dysfunction in host
(35–38).

Moreover, very little is known about the role of leptin
in pathogenesis of parasitic infections. There is a need for
studying the role of leptin in controlling parasitic infections since
preponderance of such infections is associated with malnutrition
which goes hand in hand in developing countries. As a first step,
we have highlighted some of these studies to generate interest in
initiating such studies (Table 1).

Leishmaniasis
Leishmaniasis is a vector-borne protozoan disease caused by
Leishmania parasites. Leishmaniasis is commonly prevalent in
tropical and subtropical regions of the world with different
immunopathology and varying degrees of morbidity and
mortality. Among which, Visceral Leushmaniasis (VL) is
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the deadliest form of the diseases, marked by uncontrolled
parasitemia in the spleen, liver, and bone marrow (161, 162).

VL is an endemic disease found mostly in economically poor
societies, who invariably suffer from malnutrition. Malnutrition
is characterized by the lower serum leptin level which in turn
adversely alters the development of innate and adaptive immune
responses during VL in both mice and children living in
endemic areas (163–165). Hence, malnutrition and low serum
leptin level are playing a critical role in Leishmania infection
and its pathogenesis. Leptin improved cytokine production and
phagocytosis of Leishmania donovani by murine and human
macrophages by increasing the phagolysosome formation and
oxidative killing of the parasite via intracellular reactive oxygen
species (ROS) generation (36). Leptin in combination with
miltefosine, the conventional antileishmanial drug, augments
the protective immunity in mouse macrophage during L.
donovani infection in vitro (130). Similarly, it enhances the
host protective Th1 cytokine responses in THP-1, and human
PMBCs derived macrophages by inducing Erk1/2 and Akt
phosphorylation, which is usually dephosphorylated in L.
donovani infection (36). It can also maintain the protective
environment against L. donovani infection through the classical
macrophage activation (36). Recently we demonstrated that
leptin induces the innate immune response in bone marrow-
derived antigen presenting dendritic cells, and causes heightened
nitric oxide, proinflammatory cytokines (IFN-γ, IL-12, and
IL1β) in the splenocytes stimulated with soluble Leishmania
antigen. Besides this, leptin-induced IFN-γ production from
both CD4+ and CD8+ T cells compared with untreated
infected normal mice, indicates that leptin-induced heightened
Th1 response (131). Alternatively, leptin deficient ob/ob mice
had higher splenic and liver parasite burden compared with
the normal infected mice. Nevertheless, leptin treatment of
ob/ob mice failed to reduce the splenic parasite burden
and host-protective cytokine response. Moreover, in contrast
to DCs from a normal mouse, ob/ob mouse-derived DCs
showed limitation in the initiation of innate immune response
during Leishmania infection that could not be restored
by leptin treatment suggesting that leptin signaling was
differentially regulated in ob/ob mice compared with normal
mice fed with healthy diet (131, 166). Interestingly, very
recently we demonstrated that leptin also induces a protective
CD8+ T-cell dependent immune response in malnutrition
coupled with L. donovani infection through up-regulation of
Granzyme A (GrzA) and down-regulation of cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and Programmed
death-1 (PD-1) markers (132). The PD-1 ligand plays a
significant role in CD8+ T cell exhaustion during the
chronic infections of various infectious diseases including VL
(167). It is worth mentioning here that in contrast to the
above reports an increased expression or activity of leptin,
has been reported in blood samples of dogs with canine
leishmaniasis (CanL) and suggested possible use of leptin as
a biomarker for CanL (168). In conclusion, leptin treatment
may improve parasite clearance in malnourished VL condition
through restoration of normal immune cell function via leptin
signaling.

Trypanosomiasis
Chagas disease is caused by a protozoan parasite Trypanosoma
cruzi. The parasite is transmitted to humans and other hosts
mainly by feces of infected blood-feeding triatomines, blood
transfusion, or by ingestion of contaminated food (169). Chagas
disease remains a serious health problem in Central and South
America and amajor cause of morbidity andmortality (135, 170).
T. cruzi uses adipocytes as a reservoir for chronic infection
and displays a pro-inflammatory phenotype by upregulating
cytokines such as IL-1β, IFN-γ, TNF-α, and chemokines such as
CCL2, CXCL10, and CCL5 along with innate immune receptors
such as Toll-like receptor (TLR)-2 and 9 (171–173). Other
pathways, such as ERK and PI3K pathways were also activated
upon T. cruzi infection (174, 175). Additionally, Adipose
tissue profoundly expressed Peroxisome proliferator-activated
receptor (PPAR-γ ) along with adiponectin, which exerts an anti-
inflammatory effect. The levels of PPAR-γ were also decreased
in T. cruzi infected cells, which leads to the reduced secretion of
adiponectin and increased inflammatory reactions (176).

Since parasite infects many organs including adipose tissue
which is a source to a variety of adipokines, including leptin and
could have significant role in pathogenesis of Trypanosomiasis
(133, 134). Mice infected with T. cruzi showed significant
reduction in leptin levels, possibly due to adipocyte involvement
in disease progression (133, 135). It was also reported that
chemically induced diabetic mice and genetically susceptible
db/db diabetic mice with defective leptin receptors had higher
parasitemia and mortality after T. cruzi infection, which suggests
that the dysregulation of host metabolism may be beneficial
to parasitic survival in the host (136). Moreover, mice with
defective leptin receptor are metabolically challenged and upon
infection with T. cruzi suffer high mortality (37). In NSE-Rb
db/db mice, a genetically modified db/db mouse, central leptin
signaling is reconstituted only in the brain which is sufficient
to correct the metabolic defects and when infected with T.
cruzi showed reduced parasitemia, mortality rates, and tissue
parasitism as compared to normal db/db mice. The plasma
levels of several cytokines and chemokines were also significantly
increased in infected db/db mice compared with NSE-Rb db/db
mice (37). In summary, the normalization of the metabolic
dysfunction in NSE-Rb db/db mice through the restoration
of leptin receptor signaling in brain reconstitute the normal
immune response against T. cruzi infection, but not peripheral
restoration, highlighting that leptin may play a role as a central
regulator for both metabolic function and immune response.

Amoebiasis
Amoebiasis is the disease caused by an enteric protozoan parasite
Entamoeba histolytica. Infection results from ingestion of the
parasite cyst from feces-contaminated food or water (177). E.
histolytica primarily lives in the intestinal mucosa and mainly
restricted in colon infection causing devastating dysentery,
colitis, and liver abscess by producing tissue damages (178, 179)
while many deaths are associated with extraintestinal invasive
disease (180, 181). Amoebiasis occurs when trophozoites disrupt
themucosal barrier and penetrate the underlying tissue and break
down extracellular matrix, destroy cells, and phagocytose cellular
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FIGURE 2 | The possible model of Leptin and Immune response in malnutrition coupled infectious diseases. In malnutrition, low adipocyte mass causes a reduction

of serum leptin level resultant impairment of normal macrophages and lymphocytes activities. Infected macrophages induce the SOCS1 & 3 proteins expression

subsequently upregulates ROS scavenging enzyme Thioredoxin which leads to activates SHP1/PTPase molecules. SHP1/PTP1 negatively regulates the JAK/STAT,

and MAP-Kinase pathways thus inhibiting IFN–inducible macrophage functions (increased IL-10 and TGF-β level and decreased the IL-12 cytokines in infected

macrophage). IL-10 suppresses the NO activity and improves the parasite survival. TGF-β activates SHP1/PTPase activity in lymphocytes through TGF-β receptor

(TBR) which leads to lymphocytes apoptosis. In contrast, Leptin treatment inactivated SHP1/PTPase directed pathways and reversed the macrophage activities by

up-regulating the pro-inflammatory cytokines (IFNγ, TNF-α, and IL-12) secretion and NO expression. IL-12 cytokine released from activated macrophage upon leptin

treatment inhibits the SHP1/PTPase dependent T lymphocytes apoptosis by activation of JAK/STAT pathway. Moreover, Leptin directly inhibits the FasL-dependent T

lymphocytes apoptosis by the inhibition of the caspase 8 activity. Caspase-8 then promotes mitochondrial outer membrane permeabilization (MOMP) by diminishing

the inhibitory effect of various antiapoptotic and proapoptotic molecules. MOMP results in cytochrome-c release from the mitochondria, enabling activation of a

supramolecular complex, the apoptosome that activates caspase-3 to undertake apoptotic cell death (Suppressors of cytokine signaling: SOCS1 & 3; Protein tyrosine

phosphatases: SHP1/PTP1, Mitochondrial membrane potential drop: MMP drop, and P: phosphorylation) (192–206).

debris (182). Studies on amoebic liver abscess (ALA) carried out
in Indian subcontinent suggest that malnutrition is associated
with ALA outcome (183, 184).

Moreover, malnutrition and serum leptin levels are directly
proportional to the pathogenesis of amoebiasis, and low serum
leptin plays a critical role in E. histolytica- associated diarrheal
illness and extent of liver injury (137, 185). The mucosal
immune response can be suppressed by a mutation in leptin
receptor and defective STAT3 signaling pathways, resulting in
susceptibility to intestinal abscess due to E. histolytica infections
(38, 138). The mechanism of mucosal immune suppression
depends on homozygous allelic mutation in leptin receptor
Q223R (rs1137101) that ablates STAT3 signaling, results in
decreased mucosal chemokine’s LIF, CXCL9, CXCL10, CCL3,
and CCL4 secretion (68, 69). A mutation or polymorphism in
leptin receptor at 233 (from glutamine to arginine) is liable to
enhance 4 times more susceptibility to E. histolytica infection

in children irrespective of nutritional status (139). The leptin-
deficient (ob/ob) and LepRb-deficient (db/db) mice were highly
susceptible to infection with E. histolytica, whereas wild-type
C57BL/6 mice were resistant. Moreover, mice either homozygous
or heterozygous for the 223R allele of leptin receptor were
significantly more prone to amoebic infection. Both types of mice
ceca were shown to have profound epithelial denudation because
of trophozoites invasion. Leptin signaling in the intestinal
epithelium and downstream STAT3 and SHP2 (Src homology
phosphatase 2) signaling was required for protection in the
murine model of amoebic colitis (140). Leptin-mediated specific
activation of STAT3 and ERK or Akt signaling pathways in gut
mucosal epithelial cells offers more resistance against amoebiasis
caused by E. histolytica infection (141, 142). In conclusion,
leptin may control the amoebic infections by the activation of
leptin signaling pathway in gut mucosal epithelial cells via up-
regulation of various signaling pathway.

Frontiers in Immunology | www.frontiersin.org 8 November 2018 | Volume 9 | Article 2741260

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Maurya et al. Role of Leptin in Infectious Diseases

Malaria
Malaria is caused by Plasmodium species, an intracellular
parasite transmitted by the bite of an infected female Anopheles
mosquito. It is endemic in most of the tropical countries such as
sub-tropical regions of Asia, Africa, South and Central America
(186). Plasmodium falciparum is the most virulent form of the
human malaria parasites and responsible for 90% of malaria-
related morbidity and mortality (187). During a mosquito bite,
sporozoites are injected into host’s skin, enter the bloodstream
and reach to the liver. Parasites differentiate and replicate
inside hepatocytes, and then released as merozoites into the
bloodstream, which subsequently invades red blood cells (RBCs)
(186).

Inflection of diet can affect the outcome of parasitic diseases
either through the effects on parasite growth and development,
or via the host immune response, or both. Leptin is a
cytokine predominantly secreted by adipocytes that increases in
proportion to total body fat mass, and upon exposure to pro-
inflammatory cytokines, it inhibits both appetite and adiposity
in malaria infection (39). Moreover, serum leptin levels were
approximately five-fold higher in Plasmodium berghei-infected
mice than in non-infected controls (188). Leptin-deficient mice
infected with P. berghei ANKA were shown to be resistant to
the development of cerebral malaria whereas the normal mice
developed signs of cerebral malaria. Dietary restriction prevented
severe experimental cerebral malaria (ECM) symptoms and
death in mice through modulation of leptin levels and
mechanistic target of rapamycin complex 1 (mTORC1) activity
in T cells (143). Pharmacological inhibition of either leptin
signaling with a mutant peptide, or downstream mTORC1
signaling with rapamycin, blocked ECM symptoms and reduced
mortality (39). Furthermore, leptin exerts central effects on
hypothalamic-pituitary function and these outcomes might affect
the severity of malaria disease. Disturbance in hypothalamic-
pituitary-adrenal axis during P. falciparum infection have been
involved in the pathogenic mechanism of severe malaria (144).
Importantly, the level of leptin in serum of malaria patients
has been recently reported to be used as prognostic markers of
treatment outcomes and pathogenesis of malaria patients (144).
In conclusion, leptin could play an important role to control the
immuno-compromised malarial infections by the activation of
immune cells through leptin signaling pathway.

CONCLUSION AND SUMMARY

Many studies have been conducted in recent past to understand
the role of leptin in immune modulation such as activation of
phagocytosis, cytokine polarization and cell-mediated immunity
in infectious diseases. Both obesity and malnutrition are
pandemics associated with immune-deficiencies that lead to
increased vulnerability to infectious disease. Interestingly, both
obesity and malnutrition are related to aberrant leptin levels,
obesity due to chronically elevated leptin levels, whereas
malnutrition results in significantly diminished leptin levels.
Emerging data from animal models and human indicates that

immune dysfunction underlies the etiology of malnutrition
and reduced immune-mediated protection from infections,
which interplay between nutrition, leptin levels and immune
responses (86, 189, 190). Malnutrition is characterized by
immune suppression and increased risk of mortality from
infectious diseases (191). The immune dysfunction is not only
a consequence of inadequate diet but also contributes in various
mechanisms, including the energy homeostasis, metabolism, the
role of leptin and it signals to the hypothalamic-pituitary-adrenal
axis and peripheral organs. Thus, it is likely that the CNS plays
a critical role in malnutrition associated immune deficiency.
Protein-energymalnutrition reduces leptin concentrations which
impairs macrophage functions, ability to engulf pathogens and
to produce proinflammatory cytokines (25, 27). Importantly,
leptin has a crucial role in mediating innate and adaptive
immune response which are significantly affected by nutritional
status and play a vital role in the immune adaptation in
both malnutrition and infection. Moreover, many infectious
diseases directly or indirectly are linked to malnutrition which
compromises the innate and adaptive immunity of host and
increased susceptibility to infectious disease.

More importantly the mechanism of leptin signaling in
various infectious diseases is depends on SOCS3 expression
as describes in NF-κB dependent pathway. The SOCS3
expression attenuates the macrophage’s response to IFN-γ at
both proximal level activation and downstream expression.
Hence, taken together above-mentioned observations indicate
that the potential role of leptin signaling in various pathogens
has been summarized in a schematic diagram (Figure 2) (192–
205). Therefore, understanding the link between nutrition,
leptin, and immune dysfunction in murine and human
infectious diseases will inform targeted interventions for a
vulnerable population with undernutrition, which is a crucial
need for new approaches to reduce global mortality from
infectious diseases. Present review provides a rationale for
future studies to explore role of leptin as therapeutics
to host immune dysfunction in infectious diseases during
malnutrition.
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Toxoplasma gondii is an important zoonotic pathogen infecting one-third of the world’s 
population and numerous animals, causing significant healthcare burden and socioeco-
nomic problems. Vaccination is an efficient way to reduce global sero-prevalence, how-
ever, ideal vaccines are not yet available. We recently discovered that the Toxoplasma 
mutant lacking both lactate dehydrogenases LDH1 and LDH2 (Δldh) grew well in vitro 
but was unable to propagate in mice, making it a good live vaccine candidate. Here, we 
tested the protection efficacy of ME49 Δldh using a mouse model. Vaccinated mice were 
efficiently protected from the lethal challenge of a variety of wild-type strains, including 
type 1 strain RH, type 2 strain ME49, type 3 strain VEG, and a field isolate of Chinese 1. 
The protection efficacies of a single vaccination were nearly 100% for most cases and it 
worked well against the challenges of both tachyzoites and tissue cysts. Re-challenging 
parasites were unable to propagate in vaccinated mice, nor did they make tissue cysts. 
High levels of Toxoplasma-specific IgG were produced 30 days after immunization and 
stayed high during the whole tests (at least 125 days). However, passive immunization 
of naïve mice with sera from vaccinated mice did reduce parasite propagation, but the 
overall protection against parasite infections was rather limited. On the other hand, Δldh 
immunization evoked elevated levels of Th1 cytokines like INF-γ and IL-12, at early time 
points. In addition, splenocytes extracted from immunized mice were able to induce quick 
and robust INF-γ and other pro-inflammatory cytokine production upon T. gondii antigen 
stimulation. Together these results suggest that cellular immune responses are the main 
contributors to the protective immunity elicited by Δldh vaccination, and humoral immu-
nity also contributes partially. We also generated uracil auxotrophic mutants in ME49 and 
compared their immune protection efficiencies to the Δldh mutants. The results showed 
that these two types of mutants have similar properties as live vaccine candidates. Taken 
together, these results suggest that mutants lacking LDH were severely attenuated in 
virulence but were able to induce strong anti-toxoplasma immune responses, therefore 
are good candidates for live vaccines.

Keywords: Toxoplasma, lactate dehydrogenase, live vaccine, toxoplasmosis, cellular immunity
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INTRODUCTION

Toxoplasma gondii is an obligate intracellular parasite that 
infects all warm-blooded animals and humans (1). Generally, 
its infection in healthy people causes no or mild flu-like symp-
toms, thus most of the infections are not noticed. However, 
in susceptible pregnant women, T. gondii infection may 
have severe consequences such as abortion, neonatal death, 
congenital defects, and mental retardation of delivered babies 
(2, 3). In addition, it is also a high risk for individuals with 
compromised immune functions, such as AIDS and organ 
transplant patients (2). Due to the broad host range, a variety 
of agricultural important animals such as pigs and sheep are 
constantly challenged by T. gondii, causing substantial eco-
nomic losses and public health problems (2, 4, 5). Folic acid 
metabolism inhibitors such as pyrimethamine and sulfadiazine 
are commonly used to treat toxoplasmosis but they do not work 
on chronic infections (6).

The control of Toxoplasma infection is rather difficult, one 
reason is that it has complex life cycle and multiple routes of 
transmission (7, 8). Cats are the definitive hosts of T. gondii 
and the oocysts shed by cats are thought to be a key source 
of human and animal infections (9). In addition, T. gondii can 
be transmitted between intermediate hosts through predation. 
Most of the Toxoplasma infection cases belong to chronic 
infection, where the parasites are encysted in muscles and 
central nerve system (called tissue cysts) of infected animals 
lifelong (7). Ingestion of raw or undercooked meat from such 
animals represents another important route of transmitting the 
parasites to humans and animals (2, 5). As mentioned above, 
encysted parasites at the chronic infection stage are resistant 
to most of the current therapeutics. Another challenge to the 
control of toxoplasmosis is the complex population structure of 
T. gondii strains. North America and Europe are dominated by 
three clonal strains (type I, II, and III), which display different 
acute virulence in mice (10, 11). However, in other parts of the 
world, the strains are much more diverse, particularly in South 
America (12, 13). A recent study demonstrated that genetically 
distinct strains may be able to superinfect the same host, indi-
cating the lack of sufficient cross protection from immunization 
with one single strain (14). This study had important highlights 
for the design of Toxoplasma vaccines, particularly whole 
parasite-based vaccines.

Scientists have done tremendous amount of work to pursue 
an ideal vaccine against T. gondii. The first generation of vac-
cines contained killed parasites, or native antigens derived 
from soluble or secretory proteins of cultured tachyzoites. 
These vaccines only provided limited protection against 
further infections (15, 16). Then when the recombinant DNA 
technology became available, a variety of subunit vaccines 
were tried, mainly using surface or secretory proteins such 
as SAG1 and MIC2 (17–20). These recombinant protein or  
vector-based subunit vaccines were safer and easier to make 
than native antigen-based vaccines, however, they did not 
provide sufficient protection either [reviewed in Ref. (21, 22)]. 
The strategy that holds the most promise for a good Toxoplasma 
vaccine seems to be live attenuated vaccines. Currently there is 

one commercial vaccine (Toxovax®) available, which is derived 
from the S48 strain originally isolated from an aborted lamb 
and licensed for use to avoid congenital toxoplasmosis in ewes 
(23). The exact mechanisms of Toxovax® as a vaccine are not 
well understood, but thought to be linked to its inability to form 
cysts or oocysts to complete the life cycle (24). Tachyzoites can 
be cleared efficiently by hosts’ immunity, therefore mutants 
defective in cyst formation have the potential to be vaccines. 
Encouraged by the success of Toxovax® and to design safer live 
vaccines, scientists turned to genetically modified parasites. 
Among these, uracil auxotroph mutants defective in de novo 
UMP (uridine 5′-monophosphate) synthesis are promising 
(25–27). Mutants with inactivated CPSII or OMPDC grew 
well in vitro in the presence of extra uracil (25–27), but were 
unable to establish acute infection in animals, therefore were 
severely attenuated. These mutants were extensively studied 
in mice and displayed great potential to be good vaccines, 
but still need to be tested in other animals like pigs, sheep, 
and cats.

We recently discovered that T. gondii mutants with both lac-
tate dehydrogenase genes deleted (Δldh) grew robustly in vitro 
but failed to propagate in vivo (28), very similar to the uracil 
auxotroph mutants. The reason for this growth difference is 
that, under in vivo conditions when oxygen is limited, lactate 
fermentation becomes a key energy supply pathway to support 
parasite replication. By contrast, oxidative phosphorylation 
alone provides enough energy for parasite reproduction 
in vitro when oxygen is rich. As such, Δldh mutant was greatly 
attenuated in vivo, even in immune-deficient animals (28). In 
this study, we set to analyze the protective immunity of the 
Δldh mutant as a vaccine using the mouse model. The results 
showed that vaccination of mice with tachyzoites of this mutant 
induced efficient protection against the challenge of a variety 
of strains.

RESULTS

Tissue Cysts Derived From ME49 Δldh 
Were Severely Attenuated in Mice
Our previous study reported that the virulence of ME49 Δldh 
tachyzoites was significantly (>640-fold) reduced compared 
to that of the wild-type (WT) strain ME49, no mortality was 
detected even at the infection dose of 3.2 ×  104 tachyzoites/
mouse (28). However, we did observe that many of the Δldh 
tachyzoites infected mice formed brain cysts, although the 
amount was much less than that of WT parasites infected 
mice. To see whether the residual amount of cysts in Δldh 
infected mice have normal virulence, 50 cysts derived from 
WT or Δldh parasites were used to infect ICR mice by oral 
administration, and the survival of infected mice was moni-
tored for 40 days. The results showed that 50 cysts of ME49 
killed 80% of the mice. However, none of the Δldh cyst infected 
mice died (Figure 1), nor did they show any obvious clinical 
symptoms, suggesting that the virulence of the Δldh cysts 
was also significantly attenuated, just like the tachyzoites of  
this strain.
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Figure 1 | Virulence tests of Toxoplasma cysts in mice. ICR mice were 
infected with brain cysts of ME49 or ME49 Δldh (50 cysts/mouse, n = 5 mice 
for ME49 strain and n = 7 mice for ME49 Δldh strain) by oral administration 
and their survival was monitored for 40 days. ***p < 0.001, Gehan–Breslow–
Wilcoxon test.
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Δldh Vaccination Elicited Strong 
Protective Immunity Against  
Tachyzoites Infection
The Δldh mutant grew robustly in vitro but was unable to propagate 
in vivo, this unique property makes it a good vaccine candidate 
(28). To check this possibility and assess the immune protection 
offered by Δldh vaccination, ICR mice were first immunized with 
ME49 Δldh by intraperitoneal injection (104 tachyzoites/mouse). 
Thirty days later, they were challenged with 104 tachyzoites of 
the type 2 strain ME49, type 3 strain VEG, or Chinese 1 strain 
C7719. Subsequently survival of the mice was monitored for 
another 30 days. The mortality rates for non-immunized mice 
were 100% upon the infection of ME49 and C7719, whereas VEG 
caused 90% mortality. However, for Δldh-vaccinated mice, the 
survival rates were 100% upon the challenge of all three strains 
and no obvious symptoms were observed during the 30-day 
infection period (Figures  2A–C). These results indicate that 
Δldh vaccination is able to offer efficient protection against lethal 
parasite infections.

The above results showed that 30 days post Δldh vaccination, 
mice were well protected. To see whether Δldh vaccination pro-
vides longer time protective immunity, mice were vaccinated with 
ME49 Δldh and 75 days later, they were challenged with type 1 
strain RH Δhxgprt, type 2 strain ME49, or Chinese 1 strain C7719. 
The survival rates of immunized mice that were re-infected with 
ME49 or C7719 were 100% (Figures 2E,F), similar to the above 
infections 30  days post-vaccination. However, if challenged 
with the most virulent type 1 strain RH Δhxgprt, only 60% of 
the immunized mice survived (Figure 2D). As will be discussed 
below, the protection against RH infection was also 100% if the 
challenge occurred 20 days after immunization. To examine the 
efficiency of even longer time protection, ME49 Δldh vaccinated 
mice were challenged with WT parasites 125 days post-vaccination. 
The results showed that the immune protection against ME49 and 
VEG challenge was still 100% (Figures  2G,H). Together, these 
results suggest that ME49 Δldh immunization can provide both 

short- and long-term protection against strains with intermedi-
ate virulence, but the protection against strongly virulent strains 
is limited to a short time after vaccination and then decreased 
gradually.

Δldh Immunization Stimulated Protective 
Immunity Against Bradyzoites Infection
A significant portion of T. gondii infections were acquired 
through ingestion of tissue cysts that contain bradyzoites. In 
order to check whether Δldh vaccination provided protection 
against bradyzoites infection, ICR mice were first immunized 
with 104 tachyzoites of ME49 Δldh. Thirty days after immuniza-
tion, they were orally challenged with 50 cysts of the ME49 strain. 
The results show that 100% of Δldh-immunized mice survived 
the cyst challenging, whereas all naïve mice died of this infection 
(Figure  3). These results suggest that Δldh strain also elicited 
protective immunity against bradyzoite infection.

Δldh Immunization Blocked Cyst 
Formation From New Infections
One caveat of chemotherapies against acute toxoplasmosis is that 
the drugs may drive the parasites to slowly replicating bradyzoites 
to form tissue cysts, which lead to lifelong chronic infection. To 
examine whether the Δldh mutant vaccination could provide 
protective immunity against chronic T. gondii infection, the cyst 
forming competent but less virulent (compared with ME49) 
strain TgPIG-WH1 (genotyped as ToxoDB #3) was used to chal-
lenge the vaccinated ICR mice. As shown in Figure 4A, at the 
infection dose of 104 tachyzoites/mouse through intraperitoneal 
injection, TgPIG-WH1 killed only 10% of the non-immunized 
mice, consistent with its reduced virulence. Thirty days post 
TgPIG-WH1 challenge, survived mice were sacrificed and the 
numbers of tissue cysts in the brains were determined by DBA-
FITC staining, and compared to that of vaccinated but not re-
challenged, as well as non-immunized but TgPIG-WH1 infected 
mice. The results in Figure 4B showed that infection of naïve mice 
by TgPIG-WH1 resulted in about 500 cysts per brain on average. 
However, cyst number in Δldh immunized and subsequently 
TgPIG-WH1 infected mice was reduced to around 100, which 
was very similar to that of vaccinated but not re-challenged mice, 
suggesting that they were probably derived from vaccination but 
not TgPIG-WH1 infection. Together, these results indicate that 
Δldh immunization also provides protective immunity against 
chronic toxoplasmosis.

Δldh Vaccinated Mice Were Able to Clear 
Challenging Parasites Rapidly
The above results demonstrated that vaccinating mice with ME49 
Δldh provided efficient protection against both acute and chronic 
toxoplasmosis. To further examine the fate of challenging para-
sites, the propagation dynamics of a luciferase expressing strain 
RH-Luc in vaccinated mice were determined by bioluminescent 
imaging. In naïve mice, RH-Luc infection resulted in rapid rep-
lication of the parasites. At the infection dose of 104 tachyzoites/
mouse, luminescent signals were detectable just 1  day after 
infection and increased over 1,000-fold 5  days post-infection 
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Figure 4 | Δldh mutant immunization prevented cyst formation from further 
infections. (A) ICR mice were pre-immunized with ME49 Δldh as in Figure 2 
and 30 days later challenged with 104 tachyzoites of TgPIG-WH1. Non-
immunized mice were included as control and survival of mice were 
monitored for another 30 days (n = 10 mice for each strain). (B) Cyst loads in 
the brains of non-immunized but TgPIG-WH1 challenged mice, immunized 
and TgPIG-WH1 challenged mice, and Δldh immunized but not TgPIG-WH1 
challenged mice [not shown in (A)]. The mice survived at day 30 in (A) were 
sacrificed, and the number of Toxoplasma cysts in the brain homogenate was 
determined by DBA-FITC staining and fluorescent microscopy. Data from the 
analysis of five mice in each group were graphed, *p < 0.05, Student’s t-test.

Figure 3 | Δldh mutant vaccination protected mice from Toxoplasma gondii 
cysts infection. ICR mice were pre-immunized with ME49 Δldh as in 
Figure 2, 30 days post-immunization they were challenged with 50 fresh 
brain cysts of the ME49 strain and their survival was monitored for another 
30 days (n = 10 mice for each strain). Non-immunized mice were included as 
control. ***p < 0.001, Gehan–Breslow–Wilcoxon test.

Figure 2 | Δldh parasite immunization protected mice from Toxoplasma gondii tachyzoites infection. ICR mice were pre-immunized with 104 tachyzoites of the 
ME49 Δldh mutant. (A–C) 30 days post-immunization, they were challenged with 104 tachyzoites of the ME49 (A), VEG (B), or C7719 (C) strains (10 mice for each 
strain) by intraperitoneal injection and their survival was monitored for another 30 days. (D–F) 75 days post-immunization, 104 tachyzoites of the RH Δhxgprt (D), 
ME49 (E), C7719 (F) strains were used to challenge the mice and their survival was monitored for another 30 days. (G,H) 125 days post-immunization, 104 
tachyzoites of the ME49 (G), VEG (H) strains were used to challenge the mice and their survival was monitored for another 30 days. Non-immunized mice were 
included as control. ***p < 0.001, Gehan–Breslow–Wilcoxon tests.
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(Figures  5A,B). However, in the vaccinated mice, luminescent 
signals were not detectable at both time points, indicating 
little propagation and probably rapid clearance of the challeng-
ing RH-Luc (Figures  5A,B). It should be noted that in this 
experiment, RH-Luc infection was performed 30 days after Δldh 
immunization. We also followed the survival of these RH-Luc 
infected mice for 20 days, all naïve mice died within 8 days but 
all vaccinated mice survived with no symptoms (Figure  5C). 
These results suggest that, at least within a limited time period, 
Δldh immunization enables rapid clearance of the challenging 
parasites, which explains its efficient immune protection.

Δldh Vaccination Significantly Increased 
the Levels of Pro-Inflammatory Cytokines 
and T. gondii Specific IgG Antibodies
To estimate the potential mechanisms of immune protection 
offered by Δldh vaccination, we first examined the cytokine 
level changes upon vaccination. Sera samples obtained from 
vaccinated mice 30, 75, or 125  days post-vaccination were 
subject to ELISA analysis to check the levels of IFN-γ, IL-12, 
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Figure 5 | Δldh parasite vaccination elicited rapid clearance of challenging parasites. (A) Naïve or pre-immunized mice were challenged with 104 tachyzoites of 
RH-Luc (five mice for each group). Parasite loads in mice 1 and 5 days post RH-Luc infection were analyzed by live animal imaging on the IVIS Spectra system.  
p/sec/cm2/sr: photons per second per cm2 per steradian. (B) Total bioluminescent signals of mice from (A) were calculated and graphed, **p < 0.01, Student’s 
t-test. (C) Survival curves of naïve or Δldh immunized mice infected with RH-Luc, ***p < 0.001, Gehan–Breslow–Wilcoxon test.
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IL-10, and TNF-α. The IL-12–IFN-γ axis is key to activate cel-
lular immune clearance of T. gondii. Their levels, as well as the 
levels of another pro-inflammatory cytokine TNF-α, increased 
significantly both 30 and 75 days post-vaccination, compared to 
control mice (Figures 6A–C). However, the levels at day 75 were 
lower than that at day 30, which was likely caused by the activa-
tion of anti-inflammatory response, as evidenced by high levels 
of IL-10 in vaccinated mice 30 days post-infection (Figure 6D). 
At 125 days post-infection, the levels of all cytokines were back 
to normal as in naïve mice (Figures 6A–D). We also measured 
the T. gondii specific IgG levels and found that ME49 Δldh vac-
cination induced high levels of IgG 30, 75, and 125 days post-
immunization (Figure 6E). Although it looked like there was an 
increase in T. gondii specific IgG levels over time, the differences 
were not statistically significant (Figure 6E). The relatively stable 
levels of parasite-specific IgG were in contrast to the changes of 
cytokine levels. These results, along with the above-described 
short- and long-term protective immunity (Figure  2), suggest 
that Δldh immunization probably stimulated both humoral and 
cell-mediated immune responses to control secondary infections.

Passive Immunization With the Sera of 
Δldh-Vaccinated Mice Provided Partial 
Protection Against T. gondii Infection
Above results demonstrated that high levels of T. gondii specific 
IgG were produced in Δldh-vaccinated mice. To estimate the 

contribution of such antisera in restricting further parasite infec-
tion, naïve mice were infected with the WT strain ME49 through 
intraperitoneal injection. At day 0 and day 3 after infection, sera 
from the ME49 Δldh-vaccinated mice were collected 160  days 
post-immunization and administered into infected mice by 
tail vein injection. The protection of passive immunization was 
estimated in two ways, parasite burden and mice survival. One 
week post-infection, parasite burden in peritoneal fluid was 
determined by quantitative PCR. The results showed that pas-
sive immunization with the sera of Δldh-vaccinated mice did 
result in significantly lower level of parasite burden compared 
to immunization with sera of naïve mice (Figure 7A). However, 
when the survival of mice were followed, passively immunized 
mice only survived for two more days, compared with the nega-
tive immunization control (Figure  7B). Together these results 
suggested that the sera of Δldh-vaccinated mice are able to reduce 
parasite propagation to some degree but do not offer full protec-
tion against lethal infections.

Robust Pro-Inflammatory Cytokine 
Production by Splenocytes of Δldh-
Vaccinated Mice Upon T. gondii  
Antigen Stimulation
The above passive immunization results suggested that the 
contribution of humoral immunity to the protection of Δldh 
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Figure 7 | Passive immunization using the sera from Δldh-vaccinated mice provided partial protection against parasite infection. (A) ICR mice (n = 3 for each 
group) were injected with 104 tachyzoites of ME49 by intraperitoneal injection. At day 0 and day 3 post-infection, mice were treated with positive sera collected  
from the ME49 Δldh-vaccinated mice (160 days post-vaccination), or negative serum from naïve mice by tail intravenous injection. Parasite loads in peritoneal  
fluids 7 days post-infection were estimated by quantitative PCR. ***p < 0.0001, Student’s t-test. (B) Survival of passively immunized mice.

Figure 6 | Levels of selected cytokines and Toxoplasma specific IgG in sera of mice 30, 75, and 125 days after Δldh immunization. (A–D) Levels of indicated 
cytokines measured by ELISA. (E) Relative levels of Toxoplasma specific IgG, as determined by indirect ELISA. Sera from naïve mice were used as controls and 
three mice from each group were analyzed. *p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant, Student’s t-test.
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vaccination is limited. Next, we estimated cell-mediated immu-
nity, as well as the antigen-specific memory responses by check-
ing the antigen recall response in vaccinated mice. To do that, 
splenocytes from ME49 Δldh immunized mice were harvested 
160 days post-vaccination, a time point when the cytokine levels 
in immunized mice was indistinguishable from that of naïve mice. 
These splenocytes were cultured in vitro and stimulated with total 

soluble Toxoplasma antigen (TSA) prepared from ME49 tachy-
zoites. Subsequently the supernatants from the cultures were col-
lected to estimate the cytokine levels by ELISA. Compared with 
the no-stimulation or non-vaccinated splenocyte controls, TSA 
stimulated high levels of pro-inflammatory cytokines INF-γ and 
TNF-α (Figures 8A,B). Induction of IL-12 production was not 
as obvious (Figure 8C). Given that INF-γ is the key activator of 
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Figure 8 | Cytokine production by splenocytes of ME49 Δldh-vaccinated mice after Toxoplasma antigen stimulation. ICR mice were vaccinated with 103 
tachyzoites of ME49 Δldh and splenocytes were harvested 160 days post-vaccination. The in vitro cultured splenocytes were then treated with fetal bovine serum 
(control), total soluble Toxoplasma antigen (TSA) or Concanavalin A (conA, positive control) for 72 h. Subsequently the levels of IFN-γ (A), TNF-α (B) and IL-12 (C) in 
the culture supernatants were measured by ELISA. Splenocytes isolated from non-immunized naïve mice were included as controls. Three mice from each group 
were analyzed and each treatment condition was repeated three times, *p < 0.05, **p < 0.01, ***p < 0.0001, Student’s t-test.
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cell-mediated immunity for T. gondii clearance, quick and robust 
INF-γ production from vaccinated splenocytes upon TSA stimu-
lation suggests that efficient cellular immune responses would be 
activated during secondary infections.

Compare the Protection Efficiency  
of Δldh-Based Vaccines to That  
of Uracil Auxotrophic Mutants
Mutants defective in de novo pyrimidine biosynthesis are auxo-
trophic to uracil, therefore they are not replicating and avirulent 
in vivo (25–27). As such, those types of mutants (such as CPSII 
and OMPDC deficient strains) were considered great vaccine 
candidates. We sought to compare the protection efficiency of our 
Δldh-based vaccines to that based on uracil auxotrophic mutants. 
For this purpose, we first made an OMPDC deletion mutant in 
ME49, by CRISPR/Cas9-mediated gene replacement to replace 
OMPDC by loxP sites flanked DHFR* (Figure 9A). The resulted 
ME49 ompdc:DHFR* (Figure  9B) was then transiently trans-
fected with a Cre recombinase expressing plasmid to remove the 
selection marker DHFR*, to obtain ME49 Δompdc (Figure 9C). 
We also generated a double knockout line (ME49 Δompdc Δldh1) 
by disrupting LDH1 in ME49 Δompdc (Figures 9D,E).

First, the virulence of these mutants were compared in mice. 
With the infection dose of 104 tachyzoites per mouse, ME49 killed 
all mice within 12 days. All mice infected with Δompdc, Δompdc 
Δldh1, or Δldh mutants were survived (Figure 10A), indicating 
significant virulence attenuation of these mutants. To further 
check the ability of these mutants to propagate in vivo, mice were 
infected with each mutant line (104 tachyzoites/mouse) and a 
week later, the parasite burden in peritoneal fluid was examined 
by qPCR. ME49 displayed robust replication and high parasite 
burden was detected in mice with this strain (Figure 10B). All 
three mutants showed minimal replication in mice, as the parasite 
burden in the corresponding mutants were very low, close to (Δldh) 
or below (Δompdc, Δompdc Δldh1) the reliable detection limit of 
qPCR (Figure 10B). It seemed like there were more parasites in 
Δldh-infected mice than Δompdc- and Δompdc Δldh1-infected 
ones, however, because of the sensitivity of the qPCR tests, it is 

hard to measure the exact parasite burden differences. Next, we 
compared the immune protection efficiencies of these mutants. 
Mice were first infected with each of these mutant lines, 30 days 
post-infection they were challenged with the WT strain ME49 and 
survival of the mice was monitored. All immunized mice survived 
the secondary infection (Figure 10C), which is consistent with 
previous results and indicates that these mutants offered similar 
protection efficiencies against further infections. Together, these 
results suggest that the Δldh mutant worked comparably well as 
the uracil auxotrophic mutants as a vaccine candidate.

DISCUSSION

Decades of epidemiological and experimental studies have 
suggested that vaccination is probably the most effective way to 
control the ubiquitous pathogen T. gondii, and live attenuated 
vaccines hold the most promise among all vaccination strategies 
tried so far. Toxovax® derived from the incomplete strain S48 has 
been commercialized to reduce Toxoplasma caused abortion in 
sheep (23), and the uracil auxotroph mutants also look promis-
ing under experimental settings (25–27). However, these do not 
mean that current vaccines are ideal. In this study, we tested the 
possibility of using a lactate dehydrogenase null mutant (Δldh) 
as a live vaccine candidate to prevent animal toxoplasmosis, 
since our previous work has shown that this mutant was able to 
grow efficiently in vitro but unable to propagate in vivo (28). The 
results showed that, indeed ME49 Δldh immunization stimulated 
efficient protective immunity against the challenge of a variety of  
strains.

There is a long history for the search of good anti-toxoplasmic 
vaccines. Killed parasites, total antigens or secreted antigens 
extracted from cultured parasites, recombinant antigens in a 
variety of forms, and live attenuated parasites have all been tried 
over the last 60  years (16, 29–31). One important lesson from 
these studies is that live attenuated vaccines are the most efficient 
in stimulating protective immunity. The only commercially 
available Toxoplasma vaccine Toxovax® is a live vaccine derived 
from the S48 strain, which is used in breeding ewes to reduce 
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Figure 10 | Comparison of Δldh mutants-based vaccines to that based on Δompdc auxotrophs. (A) Survival curves of mice infected with indicated strains. 
Tachyzoites of indicated strains were used to infect ICR mice (104 parasites/mouse, 10 mice for each strain) by intraperitoneal injection and the survival of mice were 
monitored for 30 days. ***p < 0.001, Gehan–Breslow–Wilcoxon test. (B) Replication of parasites in vivo. ICR mice were infected with 104 tachyzoites of indicated 
strains by intraperitoneal injection and parasite loads in peritoneal fluids 7 days post-infection were determined by quantitative PCR. ***p < 0.001, Student’s t-test. 
(C) Protection efficiency offered by vaccination of indicated Toxoplasma gondii mutants. ICR mice were immunized with indicated strains by intraperitoneal injection 
of 104 tachyzoites each. Thirty days post-immunization, they were challenged with 104 tachyzoites of the ME49 strain and survival of mice were monitored for 
another 30 days. Non-immunized mice were included as negative control. ***p < 0.001, Gehan–Breslow–Wilcoxon test.

Figure 9 | Generation of OMPDC deletion mutants. (A) Schematic illustration of OMPDC replacement by the selection marker DHFR* and subsequent removal of 
DHFR* by Cre recombinase. (B) Diagnostic PCR on an ompdc:DHFR* clone. PCR1 and PCR2 check the integration of DHFR* at the 5′ and 3′ end of OMPDC, 
respectively, whereas PCR3 examines the presence of OMPDC sequence. (C) Diagnostic PCR confirming the removal of DHFR* by Cre recombinase. This PCR 
generated a 700 bp product from the endogenous DHFR locus, and a 250 bp product from DHFR* due to the absence of introns. Absence of the 250 bp product in 
ompdc:DHFR* treated with Cre indicates removal of DHFR*. (D) Diagram illustrating the deletion of LDH1 in Δompdc to make the double mutant Δompdc 
ldh1:DHFR*, by CRISPR/Cas9-mediated homologous gene replacement. (E) Diagnostic PCR on a Δompdc ldh1:DHFR* clone.
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incidences of dry ewes and abortion (23). Inability to complete its 
life cycle was thought to be why it can be used as a vaccine, since 
it can only grow as tachyzoites and survive in sheep for about 
14 days before being cleared by sheep’s immune functions (32). 
However, this strain is still highly virulent in mice during acute 

infection. It may also revert to gain cysts or oocysts formation 
abilities. Because of these limitations, this vaccine is not widely 
used. Recently the de novo pyrimidine synthesis pathway was 
found to be a good target for vaccine design, as mutants (such 
as ΔcpsII and Δompdc) with defective de novo UMP biosynthesis 
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activity were able to grow in vitro in the presence of uracil but 
unable to propagate in  vivo (25–27). Both ΔcpsII and Δompdc 
mutants were reported to induce long-term protection against 
both acute and chronic toxoplasmosis. Although the uracil 
auxotroph mutants are promising, their protection is not always 
100% (25–27). The Δldh mutant tested in this study is similar to 
the uracil auxotroph mutants as a vaccine candidate, due to its 
drastic growth differences between in vitro and in vivo conditions.

An ideal live vaccine not only stimulates efficient protection 
against further infections but also leaves no parasites behind in 
order to prevent the risk of parasite dissemination through vac-
cination, particularly for meat producing animals. In the mouse 
model, Δldh vaccination induced strong protective immune 
responses against the challenge of a variety of strains, including 
type 1, 2, 3 strains and natural isolates belonging to ToxoDB #9 
and ToxoDB #3. However, it should be noted that the protection 
to virulent type 1 strain RH-Luc is limited to short term, likely 
because our Δldh was made in the type 2 strain ME49. It was 
reported previously that vaccinated hosts can also be super-
infected by wild strains if they contain virulent ROP5 and ROP18 
alleles (14). This explains why ME49 Δldh vaccination only pro-
vided short-term protection against RH infection. It also suggests 
that using the endemic strains as starting material to design live 
vaccines is more likely to be successful. Nonetheless, inactivating 
LDH genes is still a feasible way of producing live attenuated vac-
cines. The other seemingly caveat of ME49 Δldh vaccination is 
that it still produced very small amount of tissue cysts, although 
we have shown that these cysts were severely attenuated and likely 
would not cause diseases in vaccinated animals or new hosts if 
transmitted to. Nevertheless, we have to admit that, ME49 Δldh 
still needs improvement in this regard, especially for meat pro-
ducing animals due to the risk of transmitting the infection to 
humans. One strategy to improve, like we showed, is to combine 
Δldh with mutations that lead to defective de novo pyrimidine 
synthesis. The Δompdc Δldh1 mutant is as efficient as the Δldh 
mutant in terms of stimulating protective immunity against 
further infections. Yet, there was little parasite replication and no 
cyst formation in vivo after vaccinating animals with this strain 
(Figure 10B and data not shown), making it safer than the Δldh 
mutant. There is another advantage to combine multiple deletions 
in one strain for live vaccine design. If the vaccine were to be used 
in cats, combination of multiple mutations reduces the chance of 
reversing the vaccine strain back to the virulent parental strain 
through sexual reproduction, which can happen when the cats 
are infected with other strains during the vaccination period.

In efforts to assess the potential mechanism of protective immu-
nity from Δldh vaccination, we found that it was a combination of 
humoral and cellular immune responses, with cellular immunity 
being the major contributor. Δldh administration stimulated high 
levels of IL-12 and IFN-γ, two pro-inflammatory cytokines known 
to be crucial for activation of cell-mediated clearance of T. gondii. 
The elevated levels of IL-12 and IFN-γ did stay for a while after 
vaccination and then gradually decreased. They were completely 
back to normal levels 125 days post-vaccination. At day 160 post 
Δldh immunization, splenocytes extracted from vaccinated mice 
were able to respond to T. gondii antigen quickly and produce 
high levels of IFN-γ and other pro-inflammatory cytokines, 

which could activate cellular immune responses and clear sec-
ondary infections efficiently. On the other hand, when testing 
the contribution of humoral immunity by passive immunization, 
it was found that sera from Δldh-vaccinated mice was able to 
reduce parasite propagation but the overall protection was rather 
limited, since the passively immunized mice only survived 2 days 
longer compared to controls (Figure 7B). Together these results 
suggested that cellular immunity, instead of humoral immunity 
is the main source of protection from Δldh vaccination, similar 
to the uracil auxotroph mutants-based vaccines (25, 27). In our 
cytokine measurement studies, we noticed that Δldh immuniza-
tion induced relatively long duration of increased IL-12 and  
IFN-γ levels (Figures  6A–D). This was somewhat unexpected, 
but it may be caused by the unique propagation dynamics of the 
Δldh mutants in  vivo. As was shown, after immunization Δldh 
parasites could form very low levels of cysts in mice, which sug-
gested that some degree of parasite replication and differentiation 
must have occurred. The prolonged IL-12 and IFN-γ induction 
might be a consequence of these parasite activities, but further 
work is required to completely understand this observation. In 
addition, it is interesting to note that Δldh immunization provided 
full protection against the challenge of type 1 virulent strain in a 
relatively short term (30 days). If the challenge occurred too long 
(>75 days) after vaccination, the protection efficiency decreased 
significantly. This pattern correlated well with the IL-12 and 
IFN-γ level changes, which may indicate that the existing of an 
activated cell-mediated immunity is required for full control of 
virulent type 1 strains. Nonetheless, even after 75 days, vaccinated 
mice were still partially protected against RH Δhxgprt infection, 
and fully protected from the challenge of other strain types with 
intermediate virulence.

In conclusion, our study demonstrated that Δldh mutant can 
potentially be used as a live attenuated vaccine. Its administra-
tion stimulated a combination of humoral and cellular immune 
responses that protected animals from further infections of a 
variety of T. gondii strains. We also combined a uracil auxotroph 
conferring mutation with Δldh deletion to make the double 
knockout Δompdc Δldh1, which exhibited similar protection 
efficiency as the Δldh mutant but with further reduced in  vivo 
replication and cyst formation, making it safer to use as vac-
cines. Although the work from mice models demonstrated the 
great potential of these mutants as vaccine candidates, further 
investigations are needed to check the safety of vaccination and 
efficiency of protection in large animals like pigs and sheep, as 
well as in cats to see the protection against oocyst shedding.

MATERIALS AND METHODS

Mice and Parasite Strains
All 7-week-old ICR mice were purchased from the Hubei pro-
vincial center for disease control and prevention. All animals 
were maintained under standard conditions according to the 
regulations specified by Administration of Affairs Concerning 
Experimental Animals. Animal experiments were approved 
by the ethical committee of Huazhong Agricultural University 
(permit #: HZAUMO2016049).
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Toxoplasma gondii type 1 strain RH Δhxgprt and its deriva-
tive RH-Luc that expresses a firefly luciferase, type 2 strain 
ME49, type 3 strain VEG, RFLP genotype ToxoDB #3 strain 
TgPIG-WH1, and ToxoDB #9 strain C7719 were used in this 
study, which were propagated with human foreskin fibroblast 
cells (purchased from ATCC, USA) and cultured in DMEM 
medium supplemented with 10% fetal bovine serum (FBS) 
(LifeTechnologies, Inc., Rockville, MD, USA). In addition, the 
Δompdc and Δompdc Δldh1 mutant strains were maintained in 
the presence of extra 250 µM uracil (25, 27) (LifeTechnologies, 
Inc., Rockville, MD, USA).

Virulence Test of Δldh Cysts
Fresh brain cysts derived from ME49 Δldh or ME49 were used 
to infect 7-week-old female ICR mice through oral admin-
istration (50 cysts/mouse). Mice survival was monitored for 
40  days and blood sample were collected afterward. MIC3-
based indirect ELISA was used to check the sera to confirm 
infection. Sero-negative mice were not included in analysis. 
Cumulative mortality was graphed as Kaplan–Meier survival 
plots and analyzed in Prism 5 (GraphPad Software, Inc., La 
Jolla, CA, USA).

Immune Protection Against Acute 
Infection Stimulated by T. gondii  
Mutants Vaccination
ICR mice were immunized with 104 tachyzoites of ME49 Δldh, 
ME49 Δompdc, or ME49 Δompdc Δldh1 through intraperitoneal 
injection. 30, 75, or 125  days post-immunization, mice were 
challenged with 104 tachyzoites of RH Δhxgprt, ME49, VEG, 
C7719, or TgPIG-WH1 by intraperitoneal injection (10 mice 
for each group), or 50 fresh cysts of ME49 by oral administra-
tion. Non-immunized naïve mice with the same challenging 
doses and routes were included as controls and subsequently 
these animals were monitored for another 30 days to check their 
clinical symptoms and survival. In addition, naïve or Δldh immu-
nized mice were infected with 104 tachyzoites of the luciferase 
expressing RH-Luc strain by intraperitoneal injection (five mice/
group). Propagation of RH-Luc in these mice was monitored 1 
and 5  days post-infection, by bioluminescent imaging on the 
IVIS Spectrum imaging system (PerkinElmer, Inc., Boston, 
MA, USA). To do this, each mouse was injected with 200 µl of 
15.4 mg/ml d-luciferin, anesthetized in a chamber containing 2% 
isoflurane and then imaged by IVIS Spectrum according to the 
manufacturer’s instructions, as well as previous descriptions (33). 
Data acquisition and analysis were performed using the Living 
Image 4 software (PerkinElmer, Inc., Boston, MA, USA).

Prevention of Cyst Formation  
by Δldh Immunization
ICR mice were first immunized with ME49 Δldh as above and then 
challenged with 104 tachyzoites of TgPIG-WH1. Subsequently 
the mice were monitored for another 30  days and seropositive 
mice were sacrificed to harvest the brains. Immunized but not 
TgPIG-WH1 challenged, and non-immunized but TgPIG-WH1 
challenged mice were included as controls (10 mice per group). 

The number of Toxoplasma cysts in each mouse brain was deter-
mined by DBA-FITC staining, as previously described (34).

Cytokines and Toxoplasma-Specific  
IgG Level Measurements
Sera samples were collected from mice and stored at −20°C until 
analysis. The levels of IL12p70, INF-γ, IL-10, and TNF-α were 
measured using commercial ELISA kits following the manufac-
turer’s instructions (4A Biotech, Inc., Beijing, China). To analyze 
the levels of T. gondii specific IgG by ELISA, 96-well microtiter 
plates were coated with 100 μl/well 0.5 µg/ml soluble tachyzoite 
antigens diluted in PBS and incubated at 4°C overnight. The plates 
were then washed and blocked with 1% BSA. Sera samples were 
diluted 50-fold and added to each well to incubate for 60 min at 
37°C. After extensive washing, the bound IgG antibodies were 
detected by HRP conjugated goat anti-mouse IgG secondary 
antibodies and tetramethylbenzidine as substrate. A minimum of 
three mice was included for each experiment and all sera samples 
were analyzed three times.

Cytokine Production by Splenocytes  
After T. gondii Antigen Stimulation
ICR mice were immunized with ME49 Δldh tachyzoites and 
seropositive animals were sacrificed 160 days after immunization. 
Subsequently the spleens were collected from the mice and homog-
enized in red cell lysis solution (Biosharp, Inc., Beijing, China) 
to obtain splenocyte suspensions. The recovered splenocytes were 
washed once in RPMI 1640 (LifeTechnologies, Inc., Rockville, 
MD, USA), resuspended and counted (35). Viability of the cells 
was determined by trypan blue staining. Then 3 × 105 viable sple-
nocytes were plated in each well of 96-well plates and cultured in 
RPMI 1640 supplemented with 20% FBS (LifeTechnologies, Inc., 
Rockville, MD, USA) and 100  U/ml penicillin–streptomycin. 
Meanwhile the splenocytes were stimulated with total T. gondii 
soluble antigens (final concentration 50  µg/ml) isolated from 
tachyzoites of ME49 for 3 days. The supernatants from these cul-
tures were harvested for cytokines level measurements, which was 
performed as above. T. gondii soluble antigens were prepared as 
the following: freshly egressed tachyzoites of ME49 were collected, 
purified by filtration, and lysed by sonication in a waterbath 
sonicator for 30 min. Subsequently the samples were spinned at 
12,000 rcf for 10 min at 4°C and the supernatant was collected as 
TSA, which was subject to protein concentration determination by 
BCA Protein Assay Kit (Beyotime Biotechnology, Beijing, China) 
before use. The splenocytes were also stimulated with 5  µg/ml 
concanavalin A (LifeTechnologies, Inc., Rockville, MD, USA) or 
20% FBS as positive and negative controls, respectively. The same 
experiments were also done with non-immunized naïve mice for 
further comparisons. Three naïve mice and three immunized mice 
were analyzed, and each supernatant sample was examined three 
times by ELISA for technical replication.

Passive Immunization With the  
Sera of Δldh-Vaccinated Mice
ICR mice (16 mice in total, two groups with 8 mice in each group) 
were infected with the WT strain ME49 through intraperitoneal 
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injection (104 tachyzoites/mouse). At day 0 and day 3 after infec-
tion, sera from naïve mice or the ME49 Δldh-vaccinated mice 
160  days post-immunization were collected and administered 
into infected mice by tail vein injection (100 μl/mouse). The pro-
tection of passive immunization was estimated in two ways. First, 
three mice from each group were sacrificed 7 days post-infection 
to measure the parasite burden in peritoneal fluids by quantitative 
PCR, as previously described (28). Second, the survival of the 
other five mice in each group was monitored daily for 30 days.

Generation of Δompdc and Δompdc Δldh1 
Mutants
Both OMPDC and LDH1 deletions were made by CRISPR/
Cas9-mediated homologous gene replacements, using the 
methods described previously (36, 37). All primers and plasmids 
used in the mutant constructions are listed in Tables  1 and 2, 
respectively. LDH1 and OMPDC specific CRISPR plasmids were 
generated by replacing the UPRT targeting guide RNA (gRNA) 
in pSAG1-Cas9-sgUPRT with corresponding gRNAs, using Q5 
site-directed mutagenesis (36, 37). The plasmid pOMPDC:loxp-
DHFR*-loxp was constructed by cloning the 5′- and 3′-homology 
arms (1,044 and 981 bps, respectively) of OMPDC, as well as the 

loxp-DHFR*-loxp (3,672  bps) amplified from pDONR-G265-
loxP-DHFR*-loxp into pUC19 through Gibson assembly (New 
England Biolabs, Ipswich, MA, USA). It was used as the homolo-
gous template to replace OMPDC with the loxp-DHFR*-loxp. 
The plasmid pLDH1:loxp-DHFR*-loxp used to replace LDH1 
with loxp-DHFR*-loxp was constructed in a similar way. All the 
plasmids were verified by DNA sequencing before use. To con-
structed the OMPDC knockout strain, ME49 was co-transfected 
with the OMPDC specific CRISPR plasmid and homologous tem-
plate (OMPDC:loxp-DHFR*-loxp), selected with 1 µM pyrimeth-
amine and 250  µM uracil (LifeTechnologies, Inc., Rockville, 
MD, USA), and single cloned by limiting dilution. The resulted 
ME49 ompdc:DHFR* was then transiently transfected with a 
Cre recombinase expressing plasmid (pmin-Cre-eGFP) (38) to 
remove the selection marker DHFR*, to obtain ME49 Δompdc. 
All clones were identified by diagnostic PCRs, as demonstrated in 
Figures 9A,D. The Δompdc Δldh1 double mutant were made by 
replacing LDH1 in ME49 Δompdc with loxp-DHFR*-loxp, using 
the same strategy as the OMPDC deletion.

Statistical Analysis
Statistical comparisons were performed in Prism 5 (GraphPad 
Software, Inc., La Jolla, CA, USA) using Student’s t-tests, 

Table 1 | Primers used in this study.

Primer Sequence Use

gRNA-LDH1-Fw 5′-GCCGGTCTGACCAAGGTGCCGTTTTAGAGCTAGAAATAGC-3′ To construct the LDH1 specific CRISPR plasmid
gRNA-OMPDC-Fw 5′-GAGCTTGACTCCACCCTCACGTTTTAGAGCTAGAAATAGC-3′ To construct the OMPDC specific CRISPR plasmid
gRNA-R 5′-AACTTGACATCCCCATTTAC-3′ To construct gene specific CRISPR plasmids
pUC19-Fw 5′-GGCGTAATCATGGTCATAGC-3′ Amplification of pUC19 for Gibson assembly
pUC19-Rv 5′-CTCGAATTCACTGGCCGTCG-3′ Amplification of pUC19 for Gibson assembly
loxp-DHFR*-loxp-Fw 5′-CAACCCGCGCAGAAGACATC-3′ Amplification of loxp-DHFR*-loxp for Gibson assembly
loxp-DHFR*-loxp-Rv 5′-GGACACGCTGAACTTGTGGC-3′ Amplification of loxp-DHFR*-loxp for Gibson assembly
U5ompdc-Fw 5′-CGACGGCCAGTGAATTCGAGGTACGTTTGCGATTGTGAGC-3′ Amplification of 5′-homology of OMPDC for 

pOMPDC:loxp-DHFR*-loxp construction
U5ompdc-Rv 5′-GATGTCTTCTGCGCGGGTTGCAGTTCTTTGGAATTGTCACGG-3′ Amplification of 5′-homology of OMPDC for 

pOMPDC:loxp-DHFR*-loxp construction
U3ompdc-Fw 5′-GCCACAAGTTCAGCGTGTCCCGTGCTGAAAGCGAAACACTATC-3′ Amplification of 3′-homology of OMPDC for 

pOMPDC:loxp-DHFR*-loxp construction
U3ompdc-Rv 5′-GCTATGACCATGATTACGCCGTCAGTTTCTCTGTGCGAGTTG-3′ Amplification of 3′-homology of OMPDC for 

pOMPDC:loxp-DHFR*-loxp construction
U5ldh1-Rv 5′-GATGTCTTCTGCGCGGGTTGTTCTCCTCTGCACAAGTGCG-3′ Amplification of PUC19:LDH1-5UTR-3UTR for pLDH1: 

loxp-DHFR*-loxp construction
U3ldh1-Fw 5′-GCCACAAGTTCAGCGTGTCCTGGCAAAACAGGAGCGGAAT-3′ Amplification of PUC19:LDH1-5UTR-3UTR for pLDH1: 

loxp-DHFR*-loxp construction
5′-UpU5OMPDC 5′-GACAGTTATGGCCCGTCTTC-3′ PCR1 of Δompdc:DHFR*
3′-InDHFR*-Fw 5′-CGTGACCACGCCAAAGTAG-3′ PCR1 of Δompdc:DHFR*
5′-InDHFR*-Rv 5′-GCACTTGCAGGATGAATTCC-3′ PCR2 of Δompdc:DHFR*
3′-DnU3OMPDC 5′-GAGCATTGTGCATTTGCGTC-3′ PCR2 of Δompdc:DHFR*
5′-UpgRNA OMPDC 5′-CGTCAGCTTCGTTAGACCAG-3′ PCR3 of Δompdc:DHFR*
3′-DngRNA OMPDC 5′-CAGCTGTACTATGAACGGGTG-3′ PCR3 of Δompdc:DHFR*
5′-InDHFR 5′-GTCCGAGTCTGTGCTTCAC-3′ To identify the deletion of loxP-DHFR*
3′-InDHFR 5′-CCTGCGCAGCAGTTGATTTG-3′ To identify the deletion of loxP-DHFR*
5′-InU5ldh1 5′-CTGTCCAGCGTAGCAATCAC-3′ PCR1 of Δompdc Δldh1
3′-In DHFR* 5′-ACCACGCCAAAGTAGAAAGG-3′ PCR1 of Δompdc Δldh1
5′-InDHFR* 5′-TGCTGGACTGTTGCTGTCTG-3′ PCR2 of Δompdc Δldh1
3′-InU3ldh1 5′-GTGGCCGACCTTTTCAGAGC-3′ PCR2 of Δompdc Δldh1
5′-UpgRNA ldh1 5′-GCTAGACGCGGAGAGTTGTG-3′ PCR3 of Δompdc Δldh1
3′-DngRNA ldh1 5′-AGCTGCTTCTCCGTGACTAC-3′ PCR3 of Δompdc Δldh1
RT-tubulin-F 5′-CACTGGTACACGGGTGAAGGT-3′ β-tubulin-based qPCR
RT-tubulin-R 5′-ATTCTCCCTCTTCCTCTGCG-3′ β-tubulin-based qPCR
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Important Animal Infectious Diseases and Zoonoses, Yangzhou University College of Veterinary Medicine,  
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Toxoplasmosis is a zoonotic disease caused by the intracellular protozoan Toxoplasma 
gondii; and a major source of infection in humans is via ingestion of T. gondii tissue cysts. 
Ultimately, the goal of anti-toxoplasmosis vaccines is to elicit a sustainable immune 
response, capable of preventing formation of the parasite tissue cysts—or, at least, to 
restrain its growth. In this study, we formulated a cocktail DNA vaccine and investigated 
its immunologic efficacy as a protection against the establishment of T. gondii cysts in 
the mouse brain. This multicomponent DNA vaccine, encoded the TgPF, TgROP16, 
TgROP18, TgMIC6, and TgCDPK3 genes, which play key roles in the pathogenesis of 
T. gondii infection. Results showed that mice immunized via intramuscular injection three 
times, at 2-week intervals with this multicomponent DNA vaccine, mounted a strong 
humoral and cellular immune response, indicated by significantly high levels of total IgG, 
CD4+ and CD8+ T  lymphocytes, and antigen-specific lymphocyte proliferation when 
compared with non-immunized mice. Immunization also induced a mixed Th1/Th2 response, 
with a slightly elevated IgG2a to IgG1 ratio. The increased production of proinflammatory 
cytokines gamma-interferon, interleukin-2, and interleukin-12 (p  <  0.0001) correlated 
with increased expression of p65/RelA and T-bet genes of the NF-κB pathway. However, 
no significant difference was detected in level of interleukin-4 (p > 0.05). The number 
of brain cysts in immunized mice was significantly less than those in non-immunized 
mice (643.33 ± 89.63 versus 3,244.33 ± 96.42, p < 0.0001), resulting in an 80.22% 
reduction in the parasite cyst burden. These findings indicate that a multicomponent 
DNA vaccine, encoding TgPF, TgROP16, TgROP18, TgMIC6, and TgCDPK3 genes, 
shows promise as an immunization strategy against chronic toxoplasmosis in mice, and 
calls for a further evaluation in food-producing animals.

Keywords: Toxoplasma gondii, chronic toxoplasmosis, cocktail DNA vaccine, multistage antigens, mixed Th1/Th2 
immune response
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INTRODUCTION

Toxoplasma gondii, the causative agent of toxoplasmosis, infects 
nearly all warm-blooded vertebrates, including birds and 
humans (1, 2). Toxoplasmosis in immunocompetent people 
usually manifests as a flu-like, self-limiting infection; however, 
in immunocompromised patients (cancer, AIDS, and organ 
transplant recipients), reactivation of chronic toxoplasmosis 
can cause fatal complications, such as toxoplasmic encephalitis  
(3, 4). The reactivation of tissue cysts is manifested by their rup-
ture, followed by the conversion of released bradyzoites to tachy
zoites, and a proliferation of tachyzoites. Therefore, the removal 
of T. gondii tissue cysts from infected individuals would prevent 
such reactivation. Tissue cysts of T. gondii in animals also present 
a potential threat to human health if they are consumed in raw or 
undercooked meat (5, 6). Currently, there are no available drugs 
to eliminate T. gondii tissue cysts (7, 8). It is therefore imperative 
that new approaches are developed for immunotherapy against 
this infection.

Development of vaccines to prevent T. gondii tissue cyst 
formation can be an effective approach to ensure the safety of 
meat products, originating from food-producing animals under 
backyard and free-ranging conditions (9, 10). Over the last two 
decades, various anti-T. gondii vaccine approaches have been 
evaluated in animal models. Previous studies have shown that 
DNA vaccine can induce, through enhanced humoral and cel-
lular immune responses, immune protection against acute and 
chronic toxoplasmosis in animal models (11–15). Additional 
advantages of the DNA vaccination, when compared with using 
live-type vaccines, are their thermal stability, safety, and the low 
cost of production (12, 14). To date, no single DNA vaccine 
has provided full protection against T. gondii cyst formation 
(9, 16, 17).

Toxoplasma gondii-specific cytotoxic T  lymphocytes (CTLs) 
induced by immunization can improve the protective immunity 
against parasite infection (9, 14). Previous studies have shown 
that a multicomponent vaccine may offer better protection than 
a single antigen (16–19) due to the elevated numbers of T. gondii-
specific CTLs, and the subsequent increase in the production of 
antigen-specific cytokine gamma-interferon (IFN-γ) (19, 20). 
A combination of different antigens, in theory, contain more 
CTL epitopes and are considered superior to a single antigen for 
protecting the host against T. gondii infection (14, 21).

This study aimed to examine the protective efficacy of a DNA 
multicomponent vaccine against chronic T. gondii infection. 
Five well-characterized antigens play key roles in host–parasite 
interaction including host cell attachment (MIC6) (22), gliding 
motility and invasion (profilin) (23, 24), signal transduction 
and egress (calcium-dependent protein kinase 3; CDPK3) (25), 
intracellular proliferation (ROP18) (26), and modulation of host 
gene expression (ROP16) (27). These antigens were selected to 
formulate a cocktail DNA vaccine. We investigated the immu-
nologic efficacy of this vaccine, in protecting Kunming mice 
against chronic T. gondii infection. In addition, we conducted a 
longitudinal immune analysis and evaluated several immuniza-
tion strategies, in order to provide some guidance for optimal 
schedules of vaccine administration in future clinical trials. 

Utilization of the DNA vaccine with multi-antigens is a step 
forward in the development of commercial vaccine formula-
tions against chronic toxoplasmosis for use in humans and 
food-producing animals.

MATERIALS AND METHODS

Ethics Statement
Animal experiments were reviewed and approved by the Animal 
Administration and Ethics Committee of Lanzhou Veterinary 
Research Institute, Chinese Academy of Agricultural Sciences. 
The study was performed in strict compliance with the recom-
mendations set forth in the Animal Ethics Procedures and 
Guidelines of the People’s Republic of China. All efforts were 
made to minimize animal suffering and to reduce the numbers 
of animals used in the experiments.

Mice and Parasite Strain
Specific pathogen-free female Kunming mice, aged 6–8  weeks, 
were purchased from the Center of Laboratory Animals, Lanzhou 
Institute of Biological Products, Lanzhou, China. They were 
housed, in pathogen-free conditions, at Lanzhou Veterinary 
Research Institute in controlled room under stable conditions 
(12-h/12-h dark/light cycle, 50–60% humidity, and ~22°C tem-
perature). Mice had access to sterilized food and water ad libitum 
and were acclimated for 1 week before use. The avirulent T. gondii 
type II Prugniuad (Pru) was propagated in our laboratory, by 
oral passage of infected brain homogenates in Kunming mice 
(28). Bradyzoites of T. gondii Pru strain were used to prepare the  
T. gondii lysate antigen (TLA) as described previously (29, 30).

Preparation of Multicomponent DNA 
Vaccine
The pVAX1 plasmids encoding T. gondii profilin (pVAX1-PF), 
rhoptry protein 16 (pVAX1-ROP16), rhoptry protein ROP18 
(pVAX1-ROP18), microneme protein 6 (pVAX1-MIC6), and 
calcium-dependent protein kinase 3 (pVAX1-CDPK3) were 
constructed as previously reported (31–35), with the fidelity of 
all plasmids confirmed by sequencing (Sangon, China). The five 
eukaryotic plasmids were each transformed into E. coli DH5α for 
propagation and were isolated by anion exchange chromatogra-
phy (EndoFree Plasmid Giga Kit, Qiagen Sciences, MD, USA) 
following the manufacturer’s instruction. Plasmid concentration 
and purity was determined by measuring the optical density ratio 
A260/A280. The purified plasmids were stored at −20°C until used 
in the mouse immunization protocols.

Immunization and Challenge
Mice (n = 120) were randomly allocated to six groups of 20 mice. 
Mice in groups G1, G2, and G3 were immunized using plasmids 
encoding either five genes, four genes, or one gene, respectively. 
Further details of the various vaccination regimens are listed 
in Table  1. Mice received intramuscular (i.m.) injections of 
100  µg of plasmids in 100  µl phosphate-buffered saline (PBS), 
into the tibialis anterior muscles using a 1-ml insulin syringe 
with a 28-G needle. Three vaccinations at 2-week intervals were 
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TABLE 1 | Vaccination regimens used in this study.

Group Immunization protocol Content Volume Administration

G1 pVAX1 plasmids expressing ROP16 + ROP18 + MIC6 + CDPK3 + PF 20 μg/plasmid 100 µl Intramuscular
G2 pVAX1 plasmids expressing ROP16 + ROP18 + MIC6 + CDPK3 25 μg/plasmid 100 µl Intramuscular
G3 pVAX1-PF 100 µg 100 µl Intramuscular
G4 pVAX1 100 µg 100 µl Intramuscular
G5 Phosphate-buffered saline – 100 µl Intramuscular
G6 Healthy control – – –
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performed. Mice in G4 and G5 received empty pVAX1 vector 
and PBS, respectively. Mice in G6 were healthy untreated con-
trols (non-immunized and uninfected). Following the primary 
immunization, mice in G1–G5 were provided with two booster 
immunizations at weeks 2 and 4. For the challenge, 2 weeks after 
the final immunization (6  weeks post initial immunization), 6 
mice from each group were inoculated orally with 200 µl of PBS 
containing 10 tissue cysts of the avirulent T. gondii Pru strain. 
Control mice received 200 µl of PBS without cysts. Six weeks post 
challenge, the mouse brains were removed, homogenized in 1 ml 
of PBS and cysts were morphologically identified and counted 
under a microscope (40× objective) on three aliquots of 20 µl, 
without staining.

Multicomponent DNA Vaccine Induced a 
Systemic Humoral Immune Response
The blood samples from three mice in each group were collected 
from the tail vein pre-immunization, and 2 weeks after each of 
the three sequential immunizations (i.e., at 2, 4, and 6  weeks 
post immunization). The sera were separated by centrifugation 
of blood samples at 3,000 × g for 10 min. Levels of anti-T. gondii,  
total IgG, and IgG isotypes (IgG2a and IgG1 antibodies, as 
markers for Th1 and Th2 responses) were examined in mice in 
each group using the SBA Clonotyping System-HRP Kit accord-
ing to the manufacture’s instruction (Southern Biotech Co., Ltd., 
Birmingham, AL, USA). Wells of 96-well microtiter plates were 
coated with 100 µl (10 µg/ml) TLA diluted in PBS at 4°C over-
night, and then washed with PBST (PBS with 0.05% Tween-20). 
Plates were then treated with PBS-T plus 1% low fat milk for 
1 h at ambient temperature, in order to block non-specific bind-
ing sites. After washing the wells three times with PBS, mouse 
serum samples (1:10 diluted with PBS) were added to the wells, 
and incubated at 37°C for 1 h followed by washing three times 
with PBST. The serum from non-immunized mice was used as 
a negative control. Horse radish peroxidase (HRP) conjugated 
anti-mouse IgG (1:500 diluted with PBS) and anti-mouse IgG1 
or IgG2a (1:1,000 diluted with PBS) were added to the wells and 
incubated for 1  h at 37°C. Wells were then washed five times 
with PBST, and streptavidin–horseradish peroxidase was added 
for 1  h at ambient temperature. TMB (3,3′,5,5′-tetramethyl 
benzidine) in 200 µl citrate-phosphate buffer (0.05 M Na2HPO4, 
0.025  M citric acid, pH 4.0) and 2  mM H2O2 were added to 
monitor the peroxidase activity. The reaction was stopped after 
30 min by adding 2 M H2SO4. Analysis of antibody responses 
was based on absorbance, measured at 450 nm using an ELISA 
plate reader (iMark microplate absorbance reader; Bio-Rad, 

Hercules, CA, USA). All measurements were performed in 
triplicate.

Lymphocyte Proliferation Assay
Spleens from five mice in each group were aseptically col-
lected, 2 weeks after the final/third booster immunization and 
were pushed through a fine nylon mesh. After removal of red 
blood cells, using erythrocyte lysis buffer (Sangon, China), the 
purified splenocytes were re-suspended in RPMI medium, sup-
plemented with 10% fetal calf serum and 100 U/ml penicillin/
streptomycin. The number of purified splenic lymphocytes was 
determined, and cells were cultured at a concentration of 2 × 105 
cells/well in 96-well flat-bottom microwell plates, in complete 
RPMI medium. Cell cultures were stimulated with TLA  
(10 or 5 µg/ml) in three wells. RPMI media only (no antigen) and 
Concanavalin A (ConA; 5 µg/ml; Sigma, St. Louis, MO, USA) 
were used as nonstimulated and positive controls, respectively. 
After 4  days at 37°C in a humidified 5% CO2 incubator, the 
level of in  vitro proliferative response was determined using 
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay 
(Promega, USA). The OD values were measured using a 
microplate reader (iMark microplate absorbance reader; Bio-
Rad, Hercules, CA, USA) at 490  nm. Data were expressed as 
stimulation index (SI), which was calculated as the ratio of mean 
OD590 values in immunized and control groups.

Antigen-Specific T-Cell Proliferation
The percentages of CD4+ and CD8+ T lymphocytes in the purified 
splenocytes were determined by flow cytometry. The specific anti-
gen epitope of each T subclass was stained with phycoerythrin-
labeled anti-mouse CD3 (eBioscience), allophycocyanin-labeled 
anti-mouse CD4 (eBioscience), and fluorescein isothiocyanate-
labeled anti-mouse CD8 (eBioscience) antibodies. The cell 
suspension was then fixed with FACScan buffer (PBS containing 
1% BSA and 0.1% sodium azide) and 2% paraformaldehyde. 
All samples were analyzed for their fluorescence profiles on 
a FACScan flow cytometer (BD Biosciences) using System II 
software (Coulter).

Cytokines
Splenocytes at a density of 2 × 105 cells/well were co-cultured with 
TLA and medium only (negative control). Culture supernatants 
were harvested at 24 h for quantification of interleukin-2 (IL-2) 
and IL-4 and at 96 h for IFN-γ and interleukin-12 (IL-12). The 
level of each cytokine was determined using commercial ELISA 
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TABLE 2 | Sequences of primers used for amplification of p65/RelA, T-bet, and 
β-actin genes.

Primer name Sequence

T-bet-F 5′-GCCAGGGAACCGCTTATATG-3′
T-bet-R 5′-TGGAGAGACTGCAGGACGAT-3′
RelA-F 5′-GAACCAGGGTGTGTCCATGT-3′
RelA-R 5′-TCCGCAATGGAGGAGAAGTC-3′
β-Actin-F 5′-GCTTCTAGGCGGACTGTTAC-3′
β-Actin-R 5′-CCATGCCAATGTTGTCTCTT-3′
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kits, according to the manufacturer’s instructions (BioLegend, 
USA). The supernatants from each cell culture were pipetted 
into microplate wells followed by assay buffer A. Then, 100 µl of 
the detection solution was added into each well. After washing 
the plate four times, avidin-HRP A solution and the substrate 
solution E were added sequentially. The reaction was stopped 
by adding 100 µl of stop solution. The sensitivity limits for the 
assays were 4 pg/ml for IL-12 (p70), 20 pg/ml for IFN-γ, 10 pg/ml  
for IL-4, and 50 pg/ml for IL-2. Optical absorbance was read at 
450 nm. This experiment was performed in triplicate.

We studied the expression of the two transcription factors, 
p65/RelA and T-bet of the NF-κB pathway, in an effort to estab-
lish their roles in mediating the increased production of T cell 
cytokine (e.g., IFN-γ and IL-12). Total RNA from 107 purified 
splenocytes of mice from G1 to G6 were extracted using Trizol 
reagent (Invitrogen, USA), as per the manufacturer’s instructions. 
RNAs were dissolved in RNase-free ddH2O (TaKaRa, China) and 
reverse transcribed first-strand cDNAs were used as templates 
for real-time (RT)-PCR. The primers for amplification of RelA/
p65 and T-bet genes are listed in Table 2. β-Actin was used as a 
housekeeping reference gene. The SYBR Green qPCR SuperMix 
was purchased from Invitrogen (USA). RT-PCR was performed 
on ABI PRISM® 7500 Sequence Detection System (Applied 
Biosystems). The amplification reactions were performed under 
the following conditions: 50°C 2 min, 95°C 2 min, 40 cycles of 
95°C for 15 s, and 60°C for 32 s. Melting curve analysis was car-
ried out under the following conditions: 1 min at 95°C, 65°C for 
2 min, and progressive increase from 65 to 95°C to ensure that a 
single product was amplified in each reaction. All measurements 
were run in triplicate.

Statistical Analysis
Two-way ANOVA with matched data at different weeks was used 
to compare the total IgG antibody responses between the mouse 
groups. Tukey’s multiple comparisons test was then employed 
to test the differences between each of the three vaccination 
groups, and each of the three control groups at each week. One-
way ANOVA and Tukey’s multiple comparisons test were used 
for comparison in regards to the levels of IgG1 and IgG2a, and 
IgG2a/IgG1 ratio, proliferation of splenocytes, the numbers of 
CD3+ CD4+ CD8+ and CD3+ CD8+ CD4+ T cells, cytokine pro-
duction, and the numbers of brain cysts. Welch’s t test was used 
to compare the qPCR in the three genes (p65/RelA, T-bet, and 
β-actin) between the blank control group and mice in group 1.  
Data are presented as mean  ±  SD. All analyses and graphs were 
performed using GraphPad Prism version 7.04 (San Diego, 

CA, USA). The level of significance was defined as *p ≤ 0.05, ** 
p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

RESULTS

Identification of Plasmids
Five purified plasmids pVAX1-PF, pVAX1-ROP16, pVAX1-
ROP18, pVAX1-MIC6, and pVAX1-CDPK3 were confirmed 
by sequencing prior to use in the immunization experiment. 
Sequence alignment analysis showed that no base deletion 
or change was detected after alignment with the correspond-
ing sequences in GenBank: accession numbers AY937257.1, 
DQ116422, AM075204, EF102772, and AJ488146.2.

Kinetics of Humoral Immune Responses
We characterized temporal changes in the humoral immune 
responses following immunization. Sera were available pretreat-
ment, and at weeks 2, 4, and 6 post sequential immunizations from 
mice in all groups. Levels of total IgG and its subclasses (IgG2a 
and IgG1) from these time points were determined using ELISA. 
As shown in Figure 1, the IgG responses tended to increase with 
the increased number of immunizations, and with the increased 
number of plasmids used in immunization. Levels of IgG in mice 
in G1, G2, and G3 increased proportionally with time following 
immunization, and peaked at 2 weeks after the third/final booster 
immunization. Statistical analyses of the results (for weeks 0, 2, 4,  
and 6 post immunization) were performed using a two-way 
ANOVA for matched data. Both time and group variables had 
significant effects (p < 0.0001 for time and p = 0.0140 for group). 
Tukey’s multiple comparisons test showed no significant differ-
ences in all groups at week 0, 2, and 4 after immunization. At week 
6 post immunization, the levels of IgG production in mice from 
G1 were significantly higher than those in the control groups G4, 
G5, and G6 (p < 0.0001, p < 0.0001, and p < 0.0001, respectively). 
The levels of IgG in G2 mice were significantly elevated compared 
with the control groups G4, G5, and G6 (p = 0.0004, p = 0.0004, 
and p = 0.0003, respectively). The levels of IgG in G3 mice were 
significantly high compared with the control groups G4, G5, and 
G6 (p = 0.6142, p = 0.5803, and p = 0.5576, respectively). The levels 
of IgG antibodies in mice from control groups (G4, G5, and G6)  
were not significantly different when compared with each other. 
Within G1, G2, and G3 groups, levels of IgG antibodies were not 
significantly different in G1 versus G2 (p  =  0.8977), but were 
significantly different in G1 versus G3 (p =  0.0023) and in G2 
versus G3 (p = 0.0447).

The levels of IgG1 and IgG2a were determined 2 weeks after the 
final immunization. One-way ANOVA and Tukey’s multiple com-
parisons test were used for statistical analysis of IgG1 and IgG2a 
data. The results of IgG1 analysis showed that G1 versus G4, G5, 
and G6 were all significantly different; G2 versus G4 (p = 0.0626), 
G2 versus G5 (p = 0.0504), G2 versus G6 (p = 0.0335), whereas 
G3 versus G4, G5, and G6 were not significant (Figure 2). The 
levels of IgG2a showed that G1 versus G4, G5, and G6 were all 
significant; G2 versus G4, G5, and G6 were all significant; and 
G3 versus G4 (p = 0.0765), G3 versus G5 (p = 0.0053), and G3 
versus G6 (p = 0.0049). These results suggest that both IgG1 and 
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FIGURE 2 | Levels of IgG subclasses (IgG1 and IgG2a) in the sera of mice 
2 weeks after the final booster immunization. The patterns of IgG2a to IgG1 
post immunization using various immunization regimens suggest the 
induction of a mixed Th1/Th2 immune response. Experimental groups 
include G1: mice received pVAX1 plasmids containing five antigens (ROP16, 
ROP18, MIC6, CDPK3, and PF); G2: mice received pVAX1 plasmids 
containing four antigens (ROP16, ROP18, MIC6, and CDPK3); G3: mice 
received pVAX1-PF; G4: mice received an empty pVAX1; G5: mice received 
phosphate-buffered saline alone; G6: healthy control mice. Each bar 
represents the group OD450 ± SDs for three wells (representative of three 
experiments). *p < 0.05, **p < 0.01, and ****p < 0.0001, compared with the 
control groups.

FIGURE 1 | Antigen-specific antibody response in immunized mice. Total IgG antibodies were determined in the sera of mice pre-immunization (0 week) and at 2, 4, 
and 6 weeks post three consecutive booster immunizations. Experimental groups include G1 mice received pVAX1 plasmids containing five antigens (ROP16, 
ROP18, MIC6, CDPK3, and PF); G2 mice received pVAX1 plasmids containing four antigens (ROP16, ROP18, MIC6, and CDPK3); G3 mice received pVAX1-PF; G4 
mice received an empty pVAX1; G5 mice received phosphate-buffered saline alone; G6 healthy control mice. Data are mean ± SDs for three wells (representative of 
three independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, compared with the control groups.
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IgG2a antibodies were higher in mice in G1, G2, and G3 than 
those in control groups at 2 weeks after the third immunization, 
suggesting a mixed Th1/Th2 immune response. To provide 
information on the dominant cellular immune type (Th1 or Th2) 
induced by immunization, ELISA was used to determine the ratio 
of IgG2a to IgG1 in the sera of all mouse groups. Results showed 

that immunized mouse groups, in particular, mice immunized 
with pVAX1-PF, had a slightly Th1-biased immune response as 
indicated by the higher IgG2a/IgG1 ratio (G1: 1.29; G2: 1.38; 
G3: 1.75) when compared with that of the control mouse groups  
(G4: 0.88; G5: 0.87; G6: 0.94; p = 0.0877).

Cellular Immune Responses
The MTS assay was used to assess the T lymphocyte’s proliferative 
response following stimulation with TLA or ConA. As expected, 
there was no difference for the SIs between the immunized groups 
(G1, G2, and G3). However, in  vitro lymphocyte proliferation 
assay revealed that splenic lymphocytes from immunized mice 
had a significantly higher SI than their counterparts from non-
immunized controls, either in the presence of ConA or TLA 
extract. Exposure to 10 µg/ml TLA increased T-cell proliferation 
in G1, G2, and G3 compared with that obtained from control mice 
(Figure 3): G1 versus G6 (p = 0.0010), G2 versus G6 (p = 0.0012), 
and G3 versus G6 (p = 0.0001). Similar results for T lymphocyte 
proliferation were obtained from splenocytes sensitized with 
5 µg/ml TLA in mice from G1, G2, and G3 (Figure 3). The results 
of this ex vivo splenic lymphocyte proliferation assay suggested 
that immunization has induced antigen-specific lymphocyte 
proliferation.

We further characterized the cellular immune response, using 
flow cytometry analysis, and found that the numbers of CD3+ 
CD4+ CD8− T cells in spleens of mice from G1, G2, and G3 were 
significantly higher than those from the controls (Figure  4). 
One-way ANOVA and Tukey’s multiple comparisons test of the 
absolute numbers of CD3+ CD4+ CD8− T cells in spleens, showed 
that G1 versus G4 (p = 0.0010), G1 versus G5 (p = 0.0003), G1 
versus G6 (p = 0.0005); G2 versus G4 (p = 0.0359), G2 versus G5 
(p = 0.0130), G2 versus G6 (p = 0.0187); G3 versus G4 (p = 0.0752), 
G3 versus G5 (p = 0.0287), G3 versus G6 (p = 0.0407). After the 
third vaccination, mice immunized with various vaccines pro-
duced significantly higher CD3+ CD8+ CD4− T cells in splenic 
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FIGURE 3 | In vitro lymphocyte proliferation induced by immunization. Splenocyte proliferation was assessed in mice 2 weeks after the final booster immunization. 
Exposure of splenocytes to 10 or 5 µg/ml T. gondii lysate antigen (TLA) significantly increased T cell proliferation in splenocytes obtained from mice in G1, G2, and 
G3, compared with proliferation in the control using antigen alone suggesting the induction of antigen-specific T-cell immune response after DNA immunization. 
Experimental groups include G1: mice received pVAX1 plasmids containing five antigens (ROP16, ROP18, MIC6, CDPK3, and PF); G2: mice received pVAX1 
plasmids containing four antigens (ROP16, ROP18, MIC6, and CDPK3); G3: mice received pVAX1-PF; G4: mice received an empty pVAX1; G5: mice received 
phosphate-buffered saline alone; G6: healthy control mice. Each sample was assayed at least in triplicate. Data represent the mean ± SD (error bars) from the five 
mice. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, compared with the control groups.
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lymphocytes as did the controls. The numbers of CD3+ CD8+ 
CD4− T  cells in mice from G1, G2, and G3 were significantly 
increased compared with those from control mice (Figure  4). 
One-way ANOVA and Tukey’s multiple comparisons test of the 
absolute numbers of CD3+ CD8+ CD4− showed that G1 versus G4 
(p = 0.0026), G1 versus G5 (p = 0.0038), G1 versus G6 (p = 0.0007); 
G2 versus G4 (p = 0.0381), G2 versus G5 (p = 0.0527), G2 ver-
sus G6 (p = 0.0111); G3 versus G4 (p = 0.0590), G3 versus G5 
(p = 0.0804), G3 versus G6 (p = 0.0178). These findings suggest 
that the frequency of CD4+ CD8+ T cells were augmented after 
DNA immunization.

Cytokine Production by Spleen Cells
Following stimulation with TLA, significantly high levels of  
IFN-γ, IL-2, and IL-12 were observed in splenocyte cultures from 
mice in G1, G2, and G3 when compared with those from control 
mouse groups (Table 3). In regard to IL-2, G1, G2, and G3 were 
all significantly higher than G4, G5, and G6 (all p < 0.0001). For 
IL-12, G1, G2, and G3 were all significantly higher than G4, G5, 
and G6 (all p < 0.0001), and for IFN-γ, G1, G2, and G3 are all 
significantly higher than G4, G5, and G6 (all p < 0.001). Levels 
of IL-4 in mice immunized with various DNA vaccines were not 
significantly different than those in mice from control groups 
(p = 0.5028). We analyzed the expression level of the transcrip-
tion factors p65/RelA and T-bet using RT-PCR. We examined 
the difference between the expression of these two genes between 
control mice and mice in G1. Results showed that the expression 
of both p65/RelA and T-bet genes was significantly higher in 
G1 mice than in the control group (p < 0.0001 and p = 0.0010) 
(Figure  5). This result indicates that p65/RelA and T-bet are 
induced by immunization and are likely to increase the produc-
tion of IFN-γ and IL-12 cytokines.

Assessment of Protective Activity
We evaluated which immunization regimen generated an 
immune response that was strong enough to protect against the 
formation of T. gondii brain cysts. Six mice from each group 
were challenged with 10 cysts of T. gondii Pru strain; and brain 
cyst loads were determined 6 weeks later. As shown in Figure 6, 
mice from G1, G2, and G3 had significantly lower numbers 
of brain cysts than those from control groups G4, G5, and G6  
(all p < 0.0001). The lowest number of brain cysts was detected in 
immunized mice from G1 (643.33 ± 89.63), which represented a 
significant reduction (80.22%, p < 0.0001) when compared with 
the number of cysts found in control non-immunized  +  chal-
lenged mice (3,244.33 ± 96.42). The number of brain cysts in G1 
mice was significantly lower than in G2 or G3 mice (p < 0.0001).

DISCUSSION

Despite significant research to develop and evaluate anti-T. gondii 
vaccines, there is little consensus on the “best” antigens to target 
and the optimal means of targeting them. The development of 
vaccines to prevent cerebral toxoplasmosis disease in high risk 
populations could reduce the enormous tragedy associated with 
brain infection with cystogenic (brain cyst-forming) strains 
of T. gondii. A substantially reduced parasite cyst load in the 
brains of immunized mice in our study, together with enhanced 
humoral and cell-mediated immune responses—compared with 
non-immunized infected mice demonstrate that immunization 
with a DNA cocktail vaccine of five antigens, provides consider-
able protection in mice against a primary oral challenge with 
the avirulent cystogenic T. gondii Pru strain. These elements 
are believed to be important in developing an effective thera-
peutic vaccine. Our results showed that immunization using 
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FIGURE 4 | DNA immunization augmented the frequency of antigen-specific 
T cells. Percentages of CD4+ and CD8+ T cells subsets were determined in 
the spleen of mice 2 weeks after the final immunization by flow cytometry 
analysis. (A) Representative dot plots showing the percentages of CD3+ 
CD4+ CD8− and CD3+ CD8+ CD4− T lymphocytes. (B) Total numbers of CD3+ 
CD4+ CD8− T lymphocytes per spleen. (C) Total numbers of CD3+ CD8+ 
CD4− T lymphocytes per spleen. Experimental groups include G1: mice 
received pVAX1 plasmids containing five antigens (ROP16, ROP18, MIC6, 
CDPK3, and PF); G2: mice received pVAX1 plasmids containing four antigens 
(ROP16, ROP18, MIC6, and CDPK3); G3: mice received pVAX1-PF; G4: 
mice received an empty pVAX1; G5: mice received phosphate-buffered saline 
alone; G6: healthy control mice. Data are mean ± SDs (representative of 
three experiments). *p < 0.05, **p < 0.01, and ***p < 0.001, compared with 
the control groups.
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the cocktail DNA vaccine is a promising approach to control 
chronic toxoplasmosis, when compared with vaccination based 
on single antigens (31–35). In this study, cocktail DNA vaccine 
achieved an 80.22% reduction in the parasite cyst burden, 

compared with 50% obtained by DNA vaccine expressing T. 
gondii CDPK3 (34) and 39.08% by DNA vaccine (pVAX1-PF) 
encoding TgPF gene (35). Reduction in the brain cysts’ load 
achieved in our study, was also greater than the 57.8% reduc-
tion achieved by vaccination using multiple antigenic peptides 
encapsulated by chitosan microspheres (36).

The cytokine Th1 immune response is crucial for the control 
of infection with this obligate intracellular pathogen (14, 37). 
In our study, immunized mice developed a high level of anti-
T. gondii IgG antibodies, particularly after the third booster 
immunization. It is arguable that a high level of antibodies 
plays an important role in protection against subsequent infec-
tion with T. gondii tachyzoites, and in controlling T. gondii 
during chronic infection, by preventing cysts’ reactivation.  
A requirement for B cells, in addition to cell-mediated immu-
nity, has been reported for mice challenged with virulent  
T. gondii parasites after vaccination with attenuated tachyzoites— 
suggesting that antibody-mediated immunity is also critical 
for T. gondii-induced protection (38). Our previous studies 
have demonstrated that the individual protective immunity 
offered by pVAX1-PF, pVAX1-ROP16, pVAX1-ROP18, 
pVAX1-MIC6, or pVAX1-CDPK3 against T. gondii infection, 
elicited a mixed Th1/Th2 or Th1-biased immunity via the 
induction of lymphocyte proliferation, activation of CD8+ 
T cells and increased IFN-γ production (31–35). In this study, 
a mixed Th1/Th2 immune response, with a slight bias toward 
the Th1-type response, was detected in mice in groups G1, G2, 
and G3, as indicated by a slightly increased lgG2a/IgG1 ratio 
(i.e., a higher level of IgG2a than IgG1). Vaccination using five 
antigens evoked an increase in CD8+ T lymphocytes and IFN-γ 
production along with low levels of IL-4 in G1 mice compared 
with controls; all are characteristic features of a Th1-type cel-
lular immune response. These findings indicate that a mixed 
Th1/Th2 protective immune response was elicited following 
immunization with the cocktail vaccine—consistent with the 
results of previous studies (14, 39).

A cellular immune response, including high levels of IFN-γ, 
CD4+, and CD8+ T  lymphocytes, is required for protection 
against chronic T. gondii infection (39–43). Both cell types act 
synergistically to control T. gondii infection, and effective con-
trol of T. gondii infection requires CD4+ for the generation of 
proficient CD8+-mediated immunity (44). CD8+ T cells possess 
anti-cyst activity, mediated by a perforin-dependent mechanism 
(45, 46) and high levels of CD8+ T lymphocytes can contribute to 
a decrease of brain cyst loads (39, 43, 47–50). In our study, the sig-
nificantly increased numbers of CD8+ T cells in mice immunized 
with our cocktail vaccine may have contributed toward reducing 
the brain cyst burden.

Gamma-interferon, a crucial mediator of immune resistance 
to T. gondii infection, was detected in elevated levels in mice from 
G1, G2, and G3. IFN-γ can activate macrophages and the CTL 
response during infection (51). Significantly higher expression of 
the transcription factor T-bet (p = 0.0010) was observed in mice 
in G1, compared with mice from the control group. This finding 
indicates that increased IFN-γ production may have resulted 
from T-bet-mediated activation of CD4+ T  cells and natural 
killer (NK) cells (36). In marked contrast with IFN-γ, the level 
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FIGURE 6 | Protection against chronic toxoplasmosis in immunized mice 
2 weeks after the final booster immunization. Six mice per group were 
challenged orally with a dose of 10 cysts of the Pru strain (type II). Cyst 
load was counted from whole brain homogenates of mice 6 weeks after 
challenge. Experimental groups include G1: mice received pVAX1 plasmids 
containing five antigens (ROP16, ROP18, MIC6, CDPK3, and PF); G2: 
mice received pVAX1 plasmids containing four antigens (ROP16, ROP18, 
MIC6, and CDPK3); G3: mice received pVAX1-PF; G4: mice received an 
empty pVAX1; G5: mice received phosphate-buffered saline alone; G6: 
healthy control mice. Data are mean ± SDs (representative of three 
experiments). ***p < 0.001 and ****p < 0.0001, compared with the control 
groups.

FIGURE 5 | Real-time-PCR expression analysis of the transcription factors 
p65/RelA and T-bet. β-Actin was used as a housekeeping reference gene. 
Experimental groups include G1: mice received pVAX1 plasmids 
containing five antigens (ROP16, ROP18, MIC6, CDPK3, and PF); G6: 
healthy control mice. Each sample was analyzed in triplicate. Data are 
mean ± SDs (error bars) from the two mice. ***p < 0.001 and 
****p < 0.0001.

TABLE 3 | Cytokine production by splenocytes of immunized Kunming mice after stimulation by T. gondii lysate antigen.

Groupb Cytokine production (pg/ml)a

Gamma-interferon Interleukin-2 (IL-2) IL-4 Interleukin-12 (IL-12)

G1 1,003.66 ± 311.02 294.24 ± 11.1 <10 411.96 ± 57.94
G2 644.94 ± 190 269.35 ± 19.17 11.1 ± 17.4 184.75 ± 39.95
G3 1,930.26 ± 5.46 277.14 ± 2.24 <10 400.14 ± 54.43
G4 169.29 ± 1.66 <50 <10 15.42 ± 2.01
G5 182.94 ± 33.64 <50 <10 <10
G6 177.75 ± 22.32 <50 <10 <10

aNo significant difference (p > 0.05) in the level of the four cytokines was observed between the immunized groups (G1, G2, and G3) nor between the control groups (G4, G5, 
and G6). Differences between immunized groups and control groups were significant for INF-γ (p < 0.001), and for IL-2 and IL-12 (p < 0.0001). Levels of IL-4 did not show any 
significant differences between the different mouse groups (p > 0.05).
bExperimental groups included G1: mice received pVAX1 plasmids containing five antigens (ROP16, ROP18, MIC6, CDPK3, and PF); G2: mice received pVAX1 plasmids containing 
four antigens (ROP16, ROP18, MIC6, and CDPK3); G3: mice received pVAX1-PF; G4: mice received an empty pVAX1; G5: mice received phosphate-buffered saline alone; G6: 
healthy control mice. Data are mean ± SDs for three wells (representative of three independent experiments).
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of IL-4 was not statistically different between any mouse groups. 
IL-4 is a Th2-type cytokine, produced in response to receptor 
activation by Th2-type CD4+ T cells, basophils, and mast cells, 
and possesses B-cell stimulatory and Th2-promoting properties 
(52). IL-4 functions are generally antagonistic to those of IFN-γ, 
in line with the increased IFN-γ and decreased IL-4 levels seen 
in our study. Elevated IFN-γ production, together with a low 
level of IL-4, was also detected in mice immunized with DNA 
vaccines encoding TgROP1 (15), TgROM5 (39), TgCDPK2 (53), 
TgSAG1 (54), or multi-antigens (17, 19). IL-4 also promotes 
isotype-switching in murine B cells to IgG1 and IgE, but inhibits 
switching to IgG2a, IgG2b, and IgG3. This is in agreement with 
the reduced IL-4 and a high IgG2a to IgG1 ratio, observed in our 
study—providing more evidence of a biased Th1 type immune 
response.

Previous studies have shown that high levels of CD4+ and IL-2 
production, increased mouse resistance to chronic toxoplasmosis 
(30, 41, 42, 55). We also found an increased production of CD4+, 

IL-2, and IL-12, along with a reduction in the brain cyst load 
in mice vaccinated with various DNA vaccines. A major role 
of NF-κB in resistance to T. gondii is the induction of IL-12 
secretion (56). IL-12, putatively via STAT4, is important for the 
optimal production of INF-γ, which in turn induces differentia-
tion of Th1 T lymphocytes, and possibly CD8+ and NK cells, to 
control T. gondii infection. Significantly increased expression of 
the transcription factor p65/RelA (a transcription factor of the 
NF-κB pathway) was observed in mice in G1, when compared 
with mice in the control group (p  <  0.0001). This result, in 
addition to the increased level of IFN-γ, presents activation 
of NF-κB pathway as an additional mechanism for increased  
IFN-γ production to limit T. gondii infection. Suppressed 
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expression of IL-12 resulted in 100% mortality in mice infected 
with T. gondii (57). High levels of IL-12 contributed to brain cyst 
reduction in mice (54, 58). Toll-like receptor 11 (TLR11) signal-
ing is an important pathway involved in the production of IL-12  
(23, 59). T. gondii profilin (TgPF) can act as a ligand for TLR11 
to mediate cytokine production (60–62) and has been exploited 
as a TLR-based vaccine adjuvant to enhance immune responses 
generated by vaccination (62–65). TgPF also plays an essential 
role in T. gondii gliding motility, invasion and egress from host 
cells (23, 24) and is an immunodominant antigen (35, 66). These 
key characteristics of TgPF prompted us to separately evaluate 
the protective efficacy of immunization with this gene against 
chronic toxoplasmosis. The specific finding that DNA vaccine 
encoding TgPF alone induced the production of high level of 
IL-12 is consistent with previous data (60) and, together with a 
higher IgG2a/IgG1 ratio and reduced brain cyst numbers may 
be of particular relevance. The enhanced protective immunity 
seen in mice from G1, compared with mice from group G2, 
suggests that TgPF may be necessary to augment the immune 
response induced by the multicomponent T. gondii DNA vac-
cine used in our study.

CONCLUSION

We have demonstrated that a strong humoral and cellular immune 
response, conferring significant protection against chronic T. gon-
dii infection in mice—after immunization three times at 2-week 
intervals with a DNA vaccine encoding multiple antigens (TgPF, 
TgROP16, TgROP18, TgMIC6, and TgCDPK3). Several DNA 
immunizations were necessary to elicit the specific IgG antibody 
response. Immunization with several plasmids expressing more 
antigens produced a greater antibody response when compared 
with immunization using fewer plasmids expressing less number 
of antigens. These data support a call for further evaluation of mul-
tivalent synthetic plasmids as potential therapeutic T. gondii vac-
cines. Our findings are significant as they open up the possibility 

that chronic toxoplasmosis can be controlled by the combined 
action of multiple parasite-derived antigens. Although further 
studies and clinical evaluations are required, this study puts into 
place a “proof of concept” that tests the efficacy of the combination 
of a range of T. gondii antigens in preventing a chronic brain infec-
tion that is incurable with current therapeutics.

ETHICS STATEMENT

All animal protocols were reviewed and approved by the Animal 
Administration and Ethics Committee of Lanzhou Veterinary 
Research Institute, Chinese Academy of Agricultural Sciences. 
The study was performed in strict compliance with the recom-
mendations set forth in the Animal Ethics Procedures and 
Guidelines of the People’s Republic of China. All efforts were 
made to minimize animal suffering and to reduce the numbers 
of animals used in the experiments.

AUTHOR CONTRIBUTIONS

X-QZ, N-ZZ, and HE designed the experiments, interpreted the 
data, and critically revised the manuscript. N-ZZ, QG, MW, BW, 
and J-LW performed the experiments and analyzed the data. 
N-ZZ drafted the manuscript. F-KZ, MW, and L-YH helped in 
the implementation of the study. All the authors reviewed and 
approved the final version of the manuscript.

FUNDING

Project support was provided by the National Key Research and 
Development Program of China (Grant no. 2017YFD0501304), 
by the National Natural Science Foundation of China (Grant 
no. 31602045), by the Elite Program of Chinese Academy 
of Agricultural Sciences, and by the Agricultural Science 
and Technology Innovation Program (ASTIP) (Grant No. 
CAAS-ASTIP-2016-LVRI-03).

REFERENCES

1.	 Montoya JG, Liesenfeld O. Toxoplasmosis. Lancet (2004) 363:1965–76. 
doi:10.1016/S0140-6736(04)16412-X 

2.	 Robert-Gangneux F, Darde ML. Epidemiology of and diagnostic strategies 
for toxoplasmosis. Clin Microbiol Rev (2012) 25:264–96. doi:10.1128/
CMR.05013-11 

3.	 Wohlfert EA, Blader IJ, Wilson EH. Brains and brawn: Toxoplasma infections 
of the central nervous system and skeletal muscle. Trends Parasitol (2017) 
33:519–31. doi:10.1016/j.pt.2017.04.001 

4.	 Wang ZD, Liu HH, Ma ZX, Ma HY, Li ZY, Yang ZB, et  al. Toxoplasma 
gondii infection in immunocompromised patients: a systematic review and 
meta-analysis. Front Microbiol (2017) 8:389. doi:10.3389/fmicb.2017.00389 

5.	 Hill DE, Dubey JP. Toxoplasma gondii as a parasite in food: analysis and con-
trol. Microbiol Spectr (2016) 4:PFS–0011–2015. doi:10.1128/microbiolspec.
PFS-0011-2015 

6.	 Belluco S, Simonato G, Mancin M, Pietrobelli M, Ricci A. Toxoplasma gondii 
infection and food consumption: a systematic review and meta-analysis of 
case-controlled studies. Crit Rev Food Sci Nutr (2017) 11:1–12. doi:10.1080/ 
10408398.2017.1352563 

7.	 Pan M, Lyu C, Zhao J, Shen B. Sixty years (1957-2017) of research on toxo-
plasmosis in China-an overview. Front Microbiol (2017) 8:1825. doi:10.3389/
fmicb.2017.01825 

8.	 Alday PH, Doggett JS. Drugs in development for toxoplasmosis: advances, 
challenges, and current status. Drug Des Devel Ther (2017) 11:273–93. 
doi:10.2147/DDDT.S60973 

9.	 Zhang NZ, Chen J, Wang M, Petersen E, Zhu XQ. Vaccines against Toxoplasma 
gondii: new developments and perspectives. Expert Rev Vaccines (2013) 
12:1287–99. doi:10.1586/14760584.2013.844652 

10.	 Vercruysse J, Knox DP, Schetters TP, Willadsen P. Veterinary parasitic vaccines: 
pitfalls and future directions. Trends Parasitol (2004) 20:488–92. doi:10.1016/j.
pt.2004.07.009 

11.	 Robinson HL. DNA vaccines: basic mechanism and immune responses 
(review). Int J Mol Med (1999) 4:549–55. 

12.	 Gurunathan S, Wu CY, Freidag BL, Seder RA. DNA vaccines: a key for 
inducing long-term cellular immunity. Curr Opin Immunol (2000) 12:442–7. 
doi:10.1016/S0952-7915(00)00118-7 

13.	 Chen J, Huang SY, Li ZY, Yuan ZG, Zhou DH, Petersen E, et al. Protective 
immunity induced by a DNA vaccine expressing eIF4A of Toxoplasma gondii 
against acute toxoplasmosis in mice. Vaccine (2013) 31:1734–9. doi:10.1016/j.
vaccine.2013.01.027 

14.	 Zhang NZ, Wang M, Xu Y, Petersen E, Zhu XQ. Recent advances in developing 
vaccines against Toxoplasma gondii: an update. Expert Rev Vaccines (2015) 
14:1609–21. doi:10.1586/14760584.2015.1098539 

15.	 Sonaimuthu P, Ching XT, Fong MY, Kalyanasundaram R, Lau YL. Induction 
of protective immunity against toxoplasmosis in BALB/c mice vaccinated 

289

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S0140-6736(04)16412-X
https://doi.org/10.1128/CMR.05013-11
https://doi.org/10.1128/CMR.05013-11
https://doi.org/10.1016/j.pt.2017.04.001
https://doi.org/10.3389/fmicb.2017.00389
https://doi.org/10.1128/microbiolspec.PFS-0011-2015
https://doi.org/10.1128/microbiolspec.PFS-0011-2015
https://doi.org/10.1080/10408398.2017.1352563
https://doi.org/10.1080/10408398.2017.1352563
https://doi.org/10.3389/fmicb.2017.01825
https://doi.org/10.3389/fmicb.2017.01825
https://doi.org/10.2147/DDDT.S60973
https://doi.org/10.1586/14760584.2013.844652
https://doi.org/10.1016/j.pt.2004.07.009
https://doi.org/10.1016/j.pt.2004.07.009
https://doi.org/10.1016/S0952-7915(00)00118-7
https://doi.org/10.1016/j.vaccine.2013.01.027
https://doi.org/10.1016/j.vaccine.2013.01.027
https://doi.org/10.1586/14760584.2015.1098539


10

Zhang et al. Novel Vaccine Against Chronic Toxoplasmosis

Frontiers in Immunology  |  www.frontiersin.org June 2018  |  Volume 9  |  Article 1505

with Toxoplasma gondii rhoptry-1. Front Microbiol (2016) 7:808. doi:10.3389/
fmicb.2016.00808 

16.	 Jongert E, Melkebeekd V, De Craeyeb S, Dewitc J, Verhelst D, Coxd E.  
An enhanced GRA1–GRA7 cocktail DNA vaccine primes anti-Toxoplasma 
immune responses in pigs. Vaccine (2008) 26:1025–31. doi:10.1016/j.vaccine. 
2007.11.058 

17.	 Fang R, Feng H, Hu M, Khan MK, Wang L, Zhou Y, et al. Evaluation of immune 
responses induced by SAG1 and MIC3 vaccine cocktails against Toxoplasma 
gondii. Vet Parasitol (2012) 187:140–6. doi:10.1016/j.vetpar.2011.12.007 

18.	 Mévélec MN, Bout D, Desolme B, Marchand H, Magné R, Bruneel O, et al. 
Evaluation of protective effect of DNA vaccination with genes encoding 
antigens GRA4 and SAG1 associated with GM-CSF plasmid, against acute, 
chronical and congenital toxoplasmosis in mice. Vaccine (2005) 23:4489–99. 
doi:10.1016/j.vaccine.2005.04.025 

19.	 Hoseinian Khosroshahi K, Ghaffarifar F, D’Souza S, Sharifi Z, Dalimi A. 
Evaluation of the immune response induced by DNA vaccine cocktail express-
ing complete SAG1 and ROP2 genes against toxoplasmosis. Vaccine (2011) 
29:778–83. doi:10.1016/j.vaccine.2010.11.012 

20.	 Beghetto E, Nielsen HV, Del Porto P, Buffolano W, Guglietta S, Felici F, et al. 
A combination of antigenic regions of Toxoplasma gondii microneme proteins 
induces protective immunity against oral infection with parasite cysts. J Infect 
Dis (2005) 191:637–45. doi:10.1086/427660 

21.	 Picchio MS, Sánchez VR, Arcon N, Soto AS, Perrone Sibilia M, Aldirico MLA,  
et  al. Vaccine potential of antigen cocktails composed of recombinant 
Toxoplasma gondii TgPI-1, ROP2 and GRA4 proteins against chronic toxo-
plasmosis in C3H mice. Exp Parasitol (2018) 185:62–70. doi:10.1016/j.exppara. 
2018.01.006 

22.	 Zheng B, He A, Gan M, Li Z, He H, Zhan X. MIC6 associates with aldolase 
in host cell invasion by Toxoplasma gondii. Parasitol Res (2009) 105:441–5. 
doi:10.1007/s00436-009-1401-5 

23.	 Plattner F, Yarovinsky F, Romero S, Didry D, Carlier MF, Sher A, et  al. 
Toxoplasma profilin is essential for host cell invasion and TLR11-dependent 
induction of an Interleukin-12 response. Cell Host Microbe (2008) 3:77–87. 
doi:10.1016/j.chom.2008.01.001 

24.	 Koblansky AA, Jankovic D, Oh H, Hieny S, Sungnak W, Mathur R, et  al. 
Recognition of profilin by toll-like receptor 12 is critical for host resistance to 
Toxoplasma gondii. Immunity (2013) 38:119–30. doi:10.1016/j.immuni.2012. 
09.016 

25.	 McCoy JM, Whitehead L, van Dooren GG, Tonkin CJ. TgCDPK3 regulates 
calcium-dependent egress of Toxoplasma gondii from host cells. PLoS Pathog 
(2012) 8:1003066. doi:10.1371/journal.ppat.1003066 

26.	 El Hajj H, Lebrun M, Arold ST, Vial H, Labesse G, Dubremetz JF. ROP18 is a  
rhoptry kinase controlling the intracellular proliferation of Toxoplasma gondii. 
PLoS Pathog (2007) 3:e14. doi:10.1371/journal.ppat.0030014 

27.	 Jensen KD, Hu K, Whitmarsh RJ, Hassan MA, Julien L, Lu D, et al. Toxoplasma 
gondii rhoptry 16 kinase promotes host resistance to oral infection and intes-
tinal inflammation only in the context of the dense granule protein GRA15. 
Infect Immun (2013) 81:2156–67. doi:10.1128/IAI.01185-12 

28.	 Zhou CX, Zhou DH, Elsheikha HM, Zhao Y, Suo X, Zhu XQ. Metabolomic 
profiling of mice serum during toxoplasmosis progression using liquid 
chromatography-mass spectrometry. Sci Rep (2016) 6:19557. doi:10.1038/
srep19557 

29.	 Bastos LM, Macêdo AG Jr, Silva MV, Santiago FM, Ramos EL, Santos FA,  
et al. Toxoplasma gondii-derived synthetic peptides containing B- and T-cell 
epitopes from GRA2 protein are able to enhance mice survival in a model of 
experimental toxoplasmosis. Front Cell Infect Microbiol (2016) 6:59. doi:10.3389/ 
fcimb.2016.00059 

30.	 Wang JL, Elsheikha HM, Zhu WN, Chen K, Li TT, Yue DM, et al. Immunization 
with Toxoplasma gondii GRA17 deletion mutant induces partial protection 
and survival in challenged mice. Front Immunol (2017) 8:730. doi:10.3389/
fimmu.2017.00730 

31.	 Peng GH, Yuan ZG, Zhou DH, He XH, Liu MM, Yan C, et al. Toxoplasma gondii 
microneme protein 6 (MIC6) is a potential vaccine candidate against toxoplas-
mosis in mice. Vaccine (2009) 27:6570–4. doi:10.1016/j.vaccine.2009.08.043 

32.	 Yuan ZG, Zhang XX, Lin RQ, Petersen E, He S, Yu M, et al. Protective effect 
against toxoplasmosis in mice induced by DNA immunization with gene 
encoding Toxoplasma gondii ROP18. Vaccine (2011) 29:6614–9. doi:10.1016/j.
vaccine.2011.06.110 

33.	 Yuan ZG, Zhang XX, He XH, Petersen E, Zhou DH, He Y, et al. Protective 
immunity induced by Toxoplasma gondii rhoptry protein 16 against toxo-
plasmosis in mice. Clin Vaccine Immunol (2011) 18:119–24. doi:10.1128/CVI. 
00312-10 

34.	 Zhang NZ, Huang SY, Zhou DH, Chen J, Xu Y, Tian WP, et  al. Protective 
immunity against Toxoplasma gondii induced by DNA immunization with the 
gene encoding a novel vaccine candidate: calcium-dependent protein kinase 3. 
BMC Infect Dis (2013) 13:512. doi:10.1186/1471-2334-13-512 

35.	 Gao Q, Zhang NZ, Zhang FK, Wang M, Hu LY, Zhu XQ. Immune response 
and protective effect against chronic Toxoplasma gondii infection induced by 
vaccination with a DNA vaccine encoding profilin. BMC Infect Dis (2017) 
18:117. doi:10.1186/s12879-018-3022-z 

36.	 Guo J, Sun X, Yin H, Wang T, Li Y, Zhou C, et al. Chitosan microsphere used as 
an effective system to deliver a linked antigenic peptides vaccine protect mice 
against acute and chronic toxoplasmosis. Front Cell Infect Microbiol (2018) 
8:163. doi:10.3389/fcimb.2018.00163 

37.	 Ismael AB, Sekkai D, Collin C, Bout D, Mévélec MN. The MIC3 gene of 
Toxoplasma gondii is a novel potent vaccine candidate against toxoplasmosis. 
Infect Immun (2003) 71:6222–8. doi:10.1128/IAI.71.11.6222-6228.2003 

38.	 Sayles PC, Gibson GW, Johnson LL. B cells are essential for vaccination-induced 
resistance to virulent Toxoplasma gondii. Infect Immun (2000) 68(3):1026–33. 
doi:10.1128/IAI.68.3.1026-1033.2000 

39.	 Zhang NZ, Xu Y, Wang M, Petersen E, Chen J, Huang SY, et  al. Protective 
efficacy of two novel DNA vaccines expressing Toxoplasma gondii rhomboid 
4 and rhomboid 5 proteins against acute and chronic toxoplasmosis in mice. 
Expert Rev Vaccines (2015) 14:1289–97. doi:10.1586/14760584.2015.1061938 

40.	 Gazzinelli RT, Hakim FT, Hieny S, Shearer GM, Sher A. Synergistic role of 
CD4+ and CD8+ T lymphocytes in IFN-gamma production and protective 
immunity induced by an attenuated Toxoplasma gondii vaccine. J Immunol 
(1991) 146:286–92. 

41.	 Jordan KA, Hunter CA. Regulation of CD8+ T  cell responses to infection 
with parasitic protozoa. Exp Parasitol (2010) 126:318–25. doi:10.1016/j.
exppara.2010.05.008 

42.	 Gazzinelli R, Xu Y, Hieny S, Cheever A, Sher A. Simultaneous depletion of 
CD4+ and CD8+ T lymphocytes is required to reactivate chronic infection 
with Toxoplasma gondii. J Immunol (1992) 149:175–80. 

43.	 El Bissati K, Zhou Y, Paulillo SM, Raman SK, Karch CP, Roberts CW, 
et  al. Protein nanovaccine confers robust immunity against Toxoplasma. 
NPJ Vaccines (2017) 2:24. doi:10.1038/s41541-017-0024-6 

44.	 Casciotti C, Ely K, Williams M, Khan I. CD8+-T-cell immunity against 
Toxoplasma gondii can be induced but not maintained in mice lacking 
conventional CD4+ T  cells. Infect Immun (2002) 70:434–43. doi:10.1128/
IAI.70.2.434-443.2002 

45.	 Hakim FT, Gazzinelli RT, Denkers E, Hieny S, Shearer GM, Sher A. CD8+ 
T  cells from mice vaccinated against Toxoplasma gondii are cytotoxic for 
parasite-infected or antigen-pulsed host cells. J Immunol (1991) 147:2310–6. 

46.	 Suzuki Y, Sa Q, Gehman M, Ochiai E. Interferon-gamma- and perforin- 
mediated immune responses for resistance against Toxoplasma gondii in the 
brain. Expert Rev Mol Med (2011) 13:e31. doi:10.1017/S1462399411002018 

47.	 Xu Y, Zhang NZ, Tan QD, Chen J, Lu J, Xu QM, et al. Evaluation of immuno- 
efficacy of a novel DNA vaccine encoding Toxoplasma gondii rhoptry protein 
38 (TgROP38) against chronic toxoplasmosis in a murine model. BMC Infect 
Dis (2014) 14:525. doi:10.1186/1471-2334-14-525 

48.	 Scorza T, D’Souza S, Laloup M, Dewit J, De Braekeleer J, Verschueren H, 
et al. A GRA1 DNA vaccine primes cytolytic CD8(+) T cells to control acute 
Toxoplasma gondii infection. Infect Immun (2003) 71:309–16. doi:10.1128/
IAI.71.1.309-316.2003 

49.	 Zhou J, Wang L. SAG4 DNA and peptide vaccination provides partial protec-
tion against T. gondii infection in BALB/c mice. Front Microbiol (2017) 8:1733. 
doi:10.3389/fmicb.2017.01733 

50.	 Landrith TA, Sureshchandra S, Rivera A, Jang JC, Rais M, Nair MG, et  al. 
CD103+ CD8 T cells in the Toxoplasma-infected brain exhibit a tissue-resident 
memory transcriptional profile. Front Immunol (2017) 8:335. doi:10.3389/
fimmu.2017.00335 

51.	 Bessieres MH, Swierczynski B, Cassaing S, Miedouge M, Olle P, Sequela JP, 
et al. Role of IFN-gamma, TNF-alpha, IL4 and IL10 in the regulation of exper-
imental Toxoplasma gondii infection. J Eukaryot Microbiol (1997) 44:87S.  
doi:10.1111/j.1550-7408.1997.tb05800.x 

290

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fmicb.2016.00808
https://doi.org/10.3389/fmicb.2016.00808
https://doi.org/10.1016/j.vaccine.2007.11.058
https://doi.org/10.1016/j.vaccine.2007.11.058
https://doi.org/10.1016/j.vetpar.2011.12.007
https://doi.org/10.1016/j.vaccine.2005.04.025
https://doi.org/10.1016/j.vaccine.2010.11.012
https://doi.org/10.1086/427660
https://doi.org/10.1016/j.exppara.
2018.01.006
https://doi.org/10.1016/j.exppara.
2018.01.006
https://doi.org/10.1007/s00436-009-1401-5
https://doi.org/10.1016/j.chom.2008.01.001
https://doi.org/10.1016/j.immuni.2012.
09.016
https://doi.org/10.1016/j.immuni.2012.
09.016
https://doi.org/10.1371/journal.ppat.1003066
https://doi.org/10.1371/journal.ppat.0030014
https://doi.org/10.1128/IAI.01185-12
https://doi.org/10.1038/srep19557
https://doi.org/10.1038/srep19557
https://doi.org/10.3389/
fcimb.2016.00059
https://doi.org/10.3389/
fcimb.2016.00059
https://doi.org/10.3389/fimmu.2017.00730
https://doi.org/10.3389/fimmu.2017.00730
https://doi.org/10.1016/j.vaccine.2009.08.043
https://doi.org/10.1016/j.vaccine.2011.06.110
https://doi.org/10.1016/j.vaccine.2011.06.110
https://doi.org/10.1128/CVI.
00312-10
https://doi.org/10.1128/CVI.
00312-10
https://doi.org/10.1186/1471-2334-13-512
https://doi.org/10.1186/s12879-018-3022-z
https://doi.org/10.3389/fcimb.2018.00163
https://doi.org/10.1128/IAI.71.11.6222-6228.2003
https://doi.org/10.1128/IAI.68.3.1026-1033.2000
https://doi.org/10.1586/14760584.2015.1061938
https://doi.org/10.1016/j.exppara.2010.05.008
https://doi.org/10.1016/j.exppara.2010.05.008
https://doi.org/10.1038/s41541-017-0024-6
https://doi.org/10.1128/IAI.70.2.434-443.2002
https://doi.org/10.1128/IAI.70.2.434-443.2002
https://doi.org/10.1017/S1462399411002018
https://doi.org/10.1186/1471-2334-14-525
https://doi.org/10.1128/IAI.71.1.309-316.2003
https://doi.org/10.1128/IAI.71.1.309-316.2003
https://doi.org/10.3389/fmicb.2017.01733
https://doi.org/10.3389/fimmu.2017.00335
https://doi.org/10.3389/fimmu.2017.00335
https://doi.org/10.1111/j.1550-7408.1997.tb05800.x


11

Zhang et al. Novel Vaccine Against Chronic Toxoplasmosis

Frontiers in Immunology  |  www.frontiersin.org June 2018  |  Volume 9  |  Article 1505

52.	 Bao Y, Cao X. The immune potential and immunopathology of cytokine- 
producing B  cell subsets: a comprehensive review. J Autoimmun (2014) 55: 
10–23. doi:10.1016/j.jaut.2014.04.001 

53.	 Chen K, Wang JL, Huang SY, Yang WB, Zhu WN, Zhu XQ. Immune responses 
and protection after DNA vaccination against Toxoplasma gondii calcium- 
dependent protein kinase 2 (TgCDPK2). Parasite (2017) 24:41. doi:10.1051/
parasite/2017045 

54.	 Meng M, He S, Zhao G, Bai Y, Zhou H, Cong H, et al. Evaluation of protective 
immune responses induced by DNA vaccines encoding Toxoplasma gondii 
surface antigen 1 (SAG1) and 14-3-3 protein in BALB/c mice. Parasit Vectors 
(2012) 5:273. doi:10.1186/1756-3305-5-273 

55.	 Hwang S, Cobb DA, Bhadra R, Youngblood B, Khan IA. Blimp-1-mediated 
CD4 T cell exhaustion causes CD8 T cell dysfunction during chronic toxoplas-
mosis. J Exp Med (2016) 213:1799–818. doi:10.1084/jem.20151995 

56.	 Mason NJ, Artis D, Hunter CA. New lessons from old pathogens: what 
parasitic infections have taught us about the role of nuclear factor-kappaB 
in the regulation of immunity. Immunol Rev (2004) 201:48–56. doi:10.1111/j. 
0105-2896.2004.00189.x 

57.	 Gazzinelli RT, Wysocka M, Hayashi S, Denkers EY, Hieny S, Caspar P, 
et  al. Parasite-induced IL-12 stimulates early IFN-gamma synthesis and 
resistance during acute infection with Toxoplasma gondii. J Immunol (1994) 
153:2533–43. 

58.	 Yang WB, Zhou DH, Zou Y, Chen K, Liu Q, Wang JL, et  al. Vaccination 
with a DNA vaccine encoding Toxoplasma gondii ROP54 induces protective 
immunity against toxoplasmosis in mice. Acta Trop (2017) 176:427–42. 
doi:10.1016/j.actatropica.2017.09.007 

59.	 Pifer R, Yarovinsky F. Innate responses to Toxoplasma gondii in mice and 
humans. Trends Parasitol (2011) 27:388–93. doi:10.1016/j.pt.2011.03.009 

60.	 Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan CN, Hayden MS, 
et al. TLR11 activation of dendritic cells by a protozoan profilin-like protein. 
Science (2005) 308:1626–9. doi:10.1126/science.1109893 

61.	 Denkers EY, Striepen B. Deploying parasite profilin on a mission of invasion 
and danger. Cell Host Microbe (2008) 3:61–3. doi:10.1016/j.chom.2008.01.003 

62.	 Yarovinsky F, Hieny S, Sher A. Recognition of Toxoplasma gondii by TLR11 
prevents parasite-induced immunopathology. J Immunol (2008) 181:8478–84. 
doi:10.4049/jimmunol.181.12.8478 

63.	 Pyo KH, Lee YW, Lim SM, Shin EH. Immune adjuvant effect of a Toxoplasma 
gondii profilin-like protein in autologous whole-tumor-cell vaccination in 
mice. Oncotarget (2016) 7:74107–19. doi:10.18632/oncotarget.12316 

64.	 Neal LM, Knoll LJ. Toxoplasma gondii profilin promotes recruitment of Ly6Chi 
CCR2+ inflammatory monocytes that can confer resistance to bacterial 
infection. PLoS Pathog (2014) 10:e1004203. doi:10.1371/journal.ppat.1004203 

65.	 Hedhli D, Moiré N, Akbar H, Laurent F, Héraut B, Dimier-Poisson I, et al. The 
antigen-specific response to Toxoplasma gondii profilin, a TLR11/12 ligand, 
depends on its intrinsic adjuvant properties. Med Microbiol Immunol (2016) 
205:345–52. doi:10.1007/s00430-016-0452-3 

66.	 Tanaka S, Kuroda Y, Ihara F, Nishimura M, Hiasa J, Kojima N, et  al. 
Vaccination with profilin encapsulated in oligomannose-coated liposomes 
induces significant protective immunity against Toxoplasma gondii. Vaccine 
(2014) 32:1781–5. doi:10.1016/j.vaccine.2014.01.095 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Zhang, Gao, Wang, Elsheikha, Wang, Wang, Zhang, Hu and Zhu. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

291

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jaut.2014.04.001
https://doi.org/10.1051/parasite/2017045
https://doi.org/10.1051/parasite/2017045
https://doi.org/10.1186/1756-3305-5-273
https://doi.org/10.1084/jem.20151995
https://doi.org/10.1111/j.0105-2896.2004.00189.x
https://doi.org/10.1111/j.0105-2896.2004.00189.x
https://doi.org/10.1016/j.actatropica.2017.09.007
https://doi.org/10.1016/j.pt.2011.03.009
https://doi.org/10.1126/science.1109893
https://doi.org/10.1016/j.chom.2008.01.003
https://doi.org/10.4049/jimmunol.181.12.8478
https://doi.org/10.18632/oncotarget.12316
https://doi.org/10.1371/journal.ppat.1004203
https://doi.org/10.1007/s00430-016-0452-3
https://doi.org/10.1016/j.vaccine.2014.01.095
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


July 2018  |  Volume 9  |  Article 15661

Original Research
published: 26 July 2018

doi: 10.3389/fimmu.2018.01566

Frontiers in Immunology  |  www.frontiersin.org

Edited by: 
Xun Suo,  

China Agricultural University, China

Reviewed by: 
Sandip Chakraborty,  

College of Veterinary Sciences  
and Animal Husbandry, India  

Juan Li,  
Rockefeller University,  

United States  
Sara Lustigman,  

New York Blood Center,  
United States

*Correspondence:
Xinping Zhu 

zhuxping@ccmu.edu.cn

Specialty section: 
This article was submitted  
to Microbial Immunology,  

a section of the journal  
Frontiers in Immunology

Received: 30 January 2018
Accepted: 25 June 2018
Published: 26 July 2018

Citation: 
Cheng Y, Zhu X, Wang X, Zhuang Q, 

Huyan X, Sun X, Huang J, Zhan B 
and Zhu X (2018) Trichinella spiralis 

Infection Mitigates Collagen-Induced 
Arthritis via Programmed Death 

1-Mediated Immunomodulation.
Front. Immunol. 9:1566. 

doi: 10.3389/fimmu.2018.01566

Trichinella spiralis infection  
Mitigates collagen-induced arthritis 
via Programmed Death 1-Mediated 
immunomodulation
Yuli Cheng1, Xing Zhu1, Xiaohuan Wang1, Qinghui Zhuang1, Xu Huyan1, Ximeng Sun1, 
Jingjing Huang1, Bin Zhan2 and Xinping Zhu1*

1 Department of Medical Microbiology and Parasitology, School of Basic Medical Sciences, Capital Medical University, 
Beijing, China, 2 Department of Pediatrics, National School of Tropical Medicine, Baylor College of Medicine, Houston, TX, 
United States

Helminth infection induces Th2-biased immune responses and inhibitory/regulatory path-
ways that minimize excessive inflammation to facilitate the chronic infection of helminth in 
the host and in the meantime, prevent host hypersensitivity from autoimmune or atopic 
diseases. However, the detailed molecular mechanisms behind modulation on inflamma-
tory diseases are yet to be clarified. Programmed death 1 (PD-1) is one of the important 
inhibitory receptors involved in the balance of host immune responses during chronic 
infection. Here, we used the murine model to examine the role of PD-1 in CD4+ T cells in 
the effects of Trichinella spiralis infection on collagen-induced arthritis (CIA). Mice infected 
with T. spiralis demonstrated higher expression of PD-1 in the spleen CD4+ T cells than 
those without infection. Mice infected with T. spiralis 2 weeks prior to being immunized 
with type II collagen displayed lower arthritis incidence and significantly attenuated 
pathology of CIA compared with those of uninfected mice. The therapeutic effect of  
T. spiralis infection on CIA was reversed by blocking PD-1 with anti-PD-1 antibody, associ-
ated with enhanced Th1/Th17 pro-inflammatory responses and reduced Th2 responses.
The role of PD-1 in regulating CD4+ T cell differentiation and proliferation during T. spiralis
infection was further examined in PD-1 knockout (PD-1−/−) C57BL/6 J mice. Interestingly,
T. spiralis-induced alteration of attenuated Th1 and enhanced Th2/regulatory T cell differ-
entiation in wild-type (WT) mice was effectively diminished in PD-1−/− mice characterized
by recovered Th1 cytokine levels, reduced levels of Th2 and regulatory cytokines and
CD4+CD25+Foxp3+ cells. Moreover, T. spiralis-induced CD4+ T cell proliferation suppres-
sion in WT mice was partially restored in PD-1−/− mice. This study introduces the first
evidence that PD-1 plays a critical role in helminth infection-attenuated CIA in a mouse
model by regulating the CD4+ T cell function, which may provide the new insights into the
mechanisms of helminth-induced immunomodulation of host autoimmunity.

Keywords: Trichinella spiralis, rheumatoid arthritis, programmed death 1, CD4+ T cell, immunomodulation

INTRODUCTION

After co-evolution with their hosts over a long period of time, helminths have developed the ability 
to induce host immune tolerance to facilitate their survival in the hosts. This helminth-induced 
immunomodulation may also benefit hosts to reduce pathological lesions caused by aberrant inflam-
matory responses that may underline many autoimmune disorders (1, 2). Rheumatoid arthritis 
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(RA) is a chronic autoimmune disease characterized by synovial 
inflammation and bone erosion, which affects up to 1% of the 
population worldwide. There is strong evidence that abnormally 
activated Th1 and Th17 cells and impaired CD4+CD25+Foxp3+ 
regulatory T  cell (Treg) contribute to the pathogenesis of RA 
(3). Helminth infections skew host immune response from Th1 
to Th2/Treg characterized by stimulating the secretion of Th2 
cytokine IL-4, IL-5, IL-10, and IL-13 (4) and induction of Treg 
development (5, 6). Th2 polarization and Treg-released IL-10, 
TGF-β downregulate the Th1 cell subset (6–8) that promotes the 
establishment of chronic infection (9). Immunomodulation by 
helminth infection has inspired to the idea of using helminthic 
therapy for atopic and autoimmune diseases in animal models 
and human trials which have provided convincing evidences for 
effectively alleviating a number of autoimmune diseases up to date 
(1). It has also been reported that helminth infection or helminth-
derived products effectively alleviated the inflammatory arthritis 
by inducing Th2 responses or inducing Foxp3+ T regulatory cells 
(10, 11). However, the detailed molecular mechanisms behind the 
modulation of inflammatory diseases are yet to be clarified.

Programmed death 1 (PD-1) is a member of the B7 family 
on the surface of T cells that delivers inhibitory signals to pro-
mote self-tolerance by suppressing T cell inflammatory activity 
and reduce immune-mediated tissue damage (12). PD-1 is an 
important immune checkpoint to keep immune balance and 
exerts critical inhibitory functions in the setting of persistent 
antigenic stimulation such as during encounter of self-antigens, 
chronic infections, and tumors (13, 14). There is evidence sup-
porting a distinct role of PD-1 and its ligands (PD-L1/B7-H1 
and PD-L2/B7-DC) in regulating T cell tolerance and autoim-
munity (15). In humans, a role for PD-1 in the regulation of 
self-tolerance and autoimmunity was suggested to be associated 
with autoimmune diseases such as systemic lupus erythemato-
sus, RA, multiple sclerosis, and type 1 diabetes mellitus (16–19). 
In animal models of collagen-induced arthritis (CIA), defective 
expression of PD-1 has been confirmed to contribute to T cell 
hyperactivity within the inflamed joint (20). In human investi-
gations, blockade of PD-1 with anti-PD-1 increases the risk of 
developing RA (21).

In recent years, many studies indicated that helminths may 
exploit the PD-1 pathway to modulate host immune system to 
minimize excessive inflammation and promote the chronicity 
of helminth infection (22–24). Trichinella spiralis is an intes-
tine- and tissue-dwelled nematode that secretes molecules to 
modulate hosts’ immune system. Infection of this nematode or 
Trichinella-secreted proteins have been used for treatment of 
many hyperimmune-associated disorders in experimental studies 
such as asthma and allergic disorders (25), inflammatory bowel 
diseases (26, 27), encephalomyelitis (28), and type 1 diabetes (29), 
and significant alleviation of these diseases has been achieved.

It is well established that CD4+ T cells play a central role in 
the pathogenesis of RA (30). In this study, we aim to investigate 
whether T. spiralis infection affects the PD-1 expression in CD4+ 
T cells and its role in alleviation of arthritis using a CIA mouse 
model. We demonstrated for the first time that T. spiralis infection 
significantly alleviated CIA through activating the expression 
of PD-1 on CD4+ T  cells. Moreover, this study highlights the 

importance of PD-1 as a checkpoint for T. spiralis-induced Th2 
polarization and Treg generation which may provide new insights 
into the mechanisms of helminths’ immunomodulation on host 
autoimmunity.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the recommenda-
tions of “IRB of Capital Medical University.” All animal experi-
mental procedures were approved by the Animal Care and Use 
Committee of Capital Medical University (AEEI-2016-008) and 
comply with the National Institutes of Health Guidelines for the 
Care and Use of Experimental Animals.

Mice
Male DBA/1 mice with 6–8 weeks old were purchased from the 
Laboratory Animal Services Center of Capital Medical University 
(Beijing, China) for induction of arthritis and related experi-
ments. Wild-type (WT) and PD-1−/− mice bred on the C57BL/6 
background were purchased from the Jackson Laboratory (Stock 
no. 021157, USA). All mice were maintained under pathogen-free 
conditions with suitable humidity and temperature at the Animal 
Center of Capital Medical University.

Helminth Infection Model
The T. spiralis (ISS 533) strain used in this study was maintained 
in female ICR mice. Mice were each infected with 400 infective  
T. spiralis muscle larvae by oral gavage.

Induction of CIA
Experimental arthritis was induced in DBA/1 mice based on the 
method previously described (31). Bovine type II collagen (CII) 
purchased from Chondrex (Redmond, WA, USA) was dissolved 
in 0.01 M acetic acid at concentration of 2 mg/ml by stirring over 
night at 4°C and emulsified with the equal volume of complete 
Freund’s adjuvant. Male DBA/1 mice were immunized intra-
dermally at the base of the tail with 0.1 ml emulsion containing 
100 μg CII. The mice were boosted once with the same amount 
of CII emulsified with incomplete Freund’s adjuvant (Chondrex) 
21 days after the first immunization. Induced arthritic mice were 
clinically assessed for redness and swelling of all limbs every other 
day up to 50 days. The clinical scores were assigned as previously 
described to evaluate disease (32) as follows: 0  =  no signs of 
arthritis: 1  =  swelling and/or redness of the paw or one digit; 
2 = two joints involved; 3 = more than two joints involved and 
4 = severe arthritis of the entire paw and digits. Each limb was 
graded, resulting in a maximal clinical score of 16 per animal.

Histopathologic Analysis
The paws of the mice were removed after being euthanized 
and fixed overnight in 4% paraformaldehyde, decalcified in 
20% EDTA for 6  weeks, and then dehydrated and embedded 
in paraffin. The tissue serial paraffin sections (2 mm) were cut 
along longitudinal axis, mounted and sections were stained with 
hematoxylin and eosin or toluidine blue (TB). The severity of 
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inflammatory cell infiltration in joint and cartilage destruction 
was scored using a semi-quantitative scale described previ-
ously (33, 34). The severity of inflammatory cell infiltration was 
scored 0–4 as follows: 0 = no infiltrate; 1 = minimal (few cells 
in perisynovial and synovial tissues); 2 = mild (infiltrating cells 
more numerous in perisynovial and synovial tissues, and/or in 
bone marrow beneath joints); 3 = moderate (inflammatory cell 
infiltrate more intense in perisynovial and synovial tissues, and 
often extending into adjacent periosseous tissues and/or in bone 
marrow beneath joints); and 4 = marked (increasing intensity of 
inflammatory cell infiltrate in synovial and perisynovial tissues, 
and extending into adjacent periosseous tissues and/or widely 
dispersed in bone marrow). Cartilage damage was scored 0–5 
according to the following criteria: 0  =  normal; 1  =  minimal 
(loss of TB staining only); 2 = mild (loss of TB staining and mild 
cartilage thinning); 3 = moderate (moderate diffuse or multifocal 
cartilage loss); 4 = marked (marked diffuse or multifocal cartilage 
loss); and 5 = severe (severe diffuse or multifocal cartilage loss).

In Vivo Blockade of PD-1
In some experiments, the expression of PD-1 on immune cells 
in mice was blocked by injection of anti-mouse CD279 (PD-1) 
antibody (clone 29F.1A12, BioLegend, San Diego, CA, USA). 
Each mouse received 200 µg mAb intraperitoneally (i.p.) every 
3 days, starting at 14 days post-infection until 3 days before the 
mice were sacrificed. For control mice, each was given the same 
amount of rat IgG2a isotype (clone RTK2758, BioLegend).

Isolation of Lymphocytes From Spleen and 
Lymph Nodes
Four weeks after second immunization, the draining inguinal 
lymph nodes (ILNs) and spleens were removed and minced 
through a 70-µm cell strainer. Lymphocytes were isolated using 
Ficoll density-gradient centrifugation for flow cytometry or 
released-cytokine measurement.

Spleen Cell Culture and Cytokine ELISA
Splenocytes were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, 
USA), 100  U/ml penicillin, and 100  µg/ml streptomycin, at 
2 × 106 cells/ml in 24-well culture plates. During culture, the cells 
were stimulated with anti-CD3 (1 µg/ml)/anti-CD28 (1 µg/ml) 
(Peprotech, NJ, USA). The supernatants were collected at 48  h 
and kept frozen at −80°C until used. Cytokines IFN-γ, IL-4, IL-5, 
IL-13, IL-10, IL-17A, and TNF-α in the culture supernatants were 
measured with Ready-Set Go! Kits or recombinant cytokine/
antibody sets from eBioscience (San Diego, CA, USA) according 
to the manufacturer’s instructions.

Anti-CII Antibody Measurement
Sera were collected from mice 4 weeks after the second immuni-
zation of CII and the anti-CII-specific IgG and subtype IgG1 and 
IgG2a were measured by using antibody assay kit according to the 
manufacturer’s instructions (Chondrex, Redmond, WA, USA). 
Each sample was assayed in duplicate. OD values were measured 
at 490 nm using a Model 550 microplate reader and the results 

were analyzed using Microplate Manager III for Macintosh (Bio-
Rad laboratories, Hercules, CA, USA).

CD4+ T Cells Purification, CFSE Labeling, 
and Stimulation
CD4+ T cells were isolated from spleen or ILNs by positive selec-
tion using a magnetic-activated cell sorting system with anti-CD4 
mAb (Miltenyi Biotec, Bergisch Gladbach, Germany) accord-
ing to the manufacturer’s instructions. Isolated cells (5  ×  106 
cells) were suspended in 1  ml sterile PBS containing 3% FBS. 
Carboxyfluorescein succinimidyl amino ester (CFSE, Invitrogen, 
Carlsbad, CA, USA) was added into the culture up to 5 µM for 
5 min to label the cells. Labeling reaction was stopped by diluting 
with 9 ml of PBS containing 3% FCS and cells were washed twice. 
The labeled CD4+ T cells were used for the experiment of prolif-
eration assessment and flow cytometry analysis. In experiment 
for determining non-specific T  cell proliferation, the splenic 
CD4+ T cells isolated from T. spiralis-infected mice were cultured 
in plates coated with anti-CD3 (5 µg/ml, BioLegend, San Diego, 
CA, USA) in the presence of anti-CD28 (5  µg/ml, BioLegend) 
for 72 h. In experiment for determining specific anti-CII T cell 
proliferation, mice were immunized with CII on day ≥35 after 
T. spiralis infection. Then CD4+ T cells isolated from ILNs of mice 
on day 10 after CII immunization were cultured in the presence 
of CII for 72 h (20 µg/ml).

Flow Cytometry
To analyze PD-1 expression in CD4+ T cells, the cells were stained 
with anti-mouse CD3-antigen-presenting cell (APC) (clone 
17A2, eBioscience, Waltham, MA, USA), CD4-FITC (clone 
GK1.5, eBioscience), PD-1-PE (clone J43, eBioscience). To detect 
intracellular cytokine expression, T cells from each mouse were 
stimulated with 2 µl/ml. Cell Activation Cocktail (with Brefeldin) 
(BioLegend, San Diego, CA, USA) in complete RPMI 1640 
medium for 6 h at 37°C in 5% CO2, then collected and surface 
stained with CD3 and CD4. The cells were washed, fixed, and 
permeabilized with cytofix/cytoperm buffer (BD Pharmingen), 
then intracellularly stained with anti-IFN-γ PE-Cyanine7 
(clone XMG1.2), IL-4 PE-Cyanine7 (clone 11B11), and IL-17A 
PE-Cyanine7 (clone eBio17B7), or rat IgG1 and IgG2a isotype 
antibody (clone eBRG1, all from eBioscience) as control, respec-
tively. To determine Tregs, the CD4+ cells were surface stained 
with anti-mouse CD3-PerCP (clone 17A2), CD4-FITC (clone 
RM4-5), and CD25-APC (clone PC61.5) in a Mouse Regulatory 
T  cell Staining Kit (eBioscience). The cells were then permea-
bilized with cold Fix/Perm Buffer, and stained with anti-mouse 
Foxp3-PE (clone FJK-16s) or rat IgG2a isotype control antibody 
(clone eBR2a). Following immunofluorescence staining, samples 
were analyzed on a Flow cytometer (BD) using flowjo software 
(TreeStar). The cells were gated on CD3+ CD4+ T cells.

Statistical Analysis
Statistical analysis was performed using SPSS version 11.0. All 
data are expressed as mean  ±  SEM. To determine differences 
between multiple groups, analysis of variance was used with 
post  hoc comparisons using Tukey’s method. For comparison 
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FIGURE 1 | Dynamics of programmed death 1 (PD-1) expression in CD4+ T cells from Trichinella spiralis-infected mice. (A) FACS gating strategy for CD4+ T cells 
expressing PD-1. PD-1 gating was shown based on the PD-1 isotype control. (B) Flow cytometry showing the PD-1 subset in CD4+ T cells from spleen of infected 
mice compared with those from non-infected mice. Non-specific isotype antibody was used as control. The representative PD-1 expression is represented in solid 
line in T. spiralis-infected mice and in dotted line in non-infected mice. Isotype control is illustrated in gray. (C) The dynamic expression of PD-1 in CD4+ T cells of 
mice during T. spiralis infection. Data are expressed as mean ± SEM from three independent experiments (n = 5 mice per group).
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between two groups, a Student’s t-test was performed. A P-value 
<0.05 was considered significant.

RESULTS

T. spiralis Infection Upregulates PD-1 
Expression in CD4+ T Cells
Programmed death 1 expression in spleen CD4+ T  cells was 
upregulated in mice infected with T.  spiralis. Increased expres-
sion of PD-1 in spleen CD4+ T cells was observed in the initial 
acute stage of infection, peaked at week 6, and followed by a 
slight decline thereafter (Figure 1) with significant difference to 
the baseline expression level in the CD4+ T cells of normal mice.

T. spiralis Infection Alleviates CIA Through 
PD-1 Pathway
To determine whether the infection of T. spiralis alleviates the 
severity of CIA in mice, mice were infected with T. spiralis 14 days 
prior to the first immunization of CII. The representative paw 
of mice with CIA was shown in Figures  2A,B. As shown in 
Figures 2C,D, T. spiralis-infected CIA mice displayed significant 
reduction in the incidence of induced CIA and alleviated arthritic 
score compared with uninfected CIA mice. PD-1 blockade with 
specific antibody significantly increased the incidence and sever-
ity of arthritis in T. spiralis-infected CIA mice (Figures 2C,D). 
Histologic analysis of the paws showed significantly decreased 
inflammation scores and cartilage destruction in T. spiralis-
infected CIA mice compared with non-infected CIA mice. 
Similarly, the amelioration of inflammatory cell infiltration 
and cartilage destruction in T.  spiralis-infected CIA mice was 
effectively reversed by the blockage of PD-1 with anti-PD-1 
(Figures  2E,F). Isotype IgG2a control had no any effect on 
CIA (data not shown). These data suggested that PD-1 plays an 
important role in the inhibitory effect of T. spiralis infection on 
CIA in mouse.

Nematode-Induced Inhibition of Th1/Th17 
Responses and Enhancement of Th2 
Responses Were Abated by Blocking PD-1 
in CIA Mice
To understand the mechanisms involved in the T. spiralis 
infection-attenuated CIA, the humoral and cellular immune 
responses were measured in the treated mice. It is well established 
that anti-CII antibody is involved in the pathogenesis of CIA 
(35). Serological levels of antigen-specific total IgG, and subtypes 
IgG2a and IgG1 were measured. As shown in Figure 3A, the anti-
CII total IgG level in the sera of mice infected with T. spiralis was 
significantly lower than that in mice without infection. Subtype 
analysis demonstrated that the reduced IgG level mostly resulted 

from the reduction in the IgG2a (Th1) but not in IgG1 (Th2). 
The reduced levels of IgG and IgG2a in T. spiralis-infected mice 
were effectively restored when PD-1 was blocked using anti-PD-1 
antibody. The cytokine profile of splenocytes stimulated by anti-
CD3/anti-CD28 antibodies showed that T. spiralis-infected CIA 
mice produced significantly lower levels of pro-inflammatory 
cytokines including IFN-γ (Th1), IL-17 (Th17), and TNF-α, but 
higher level of Th2 cytokines IL-4, IL-5, IL-13, and regulatory 
cytokine IL-10 compared with CIA mice without infection 
(Figure 3B). However, the nematode-reduced pro-inflammatory 
cytokines and boosted Th2 cytokines in CIA mice were signifi-
cantly abated when PD-1 was blocked using anti-PD-1 antibody. 
The above results indicate that alleviation of CIA by the infection 
of T. spiralis is associated with the reduced Th1/Th17, enhanced 
Th2 responses possibly through stimulating the expression of 
suppressive PD-1 in the immune cells.

PD-1 Knockout Offsets T. spiralis-Induced 
Anti-Inflammatory Modulation of CD4+ 
T Cells
To further investigate whether T. spiralis infection-induced 
immunomodulation is PD-1 mediated, we profiled cytokines 
secreted by splenocytes upon stimulation of anti-CD3/anti-
CD28 in WT and PD-1−/− C57BL/6 J mice infected with or 
without T. spiralis. As shown in Figure 4A, the inhibited IFN-γ 
and IL-17 production following T. spiralis infection in WT mice 
was recovered in PD-1−/− mice. By contrast, T. spiralis-enhanced 
IL-4, IL-5, IL-13, and IL-10 production in WT mice was abated 
in PD-1−/− mice. This result further suggests that T. spiralis may 
activate PD-1 pathway to inhibit Th1- and Th17-associated pro-
inflammatory cytokine production and to boost Th2-associated 
anti-inflammatory cytokine and regulatory cytokine production. 
Flow cytometry also showed that T. spiralis infection decreased 
IFN-γ+ (Th1), and increased IL-4+ (Th2) CD4+ T  cells and 
CD25+Foxp3+ Tregs, but little effected on IL-17A+ (Th17) CD4+ 
T  cells. However, these T.  spiralis-induced attenuated Th1 and 
enhanced Th2/Treg differentiation in WT mice were effectively 
diminished in PD-1−/− mice (Figures 4B–E). These results with 
PD-1−/− mice further confirm that T. spiralis-induced differential 
control of CD4+ T cell subsets is PD-1 mediated, suggesting that 
PD-1 play a critical role in T. spiralis-induced immunomodulation.

To determine the responsiveness of T cell in T. spiralis-infected 
mice, we examined the CD4+ T cell proliferation upon non-specific 
(anti-CD3/anti-CD28) and antigen-specific stimulation in WT 
and PD-1−/− mice with or without infection. The proliferation of 
splenic CD4+ T cells upon non-specific stimulation (anti-CD3/
anti-CD28) was significantly inhibited in cells from T.  spiralis-
infected mice compared to those from non-infected mice. The 
inhibited CD4+ T  cell proliferation was partially restored in 
mice with PD-1 knockout (Figure 5A). We further analyzed the 
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FIGURE 3 | Programmed death 1 (PD-1) blockade offsets the inhibited Th1/Th17 responses and enhanced Th2 responses induced by Trichinella spiralis infection in 
collagen-induced arthritis (CIA) mice. Anti-type II collagen (CII) antibody and cytokine profile were determined by ELISA on day 50 after immunization. (A) Serological 
titers of anti-CII total IgG and subtypes IgG1 and IgG2a in mice of different groups. (B) Cytokine profiles secreted by splenocytes stimulated with anti-CD3 (1 μg/ml)/
anti-CD28 (1 µg/ml) for 48 h. Data are expressed as mean ± SEM for duplicate serum samples or cell cultures. Data are representative of results from two 
independent experiments (n = 6 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant (one-way analysis of variance).

FIGURE 2 | Programmed death 1 (PD-1) blockade abated Trichinella spiralis infection-induced attenuation of collagen-induced arthritis (CIA) in DBA/1 mice.  
(A) The regimen of study including the induction of CIA, treatment with infection of T. spiralis and anti-PD-1 antibody. (B) Hind paw of a mouse before and after 
induction of arthritis with bovine type II collagen (CII). Arthritic incidence (C) and total arthritic score (D) of mice from different groups (n = 10) at different time points. 
(E) Hematoxylin and eosin of the representative inflamed joints in the hind paw of mice from different groups at day 50 post first CII immunization, the histological 
score was shown on the right (mean ± SEM, n = 6). (E) The toluidine blue staining and cartilage score (F) of the representative inflamed joints in the hind paw of 
mice from different groups at day 50 post first CII immunization. (a) Naïve untreated control, (b) CIA, (c) Ts + CIA, (d) Ts + CIA + anti-PD-1. The bar graphs on the 
right side (E,F) show the histopathological scores for each group given as mean ± SEM (n = 6 mice per group). Statistical significance is determined by Student’s 
t-test for single comparison. **P < 0.01 and ***P < 0.001 (one-way analysis of variance).
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antigen-specific T cell proliferation in CD4+ T cells isolated from 
ILNs of CII-immunized mice upon CII stimulation. Similarly, 
the inhibition of CD4+ T-cell proliferation upon re-stimulation 
of specific antigen CII in T. spiralis-infected mice was partially 
lifted in T  cells from PD-1−/− mice (Figure  5B). These results 
suggest that PD-1 partially contributes to T. spiralis-induced 
hyposensitivity of CD4+ T cells.

DISCUSSION

Immune responses are regulated by the balance of positive and 
negative regulatory pathways. Negative regulatory pathways are 
crucial for peripheral self-tolerance and preventing autoimmunity, 
and can function through signals delivered by cell surface inhibi-
tory receptors, immunoregulatory cytokines, and Tregs (30). 
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Multiple co-inhibitory receptors such as lymphocyte activation 
gene 3 (LAG-3), B- and T-lymphocyte attenuator 4 (BTLA-4), 
cytotoxic T-lymphocyte antigen 4 (CTLA-4), and T cell membrane 
protein 3 (Tim-3), CD244, and CD160 are expressed in T cells to 
dampen immune activation and limit immune-mediated pathol-
ogy (36, 37). Recent studies demonstrated that these inhibitory 
receptors also play an important role in the response to patho-
gens. It is reported that helminth infection drives the sustained 

expression of T cell inhibitory receptors, which may negatively 
regulate proliferation and the production of pro-inflammatory 
cytokines by helminth antigen-specific T cells (38–40). Because 
these molecules largely function to prevent over exuberant T cell 
activation, their essential role in preventing parasite-induced 
immunopathology have been confirmed in animal studies  
(38, 41). However, the impact of these parasite-induced inhibi-
tory molecules on autoimmune pathology has not been clarified.
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FIGURE 4 | Programmed death 1 (PD-1) knockout abated Trichinella spiralis-induced Th1/17 inhibition and Th2/regulatory T cell (Treg) enhancement. Single-cell 
suspensions of spleens from wild-type (WT) and PD-1−/− mice (KO) infected with or without T. spiralis were prepared. (A) Cytokine profiles secreted by splenocytes 
(IFN-γ, IL-17A, TNF-α, IL-10, IL-4, IL-5, and IL-13) upon stimulation with anti-CD3/CD28 for 48 h measured by ELISA. (B–E) Representative staining and 
percentages for IFN-γ-, IL-4-, IL-17-producing CD4+ T cells and CD4+ CD25+ Foxp3+ Treg cells by FACS. Data are expressed as mean ± SEM from three 
independent experiments (n = 5 mice per group). *P < 0.05; **P < 0.01; ns, not significant (paired Student’s t-test).
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Programmed death 1 plays a critical role in maintaining 
host immune homeostasis during chronic infection (42, 43). In 
this study, we observed upregulation of PD-1 in lymphocytes 
of mice infected with T. spiralis. The upregulation of PD-1 was 
also observed in the chronic infections of Schistosoma japonicum 
(24), Fasciola hepatica (44), Taenia solium (45), Echinococcus 
multilocularis (45) related to the survival of helminth in the host 
and reducing infection caused immunopathology.

To determine if the T. spiralis infection reduces the pathology of 
inflammatory arthritis, we established a collagen-induced mouse 
model (CIA). The CII-reactive CD4+ T  cells are the primary 
mediators of disease induction by driving autoantibody produc-
tion in B cells and enhancing the chronic inflammatory response 
(46, 47). Our results demonstrated that T. spiralis infection sig-
nificantly mitigated the pathology of CIA in mice mostly through 
reducing Th1/Th17 pro-inflammatory responses and boosting 
Th2 response. The results are in accordance with previous studies 
that showed increased Th1/Th17 cellular response played a key 
role in the CIA (48, 49). T. spiralis infection reduces these pro-
inflammatory responses therefore alleviates pathology of CIA. 
It is well known that helminth chronic infection-induced Th2 

polarization is also involved in the therapeutic effects on autoim-
mune diseases. Nippostrongylus brasiliensi-induced activation of 
Th2 axis effectively mitigates the course of inflammatory arthritis 
and this protective effect is dependent on IL-4/IL-13-induced 
STAT6 pathway (50). F. hepatica excretory–secretory products 
were reported to protect against experimental autoimmune 
encephalomyelitis via type 2 cytokines (51).

Given that the PD-1 expression is upregulated in the CD4+ 
T  cells of T. spiralis-infected mice and PD-1 is an important 
inhibitory and checkpoint receptor on immune cells, we postu-
lated that T. spiralis-induced PD-1 expression may be involved 
in the alleviation of CIA by suppressing Th1 and Th17 responses 
and boosting Th2 response. Indeed, we observed that the reduced 
pathology of CIA in T. spiralis-infected mice was correlated with 
the increased expression of PD-1 in CD4+ T cells. Blocking PD-1 
with anti-PD-1 mAb seriously reversed the amelioration of CIA 
in T. spiralis-infected mice, correlating with recovered level of 
Th1/Th17 response and reduced Th2 response. PD-1 knockout 
also demonstrated its reversion to T. spiralis infection-involved 
Th1 and Th2 changes, however, it did not change much the 
frequency of Th17 within CD4+ T cells at day 42 post-infection 
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FIGURE 5 | Programmed death 1 (PD-1) knockout partially restored suppressed proliferation of CD4+ T cells in Trichinella spiralis-infected mice. CD4+ T cells were 
isolated from C57BL/6 wild-type (WT) and PD-1−/− mice and stained with CFSE. Decay of CFSE staining of CD4+ T cells was determined by flow cytometry. (A) FACS 
analysis of CD4+ T cell proliferation in response to non-specific stimulation. Purified CD4+ T cells from spleen of uninfected or T. spiralis-infected mice at day ≥35 of 
infection were stained with CFSE and incubated in the presence of anti-CD3/anti-CD28 for 72 h. (B) FACS analysis of CD4+ T cells proliferation in response to type II 
collagen (CII)-specific stimulation. Mice with or without T. spiralis infection (at day ≥35 of infection) were immunized with CII. CD4+ T cells were purified from LNCs of mice 
at day 10 post CII immunization and stained with CFSE, then incubated in the presence of CII (10 µg/ml) for 72 h. Irradiated naïve splenocytes were used as antigen-
presenting cells (APCs). Data were expressed as mean ± SEM from two independent experiments (n ≥ 3 mice per group). **P < 0.05; *P < 0.01 (paired Student’s t-test).
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(Figure 4D), possibly because the stage of chronic T. spiralis infec-
tion may not affect much on IL-17 expression (52). Th17 cells are 
known to be involved in the inflammatory immune responses 
and autoimmune diseases as shown in CIA induction in this 
study (Figure 3B). However, it is not well understood the role of 
Th17 cells in the helminth infections (53), even though it has been 
observed that T. spiralis infection really reduced the CIA-induced 
Th17 secretion (Figure 3B).

Our results provide strong evidences at the first time that 
PD-1 pathway is involved in immunomodulation induced by  
T. spiralis infection that attenuates autoimmune-related arthritis. 
We postulate that pre-infection with T. spiralis may induce an 
anti-inflammatory modulation ahead of the initiation of CIA via 
activating the PD-1 pathway.

The costimulatory pathway consists of the PD-1 and its 
ligands, PD-L1 and PD-L2, delivering inhibitory signals that 
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regulate the balance among T-cell activation and immune-
mediated tissue damage to prevent autoimmunity (13, 54, 55). 
Manipulation of PD-1:PD-L1/2 pathway is considered a potential 
therapeutic approach for treating autoimmune diseases (15). 
Impact of PD-L:PD-1 axis on differentiation of CD4+ T  cell 
subsets has been reported in previous studies (32, 56, 57). In this 
study, we also observed that the increased expression of PD-1 in 
CD4+ T cells in T. spiralis-infected mice and knockout of PD-1 
resulted in the recovery of inhibited CD4+ T  cell proliferation 
caused by nematode infection, indicating PD-1 is involved in 
the nematode infection caused regulation of CD4+ T  cells. At 
the meantime, we identified that the Th2 polarization and Treg 
generation induced by T. spiralis infection were effectively dimin-
ished in PD-1−/− mice. The results imply a critical role of PD-1 
in modulating the balance of Th1/Th2 and Treg responses upon 
infection of T. spiralis that may outline the molecular mechanism 
behind the helminth-induced immunomodulation. Activation of 
PD-L1:PD-1 pathway may result in the enhanced Foxp3 expres-
sion and suppressive function of established induced regulatory 
T (iTreg) cells (12). CD4+CD25+FoxP3+ Tregs are highly involved 
in the regulation of immune responses and preventing autoim-
munity (58–60). Schistosoma mansoni and T. spiralis derived 
antigens have been demonstrated to exert protective effect 
against adjuvant arthritis by upregulation of the Foxp3+ Tregs 
(10). Here, we confirmed that T. spiralis-induced expression of 
Foxp3 is highly dependent on PD-1 expression on immune cells, 
which implies that PD-1-mediated generation of Foxp3+ Tregs 
may contribute to the T. spiralis-attenuated CIA. However, dif-
ferent helminth infection may modulate host immune regulation 
through different PD-L/PD-1 pathway. The conditional deletion 
of PD-L1 impaired Th2 polarization and cytokine production in 
mice following N. brasiliensis infection (56). By contrast, blockade 
of PD-1 results in recovery of hyporesponsive Th2 cell function 
which was mediated through PD-L2 during chronic infection 
with Litomosoides sigmodontis (22). While the reasons for the dis-
crepancies regarding the role of PD-1 in regulating Th2 cytokine 
production remain unclear, it seems to be related to the types of 
PD-L which interact with PD-1 expressed in the CD4+ T cells to 
control the function of Th subsets. It has been demonstrated that 
PD-L1 and PD-L2 have distinct roles in regulating host Th cell 
differentiation in response to leishmaniasis (61). Moreover, PD-1 
has been suggested to enhance Th2 responses under conditions 
of sub-optimal TCR stimulation, which might be associated with 
the type of antigen (62).

In addition to activating Th2 cell-biased responses, helminths 
have also developed multiple mechanisms to regulate the host 
immune system. Humans with chronic infectious diseases, 
including helminth infection, experience sustained immune acti-
vation that is often accompanied by T cell hyporesponsiveness. 
Recent studies revealed that helminth infection induced T  cell 
hyporesposiveness might contribute to suppression of autoim-
mune diseases. For example, infection with Schistosome regulates 
lymphocyte function in  vivo by suppressing T  cell activation  
(63, 64). Since PD-1 is described as a co-inhibitory receptor which 
induces T cell exhaustion, we examined the role of PD-1 in regu-
lating T cell proliferation in T. spiralis-infected mice. Our study 
demonstrated a decreased T cell proliferation in T. spiralis-infected 

mice in response to both non-specific and CII-specific stimula-
tion. However, PD-1 deletion only partially restored T. spiralis-
suppressed CD4+ T  cells proliferation. Although blockage of 
PD-1 can reverse the hyporesponsiveness to S. japonicum (24) 
and L. sigmodontis (22), many possible mechanisms may underlie 
the incomplete recovery of the suppressed T-cell proliferation 
induced by T. spiralis infection after PD-1 deletion observed in 
this study. Helminth infection modulates host T  cell function 
through multiple factors including induction of Tregs, IL-10/
TGF-β regulatory cytokines (23, 64), PD-1/PD-L, and other co-
inhibitory molecules such as LAG-3, BTLA-4, CTLA-4, Tim-3, 
etc. (9, 65). We postulate that synergetic effects from different 
inhibitory pathways may contribute to T. spiralis-induced CD4+ 
T cells hyporesponsiveness besides PD-1/PD-L. Therefore, block-
ing PD-1/PD-L inhibitory pathway may not take away the whole 
inhibitory effects induced by T. spiralis infection.

In summary, this study demonstrates that T. spiralis infection 
significantly reduced the pathology of CIA in mice by inhibiting 
Th1/Th17 pro-inflammatory responses and inducing Th2/Treg 
polarization. PD-1 plays a critical role within the helminth-
involved immunomodulation of CD4+ T cell subsets which are 
central mediators of RA. However, the detailed molecular inter-
action between PD-1/PD-L pathway and the helminth-iTreg cell 
and cytokine IL-10 and TGF-β still remains unknown. Further 
studies are needed to explore the mechanism of PD-1-mediated 
regulation of immune response during helminth infection and 
autoimmune diseases.
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The serine/Threonine-Protein 
Phosphatase 1 From Haemonchus 
contortus is actively involved in 
suppressive regulatory roles on 
immune Functions of goat Peripheral 
Blood Mononuclear cells
Muhammad Ehsan, WenJuan Wang, Javaid Ali Gadahi, Muhammad Waqqas Hasan, 
MingMin Lu, YuJian Wang, XinChao Liu, Muhammad Haseeb, RuoFeng Yan, LiXin Xu, 
XiaoKai Song and XiangRui Li*

Department of Preventive Veterinary Medicine, College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, China

Serine/threonine-protein phosphatases (STPs), as integral constituents of parasitic 
excretory/secretory proteins, are assumed to be released during the host–parasite 
interactions. However, knowledge about these phosphatases and their immunoreg-
ulatory and immune protective efficiencies with host peripheral blood mononuclear 
cells (PBMCs) is scant. In this study, an open reading frame of STP from Haemonchus 
contortus designated as HcSTP-1 was amplified and cloned using reverse-transcription- 
polymerase chain reaction (RT-PCR) method. The 951-bp nucleotides sequence was 
encoded to a protein of 316 amino acid residues, conserved in characteristics motifs 
GDXHG, GDYVDRG, GNHE, HGG, RG, and H. The HcSTP-1 protein was detected 
at approximately 35  kDa as recombinant protein fused in an expression vector sys-
tem and resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
Immunohistochemically, HcSTP-1 was found to be localized in both male and female 
adult worm sections. Using immunofluorescence assay, the binding activity of rHcSTP-1 
was confirmed on surface of goat PBMCs, which resulted in expression of multiple cyto-
kines and various immunoregulatory activities in vitro. The RT-PCR results showed that 
mRNA level of interleukin-2, TGF-β1, IFN-γ, and IL-17 (with 10 µg/ml) was upregulated 
and IL-10 was decreased. However, IL-6 showed no change after PBMCs incubated 
with rHcSTP-1 protein. Further functional analysis showed that migratory activity of cells, 
intracellular nitrite production (NO), and apoptotic efficiency of PBMCs were elevated at 
significant level, whereas the proliferation of goat PBMCs and monocytes-associated 
major histocompatibility complex (MHC)-I and MHC-II expressions were decreased 
significantly at concentration-dependent fashion. Our results showed that the HcSTP-1 
protein engaged in vital suppressive regulatory roles on host immune cells, which might 
represent a potential molecular target for controlling H. contortus infection in future.

Keywords: Haemonchus contortus, serine/threonine phosphatase, peripheral blood mononuclear cells, cytokines, 
immune responses
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INTRODUCTION

Among gastrointestinal nematodes, Haemonchus contortus 
(barber pole worm) is most important parasite, responsible for 
health and economic problems in livestock industry worldwide 
(1). In severely infected animals like sheep and goats, the adult 
parasite penetrates in abomasal mucosa to feed on blood, results 
in anemia, loss of body weight and growth, and even death of 
the animals (2). Existing approaches for control of nematode 
parasites including H. contortus, mainly through widespread 
antihelmintics have resulted in stern drug resistance in domestic 
livestock (3, 4). Hence, the emergence of drug resistance in  
H. contortus demands for discoveries of novel anti-parasite drugs, 
vaccines, and development of immunological control strategies 
against nematode infections. In this regard, a comprehensive 
insight into the developmental biology of H. contortus at the 
molecular level might pinpoint some key antigens as new drug 
targets for parasite control (5).

The serine/threonine-protein phosphatase 1 (STP-1) belong 
to phosphoprotein phosphatase (PPP) family, and protein 
phosphatases (PPs) is largest class which is divided function-
ally into two major groups: first serine/threonine phosphatases 
(commonly cytoplasmic structural component, concerned with 
transcriptional activity and signal transduction) and second 
tyrosine phosphatases (typically bound with membrane and 
implicated in receptor-arbitrated signal transduction) (6). PPs 
can also be divided into four subclasses, such as PP1, PP2A, 
PP2B, and PP2C, based on substrate and inhibitory specificities 
(7). Furthermore, it was reported that PPs have been impli-
cated in range of biological functions, such as exocytosis and  
apoptosis, neuronal activity, ion channel electrophysiology, and  
cell cycle (8–12).

Previously, various STPs from number of parasites have been 
identified and characterized, including those of Oesophagos­
tomum dentatum, Trichostrongylus vitrinus, Toxoplasma gondii, 
Toxocara canis, and Plasmodium falciparum (13–17), and also 
suggested that STP-1 from H. contortus play a key role in some 
biological processes, such as spermatogenesis (18). However, 
information regarding the functions of STPs in parasitic nema-
tode H. contortus is scant.

In our previous comparative proteomics analysis of excre-
tory/secretory proteins (ESPs) from H. contortus (HcESPs), 
59 proteins were identified at early and late adult develop-
mental stages of parasite and amongst all, serine/threonine- 
protein phosphatase (STPs) were recognized as vital interact-
ing proteins bind to the goat peripheral blood mononuclear 
cells (PBMCs) in  vivo (19). The main objectives of current 
study were to clone and characterize a stage-specific gene from  
H. contortus designated as HcSTP-1, to express its recombinant 
protein in an expression vector system, and to evaluate poten-
tial immune regulatory roles of this protein (rHcSTP-1) with 
goat PBMCs in vitro. Our findings will provide valuable bases 
to better understand the biology of this parasite and to develop 
effective drugs and useful vaccines, which could be helpful in 
the prevention and control of H. contortus infection.

MATERIALS AND METHODS

Ethics Statement
All animals and laboratory experiments were strictly perfor
med in accordance with the recommendations of the Animal 
Ethics Committee, Nanjing Agricultural University, China. All 
experimental procedures used in this study were permitted 
by the science and Technology Agency of Jiangsu Province  
[ID: SYXK (SU) 2010-0005].

Animals, Parasites, and PBMC Isolation
The native crossbred goats (3–6 months old) were housed indoor, 
provided with hay and corn (whole shelled) and water ad libitum. 
The anti-parasitic drug, levamisole (8 mg/kg body weight) was 
used with 2  weeks interval to keep goats free from naturally 
acquired helminth infection. The fecal samples were checked 
twice per week, using standard parasitological techniques and 
goats with no sign of helminths infection were used in subsequent 
experiments.

Sprague-Dawley (SD) rats with average body weight of 150 g, 
were bought at Experimental Animal Center of Jiangsu, PR China 
(Certified: SCXK 2008-0004). The rats were raised in microbe 
free condition.

The H. contortus strain was maintained by serial passage in 
helminth-free goats, at laboratory of immunology and molecular 
parasitology, Nanjing Agricultural University. The parasite eggs, 
larvae, and adults worms were collected and preserved according 
to the methods stated previously (20). The blood samples were 
taken from jugular vein of dewormed goats and PBMCs were 
collected by gradient centrifugation method (21). The PBMCs 
were cultured as the procedure stated previously (22).

Cloning and Sequence Analysis  
H. contortus STP-1 Gene
The freshly adults H. contortus parasites were collected from 
abomasum of the infected goats and the extraction of RNA 
was carried out using Trizol method according to the previ-
ously described procedure (23), followed by cDNA synthesis 
as per the manufacturer’s guidelines of cDNA synthesis Kit 
(TaKaRa Biotech), and was preserved at −20°C for down-stream 
applications.

The open reading frame of HcSTP-1 was amplified by reverse-
transcription-polymerase chain reaction (RT-PCR), from con-
served domain sequences of H. contortus STP-1 gene (GenBank: 
GQ280010.1). For the subsequent cloning, underlined BamH I 
and Xho I restriction enzyme were inserted at the 5′-end of for-
ward primer: (5′-GGATCCATGGACCCTACTCAAT-3′), and 
reverse primer: (5′-CTCGAGTTATTGACAAGGTGGAGC-3′). 
The amplified PCR fragment was electrophoresed and eluted 
with Gel purification Kit (Omega, USA) in accordance with kit 
protocol. The eluted product was then inserted into pMD19-T 
cloning vector (TaKaRa Biotechnology, China). The recombinant 
plasmid pMD19-T/HcSTP-1 was inserted into DH5α competent 
strain of Escherichia coli and cultured in Luria–Bertini medium 
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Figure 1 | Cloning and sequence analysis of HcSTP-1 gene. (A) Electrophoresis of PCR product of HcSTP-1 open reading frame (Lane 1). Restriction enzyme 
digestion of pET32a-HcSTP-1 with BamH I and Xho I (Lane 2) and molecular weight DNA marker (Lane M). (B) The comparison of amino acid sequence of 
Haemonchus contortus serine/threonine-protein phosphatase 1 (STP-1) and with predicted STPs from Trichostrongylus vitrinus (CAM84506.1), A. suum 
(CAJ98743.1), Toxocara canis (KHN86897.1), and C. elegans (NP_505086.2). Amino acids predicted to be involved in the catalytic metal binding are indicated  
by asterisks “*,” and the histidine residue proposed for proton donation is indicated with “a.” The conserved motifs found in all sequences including Prosite motif 
PS00125 (LRGNHE) are boxed in green color.

3

Ehsan et al. Functional Regulation of rHcSTP-1 on Goat  PBMCs

Frontiers in Immunology  |  www.frontiersin.org July 2018  |  Volume 9  |  Article 1627

with ampicillin (100  µg/ml). The positive clones followed by 
sequencing (Invitrogen Biotech, Shanghai, China) were validated 
by sequence analysis online using Blast program.1 The obtained 
nucleotide sequence was translated into amino acids sequence 
and aligned and compared with different nematode species 
using GENETYX Version 7.0.9 software. In addition, a number 
of online approaches/programs were used to detect N-terminal 
signal peptides/http://www.cbs.dtu.dk/services/SignalP/, Trans
membrane protein prediction/http://www.cbs.dtu.dk/services/
TMHMM/, T  cell motifs/DNAstar: EditSeq, Protean, B  cell 
epitopes/http://tools.immuneepitope.org/tools/bcell/iedb_input, 
and GPI modification Site Prediction/http://mendel.imp.ac.at/
sat/gpi/gpi_server.html.

Expression and Purification of 
Recombinant HcSTP-1 Protein
The recognized recombinant pMD19-T/HcSTP-1 plasmid was 
digested with dual restriction enzymes BamH I and Xho I and 
ligated into prokaryotic expression vector pET32a (+) (Novagen, 
USA). Finally, the successful cloned STP-1 gene in a recom-
binant expression vector was sequenced to confirm its place-
ment in the accurate reading frame. The recombinant plasmid 
pET32a (+)-HcSTP-1 was transferred into E. coli strain (BL21) 
and induced with 1  mM isopropyl-β-d-thiogalactopyranoside 
(IPTG; Sigma-Aldrich) after the OD600 of the culture reached 
0.6 at 37°C. The cell pellet after centrifugation was lysed 

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi.

using 10  µg/ml of lysozyme (Sigma-Aldrich) followed by 
sonication, and was resolved on 12% (w/v) sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The 
purification of recombinant protein was carried out according 
to the manufacturer’s instructions of Ni2+-nitrilotriacetic acid 
(Ni-NTA) column (GE Healthcare, USA). The histidine-tagged 
protein (empty pET32a) used as control protein in multiple 
assays in this study was purified and expressed similar to the 
procedure described for rHcSTP-1 protein and determined at 
12% SDS-PAGE after Coomassie blue staining and quantified 
by Bradford method (24).

Immuno-Blot Analysis
Polyclonal antibodies against recombinant protein were generated 
from SD rats by subcutaneous injection of 300 µg of rHcSTP-1 
protein mixed equally with Freund’s complete. After 2  weeks 
of first immunization, rats were injected three times at 1 week 
interval with same protein and Freund’s incomplete mixture. 
The sera were collected after 10  days of last injection and 
preserved at −80°C for later use. The sera against H. contortus 
parasites were collected from naturally infected goats (25), and 
sera collected from normal goats or rats were used as negative 
control.

The SDS-PAGE products of recombinant HcSTP-1 and soluble/ 
ES products from adult parasites, were shifted nitrocellulose 
membrane (Millipore, USA) for western blot analysis. After 
blocked with 5% (w/v) skimmed milk powder in TBST (TBS 
with 0.5% Tween-20) at 37°C for 2 h, the strips were incubated 
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Figure 2 | Expression, purification and immuno reactivity of rHcSTP-1.  
(A) Recombinant expression vector before (Lane 0 h) and after 1 mM IPTG 
induction (Lane 1–7 h). Lane M: standard protein molecular weight marker. 
(B) Purified rHcSTP-1 protein resolved on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Lane P). (C) Western blot of rHcSTP-1 
protein. (Lane 1) Purified recombinant protein was electrophoresed and 
transferred to a membrane probed with serum from goat infected with 
Haemonchus contortus and (Lane 2) with normal goat serum as negative 
control. (D) Western blot of total ES proteins of H. contortus. (Lane 1) ES 
proteins from H. contortus parasites were detected by rat antibodies against 
serine/threonine-protein phosphatase 1 (STP-1) protein and (Lane 2) with 
serum from normal rat as control.
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with anti-H. contortus sera from goats or rat anti-sera against 
rHcSTP-1 (1:300 dilutions) as first antibody for treatment groups 
and normal goat serum or normal rat serum for control groups 
at 4°C overnight. Then, the membranes were incubated with the 
secondary antibody, HRP-conjugated goat anti-rat IgG (Santa 
Cruz, USA) in TBST (1:3,000 dilutions) at 37°C for 2 h. At end, the 
immunoreactions were visualized within 3–5 min, as per defined 
protocol of DAB Horseradish Peroxidase Color Development Kit 
(Beyotime Biotechnology).

Localization Assay
The mature parasites were suspended in TISSUE-TEK® O.C.T. 
compound (SAKURA, Torrance, CA, USA) and snap-frozen 
in liquid nitrogen. By using cryotome (CM1950, Wetzlar, 
Germany), worms were cut into sections with 10-µm thick-
ness and fixed on poly-l-lysine hydrobromide glass slides. 
Non-specific bindings were confiscated by treating the slides 
with 10% normal goat serum, followed by incubation with 
rat-anti-STP-1 antiserum (1:300 dilutions) or normal rat 
serum as first antibody and Cy3-labeled Goat Anti-Rat IgG 
(1:3,000 dilutions) as second antibody (Beyotime, Shanghai, 
China) at 37°C for 2  h in each step. For DNA staining, the 
sections were marked with 1.5  µM 2-(4-amidinophenyl)-6- 
indolecarbamidine dihydrochloride (DAPI: Sigma, MO, USA) 
for 5 min. Finally, Anti-Fade Fluoromount Medium (Beyotime, 
Shanghai, China) was used and sections were examined under 
confocal microscope.

Binding of rHcSTP-1 on the Surface  
of Goat PBMCs
Freshly collected PBMCs, after washed with phosphate buffer 
saline (PBS: Ca2+/Mg2+-free, pH 7.4), were maintained at den-
sity of 1  ×  105  cells/ml in cell culture medium (RPMI 1640), 
containing 10% fetal bovine serum (FBS), 100  U/ml penicillin 
and 100  mg/ml streptomycin (Gibco, Life Technology), and 
incubated with rHcSTP-1 or control protein pET32a or control 
buffer (PBS) at constant temperature (37°C) and humidity  
(5% CO2) for 4 h. Protein binding at surface of goat PBMCs were 
confirmed by immunofluorescence assay (IFA). Briefly, PBMCs 
after being washed and stabled with 4% paraformaldehyde on 
poly-l-lysine-treated slides were then permeabilized using 1% 
TritonX-100 in PBS at normal temperature. The PBMCs were 
subjected to primary antibodies rat anti-rHcSTP-1-IgG (1:300 
dilutions) or normal rat serum followed by Cy3-coupled goat 
anti-rat IgG (Beyotime, China) (1:3,000 dilutions) as second anti-
body for 1 h at 37°C temperature. At last, the slides were stained 
in darkness with DAPI (Sigma, USA) for 5 min, and subjected to 
Anti-Fade Fluoromount solution (Beyotime, China) before laser 
scanning confocal microscopic examination (LSM710, Zeiss, 
Jena, Germany) at 100× magnifications.

Detection of Cytokine Transcripts by 
RT-PCR
The PBMCs were stimulated with Concanavalin A (ConA/ 
10 μg/ml), and treated with rHcSTP-1 (10, 20, and 40 µg/ml) or 
pET32a protein (10 µg/ml) and control buffer (PBS) in 24-well 

plate containing RPMI 1640 medium at 5% CO2 and 37°C. The 
PBMCs were collected after 48  h of culture, by centrifugation 
and PrimeScript™ RT reagent kit (TaKaRa, CA, USA) was 
utilized to extract RNA from cells sediment as per the manufac-
turer’s guidelines. The cDNA-based quantifications of cytokine 
transcriptions were evaluated as previously stated protocol of 
RT-PCR. The reaction conditions and set of primers used for 
cytokines [interleukin-2 (IL-2), IL-10, TGF-β1, IL-6, IFN-γ, 
and IL-17] and endogenous reference gene (β-actin), as well as 
their amplification efficiencies are mentioned in Tables S1–S3 
in Supplementary Material. The data were analyzed based on 
Raw cycle thresholds (Ct), obtained from the ABI Prism 7500 
software (Applied Biosystems, USA) by comparative Ct (2−ΔΔ Ct) 
method (26).
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Figure 3 | Localization of serine/threonine-protein phosphatase 1 protein within parasite structure. Immunohistochemically STP-1 protein localizes inner and outer 
structure of Haemonchus contortus male and female adult worms. The red color indicates target protein stained with Cy3 and blue dots are localization of nuclei 
stained with DAPI. No red fluorescence was detected in control panel. Scale-bars: 100 µm.
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Analysis of Major Histocompatibility 
Complex (MHC)-I and -II Molecule 
Expression
After separation of PBMCs by standard Ficoll-hypaque  
(GE Healthcare, USA) gradient centrifugation and two times 
washing with the PBS (Ca2+/Mg2+-free, pH 7.4), were poured into 
flat-bottom six well culture plates (Corning Inc., USA) contain-
ing RPMI 1640 medium (Invitrogen, USA) supplemented with 
10% FBS and penicillin + streptomycin (Invitrogen, USA). The 
monocytes stick to the bottom of the plate, were collected (27) 
and adjusted at density of 1 × 106 cells/ml, whereas, Non-sticky 
cells were discarded by multiple washing steps. The purified 
monocytes were incubated in 24-well culture plates with differ-
ent concentrations of rHcSTP-1 (treatment group) or pET32a 
protein and PBS (control group) at 37°C for 24 h. Subsequently, 
the monocytes were marked with monoclonal antibodies MHC-I 
(MCA2189A647, AbDserotec, Bio-Rad, USA) and MHC-II 
(MCA2225PE, AbDserotec), followed by flow cytometric analysis 
at FACS Calibur cytometer (BD Biosciences, San Jose, CA, USA) 
(Figure 7A).

Cell Proliferation Assay
The 100 µl of freshly isolated PBMCs at density of 1 × 106 cells/ml  
was poured into 96-well culture plate and stimulated with ConA 
(10  µg/ml). The PBMCs were incubated with serial concentra-
tions of rHcSTP-1 protein (10, 20, and 40 µg/ml) in treatment 
group and pET32a empty protein or control vehicle (PBS) were 
added into control groups at 5% humidity and 37°C temperature 
for 72 h. Detection of PBMC proliferation was carried out accord-
ing to the previously mentioned procedure of cell proliferation 

assay kit (28). 10  µl of CCK-8 solution (Beyotime China) was 
mixed in every well of plate 6 h prior to harvest and absorbance 
were checked by using spectrophotometer (Bio-Rad, USA) at 
wavelength 450 nm (OD450). Result presented here are from three 
independent experiments.

Cell Migration Assay
The migration activity of cultured PBMCs was measured with 
8.0-µm pores Millicell® insert (Merck-Millipore, USA) as stated 
previously. Briefly, in treatment group 200 µl of freshly sepa-
rated cells were poured into the upper chamber with various 
concentrations of rHcSTP-1 (10, 20, and 40 µg/ml) and pET32a 
control protein or equal volume of control buffer (PBS) were 
added in control groups. Subsequently, 1,300  µl cell culture 
medium was filled in the lower chamber for 2  h incubation 
at 37°C and 5% CO2. After that, columns were removed, and 
PBMC passed through polycarbonate layer were figure out by 
a Neubauer counting chamber. Data were resulted as percent-
age of seeded PBMCs. Three independent experiments were 
conducted.

Intracellular Nitrite Production by PBMCs
The goat PBMCs were separated and washed with Ca2+/Mg2+-free 
PBS (pH 7.4). 100 µl of cells containing DMEM medium was 
poured in 96-well plate with varying concentrations of rHc-
STP-1 (10, 20, and 40 µg/ml), similarly the control groups were 
incubated with recombinant protein of pET32a or PBS (control 
buffer). NO production by cells was determined by Griess assay 
(29), by using Total Nitric Oxide Assay Kit (Beyotime, China) 
according to the manufacturer’s instructions. The values in the 
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Figure 4 | Binding of rHcSTP-1 protein with goat peripheral blood mononuclear cells in vitro. The cells were incubated with rat sera anti-rHcSTP-1-O IgG, 
anti-HisTag protein (pET32a) or negative rat IgG as primary antibody followed by Cy3-labeled goat anti-rat IgG (red) as secondary antibody. Red fluorescence  
on surface of cells showed target protein staining (Cy3) and nuclei of cells were visualized by DAPI (blue). No red fluorescence was observed in control groups.  
The results were analyzed by using confocal laser scanning microscopy.
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reaction mixture were measured at microplate spectrophotom-
eter (Bio-Rad Laboratories, USA) at 540 nm (OD540) wavelength. 
Data presented here are results of triplicate experiments.

Apoptotic Efficiency of rHcSTP-1  
on PBMC
Efficiency of rHcSTP-1 to induce apoptosis of PBMC was asses
sed by flow cytometric analysis (BD Biosciences, USA). The 
PBMCs (1 × 107 cells/ml) treated with different rHcSTP-1 protein 
concentrations (5, 10, 20, and 40  µg/ml) and empty pET32a 
protein, were stained with Annexin V-FITC kit (Miltenyi Biotec, 
Germany) according to the manufacturer’s protocols. The apop-
tosis rate was calculated by the percentage of early (Annexin  
V+ PI−) and late (Annexin V+ PI+) PBMC apoptosis. Cells with-
out any treatment were set as control. Data were analyzed using 
Flow Jo 7.6 software (Tree Star, USA).

Statistical Analysis
Data analysis regarding all experiments was performed by using 
the statistical package, GraphPad Premier 6.0 (GraphPad Prism, 
San Diego, CA, USA). Data are presented as mean ± SEM. The 
differences between groups were compared by one-way ANOVA, 
followed by a Tukey test and were considered statistically signifi-
cant at p < 0.05.

RESULTS

Cloning and Protein Expression of  
H. contortus STP-1
The RT-PCR generated fragment of STP-1 gene with molecular 
size of 951 bp, was obtained from H. contortus cDNA and suc-
cessfully cloned into an expression vector system, confirmed by 
enzymatic digestion with BamH I and Xho I (Figure 1). After that, 
cloned HcSTP-1 sequence was translated into 316 amino acids 
with predicted 35 kDa molecular mass and calculated pI of 6.328. 
The nucleotide and amino acid sequence identity HcSTP-1 using 
BLASTx and BLASTp revealed highly sequence resemblance 
with STPs from other parasite species, existing at NCBI database 
(see text footnote 1). In this study, characterization of HcSTP-1 
cDNA showed 98% significant sequence identity to H. contortus 
(ADJ96628.1), 80% with C. briggsae (XM_002631635.1) (data 
not shown). Multiple sequence alignment showed that HcSTP-1 
polypeptide shares a significant similarity of 91% with T. vitri­
nus (GenBank: CAM84506.1), 62% with T. canis (GenBank: 
KHN86897.1), 62% with Ascaris suum (GenBank: CAJ98743.1), 
and 58% with Caenorhabditis elegans (GenBank: NP_505086.2). 
The BLAST analysis predicted number of conserved metal ion-
binding sites and histidine residue predicted to be involved in 
proton donation. The amino acids expressing STP protein motif 
LRGNHE was found during sequence analysis. The aligned STPs 
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Figure 5 | Relative expression of multiple cytokines in goat peripheral blood mononuclear cells stimulated by the recombinant HcSTP-1. Cells were incubated  
with the recombinant serine/threonine-protein phosphatase 1 (STP-1) for 48 h, the mRNAs encoding interleukin-2 (IL-2), IL-6, IL-10, IFN-γ, TGF-β1, and IL-17  
were quantified by reverse-transcription-polymerase chain reaction. The significant level was set at *p < 0.05, **p < 0.01, ***p < 0.001, and ns non-significant 
compared with the untreated group (control). Data are representative of three independent experiments.
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sequences were highly similar in central regions, particularly 
in term of characteristics sequence motifs, such as GDXHG, 
GDYVDRG, GNHE, HGG, RG, and H (30), whereas there was 
a higher variation occurred regarding to N- and C-terminal 
regions among all align sequences (Figure 1). Further sequence 
analysis indicated lack of signal peptide, transmembrane domain, 
and GPI anchor site, whereas T and B cell motifs were predicted 
in deduced protein structure (Figures S1–S4 in Supplementary 
Material).

The recombinant product of HcSTP-1 gene inserted into 
E. coli was expressed after IPTG induction and detected after 
staining with Coomassie brilliant blue R-250 on SDS-PAGE. 

The rHcSTP-1 protein was expressed with molecular weight 
of about 53  kDa (Figure  2, Lane P) along with 18  kDa cal-
culated mass of vector protein (pET32a). The target protein 
was confirmed at its original size of 35  kDa after reduction 
from vector protein. Polyclonal antibodies against rHcSTP-1 
were identified by immuno-blot analysis, which revealed that 
rHcSTP-1 could be recognized by sera from goats infected 
with H. contortus and native STP-1 protein from H. contortus 
could be recognized by antibodies generated against rHcSTP-1 
protein (Figures  2C,D, Lane 1). However, no protein was 
detected with normal sera taken from un-immunized goats/
rats (Figures 2C,D, Lane 2).
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Figure 6 | Influences of different concentrations of rHcSTP-1 on peripheral 
blood mononuclear cells proliferation in vitro. Cells were simulated with ConA 
and treated with control buffer, His-Tag protein (pET32a), and various 
concentrations of recombinant serine/threonine-protein phosphatase 1 
(STP-1) protein for 72 h. Proliferation test was conducted by CCK-8 and 
OD450 value was measured using microplate spectrophotometer. Cell 
proliferation index was calculated by considering the OD450 values in 
controls as 100%. The data are expressed as mean ± SEM of three 
independent experiments (***p < 0.001).
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HcSTP-1 Localized Outer and Inner Lining 
of H. contortus Worm Sections
The partial body sections of male and female adult worms are 
shown in Figure  3. Immunohistochemical analysis was per-
formed to detect distribution of native STP-1 protein within the 
worms. The red lining at outer and inner layer of membranes 
and in gut region strongly indicated the presence of this protein 
within worms sections. However, no fluorescence was detected in 
the control section (Figure 3).

rHcSTP-1 Binding Confirmation on 
Surface of Goat PBMCs
The interaction of HcSTP-1 with PBMCs, which are key ele-
ments for immune responses, was investigated by using IFA. 
As shown in Figure  4, the Cy3-labeled target protein and 
the DAPI labeled nuclei displayed red and blue fluorescence, 
respectively. The red visualization on the surface of cells in 
treatment group (rHcSTP-1) indicated the binding of the 
protein whereas, no red labeling was detected in the control 
groups (pET32a or PBS), which clearly specified that rHc-
STP-1 could bind on the surface of goat PBMCs and exerts its 
immune effects in a multiple manners (Figure 4).

rHcSTP-1 Decreased Anti-Inflammatory 
and Increased Pro-Inflammatory 
Cytokines Expression in a Balanced  
Th1-Th2 State In Vitro
The mRNA levels of cytokines produced by cultured goat 
immune cells (PBMCs) in response to STP-1 protein were 
tested at RT-PCR machine. As depicted in results of Figure 5, 
transcriptions level of IL-2 [ANOVA, F(5,12) = 198.9, p = 0.0001] 
and transforming growth factor-β1 (TGF-β1) [ANOVA, 
F(5,12) = 108.0, p = 0.0001] were increased significantly at dose- 
dependent manner to that of pET32a protein and PBS con-
trol group. However, the IL-10 transcription was decreased 
[ANOVA, F(5,12) = 19.04, p = 0.0001] dose dependently to that 
of control groups. Here, we also noted that interferon gamma 
(IFN-γ) at protein concentration of 10 µg/ml showed no differ-
ence (p = 0.337); however, at 20 µg/ml (p = 0.002) and 40 µg/ml  
[ANOVA, F(5,12)  =  105.6, p  =  0.0001] the transcription level 
was augmented significantly. After incubation with rHcSTP-1 
protein, the expressions of IL-17 at 10  µg/ml reached at its 
significant level [ANOVA, F(5,12) = 11.76, p = 0.0003], while at 20 
and 40 µg/ml remained non-significant. However, IL-6 was not 
significantly different [ANOVA, F(5,12) = 0.604, p = 0.699] when 
compared with control groups (Figure 5).

rHcSTP-1 Protein Affected PBMCs 
Proliferation
Antiproliferative effects of rHcSTP-1, compared to the nega-
tive control and control protein treated groups were evaluated 
by using cell counting kit (CCK8). The results demonstrated 
that, cells stimulated with ConA and incubated with rHcSTP-1 
protein downregulated [ANOVA, F(5,12) = 67.38, p = 0.0001] the 

multiplication efficiency dose dependently (Figure 6). However, 
no significant change was observed between control groups 
[ANOVA, F(5,12) = 67.38, p = 0.557].

rHcSTP-1 Inhibited MHC-I and -II 
Expression on Goat Monocytes
In response to the rHcSTP-1, the expression of MHC-I and -II  
surface markers on monocytes were evaluated, and results 
showed that as compared to expression in control groups, rHc-
STP-1 significantly decreased MHC-I (Figures 7B,D) molecule 
expression [F(5,12) = 780.3] as well as MHC-II [F(5,12) = 157.2] on 
the surface of the goat monocytes in a dose-dependent manner 
p < 0.0001 (Figures 7C,E).

PBMC Migration Assay
To investigate impact of the rHcSTP-1 on immune cell migration, 
the percentage of migrated cells through Millipore polycarbonate 
membrane into the lower chamber was calculated. Results showed 
that 16.67 ± 0.8819% cells with control and 16.33 ± 1.764% cells 
with control protein group (pET32a) were migrated into lower 
chamber (p = 0.087). At 10 µg/ml (27.00 ± 1.528%), 20 µg/ml 
(32.67  ±  2.603%), and 40  µg/ml (35.00  ±  2.309%) rHcSTP-1 
protein concentrations, significant amount of cells were passed 
through membrane (Figure  8). However, no difference was  
found between control and 5  µg/ml (20.00  ±  1.155%) protein 
concentration (p = 0.084).

rHcSTP-1 Involved in Intra-PBMCs  
NO Production
Nitric oxide plays a crucial role in the host defense mechanism 
by preventing growth or killing the parasite directly during 
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infection. By using total nitric oxide kit, we found that no 
significant production was occurred [ANOVA, F(5,12)  =  25.92, 
p = 0.504] at 5 and 10 µg/ml compared with the groups treated 
as control. Here, we also observed that at 20 and 40  µg/ml,  
a significant level of NO was produced [ANOVA, F(5,12) = 25.92, 
p  =  0.0001]. However, production of NO between control 
(PBS) and pET32a group was also non-significant [ANOVA, 
F(5,12) = 25.92, p = 0.473] (Figure 9).

rHcSTP-1 Dramatically Modulated Early 
and Late Apoptosis of PBMCs
It has been suggested that STPs obviously involved in various 
cellular processes including cell viability and cell death (10). 
The apoptotic activity of rHcSTP-1 on PBMCs was evalu-
ated by using the externalization of membrane phospholipid 
phosphatidylserine (PS) as a marker of cell apoptosis. Flow 
cytometry assay revealed that cells incubated with different 

Figure 7 | rHcSTP-1 suppressed both major histocompatibility complex (MHC) class-I and II on goat monocytes. Monocytes were cultured in the presence  
of control buffer, HisTag protein (pET32a), and multiple concentrations of rHcSTP-1 for 24 h. MHC-II expression was measured by flow cytometric analysis  
and calculated as the percentage of mean fluorescence intensity (MFI). (A) Histogram corresponds to one representative of three independent experiments.  
(B,C) Stagger offset showing expression level of MHCs on monocytes. (D,E) Bar graphs represent the MFI ± SD of controls. The data are representative of  
three independent experiments (***p < 0.001).
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Figure 8 | Effects of the various concentrations of rHcSTP-1 on peripheral 
blood mononuclear cell migration in vitro. Cells were treated with control 
buffer, HisTag protein (pET32a), and multiple concentrations of rHcSTP-1. 
The migration percentage was determined randomly. The difference between 
the mean values was calculated using ANOVA. Data are representative of 
three independent experiments (**p < 0.01, ***p < 0.001, and ns non-
significant versus the control).

Figure 9 | Measurement of the intracellular nitric oxide production by goat 
peripheral blood mononuclear cells in vitro. Nitric oxide concentration in the 
supernatant of cell cultures was performed according to the instructions of 
Griess assay by Total Nitric Oxide Assay Kit. The data were presented here 
as mean ± SEM of three independent experiments (**p < 0.01 and 
***p < 0.001).

protein concentrations (5, 10, 20, and 40  µg/ml) showed 
significantly increased frequency of apoptotic percentage in 
both early [ANOVA, F(5,12) = 69.08, p = 0.0001] and late stage 
apoptosis [ANOVA, F(5,12) = 68.30, p = 0.0001] compared with 
the control groups. Meanwhile, no significant change was 
observed [ANOVA, F(5,12) = 200.8, p = 0.0986] between control 
and pET32a group (Figure 10).

DISCUSSION

Identification and development of novel drug targets are 
always a primacy in the biological study of socio-economically 

important parasites. Helminths ESPs including some anti-
gens with unknown biological functions were characterized  
(31–33), and due to their sequences homology, these mole
cules have been proven as promising vaccine candidate against 
nematodes infections (34, 35). Among PPs, PP1 elaborate 
numerous biological activities, such as membrane receptors/
channels regulations, protein synthesis, glycogen metabolism, 
transcription, cellular division, and apoptosis (36). In cur-
rent investigation, an ES protein of H. contortus (STP-1) was 
characterized and localization of this protein through IFA  
confirmed its attachment with host immune cells for the first 
time, in shape of surface ligand complex (37), which is char-
acteristic feature of ES proteins to suppress or modulate the 
immune functions of host PBMCs.

The PP1 is a major ubiquitously expressed STP, which shares a 
conserved catalytic domain with all other isotypes (PP2A, PP2B, 
PP4, PP5, PP6, and PP7) (38) and provides extensive informa-
tion regarding their functions involved in numerous vital cel-
lular mechanisms in all organisms (30, 39). In this study, highly 
significant amino acid identity of HcSTP-1 with presence of a 
conserved motif (LRGNHE) for STP protein pattern at positions 
115–120 (18), involvement of amino acids for catalytic activity 
like metal ion-binding and proton donation were found (7).  
In the central regions of polypeptides, the amino acid sequences 
were highly conserved, particularly with the signature sequence 
motifs of the PPP family (GDXHG, GDXVDRG, GNHE, HGG, 
RG, and H) (30). However, the N- and C-terminal amino acids 
were variable, which suggested that it might be involved in 
protein binding and regulatory activity.

Previous studies suggested that STPs were associated with 
male reproductive processes of parasites, including sperm matu-
ration, motility, and viability (40). In our previous proteomic 
analysis, STP-1 was found at adult and late adult developmental 
stages of H. contortus in vivo (19). In this study, immunohisto-
chemically HcSTP-1 was localized in both male and female adult 
worms of H. contortus. Somehow, most PPs considered to be 
conserved during free-living as well as parasitic developmental 
stages; however, the biological pathways involved in the growth, 
development, survival, and/or reproduction reflects between 
invertebrates and vertebrates. Based on current information, 
a deep insight into the biochemical localization of STPs in  
H. contortus is required to understand the gender dependent 
immune stimulation by STPs during host–parasite interface.

The immune (Th1 and Th2) and inflammatory responses 
are deeply allied with secretion of various chemokines and 
cytokines by number of immune cell types (lymphocytes 
and monocytes), which perform crucial immunoregulatory 
functions (41), against parasitic infections like H. contortus 
(42). In this study, the levels of mRNA transcripts for IL-2, 
interleukin-10, transforming growth factor beta 1, interleu-
kin-6, interferon-γ, and interleukin-17 in cultured PBMCs 
after treatment with rHcSTP-1 were detected for the first 
time. Schallig (43) suggested that sheep challenged with  
H. contortus infection responded cell mediate immune reaction 
(Th1), categorized by upregulation of IFN-γ and IL-2 mRNA 
expression. Similarly, in current research, goat PBMCs in 
response to rHcSTP-1 protein showed higher expression levels 
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Figure 10 | Apoptotic analysis of peripheral blood mononuclear cells (PBMCs) by flow cytometry. (A) The dot plot showing percentages of PBMCs undergoing 
early and late stage apoptosis dually stained with Annexin V-FITC/PI. (B) Bar graph showing percentage of early stage apoptosis of PBMCs after rHcSTP-1 
treatment. (C) Bar graph showing percentage of late stage apoptosis of PBMCs after rHcSTP-1 treatment. (D) The effect of the different protein treatments on total 
% (early + late) of apoptotic cells. Data are presented as the mean ± SEM (n = 3) from triplicate experiments. Asterisks designate treatment groups are significantly 
differ in respect to control one (*p < 0.05, **p < 0.01, ***p < 0.001, and ns non-significant).
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of IL-2 and IFN-γ, suggesting that these cytokines might be 
in favor of non-protective Th responses against hemonchosis. 
The immunosuppressive cytokine IL-10 was responsible for 
inhibition of Th2 immune responses (44, 45). In this research, 
rHcSTP-1 protein showed a significant Th2 type immune 
response by decreased IL-10 cytokine in culture PBMCs, and 
thus exerts suppressive potential on differentiation of Treg cells, 
which might be immune modulatory role of HcSTP-1 against 
parasite infection.

Previously, some researches demonstrated that IL-17 cyto
kine were involved in pathogenesis and inflammatory respon
ses by numerous parasites (46–48). It was also elucidated that 
decreased level of IL-17 resulted favorable host protective 
responses (49). In our previous study, HcESPs were found to 
induce IL-17 cytokine by stimulation of the Th17  cells and 
resulted in inflammatory reaction favorable for worm survival 
in host. In this study, we found that rHcSTP-1 with concen-
tration of 10  µg/ml significantly upregulated IL-17 cytokine. 
Our findings indicated that HcSTP-1 protein of H. contortus 
was adept in Th17 cells induction, which lead to inflammatory 
response. However, the resulted inflammatory reactions might 
be in favor of parasitic infection. TGF-β1 is functionally mul-
tidimensional cytokine that controls various immune system 
activities differentially on different cell types and potentially 
regulate various biological processes (50). It also plays vital 
roles to inhibit proliferation and to stimulate the apoptosis 
of various immune cells subset (51). In this investigation, the 
binding of recombinant protein HcSTP-1 to the goat PBMCs 
increased the production of TGF-β1, which could be a one of 
mechanism of rHcSTP-1 protein to facilitate immune evasion 
during host–parasite interactions.

Major histocompatibility complex is associated with many 
important immunological activities like: stimulation of anti-
body production and immune responses against microbial and 
parasitic pathogens (52, 53), although some cytokines especially 
IFN-γ and TGF-β (54) have been proven to upregulate MHC-I 
and -II gene expression in different immune cells. Here, we 
noted that STP-1 protein of H. contortus potentially suppress the 
MHC-I and -II molecules expression in goat monocytes. This 
indicated that STP-1 protein interferes with the MHC-I and -II 
antigen presentation pathway, which might be a key mechanism 
for evasion from the host’s immune response.

The cellular processes such as cell migration part play an 
importance role in immune surveillance and tissue regeneration, 
by recruiting of immune cells into the surrounding tissue to 
destroy invading microorganisms. In addition, Type-1 as pre-
cise inhibitor of protein serine/threonine phosphatase (PHI-1) 
participated in regulatory events by modulating the migration 
of human endothelial and epithelial cells (55). Moreover, it was 
suggested that helminths actively induce migration of immune 
cell to infected sites (56). In this research, migration experiment 
concluded that rHcSTP-1 is an important binding protein to 
the goat PBMCs, which regulate the migration of immune cells 
to combat with invading H. contortus parasite and might be a 
contributor of HcESPs in the PBMCs migration.

Many proteins including ser/thr phosphatases were thought 
to be implicated in regulation of apoptosis (57). Till now, 

studies on cell death regulation by PPP subfamilies like PP2A 
and PP2B were well documented (10, 58); however, few studies 
highlighted the direct association and involvement of PP1, PP4, 
PP5, PP6, and PP7 members of phosphatase family in apop-
tosis (59–62). This study showed that rHcSTP-1 was involved 
in apoptosis as well as cell necrotic activity at dose-dependent 
manner.

In addition, cell proliferation is an indispensable process 
which is regulated or suppressed by both antigen-presenting cells 
(APCs) and T cells, thus modulate the host immune responses 
(63). In our earlier work, HcESPs significantly suppressed PBMCs 
multiplication at dose-dependent manner. In this study, PBMCs 
proliferation was decreased at significant level, which ultimately 
increased the pre- and post-apoptotic percentage in response to 
rHcSTP-1 treatment. Our study demonstrated that rHcSTP-1 as 
a constituent of HcESPs might interfere with modulatory activity 
on PBMCs proliferation and cell death regulation; however, the 
exact mechanism and pathways involved during host–parasite 
interaction upon HcSTP-1 protein involvement remains to be 
determined.

The immune cell-derived molecule, nitric oxide (NO) has 
been concerned with host non-specific defense against variety 
of infections such as hemonchosis, leishmaniasis, trypanoso-
miasis, malaria, toxoplasmosis, and schistosomiasis (64, 65). 
Previous studies provoked that PPs including P1 and P2A 
are involved in iNOS assertion in murine macrophages (66). 
Another study also witnessed that serine-threonine phos-
phatases post-transcriptionally regulate iNOS translation in 
rat hepatocytes (67). Furthermore, IFN-γ and TNF-α activated 
release of NO by macrophages was usually associated with 
killing functions on the helminths (68). In our previous study, 
the generation of NO was significantly suppressed by HcESPs 
due to decreased level of IFN-γ (69). In this study, intracellular 
nitrite production of goat PBMCs was significantly upregulated 
in a concentration-dependent fashion. These findings suggested 
that H. contortus STP-1 protein could induce the production 
of NO through increasing IFN-γ level which might mediate 
immunomodulatory functions on NO production and thus 
intensified the harmful effects of some chemical factors pro-
duced by the host cells on the helminths during host–parasite 
interface.

CONCLUSION

The current observations highlighted that H. contortus STP-1 
as an important constituents of HcESPs localized in both 
gender, play pivotal stage-specific regulatory roles in interac-
tions with host immune cells. This protein after being bind 
to host immune cells, regulate cytokines expression, cell pro-
liferation, MHC expression, cell migration, NO production, 
and cell death regulation differentially. This study might be a 
powerful clue and would have major fundamental significant 
contribution in the discovery of novel therapeutic approaches 
to control hemonchosis. However, immune cells specific role 
of rHcSTP-1 and other related phosphatases subunits with 
PBMC sub-populations like T cell and B cell, NK cell, APCs, 
and macrophages involved in host–parasite relationship in 
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Toxoplasma chinese 1 strain of 
Wh3Δrop16I/III/gra15II genetic 
Background contributes to abnormal 
Pregnant Outcomes in Murine Model
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Jian Du1, Qingli Luo1, Jilong Shen1,3* and Yuanhong Xu1,3*
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University, The Key Laboratory of Tropical Disease Control, Ministry of Education, Guangzhou, China, 3 Department of Clinical 
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Toxoplasma gondii infection evokes a strong Th1-type response with interleukin (IL)-12 
and interferon (IFN)-γ secretion. Recent studies suggest that the infection of pregnant mice 
with T. gondii may lead to adverse pregnancy results caused by subversion of physiolog-
ical immune tolerance at maternofetal interface rather than direct invasion of the parasite. 
Genotype-associated dense granule protein GRA15II tends to induce classically activated 
macrophage (M1) differentiation and subsequently activating NK, Th1, and Th17 cells 
whereas rhoptry protein ROP16I/III drives macrophages to alternatively activated macro-
phage (M2) polarization and elicits Th2 immune response. Unlike the archetypal strains of 
types I, II, and III, type Chinese 1 strains possess both GRA15II and ROP16I/III, suggesting 
a distinct pathogenesis of Toxoplasma-involved adverse pregnancies. We constructed 
T. gondii type Chinese 1 strain of WH3Δrop16 based on CRISPR/Cas9 technology to 
explore the ROP16I/III-deficient/GRA15II-dominant parasites in induction of trophoblast 
apoptosis in vitro and abnormal pregnant outcomes of mice in vivo. Our study showed 
that Toxoplasma WH3Δrop16 remarkably induced apoptosis of trophoblasts. C57BL/6 
pregnant mice injected with the tachyzoites of WH3Δrop16 presented increased absorp-
tivity of fetuses in comparison with the mice infected with WH3 wild type (WH3 WT) 
parasites although no remarkable difference of virulence to mice was seen between the 
two strains. Additionally, the mice inoculated with WH3Δrop16 tachyzoites exhibited a 
notable expression of both IL-17A and IFN-γ, while the percentage of CD4+CD25+FoxP3 
[T regulatory cells (Tregs)] were diminished in splenocytes and placenta tissues compared 
to those infected with WH3 WT parasites. Accordingly, expressions of IL-4, IL-10, and 
transforming growth factor beta 1, the pivotal cytokines of Th2 and Tregs response, 
were significantly dampened whereas IFN-γ and IL-12 expressions were upregulated in 
WH3Δrop16-infected mice, which gave rise to more prominent outcomes of abnormal 
pregnancies. Our results indicated that the WH3Δrop16 parasites with gra15II background 
of T. gondii type Chinese 1 strains may cause miscarriage and stillbirth due to subversion 
of the maternal immune tolerance and system immunity of the animals and the GRA15II 
effector contributes to the process of adverse pregnant consequences.

Keywords: Toxoplasma gondii, dense granule protein GRA15, rhoptry protein ROP16, CRISPR/Cas9, adverse pregnant 
outcome
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INTRODUCTION

During normal pregnancy, allogeneic fetal cells invading 
the extraembryonic trophoblasts do not impair gestation by 
establishing tolerance at the maternal–fetal interface (1, 2). The 
physiological balance of Th1/Th2 is believed to play a crucial 
part in maintenance of normal pregnancy of mammals including 
humans (3). Previous studies showed that apoptosis is a normal 
physiological process of trophoblasts throughout gestation and 
is essential to normal placental development and fetal growth 
(4). Thus any unfavorable impact of immunological factors on 
the maternal–fetal interface and/or apoptosis of trophoblasts may 
lead to abnormal pregnancy outcomes.

It has been elucidated that T regulatory cells (Tregs) promote 
immune tolerance and successful pregnancy by secreting inter-
leukin (IL)-10 and transforming growth factor beta 1 (TGF-β1)  
and dampen interferon (IFN)-γ and other inflammatory cyto
kines to maintain the normal development of embryos (5–8). 
The Tregs cells have been found to be insufficient in patients who 
experienced recurrent spontaneous abortions (9), while excessive 
secretion of IFN-γ and other Th1 type cytokines may give rise to 
adverse pregnancies (10). Therefore, Th2-dominant response in 
system immunity and at maternal–fetal interface is the prerequi-
site for normal pregnancy (3, 11–14).

Toxoplasma gondii is an extensive intracellular protozoan 
parasite that is capable of affecting almost all vertebrate animals 
including humans and leading to reproductive failure in its 
hosts (15, 16). Primary infection with Toxoplasma during preg-
nancy, particularly in the first trimester, may cause stillbirths, 
miscarriages, or fetal abnormalities (17). The apoptosis of 
trophoblasts might be induced by many stimuli. For example, 
apoptotic process of trophoblasts is notably increased in the case 
of spontaneous abortion when the cells were co-cultured with 
inflammatory macrophages that were infected with T. gondii (18). 
Glycosyl phosphatidylinositol on the membrane of Toxoplasma 
tachyzoites, similar to LPS of bacteria, could induce oxida-
tive stress in several tissues, and it has been found to be a key 
molecule which is responsible for preterm labor in mice (19, 20). 
Despite the fact that Toxoplasma infection may cause abortion 
or congenital fetal infection via direct transmission of parasite 
to placentas and fetuses, some studies indicate that imbalance of 
immune tolerance at the maternal–fetal interface, rather than a 
direct action of the parasite, might be attributed to the abnormal 
pregnancies (21, 22), resulting in apoptosis of trophoblasts in 
the case of abortion with T. gondii infection. Further researches 
revealed that Toxoplasma infection in mice lead to adverse preg-
nant results with a mechanism of reduction of Tregs and elevation 
of Th17 cells (23).

Toxoplasma gondii invasion to the host cell is actually a series 
of parasite protein secretions. Secretory proteins of ROPs, GRAs, 
MICs, RONs, and other molecules are mainly generated by the 
organelles of dense granules, rhoptries, and micronemes. These 
parasite-derived polymorphic effectors are deeply involved in 
dictation of virulence and modulation of host signaling pathways 
(24–28). For instance, Jensen et  al. found that ROP16I/III (of 
types I and III strains) kinase phosphorylates Stat6/Stat3 and 
induces alternatively activated macrophages (M2) at early phase 

of infection that is associated with promoted IL-4 and IL-10 
expressions and Th2-polarized response, while GRA15II (of type 
II strains) activates NF-κB and elicits classically activated mac-
rophages (M1) that is responsible for IL-12 generation and Th1-
dominant immunity, subsequently activating NK and Th17 cells 
(19, 28–31), resulting in oxidative stress and further activation of 
the pro-apoptotic pathway (28, 32).

Studies reported that type Chinese 1 (ToxoDB #9) strains 
dominantly prevalent in China carry both GRA15II and ROP16I/III  
effectors that is different from the strains of archetypical types 
I, II, and III of T. gondii in Europe and North America (33, 34). 
The ROP16I/III with GRA15II background in Chinese 1 strains 
strongly suggests the distinct pathogenesis that differs from the 
strains of the other continents of the world. In the current study, 
we explored the impact of GRA15II with ROP16I/III deletion of 
Chinese 1 WH3 strain parasite on adverse pregnancy outcomes 
in murine model by making a T. gondii WH3Δrop16 strain based 
on CRISPR/Cas9 technology. We hypothesize that the Toxo-
WH3Δrop16 strain with gra15II background, similar to type II 
strains of Toxoplasma, might subvert the immune tolerance at 
the maternal–fetal interface and the systemic immunity, leading 
to adverse pregnancy, which is attributed to the M1/Th1/Th17 
biased response. Moreover, this study would be helpful for better 
understanding of the genotype-associated mechanism of abnor-
mal pregnancy caused by Toxoplasma predominantly circulating 
in China.

MATERIALS AND METHODS

Reagents
The following reagents were used in the experiment: Q5 
mutagenesis kit (New England Biolabs, Ipswich, MA, USA) and 
ClonExpress MultiS One Step Cloning Kit (Vazyme Biotech, 
Nanjing, China). Phusion High-Fidelity PCR Kit (Thermo fisher, 
USA) was used for the PCR amplification. Percoll (GE Healthcare 
Life Sciences), pyrimethamine, penicillin, streptomycin, phorbol 
12-myristate 13-acetate, ionomycin, HEPES, collagenase IV, and 
the Giemsa staining kit, were obtained from Sigma (St. Louis, 
MO, USA). Dulbecco’s modified Eagle’s medium, fetal bovine 
serum (FBS), and Roswell Park Memorial Institute 1640 medium 
(RPMI 1640) and D-Hanks solution were purchased from Wisent 
(Montreal, QC, Canada). Brefeldin A, FITC-labeled anti-mouse 
CD4, PE-labeled anti-mouse IL-17A, APC-labeled anti-mouse 
IL-4, Percp-cy5.5-labeled anti-mouse IFN-γ, APC-labeled anti-
mouse CD25, PE-labeled anti-mouse Foxp3, FITC Annexin V 
Apoptosis Detection Kit, and Cytofix/Cytoperm kit were pro-
vided by BD Biosciences (New York, BD, USA). The nitrite was 
detected via Greiss Reagent System provided by Promega Biotech 
Company (Madison, WI, USA). The tumor necrosis factor 
(TNF-α), IL-17A enzyme-linked immunosorbent assay (ELISA) 
kit, and 1 × Fix/Perm buffer were purchased from eBioscience 
(San Diego CA, USA). IFN-γ, IL-12, IL-10, and TGF-β1 ELISA 
kit was obtained from R&D Systems (Minneapolis, MN, USA). 
The mouse trophoblasts (primary cells originated from C57BL/6 
mice) were purchased from Wuhan Biofavor Biotechnology 
Company.
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TABLE 1 | Primers used in this study.

Primers Sequence Used for

5′-ROP16-guide RNA (gRNA) GTGGCAGCGCGTTTTAGAGCTAGAAATAGCAAG Q5 mutagenesis changing the gRNA in
pSAG1:CAS9-U6:sgUPRT to gRNA-ROP163′-ROP16-gRNA CGGTGCGTCCAACTTGACATCCCCATTTAC

UpROP16 F AAAACGACGGCCAGTGAATTCAGTTTGAATCTCTGGGTAGAACAGC To produce UpROP16 PCR product for
making pROP16:DHFR-IUpROP16 R GGGGGTGAAAATCGAATGACACTGCCCCTGAGTCGAGCCAC

DHFR-TS F TGTCATTCGATTTTCACCCCC To produce DHFR PCR product for  
making pROP16:DHFR-IDHFR-TS R TCCTCCGCTCCTCTCTAGCAGGATCGATCCCCCCGGGCTGC

DnROP16 F GCAGCCCGGGGGGATCGATCCTGCTAGAGAGGAGCGGAGGA To produce DnROP16 PCR product for
making pROP16:DHFR-IDnROP16 R GACCATGATTACGCCAAGCTTGCTCCGCAGTCTCTGTAAGT

5′-UpROP16 TGTGATGCTGAGTCTTGCGAGT PCR1
5′-InDHFR TACCAGTCATGGACGAGATCG

3′-InDHFR ACACGCATGTCTACACGAACC PCR2
3′-DnROP16 TGGTGGTTGCGACTGGACTA

5′-InROP16 ATGAAAGTGACCACGAAAGG PCR3
3′-InROP16 CTACATCCGATGTGAAGAAAGTT
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Propagation of T. gondii
Tachyzoites of T. gondii WH3 strain (type Chinese 1) were 
harvested from the continuous cell cultures in human foreskin 
fibroblasts (HFF, ATCC® SCRC-1041™) grown with Dulbecco’s 
modified Eagle medium (DMEM) supplemented with 10% FBS, 
100 µg/ml streptomycin, and 100 U/ml penicillin.

Generation of ROP16I/III-Deficient Strain  
of Type Chinese 1
All the primers and plasmids used in the study are shown in 
Table 1. UPRT-targeting guide RNA (gRNA) in pSAG1:CAS9-
U6:sgUPRT (Addgene plasmid #54467) was replaced with 
ROP16I/III targeting gRNA using Q5 mutagenesis kit. To make 
the homologous templates for gene replacements, homologous 
arms of ROP16I/III were amplified from the genomic DNA of type 
Chinese 1 WH3 WT strain as described in previous study (35). 
Subsequently, the homologous arms of ROP16 along with the 
selectable markers DHFR*-Ts were cloned into pUC19 using 
ClonExpress MultiS One Step Cloning Kit. The pSAG1:Cas9-
U6:sgROP16I/III and donor DNA fragments were electroporated 
into T. gondii WH3 WT strain. After transfection, tachyzoites 
were immediately transferred into HFF cells. After culture for 
48 h, parasites were selected with pyrimethamine for DHFR-TS. 
A single clone through limiting dilution in 96-well plate were 
seeded with HFF host cells and detected by PCR and Western 
blotting. Diagnostic PCRs (PCR1, PCR2, and PCR3) were used 
to screen individual clone. PCR reactions were performed using 
Taq DNA polymerase in a 25-µl reaction mixture containing 
1 µl genomic DNA extracted from a single clone as templates. 
Subsequently, the products were examined by agarose gel 
electrophoresis. Rabbit polyclonal antibody against ROP18 
and antibody against ROP16 was prepared in the laboratory. 
The invasion of WH3 WT or WH3Δrop16 strain in HFF cells 
were visualized after 48 h by Giemsa staining and the average 
number of tachyzoites per parasitophorous vacuole (PV) was 
obtained by counting 50 PVs in triplicate experiments. C57BL/6 
mice were infected with 1  ×  103 tachyzoites of WH3 WT or 
WH3Δrop16, respectively. The animals were monitored daily 

for manifestations following infection and the survival rate was 
recorded.

Cells and Co-Culture System
Mouse peritoneal macrophages were acquired by washing the 
peritoneal cavity three times with ice-cold D-Hanks solution. 
Mouse peritoneal macrophages were cultured and suspension 
cells were washed off 24  h later. The transwell culture plates 
(Corning, Corning, NY, USA), were used to establish a co-
culture system. Generally, the pore size of the bottom of the 
inserts is 0.4 µm, which allowed the passage of only small and 
soluble particles rather than cells and tachyzoites. Control 
macrophages (1 × 106) and WH3 WT (1 × 106) or WH3Δrop16 
(1  ×  106) tachyzoites infected macrophages were added to 
the upper well separately. The C57BL/6 primary placental 
trophoblasts (1 × 106) were co-cultured in the lower wells in 
5% CO2 at 37°C for 24 h. The co-culture system was kept in 1 ml 
of RPMI 1640 culture medium supplemented with 10% FBS 
and 1% penicillin/streptomycin. After co-culturing for 24  h, 
the macrophages were harvested for total RNA and culture 
supernatants were collected to analyze NO and TNF-α. The 
placental trophoblasts were collected for detection of apoptosis 
by flow cytometry (FCM). The apoptosis rates of trophoblasts 
cells were calculated as the sum of early and late apoptosis 
rates. The trophoblasts cells washed twice with cold PBS, and 
resuspended cells in 1 × binding buffer. The trophoblast cells 
were subjected to FITC annexin V and PI followed by gentle 
vortex, incubated for 15 min at 25°C in the dark and analyzed 
by FCM within 1 h.

Establishment of Animal Pregnant Model
The 6- to 8-week-old female and 8- to 10-week-old male 
C57BL/6 mice were purchased from the Animal Center of 
Anhui Medical University (AMU) and had free access to 
sterilized water and food under standard conditions, and 
permitted to adapt for 1 week before the experiment. The mice 
were treated in compliance with the Chinese National Institute 
of Health Guide for the Care and Use of Laboratory Animals. 
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TABLE 2 | The primers used for qRT-PCR.

Primers Forward primer (5′–3′) Reverse primer (5′–3′)

TNF-α ACGGCATGGATCTCAAAGAC GTGGGTGAGGAGCACGTAGT
iNOS CACCTTGGAGTTCACCCAGT ACCACTCGTACTTGGGATGC
IFN-γ AGCAAGGCGAAAAAGGATGC TCATTGAATGCTTGGCGCTG
IL-12 GATGTCACCTGCCCAACTG TGGTTTGATGATGTCCCTGA
IL-10 GCTCCTAGAGCTGCGGACT TGTTGTCCAGCTGGTCCTTT
TGF-β1 CTGGATACCAACTACT 

GCTTCAG
TTGGTTGTAGAGGGCAAGG 
ACCT

IL-17A TCTCTGATGCTGTTGCTGCT CGTGGAACGGTTGAGGTAGT
GAPDH CAACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACAC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IFN, interferon; IL, interleukin; 
iNOS, inducible nitric synthase; TNF, tumor necrosis factor; TGF-β1, transforming 
growth factor beta 1.
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All procedures were followed strictly according to the ethical 
standards formulated by Institutional Review Board of AMU 
Institute of Biomedicine AMU (permit No: AMU26-081108). 
After 1  week of adaptation to the new environment, females 
were housed overnight with males (2 females for 1 male). The 
presence of vaginal plugs on the second day was designated 
day 0 of gestation (GD 0). Briefly, all pregnant mice were 
divided into three equal groups randomly (WH3 WT group, 
WH3Δrop16 group, and control group) with five mice in 
each. On gestation GD8, pregnant mice were intraperitoneally 
injected with 4 × 102 WH3 WT and WH3Δrop16 tachyzoites 
in 200  µl sterile PBS, and the control was exposed to only 
200 µl sterile PBS at the same time. All mice were sacrificed 
with euthanasia on GD14, the uteruses were moved away 
and implantation and resorption sites were recorded. The 
resorption sites were defined by their small sizes, necrotic, and 
hemorrhagic appearance of placentas and embryos. The ratio 
of resorption sites to total implantation sites was calculated as 
the percentage of fetal loss.

The experiments that are related to using viable parasites 
and animal infections were performed in the AMU Biosecurity 
II Laboratory licensed by the local health administrative 
department.

Preparation of Single Cell Suspension
The placentas, uterine tissues, and spleens of experimental mice 
were removed aseptically. The spleen tissues were placed in a 
sterile nylon mesh gently. The cells were harvested after mash-
ing through sterile nylon gauze and lysed with erythrocyte lytic 
buffer and cultured in RPMI 1640 supplemented with 10% FBS. 
At the same time, the placentas and the uterus were placed in the 
dish and cut into pieces followed by washing thoroughly and the 
shredded tissue was moved to a 50 ml centrifuge tube. The tissues 
digested with 2.5 mg/ml collagenase IV, 10% FBS, and 10 mM 
HEPES sodium salt dissolved in RPMI 1640 and then incubated 
at 37°C for 30  min with gentle shaking. The suspension cells 
were filtered through sterile nylon mesh to take away undigested 
tissue. The mononuclear cells were collected by discontinuous 
70%/40% Percoll (GE Healthcare Life Sciences) density gradient 
centrifugation.

FCM Analysis of Lymphocytes
Lymphocytes from spleens, placentas, and uterine tissues were 
regulated to the appropriate cell number (1 × 106/ml) and culti-
vated in 6-well plate in 2 ml of RPMI 1640 medium supplemented 
with 10% FBS. For intracellular cytokine staining, ionomycin 
(1 mg/ml) and PMA (20 ng/ml) were used to stimulate the cells 
for 5 h in the presence of brefeldin A (1 mg/ml). The cells were 
subjected to FITC-labeled anti-mouse CD4 for 30 min at 4°C to 
avoid the light and were washed twice, and fixed with the Cytofix/
Cytoperm kit according to manufacturer’s instructions. The cells 
were incubated for 1 h at 4°C in the dark and were washed twice, 
and PE-labeled anti-mouse IL-17A, APC-labeled anti-mouse 
IL-4, and Percp-cy5.5-labeled anti-mouse IFN-γ were used 
for staining of intracellular cytokines, respectively. Tregs were 
marked by the FITC-labeled anti-mouse CD4 and APC-labeled 
anti-mouse CD25 for 30 min at 4°C in the dark and were washed 

twice. After surface staining, the cells were fixed and permeabi-
lized in 1 × Fix/Perm buffer at 4°C for 1 h in the dark and washed 
twice, followed by PE-labeled anti-mouse Foxp3 staining at 4°C 
for 30 min in protection from light. After washing, the cells were 
analyzed on FCM.

RNA Extraction and qRT-PCR
Total RNA from the co-cultured cells, spleens, and placentas 
were extracted using TRIzol (Invitrogen Life Technologies, 
Carlsbad, CA, USA) and transcribed into cDNA using Takara 
Kit (Takara, Japan) following the manufacturer’s instructions. 
The quantitative analysis was performed by testing expression of 
iNOS, TNF-α, IFN-γ, IL-12, IL-17A, IL-10, and TGF-β1 using 
SYBR Premix Ex Taq kit (Takara, Japan) by the Light Cycler 480. 
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used to normalize the results. The relative mRNA expression was 
counted with the comparative ΔCt method using the formula 
2−ΔΔCt. The qRT-PCR was conducted in technical triplicates by 
using the sense and antisense primers listed in Table 2.

Enzyme-Linked Immunosorbent Assay
The co-cultured supernatants were obtained for TNF-α detection 
by ELISA. To detect cytokines in splenocyte supernatants, we 
used the ionomycin (1 mg/ml) and PMA (20 ng/ml) to stimulate 
the splenocyte cells (2 × 106) in 6-well plate in 2 ml/well of RPMI 
1640 medium supplemented with 10% FBS for 5 h. Splenocyte 
supernatants were collected and subjected to examination for 
IFN-γ, IL-12, IL-17A, IL-10, and TGF-β1 by ELISA. Accurately 
weighed placenta tissues were homogenized with a ratio of 1 mg 
of placental tissues to 10 µl of PBS and centrifuged at 12,000 g 
at 4°C for 30  min. The supernatants of the tissue lysates were 
gathered and equal volume of the supernatants was added to 
each well. The cytokines of IFN-γ, IL-12, IL-17A, IL-10, and 
TGF-β1 were detected by ELISA according to the manufacturer’s 
protocols. Three duplicate wells were set up for each group. The 
absorbance was measured at 450 nm on the ELISA plate reader 
(Biotek, Winooski, VT, USA).

Nitrite Detection
The co-cultured supernatant was collected for examination of 
nitrite oxide (NO). It was detected using the Griess Reagent 
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FIGURE 1 | Construction of the WH3Δrop16 strain of Toxoplasma gondii type Chinese 1 by using CRISPR-Cas9 technology. (A) Schematic of CRISPR/CAS9 
strategy for inactivation of rop16 by inserting pyrimethamine-resistant DHFR (DHFR*) and PCR identification of single clone. (B) PCR identification of WH3Δrop16  
T. gondii strain. G represents the GRA1 promoter positive control, as shown in Figure 1A. 1: PCR1 fragment; 2: PCR2 fragment, 3: PCR3 fragment. PCR1 and 
PCR2 examined the integration of DHFR-TS* into corresponding genes, and PCR3 checked the deletion of ROP16 sequences. (C) Western blotting for detection  
of ROP16 expression in WH3 WT and WH3Δrop16. Rabbit polyclonal antibody against ROP18 was used as the control. (D) The number of parasites per 
parasitophorous vacuole of WH3Δrop16 or WH3 WT. (E) Mouse survival after inoculation with T. gondii tachyzoites.
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system as previously described (36) following the manufacturer’s 
instruction. The absorbance was measured at 550  nm on an 
ELISA plate reader.

Statistical Analysis
The experimental data acquired were subjected to statistical 
analyses using one-way ANOVA and paired t-test after precheck 
of the data for homogeneity of variances. Statistical significance 
was defined by using GraphPad Prism Software, and P < 0.05 was 
regarded as significant. The results were presented as mean ± SD, 
which gives a summary of the data from at least three times 
experiments.

RESULTS

The WH3Δrop16 Strain of T. gondii Type 
Chinese 1 Was Constructed Using 
CRISPR/Cas9 Technology
The CRISPR/Cas9 strategy was used to inactivate ROP16 by 
inserting pyrimethamine-resistant DHFR (DHFR*) followed 
by PCR identification of a single clone (Figure 1A). PCR iden-
tification proved that DHFR coding sequence was successfully  
inserted to the target position (Figure 1B). Western blotting ana
lysis showed no expression of ROP16I/III protein by WH3Δrop16 
strain (Figure 1C). Giemsa staining results indicated that less 
number of parasites (13 tachyzoites vs 22 tachyzoites) per PV 

in WH3Δrop16 infected cells compared to WH3 WT-infected 
cells, respectively (p < 0.05) (Figure 1D). Virulence examina-
tion indicated that all animals infected by both strains died on 
day 12 post-infection (Figure 1E) and no difference of the viru-
lence to mice was noted between WH3 WT and WH3Δrop16 
strains.

WH3Δrop16 Strain Infection Drove 
Macrophages to M1 and Lead to 
Trophoblast Apoptosis
Compared to the WH3 WT group, macrophages infected with 
WH3Δrop16 strain produced a higher level of NO, iNOS, and 
TNF-α (Figures 2A,B). To elucidate the placental trophoblasts 
apoptosis, we detected cell apoptosis of placental tissues 
by fluorescein isothiocyanate/propidium iodide (FITC/PI) 
staining assay. Compared to the WH3 WT group, the number 
of total, early, and late apoptotic cells of trophoblasts was 
elevated when co-cultured with WH3Δrop16 strain-infected 
macrophages for 24 h (Figure 2C). The remarkable apoptosis 
of trophoblasts caused by WH3Δrop16 strain was observed 
(Figure 2D).

WH3Δrop16 Strain Infection Induced 
Adverse Pregnancy
Most samples of the pregnant uteruses showed significant 
fetal resorption and placental hemorrhage in the mice 
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FIGURE 2 | The high production of nitrite oxide (NO), inducible nitric synthase (iNOS), and tumor necrosis factor (TNF)-α and apoptosis of trophoblasts co-cultured 
with macrophages infected with the WH3Δrop16 tachyzoites. (A) The culture supernatants were collected and analyzed for NO and TNF-α production. (B) The 
relative mRNA expressions of iNOS and TNF-α after co-culture. (C) Increased apoptosis of trophoblasts co-cultured with WH3Δrop16 infected macrophages.  
(D) Total, early, and late apoptosis of placental trophoblasts (*p < 0.05, **p < 0.01, ***p < 0.001).
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infected with the tachyzoites of WH3Δrop16 in comparison 
with the WH3 WT group (Figures  3A,B). The weights of 
fetuses, placentas, and rate of fetal loss were determined at 
day 6 post infection. The weight loss of fetuses and placentas 
was observed and the rate of fetal loss significantly increased 
in mice infected with WH3Δrop16 strain compared to WH3 
WT strain (Figure 3C).

WH3Δrop16 Strain Infection Induced 
Immune Bias to Th1 in the Spleens and 
Placentas of Pregnant Mice
We examined the IFN-γ in the lymphocytes of the spleen and 
placenta tissues using FCM to investigate the immune bias at 
maternal–fetal interface of the pregnant mice after T. gondii 
infection. The expression of IFN-γ and IL-12 were analyzed using 
qRT-PCR and ELISA in the spleens and placentas. Compared 
to WH3 WT group, Th1 subsets (CD4+IFNγ+) of WH3Δrop16 

inoculated mice were remarkably elevated (Figures 4A,B). The 
data were further confirmed by using qRT-PCR and ELISA 
(Figures 4C–F). Consistent with the IFN-γ assay, the expression 
of IL-12 (Figures 4C–F) was synchronously increased in the mice 
of WH3Δrop16 infection.

Th17 Response Was Upregulated in the 
Spleens and Placentas of the Pregnant 
Mice Infected With WH3Δrop16 Strain
We examined the Th17 cytokine (CD4+IL-17A+) in the spleens 
and placentas in the three groups of mice by FCM and found 
that the mice infected with WH3Δrop16 strain exhibited a high 
expression of IL-17A (Figures 5A,B). The level of IL-17A mRNA 
expression in WH3Δrop16 group was significantly increased 
when compared to WH3 WT (Figures 5C,D), which is in paral-
lel with the result of IL-17A detection in supernatants by ELISA 
(Figures 5C,D).
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FIGURE 3 | Toxoplasma gondii infection induced adverse pregnancy outcomes in mice. (A,B) The uteruses of WH3Δrop16-infected mice presented notable fetal 
resorption and placental bleeding in comparison with the WH3 WT group. (C) The weights of fetuses, placentas, and rate of fetal loss were measured at day 6 post 
infection. The fetal loss rate was calculated by ratio of resorption sites to the total number of implantation sites. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Percentage of Tregs Decreased in the 
Spleens and Placentas of the Pregnant 
Mice Following WH3Δrop16 Strain 
Infection
To clarify whether the mutant WH3Δrop16 strain infection can 
negatively affect the Tregs population, we detected the percentage 
of Tregs in the splenocytes and the cells isolated from the placen-
tas of pregnant mice by FCM (Figures 6A,B). The results revealed 
that Tregs were significantly dampened in WH3Δrop16-infected 
mice. Accordingly, relative mRNA expression of IL-10 and 
TGF-β1 in the spleens (Figure  6C) and placentas (Figure  6D) 
was synchronously reduced in WH3Δrop16 group compared to 
WH3 WT group. In addition, the levels of IL-10 and TGF-β1 in 
the spleens (Figure  6E) and placentas (Figure  6F) remarkably 
declined in the WH3Δrop16-infected mice when compared to 
WH3 WT mice.

Compared to the WH3 WT-infected C57BL/6 pregnant 
mice, the animals inoculated with WH3Δrop16 tachyzoites 
presented a diminished expression of IL-4 determined by FCM 
(Figures 7A,B).

DISCUSSION

Toxoplasma gondii is one of the common causative agent of pre
natal infections during pregnancy (15, 16). The parasite may be  
transmitted vertically by tachyzoites that are passed to the fetus 
via the placenta, leading to miscarriages, stillbirths, and other 
adverse pregnant outcomes depending on the stage of the preg-
nancy at which infection takes place (37). Most strains which 
infect humans in Europe are type II and a large proportion of 
cases of congenital toxoplasmosis are asymptomatic at birth if 
the mother acquired the infection after the second trimester of 
gestation (38). It has been well recognized that vertical trans-
mission of the parasite, particularly type I virulent strain of 
Toxoplasma with superior migratory capacity, may directly cause 
abnormal pregnancy. However, the non-virulent strains such as 
PRU or ME49 may induce a decrease in the fertility if infection 
occurs during the later phase of gestation (39). Previous studies 
indicated that neither parasites nor their DNAs are detectable in 
the diseased tissue samples of some abnormal pregnancies and 
we attempted to examine the parasite by bioassay or its derived 
DNAs by PCR from placentas and tissues of aborted fetuses in the 
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FIGURE 4 | WH3Δrop16 strain infection upregulated Th1 response of pregnant mice. Increased percentage of Th1 (CD4+IFNγ+) cell population in the spleens  
(A) and placentas (B) of WH3Δrop16 tachyzoites compared to the control. The relative mRNA expressions of interferon (IFN)-γ and interleukin (IL)-12 were sharply 
increased in the spleens (C) of WH3Δrop16-infected mice and placentas (D). The supernatants were tested for IFN-γ and IL-12 in the spleens (pg/ml) (E) and 
placentas (pg/mg) (F) by enzyme-linked immunosorbent assay (*p < 0.05, **p < 0.01, ***p < 0.001).
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pregnant women, some of whom showing positive IgG antibodies 
against Toxoplasma, but no positive results were obtained (data 
not shown). Consistent results were also reported by Senegas in 
murine model (40). All of these data imply that the resorption, 
abortion, or fetal damage might be indirectly due to lesions of 
the placenta induced by maternal biased immunity such as Th1/
IFN-γ polarized immune response (41) and that the maternal 
immunity-associated but not viable parasite-generated “sterile” 
pathology actually takes place in abnormal pregnant consequences 
caused by Toxoplasma infection. Herein, we focused on the 
maternal immunity associated rather than the mother-to-child 
vertical transmission causative adverse outcomes of pregnancy. 
Our results strongly suggest that the immunity subversion-
related pathogenesis is involved in early gestation induced by  
T. gondii but not due to a direct invasion of the parasite in adverse 
pregnancies.

It has been reported that the consequences of congenital toxo-
plasmosis vary in genotypes of Toxoplasma strain (42). Strains 
of T. gondii from Europe and North America belong to three 
distinct clonal lineages (type I, type II, and type III) which differ 
phenotypically in virulence (43, 44). Recent studies revealed that 
polarization of alternatively activated macrophage (M2) or clas-
sically activated macrophage (M1) of host macrophages depends 
on the polymorphism of ROP16 or GRA15 of Toxoplasma at early 
stage of infection. One site mutation of ROP16 at 503L/S would 
determine the activity or inactivity of ROP16 in phosphoryla-
tion of Stat6/Stat3. Type I and type III strains carry ROP16I/III,  
which strongly drives M2 bias but ROP16II is negligible (30, 45, 46),  
while type II strains infected macrophages are classically activated 
through bypassing TLRs and directly activating NF-κB by the 
dense granule protein GRA15II (28, 30). Interestingly, we found 
that type Chinese 1 (ToxoDB #9) strains carry both ROP16I/III 

327

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FIGURE 5 | WH3Δrop16 strain infection upregulated Th17 response in the spleens and placentas of the pregnant mice. The mice infected with WH3Δrop16 strain 
expressed a high level of interleukin (IL)-17A in the spleens (A) and placentas (B) determined by flow cytometry. IL-17A mRNA expression in the animals infected 
with WH3Δrop16 in the spleens (C) and placentas (D). The IL-17A in the supernatants of spleens (pg/ml) (C) and placentas (pg/mg) (D) confirmed by enzyme-
linked immunosorbent assay (*p < 0.05,**p < 0.01,***p < 0.001).
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and GRA15II (33, 34). Thus, we postulated that Chinese 1 strains 
might have immunopathogenesis which is distinct from the 
archetypical strains circulating in the other parts of the world. 
Herewith, we constructed T. gondii WH3Δrop16 strain based 
on CRISPR/Cas9 strategy. The genetically manipulated parasite 
WH3 strain with rop16I/III-deficient and gra15II-dominant back-
ground (WH3Δrop16/gra15II), which resembles the archetypical 
type II of European/North American strains, may be prone to 
induce adverse pregnant outcomes via the mechanism of sub-
verting maternal immunotolerance. We noted that WH3Δrop16/
gra15II efficiently in vitro drove macrophage polarization toward 
M1 cells, producing NO, TNF-α, and iNOS, and gave rise to 
trophoblast cells apoptosis compared to WH3 WT strain. We 
also found that the WH3Δrop16/gra15II strain induced charac-
teristic Th1-biased and Th17-involved inflammatory response 
in vivo at maternal–fetal interface featured by high expression 
of IFN-γ and IL-12, and resulted in more severe adverse preg-
nant consequences in murine model. These results suggest that 
ToxoGRA15II is one of the key factors involved in the imbal-
ance of maternal immune tolerance during pregnancy which is 
associated with M1/Th1/Th17 skewed response. These results are 
in correspondence with the findings previously reported. Surely, 
in addition to GRA15II, other Toxoplasma-derived effectors of 
type Chinese 1 strain may also contribute to the pathology of 
immunity imbalance in pregnant animals.

In the construction of the plasmids, insertion of the pyrimeth-
amine resistance gene (dihydrofolate reductase-thymidylate 
synthase, DHFR-TS*) has been frequently used as the selectable 
marker for transformant screening of CRISPR/Cas9-based genetic 
deletion of Toxoplasma (35, 47). The DHFR-TS* is not believed 
to evoke the detectable phenotypical alterations in Toxoplasma-
infected host, since it is a modified endogenous gene that exists 
in wild-type strains of the parasite. So far, no evidence has shown 
its immunogenicity which is able to induce undesirable immune 
response in its host cells. Moreover, we here did not use ROP16II 
insertion substituting ROP16I/III because, as stated above, ROP16I/

III, rather than ROP16II, decides ROP16 kinase activity on Stat6/
Stat3 and induces M2 polarization which is pivotal to M2 and 
subsequent Th2 response (45, 46). We deleted ROP16I/III in order 
to generate a GRA15II dominant transformant to explore the 
pathology of adverse pregnancy and the mechanisms of patho-
genesis caused by the atypical strain of Chinese 1 epidemic in 
China.

Despite of expressing paternal antigens, the human allogenic 
fetus is histocompatible with the maternal immune system, 
presenting an immune down-modulation on CD8+ T cells, Th1, 
and Th17 cells, which contributes to creation of an immune- 
privileged environment at the maternal–fetal interface. Previous 
investigations indicated that microbial endotoxin (LPS) admi
nistration to pregnant mice prior to delivery (16.5 day post 
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coitum) causes a Tregs and Th17  cells involved imbalance at 
the maternal–fetal interface and in the spleen, inducing pre-
term labor (48). However, we found that mice infected with 
the WH3Δrop16/gra15II strain at the early stage (seventh day 
of fertility) presented remarkable manifestations of adverse 
pregnant results, indicating that the mutant strain infection 
of Toxoplasma may lead to abnormal pregnant outcomes in 
which Tregs and Th17 cells are also involved. Various types of 
immune cells, such as Tregs, play a pivotal role in the mainte-
nance of normal gestation (11, 49–52). Our study revealed that 
the percentage of Tregs and expression of IL-10 and TGF-β1 
by Tregs as well as M2 cells were significantly diminished in 
the spleen and placenta tissues of early phase and metaphase 
of pregnancy of mice infected with the WH3Δrop16/gra15II 
strain, which is consistent with the previous reports of low 
expression of IL-10 and TGF-β1 cytokines in mice with a 

high incidence of fetal rejection (53). This result demon-
strates that the impairment of Tregs takes place in T. gondii-
infected pregnant mice, particularly in mice infected with the  
strain of WH3 Δrop16/gra15II.

A growing body of evidence indicates that Th17  cells are 
involved in infiltrative inflammation in patients with recurrent 
spontaneous abortions (54). The imbalance of Tregs/Th17 has also 
been seen in human abortions (54, 55). Our previous work revealed 
that T. gondii type II strain-derived molecule of ToxoGRA15II 
is responsible for inducing M1 polarization of RAW264.7 cells 
via NF-κB activation (29, 56) eliciting host innate immunity 
and Th1-dominant and Th17-involved inflammatory response, 
and adverse pregnancy outcomes in mice (data in manuscript). 
Here, we also noted that expression of Th1 cytokines and IL-17A 
in splenocytes and placenta tissues was observably elevated in 
the pregnant animals infected with WH3Δrop16/gra15II strain 

FIGURE 6 | Toxoplasma WH3Δrop16 strain infection induced impairments of T regulatory cells (Tregs). Tregs cell population in the spleens (A) and placentas  
(B) were detected by flow cytometry. Tregs number was significantly decreased in WH3Δrop16 infected group compared to control group. The relative mRNA 
expressions interleukin (IL)-10 and transforming growth factor beta 1 (TGF-β1) in the spleens (C) and placentas (D) were markedly reduced in WH3Δrop16 group. 
The levels of IL-10 and TGF-β1 in the spleens (pg/ml) (E) and placentas (pg/mg) (F) were significantly decreased in the group of WH3Δrop16 (*p < 0.05, **p < 0.01, 
***p < 0.001).
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Toxoplasmic encephalitis (TE), an opportunistic infection, is a severe health problem in 
immunocompromised patients. Previous studies have revealed that C57BL/6 mice are 
susceptible and BALB/c mice are resistant to TE. To investigate the mechanisms involved 
in the immunopathogenesis of TE in susceptible C57BL/6 and resistant BALB/c mice, 
both strains of mice were perorally infected with the Prugniuad (Pru) strain of Toxoplasma 
gondii. Our results showed that compared with BALB/c mice, C57BL/6 mice infected 
with T. gondii Pru strain had more severe brain histopathological damage, and higher 
mRNA expression levels of tachyzoite-specific surface antigen 1, bradyzoite-specific 
antigen 1, interferon gamma (IFNγ), interleukin (IL)-10, arginase1 (Arg1) (M2 marker), 
galectin (Gal)-3, Gal-9, T. gondii microneme protein 1 (TgMIC1), TgMIC4, and TgMIC6 
during the course of infection by using quantitative real-time reverse transcription- 
polymerase chain reaction. Further analysis displayed that BALB/c mice showed higher 
numbers of microglial cells and higher levels of IL-1β, inducible nitric oxide synthase 
(iNOS) (M1 marker), and chitinase-3-like protein 3 (Ym1) (M2 marker) in the early infec-
tive stage [at day 14 or 35 post infection (p.i.)] compared with C57BL/6 mice, whereas 
C57BL/6 mice showed higher numbers of microglial cells and higher levels of IL-10, 
iNOS (M1 marker), and Ym1 (M2 marker) at days 35, 50, or 70 p.i. compared with 
BALB/c mice. Correlation analysis showed that significant positive correlations existed 
between Gal-3 and IL-4/IL-10/iNOS/Ym1 and between Gal-9 and IL-4/Ym1 in C57BL/6 
mice; between Gal-3 and IFNγ/Arg1 and between Gal-9 and IFNγ/Arg1 in BALB/c mice. 
Together, our data demonstrated that different Gal-3 and Gal-9 expressions as well as 
different positive correlations were found between Gal-3 and T helper 1 (Th1)/Th2/M1/
M2 cytokines or between Gal-9 and Th1/Th2/M2 cytokines in the brains of T. gondii Pru 
strain-infected C57BL/6 and BALB/c mice.
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INTRODUCTION

Toxoplasma gondii, a pathogen of medical and veterinary impor-
tance, is an obligate intracellular protozoan parasite that has a 
global distribution and can infect almost any warm-blooded 
vertebrate (1). T. gondii infection in the immunocompetent indi-
vidual is effectively controlled by a vigorous immune response 
(2); however, the infection can cause toxoplasmic encephalitis 
(TE), a life-threatening disease in immunocompromised patients 
(3). Although all mice lineages develop a strong T helper 1 (Th1) 
immune response to T. gondii infection (4), the immune response 
to the parasite infection in the brains can be drastically different 
between genetically resistant mice (e.g., BALB/c mice) and that of 
susceptible mice (e.g., C57BL/6 mice) (5). During the late stage of 
infection, resistant mouse strain establishes a latent chronic infec-
tion, while susceptible strain spontaneously develops necrotizing 
TE (6). So far, the mechanisms behind the differences between 
the two strains of mice during the development of TE are not 
fully understood.

It has been proposed that T. gondii utilizes innate immune 
cells such as macrophages to migrate to immunoprivileged sites 
such as the central nervous system (CNS) to establish chronic 
infection (7). Macrophages are generally categorized into two 
distinct subsets as either classically activated (M1) or alternatively 
activated (M2). M1 type macrophages, characterized by CD86 
expression, can release high levels of pro-inflammatory markers 
such as monocyte chemotactic protein-1β, inducible nitric oxide 
synthase (iNOS), interleukin (IL)-6, and tumor necrosis factor 
alpha (TNFα) (8). M2 macrophages can produce a large amount 
of IL-10, chitinase-3-like protein 3 (Ym1), macrophage and gran-
ulocyte inducer-form 1, and arginase1 (Arg1) and play important 
roles in the protection of the host by decreasing inflammation 
and promoting tissue repair (9, 10). During T. gondii infection, 
Th1  cells produce cytokines such as interferon gamma (IFNγ) 
to activate macrophages and cytotoxic T  lymphocytes, while 
Th2 cells secrete cytokines such as IL-4 to induce humoral type 
immune responses (11, 12). IFNγ-activated microglial cells sig-
nificantly upregulate iNOS and produce nitric oxide (NO), which 
can inhibit intracellular T. gondii replication (13).

Galectins belong to the family of β-galactoside-binding lectins, 
which are known to regulate a number of pathways that involve 
in apoptosis (14), immune tolerance, inflammation (15), and 
cell adhesion (16). Currently, 15 members of the galectin family 
have been identified in mammals; some members are widely 
distributed in different cells and tissue types, while others are 
more selectively expressed (17). The major galectins expressed 
in the CNS are galectin (Gal)-1, Gal-3, Gal-4, Gal-8, and Gal-9 
(18). Under normal physiological conditions, galectins maintain 
CNS homeostasis, while in neuronal diseases and experimental 
neuroinflammatory disease models, galectins may serve as extra-
cellular mediators or intracellular regulators in controlling the 
inflammatory response or conferring the remodeling capacity in 
damaged CNS tissues (18). So far, the roles of galectins in TE 
remains poorly understood.

Apicomplexan parasites such as T. gondii and Plasmodium spp. 
utilize apical complex organelles consisting of dense granules, 
rhoptries, and micronemes to deploy for the release (egress), 

attachment, and invasion of host cells, as well as the establish-
ment of the parasitophorous vacuole (19). T. gondii microneme 
proteins (TgMICs) are secreted by micronemes upon contact 
with host cells and play important roles in T. gondii motility, 
invasion, intracellular survival, and egress from host cells (20). 
TgMIC6 and TgMIC8 genes are expressed in the rapidly dividing 
tachyzoites, whereas TgMIC7 and TgMIC9 genes are predomi-
nantly expressed in the slowly dividing encysted bradyzoites (21). 
TgMIC1 and TgMIC4 can bind to host cells, while TgMIC6 serves 
as an escorter for two soluble adhesins TgMIC1 and TgMIC4 and 
along with adhesins can establish a molecular bridge between the 
host and parasites (22). So far, limited data are available about the 
role of TgMICs in the immune response to T. gondii infection.

Based on the relationship between galectins and brain diseases, 
this study was designed to compare the expressions of galectins, 
microglial activation markers (M1 and M2 phenotypes), TgMICs, 
and Th1 and Th2 cytokines between C57BL/6 and BALB/c mice 
infected with T. gondii Pru strain. We found that significant 
positive correlations existed between Gal-3 and Th1/Th2/M1/M2 
cytokines as well as between Gal-9 and Th1/Th2/M2 cytokines 
in C57BL/6 or BALB/c mice after T. gondii Pru strain infection.

MATERIALS AND METHODS

Mice, Parasites, and Experimental 
Infections
This experimental study and all administrations were reviewed 
and approved by the Ethical Committee of Animal Experiments 
at Sun Yat-sen University.

Female 6- to 8-week-old C57BL/6 and BALB/c mice were pur
chased from the Experimental Animal Center at Sun Yat-sen 
University (Guangzhou, China), and 20 mice were used per each 
group. All animals were housed under specific-pathogen-free 
conditions in the animal facility at Sun Yat-sen University. Mice 
were infected via oral route with eight cysts of T. gondii Pru strain 
prepared from the brain of chronically infected mice. To establish 
a chronic infection by controlling the proliferation of tachyzoites 
during acute stage, mice were treated with sulfadiazine (Sigma-
Aldrich, Shanghai, China) in the drinking water as described 
previously (23).

Histopathology
Mice infected with T. gondii Pru strain were euthanatized by 
CO2 asphyxiation at 14, 35, 50, and 70 days post infection (p.i.), 
and their brains were harvested and immediately fixed in 10% 
buffered natural formaldehyde (Guangzhou Chemical Reagent 
Factory, China) for over 48 h. The paraffin-embedded tissues from 
each mouse were sectioned at 5 µm and prepared for hematoxylin 
and eosin (Sigma-Aldrich, Shanghai, China) staining. The histo-
pathological changes of brains from each group were determined 
under 200× magnification in three noncontiguous sections from 
four mice, and histopathological scores were given based on pre-
viously described criteria (23) with some modifications. In brief, 
the histological changes were scored semi-quantitatively as 1, 2, 3, 
and 4 (e.g., normal, mild inflammation, moderate inflammation 
and necrosis, and severe inflammation and necrosis, respectively).

334

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Table 1 | Primer sequences of genes used for quantitative real-time reverse transcription-polymerase chain reaction assays.

Genes Forward primer (5′→3′) Reverse primer (5′→3′) Reference/accession

IL-1β AATGACCTGTTCTTTGAAGTTGA TGATGTGCTGCTGCGAGATTTGAAG (24)
IFNγ GGAACTGGCAAAAGGATGGTGAC GCTGGACCTGTGGGTTGTTGAC (25)
IL-4 ACAGGAGAAGGGACGCCAT GAAGCCCTACAGACGAGCTCA (26)
IL-10 AGCCGGGAAGACAATAACTG CATTTCCGATAAGGCTTGG (25)
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC (27)
Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTATCATTAGGGACATC (27)
Ym1 AGAAGGGAGTTTCAA ACCTGGT GTCTTGCTCATGTGTGTAAGTGA (27)
Gal-1 CGCCAGCAACCTGAATC GTCCCATCTTCCTTGGTGTTA (28)
Gal-3 GCTACTGGCCCCTTTGGT CCAGGCAAGGGCATATCGTA (29)
Gal-4 CAACCCTCCACAGATGAACACCTT TCCAGCGTGTCTACCATTTGGAAT (30)
Gal-8 GGGTGGTGGGTGGAACTG GCCTTTGAGCCCCCAATATC (31)
Gal-9 GAGCTTTGCTTCCTGGTACAGA CGGTGTGAGTACTGTACAAAGAAGT (29)
β-actin TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG (25)
TgMIC1 GCGAATTTCCTTGATGGATT GTAGTCGAGGACAACAGCGA XM_002368490.1
TgMIC3 AGCCATCACACACACACCTT ATGCACAGAAACGCACTCTC XM_002369792.1
TgMIC4 CCTGCAAGGCTTCACTGATA CTATTGTGGGAGCCCTTGAT XM_002369565.1
TgMIC6 CGCCAGATGCAGTACAGAGT GCGTCGATTGTCGCTATAAA XM_002370595.1
TgMIC8 GTAAAGGCGAGGTCGAAGAC GTACTGCGGGAAAGGATGAT XM_002366938.1
T. gondii ME49 actin ATTATGAAGTGCGACGTGGA TGATCTTCATGGTGGAAGGA XM_002369622.1
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Immunohistochemical Staining
The paraffin-embedded brain sections (6-µm) were deparaffinized 
and rehydrated in distilled water. Heat-induced antigen retrieval 
was carried out in an 800-W microwave oven for 30 min. Sections 
were treated with 3% hydrogen peroxide in methanol for 10 min at 
37°C, and then incubated in 10% normal goat serum with 1% bovine 
serum albumin (Sigma-Aldrich, Shanghai, China) in PBS (pH 
7.4) for 10 min at room temperature to block nonspecific binding. 
After washing with PBS, sections were incubated with rabbit anti-
Iba1 (1:200 dilutions) (Wako Pure Chemical Industries, Osaka, 
Japan), rabbit anti-Gal-9 (1:200 dilutions) (Boster Biological 
Technology, Wuhan, China), and mouse anti-Gal-3 (1:200 dilu-
tions) (R&D Systems, Minneapolis, MN, USA) overnight at 4°C. 
Those sections incubated with secondary antibodies alone were 
used as isotype controls. Immunohistochemical staining was 
then performed with a streptavidin–biotin–peroxidase complex 
kit and developed with diaminobenzidine tetrahydrochloride 
(Zhongshan Golden Bridge Technology, Beijing, China). The 
sections were counterstained with hematoxylin and positive cells 
were identified by dark-brown staining under light microscopy.

Morphometric Analysis
Serial sections from the brains were immunostained with anti-
Iba1. A total of three mice were analyzed in each time point, and 
four sections per animal were selected for counting of positive cells. 
In every brain section, the microglial cells expressing Iba1 markers 
were captured with a digital microscopy under 400× magnification 
and the numbers of Iba1-positive cells in the brains (0.015066 mm2 
tissue section) were determined by Image-Pro Plus (Image Z1 soft-
ware, Media Cybernetics, MD, USA), and the density of positive 
cells was expressed as the number of cells per square millimeter.

Selection of Galectins
Gal-1, Gal-3, Gal-7, Gal-8, and Gal-9 are known to be relevant to 
brain diseases (18). Therefore, in this study, the specific expres-
sion pattern of these five galectins was examined.

Determination of mRNA Expression  
Using Quantitative Real-Time Reverse 
Transcription-Polymerase Chain  
Reaction (qRT-PCR)
Total RNA was extracted from about 100  mg of mouse brain 
tissues from each group using a RNA Extraction Kit (TaKaRa, 
Shiga, Japan) as per the manufacturer’s protocol. RNA amount 
was determined by measuring the ratio of absorbance at 260 
and 280  nm using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies). First-strand cDNA was constructed 
from 1.0  µg of total RNA with oligo (dT) as primers using a 
PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa, Shiga, 
Japan). To determine tissue mRNA levels of cytokines (IL-1β, 
IFNγ, IL-4, IL-10, iNOS, Arg1, and Ym-1), galectins (Gal-1, 
Gal-3, Gal-4, Gal-8, and Gal-9), TgMICs (TgMIC1, TgMIC4, 
TgMIC6, TgMIC3, and TgMIC8), β-actin, actin of the ME49 
strain of T. gondii, T. gondii tachyzoite-specific surface antigen 
1 (SAG1), and T. gondii bradyzoite-specific antigen 1 (BAG1), 
qRT-PCR measurements were performed using SYBR Green 
QPCR Master Mix (TaKaRa, Shiga, Japan). Primers are listed in 
Table 1. Briefly, a total of 10 µl reaction mixture contained 5.0 µl 
of SYBR® Premix Ex TaqTM (2×), 0.5 µl of each primer (10 pM), 
3.0 µl of dH2O, and 1.0 µl of cDNA (0.2 µg/µl). Amplification was 
pre-denaturized for 30 s at 95°C, followed by 43 cycles of 5 s at 
95°C and 20 s at 60°C with a LightCycler® 480 instrument (Roche 
Diagnostics, USA). The mRNA expression levels of cytokines, 
SAG1, and BAG1 were normalized to that of mouse housekeeping 
gene, β-actin, and the mRNA levels of TgMICs were normalized 
to that of T. gondii housekeeping gene (actin of T. gondii ME49 
strain). The results were expressed as fold change compared with 
uninfected controls.

Statistical Analysis
Results of experimental studies were reported as mean  ±  SD. 
Statistical analysis of the data was performed by the Wilcoxon 
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rank sum test and one-way ANOVA followed by Bonferroni’s 
multiple comparison tests using SPSS software for windows (ver-
sion 19.0; SPSS, Inc., IL, USA). Pearson’s correlation coefficient 
was used to analyze correlations between the levels of cytokines 
and galectins. All graphs were performed using GraphPad Prism 
software (version 5.0). A value of P < 0.01 was considered sig-
nificant for correlation analysis, while a value of P  <  0.05 was 
considered significant for other statistical analysis.

RESULTS

Comparison of Histopathology and 
Parasite Burdens in the Brains of  
T. gondii-Susceptible C57BL/6 and  
T. gondii-Resistant BALB/c Mice
Histological observation showed that control sections of the 
brains from uninfected C57BL/6 and BALB/c mice had no obvi-
ous inflammations or structural abnormalities. The brains of  
T. gondii Pru strain-infected C57BL/6 mice showed moderate-to-
severe inflammation, diffuse inflammatory cellular infiltration, 
necrotic focus, and tissue structural damages at days 14, 35, 50, 
and 70 p.i., while the brains of infected BALB/c mice showed 
limited infiltration of inflammatory cells at the aforementioned 
times (Figure 1A). Semi-quantitative analysis of the severity of 
inflammation and necrosis in the brain sections of the two strains 
of mice were performed. Compared with uninfected controls, the 
pathological severity scores of brains were significantly increased 
in both C57BL/6 and BALB/c mice at days 14, 35, 50, and 70 
p.i. Compared with BALB/c mice, the histopathological scores 
in the brains of C57BL/6 mice were significantly higher at days 
35 (P < 0.05), 50 (P < 0.01), and 70 (P < 0.01) p.i. (Figure 1B).

Stage conversion between tachyzoite and bradyzoite forms is 
associated with stage specific antigen expression. In this study, 
the mRNA expression levels of tachyzoite-specific SAG1 and 
bradyzoite-specific BAG1 in the brains of C57BL/6 and BALB/c 
mice infected with T. gondii Pru strain were detected by using 
qRT-PCR and the transcript. Levels of SAG1 and BAG1 were 
relative to day 14 p.i. (e.g., the relative transcript level at day 14 
p.i. = 1.0). Compared with day 14 p.i., the SAG1 levels in the brains 
of both C57BL/6 and BALB/c mice were significantly decreased at 
days 35, 50, and 70 p.i. The BAG1 levels in the brains of C57BL/6 
mice were significantly elevated at days 35 and 70 p.i., while the 
BAG1 level in BALB/c mice was significantly reduced at day 70 
p.i. Compared with BALB/c mice, both SAG1 and BAG1 levels 
were significantly higher in the brains of C57BL/6 mice at days 35, 
50, and 70 p.i. (P < 0.01 and P < 0.05, respectively) (Figure 1C).

Comparison of Microglial Cells in the 
Brains of T. gondii-Susceptible C57BL/6 
and T. gondii-Resistant BALB/c Mice
A few Iba1-positive microglial cells were observed in the sections 
of brains of uninfected C57BL/6 and BALB/c mice. However, a 
large number of activated microglial cells were observed in the 
brains of both T. gondii Pru strain-infected C57BL/6 and BALB/c 
mice; the majority of activated microglial cells were ameboid 

shape with thickened and retracted branches (Figure 2A). Quan
titative analysis of Iba1 staining showed that, compared with 
uninfected controls, the numbers of Iba1-positive microglial cells 
in the brains of both C57BL/6 and BALB/c mice were signifi-
cantly increased at days 14, 35, 50, and 70 p.i. However, compared 
with BALB/c mice, the microglial cell numbers in the brains of 
C57BL/6 mice were significantly higher at days 35 (P < 0.001), 50 
(P < 0.001), and 70 (P < 0.01) p.i. (Figure 2B).

Comparison of mRNA Levels of M1/M2 
Markers in the Brains of T. gondii-
Susceptible C57BL/6 and T. gondii-
Resistant BALB/c Mice
The mRNA levels of M1 marker (iNOS) and M2 marker (Arg1 
and Ym1) in the brains of T. gondii Pru strain-infected C57BL/6 
and BALB/c mice were examined. Compared with uninfected 
controls, iNOS levels were significantly increased in the brains 
of both C57BL/6 and BALB/c mice at days 14, 35, 50, and 70 
p.i.; Arg1 and Ym1 levels were significantly increased in C57BL/6 
mice at days 14, 35, 50, and 70 p.i., and significantly increased in 
BALB/c mice at days 14 and 35 p.i. (Figure 3A). Compared with 
BALB/c mice, there were significantly lower iNOS levels at days 
14 and 35 p.i. (P < 0.01); while there were significantly higher 
iNOS levels at days 50 and 70 p.i. (P < 0.001), significantly higher 
Arg1 levels at days 14 (P < 0.05), 35 (P < 0.01), 50 (P < 0.001), 
and 70 (P < 0.01) p.i., and significantly lower Ym1 level at day 
14 p.i. (P < 0.001) and significantly higher Ym1 levels at days 35 
(P < 0.01), 50 (P < 0.001), and 70 (P < 0.001) p.i. in the brains of 
C57BL/6 mice (Figure 3B).

Comparison of mRNA Levels of Th1/Th2 
Cytokines in the Brains of T. gondii-
Susceptible C57BL/6 and T. gondii-
Resistant BALB/c Mice
Compared with uninfected controls, the levels of IL-1β, IFNγ, 
and IL-10 were significantly increased in the brains of both 
C57BL/6 and BALB/c mice at days 14, 35, 50, and 70 p.i.; IL-4 
levels were significantly increased in both T. gondii Pru strain-
infected C57BL/6 and BALB/c mice at days 35, 50, and 70 p.i. 
(Figure  4A). Compared with BALB/c mice, significantly lower 
IL-1β level at day 35 p.i. (P < 0.05), significantly higher IL-10 level 
at day 50 p.i. (P < 0.01), and significantly higher IFNγ levels at 
days 14 (P < 0.05), 35 (P < 0.05), 50 (P < 0.01), and 70 (P < 0.01) 
p.i. were detected in the brains of C57BL/6 mice (Figure 4B).

Comparison of mRNA Levels of Galectins 
in the Brains of T. gondii-Susceptible 
C57BL/6 and T. gondii-Resistant  
BALB/c Mice
Compared with uninfected controls, Gal-3 expression levels were  
significantly increased in the brains of both T. gondii Pru strain-
infected C57BL/6 and BALB/c mice at days 14, 35, 50, and 70 
p.i.; Gal-9 levels were significantly increased in both C57BL/6 
and BALB/c mice at days 14, 35, and 50 p.i., and significantly 
increased in C57BL/6 mice at day 70 p.i. (Figure 5A). Compared 
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Figure 1 | Histopathological changes and parasite burdens in the brains of Toxoplasma gondii Pru strain-infected C57BL/6 and BALB/c mice. (A) Histopathological 
changes in the brains at days 14, 35, 50, and 70 post infection (p.i.). Cysts were indicated with black arrow heads and inflammatory cell infiltrates were indicated  
with white arrow heads. Original magnification 200×; hematoxylin and eosin stain. (B) Histopathological score analysis at days 14, 35, 50, and 70 p.i. Data are 
represented as mean ± SEM. Significant differences between groups are analyzed by the Wilcoxon rank sum test. *P < 0.05, **P < 0.01, and ***P < 0.001 vs naive; 
&P < 0.05 and &&P < 0.01 vs 14 days p.i.; #P < 0.05 and ##P < 0.01 vs C57BL/6 mice. (C) Parasite burdens in the brains at days 14, 35, 50, and 70 p.i. Relative 
mRNA expressions of surface antigen 1 (SAG1) and bradyzoite-specific antigen 1 (BAG1) were detected by using quantitative real-time reverse transcription-
polymerase chain reaction. Transcript level at day 14 p.i. was taken as 1. Values are means from triplicate measurements, and data are presented as mean ± SD. 
*P < 0.05 and **P < 0.01 vs naive; #P < 0.05 and ##P < 0.01 vs C57BL/6 mice. There were four mice per group. The data shown are representative of those from 
two different experiments.
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with BALB/c mice, there were significantly higher levels of Gal-3 
and Gal-9 in the brains of C57BL/6 mice at days 35 (P < 0.05), 
50 (P < 0.01 and P < 0.05, respectively), and 70 (P < 0.01) p.i. 
(Figure 5B).

Comparison of mRNA Levels of TgMICs in 
the Brains of T. gondii-Susceptible C57BL/6 
and T. gondii-Resistant BALB/c Mice
Compared with day 14 p.i., TgMIC1 levels were significantly 
decreased in the brains of both T. gondii Pru strain-infected 

C57BL/6 and BALB/c mice at days 35, 50, and 70 p.i.; TgMIC3 
levels were significantly increased in C57BL/6 mice at days 
35, 50, and 70 p.i.; TgMIC4 levels were significantly increased 
in C57BL/6 mice at days 50 and 70 p.i. and significantly 
increased in BALB/c mice at day 70 p.i. TgMIC6 levels were 
significantly decreased in BALB/c mice at days 35, 50, and 
70 p.i., and TgMIC8 levels were significantly decreased in 
both C57BL/6 and BALB/c mice at days 35, 50, and 70 p.i. 
(Figure 6A). Compared with BALB/c mice, there were signifi-
cantly higher levels of TgMIC1 at days 35 and 70 p.i. (P < 0.05) 
and significantly higher levels of TgMIC4 and TgMIC6 at days 
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Figure 2 | Expression of activated microglial marker Iba1 in the brains of Toxoplasma gondii Pru strain-infected C57BL/6 and BALB/c mice. (A) Immunohistochemistry for 
Iba1 in the brains of uninfected mice, and mice infected with T. gondii Pru strain at days 14, 35, 50, and 70 post infection (p.i.). Original magnification 200×.  
(B) Quantitative analysis of Iba1-positive microglia. The density of positive cells was expressed as the number of cells per square millimeter. Data are presented as 
means ± SD; experiments were performed with three mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 vs Naive; §P < 0.05 and §§P < 0.01 vs 14 days p.i.; 
ξP < 0.05 and ξξP < 0.01 vs 35 days p.i.; ΔP < 0.05 and ΔΔΔP < 0.001 vs 50 days p.i.; ##P < 0.01 and ###P < 0.001 vs C57BL/6 mice.
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35, 50, and 70 p.i. in the brains of C57BL/6 mice (P < 0.05) 
(Figure 6B).

Correlations Between Gal-3/Ga-9 and Th1/
Th2/M1/M2 Cytokines in the Brains of  
T. gondii-Resistant BALB/c and T. gondii-
Susceptible C57BL/6 Mice
The correlations between mRNA levels of Gal-3/Gal-9 and Th1/
Th2/M1/M2 in the brains of T. gondii Pru strain-infected C57BL/6 
and BALB/c mice were evaluated, herein only significant correla-
tions were shown. There were significant correlations between the 
mRNA levels of Gal-3 and IL-4 (r = 0.8424, P = 0.0002), Gal-3 
and IL-10 (r = 0.6996, P = 0.0037), Gal-3 and iNOS (r = 0.7344, 
P = 0.0018), Gal-3 and Ym1 (r = 0.6866, P = 0.0047), Gal-9 and 
IL-4 (r = 0.8293, P = 0.0002), and Gal-9 and Ym1 (r = 0.6714, 
P  =  0.0061) in T. gondii Pru strain-infected C57BL/6 mice 
(Figure 7A). However, there were significant correlations between 
the mRNA levels of Gal-3 and IFNγ (r = 0.6993, P = 0.0078), Gal-3 
and Arg1 (r = 0.8099, P = 0.0004), Gal-9 and IFNγ (r = 0.7378, 
P  =  0.0040), and Gal-9 and Arg1 (r  =  0.7963, P  =  0.0007) in 
T. gondii Pru strain-infected BALB/c mice (Figure  7B). Taken 

together, in C57BL/6 mice, significant positive correlations existed 
between Gal-3 and IL-4/IL-10/iNOS/Ym1 as well as between 
Gal-9 and IL-4/Ym1; whereas in BALB/c mice, significant posi-
tive correlations existed between Gal-3 and IFNγ/Arg1 as well as 
between Gal-9 and IFNγ/Arg1.

DISCUSSION

When T. gondii parasites infect the host, the cysts can exist 
predominantly in the brain tissue for lifetime, and an immu-
nocompetent host will establish a strong and persistent Th1-
biased cell-mediated immunity to resist cyst reactivation and 
the consequences of TE (4). However, there is a remarkable 
difference in susceptibility to the infection of T. gondii among 
inbred strains of mice. After peroral infection with T. gondii 
ME49 strain, C57BL/6 mice all died whereas BALB/c mice all 
survived (32). So far, the immune responses differing between 
TE-resistant and TE-susceptible hosts are not fully understood. 
In this study, genetically susceptible C57BL/6 and resistant 
BALB/c mice were perorally infected with T. gondii Pru strain, 
and significantly more severe histopathological damage (inflam-
mation and necrosis) were found in the brains of C57BL/6 mice 
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Figure 3 | Relative mRNA expressions of inducible nitric oxide synthase (iNOS), arginase1 (Arg1), and Ym1 in the brain tissues of Toxoplasma gondii Pru 
strain-infected C57BL/6 and BALB/c mice were detected by using quantitative real-time reverse transcription-polymerase chain reaction. (A) iNOS, Arg1, and Ym1 
expressions in the brains of C57BL/6 and BALB/c mice. (B) Comparison of iNOS, Arg1, and Ym1 levels in the brains of C57BL/6 and BALB/c mice. Values are 
means from triplicate measurements, and data are presented as mean ± SD. There were four mice per group. The data shown are representative of those from two 
different experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs naive; §P < 0.05; §§P < 0.01, and §§§P < 0.001 vs 14 days post infection (p.i.); ξξP < 0.01 and 
ξξξP < 0.001 vs 35 days p.i.; ΔΔP < 0.01 vs 50 days p.i.; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs C57BL/6 mice.
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in comparison of those of BALB/c mice at all the times during 
the observations (e.g., at days 14, 35, 50, and 70 p.i.). The levels 
of mRNA transcripts of both tachyzoite-specific SAG1 and 
bradyzoite-specific BAG1 genes were significantly higher in 
the brains of C57BL/6 mice than those of BALB/c mice at days 
35, 50, and 70 p.i. It has been reported that following T. gondii 
ME49 strain infection, C57BL/6 mice showed an intense and 
progressive inflammatory alteration in the CNS, while BALB/c 
mice showed slight inflammatory reaction in the CNS (33). After 
infection with low virulent T. gondii DX strain, C57BL/6 mice 
presented higher tachyzoite and bradyzoite loads than those of 
BALB/c mice (34). Our data were in accordance with the previ-
ous studies.

Microglia activation is recognized as the hallmark of neuroin-
flammation. Microglial cells are the primary source for inflamma-
tory mediators. Resident microglial cells play a critical role in TE, 
producing essential pro- and anti-inflammatory cytokines such 
as IL-1β, IL-10, TNFα, IL-12, and IL-15 (35–37). In this study, 
we found that microglial cell numbers in the brains of C57BL/6 
mice were significantly higher than those of BALB/c mice at days 
35, 50, and 70 p.i.; however, the number of microglial cells was 
significantly higher in BALB/c mice than that of C57BL/6 mice at 
day 14 p.i. Our data suggest that resident microglia are activated 
earlier in BALB/c mice, which may be essential for control of the 
parasite in the early infective stage in T. gondii-resistant BALB/c 
mice; whereas increased microglial activation remains longer in 
C57BL/6 mice, which may be required for establishing chronic 
TE in T. gondii-susceptible C57BL/6 mice.

It has been reported that activated microglial cells range 
from the pro-inflammatory M1 phenotype to the alternative/M2 
phenotype and play neuroprotective or neurodetrimental roles 
(38). Therefore, identifying microglia phenotypes is critical for 
understanding the role of microglia in the pathogenesis of TE. In 
this study, we found that alterations in M1 and M2 phenotypes 
differed between the two models. In T. gondii Pru strain-infected 
BALB/c mice, both M1 (iNOS) and M2 (Ym1) phenotypic mark-
ers were significantly increased in the early infective stage (at day 
14 or 35 p.i.); while in C57BL/6 mice, both M1 (iNOS) and M2 
(Ym1) phenotypic markers were significantly increased in the late 
infective stage (at days 50 and 70 p.i.) and M2 marker (Arg1) 
was significantly increased at all the times during the study. M1 
macrophages are critical for host defense against intracellular 
pathogens and have roles in antitumor immunity and autoim-
mune inflammation, whereas M2 macrophages are protective 
against helminth parasites and are important regulators of the 
wound healing response, tissue homeostasis, and adiposity (39). 
Inhibition of iNOS exacerbates chronic TE in T. gondii-susceptible 
C57BL/6 mice but does not lead to reactivation of latent TE in  
T. gondii-resistant BALB/c mice (34). CBA/Ca mice are suscepti-
ble to the development of TE. An in vitro study demonstrated that 
microglia from CBA/Ca mice show decreased production of NO 
and decreased inhibition of T. gondii replication after stimula-
tion with lipopolysaccharide or IFNγ plus TNFα compared with 
microglia from BALB/c mice (40). Our data demonstrated that 
both M1 (iNOS) and M2 (Ym1 and Arg1) responses may play a 
role during chronic TE in T. gondii-susceptible C57BL/6 mice.
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Figure 4 | Relative mRNA expressions of interleukin (IL)-1β, interferon gamma (IFNγ), IL-4, and IL-10 in the brain tissues of Toxoplasma gondii Pru strain-infected 
C57BL/6 and BALB/c mice were detected by using quantitative real-time reverse transcription-polymerase chain reaction. (A) IL-1β, IFNγ, IL-4, and IL-10 
expressions in the brains of C57BL/6 and BALB/c mice. (B) Comparison of IL-1β, IFNγ, IL-4, and IL-10 levels in the brains of C57BL/6 and BALB/c mice. Values are 
means from triplicate measurements, and data are presented as mean ± SD. There were four mice per group. The data shown are representative of those from two 
different experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs naive; §P < 0.05 and §§§P < 0.001 vs 14 days post infection (p.i.); ξP < 0.05 and ξξξP < 0.001 vs 
35 days p.i.; ΔΔΔP < 0.001 vs 50 days p.i.; #P < 0.05 and ##P < 0.01 vs C57BL/6 mice.
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Toxoplasma gondii infection induces Th1-biased immune res
ponse, which is critical for the prevention of reactivation of TE 
(41). In this study, although the mRNA levels of Th1-associated 
cytokines (IFNγ and IL-1β) and Th2-associated cytokines (IL-4 
and IL-10) were increased in the brain tissues of both C57BL/6 
and BALB/c mice infected with T. gondii Pru strain, susceptible 
C57BL/6 mice presented a dominant Th1 response character-
ized by high expression of IFNγ at all the times after infection, 
accompanied by stronger neuroinflammatory outcomes. Our 
data suggested that the delayed M1 and M2 microglial activation 
and increased IFNγ expression in C57BL/6 mice after T. gondii 
Pru strain infection may be a part of the reason that C57BL/6 
mice are more susceptible than BALB/c mice during TE.

Galectins have recently been demonstrated to play vital 
roles in host–pathogen interaction (42). Galectins are impor-
tant modulators participating in homeostasis of the CNS and 
neuroinflammation; the major galectins expressed in the CNS 
are Gal-1, Gal-3, Gal-4, Gal-8, and Gal-9 (18). In this study, we 
compared the dynamic gene expressions of Gal-1, Gal-3, Gal-4, 
Gal-8, and Gal-9 in the brains between C57BL/6 and BALB/c 
mice infected with T. gondii Pru strain, only Gal-3 and Gal-9 were 
highly expressed in the brains of both C57BL/6 and BALB/c mice. 
C57BL/6 mice presented significantly higher mRNA expressions 
of Gal-3 and Gal-9 than those of BALB/c mice at days 35, 50, and 
70 p.i. Gal-3 and Gal-9 are known pro-inflammatory mediators 
and regulators of apoptosis (29). Gal-9 is produced by activated 
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Figure 5 | Relative mRNA expressions of Gal-1, Gal-3, Gal-4, Gal-8, and Gal-9 in the brain tissues of Toxoplasma gondii Pru strain-infected C57BL/6 and BALB/c 
mice were detected by using quantitative real-time reverse transcription-polymerase chain reaction. (A) Galectin expressions in the brains of C57BL/6 and BALB/c 
mice. (B) Comparison of Gal-3 and Gal-9 levels in the brains of C57BL/6 and BALB/c mice. Values are means from triplicate measurements, and data are presented 
as mean ± SD. There were four mice per group. The data shown are representative of those from two different experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 
vs naive; §P < 0.05, §§P < 0.01, and §§§P < 0.001 vs 14 days post infection (p.i.); ξP < 0.05 vs 35 days p.i.; #P < 0.05 and ##P < 0.01 vs C57BL/6 mice.

Figure 6 | Relative mRNA expressions of TgMIC1, TgMIC4, TgMIC6, TgMIC3, and TgMIC8 in the brain tissues of Toxoplasma gondii Pru strain-infected C57BL/6 
and BALB/c mice were detected by using quantitative real-time reverse transcription-polymerase chain reaction. (A) TgMICs expressions in the brains of C57BL/6 
and BALB/c mice. (B) Comparison of TgMIC1, TgMIC4, and TgMIC6 levels in the brains of C57BL/6 and BALB/c mice. Transcript level at day 14 post infection (p.i.) 
was taken as 1. Values are means from triplicate measurements, and data are presented as mean ± SD. There were four mice per group, and data are 
representative of those from two different experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs 14 days p.i.; §P < 0.05 vs 35 days p.i.; ξP < 0.05 and ξξP < 0.05 
vs 50 days p.i.; #P < 0.05 vs C57BL/6 mice.
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astrocytes (43), functions as an astrocyte–microglia communi-
cation signal and promotes cytokine production, such as TNF, 
from microglia (44). After infection with ME49 strain of T. gondii, 
gal3−/− mice exhibits a higher parasite burden, delayed inflamma-
tory response in the CNS, and significantly higher concentrations 
of IL-12p40 and IFNγ in the sera compared with those of gal3+/+ 
mice (45). Gal-3 is required for resident microglia activation and 
proliferation in response to ischemic injury in a mouse model (46). 
Our data demonstrated that both Gal-3 and Gal-9 are important 
factors in TE-susceptible C57BL/6 and TE-resistant BALB/c mice 
infected with T. gondii Pru strain. In addition, the inflammatory 
response is more pronounced in the brains of C57BL/6 mice, 
which are corresponded well with the increased numbers of 
Iba1-positive resident microglia as well as increased Gal-3 and 
Gal-9 expressions in C57BL/6 mice. Furthermore, we evaluated 
the correlations between the gene expressions of Gal-3/Gal-9 and 
the levels of Th1 and Th2 cytokines, and M1- and M2-associated 
cytokines in the brains after T. gondii Pru strain infection. Positive 
correlations were found in the mRNA levels between Gal-3 and 
IL-4/IL-10/iNOS/Ym1 as well as between Gal-9 and IL-4/Ym1 in 
C57BL/6 mice; whereas positive correlations were found between 
Gal-3 and IFNγ/Arg1 as well as between Gal-9 and IFNγ/Arg1 in 
BALB/c mice. These data suggest that Gal-3 is related to Th2 and 
M1/M2 immune responses while Gal-9 is related to Th2 and M2 

immune responses in T. gondii-infected C57BL/6 mice. Indeed, 
both Gal-3 and Gal-9 are related to Th1 and M2 immunity in 
BALB/c mice with chronic T. gondii infection. Our data suggested 
that Gal-3 and Gal-9 may involve in different immune responses 
to T. gondii Pru strain infection in the two lineages of mice.

Proteins secreted from apicomplexan MICs play important roles 
in the parasite adhesion and invasion of the host cells (47). MICs, 
which have been identified with lectin domains, support several 
key cellular processes including gliding motility, active cell inva-
sion and migration through cells, biological barriers, and tissues 
(47). Our data showed that C57BL/6 mice expressed significantly 
higher levels of TgMIC1, TgMIC4, and TgMIC6 at days 35, 50, or 
70 p.i. than those of BALB/c mice after T. gondii Pru strain infec-
tion. Therefore, TgMICs may be expressed differently in the two 
strains of mice with different genetic background. TgMIC1–4–6 
complex contributes to host cell recognition and attachment via 
the action of TgMIC1 as well as contributes to the virulence of T. 
gondii in mice (48). Our data indicate that the different expression 
levels of TgMIC1, TgMIC4, and TgMIC6 in the two strains of 
mice may be associated with the different outcomes in T. gondii 
Pru strain-infected C57BL/6 and BALB/c mice.

In conclusion, this study has provided evidences that Gal-3 and 
Gal-9 may play a critical role in the regulation of M1, M2, Th1, 
and Th2 cytokines in the hosts with TE. Our data demonstrated 

Figure 7 | Correlation analysis between Gal-3 and T helper 1 (Th1)/Th2/M1/M2 cytokines as well as between Gal-9 and Th1/Th2/M2 cytokines in the brain tissues 
of Toxoplasma gondii Pru strain-infected C57BL/6 and BALB/c mice (n = 16). (A) Significant correlations between Gal-3 and IL-4/IL-10/iNOS/Ym1 as well as 
between Gal-9 and IL-4/Ym1 existed in the brains of T. gondii-infected C57BL/6 mice. (B) Significant correlations between Gal-3 and IFNγ/Arg1 as well as between 
Gal-9 and IFNγ/Arg1 existed in the brains of T. gondii-infected BALB/c mice. The r value generates for the theoretical line of best fit, and the P value indicates the 
significance of the correlation.
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that significant different mRNA expressions of Gal-3 and Gal-9 as 
well as microglial activation markers, cytokines, and TgMICs were 
found between C57BL/6 and BALB/c mice after T. gondii Pru strain 
infection. Whether these differences are related to the phenom-
enon that C57BL/6 mice are susceptible while BALB/c mice are 
resistant to the development of TE needs to be further investigated.
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Histomonosis is a parasitic disease of gallinaceous birds characterized by necrotic 
lesions in cacum and liver that usually turns fatal in turkeys while it is less severe in 
chickens. Vaccination using in vitro attenuated Histomonas meleagridis has been exper-
imentally shown to confer protection against histomonosis. The protective mechanisms 
that underpin the vaccine-induced immune response are not resolved so far. Therefore, 
the actual study aimed to evaluate the location and quantitative distribution patterns 
of signature cytokines of type 1 [interferon gamma (IFN-γ)] or type 2 [interleukin (IL)-
13] immune responses in vaccinated or infected hosts. An intergroup and interspecies 
difference in the spatial and temporal distribution patterns of cytokine mRNA positive 
cells was evident. Quantification of cells showed a significantly decreased percent-
age of IFN-γ mRNA positive cells at 4 days post-inoculation (DPI) in caeca of turkeys 
inoculated exclusively with the attenuated or the virulent inocula, compared to control 
birds. The decrement was followed by a surge of cells expressing mRNA for IFN-γ or 
IL-13, reaching a peak of increment at 10 DPI. By contrast, turkeys challenged following 
vaccination showed a slight increment of cecal IFN-γ mRNA positive cells at 4 DPI after 
which positive cell counts became comparable to control birds. The increase in infected 
birds was accompanied by an extensive distribution of positively stained cells up to 
the muscularis layer of cecal tissue whereas the vaccine group maintained an intact 
mucosal structure. In chickens, the level of changes of positive cells was generally lower 
compared to turkeys. However, control chickens were found with a higher percentage 
of IFN-γ mRNA positive cells in cecum compared to their turkey counterparts indicating 
a higher resistance to histomonosis, similar to the observation in immunized turkeys. In 
chickens, it could be shown that the changes of cytokine-positive cells were related to 
variations of mononuclear cells quantified by immunofluorescence. Furthermore, gene 
expression measured by reverse transcription quantitative real time PCR confirmed 
variations in organs between the different groups of both bird species. Overall, it can 
be concluded that a proportionally increased, yet controlled, allocation of IFN-γ mRNA 
positive cells in caeca hallmarks a protective trait against histomonosis.

Keywords: Histomonas meleagridis, histomonosis, vaccination, interferon gamma, interleukin-13, in  situ 
hybridization, immunofluorescence, image analysis
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INTRODUCTION

Histomonosis (syn.: blackhead disease, enzootic typhlohepatitis) 
is a parasitic disease of gallinaceous birds caused by the flagellate 
Histomonas meleagridis (1). The disease can cause high mortality 
rates in turkeys (Meleagris gallopavo) while in chickens (Gallus 
gallus) clinical signs are less severe, however, the infection entails 
an impaired performance in chickens leading to severe economic 
losses (2, 3). In both species, the parasite is able to infiltrate the 
cecum and triggers severe inflammation, thickening of the cecal 
wall and formation of fibrinous exudates. Histomonads can then 
migrate to the liver leading to multifocal areas of inflammation 
and necrosis, which is commonly observed in infected turkeys 
(4). Recently, a live vaccine prepared from an in vitro passaged 
clonal culture of H. meleagridis has been experimentally shown 
as safe and capable of providing protection from the disease 
(5–7). However, investigations on the immune response against 
histomonosis are rare and relevant protective mechanisms are so 
far not identified.

Only a few studies investigated the immune system of poultry 
in response to virulent H. meleagridis (8). It could be demon-
strated that the level of serum antibody in turkeys may not be a 
key component in the protection against the parasite as passive 
immunization using immune sera or active immunization with 
killed vaccines failed to protect turkeys during challenge (5, 9, 10). 
However, local antibodies were measured in different parts of the 
intestine of infected chickens, a host species more resistant to fatal 
histomonosis, leading to the speculation that mucosal antibodies 
might be components that contribute toward protection (11). In 
a different study, an early onset of cytokine expression in cecal 
tonsils of infected chickens compared to infected turkeys was 
demonstrated and it was hypothesized to induce a timely immune 
response in order to prevent the parasite from migrating to the 
liver (12). Recently, flow cytometry was applied and changes 
in various immune cell populations in cecum, liver, spleen and 
blood of vaccinated and/or infected turkeys and chickens were 
determined showing a less pronounced changes in the frequency 
of immune cells in vaccinated hosts compared to an exacerbated 
influx in infected hosts (13).

Successful immunization depends on the ability to induce 
response selectively and reliably, and for this type 1/type 2 classes 
of immunity have been characterized in mammals in association 
with protection following infection or vaccination (14). Type 1/
type 2 immunity has also been shown in chickens (15, 16) and 
can serves as a model for characterizing and optimizing immune 
responses in poultry for a better conferment of resistance through 
rational vaccine design (17). Previous studies on type 1/type 2 
immunity following histomonosis, however, yielded inconclusive 
results. Powell et al. (12) found indications for a type 2 response 
with a persistently enhanced expression of interleukin (IL)-13 
mRNA in infected chickens and turkeys, whereas a type 1 driven 

response with an augmented expression of interferon gamma 
(IFN-γ) mRNA was described when chickens were co-infected 
with histomonads and the intestinal worm Heterakis gallinarum 
(18). However, these studies utilized different infection protocols 
and applied undefined inocula for infection and the relevant 
pathway elicited during vaccination with attenuated live histo-
monads has never been investigated.

Moreover, in characterizing the expression patterns of 
cytokines of type 1/type 2 immunity, the widely utilized method 
has been reverse transcription quantitative real time PCR 
(RT-qPCR). While the technique delivered valuable information 
on the overall changes of transcription levels in homogenized 
samples, parameters such as the location and quantity of the 
expressing cells in tissues remained unlocked. Thus, to localize 
avian cells expressing T helper (Th)1/Th2 signature cytokines, 
respectively, INF-γ and IL-13, this study employed an in  situ 
hybridization (ISH) approach to localize the cells in cecum, liver 
and spleen of vaccinated and/or infected turkeys and chickens. 
For verification of variations of the cytokines between the groups 
and species, RT-qPCR was employed to measure transcripts 
of IFN-γ and IL-13 mRNA on selected samples of turkeys and 
chickens, considering the different approach of both techniques. 
Furthermore, identification of immune cells recruited during 
vaccination or infection was conducted using immunofluores-
cence (IF) to reveal changes in populations of B cells, T cells and 
macrophage/monocytes in selected samples from chickens.

MATERIALS AND METHODS

Animal Trial
Inoculum for Vaccination and Infection
The inocula used for vaccination or infection originated from 
a clonal culture of H. meleagridis/Turkey/Austria/2922-C6/04, 
established from cecal contents of a diseased turkey (19). The 
clonal culture was propagated for a short period of time (21 pas-
sages) to preserve virulence, hence used for challenge, or for 295 
passages to achieve attenuation, according to previous protocols 
(5, 20). The parasites were kept as cryopreserved cultures (stored 
at −150°C) were then thawing and incubated at 40°C in a culture 
medium consisting of Medium 199 supplemented with Earle’s 
salts, l-glutamine, 25 mM HEPES and l-amino acids (Gibco™, 
Invitrogen, Lofer, Austria), 15% of fetal calf serum (Gibco™) and 
0.66 mg of rice starch (Sigma–Aldrich, Vienna, Austria). Before 
administration, the number of viable cells was determined using 
a Neubauer cell counting chamber (Reichert, Buffalo, NY, USA) 
after staining with 0.4% trypan blue solution and adjusted to 
1 × 106 histomonads per ml of medium.

Birds
A total of 60 turkeys (B.U.T. 6™; Aviagen Turkeys Ltd., Tattenhall, 
UK) and the same number of specific pathogen-free chickens 
(VALO Biomedia, Osterholz-Scharmbeck, Germany) were 
used. The birds were numerically labeled with a subcutaneously 
attached tag and housed on deep litter. Unmedicated commercial 
turkey, respectively, chicken starter feed and water were provided 
ad  libitum, except for a 5 h abstinence from feed directly after 

Abbreviations: CC, control chickens; CT, control turkeys; DIG, digoxigenin; DPI, 
days post-inoculation; IC, infected chickens; IF, immunofluorescence; IFN-γ, 
interferon gamma; IL, interleukin; ISH, in situ hybridization; IT, infected turkeys; 
MLS, mean lesion score; Th, T helper; VC, vaccinated chickens; VIC, vaccinated and 
infected chickens; VIT, vaccinated and infected turkeys; VT, vaccinated turkeys.
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Table 1 | Experimental scheme and sampling strategy for different groups of turkeys and chickens inoculated with attenuated and/or virulent histomonads.

Age of birds in days/days post-inoculation

Group 1 28 32/4 35/7 38/10 42/14 49/21

Vaccinated turkeys (VT) Vaccination xa x X X x
Vaccinated chickens (VC) Vaccination x x X X x
Infected turkeys (IT) Infection x x X N/Ab N/A
Infected chickens (IC) Infection x x X X x
Vaccinated and infected turkeys (VIT) Vaccination Infection x x X X x
Vaccinated and infected chickens (VIC) Vaccination Infection x x X X x
Control turkeys (CT) Mock infection x x X X x
Control chickens (CC) Mock infection x x X X x

aNecropsy and sampling of three birds.
bNot applicable due to death caused by virulent histomonads at earlier time points.
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inoculation. The animal trials were approved by the institutional 
ethics committee and the national authority according to §26 
of the Law for Animal Experiments, Tierversuchsgesetz—TVG 
(license number bmwf GZ 68.205/0147-II/3b/2013).

Experimental Design and Inoculation
In the main experiment (trial 1, Table 1), four groups of turkeys, 
as well as the same number of chicken groups, were arranged in 
separate groups (n  =  15 per group). The groups comprised of 
only vaccinated turkeys or chickens (VT and VC), only IT and IC, 
vaccinated and infected turkeys or chickens (VIT and VIC) and 
control turkeys or chickens (CT and CC). Birds in group VIT and 
VIC were vaccinated at their first day of life. The challenge of the 
VIT and VIC was given on their 28th day of life, together with the 
infection or vaccination of the other groups.

Each bird received a dosage of 6 × 105 attenuated or virulent 
histomonads in 0.6  ml of medium, equally split via oral and 
cloacal application. Control birds were sham inoculated with 
equal volumes of pure culture media only. The oral and cloacal 
administration was performed using crop tubes attached to a 
sterile syringe, respectively, pipette tips on a 1  ml pipette. The 
feed was withdrawn for 5  h following inoculation to promote 
an adequate colonization of the parasite in the gut. To confirm 
successful inoculation, cloacal swabs were taken from every bird 
in intervals of 2–3 days and parasites were incubated for 3 days 
at 40°C in a culture medium mentioned above. Growth was 
controlled by microscopical examination of viable parasites.

In a similar setting, an additional experiment (trial 2) was con-
ducted for generating additional cecum, liver and spleen samples 
for IF labeling of B cells, T cells and monocytes/macrophages in 
the above-described organs of chickens. For that, three groups 
of chickens were used: IC, VC, and control chickens (CC). Each 
infected, respectively, vaccinated bird received 1 × 104 histomon-
ads orally and cloacally.

Clinical Monitoring and Postmortem Lesion Scoring
The birds were monitored daily for clinical signs of histomonosis 
such as ruffled feathers, depression and yellowish diarrhea. Birds 
showing clinical signs of the disease were euthanized.

At 4, 7, 10, 14 and 21 days post-inoculation (DPI), three prede-
fined birds per group were killed according to their tag-numbers 
by bleeding after intravenous injection of sodium thiopental 

(Sandoz, Kundl, Austria). Postmortem examination and grading 
of lesions in cecum and liver were performed according to a 
previous scheme that used scores from 0 (no lesion) to 4 (severe 
lesions) (11, 21).

Histological Techniques
ISH for Localization of H. meleagridis
Pieces of mid-cecum, liver and spleen samples intended for 
ISH were fixed in 4% neutral buffered formaldehyde (SAV 
liquid production, Flintsbach, Germany) for at least 48  h at 
room temperature. The tissues were then trimmed and rinsed 
in running tap water for an hour before proceeding to routine 
histological processing. The processing involved dehydration in 
serially graded alcohols (80, 96 and 100%), clearing in Neo-Clear® 
(Merck, Darmstadt, Germany) and paraffin infiltration. Finally, 
the tissues were embedded in paraffin wax and stored until use. 
For the scheduled ISH, serial sections of 4  µm were prepared 
using Microme HM360 rotary microtome (Microme, Walldorf, 
Germany) and mounted on Superfrost Plus slides (Menzel-Gläser, 
Braunschweig, Germany). To further ensure adhesion of sections 
on the slides, an overnight treatment of the slides was allowed 
at 37°C. The ISH with H. meleagridis specific digoxigenin (DIG)-
labeled oligonucleotide probes was performed according to a 
published protocol (22).

ISH for Localization of IFN-γ or IL-13 mRNA
Generation of RNA Probes
The use of in vitro transcribed DIG-labeled RNA probes for detec-
tion of chicken IFN-γ and IL-13 mRNA in liver and spleen paraf-
fin sections has been established earlier. The same approach was 
followed to establish turkey’s staining antisense IFN-γ or IL-13 
RNA probes together with negative control sense probes as previ-
ously described (23). Briefly, gene-specific primers were designed 
to amplify the mRNA of turkey IFN-γ and IL-13 (Table 2). The 
targets were amplified from total RNA extracted from the spleen 
of a non-infected turkey by RT-PCR using QIAGEN OneStep 
RT-PCR kit (Qiagen, Hilden, Germany). The PCR products were 
then separated on 1.5% Agarose gel and purified using QIAquick® 
Gel Extraction Kit (Qiagen). The respective cDNAs were ligated 
into pCR®4-TOPO® vector for cloning in One Shot® TOP10 
Chemically Competent E. coli, according to the manufacturer’s 
instructions (Invitrogen, Carlsbad, CA, USA). The nucleotide 
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Table 2 | Primers, Genbank accession number and the size of the PCR product 
used for RNA probe generation for in situ hybridization of interferon gamma (IFN-
γ) and interleukin (IL)-13 mRNA.

Target Primer sequence Accession 
number

Product 
size (bp)

Turkey-
IFN-γ

F: CACCAAGAAGATGACTTACCAG XM_003202048 486
R: TGAGGATGGCTCCTTTTCC

Turkey-
IL-13

F: GCTCCATGCCCAAGATGAAG AM493431 289
R: AGCGTTGGCAAGAAGTTCC
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sequence and insertion of the cloned products were verified by 
sequencing (LGC Genomics, Augsburg, Germany).

Plasmids validated to contain the cDNA of the cytokines 
were linearized with SpeI or NotI restriction enzymes (Thermo 
Scientific, Dreieich, Germany). Depending on the insertion, T7 
or T3 RNA polymerases were used separately to generate sense or 
antisense DIG-labeled RNA probes using DIG RNA Labeling Kit 
(SP6/T7) (Roche Diagnostics, Mannheim, Germany) according 
to the manufacturer’s protocol. The probe yield was quantified 
using NanoDrop spectrophotometer (Thermo Scientific) and the 
size of the transcribed probes was verified by gel electrophoresis. 
Furthermore, the efficiency of the DIG-labeling was assessed 
by immunoblotting dilution series of DIG-labeled RNA probes 
according to the manufacturer’s recommended protocol given in 
the DIG RNA Labeling Kit (SP6/T7) (Roche Diagnostics) with 
some modifications mentioned in the previous work (23).

RNA ISH
The ISH protocol for staining cytokine mRNA positive cells was 
described in an earlier study (23). Briefly, paraffin sections were 
deparaffinized with Neo-Clear® (Merck) and rehydrated in a series 
of graded alcohols (100, 96 and 70%) and diethyl pyrocarbonate 
(DEPC) treated distilled water. The sections were then digested 
with 2.8 µg/ml of proteinase K (Invitrogen, Carlsbad, CA, USA) 
in 0.05 M Tris–HCl (pH 7.5), at 40°C for 30 min. Afterwards, rins-
ing and dehydration were performed in DEPC-treated water and 
increasing concentrations of ethanol. Following a short period 
of air drying, the sections were covered with a hybridization mix 
composed of 50% formamide, 4× standard saline citrate buffer 
(SSC), Herring’s Sperm DNA (500 ng/ml), 1× Denhardt’s solu-
tion, 10% dextran sulfate, and the optimal concentration of the 
respective DIG-labeled RNA probe. A concentration of probes 
that ranged from 10 to 1,000 ng/ml of hybridization buffer was 
tested initially to find a defined concentration for further use. 
Hybridization of the probe with the target RNA was performed 
in a humidified chamber for overnight at 40°C.

On the next day, stringency washes were made with 2× SSC at 
room temperature for 30 min, followed by RNase A (20 ng/ml) 
(Roche Diagnostics) treatment in a solution mix of 0.5 M NaCl, 
5 mM Tris–HCl (pH 7.5) and 1 mM EDTA, at 40°C for 30 min. 
Further washing steps were done two times in 1× and 0.1× SSC 
at room temperature for 10 min each.

For conjugating the DIG-labeled hybrid-complexes with 
an enzyme to be used for the color reaction, the sections were 
first incubated in a blocking solution (50% of Buffer I, 0.3% 

TRITON®-X and 5% normal goat serum in distilled water) for 
30  min in a humidified chamber. The blocking solution was 
replaced by anti-DIG-AP-antibody diluted 1:100 in the block-
ing solution mix and incubated for 1  h at room temperature. 
Afterward, washing and equilibration were performed in three 
steps. First, unbound antibody was removed by washing the 
slides in a 1 to 1 dilution of Buffer I (100 mM Tris–HCl pH 7.5, 
150 mM NaCl) in distilled water for 15 min. Second, the washing 
mentioned before was repeated and finally, equilibration in Buffer 
II (100 mM Tris–HCl pH 7.5, 100 mM NaCl, 50 mM MgCl2, final 
pH 9.5) was made for 10 min.

For visualizing the target molecules, color reaction was devel-
oped using a substrate mix of an equilibration buffer (Buffer II), 
NBT (4-nitro blue tetrazolium chloride) (0.45  mg/ml), BCIP 
(5-bromo-4-chloro-3-indolyl-phosphate) (0.175 mg/ml) (Roche 
Diagnostics) and Levamisole (240 µg/ml) (Sigma, Deisenhofen, 
Germany). The color reaction was performed in a humidified 
chamber under dark conditions for overnight. On the next day, the 
reaction was terminated by immersing the sections in Tris-EDTA 
(pH 8.0) for at least 10 min. Finally, the sections were counter-
stained with Gill’s hematoxylin (Merck) and mounted under 
coverslips (Menzel-Gläser) with Aquatex® aqueous mounting 
medium (Merck). For controlling the specificity of the technique, 
ISH was performed using the respective sense probes. Moreover, 
a slide from sections incubated with DEPC-water instead of the 
probes was used in parallel as negative control.

Immunofluorescence
Cecum, liver and spleen of one bird per group obtained from 
trial 2 were cryopreserved after embedding in Tissue-Tek® 
(Sakura Finetek Europe B.V., Flemingweg, the Netherlands) on 
aluminum foils. Liquid nitrogen was used to freeze the embedded 
tissue samples. The frozen samples were then stored at −80°C 
until they were cut into 5 µm slices by a cryostat (CM1800, Leica 
Mikrosysteme GmbH, Vienna, Austria) and directly processed 
for IF.

A multicolor staining protocol was employed using mouse 
anti-chicken Bu-1-Biotin for the detection of B cells, unlabeled 
mouse anti-chicken CD3 for the detection of T cells and mouse 
anti-chicken KUL01-PE for the detection of monocytes/mac-
rophages (all SouthernBiotech, Birmingham, AL, USA). For 
labeling, the cryosections were first fixed in pre-cooled acetone 
at −20°C. After drying and rehydration in PBS, they were treated 
with blocking solution (PBS, 2% bovine serum albumin and 10% 
goat serum) and then incubated overnight with the CD3 antibody 
at 4°C in a humidified chamber.

On the next day, slides were repeatedly washed with PBS and 
covered with the secondary antibody goat anti-mouse Alexa 488 
(Invitrogen, Vienna, Austria). Following extensive washing and 
treatment with the blocking solution mentioned above, the other 
two primary antibodies (biotin-labeled anti-chicken Bu-1 and 
anti-chicken KUL01 directly labeled with r-phycoerythrin) were 
applied on the tissues and incubated overnight in a humidified 
chamber in the same way as mentioned before.

On the third day, streptavidin-Alexa 647 (Life Technologies, 
Vienna, Austria) was used for conjugation with the Bu-1 
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Table 3 | Reverse transcription-qPCR primers and probes.

Target Primer and probe sequences Reference

Turkey 
IFN-γ

F: AACCTTCCTGATGGCGTGAA
R: CTTGCGCTGGATTCTCAAGTC
P: HEX-AAAGATATCATGGACCTGGCCAAGCTTCA-BHQ1

(12)

Turkey 
IL-13

F: CCTGCACGGCCAGATGA
R: GGCAAGAAGTTCCGCAGGTA
P: CY5-TGCCAGCTGAGCACCGACAACG-BHQ1

Chicken 
IFN-γ

F: GTGAAGAAGGTGAAAGATATCATGGA
R: GCTTTGCGCTGGATTCTCA
P: HEX-TGGCCAAGCTCCCGATGAACGA-BHQ1

Chicken 
IL-13

F: CACCCAGGGCATCCAGAA
R: TCCGATCCTTGAAAGCCACTT
P: CY5-CATTGCAAGGGACCTGCACTCCTCTG-BHQ1

RPL13 F: GGAGGAGAAGAACTTCAAGGC
R: CCAAAGAGACGAGCGTTTG
P: HEX-CTTTGCCAGCCTGCGCATG-BHQ1

(24)

TBP F: CTGGGATAGTGCCACAGCTA
R: GCACGAAGTGCAATGGTTT
P: ROX-TGCAACCAAGATTCACCGTGGA-BHQ2

TFRC F: AGCTGTGGGTGCTACTGAA
R: GGCAGAAATCTTGACATGG
P: ROX-CTCTGCCATGCTGCATGCCA-BHQ2
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antibody. Cell nucleus staining was performed with 4, 6-diami-
dine-2-phenylindole dihydrochloride (DAPI) (Boehringer 
Mannheim GmbH, Germany). An isotype control for IgG1k 
(eBioscience, Vienna, Austria) together with the goat anti-mouse 
Alexa 488 antibody and samples without primary antibodies 
were included as controls to confirm the specificity of primary 
antibody binding.

Microscopy and Analysis of Images for 
Quantification of Stained Cells
Tissue sections processed by chromogenic ISH for staining cytokine 
mRNA expressing cells were examined using light transmission 
microscopy under Zeiss Axio Imager Z1 (Carl Zeiss Microscopy 
GmbH, Germany). Sections were examined for the location of 
the stained cells in context of the histological architecture of the 
respective tissues. Afterward, digital images of the sections were 
made using a USB camera and the TissueFAXs image acquisition 
software (TissueGnostics GmbH, Vienna, Austria). The digital 
images were analyzed for quantification of cells by HistoQuest 
(version 4.04.0150, TissueGnostics GmbH). For cell quantifica-
tion, a region of interest (ROI) was selected randomly excluding 
artifacts, major blood vessels and edges of the sections. The ROI 
for each sample was a total tissue area of 2 mm2 divided among 
equal sizes of eight rectangular ROI. Then, a total number of cells 
within those 2 mm2 of the ROI were counted based on their blue 
nuclei staining after using hematoxylin as a master channel. Valid 
cells were gated by hematoxylin area versus hematoxylin mean 
intensity. By applying the software integrated color separation 
method named single reference shade, a second color detection 
was performed to automatically separate the hematoxylin (blue) 
nuclei staining from NBT-BCIP (dark violet) staining based on 
their optical density. Cutoff values for discriminating NBT-BCIP 
positive cells from negative cells were set interactively based on 
the background signal measured in the negative controls (sections 
treated with sense probes or no probe). In addition, backward 
viewing was performed to verify the correct discrimination of 
NBT-BCIP stained cells from negative cells by the source image, 
shades and color overlay. The percentage of NBT-BCIP stained 
cells out of the total quantified cells in each tissue section was 
then exported to SPSS (SPSS 21.0, IBM, Armonk, NY, USA) for 
statistical analysis.

The procedure for quantification of cells in triple stained 
IF sections were described earlier (24). Briefly, a multichannel 
acquisition was made using a Zeiss Axio Imager Z1 fitted with a 
PCO USB camera and eight regions of interest were selected in 
digital images of each tissue sample covering an area of 2 mm2. The 
identification of each cell was achieved by TissueQuest software 
using the fluorescence of DAPI (master channel). Valid cells were 
gated by DAPI area versus DAPI mean intensity. From this popu-
lation of cells, T cells, B cells and monocytes/macrophages with 
their respective fluorescence signals were subsequently gated. 
According to the setup of the respective gates, T cells, B cells and 
monocytes/macrophages were quantified by the software.

RT-qPCR
Stabilization of RNA in pieces of cecum, liver and spleen samples 
was performed by immersing the tissues in RNAlater® solution 

(Qiagen) according to the manufacturer’s instruction. Total 
RNA was then extracted using RNeasy® mini kit (Qiagen) after 
homogenizing the tissues with QIAshredders (Qiagen) according 
to manufacturer’s instructions. Every RNA sample was assessed 
for purity, quantity and integrity by using NanoDrop 2000 
(ThermoFisher Scientific, Vienna, Austria) and 4200 TapeStation 
(Agilent Technologies, Waldbronn, Germany), respectively. The 
RNA samples were stored at −80°C until used.

The expression level of IFN-γ or IL-13 mRNA was quanti-
fied by applying TaqMan one-step real-time RT-qPCR using 
Brilliant III Ultra-Fast QRT-PCR master mix kit (Agilent 
Technologies, Waldbronn, Germany). Previously published 
primers and probes for reference genes TFRC (transferring 
receptor protein 1) and RPL13 (ribosomal protein L13) for 
turkeys or RPL13 and TBP (TATA box binding protein) for 
chickens, as well as for the mentioned cytokines were applied 
(Table  3) (12, 25). Amplification of the primary transcripts 
and quantification of their specific products were performed 
using AriaMx real-time PCR system (Agilent Technologies, 
Waldbronn, Germany) together with the Agilent AriaMx1.0 
software (Agilent Technologies, Waldbronn, Germany). The 
thermal cycle profile was as follows: 1 cycle of RT at 50°C for 
10  min followed by 95°C for 3  min to hot start, 40 cycles of 
amplification at 95°C for 5 s and 60°C for 10 s. Different types 
of controls such as non-reverse transcriptase and non-template 
control were run to check for genomic DNA contamination and 
overall PCR contamination.

The cytokines’ average cycle threshold (Ct) values for every 
organ were normalized using geometric mean Ct of the reference 
genes, to exclude technical variations during sampling and pro-
cesses of RT-qPCR. Fold change of cytokines was then calculated 
from the normalized mean Ct value of cytokines from each group 
by applying the formula 2(−ΔΔCt) (26).
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Statistical Analysis
The statistical package SPSS (SPSS 21.0, IBM, Armonk, NY, 
USA) was used to execute the descriptive and non-descriptive 
statistics. Mean lesion scores of cecum or liver were calculated 
for each group of turkeys or chickens necropsied at the speci-
fied DPI. Similarly, total mean lesion scores (MLSs) of cecum 
or liver were calculated for each group of turkeys or chickens by 
pooling the total lesion scores of each group and divided by the 
total number of birds in the group. For comparing differences 
in the mean percentage of cytokine mRNA positive cells, first 
normality of the data distribution obtained from percentages of 
quantified ISH-positive cells for each cytokine was tested using 
Kolmogorov–Smirnov test according to the tissue and host spe-
cies. Then, since the data generated from quantification of turkey 
IFN-γ and IL-13 mRNA positive cells were normally distributed, 
mean values obtained from the different groups necropsied at 
different days were compared with the control using independ-
ent samples t-test. By contrast, due to lack of normality of data 
distribution in chicken tissues, Mann–Whitney U test was used to 
test the significance of mean differences. Furthermore, t-test was 
used to compare mean of normalized Ct values of the RT-qPCR 
data. Mean value differences were considered significant when 
the P-value was less than 0.05 (*P < 0.05).

RESULTS

Animal Trial
Turkeys inoculated with virulent histomonads without prior 
vaccination (IT) exhibited typical signs of histomonosis such as 
a ruffled feather, depression and sulfur-colored diarrhea starting 
from 7 DPI. Consequently, two birds had to be euthanized due 
to severe suffering at 11 DPI while the remaining animals were 
found dead at 12 and 13 DPI. There were not any overt clinical 
signs in the rest of the turkeys’ as well as all of the chickens’ groups 
until the experiment was terminated at 21  DPI. Microscopical 
investigation of cultured cloacal swabs, however, confirmed the 
presence of the flagellate in the gut of birds of every group except 
the controls (data not shown).

Necropsy findings are given by MLS of every group on each 
sampling day. Total mean lesions scores differed according to the 
given inoculum, respectively, were found to be reduced in birds 
that received the vaccination (Figure 1). In turkeys (Figure 1A), 
the global MLS was 0.8 in cecum and 0.5 in the liver of VT. 
Turkeys in group IT had a total MLS of 3.2 and 2.8 in cecum and 
liver, respectively. In VIT, a total MLS of 2.7 in cecum and MLS 
of 1.3 in liver were observed. In chickens (Figure 1B), the high-
est total MLS recorded was in cecum and liver of IC (2 and 1.6, 
respectively). Chickens in group VC and VIC displayed a global 
MLS below 0.5 in both cecum and liver. None of the control birds 
in group CT or CC showed lesions at any sampling day.

Localization of H. meleagridis in  
Tissue Sections
Detailed results on frequencies of H. meleagridis localized by ISH 
in cecum and liver of the birds are given in Table 4. In cecum, 
histomonads could be localized in the majority of the turkeys 

that were inoculated either with the attenuated and/or virulent 
histomonads. Groups of chickens inoculated with histomonads 
showed the parasite localized in the cecal sections yet with less 
frequency than the turkeys inoculated with the same histomonads.

The presence of histomonads was generally uncommon in 
livers except in IT in which the parasite was detected throughout 
the sampling days. The protozoa could be found in only one VT 
collected at 21 DPI and few liver samples (3 out of 15 birds) taken 
from VIT. In chickens, only three liver samples taken from IC 
were positive for histomonads.

The spleen of all turkey and chicken samples, independent of 
the group they belong to, were without parasite infestation and 
the control groups confirmed the status of non-inoculated birds. 
Localization and distribution of virulent or attenuated histomon-
ads in cecum and liver are comparatively shown in turkeys of the 
respective groups (Figure 2).

Evaluation of IFN-γ and IL-13 RNA Probes
The DIG-labeled RNA probes generated to hybridize to turkey 
IFN-γ or IL-13 mRNA in paraffin sections of cecum, liver and 
spleen could label cells containing the mRNA of the cytokines 
at a probe concentration of 600 or 300  ng/ml of hybridization 
buffer for IFN-γ or IL-13, respectively. Similarly, probes against 
chicken IFN-γ or IL-13 mRNA resulted in distinct coloration of 
target cells at a concentration of 400 or 100 ng/ml of hybridiza-
tion buffer, respectively. Positive cells could be recognized by 
their dark purple color developing from the enzymatic reaction 
of NBT-BCIP. A higher or lower concentration of probes than the 
ones mentioned resulted in fainting or over staining of sections, 
hindering identification of individual cells (data not shown).

Localization and Quantitative Distribution 
Patterns of IFN-γ or IL-13 mRNA Positive 
Cells Following Vaccination or Infection
Spatial and Temporal Distribution Differences of 
Quantified IFN-γ mRNA Positive Cells
The spatial distribution patterns of stained cells in cecum and 
liver of turkeys inoculated with the tentative vaccine or the viru-
lent inoculum are shown in Figure 3. In cecum, IFN-γ mRNA 
positive cells in VT were exclusively localized as individual cells 
studded to the intraepithelial region and as small aggregates of 
cells in the lamina propria as seen in control birds throughout 
the study period. Quantification of these cells (Figure  4A), 
however, revealed a significantly lower percentage of positive 
cells at 4  DPI. The early decrement in VT was followed by an 
abrupt increment characterized by a statistically significant 
change at 10  DPI. Relative numbers of IFN-γ mRNA positive 
cells gradually decreased on 14 DPI until the experiment ended 
at 21 DPI, although being still higher than in the control birds. In 
IT, the distribution pattern of positive cells at 4 DPI was similar 
to VT and significantly lower compared to the control group. At 
7 and 10 DPI, positive cells showed an extensive spread within 
the lamina propria and muscularis, along with a total loss of the 
mucosal structure. Coincidentally, the relative number of these 
cells was significantly higher at 10 DPI. There were no surviving 
birds left in group IT from 14 DPI onward. In VIT, the distribution 
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Figure 1 | Mean lesion scores (n = 3 birds/day) recorded in cecum and liver. Scores were graded from 0 to 4, indicating no lesion to severe lesion in (A) groups of 
vaccinated turkeys (VT), infected turkeys (IT) and vaccinated and infected turkeys (VIT) and in (B) groups of vaccinated chickens (VC), infected chickens (IC), or 
vaccinated and infected chickens (VIC) necropsied at different days post-inoculation. There were no lesions observed in control turkeys or chickens (CT or CC) 
throughout the time points.

7

Kidane et al. Th1/Th2 Positive Cells in Caecum and Histomonosis

Frontiers in Immunology  |  www.frontiersin.org May 2018  |  Volume 9  |  Article 1164

of positive cells started out like mentioned above for the other 
groups. However, at 4 DPI, the percentage of cells was slightly 
higher than in the control, albeit statistically not significant. From 
7 DPI onward, the cecal wall had infiltrated mononuclear cells 
with IFN-γ mRNA positive cells sporadically distributed among 
them. Calculation of positive cells, however, was more or less 
similar to birds from the control group.

In the liver of VT and CT, stained cells could be found as 
lymphoid aggregates and sporadically between hepatocytes. 
There was no change in the spatial distribution until 21 DPI when 
two liver samples of VT showed a restricted yet ectopic lymphoid 
alteration in one area with few positive cells interspersed within. 
Despite the similarity in the spatial distributions of stained cells 
in these groups, relative numbers of cells (Figure 4A) were higher 

in VT from 7 DPI onward with significant changes observed at 10 
and 14 DPI. In IT, changes, both in the location and percentage of 
positive cells, were different at and after 7 DPI when positive cells 
were observed within the inflammatory infiltrates between the 
parenchyma and periphery of necrotized regions. The percent-
age of these cells was also significantly higher at 10 DPI. Positive 
cells in livers of VIT were similar to CT, both in location and 
abundance.

In spleen, positive cells had a wider spatial distribution ranging 
from aggregates in the periarteriolar lymphatic sheath to solitary 
cells in the rest of white and red pulp, regardless of the experimen-
tal treatment. Percentages of positive cells (Figure 4A), however, 
significantly decreased in VIT at 14 DPI, whereas the changes in 
the other groups were not statistically supported.
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Figure 2 | Virulent and attenuated histomonads localized in cecum and liver by in situ hybridization. Stained histomonads could be seen in dark purple (examples 
shown in red arrow). Virulent histomonads could be seen in larger number, whereas only a few attenuated histomonads could be detected surrounded by an influx 
of mononuclear cells. Samples are representatives for tissues collected from turkeys inoculated with virulent histomonads (group infected turkey) necropsied on 
10 days post-inoculation (DPI) and turkeys inoculated with only attenuated histomonads (group vaccinated turkeys) necropsied on 21 DPI. Insets show higher 
magnifications of histomonads and the surrounding cells in the respective tissue sample.

Table 4 | Number of samples positive for Histomonas meleagridis detected by 
in situ hybridization (n = 3 birds/day).

Vaccinated DPI Infected DPI Vaccinated and 
infected DPI

4 7 10 14 21 4 7 10 14 21 4 7 10 14 21

Turkey Cecum 0 3 3 2 2 3 3 3 N/A N/A 3 3 3 2 2
Liver 0 0 0 0 1 3 3 3 N/A N/A 0 1 1 0 1

Chicken Cecum 0 1 2 0 0 1 2 2 1 1 2 1 1 2 0
Liver 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0

DPI, days post-inoculation.
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The location of positive cells in cecum, liver and spleen of 
control and affected tissues described in turkeys also applies to 
chickens and differences among the groups of chickens were 
mostly marginal. In VC, however, there was neither a location 
nor a percentage change  in the relative numbers of positive cells 
in caeca throughout the experiment (Figure  4B). In caeca of 
IC, positive cells extensively spread to the lamina propria as the 
disease progressed at and after 7 DPI. Similarly, in VIC, a localized 
yet infiltrated area with positive cells was observed only at 7 DPI. 
Livers of VC and VIC were similar to control birds throughout 
the experiment, whereas positive cells were observed in infiltrates 
of leukocytes of affected livers of IC collected at 14 and 21 DPI. In 
spleen, the only noticeable changes were the significantly decreased 
percentage of positive cells in the spleens of IC and VIC at 21 DPI.

Spatial and Temporal Distribution Differences of 
Quantified IL-13 mRNA Positive Cells
The localization of IL-13 mRNA positive cells in turkeys and 
chickens was similar to the distributional localization of IFN-γ 
mRNA positive cells described for each group and DPI. The 
percentage of positive cells, however, varied at different DPI.

In turkeys (Figure 5A), the percentage of IL-13 mRNA positive 
cells increased in the cecum of VT from 7DPI onward; the only 
significant change, however, was the higher percentage at 10 DPI. 
Positive cells also increased in caeca of IT at 7 and 10 DPI; these 
changes nevertheless were not statistically significant. By contrast, 
the percentage of positive cells showed no change or was lower in VIT 
throughout the trial when positive cells significantly decreased at 10 
and 14 DPI. In livers, the percentage of positive cells significantly 
increased in VT as well as IT at 10 DPI. In spleens, even though the 
percentages increased variably in VT and IT at and after 7 DPI, the 
changes were not statistically significant. By contrast, the percentage 
significantly decreased in spleens of VIT at 10 and 14 DPI.

In chickens, changes in the percentage of IL-13 mRNA positive 
cells (Figure 5B) were not significant, but slight changes could be 
noticed at 4 DPI when positive cells increased in the cecum of VC 
and VIC as well as in spleens of VC.

Comparison of Quantified IFN-γ or IL-13 mRNA 
Positive Cells
Comparison of percentages of cytokine mRNA positive cells high-
lighted a varying magnitude in the abundance of cells expressing 
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Figure 3 | Distribution of interferon gamma (IFN-γ) mRNA positive cells localized by in situ hybridization in cecum and liver. A distinct distribution pattern of 
cytokine mRNA positive cells in the primarily affected organs was evident between groups of turkeys that received only attenuated parasites and those inoculated 
with virulent Histomonas meleagridis. Representative distribution patterns are given using IFN-γ mRNA positive cells with areas of positive cells indicated by red 
arrows. At 4 days post-inoculation (DPI), positive cells were rarely distributed in caeca which then became abundant at 7 and 10 DPI with accumulation of positive 
cells being restricted to the lamina propria of birds that receive the attenuated culture (A), whereas virulent histomonads triggered further distribution of positive cells 
to the muscularis layer with losing of the mucosal fold at 10 DPI (B). In livers, positive cells were occasionally found as sporadic cells studded between hepatocytes 
and lymphoid aggregates (C) or in more expansive distribution comprising mononuclear infiltrates when affected by virulent histomonads (D).
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mRNA of IFN-γ or IL-13 pertinent to the inoculum, tissue type 
and host species. In turkeys (Figure 6A), there was a comparable 
level of IFN-γ and IL-13 mRNA positive cells within each type of 
tissue independent of the treatment group. Generally, spleen had 
the highest percentage of IFN-γ and IL-13 mRNA positive cells, 
followed by cecum whereas liver had the least percentage.

In contrast to turkeys, chicken tissues showed a divergent per-
centage of IFN-γ and IL-13 mRNA positive cells. Chicken IFN-γ 
mRNA positive cells were found to be more abundant than IL-13 
mRNA positive cells in cecum and spleen of all the experimental 
groups (Figure  6B). Both tissues had more IFN-γ and IL-13 
mRNA positive cells than liver. In contrast to cecum and spleen, 
a balanced percentage of IFN-γ and IL-13 mRNA positive cells 

was detected in livers of chickens, with an exception of the slight 
increment IFN-γ mRNA positive cells at 10 DPI in livers of VC.

Comparing percentages of cytokine mRNA positive cells 
between tissues of turkeys and chickens also revealed variations 
in the percentages of positive cells. The most obvious differences 
were observed in IFN-γ mRNA positive cells in the cecum and 
spleen of VIC and CC when compared with their counterpart 
turkey groups (VIT and CT).

Changes in Immune Cell Population in 
Chickens During Vaccination or Infection
B  cells, T  cells and monocytes/macrophages stained by IF in 
the cecum, liver and spleen cryosections of chickens from trial 
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Figure 4 | Quantity of interferon gamma (IFN-γ) mRNA positive cells. Positive cells were quantified by TissueFAXS and its accompanying software HistoQuest in 
cecum, liver and spleen of turkeys (A) and chickens (B) inoculated with attenuated and/or virulent Histomonas meleagridis. Mean values of percentages of mRNA 
positive cells in each treatment group were compared with the age-matched control at the respective days post-inoculation. n = 3 birds/day, *P < 0.05.
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2 inoculated with either virulent or attenuated histomonads 
revealed changes in the population of these cells at different days 
post-inoculation (Figure  7). Quantification of the stained cells 
(Figure 8) showed distinct changes in IC which had an increased 
percentage of B  cells, T  cells and monocytes/macrophages in 
cecum at 4, 7 and 10 DPI as wall as in the liver at 10 and 14 DPI. By 
contrast, spleens of the same group showed decrement of B cells 
at 7 and 14 DPI and T cells from 4 DPI until 21 DPI. The levels in 
VCs were very similar to the control.

Fold Changes in the Expression Levels  
of IFN-γ and IL-13 mRNA Measured by 
RT-qPCR
Expression levels of IFN-γ and IL-13 mRNA were measured from 
samples collected at 10 and 21 DPI to supplement results obtained 
by quantification of the expressing cells. In most cases, results of 
RT-qPCR harmonized with quantification of cells.

In turkeys, cecal IFN-γ mRNA (Figure 9A) was upregulated 
in all of the inoculated groups sampled at 10 and 21 DPI although 
the only statistically significant change was noticed in caeca of 

VIT at 10  DPI. Similarly, a significant fold change was found 
at 10 DPI in liver and spleen of IT. By contrast, the expression 
was significantly downregulated at 21  DPI in spleens of VIT. 
In chickens (Figure  9B), cecal IFN-γ mRNA was significantly 
upregulated in IC at 10 DPI and in all groups at 21 DPI. Livers 
of IC also had a significantly enhanced expression at 10  DPI, 
whereas the changes in the other groups were lower. The expres-
sion was significantly downregulated in spleens of VC and VIC 
at 10 and 21 DPI.

Turkey IL-13 mRNA (Figure 9C) transcripts were significantly 
upregulated in the cecum of IT and VIT at 10 DPI. Similarly, an 
enhanced expression was found at 21 DPI in VT and VIT. In liv-
ers, a significant increment of expression was found in IT sampled 
at 10  DPI. In spleens, IL-13 transcripts showed increased fold 
changes at 10 DPI in IC and at 21 DPI in VT and VIT. In chickens, 
IL-13 expression (Figure 9D) was downregulated at 10 DPI in 
all caeca samples drawn from inoculated groups although the 
changes were not significant. The downregulation projected into 
a significant upregulation of the transcript at 21 DPI in all the 
groups with significant changes observed in VC and VIC. In liv-
ers, a significantly enhanced expression was observed at 10 DPI 
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Figure 5 | Quantity of interleukin (IL)-13 mRNA positive cells. Positive cells were quantified in caeca, livers and spleens of groups of turkeys (A) and chickens (B) 
inoculated with attenuated and/or virulent Histomonas meleagridis. Mean percentage obtained from each treatment group was compared with the age-matched 
control. n = 3 birds/day, *P < 0.05.
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in VC. In spleen, the transcript was significantly downregulated 
in VIC at 21 DPI.

DISCUSSION

The present study quantified cells that express the mRNA of 
representative cytokines of type 1 and type 2 immune responses, 
IFN-γ, respectively, IL-13 in cecum, liver and spleen samples for 
elucidating cytokine expression patterns that could be attributed 
to vaccination or infection of turkeys and chickens with clonal 
cultures of H. meleagridis. Groups of birds were inoculated with 
virulent or attenuated histomonads and necropsied at different 
time points post-inoculation. The time points were selected based 
on a previous study in which cecal lesions in affected chicken 
reached the maximum on days 7–14 after infection and then 
regresses at 21 DPI (21).

Previously, the safety of the vaccine has been tested by admin-
istering 104 cultured histomonads exclusively via the oral route 
for turkeys and with an additional dose of 104 parasites cloacally 
to chickens. Challenges were tested in turkeys with 104 parasites 
administered by the cloaca route only (5–7). The birds in the main 

experiment of this study were inoculated with a 3 × 105 histo-
monads administrated both orally and cloacally which proved the 
tentative vaccine safe as noticed in vaccinated hosts together with 
the capability of inducing a potent immunity during challenge.

The distribution of attenuated histomonads was confined to 
the cecum in the majority of the samples investigated by ISH, 
which was in agreement with previous findings (6). On the other 
hand, virulent histomonads migrated further to the livers of all 
unprotected turkeys were a much more pronounced invasion 
as compared to livers of unprotected chickens. The differential 
kinetics in dissemination patterns of virulent histomonads in 
livers of turkeys and chickens was comparable to a previous 
study (12). However, the absence of histomonads in the spleen of 
all experimental birds was in contrast to a previous finding that 
demonstrated virulent parasites by ISH in a few spleen sections 
(27). This could be due to the higher dose of histomonads used 
in the past study which was 19 times higher per bird than in the 
present study.

This study employed a simultaneous assessment of localiza-
tion of cytokine mRNA expressing cells and their quantitative 
differences in response to attenuated and virulent histomonads. 
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Figure 6 | Comparison of cytokine mRNA positive cells show a varying magnitude in the abundance of cells expressing mRNA of interferon gamma (IFN-γ) or 
interleukin (IL)-13. Panel (A) shows the percentage of turkey IFN-γ mRNA positive cells was comparable with IL-13 mRNA positive cells within the respective tissue 
types, regardless of their treatment condition with slight variations at different days post-inoculation. As indicated in panel (B), the overall percentage of chicken 
IFN-γ mRNA positive cells was higher compared to the percentage of IL-13 mRNA positive cells in cecum and spleen of the respective groups throughout the trial. 
Remarkable differences can also be seen in the relative number of IFN-γ mRNA positive cells between cecum of control birds, turkeys (CT) and chickens (CC),  
with n = 3 birds/day.
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Results showed that IFN-γ mRNA positive cells increased in the 
cecum of vaccinated turkeys without compromising the integrity 
of the tissue. By contrast, virulent histomonads caused tissue 
destruction along with the exacerbated increment of positive cells 
after a decrement of positive cells at 4 DPI. The low percentage of 
positive cells at this early stages in IT was in agreement with the 
downregulation observed by Powell et al. (12) who measured the 

transcript via RT-qPCR. In the present study, no data on RT-qPCR 
of cytokine expression were determined which limits the direct 
comparison. However, the authors of the last mentioned study 
observed a delay in cytokine response of ITs at 3 DPI which later 
increased to a storm of cytokines after the parasite could migrate 
to the liver leading to destruction of cecum and liver tissues. In 
concordance with this, findings of the present work showed that 
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Figure 7 | B cells (Bu-1+), T cells (CD3+) and monocytes/macrophages (KUL01+) detected by immunofluorescence in tissues of chickens. An increase of B and 
T cells in the mucosa of the cecum [4 days post-inoculation (DPI)] and the liver (14 DPI) of infected chickens (inoculated with only virulent histomonads) is indicated 
by a higher intensity of the respective fluorochromes. By contrast, fluorescent signals of the lymphocytes in the spleen (14 DPI) are comparatively reduced in the 
same group.

13

Kidane et al. Th1/Th2 Positive Cells in Caecum and Histomonosis

Frontiers in Immunology  |  www.frontiersin.org May 2018  |  Volume 9  |  Article 1164

the attenuation of the protozoa allowed the host to project the 
appropriate immune response without inducing tissue damage. 
Hence, an effective stimulation of cytokine expression that does 
not result in tissue damage can be considered as a desirable trait 
of vaccination with in vitro attenuated H. meleagridis.

In general, vaccination induces a restricted immune response 
to develop appropriate local and/or systemic immunity. In the 
present experiment, vaccinated and challenged turkeys showed 
a slight increment of IFN-γ mRNA positive cells in the caeca at 
4 DPI. This finding indicates that the vaccine provided priming of 
the immune system against invading virulent histomonads. The 
fact that the response was shortly activated at the site of infection 
argues for the presence of effector memory T  cells as this cell 
population is known to counteract re-infection by secreting anti-
microbial cytokines such as IFN-γ and TNF-α (28).

The absence of any distinct separation in the relative levels of 
IFN-γ and IL-13 mRNA expressing cells in turkeys suggests that 
both type 1 and type 2 immune responses have been elicited during 
vaccination or infection. This could be due to the protozoa’s mixed 
host-cellular niche. Even though it is known as an extracellular 
protozoan, immunohistochemical localization of the parasite in 
turkey liver revealed that it could occasionally be detected within 
host cells, mostly phagocytized by macrophages and giant cells 
(29). Previously, a strict intracellular pathogen (Newcastle disease 
virus) and extracellular helminth, Ascaridia galli, have been shown 
to cause a polarized type of cytokine expression in chickens (30).

In contrast to turkeys, a higher percentage of IFN-γ mRNA 
positive cells than IL-13 mRNA were noticed in chickens, 
regardless of the treatment conditions. Past studies on infection 
with virulent H. meleagridis or dual infection with the cecal 
nematode, Heterakis gallinarum, delivered inconclusive results 
in regards to type 1/type 2 responses in chicken cecal tonsils or 
cecum. Quantification of IFN-γ or IL-13 mRNA by RT-qPCR in 
cecal tonsils of turkeys and chickens infected with H. meleagridis 
inoculum prepared from an infected tissue homogenate showed 
a development of type 2 response with IL-13 expression although 
other cytokines including IFN-γ were also enhanced (12). By 
contrast, a dominance of type 1 response with augmented expres-
sion of IFN-γ was noticed in chicken cecum dually infected with 
H. meleagridis and H. gallinarum (18). Our data on the predomi-
nance of IFN-γ in chicken tissues in response to clonal cultures 
of histomonads was in agreement with the gene expression 
studies of dual infections by Schwarz et al. (18), highlighting a 
type 1 response in this species. Chickens probably enhance IL-13 
expression only upon the encounter of the relevant pathogen. 
Expression of IL-13 in this species, compared to the turkeys, 
could be stricter, particularly in non-lymphoid tissues (31, 32). 
Thus, factors such as mRNA decay rate and an inter species dif-
ference in the regulation of both cytokines should be considered 
and explored further for defining a threshold of measurement.

In mammals, the balance between Th1/Th2 lymphocytes 
subsets, the main sources of signature cytokines of type 1/type 2 
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Figure 8 | Changes in B cells, T cells and monocytes/macrophages stained in 
cecum, livers and spleens of chickens. Analysis of the relative number of target 
cells was performed using TissueQuest after an automated image acquisition 
with TissueFAXS in tissues of groups of chickens inoculated with only attenuated 
(vaccinated) or virulent (infected) Histomonas meleagridis. Samples were drawn 
from a single chicken per group for the different days post-inoculation.

14

Kidane et al. Th1/Th2 Positive Cells in Caecum and Histomonosis

Frontiers in Immunology  |  www.frontiersin.org May 2018  |  Volume 9  |  Article 1164

immunity, determines susceptibility to some disease states (16). 
In this context, the presence of a higher percentage of IFN-γ 
mRNA positive cells in the avian cecum seems to correlate with 

protection against histomonosis as noticed in chickens and vac-
cinated turkeys. In a study focusing on an extracellular intestinal 
protozoan parasite of humans, Entameba histolytica, it was dem-
onstrated that asymptomatic carriers of the pathogen had higher 
levels of IFN-γ, reflecting a Th1 response, while patients showing 
disease displayed higher levels of IL-4, resembling that of a Th2 
response (33). The study further revealed that re-infection in 
vaccinated mice was mediated by IFN-γ-producing CD4+ T cells 
and IL-17 secreting CD8+ T  cells. Overall, in the mentioned 
study, IFN-γ was shown to enhance anti-parasitic activity in 
macrophages, which might be as well an important mechanism in 
the immune response against histomonosis of poultry. It is worth 
mentioning here that the mammalian key type 2 cytokine, IL-4, 
has been shown in the avian immune system to be less expressed 
compared to IL-13 in several extracellular infection models (12, 
18, 23, 30, 34), hence measuring IL-13 was opted in the current 
study.

An important observation in the actual study was the dif-
ference in the percentage of IFN-γ mRNA positive cells in CC 
compared to CT. Reasons to this could be diverse and would 
demand research based verification. It can, however, be specu-
lated that growth-selected turkey lines might have a trade-off 
between immune function and growth. Previous metanalysis 
on various poultry lines selected for increased growth showed 
a strong and significant decrease in immune function (35). In 
this regard, the higher surface-area abundance of these cells in 
the chicken cecum might be one of the reasons why this species 
is less susceptible to histomonosis. Their well-equipped caeca 
might make them immunologically competent to ward-off the 
protozoa at the port of entry. With this observation, it can be 
assumed that the presence of IFN-γ in cecum is supportive in the 
defense against histomonads as was shown enhancing resistance 
against coccidiosis (36) and E. coli (37) challenge. Even though 
further studies are needed to elucidate the specific effector func-
tion of this enhanced percentage of cells during vaccination or 
infection with histomonads, several effects of the cytokine might 
play a role in the immune response against the parasite. IFN-γ is 
known to promote cell-mediated immunity through activation of 
macrophages for phagocytosis (17). Moreover, it has been shown 
to stimulate secondary IgG response and enhance the expression 
of the genes for MHC class II in chickens (38). These traits can 
endow the hosts with an immune response that can better present 
histomonad antigens as well as efficiently fight infection.

Avian IFN-γ can be presumably be produced by macrophages, 
dendritic cells, CD4+ and CD8+ T  cells, like in mammals  
(39–42). Recently, IFN-γ producing innate B lymphocytes have 
also been characterized in mice that produce high levels of IFN-γ 
that promotes macrophage activation, facilitating the innate 
immune response during early stages of infection (43). Likewise, 
various innate and adaptive stages of immune cells can synthesize 
IL-13. Hematopoietic cells of the innate immune system such as 
eosinophils, basophils and mast cells have been shown to produce 
IL-13 in mice (44). In addition, Th2 (CD4+) cells are described 
as the main source of IL-13 during the effector phase of type 2 
immune responses in worm-infested mice (45). In this study, the 
cellular background of the cytokine mRNAs could not be directly 
demonstrated due to the lack of immune cell markers for turkeys 
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Figure 9 | Cytokine mRNA expression levels measured by reverse transcription-qPCR. The expression level of interferon gamma (IFN-γ) in tissues of turkeys  
(A) and chickens (B) as well as the expression level of interleukin (IL)-13 in tissues of turkeys (C) and chickens (D) are shown as a fold change of mRNA expression 
levels relative to age-matched controls. n = 3 birds/day, *P < 0.05.
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positive cells in a given area, whereas PCR amplifies a pooled 
mRNA extracted from a myriad of cells which may have more 
or no expressed transcript. Hence, a result of a high percentage 
of positive cells with a low or moderate amount of the transcript 
might be underestimated by fewer numbers containing a higher 
quantity of the transcript and vice versa (46).

In conclusion, immunization of turkeys using in  vitro 
attenuated H. meleagridis causes an increased percentage of 
IFN-γ and IL-13 mRNA positive cells in the cecum of turkeys 
without compromising the integrity of the tissue. Infection in 
non-immunized turkeys also induced an increased presence 
of cytokine mRNA positive cells in cecum following an early 
decrement but with severe destruction of the mucosa, as well 
as infiltration of cytokine-expressing cells up to the muscularis 
layer with similar destruction and cytokine distribution in livers. 
Overall, the cytokine expression pattern in turkeys followed both 
type 1 and type 2 cytokine response with attenuated and virulent 
histomonads. The higher percentage of IFN-γ mRNA positive 
cells in chicken cecum than turkeys might also be implicated 
in the differential survival of this species during histomonosis. 

and the incompatibility of the staining techniques. However, 
interpretation of the IF results in context of the cytokine ISH 
results in chickens indicate that more cell types than B cells, T cells 
and macrophages could be involved in producing the cytokines as 
the percentages of cytokine-expressing cells were higher than the 
immune cells quantified by IF. Nevertheless, this indication needs 
to be verified in prospective studies by establishing a technique 
enabling co-staining of cytokines and cell markers.

This study employed RT-qPCR on samples taken from 
selected days to observe the congruence of mRNA quantification 
results with that of quantification of ISH stained cells. The high 
percentage of IFN-γ mRNA positive cells in the cecum of VT and 
IT coinciding with an enhanced expression of IFN-γ mRNA at 
10 DPI demonstrated the agreement of the results. By contrast, 
some discrepancies were observed for instance with the increased 
percentages of IFN-γ mRNA positive cells in liver and spleen 
of VT in comparison to the RT-qPCR results of both tissues at 
10 DPI. The discrepancies may arise from the difference in the 
detection system of both techniques. ISH labels mRNA positive 
cells and a higher percentage indicates a wider distribution of 
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Consequently, since a higher percentage of IFN-γ mRNA posi-
tive cells have been observed in chickens as well as in immunized 
turkeys capable to defend histomonosis with early expression of 
IFN-γ mRNA, it can be concluded that increased presence of 
IFN-γ mRNA positive cells indicates a protective trait against 
histomonosis.
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Figure S1 | Quantification strategy for cytokine mRNA positive cells detected 
by bright field microscopy and TissueFAXS image acquisition. The image is given 
exemplary from a single region of interest in cecum, liver and spleen tissue 
sections after in situ hybridization (ISH) staining with turkey interferon gamma 
antisense probe. Original bright field microscopy images (A), setting a cutoff 
value to discriminate ISH (NBT-BCIP) positive cells (B) and backward viewing  
(C) to verify the correct discrimination of ISH positive (red mask) and negative 
cells (green mask) of the source image.

Figure S2 | Attenuated histomonads localized by in situ hybridization in the 
cecum of turkeys necropsied at 10 days post-inoculation showing the parasites 
restricted to the lumen of the cecum.
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During the acute phase of Trypanosoma cruzi infection, macrophages can act as 
host cells for the parasites as well as effector cells in the early anti-parasitic immune 
response. Thus, the targeting of specific signaling pathways could modulate macro-
phages response to restrict parasite replication and instruct an appropriate adaptive 
response. Recently, it has become evident that Wnt signaling has immunomodulatory 
functions during inflammation and infection. Here, we tested the hypothesis that during 
T. cruzi infection, the activation of Wnt signaling pathway in macrophages plays a role in 
modulating the inflammatory/tolerogenic response and therefore regulating the control 
of parasite replication. In this report, we show that early after T. cruzi infection of bone 
marrow-derived macrophages (BMM), β-catenin was activated and Wnt3a, Wnt5a, 
and some Frizzled receptors as well as Wnt/β-catenin pathway’s target genes were 
upregulated, with Wnt proteins signaling sustaining the activation of Wnt/β-catenin 
pathway and then activating the Wnt/Ca+2 pathway. Wnt signaling pathway activation 
was critical to sustain the parasite’s replication in BMM; since the treatments with spe-
cific inhibitors of β-catenin transcriptional activation or Wnt proteins secretion limited 
the parasite replication. Mechanistically, inhibition of Wnt signaling pathway armed 
BMM to fight against T. cruzi by inducing the production of pro-inflammatory cytokines 
and indoleamine 2,3-dioxygenase activity and by downregulating arginase activity. 
Likewise, in vivo pharmacological inhibition of the Wnts’ interaction with its receptors 
controlled the parasite replication and improved the survival of lethally infected mice. 
It is well established that T. cruzi infection activates a plethora of signaling pathways 
that ultimately regulate immune mediators to determine the modulation of a defined 
set of effector functions in macrophages. In this study, we have revealed a new sig-
naling pathway that is activated by the interaction between protozoan parasites and 
host innate immunity, establishing a new conceptual framework for the development 
of new therapies.

Keywords: Trypanosoma cruzi infection, Wnt proteins, beta-catenin, macrophages, cytokines, indoleamine 
2,3-dioxygenase
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INTRODUCTION

Chagas’ disease, caused by the protozoan parasite Trypanosoma 
cruzi, represents a major cause of heart disease and cardiovascular-
related deaths in endemic areas and causes a significant economic 
burden on the affected countries. Approximately 8 million people 
are infected with T. cruzi in Central and South America, and at 
least 120 million are at risk of infection (1). Currently, there are 
no vaccines available to prevent Chagas disease, and treatment 
options are limited to anti-parasitic drugs that are expensive, not 
well tolerated, and effective only during short periods of the acute 
phase (2).

The entry of metacyclic trypomastigotes (Tps) of T. cruzi into 
the mammalian host initiates the invasion by these parasites of 
several host cell types where they are converted into amastigotes, 
which are the replicative form of this parasite (3). During the 
acute phase of the infection macrophages represent an important 
target of Trypanosoma cruzi and therefore, these cells are central 
for the control of this pathogen. Within macrophages, the replica-
tion of T. cruzi can be either inhibited or favored leading to the 
dissemination of the parasite (4). Thus, it has been reported that 
during the early phase of infection, the control T. cruzi parasitism 
is dependent on macrophage activation through toll-like recep-
tors (TLRs) and their subsequent activation by pro-inflammatory 
cytokines. Activated macrophages  upregulate inducible nitric 
oxide synthase (iNOS) and indoleamine 2,3-dioxygenase (IDO) 
enzymes, leading to the production of nitric oxide (NO) and 
kynurenines, with both being important effector molecules that 
induce death of the amastigotes (5–9). The protective mecha-
nisms of cell-mediated immunity (Th1  cells) are required for 
the resistance during this infection; nevertheless, unbalanced 
Th1 cells can also orchestrate a deleterious response that can 
cause tissue damage and fibrosis, since high levels of NO, IFN-γ, 
and tumor necrosis factor (TNF) have been associated with the 
pathogenesis of chronic Chagas disease (10–14). Therefore, a 
better understanding of the cellular and molecular mechanisms 
that orchestrate the different signals that promote the effective 
macrophage activation (able to restrict parasite replication) fol-
lowed by its opportune contraction to prevent immunopathology 
is mandatory to design improved therapeutic strategies.

The Wnt pathway is an evolutionarily highly conserved signal-
ing system that plays a critical role in cellular development, moti
lity, polarization, survival, and proliferation (15, 16). In the last years, 
emerging studies have highlighted that the Wnt signaling pathway, 
particularly in dendritic cells (DC) and macrophages, plays a major 
role in regulating tolerance versus immunity. Members of the Wnt 
family are lipid-modified glycoproteins secreted by different cell 
types that bind to G-protein-coupled receptors of the Frizzled 
(Fzd) family and different coreceptors to activate a signaling cas-
cade involved in complex mechanisms of gene regulation. In mice 
and human, 19 ligands secreted glycoproteins of the Wnt family, 10 
seven-transmembrane receptors of the Fzd family, as well as several 
coreceptors or alternative receptors are known (16, 17). Depending 
on the composition of the Wnt–Fzd-coreceptor complex and the 
cellular context, Wnt proteins can initiate at least three different 
intracellular signaling cascades that regulate many cellular events: 
the Wnt/β-catenin called canonical pathway, the Wnt/Planar cell 

polarity pathway, and the Wnt/Ca+2 pathway (18, 19). In resting 
state, cytosolic/nuclear β-catenin is maintained at a very low level 
through rapid turnover of free β-catenin. This turnover is executed 
through a multi-protein complex, termed the β-catenin destruc-
tion complex, integrated by AXIN1/2, adenomatous polyposis 
coli, casein kinase I-alpha, and glycogen synthase kinase 3 beta 
(GSK-3β). GSK-3β sequentially phosphorylates β-catenin with 
β-catenin hyperphosphorylated subjected to ubiquitination and 
proteasomal degradation. Activation of Wnt/β-catenin signaling 
pathway results in the inhibition of the activity of GSK-3β, which 
leads to the accumulation of β-catenin in the cytoplasm and its 
translocation to the nucleus, where it interacts with T-cell factor/
lymphoid enhancer factor family members and regulates the 
transcription of several target genes (16, 17). While canonical 
Wnt signaling has been extensively studied from the view point 
of innate and adaptive immune response, the non-canonical Wnt/
Ca+2 signaling cascade has been less focused on. The binding of Wnt 
ligand to cognate Fzd receptor leads to the activation of calcium/
calmodulin-dependent kinase II (CaMKII) and protein kinase C 
(PKC). Both CaMKII and PKC activate many nuclear transcription 
factors as NF-κB and CREB. Similarly, calcium ions can activate 
widely expressed protein phosphatase calcineurin that can activate 
cytoplasmic protein nuclear factor associated with T cells (NFAT) 
via dephosphorylation. This event results in accumulation, nuclear 
translocation and transcription of several NFAT target genes, 
including pro-inflammatory genes in lymphocytes (20).

Human and murine DC and macrophages express various 
receptors and Wnt proteins and are susceptible to both canonical 
and non-canonical signaling, and recently, several studies have 
emphasized the important role of DC and macrophages Wnt/β-
catenin pathway in regulating inflammatory responses to micro-
bial infections (21, 22). In DC, the activation of canonical and  
Wnt/Ca+2 pathways is associated with the development of a tolero-
genic profile, secretion of anti-inflammatory cytokines, induction 
of Treg cells, and the inhibition of the adaptive immune response 
(23–28). However, Wnt pathways activation in macrophages 
may have both pro- and anti-inflammatory consequences,  and 
different Wnt proteins may effectively cross-regulate each 
other in macrophages [reviewed in Ref. (21, 29)]. Wnt proteins 
and Fzd receptors are induced by STAT3-, TLR2-, TLR4-, and 
NF-κB-mediated signaling and, in addition to direct activation 
of β-catenin by Wnt proteins, TLR-mediated signals can also 
directly activate β-catenin (21, 26, 28, 30–37). Considering that 
TLR2 and TLR4 are involved in the recognition of different  
T. cruzi components (38–40), here we tested the hypothesis 
that during T. cruzi infection, the activation of Wnt signaling 
pathway in macrophages plays a role modulating the inflamma-
tory/tolerogenic response and therefore regulating the control of 
intracellular parasite replication.

MATERIALS AND METHODS

Mice and Parasites
All animal experiments were approved by and conducted 
in accordance with guidelines of the Animal Care and Use 
Committee of the Facultad de Ciencias Químicas, Universidad 
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Nacional de Córdoba (Approval Number HCD 831/15). C57BL/6 
(B6) was obtained from School of Veterinary, La Plata National 
University (La Plata, Argentina). All animals were housed in the 
Animal Facility of the Facultad de Ciencias Químicas, Universidad 
Nacional de Córdoba (OLAW Assurance number A5802-01). 
The Tulahuen strain of T. cruzi was used, which was maintained 
by weekly i.p. inoculations in mice.

Reagents
Macrophages were cultured in complete medium: RPMI 1640 
(Gibco, ThermoFisher Scientific) supplemented with 2  mM 
GlutaMAX (Gibco, ThermoFisher Scientific), 10% heat-inactivated  
fetal calf serum (Gibco, Thermo Fisher), and 50 µg/mL Gentamicin 
(Gibco, ThermoFisher Scientific). PBS was purchased from Gibco 
(ThermoFisher Scientific); bovine serum albumin and DMSO 
were obtained from Sigma-Aldrich.

Cells
Bone marrow-derived macrophages (BMM) were generated as 
described previously (41). Peritoneal macrophages (PM) were 
obtained as described previously (42). J774 murine macrophages 
and the human monocytic THP-1 cell lines were obtained from 
the American Type Culture Collection (Manassas, VA, USA). 
THP-1 cell line was differentiated into macrophages by culture 
in complete medium supplemented with of 50  nM phorbol 
12-myristate 13-acetate (Sigma-Aldrich) for 24  h followed by 
24 h of incubation in complete medium.

In Vitro Infections and Treatments
Mo were incubated with LiCl (10 mM, #746460 Sigma-Aldrich), 
BIO (5 µM, #3194 TOCRIS), iCRT14 (50 µM, #4299, TOCRIS), 
CCT036477 (20 µM, #BML-WN114, ENZO), IWP-L6 (20 µM, 
#504819, Calbiochem), IFN-γ (10  ng/mL, Sigma-Aldrich) plus 
LPS (10 µg/mL, from Escherichia coli serotype 0111:B4, Sigma-
Aldrich), 1-methyl-d-tryptophan (1-MT, #860646, Sigma-
Aldrich) or complete medium before being infected with T. cruzi 
Tps (Mo:Tps = 1:3). Culture medium with PBS or DMSO was used 
as vehicle control for LiCl and 1-MT or iCRT14, CCT036477, and 
IWP-L6, respectively. MeBIO (5 µM, #3873, TOCRIS) was used 
as control of BIO.

In Vitro Trypanocidal Activity Assay
The growth of parasites in Mos was evaluated by counting the 
intracellular amastigotes by immunofluorescence assay using 
serum of patient with chronic Chagas disease as described previ-
ously (8). The number of intracellular amastigotes was calculated 
by dividing intracellular parasites (n/200 cells) in differentially 
treated cultures by number of intracellular parasites (n/200 cells) 
in the corresponding vehicle-treated cultures, and expressed as 
relative units.

Western Blotting
Spleen cells or BMM treated with RIPA buffer were analyzed by 
10% SDS-PAGE and transferred to a nitrocellulose membrane. 
After blocking with 5% milk the membranes were incubated with 
the following antibodies: anti-β-catenin (15B8, eBioscience), 
anti-p-Ser552-β-catenin (D8E11, Cell Signaling), anti-NFATc1 

(7A6, Santa Cruz Biotechnology), anti-p-Thr286-CaMKII (D21E4, 
Cell Signaling), anti-p-Ser9-GSK-3β (37F11, Cell Signaling), 
anti-Wnt3a (ab19925-100 polyclonal, Abcam), anti-Wnt5a 
(ab72583 polyclonal, Abcam), anti-IDO antibody (Santa Cruz 
Biotechnology) followed by anti-rabbit or -mouse fluor-coupled 
secondary antibody. Anti-β-actin (mAbcam8226, Abcam) was 
used as loading control. The blots were revealed by incubation 
with corresponding IRD Fluor 800-labeled IgG or IRD Fluor 
680-labeled IgG secondary antibody (LI-COR Inc., Lincoln, NE, 
USA) for 1 h at room temperature. After washing, the membranes 
were scanned with the Odyssey infrared imaging system (LI-COR, 
Lincoln, NE, USA) at a wavelength of 700–800 nm. Densitometric 
analysis was performed using ImageJ software.

β-Catenin and NFATc1 
Immunofluorescence
The cells were fixed in 4% formaldehyde and perm with 10% 
TritonX-100 for 15 min, washed three times with 0.01 M PBS, 
and incubated with 5% bovine serum albumin (Sigma-Aldrich) 
for 1 h for blocking. The sections were then incubated overnight 
at 4°C with anti-β-catenin (15B8, eBioscience) or anti-NFATc1 
(7A6, Santa Cruz Biotechnology) primary antibodies. Next, the 
cells were washed three times with 0.01 M PBS, incubated with 
secondary antibody Alexa Fluor 488-conjugated Goat anti-Mouse 
IgG (#A11001, Invitrogen) for 4 h and washed three times with 
0.01 M PBS. For nuclear counterstaining, the cells were incubated 
with 4′,6-diamidino-2-phenylindone (Cell Signaling Technology, 
#4083) for 10 min, washed in 1× PBS, and the slides were set with 
FluorSave™ reagent (EMD Millipore). Expression and localiza-
tion of beta-catenin were observed with an Olympus FV1200 
laser scanning confocal microscope (Olympus Corporation) with 
fixed exposure time for all samples. Colocalization was quantified 
as a ratio of overlapping pixels to the total number of pixels by 
Threshold Mander’s coefficient and expressed as nuclear percent-
age (% nuclear). The preparations were visualized using confocal 
microscopy (Olympus FV1200), and the analyses of images were 
carried out using FIJI/ImageJ.

Measurement of Cytokine Production
Cytokines were measured in culture supernatants of BMM 24 h 
post-infection (pi) by capture ELISA using antibodies and proto-
cols suggested by the manufacturer (eBioscience). The cytokine 
concentration was expressed as index of cytokine release (Index) 
obtained by dividing the cytokine release of inhibitors/activators-
treated BMM by the cytokine release of vehicle-treated BMM.

Quantitative Real-Time-PCR (q-PCR)
RNA was extracted from BMM by the Trizol reagent (Invitrogen, 
ThermoFisher Scientific) and reverse-transcribed into cDNA 
by using Revert Aid First Strand cDNA Synthesis (Fermentas). 
Transcripts were quantified by real-time quantitative PCR on 
an StepOnePlus™ Real-Time System (ThermoFisher Scientific) 
using SYBR Green (ThermoFisher Scientific) with the following 
primers (all primers listed in the 5′ to 3′ orientation): Wnt3a TTC 
TTA CTT GAG GGC GGA GA (forward) and CTG TCG GGT 
CAA GAG AGG AG (reverse); Wnt5a GCA GGA CTT TCT CAA 
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GGA CA (forward) and CCC TGC CAA AGA CAG AAG TA 
(reverse); Ctnnb1 AGC CGA GAT GGC CCA GAA T (forward) 
and AAG GGC AAG GTT TCG AAT CAA (reverse); Ccnd1 AGT 
GCG TGC AGA AGG AGA TT (forward) and CAC AAC TTC 
TCG GCA GTC AA (reverse); Axin1 CTG GGC TTG TAT CCC 
ACT GT (forward) and ACC AAG CTG GTG GCT AGA GA 
(reverse); Wisp1 CTG GAC AGA AAA GGG CAT GT (forward) 
and AGG AAG GAG GGG AAA TCT CA (reverse); Fzd4 CTG 
CAG CAT GCC TAA TGA GA (forward) and CGT CTG CCT 
AGA TGC AAT CA (reverse); Fzd6 TCC GAC GCT TGA AGA 
AAA CT (forward) and CAA CCC CAG GTC CTC AAG TA 
(reverse); Fzd8 GCA GCA TGT TCG CTA TGA AA (forward) 
and AGT AGC CTG CTA TGG CCT CA (reverse); Fzd9 AGA 
GCC TGT GCT ACC GAA AA (forward) and CAA GGA GGG 
AGC AAC CAT AA (reverse); Actb CGC CAC CAG TTC GCC 
ATG GA (forward) and TAC AGC CCG GGG AGC ATC GT 
(reverse). Relative expression was normalized to β-actin (Actb) 
and expressed as mRNA relative levels. The cycling conditions 
included a hot start at 95°C for 10  min, followed by 40 cycles 
at 95°C for 15 s and 60°C for 1 min. Specificity was verified by 
melting curve analysis and agarose gel electrophoresis.

Arginase and IDO Activity
Arginase and IDO assays were performed as described previously 
(8, 43) with cell lysates that had been cultured in different condi-
tions as indicated in the figure legends.

NO Assay
The production of NO was measured indirectly by assaying 
nitrites in the culture supernatant using the Griess reaction as 
described previously (8).

Lactate Dehydrogenase (LDH) Assay
Lactate dehydrogenase release was measured in the supernatant 
of BMM using LDH colorimetric assay kit (Wiener Lab) follow-
ing the manufacturer’s protocol and expressed as international 
units (I/U).

IWP-L6 Treatment
Groups of 6 mice (6–8 weeks old) maintained under standard 
conditions were infected with 5,000 bloodstream T. cruzi Tps 
by the i.p. route. On days 5, 8, 11, and 14 pi, mice were treated 
with IWP-L6 (7.5 mg/kg/dose) by the i.p. route. We resuspended 
IWP-L6 in DMSO (10  mg/mL) and then injected diluted in 
PBS, with this vehicle also being employed as a negative con-
trol. The levels of parasitemia were monitored every 2 days as 
described earlier, and the number of deaths was recorded daily. 
Determination of tissue parasitism was assessed in heart and 
liver obtained from 180-day-infected IWP-L6 or control mice as 
described previously (7).

Statistical Analysis
Statistical analyses were performed using Student’s t-test, and 
two-way ANOVA followed by Bonferroni’s post-test for compar-
ing more than two groups. The Kaplan–Meier analysis test was 
used for comparing survival of control and treated mice. Percent 
survival at each time was also compared by using the log-rank 

and Gehan–Breslow–Wilcoxon tests. The results were considered 
significantly different when P < 0.05.

RESULTS

T. cruzi Infection Promotes Wnt Signaling 
Pathway Activation in Spleen Cells
Trypanosoma cruzi-infected B6 mice have great difficulty in con-
trolling inflammatory response, resulting in the premature death 
of these animals by liver failure. Interestingly, we have observed 
that B6, unlike BALB/c mice, did not expand the population of Treg 
cells in parallel with the large expansion undergone by the T cell 
compartment resulting in an increased ratio of T effector/Treg cells 
(not shown). These results suggest that, as observed in patients 
with severe chronic Chagas disease cardiomyopathy (12, 44),  
the fatal outcome in B6 mice may be linked to an unbalanced 
inflammatory response. For that, although in T. cruzi-infected B6 
mice the main target organ of pathological inflammatory response 
is the liver, and not the heart as in infected human patients, we 
performed the experiments in B6 mice to evaluate both parasite 
replication and inflammatory pathology.

To study whether experimental infection with T. cruzi induces 
the production of Wnt pathway proteins, the expression of the 
most common inflammation-linked Wnt proteins such as Wnt3a 
and Wnt5a, and β-catenin was evaluated in spleen cells from 
infected B6 mice at different times pi. Figure  1 shows that, as  
T. cruzi infection progresses, the expression of Wnt3a, Wnt5a, 
and β-catenin is positively regulated in spleen cells. These results 
suggest that T. cruzi recognition induces in spleen cells the 
expression of Wnt proteins that could signal for the activation 
of the Wnt/β catenin canonical pathway, taking into account the 
accumulation of β-catenin.

T. cruzi Infection Induces Expression 
of Wnt Proteins and Fzd Receptors 
in Macrophages
To evaluate whether T. cruzi experimental infection induces the 
expression of proteins involved in Wnt signaling in macrophages, 
BMM were in vitro infected with T. cruzi Tps and the expression of 
Wnt3a and Wnt5a transcripts and proteins determined by q-PCR 
and Western blot. Figures 2A,B show that in vitro infection of 
BMM with T. cruzi induced the expression of Wnt5a and Wnt3a 
transcripts and proteins. The evaluation by means of q-PCR of 
the transcripts corresponding to Fzd receptors that most strongly 
interact with Wnt3a and Wnt5a, such as Fzd4, Fzd6, Fzd8, and 
Fzd9 (45), revealed that as early as 5 min pi, there is an increase 
in the transcription of these genes (Figure 2C), suggesting that 
after the recognition of T. cruzi by innate immune receptors start 
the transcription of Wnt proteins that could signal through Fzd 
receptors to activate the Wnt signaling pathways.

T. cruzi Infection Induces First β-Catenin 
Activation and Then Activates Wnt/Ca+2 
Pathway in Macrophages
To evaluate whether T. cruzi infection activates β-catenin in BMM, 
the kinetics of expression of β-catenin (mRNA and protein) and 
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FIGURE 2 | In vitro Trypanosoma cruzi infection induces expression of Wnt proteins, Frizzled (Fzd) receptors, and β-catenin macrophages. Bone marrow-derived 
macrophages were in vitro infected with T. cruzi trypomastigotes or left uninfected (NI) and then evaluated for expression of Wnt proteins and Fzd receptors at 
different times post-infection (pi). (A) Expression of Wnt3a and Wnt5a mRNA (relative to β-actin) was determined by quantitative real-time-PCR. (B) The relative 
abundance of Wnt3, Wnt5a, and β-actin in the cell lysates were determined by Western blot and densitometry at 12 h pi. Representative Western blot and the 
ratio of Wnt3a or Wnt5a to β-actin are shown. (C) Expression of Fzd4, Fzd8, Fzd9, and Fzd6 mRNA (relative to β-actin) was determined by q-PCR. The results 
are expressed as the average of three independent experiments ± SEM. Abbreviation: AU, arbitrary units (*P < 0.05 and **P < 0.01).

FIGURE 1 | Experimental Trypanosoma cruzi infection induces the expression of Wnt pathway proteins. Western blot analysis of Wnt3a, Wnt5a, and β-catenin 
expression in spleen mononuclear cell homogenates derived from uninfected (NI) or T. cruzi-infected B6 mice at different times post-infection. Images show 
one representative NI and one infected mice by time point. Each bar represents the mean ± SEM of protein relative expression levels quantified by scanning 
the intensity of bands areas in the homogenates normalized to β-actin (n = 5 mice per time point) (*P < 0.05; **P < 0.01; and ***P < 0.001).
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its translocation to the nucleus were evaluated in in vitro-infected 
BMM at different times pi. At very short times after the infec-
tion (5  min), a significant increase in the transcription of the 
gene coding for β-catenin (Ctnnb1) was detected (Figure  3A), 
while the protein expression and translocation to the nucleus 
began at 2 h pi and reached the maximum between 8 and 12 h 
pi (Figures 3A,B). Moreover, the upregulation of Wnt/β-catenin 
pathway-target genes transcription, such as Wisp1, Axin1, and 
Ccnd1, correlates with β-catenin accumulation and nucleus 
translocation (Figure 3C). In addition, accumulation of β-catenin 
was observed in PM from B6-infected mice obtained at 24 h pi 

(Figure 3D). Taken together, our results showed that in vitro and 
in vivo T. cruzi infection was associated with significant activation 
of the genes and proteins involved in the canonical Wnt signaling 
pathway in macrophages.

Next, we tested whether T. cruzi infection is also able to activate 
Wnt/Ca+2 pathway by analyzing the expression of CaMKII phos-
phorylated at Thr286 [phosphorylated CAMKII (p-CAMKII)] 
and the activation and nuclear translocation of NFATc1. 
As shown in Figure 4A, T. cruzi infection led to an increase in 
the phosphorylation of CaMKII at Thr286 from 12 h pi. We also 
detected an induced NFATc1 activation after 18 h pi as measured 
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FIGURE 3 | Trypanosoma cruzi infection induces early β-catenin activation in macrophages. Bone marrow-derived macrophages were in vitro infected with 
trypomastigotes of T. cruzi or left uninfected (NI) and then evaluated for β-catenin activation. (A) mRNA and protein expression levels of β-catenin by q-PCR and 
Western blot at different times post-infection (pi). β-Catenin mRNA relative to β-actin is shown. A representative Western blot and the ratio of β-catenin to β-actin 
are shown. The results are expressed as the average of three independent experiments ± SEM. Abbreviation: AU, arbitrary units. (B) Expression and localization 
of β-catenin by immunofluorescence and confocal microscopy. (C) mRNA relative expression of β-catenin target genes Axin1, Wisp1, and Ccnd1 by q-PCR. mRNA 
expression levels normalized over the expression of β-actin are expressed as the average of three independent experiments ± SEM. (D) Peritoneal macrophages 
were obtained from uninfected or infected mice at 24 h pi, and the levels of expression and localization of β-catenin were evaluated by immunofluorescence and 
confocal microscopy. In panels (B,D), a representative field for each group is shown [(B,D), 1,200×]. Nuclear staining was detected with 4′,6-diamidino-2-
phenylindone (DAPI), and the levels of expression of β-catenin (% of total area) and the threshold Mander’s colocalization (% nuclear) coefficients calculated using 
FIJI/ImageJ program as described in Section “Materials and Methods.” Green, β-catenin; red, DAPI (*P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001).
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by faster migrating, dephosphorylated, active NFATc1 bands on 
Western blot (arrows; Figure 4B) and the increased expression 
and nuclear translocation of NFATc1 detected by immunofluores-
cence (Figure 4C). Interestingly, the upregulation of p-CaMKII 
and activation of NFATc1 were dependent on the secretion of Wnt 
proteins; since the use of IWP-L6, a porcupine inhibitor that is the 
O-acetyltransferase membrane involved in the palmitoylation of 
Wnt proteins, a critical modification for its secretion, was able 
to inhibit both p-CaMKII upregulation and NFATc1 activation 
(Figures 4D,E). Treatment of BMM with the calcium ionophore 
ionomycin was used as positive control of Ca+2 pathway activation 
(46). Moreover, we were unable to detect NFATc1 upregulation or 
translocation to the nucleus in PM obtained at 24 h pi (Figure S1 
in Supplementary Material), even though it’s upregulation was 
evident in PM obtained from infected mice at 18 days pi (Figure 
S2 in Supplementary Material).

The Inhibition of Wnt/β-Catenin Signaling 
Pathway Limits the Replication of  
T. cruzi in Macrophages
To evaluate the role of the Wnt/β-catenin pathway activation 
in the control of T. cruzi intracellular replication, BMM were 
pretreated with LiCl or BIO, both inhibitors of GSK-3β activity 
which mimics activation of Wnt/β catenin signaling, or specific 

inhibitors of β-catenin-responsive transcription such as iCRT14 
and CCT036477 for 24 h before being infected. Then, the intracel-
lular amastigotes were counted by IF assay, with the results shown 
in Figures  5A,B. Treatment of BMM with IFN-γ plus LPS was 
used to activate BMM to control T. cruzi replication as described 
previously (8). β-Catenin-responsive transcription blockade with 
iCRT14 and CCT036477 was shown to result in a strong inhibi-
tory effect on intracellular parasite growth. Similar results were 
obtained by inhibiting the secretion of Wnt proteins with IWP-L6 
(Figures 5A,B). The inhibition of parasite replication observed by 
β-catenin transcription blockade was even more significant than 
those observed after the activation of BMM with IFN-γ plus LPS, 
and these results were not due to drugs-induced cytotoxicity, as 
revealed by using LDH release assay to determine cell membrane 
integrity (Figure  5C). In addition, the treatment with IWP-L6 
inhibited both β-catenin accumulation and nucleus translocation 
at 12 h pi (Figure 5D). Similar results were obtained when the drugs 
were added to the culture at the same time as the parasites (not 
shown). Likewise, inhibition of Wnt/β-catenin pathway or Wnt pro-
tein secretion in human monocyte-derived THP-1 macrophages 
and J774 cell line (macrophages derived from BALB/c mice) resulted 
in the suppression of intracellular parasite replication (Figure S3 
in Supplementary Material). On the other hand, treatments with 
β-catenin activators (LiCl and BIO) were unable to significantly 
increase the intracellular parasite growth (Figures 5A,B).

367

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FIGURE 4 | Trypanosoma cruzi infection induces late Wnt/Ca+2 pathway activation in macrophages. Bone marrow-derived macrophages were in vitro infected 
with trypomastigotes (Tps) of T. cruzi or left uninfected (NI) and then evaluated for calcium/calmodulin-dependent kinase II (CaMKII) phosphorylated at Thr286 
expression and NFATc1 expression and localization at different times post-infection (pi). Phosphorylated CAMKII (p-CAMKII) expression (A) and NFATc1 
expression (B) were assessed by Western blot and normalized to β-actin. (C) Expression and localization of β-catenin by immunofluorescence and confocal 
microscopy. A representative field for each group is shown (1,200×). Nuclear staining was detected with 4′,6-diamidino-2-phenylindone (DAPI), and the levels 
of expression of NFATc1 (% of total area) and the threshold Mander’s colocalization (% nuclear) coefficients calculated using FIJI/ImageJ program as described 
in Section “Materials and Methods.” Green, NFATc1; red, DAPI. (D,E) Bone marrow-derived macrophages (BMM) were treated for 24 h with the PORCN 
inhibitor (IWP-L6) or left untreated (control), infected with T. cruzi Tps and assayed for p-CaMKII and NFATc1 expression at 24 h pi. Ionomycin-activated BMM 
(20 min, 1 µM) were used as a positive control. In panels (A,B,D,E), a representative Western blot and the ratio of protein expression to β-actin are shown. 
The results are expressed as the average of three independent experiments ± SEM. Abbreviation: AU, arbitrary units (*P < 0.05; **P < 0.01; ***P < 0.001;  
and ****P < 0.0001).
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Then, we studied whether the inhibition of canonical Wnt 
signaling regulates macrophages function by modulating the 
secretion of pro-inflammatory and anti-inflammatory cytokines. 
Figure  6A shows that inhibition of Wnt/β-catenin signaling 
induced the secretion of the pro-inflammatory cytokines IFN-γ,  
IL-12, IL-6, and TNF while inhibited the production of TGF-β 
(Figure 6A; Table S1 in Supplementary Material), an effect that 
correlates with the control of parasite replication observed in 
iCRT14-, CCT036477-, or IWP-L6-treated BMM (Figures 5A,B). 
In addition, canonical signaling activation using LiCl or BIO 
induced a slightly upregulation of TGF-β while only LiCl increased 
IL-10 production by T. cruzi-infected BMM (Figure 6A).

Nitric oxide production is counteracted by the expression of 
arginase, an enzyme that competes with iNOS for l-arginine that 
leads to l-ornithine and urea production (47). T. cruzi antigens 
can upregulate arginase activity with this type of activation profile 
associated with the ability to promote the intracellular growth 
of T. cruzi (48). Interestingly, although the pharmacological 
inhibition of Wnt/β-catenin pathway did not affect NO produc-
tion (Figure 6B), the treatments with CCT036477 and IWP-L6 
significantly downregulated arginase activity in infected BMM 
(Figure 6C).

Because IDO activity is also critical for the control of T. cruzi  
amastigote growth in macrophages (7–9), we analyzed the effect 
of the inhibition of Wnt/β-catenin signaling on the activity and 
expression of IDO and their role in the intracellular parasite 
replication control. The inhibition of both β-catenin-responsive 
gene transcription as well as Wnt secretion induced upregulation 
of IDO expression and activity in infected BMM (Figures 6C,D). 
Remarkably, the inhibitory effect of intracellular amastigote 
growth induced by pharmacological inhibitors of the Wnt/β-
catenin pathway was reversed when IDO activity was blocked 
using 1-MT (Figure 6E). In addition, as it was previously dem-
onstrated, 1-MT exacerbated the intracellular parasite replication 
in untreated BMM (Figure  6E). Taken together, these results 
demonstrated that pharmacological inhibition of Wnt/β-catenin 
pathway activates macrophages to fight against T. cruzi.

In Vivo Inhibition of Wnt Signaling 
Improves the Resistance to  
T. cruzi Infection
Next, we evaluated whether the inhibition of Wnt proteins secre-
tion in vivo would result in the control of the parasite load. Five 
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FIGURE 5 | The activation of Wnt signaling pathway promotes the replication of Trypanosoma cruzi in macrophages. Bone marrow-derived macrophages (BMM) 
were treated for 24 h with β-catenin activators (LiCl or BIO), specific β-catenin transcriptional inhibitors (iCRT14 and CCT036477), PORCN inhibitor (IWP-L6), or IFNγ 
plus LPS as BMM activation control. Then, the cells were infected with trypomastigotes of T. cruzi, and intracellular parasites were counted by immunofluorescence 
assay. (A) A representative field for each group is shown (2,000×). PBS or DMSO was used as vehicle for LiCl or iCRT14, CCT036477, and IWP-L6, respectively. 
MeBIO was used as control of BIO treatment. (B) The number of intracellular amastigotes was determined by confocal microscopy. Bars represent relative units, 
calculated by dividing number of intracellular parasites (n/200 cells) in differentially treated cultures by number of intracellular parasites (n/200 cells) in the 
corresponding vehicle-treated cultures. (C) Lactate dehydrogenase (LDH) levels were determined in the culture supernatant of uninfected (NI) or differentially 
treated infected BMM at 24 h post-infection. (D) Effect of IWP-L6 treatment on β-catenin activation. Accumulation and nuclear translocation of β-catenin in 
untreated (control), IFNγ plus LPS- or IWP-L6-treated T. cruzi-infected BMM was calculated as described in Section “Materials and Methods.” A representative 
field for each group is shown (1,200×). Bars in panels (B–D) represent averages ± SEM from three (C) or four (B,D) independent experiments (*P < 0.05; 
**P < 0.01; ***P < 0.001; and ****P < 0.0001).
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days after T. cruzi infection with a lethal dose 50 (DL50) of Tps, 
the mice were treated every 3  days with IWP-L6 (Figure  7A). 
The dose of IWP-L6 used has been previously assayed to examine 
the effect of Wnt proteins in an experimental model of cancer (49). 
As expected, in vivo IWP-L6 treatment could maintain inhibited 
both Wnt/β-catenin as well as Wnt/Ca+2 signaling pathways 
until 18 days pi, as denoted by the lack of β-catenin or NFATc1 
accumulation in PM from treated versus control mice (Figure 
S2 in Supplementary Material). Mice infected with T. cruzi and 
injected with vehicle presented high levels of parasitemia, causing 
death of ~50% of mice between 18 and 30 days pi (Figure 7B). 
By contrast, although only four doses of IWP-L6 were given, 

100% of treated mice survived to acute infection and displayed 
lower parasitemia than control mice during the acute phase of the 
infection (Figure 7C). In addition, IWP-L6-treated mice showed 
significantly lower parasite load in liver and heart than control 
mice during the chronic phase of the disease (Figure 7D).

DISCUSSION

Given that during the acute phase of T. cruzi infection macrophages 
can act as host cells for the parasites as well as effector cells in the 
early anti-parasitic immune response, the targeting of specific 
signaling pathways in macrophages could modulate its response 
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FIGURE 6 | Pharmacological inhibition of Wnt pathway enhances anti-Trypanosoma cruzi activity of macrophages. Bone marrow-derived macrophages 
(BMM) were treated for 24 h with β-catenin activators (LiCl or BIO), specific β-catenin transcriptional inhibitors (iCRT14 and CCT036477), IWP-L6, 1-MT, 
IFNγ plus LPS or vehicle before being infected with T. cruzi trypomastigotes. (A) Cytokine levels assayed in 24 h post-infection (pi)-supernatants 
represented as Index obtained by dividing the cytokine release of inhibitors/activators-treated BMM for the cytokine release of the corresponding vehicle-
treated BMM. The bars represent averages ± SEM from three independent experiments. (B) Nitrite concentration in 24 h pi-supernatant. (C) Arginase and 
indoleamine 2,3-dioxygenase (IDO) activity assayed in 24 h pi-cell (D) IDO expression. One representative experiment out of three performed for each 
condition is shown. The ratio of protein expression to β-actin is shown, and the results are expressed as the average of three independent experiments 
± SEM. Abbreviation: AU, arbitrary units. Data points of nitric oxide (NO) concentrations, arginase, and IDO activity represent means ± SEM of data 
pooled from three cultures of the same experiment. All data are from one experiment representative of three in total. (E) Number of intracellular amastigotes 
determined by confocal microscopy at 72 h pi. The bars represent relative units, calculated as described in Figure 5B (*P < 0.05; **P < 0.01; ***P < 0.001; 
and ****P < 0.0001).
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to restrict parasite replication and instruct an appropriate adaptive 
immune response. In recent years, it has become apparent that Wnt 
signaling pathway, known for its essential participation in embry-
onic development and tissue homeostasis, exerts immunomodula-
tory functions during inflammation and infection.

In this study, we have demonstrated that early after the 
recognition of T. cruzi by innate immune receptors in BMM, 
β-catenin was activated and Wnt3a, Wnt5a, some Fzd recep-
tors as well as target genes of Wnt/β-catenin pathway as Axin1, 
Wisp1, and Ccnd1 were upregulated. Subsequently to canonical 
pathway activation, Wnt/Ca+2 pathway was activated; since we 
have demonstrated an Wnt proteins-dependent upregulated of 
p-CaMKII-Thr286 and activated NFATc1 expression after infec-
tion. Many studies have demonstrated that T. cruzi utilize the 
host Ca+2 signaling to establish the infection (50) and several 
mechanisms have been proposed to explain the intracellular 
Ca+2 influx that occurs during T. cruzi infection (51). In addi-
tion, Kayama et al. (52) have reported that NFATc1 is activated 
in response to T. cruzi infection in a TLR-independent manner, 
but the critical molecules and signaling pathways that lead to 
NFATc1 activation during T. cruzi infection have not yet been 
identified. Wnt3a and Wnt5a are more commonly associated with 
canonical and non-canonical Wnt signaling, respectively (19). 
However, Wnt5a can also activate discrete β-catenin signaling 
(53, 54), and recent reports have suggested that the activity of 
Wnt ligands and their binding to Fzd receptors depend on the 
cellular context; therefore, Wnt and Fzd proteins cannot be 

rigorously subdivided according to the pathways they induce 
(55). Thus, considering that we found that T. cruzi infection-
induced β-catenin, p-CaMKII-Thr286, and activated NFATc1 
upregulation were suppressed by IWP-L6 treatment, these results 
suggest that both Wnt3a and Wnt5a proteins, and others Wnt 
proteins not evaluated in this paper, could be the responsible 
for the activation and maintenance of both canonical and non-
canonical signaling pathways during T. cruzi infection which 
allows the parasite to spread in the host.

Resistance to T. cruzi infection has been associated with 
the capacity of NK  cells and T  lymphocytes to generate IFN-γ 
which can, in turn, activate macrophages to kill the obligate 
intracellular amastigote form of T. cruzi. The trypanocidal 
activity of pro-inflammatory cytokines-activated macrophages 
is mediated at least by the upregulation of the enzymes iNOS 
and IDO which lead to the production of NO and kynurenines, 
respectively (5–9, 56). On the other hand, susceptibility to infec-
tion is associated with the production of IL-10 and transforming 
growth factor beta (TGF-β) (5, 56). Here, we have demonstrated 
that while the activation of Wnt/β-catenin pathway did not 
promote the intracellular parasite replication, the treatments of 
macrophages with specific inhibitors of β-catenin transcriptional 
activity or the inhibition of Wnt proteins secretion were able to 
inhibit the parasite replication by modifying macrophages activ-
ity. Inhibition of Wnt signaling pathway enhanced production of 
the pro-inflammatory cytokines IFN-γ, IL-12, TNF and IL-6 and 
suppressed production of TGF-β, results that are in agreement 
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FIGURE 7 | In vivo inhibition of Wnt signaling improves the resistance to Trypanosoma cruzi infection. (A) B6 mice infected with 5,000 T. cruzi trypomastigotes 
were treated with IWP-L6. Vehicle-treated mice were used as control. (B) Parasitemia. Results are means ± SD of 5–6 animals/group and are representative of 
three independent experiments. (C) Survival rate. Data are representative of one of three independent experiments. (D) Relative amount of T. cruzi satellite DNA 
in heart and liver from 180-day T. cruzi-infected IWP-L6 and control mice. Murine GAPDH was used for normalization. Data are shown as mean ± SD of triplicates 
(control, n = 4; IWP-L6, n = 6) mice per group (*P < 0.05; **P < 0.001; and ****P < 0.0001).

10

Volpini et al. Wnt Signaling Promotes T. cruzi Replication

Frontiers in Immunology  |  www.frontiersin.org April 2018  |  Volume 9  |  Article 859

with previous reports showing that the activation of the canoni-
cal pathway in macrophages and DC controls the inflammatory 
response (28). In addition, these treatments induced down-
regulation of arginase activity, an enzyme that counteracts iNOS 
activity, but failed to upregulate iNOS activity, suggesting that the 
resulting treated-macrophages do not fully fit in the classically 
activated/inflammatory macrophage phenotype. Interestingly, 
and despite the fact that there is a close relationship between the 
activation of the Wnt/β-catenin pathway and the induction of 
IDO and vice versa (27, 57, 58), in our experimental model the 
inhibition of β-catenin-induced transcription or Wnt proteins 
secretion upregulated IDO expression and activity. In addition, 
IDO activity proved to be critical for the control of T. cruzi repli-
cation in BMM, as denoted by the recovery of T. cruzi replication 
observed in cultures where the inhibitors were combined with 
1-MT. Expression of IDO and activation of β-catenin within mac-
rophages and DC under tolerogenic conditions are particularly 
important mechanisms that limits inflammation within the gas-
trointestinal tract and tumor cell microenvironment (28, 59). The 
IDO promoter has been shown to exhibit LEF-1 binding sites, and 
kynurenine and quinolinic acid, produced by IDO activity, can 
activate the Wnt/β-catenin pathway (60, 61). However, as IDO 
gene expression is induced not only in tolerogenic conditions but 
also by IFNs and TNF during inflammatory conditions (62, 63), 
in our experimental settings the upregulation of IDO could be 
induced by the milieu of pro-inflammatory cytokines generated 
in inhibitors-treated T. cruzi-infected macrophages. Thus, our 
results suggest that the anti-T. cruzi activity of inhibitor-treated 
macrophages is due to the production of pro-inflammatory 

cytokines-inducible antimicrobial molecules, with IDO being 
one of the most important.

In summary, in this study, we have revealed a new signaling 
pathway that is activated by the interaction between protozoan 
parasites and host innate immunity. In this context, it is well 
founded that T. cruzi infection activates a plethora of signaling 
pathways that ultimately regulate the immune mediators to 
determine the modulation of a defined set of effector functions 
in macrophages and thus establishes a conceptual framework 
for the development of novel therapeutics.
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Sang Hyung Lee3 and Eun-Hee Shin1,4*

1 Department of Parasitology and Tropical Medicine, Seoul National University College of Medicine, and Institute of Endemic 
Diseases, Seoul National University, Seoul, South Korea, 2 Institute of Parasitic Diseases, Korea Association of Health 
Promotion, Seoul, South Korea, 3 Department of Neurosurgery, Seoul National University College of Medicine, SMG-SNU 
Boramae Medical Center, Seoul, South Korea, 4 Seoul National University Bundang Hospital, Seongnam, South Korea

To examine the immune environment of chronic Toxoplasma gondii infection in the brain, 
the characteristics of infection-immunity (premunition) in infection with T. gondii strain 
ME49 were investigated for 12 weeks postinfection (PI). The results showed that neuronal 
cell death, microglia infiltration and activation, inflammatory and anti-inflammatory cyto-
kine expression, Stat1 phosphorylation, and microglia activation and inflammatory gene 
transcripts related to M1 polarization in the brain were increased during the acute infection 
(AI) stage (within 6 weeks PI), suggesting that innate and cellular inflammatory response 
activation and neurodegeneration contributed to excessive inflammatory responses. 
However, these immune responses decreased during the chronic infection (CI) stage 
(over 6 weeks PI) with reductions in phosphorylated STAT1 (pSTAT1) and eosinophilic 
neurons. Notably, increases were observed in transcripts of T-cell exhaustion markers 
(TIM3, LAG3, KLRG1, etc.), suppressor of cytokines signaling 1 protein (SOCS1), inhib-
itory checkpoint molecules (PD-1 and PD-L1), and Arg1 from the AI stage (3 weeks PI), 
implying active immune intervention under the immune environment of M1 polarization of 
microglia and increases in inflammatory cytokine levels. However, when BV-2 microglia 
were stimulated with T. gondii lysate antigens (strain RH or ME49) in vitro, nitrite production 
increased and urea production decreased. Furthermore, when BV-2 cells were infected 
by T. gondii tachyzoites (strain RH or ME49) in vitro, nitric oxide synthase and COX-2 
levels decreased, whereas Arg1 levels significantly increased. Moreover, Arg1 expression 
was higher in ME49 infection than in RH infection, whereas nitrite production was lower 
in ME49 infection than in RH infection. Accordingly, these results strongly suggest that 
immune triggering of T. gondii antigens induces M1 polarization and activation of microglia 
as well as increase NO production, whereas T. gondii infection induces the inhibition of 
harmful inflammatory responses, even with M1 polarization and activation of microglia 
and Th1 inflammatory responses, suggesting a host–parasite relationship through 
immune regulation during CI. This is a characteristic of infection immunity in infection with 
T. gondii in the central nervous system, and SOCS1, a negative regulator of toxoplasmic 
encephalitis, may play a role in the increase in Arg1 levels to suppress NO production.

Keywords: Toxoplasma gondii, brain, chronic infection, microglial polarization, infection immunity
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INTRODUCTION

Toxoplasma gondii is an Apicomplexan pathogen of the central 
nervous system (CNS) (1). Human T. gondii infection generally 
occurs via ingestion of oocysts (an environmentally resistant 
form) released in cat feces or undercooked meat containing tis-
sue cysts (1). Following ingestion, bradyzoites and sporozoites 
released from cysts and oocysts invade intestinal cells, where 
they are converted to tachyzoites, which can then be dissemi-
nated via the blood or lymphatic system to remote organs and 
can induce an acute infection (AI) or chronic infection (CI) 
(1). In general, the brain is the most commonly affected site via 
congenital transmission and subsequent CI, which elicits life-
long immunity against toxoplasmosis (1). Immune responses 
to T. gondii infection differ during the proliferative (acute) and 
dormant (chronic and latent) stages and are dependent on dif-
ferences in phenotype, virulence, and clinical sequelae of the 
strains of the clonal lineages, such as the highly virulent strain 
RH (type I) and the avirulent strain ME49 (type II) (1–3). CI of 
a type II parasite is maintained by the conversion of tachyzoites 
into bradyzoites, which produce intracellular tissue cysts. The 
onset and progression of T. gondii encystation result from both 
intrinsic preprogramming within the parasite and the immune 
response of the host, which eventually help to maintain a CI (1).

The AI stage of the RH strain is characterized by marked eleva-
tions in serum Th1 cytokine levels, such as interferon (IFN)-γ, 
tumor necrosis factor (TNF)-α, interleukin (IL)-12, and IL-18, 
and is followed by a lethal outcome in mice at 8 days postinfec-
tion (PI) (2). In contrast, non-lethal infection (ME49 strain) is 
characterized by modest elevations in Th1 cytokines that lead 
to control of T. gondii infection and minimal damage to the host 
(2). More specifically, in the CNS, IFN-γ plays a critical role in 
the prevention of toxoplasmic encephalitis (TE) during the late 
stage of infection in mice via inhibition of tachyzoite prolifera-
tion. However, simultaneous IFN-γ activation of microglia may 
cause tissue injury via the production of toxic metabolites, such 
as nitric oxide (NO) (4, 5). However, neurodegeneration does 
not commonly occur during CI of T. gondii, despite potential 
NO toxicity (4), possibly to control parasitic proliferation and 
avoid tissue damage in the infected brain via regulation of the 
appropriate induction between the cytokines IFN-γ, IL-10, and 
transforming growth factor beta (TGF-β), and the toxic mediator 
NO (4, 6–8).

Microglia, which are a type of glial cell and account for 10–15% 
of all cells within the brain parenchyma, are macrophages that 
reside in the brain and spinal cord, and have plasticity due to 

Abbreviations: T. gondii, Toxoplasma gondii; PI, postinfection; CI, chronic infec-
tion; (), acute infection; NO, nitric oxide; TGF-β, transforming growth factor-β; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-12, interleu-
kin-12; STAT1, signal transducer and activator of transcription1; SOCS1, suppres-
sor of cytokines signaling 1 protein; MHCII, major histocompatibility complex 
II; TLA, T. gondii lysate antigen; CNS, central nervous system; TE, toxoplasmic 
encephalitis; iNOS, nitric oxide synthase; PAMPs, pathogen-associated molecular 
pattern molecules; DG, hippocampal dentate gyrus; MFI, mean fluorescence 
intensity; IHC, immunohistochemistry; ME-TLA, lysate antigen of T. gondii 
ME49 strain tachyzoites; (RH-TLA), (COX-2) (Arg1), lysate antigen of T. gondii 
RH strain tachyzoites.

the CNS immune environment and consequently play a key role 
the regulation of CNS inflammatory reactions, tissue injury, and 
tissue homeostasis (9). During T. gondii infection, microglia are 
major effector cells that prevent NO-mediated pathogen prolif-
eration (5). During the immune response of the host, T. gondii 
infection progresses from an acute stage, where tachyzoites repli-
cates for 2 months PI, to the chronic stage, which is characterized 
by the formation of dormant cysts after 2 months PI (4, 10, 11). 
Simultaneously, life-threatening toxoplasmosis characterized by 
encephalitis is gradually decreased in the latent stage of T. gondii 
infection (7). However, the underlying switching mechanisms 
from the prevention of pathogen proliferation to the inhibition 
of cellular toxic immune response in the CNS remain unclear, 
although previous in  vitro studies have reported a fractional 
infection period (1–8, 12–15). For example, the cytokines IL-2, 
IL-12, IFN-γ, and TNF-α, which inhibit the growth of T. gondii, 
and IL-4, IL-10, and TGF-β, which are involved in the downregu-
lation of the intracerebral immune response, favor the growth 
of T. gondii and have been implicated in TE (7). Besides, several 
reports insisted that the decrease in the expression levels of the 
effector molecules IFN-γ and NO is important for latent infection 
of T. gondii (4, 5, 8, 15, 16). Hence, active intervention may be a 
good strategy for prolonged parasitic survival and establishment 
of a host–parasite relationship without expulsion of the parasites 
by the host cells.

Our previous study found that a decrease in NO in Tg2576 
mice caused Alzheimer’s disease even with inflammation of the 
brain due to TE (8). In particular, because brain tissue is suscep-
tible to the noxious effects of NO, such as wide-spread neurode-
generation, NO production in T. gondii infection has been widely 
studied as an important regulator and indicator of both protective 
effects and tissue damage (4, 5, 8, 15, 16). In the CNS, microglial 
cells lead to broad range of immunoregulatory functions with 
regulation of NO production to prevent further T. gondii prolif-
eration (1, 5, 8, 15). However, despite numerous investigations, 
the time-specific kinetics of microglia activation in chronically 
infected normal mice have not been defined. Hence, further 
studies are needed because T. gondii infection is very chronic in 
immunocompetent hosts and can recur with time. Unfortunately, 
no previous study has investigated the immunomodulation in the 
brain during long-term CI of T. gondii and the key events in the 
regulation of CI, immunity, and parasite proliferation must be 
addressed to reduce the harmful effects of CI to brain tissues. 
As previously revealed, IFN-γ, TNF-α, and IL-12 were found 
to inhibit parasitic growth both in vivo and in vitro, and IL-10 
and TGF-β are important to reduce the excessive inflammatory 
response of the brain to CI of T. gondii (2–7, 12, 15). The inter-
actions of these cytokines inhibit NO production and promote 
the conversion of M1-type microglial cells to the M2-type via 
alternative activation accompanying arginase 1 (Arg1) activity 
and expression of the mannose receptor type C (CD206) (3, 5, 
7, 12, 15, 16). The effector molecules of T. gondii that induce the 
polarization of macrophages include Toxoplasma rhoptry kinase 
ROP16 in the alternative activation pathway and Toxoplasma 
dense granule protein GRA15 in the classical activation pathway, 
which activate STAT6 and NF-κB, respectively (3). However, 
immune modulation may not be limited by the molecular actions 
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of T. gondii, but rather may be the result of interactions between 
the host and parasite to continually change the overall immune 
response during the latent infection stage due to changes in the 
immune characteristics and the course of infection. For example, 
several studies have investigated immune characteristics via 
genetic manipulation, such as the dense granule protein GRA15-
KO-T of transgenic T. gondii (Toxoplasma-Cre) in IL-10−/− mice, 
but neglected to specify the time-varying infectious immunity 
during CI in regard to the host–parasite interactions (14, 17–19).

The characteristics of infectious immunity in the T. gondii-
infected brain have been mainly investigated in TE with a focus 
on the AI stage (20). The most important effector molecules of 
TE and protection against T. gondii include the IL-12/IFN-γ 
axis, as well as IFN-γ through signal transducer and activator 
of transcription 1 (STAT1) and inducible nitric oxide synthase 
(iNOS) (5, 12, 17). Nevertheless, prolonged T. gondii infection 
results in decreased neurodegeneration and inflammatory 
immune responses, thus we previously identified components 
of basic and integrative infection immunity (8). In this respect, 
we aimed to investigate the processes underlying changes in 
infection immunity from the AI stage to the CI stage, and identi-
fied key responses in the immune regulation between a harmful 
inflammatory response and restoring neurodegeneration in 
the brain. To this end, we investigated the changes underlying 
neurodegeneration during T. gondii infection, as well as the acti-
vation and polarization of microglial cells as effector cells against 
T. gondii infection. Also, inflammatory and anti-inflammatory 
responses, changes in transcript expression patterns during the 
infection period, induction of NO and Arg1, an arginine hydro-
lytic enzyme, and finally in vitro infection of T. gondii tachyzoites 
(RH− or ME49 strain) as well as in vitro stimulation of T. gondii 
lysate antigen (TLA) (RH− or ME-TLA) were investigated to 
reveal the differences in immune-triggering events between  
T. gondii infection in the host–parasite relationship and immune 
characteristics of TLA as pathogen-associated molecular pat-
tern molecules (PAMPs). The results of the present study are 
very important and interesting in regard to characterizing the 
infection immunity processes regulated by the host–parasite 
relationship through proper control of the protective inflam-
matory immune response, while reducing the harmful effects of 
neurodegeneration.

MATERIALS AND METHODS

Experimental Animals
Male, 7-week-old, C57BL/6 mice were purchased from the 
ORIENT BIO Animal Center (Seongnam, South Korea) and 
housed at room temperature (20–23°C) on a 12-h light/dark cycle 
with ad libitum access to sterilized (irradiated and autoclaved) food 
and water. All animal experiments were conducted in accordance 
with the ethical standards of the Institutional Animal Care and 
Use Committee of Seoul National University (SNU-110315-5).

Ethics Statement
This study protocol was approved by the Ethics Committee of 
Seoul National University and conducted in strict accordance with 
the Guidelines for Animal Experiments (SNUIBC-R110302-1). 

All surgeries were performed under anesthesia and all efforts 
were made to ensure minimal animal suffering.

T. gondii Infection
C57BL/6 mice (Orient Bio) at the age of 7 weeks were intraperi-
toneally injected with T. gondii strain ME49 (infection dose of 
10 cysts) isolated from T. gondii-infected brains harvested at 
3 months PI and housed in the animal facility of Seoul National 
University College of Medicine. Most experiments were con-
ducted at 3 months PI. Six mice were randomly sacrificed at 0, 3, 
6, 9, and 12 weeks PI, and brain tissues were collected for histo-
logical examinations, cytokine analysis, and microarray analysis.

Neuronal Degeneration in the 
Hippocampal Dentate Gyrus (DG) 
Detected by Hematoxylin and  
Eosin (H&E) Staining
Brain tissues were embedded in paraffin and coronal-sectioned 
at thickness of 10 µm through the hippocampus, mounted, and 
stained with H&E. Then, the tissue specimens were dehydrated 
with a graded alcohol series, cleared in xylene, fixed with 
Canadian balsam (Caedax; Merck, Darmstadt, Germany), and 
mounted on cover slips. Neuronal degeneration in the hip-
pocampal DG was determined by the detection of eosinophilic 
neurons under a light microscope (Olympus PM-20; Olympus 
Corporation, Tokyo, Japan). The number of degenerative cells 
were counted in photomicrographs obtained with a digital 
camera (Leica DFC 280, Leica Microsystems, Wetzlar, Germany) 
attached to a microscope (BX-51; Olympus Corporation) using 
Image J software ver. 1.46.1

Detection of T. gondii Cyst in the Brain  
by Reverse Transcription Polymerase 
Chain Reaction (RT-PCR)
Total RNA was isolated from T. gondii-infected mouse brain 
tissue using the RNeasy Mini kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s protocol. All samples were 
subjected to RT-PCR using the RT premix reverse transcription 
kit (Elpis Biotech Inc., Daejeon, South Korea) and MG Taq DNA 
polymerase (Macrogen, Seoul, South Korea) with the following 
primer pairs: GAPDH (Primer Bank ID 6679937a1): forward 
5′-AGG TCG GTG TGA ACG GAT TTG-3′ and reverse 5′-TGT 
AGA CCA TGT AGT TGA GGT CA-3′ (123 bp); T. gondii B1 
gene: forward 5′-TCC CCT CTG CTG GCG AAA AGT-3′ and 
reverse 5′-AGC GTT CGT GGT CAA CTA TCG ATT G-3′ 
(98 bp). RT-PCR was performed for 35 cycles with an annealing 
temperature of 54–55°C and the products were analyzed by 1% 
agarose gel electrophoresis.

Real-time PCR
Total RNA was isolated from Total RNA was isolated from T. 
gondii-infected mouse brain tissue using the RNeasy Mini kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s 
protocol. All samples were reverse transcribed using RT premix 

1 http://pga.mgh.harvard.edu/primerbank/.
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(Elpis Biotech Inc.). Real-time PCR was performed using the 
CFX96 (Bio-Rad) and SYBR green (Enzynomics™, Daejeon, 
Korea) was used to detect amplification products. The reaction 
conditions used were; initial denaturation at 95°C for 15 min, 40 
amplification cycles [denaturation at 95°C for 10 s, annealing at 
60°C for 20 s, and extension at 72°C for 30 s], followed by melt-
ing curve analysis. Data analysis was performed using CFX96 
software (Bio-Rad). The following primer sequences were used 
for real-time PCR: GAPDH: forward 5′-GGT GAA GGT CGG 
TGT GAA CG-3′ and reverse 5′-CTC GCT CCT GGA AGA 
TGG TG-3′ (578  bp); and Socs1: forward 5′-CTG CGG CTT 
CTA TTG GGG AC-3′ and reverse 5′-AAA AGG CAG TCG 
AAG GTC TCG-3′ (217 bp); and Nos2 (iNOS): forward 5′-CAG 
CAC AGA ATG TTC CAG AAT CC-3′ and reverse 5′-TGT CAT 
GCA AAA TCT CTC CAC TGC-3′ (105 bp); and Arg1: forward 
5′-CTT TAA CCT TGG CTT GCT TCG GAA-3′ and reverse 
5′-CTT AGT TCT GTC TGC TTT GCT GTG-3′ (140 bp).

Immunostaining of T. gondii-Infected 
Mouse Brain Tissues
Mice were sacrificed by CO2 asphyxiation at the pre-determined 
times and brain tissues were collected, then fixed in formalin 
and embedded in paraffin using the Leica TP1020 Tissue 
Processor (Leica Microsystems GmbH, Wetzlar, Germany). For 
specific immunostaining, samples were immunostained using 
the ChromoMap Kit and the Discovery XT automated staining 
instrument (Ventana Medical Systems, Inc., Tucson, AZ, USA). 
Briefly, 4  μm-thick tissue sections were fixed on Probe-On-
Plus Slides (Thermo Fisher Scientific, Swedesboro, NJ, USA), 
deparaffinized in xylene, rehydrated in a graded series of alcohol 
(100, 95, 80, and 70), and finally rinsed with distilled water. After 
antigen retrieval, the endogenous peroxidase activity of the 
samples was blocked by treatment of H2O2 with blocking buffer 
[1% fetal bovine serum in phosphate-buffered saline (PBS)] for 
30 min. Then, the samples were incubated for 60 min at room 
temperature with either rabbit anti-mouse Iba-1 (1:2000, Wako 
Chemicals, Richmond, VA, USA) or anti-phospho-STAT1 
(Tyr701) (58D6, rabbit mAb) (1:500, Cell Signaling Technology, 
Beverly, MA, USA) primary antibodies, washed thrice with 
Tris-buffered saline, and incubated with secondary antibodies 
in UltraMap anti-Rb horseradish peroxidase (HRP) (Ventana 
Medical Systems, Inc.). Streptavidin-biotin-HRP complex 
(sABC/HRP) was detected with the ChromoMap DAB detection 
kit (Ventana Medical System, Inc.). The immunostained sections 
were then counterstained with hematoxylin (Ventana Medical 
System, Inc.) and plated on cover slips using Canadian balsam 
solution (Polysciences Inc., Warrington, PA, USA). Reactions 
were observed using a light microscope (PM-20; Olympus 
Corporation) and photomicrographs were acquired with a BX-51 
microscope (Olympus Corporation) equipped with a color digital 
camera (DFC280; Leica Microsystems).

Levels of Inflammatory and  
Anti-inflammatory Cytokines  
in T. gondii-Infected Brain Tissue
Cytokine levels of IL-6, IL-12 (p70), IFN-γ, TNF-α, granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-10, IL-4, and 

TGF-β in T. gondii-infected mouse brains were examined using the 
Bio-Plex mouse cytokine assay kit (Bio-Rad Laboratories, Hercules, 
CA, USA) and enzyme-linked immunosorbent assay (ELISA) kits 
(R&D Systems, Inc., Minneapolis, MN, USA). Brain tissues of 
C57BL/6 mice were obtained at 0, 3, 6, 9, and 12 weeks PI, and 
lysed using the MicroRotofor Cell Lysis Kit (Bio-Rad Laboratories) 
(n = 3). The soluble homogenate proteins were quantified using 
a bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, Inc., 
Rockford, IL, USA). The Bio-Plex assay was performed according 
to the manufacturer’s instructions and the raw data [mean fluo-
rescent intensities (MFI)] were analyzed with Bio-Plex Manager 
Software (Bio-Rad Laboratories) to obtain concentration values. 
The one-way analysis of variance (ANOVA) was used for statistical 
analysis, and the results were analyzed using Bio-Plex Data Pro™ 
software. Cytokine analysis was performed using ELISA kits (R&D 
Systems, Inc.) according to the manufacturer’s protocol. The reac-
tion was measured at 450 nm using an Epoch microplate reader 
(BioTek Instruments, Inc., Winooski, VT, USA) and cytokine 
concentrations were calculated using a standard curve of the cor-
responding cytokine provided with the ELISA kit.

Microarray Analysis of T. gondii-Infected 
Brain
Total RNA of T. gondii-infected brain tissues was separately 
extracted at 0, 3, 6, 9, and 12 weeks PI, and pooled for microarray 
analysis (n = 3), which was performed by Macrogen Inc. (Seoul, 
South Korea) using an Illumina MouseRef-8 v2 Expression 
BeadChip array (Illumina, Inc., San Diego, CA, USA). Briefly, 
0.55 µg of total RNA was amplified using the Illumina TotalPrep 
RNA Amplification Kit (Ambion, Austin, TX, USA) and purified 
using the Ambion Illumina RNA amplification kit (Ambion) 
to yield biotinylated cRNA. Following fragmentation, 0.75  µg 
of cRNA were hybridized to the Mouse Expression BeadChip 
(Illumina, Inc.) according to the manufacturer’s protocol. Arrays 
were scanned with the Illumina Bead Array Reader Confocal 
Scanner. Array data export processing and analysis was per-
formed using Illumina GenomeStudio v2011.1 (Gene Expression 
Module v1.9.0), and the data were analyzed with R v. 2.15.1 
statistical software. Hierarchical cluster analysis was performed 
using Permute Matrix EN software. All heat maps were gener-
ated using Excel Spreadsheet Software (Microsoft Corporation, 
Redmond, WA, USA) with conditional formatting. The expres-
sion rates of each gene at 3, 6, 9 and 12 weeks PI were compared to 
baseline (week 0 PI). Positive correlations are depicted in yellow 
(increased expression) and negative correlations (decreased 
expression) are depicted in blue. Heat maps of inflammatory and 
anti-inflammatory cytokines, microglia phenotype markers, and 
immune regulatory markers are represented by color scales. Each 
row represents cytokines and immune markers, and each column 
represents infection times from 0 to 12 weeks PI. The color scale 
of the heat map corresponds the relative minimum (−3) and 
maximum (+3) values of each cytokine.

TLAs Prepared from Tachyzoites  
of T. gondii Strains RH and ME49
Toxoplasma gondii lysate antigens of strain RH or ME49 were 
prepared as previously described with slight modifications (8, 11).  
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Briefly, peritoneal exudates of infected mice at day 4 PI were 
passed twice through a 25-gauge needle and then through a 5-µm 
Millex filter membrane (Merck Millipore, Tullagreen, Ireland) to 
remove debris and host cells. Then, tachyzoites of T. gondii strain 
RH were recovered and washed with sterilized PBS (pH 7.2). 
Parasites were then washed and suspended in PBS (pH 7.2) for 
further antigen preparation. To prepare ME49 tachyzoite anti-
gens, 20 cysts of strain ME49 were intraperitoneally injected to 
BALB/c mice to obtain ME49 tachyzoites converted from cysts. 
At 6 to 8 days PI, the tachyzoites were harvested by washing the 
peritoneal cavity with PBS. Tachyzoites of both T. gondii strains 
RH and ME49 were cultured in Vero cells (monkey kidney cells, 
KCLB  cell line; no. 10081) grown in complete Roswell Park 
Memorial Institute 1640 media (WelGENE Inc., Daegu, Korea) 
supplemented with 100 µg/mL of penicillin (Gibco/BRL, Grand 
Island, NY, USA), 100 µg/mL of streptomycin (Gibco/BRL), and 
5% fetal calf serum (Lonza, Walkersville, MD, USA) at 37°C 
under an atmosphere of 5% CO2. After culturing in Vero cells, 
tachyzoites of strains ME49 and RH were passed through a 
25-gauge needle twice, and then debris and cells were removed 
by passing through 5-µm filter membranes. After washing, the 
tachyzoites were re-suspended in PBS, sonicated on ice, and 
then centrifuged. Supernatants, containing the TLA fractions 
(respectively named as RH-TLA and ME-TLA) were filtered 
through 0.22-µm filter membranes (Millipore Corp., Bedford, 
MA, USA). Proteins in the TLA fraction were quantified using a 
BCA commercial reagent (Pierce Biotechnology, Inc.) and stored 
at −80°C until used.

Flow Cytometry Analysis to Determine  
the Microglia Phenotype of BV-2 Cells 
after Treatment of the T. gondii Antigen
Antigens against T. gondii strain RH or ME49 tachyzoites 
(40 µg/mL) and/or recombinant IFN-γ (100 ng/mL; PeproTech, 
Rocky Hill, NJ, USA) were used for in vitro activation of BV-2 
cells, a murine microglial cell line. BV-2 cells were cultured in 
Dulbecco’s modified essential medium (Applied Scientific, San 
Francisco, CA, USA) supplemented with 10% heat-inactivated 
fetal calf serum (Hyclone, Ogden, UT, USA), 4 mM l-glutamine, 
0.2 mM penicillin, 0.05 mM streptomycin, and 20 mM HEPES 
(Sigma-Aldrich Corporation, St. Louis, MO, USA) at 37°C under 
an atmosphere of 5% CO2 (8). After incubation for 24 h, BV-2 
cells were harvested for further fluorescence-activated cell sort-
ing (FACS) analysis. The following anti-mouse antibodies were 
used for flow cytometry analysis of the cultured BV-2 microglial 
cells: fluorescein isothiocyanate (FITC)-conjugated anti-CD80 
(eBioscience, Inc., San Diego, CA, USA), phycoerythrin (PE)-
conjugated anti-CD86 (eBioscience, Inc.), FITC-conjugated 
anti-CD274 (PD-L1) (B7-H1; eBioscience, Inc.), PE-conjugated 
anti-CD273 (PD-L2) (B7-DC; eBioscience, Inc.), allophyco-
cyanin (APC)-conjugated anti-major histocompatibility complex 
(MHC) II (CD74, eBioscience), PE-conjugated anti-CD40 (eBio-
science, Inc.), and FITC-conjugated anti-CD206 (BioLegend, 
San Diego, CA, USA). All staining processes for FACS analysis 
were conducted in accordance with the manufacturer’s protocols 
with FACS staining buffer (PBS containing 1% bovine serum 

albumin and 0.1% sodium azide). Samples were analyzed using 
a FACSCalibur flow cytometer (BD Immunocytometry Systems, 
San Jose, CA, USA) with forward/side scatter gates to exclude 
nonviable cells and the data were analyzed using FlowJo software 
(Tree Star, Inc., Ashland, OR, USA). Data are presented as the 
mean (±SD) fluorescence intensity (MFI). In this study, in vitro 
experiment of BV-2 cell culture was data obtained after conduct-
ing three individual experiments.

Western Blot Analysis
Total proteins were extracted from uninfected and infected whole 
mouse brains using the PRO-PREPTM Protein Extraction Kit 
(iNtRON Biotechnology, Seongnam-Si, Korea) and quantified 
with a NanoDrop spectrophotometer (NanoDrop Technologies, 
Oxfordshire, UK). Proteins were separated by sodium dodecyl 
sulfate-10% polyacrylamide gel electrophoresis at 100  V for 
110 min and then transferred to a nitrocellulose membrane (Bio-
Rad Laboratories) using the Mini Trans-Blot® Electrophoretic 
Transfer Cell (Bio-Rad Laboratories) at 80  V for 100  min. The 
membranes were then incubated with the primary antibodies goat 
anti-SOCS1 (ab9870; Abcam, Cambridge, UK) (1:200) and mouse 
anti-β-actin (sc-47778; dilution, 1:500; Santa Cruz Biotechnology, 
Dallas, TX, USA), followed by the secondary antibodies donkey 
anti-goat immunoglobulin (Ig)G-HRP (sc-2020; dilution, 1:2,000; 
Santa Cruz Biotechnology) and goat anti-mouse IgG-HRP (sc-
2005; dilution, 1:4,000; Santa Cruz Biotechnology). Signals were 
detected by exposing the membrane to chemiluminescence HRP 
substrate (Thermo Fisher Scientific) using a Fuji LAS1000 Lumino 
Image Analyzer (Fujifilm Corporation, Tokyo, Japan).

Nitrite and Urea Production by BV-2  
Cells Stimulated by Various Cytokines  
and Strain-Specific Tachyzoite Antigens 
(RH-TLA and ME-TLA)
BV-2 cells were incubated for 24 h in 6-well culture plates (SPL 
Lifesciences Co., Ltd., Pocheon, South Korea) with either 100 ng/
mL of IFN-γ (PeproTech), 20  ng/mL of IL-4 (Prospec-Tany 
Technogene Ltd., Rehovot, Israel), and/or one of the T. gondii 
antigens (RH-TLA or ME-TLA) at a concentration of 20 or 40 µg/
mL. Culture supernatants were collected and assayed to deter-
mine contents of nitrite and urea, which reflect NO production 
and Arg1 levels, respectively. NO production was determined 
using Griess reagent (Sigma-Aldrich Corporation). After 50 µL 
of culture supernatant was reacted with 50 µL of Griess reagent 
in each well of a 96-well plate (SPL Lifesciences Co., Ltd.), the 
reaction was measured using a microplate reader at an optical 
density (OD) of 540  nm (Biotech, VT, USA). Urea concentra-
tion was determined using a commercial urea kit (Abnova 
Corporation, Taipei, Taiwan) according to the manufacturer’s 
protocol. In brief, 50 µL of culture supernatant was mixed with 
50 µL of distilled water and the solution was reacted with 200 µL 
of a working reagent for 20 min. Then, the OD value of the sample 
was measured at 520 nm and the concentrations of nitrite and 
urea were calculated using standard curves. In vitro experiment 
of BV-2 cell culture was data obtained after conducting three 
individual experiments.
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Figure 1 | Changes in neuronal degeneration and proliferation of microglial 
cells in the hippocampal dentate gyrus during T. gondii infection. The brain 
tissues were harvested at 0, 3, 6, 9, and 12 weeks postinfection, and 
subjected to histological staining. (A) hematoxylin and eosin staining, 400×. 
(B) Immunohistochemistry (IHC) results of the brain tissue stained with 
Iba-1-antibody (brown color), 400×. Scale bar = 50 µm. (C) Degenerated 
cells in the brain tissues after T. gondii infection were counted and are 
expressed by percentage (%).* indicates significant difference compared  
with the control. # indicates significant difference between the experimental 
groups. (D) T. gondii-specific B1 gene expression and RT-PCR products 
were loaded into 1% agarose gels (98 bp).
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mRNA Levels of iNOS, COX-2, and Arg1  
in T. gondii-Infected BV-2 Cells
BV-2 cells were infected with tachyzoites of T. gondii strain RH or 
ME49 in vitro at an effector to target ratio (E:T ratio; T. gondii:BV-2 
cell) of 1:5 for 24 h. Total RNA of the cultured cells was extracted 
using the RNeasy kit (Qiagen). All samples were reverse tran-
scribed using RT premix (Elpis Biotech Inc.) and the iQ5 real-time 
PCR detection system (Bio-Rad Laboratories) with SYBR green 
master mix (Enzynomics, Cheongju, South Korea) under the fol-
lowing condition: initial denaturation at 50°C for 5 min and 95°C 
for 10 min, followed by 40 amplification cycles of denaturation at 
95°C for 10 s and annealing at 60°C for 30 s, with a final exten-
sion cycle at 72°C for 5 min. Specific amplification was verified 
by analysis of the melting curve and separation of the RT-PCR 
products on a 3% agarose gel. Data analysis was performed using 
iQ™5 optical system software (Bio-Rad Laboratories). The fol-
lowing primer sequences and amplicon sizes were retrieved from 
the PrimerBank database2: GAPDH (PrimerBank ID 6679937a1) 
forward 5′-AGG TCG GTG TGA ACG GAT TTG-3′ and reverse 
5′-TGT AGA CCA TGT AGT TGA GGT CA-3′ (123 bp); Arg1 
(PrimerBank ID7106255a1) forward 5′-CTC CAA GCC AAA 
GTC CTT AGA G-3′ and reverse 5′-AGG AGC TGT CAT TAG 
GGA CAT C-3′ (185  bp); Nos2 (iNOS) forward 5′-GTT CTC 
AGC CCA ACA ATA CAA GA-3′and reverse 5′-GTG GAC 
GGG TCG ATG TCA C-3′(127 bp); and Ptgs2 (COX-2) forward 
5′-TGT GAC TGT ACC CGG ACT GG-3′ and reverse 5′-TGC 
ACA TTG TAA GTA GGT GGA C-3′(233 bp).

Statistical Analysis
All statistical analyses were performed using Microsoft Excel 
and GraphPad Prism 5 software (GraphPad Software, Inc., La 
Jolla, CA, USA). Data are presented as the mean ± SD. One-way 
ANOVA followed by the Bonferroni multiple-comparison test 
were used to assess differences between experimental groups. 
A probability (p) values of <0.05 was considered statistically 
significant. * indicates significant difference by one-way ANOVA 
compared with the control. # indicates significant difference 
between the experimental groups.

RESULTS

Histopathological Changes and Microglia 
Activation in the Hippocampal DG during 
the AI to CI Stage of T. gondii
To observe the neuronal cell damage caused by T. gondii infec-
tion, histopathologic changes in the hippocampal region were 
examined by H&E staining. As shown in Figure  1A, purple-
colored normal and un-injured neurons were observed with 
a light microscopic throughout most of the hippocampal DG 
(Figure 1A, week 0), whereas T. gondii infection resulted in an 
increase the proportion of eosinophilic neurons, which were 
characterized by cell body shrinkage, intensely stained eosino-
philic cytoplasm, and small/shrunken darkly stained nuclei 

2 http://pga.mgh.harvard.edu/primerbank/.

(Figure 1A, at 3 and 6 weeks PI). The appearance of eosinophilic 
neurons was increased during the AI stage and then significantly 
decreased during the CI stage from 6.7  ±  3.88% at week 0 to 
83.8 ± 0.57% at week 3, 80.8 ± 2.38% at week 6, 50.1 ± 9.66 at 
week 9, and 28.5 ± 6.13% at week 12 PI (Figure 1C, p < 0.05). 
At this time, activation and infiltration of microglial cells in 
the DG were evaluated by immunohistochemical analysis 
with antibody against Iba-1, an activation marker of microglia 
(Figure  1B). The infiltration of Iba-1-positive cells (colored 
in brown) during hippocampal formation had increased from 
3 weeks PI and was sustained during the 12-week experimental 
period (Figure 1B). These histopathological changes appeared 
after infection of T. gondii, which were detected by monitoring 
of the B1 gene (Figure 1D). Importantly, this result suggests that 
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Figure 2 | Expression changes of cytokines in cerebral Toxoplasma gondii infection from the acute infection stage to the chronic infection stage. Brain tissues were 
harvested at 0, 3, 6, 9, and 12 weeks postinfection and analyzed for changes in cytokine levels due to infection. Levels of inflammatory cytokines [IL-6, IL-12p70, 
IFN-γ, tumor necrosis factor (TNF)-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF)] and anti-inflammatory cytokines [IL-4, IL-10, and 
transforming growth factor-β (TGF-β)]. Cytokine levels are presented as the mean ± SD at each infection stage. *p < 0.05 (one-way analysis of variance). * indicates 
significant difference compared with the control. # indicates significant difference between the experimental groups.
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neurodegeneration increases during the AI stage and decreases 
in the CI stage (9  weeks PI), despite the presence of harmful 
signs in the brain tissue, such as activation of inflammatory 

microglia and continuity of T. gondii infection. Accordingly, 
further analysis showed that neurodegeneration accompanying 
T. gondii infection had decreased during the CI stage.
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Profiles of Inflammatory and  
Anti-inflammatory Cytokines in the  
Mouse Brain According to the Time of  
T. gondii Infection
To reveal the characteristics of the inflammatory mechanisms 
underlying microglia activation after T. gondii infection, inflam-
matory, and anti-inflammatory cytokines (IL-6, IL-12p70, 
IFN-γ, TNF-α, GM-CSF, IL-4, IL-10, and TGF-β) were 
examined at 0, 3, 6, 9, and 12 weeks PI. As show in Figure 2, 
the concentrations of inflammatory- (IL-6, IL-12p70, IFN-γ, 
TNF-α, and GM-CSF) and anti-inflammatory-cytokines (IL-4, 
IL-10, and TGF-β) had gradually and statistically increased 
during the AI stage (3–6  weeks PI, * p  <  0.05 at every time 
point compared, as compared to week 0). Furthermore, the 
levels of inflammatory cytokines (IL-6, IL-12p70, IFN-γ, TNF-
α, and GM-CSF) had peaked at 6 weeks PI, while those of the 
anti-inflammatory cytokines (IL-4 and IL-10) had peaked at 
3  weeks PI, suggesting that levels of the anti-inflammatory 
cytokines had decreased immediately after the rapid increase 
during the early stage of infection (Figure  2). At this time, 
TGF-β, which is known to be associated with neuroprotection, 
continued to increase until 6 weeks PI. The peak level of each 
cytokine is shown in Figure 2. The abundance of the inflam-
matory cytokines IL-6, IL-12p70, IFN-γ, TNF-α, and GM-CSF 
had increased from baseline (week 0) to 6 weeks PI by 262, 167, 
180, 218, and 160%, respectively, whereas the abundance of the 
anti-inflammatory cytokines IL-4 and IL-10 had increased by 
324 and 192% at 3-weeks PI, respectively, and that of TGF-β 
had increased by 389% at 6  weeks PI. The cytokine IFN-γ, 
which produces a noxious cellular effect on the CNS and 
simultaneously activates the inflammatory cellular responses, 
had decreased at 6  weeks PI, whereas the levels of IL-12, 
which activates microglia, were sustained with no remarkable 
decrease during the experimental period. Moreover, levels 
of the cytokine TGF-β, which induces neuroprotective anti-
inflammatory responses, were mostly sustained during the 
experimental period, but had decreased slightly. The levels of 
the anti-inflammatory cytokines IL-4 and IL-10 had decreased 
significantly during the CI stage (9–12 weeks). The results of the 
present study showed that levels of the inflammatory cytokines 
had continually increased to 6 weeks PI and were maintain at 
high levels even during the CI stage, although there were slight 
decreases, whereas levels of the anti-inflammatory cytokines 
had remarkably increased during the AI stage (3 weeks PI) and 
then decreased immediately thereafter during the CI stage. 
The most important finding was the significant increase and 
maintenance of IL-12 and TGF-β levels during the CI stage for 
12 weeks PI (Figure 2, * p < 0.05).

Relative Cytokine mRNA Levels and 
Microglia Phenotype Markers for  
T. gondii-Infected Mouse Brain
Changes in gene expression levels of inflammatory and anti-
inflammatory cytokines after T. gondii infection are shown 
in Figure  3. Gene expression levels of each cytokine at each 
time point of infection were compared to those of normal 

brain tissues (onefold at week 0 PI, a faint khaki color). Data 
are presented as heat maps (Figure 3), which depict the most 
commonly up- and downregulated transcripts from microarray 
analysis. The data presented in blue and yellow indicate reduced 
and increased cytokine expression levels. The present study 
analyzed gene expression patterns of inflammatory and anti-
inflammatory cytokines (Figure 3A), as well as the microglia 
phenotype markers of the M1 and M2 types (Figure 3B). As 
compared with the anti-inflammatory cytokines (IL-4, IL-10 
and TGF-β; 1.0- to 1.6-fold), transcript levels of the inflam-
matory cytokines (IL-12, IFN-γ, and TNF-α) had increased 
by 1.5- to 3.3-fold, as compared to log2-values (onefold) 
of the transcript levels of control mice. Especially, IFN-γ 
was remarkably increased by 3.3-fold at 3  weeks PI and was 
constantly maintained at 2.2-fold at 12  weeks PI. Likewise, 
the inflammatory cytokine TNF-α and the anti-inflammatory 
cytokine TGF-β were relatively increased by 1.5- to 1.8-fold 
during the 12-week experimental period. Expression levels 
of the phenotype markers M1-type and M2-type were found 
to be polarized in the M1-type microglia (Figure  3B). Most 
importantly, Arg1 levels among M2-markers were consistently 
increased for 12 weeks PI at 1.7- to 3.4-fold, even though the 
increase in IFN-γ levels was 2.2- to 3.3-fold. Further examining 
of the 12 polarization markers in each type of microglial cell 
phenotype showed that nine markers of the M1-type (IL-1β, 
IL-12, TNF-α, IFN-γ, CCL5, CXCL1, CXCL10, CD16, and 
CD86) and four markers of the M2-type (IL-1Rα, TGF-β, Arg1, 
and YM1) were consistently expressed for the entire 12-week 
period after infection (Figure 3B). Most notably, there was no 
increase in iNOS, while Arg1 was remarkably increased even if 
polarization and activation of M1-type microglia were distinct 
during the CI stage (Figure 3B).

Kinetics of Microglia Activation  
and Phosphorylation of Stat1 in  
T. gondii-Infected Mouse Brain Tissues
The above results showed that the expression levels of the inflam-
matory cytokines (IL-12, IFN-γ, and TNF-α) had continuously 
increased during the CI stage. Among these cytokines, mRNA 
and protein levels of IL-12, a key cytokine of microglial cells 
activation, and IFN-γ, a key cytokine of Th1-helper T-cell activa-
tion, were maintained steadily with high levels during the CI stage 
(Figures 2 and 3). To comprehensively link changes between gene 
and protein expression levels, brain tissues were immunohisto-
logically stained with Iba-1- and phosphorylated STAT-1 (pStat1) 
antibodies for microglial activation and to determine whether 
these molecules participate in the IFN-γ-mediated pathway, 
respectively (Figures 4A,B). Because IFN-γ plays a role in adap-
tive cellular immunity against T. gondii infection and STAT-1 
is important for intracellular downregulation of IFN-γ, the 
increase in pStat1-stained cells in the brain indicates an increase 
in IFN-γ-mediated Th1-T-cell immune responses. However, 
pStat1-stained cells were observed around the cyst (red arrow) 
over a relatively short period of time at 6 weeks PI and, thereafter, 
were undetectably in the brain tissues (Figure 4B). At this time, 
the proportion of microglial cells had remarkably increased 
around the T. gondii cysts (red arrow) during the AI stage and 
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Figure 3 | Heat maps representing cytokine and chemokine concentrations in the inflammatory immune response and microglia phenotypes. Transcript levels of 
inflammatory and anti-inflammatory cytokines as well as microglia phenotype markers were measured in Toxoplasma gondii-infected mouse brains using microarray 
analysis. Each row of the heat map represents cytokines related with inflammatory and anti-inflammatory responses (A) as well as microglia phenotype markers 
related with the M1-type and M2-type (B). Each column represents infection times from week 0 to 12 postinfection. The color scale corresponds to the relative 
expression of the cytokine for the minimum (−3) and maximum (+3) of all values.
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was activated continuously during the CI stage (Figure  4A). 
This activation of microglial cells can be explained by morpho-
logical characteristics, such as hyper-ramification and long, thin 

processes extending from the cell body into the surrounding 
milieu (Figure 4A, colored in brown). The increase in activated 
microglia was greatest at 6–9 weeks PI and then had decreased 
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Figure 4 | Phosphorylation of Stat1 (pStat1) and Iba-1-stained microglia 
infiltrated and activated around Toxoplasma gondii cysts. T. gondii-infected 
mouse brains were harvested at 0, 3, 6, 9, and 12 weeks postinfection, 
embedded in paraffin, and immunostained with Iba-1- (A) and 
phosphorylated Stat-1 antibodies (B). T. gondii cysts (arrow). Activated 
microglia [(A) brown color]. pStat1 immunoreactivity [(B) brown color]. 
Magnification, 400×. Scale bar = 20 µm.
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slightly at 12 weeks PI (CI stage). These results strongly suggest 
microglia are activated throughout the infection period, whereas 
STAT1 phosphorylation was limited and no longer maintained 
during the CI stage.

Effects of TLA (RH- or ME-TLA) on the 
Polarization and Activation of Microglial 
Cells
Infection immunity in T. gondii-infected brain tissues can 
be explained by the immune characteristics regulated by the 
host–parasite relationship. Infectious immunity shown in the 
present study was characterized by an increase in microglial cells 
and the limited IFN-γ-mediated immune response. However, it 
remains unclear whether these immune responses were induced 
by immune regulation via the host–parasite relationship or by 
immunological triggering of T. gondii antigens as a PAMP. For 
this purpose, TLAs were prepared from RH- or ME49 tachyzoites 
to investigate the effects of TLA on the activation and polariza-
tion of microglia, which were further compared with transcript 
levels in the brain (Figures 5A,B). TLAs contain many PAMPs 
and stimulate toll-like receptor (TLR)-based immune responses. 
Moreover, because T. gondii strains (RH and ME49) have 

different modes of infectious immunity, the comparison of T. 
gondii antigens (RH-TLA or ME-TLA) on microglia activa-
tion is important to evaluate difference in immune responses 
between the AI and CI stages. As shown by the results, the MFI 
(FACS analysis) of the activation markers of BV-2 microglial 
cells [i.e., major histocompatibility complex II (MHCII), CD40, 
CD80, and CD86] had increased in response to IFN-γ stimula-
tion (Figure 5A). Such an increase in MFI indicates an increase 
in target molecules in FACS. IFN-γ stimulation of BV-2 cells 
had increased the expression levels of these activation markers, 
which was accelerated by the presence of TLA (Figure 5A). At 
this time, ME-TLA had a greater effect on the increase in activa-
tion markers than RH-TLA. In contrast, expression of the M2 
polarization marker CD206 was lower in ME-TLA than RH-TLA 
(Figure  5A). These results are consistent with the microarray 
results (Figure 5B). Subunit transcripts of MHC class II mol-
ecules (H2-Eb1, -Aa, and -Ab1), Cd40, Cd80, and Cd86 were 
increased (16). In contrast, Cd206 was decreased, as compared 
to the control (khaki) (Figure 5B). The M1 markers Cd40, H2-
EB1 (-Aa, -Ab1) (MHCII), and Cd86 (B7-2) were upregulated in 
activated microglial cell and acted as co-stimulatory molecules 
for further T- and B-cell immune responses. Both mRNA and 
protein levels of the representative M2 marker CD206 were 
decreased simultaneously in cells infected with T. gondii strain 
ME49, as well as by antigen treatment (ME-TLA) as PAMPs. 
Accordingly, our results showed that both TLA treatment and 
T. gondii infection induced the activation and M1 polarization 
of microglial cells compared with the control (no-treatment of 
IFN-γ and lysate antigens in  vitro study as well as 0-week PI 
in vivo study).

Changes in Transcripts for T-Cell 
Differentiation- and T-Cell  
Exhaustion-Markers in the Brain during  
T. gondii Infection
CI of T. gondii in the brain may induce T-cell exhaustion and 
dysfunction. The results of this study showed a decrease in the 
IFN-γ-mediated immune response during CI even if microglial 
cell activation was maintained. To arrive at a possible explana-
tion, markers of T-cell differentiation and dysfunction were 
examined, which showed that Th1  cell-specific transcription 
factor TBX21 that controls the expression of IFN-γ was mainly 
increased during CI, as compared to the Th2 cell-secreted 
cytokines Gata3 and Foxp3, which promote the functions of 
regulatory T cells (Figure 6A). Nevertheless, markers of T-cell 
exhaustion, including Tim3 and Lag3, were also increased 
simultaneously from the AI stage at 3  weeks PI (Figure  6B). 
Tim3 and Lag3 are known to negatively regulate T-cell prolif-
eration, homeostasis, and Th1 immunity, and act as immune 
checkpoints. This result means that T. gondii infection actively 
influences the induction of the host immune response against 
infection. In other words, although these findings were limited 
to transcript profiles, T. gondii infection of the brain simultane-
ously induces both T-cell differentiation and exhaustion from 
the AI stage at 3 weeks PI, and maintains the immune environ-
ment during the entire the CI stage (Figure 6).

383

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Figure 5 | Microglia activation in Toxoplasma gondii-infected brain and BV-2 cells stimulated with T. gondii lysate antigens (TLAs) (RH-TLA and ME-TLA). Expression 
levels of major histocompatibility complex II antigens (H2-Eb1, H2-Aa, and H2-Ab1), CD40, and CD86 by FACS analysis. (A) Heat map expression of cell surface 
markers related with microglia activation in T. gondii-infected brains, (B) results are expressed as the mean ± SD of the mean fluorescence intensity. *p < 0.05 
(one-way analysis of variance). * indicates significant difference compared with the control. # indicates significant difference between the experimental groups.
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Figure 6 | Changes in T-cell differentiation (A) and exhaustion (B) markers in Toxoplasma gondii-infected brain tissues. Expression values represent the intensity of 
gene expression varying from −3 to +3 colored with blue or yellow.
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Changes in mRNA Levels of Immune 
Effector and Checkpoint Molecules  
in T. gondii-Infected Brain Tissues
To investigate the expression of effector molecules associated with 
both inflammatory and anti-inflammatory responses, changes 
in transcripts and quantitative gene levels of Socs1, iNos, and 
Arg1 during the 12-week experimental period were compared to 
those at baseline (week 0 PI) (Figure  7A). Transcript levels of 
Socs1, which is thought to be an important immune regulatory 
factor in this study, was increased by 1.5-fold at 3-weeks PI and 
maintained during the CI stage (Figure 7A). Likewise, quantita-
tive gene expression levels of Socs1 was the highest at 3 weeks 
PI (2.63-fold) with statistical significance and, thereafter, had 
slightly decreased during the CI stage. Similarly, the results of 
western blot analysis showed an increase in SOCS1 expression 
during the infection period. In contrast, there was no significant 
increase in iNOS mRNA levels, and quantitative gene expression 
levels of iNOS/Arg1 were decreased even during the AI stage 
(3 and 6  weeks PI). This result is also supported by transcript 
level of Arg1 (2.2- and 3.4-fold at 3 and 6 weeks PI, respectively) 
(Figure 7A). Expression levels of the of the immune inhibitory 
checkpoint molecules PD-1, PD-L1, and PD-L2, as related with 
T-cell dysfunction, were examined at the transcript level and by 
FACS analysis. As shown in Figure 7B, transcript levels of PD-1, 
an inhibitory receptor of T cells, were slightly increased by 1.1- to 
1.4-fold at week 12 PI, whereas levels of PD-L1 were remarkably 

increased by 19.5-, 21.4-, 18.9-, and 23.0-fold at 3, 6, 9, and 
12 weeks PI, respectively. This result was also strongly supported 
by the FACS results expressed as the MFI, suggesting strong 
activation of the M1-type microglia. When RH- or ME-TLA as 
PAMPs of T. gondii stimulate BV-2 microglial cells, the increase in 
the MFI of PD-L1 was greater than that of PD-L2 and the degree 
of increase was greater via stimulation of ME-TLA than RH-TLA. 
Accordingly, it is expected that the immune-triggering effect of 
T. gondii strain ME49 during CI seems to limit the expression of 
inflammatory effector molecules such as iNOS, even with activa-
tion of innate immunity by microglial cells.

Effects of T. gondii Antigens (RH- and 
ME-TLA) on Nitrite and Urea Production 
according to Microglia Polarization
For 12 weeks PI, iNOS production was decreased and Arg1 pro-
duction was increased. As well, when BV-2 cells were treated with 
T. gondii antigens as a PAMPs, expression levels of the activation 
markers were increased. In this regard, an aim of this study was 
to investigate whether treatment of BV-2 microglial cells with  
T. gondii antigens (RH-TLA or ME-TLA) can induce changes in 
NO and urea production, as with T. gondii-infected brain tissues. 
In general, nitrite production is mainly increased as a result of 
M1-type activation, whereas urea production is increased by 
M2-type microglia activation. The results of the present study 
showed that the production of nitrite was increased by stimulation 
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Figure 7 | Changes in immune effector and checkpoint molecules. Transcripts of immune effector markers [nitric oxide synthase (iNos) and Arg1] (A), immune 
control marker (Socs1) (A) and immune checkpoint markers (PD-1, PD-L1 and PD-L2) (B). RT-PCR results (SOCS1 and the iNos/Arg1 ratio) and western blot 
(SOCS1 and β-actin) (A). Transcript expressions(PD-1, PD-L1, and PD-L2) and FACS analysis (PD-L1 and PD-L2) (B). Results are expressed as the mean ± SD of 
the mean fluorescence intensity (MFI). *p < 0.05 (one-way analysis of variance). * indicates significant difference compared with the control. # indicates significant 
difference between the experimental groups.
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of IFN-γ alone (9.5 ± 0.3 µM) or IFN-γ with T. gondii antigen 
(6.6 ± 0.2 µM with RH-TLA and 17.1 ± 0.7 µM with ME-TLA), 
as compared to the control (4.3 ± 0.4 µM) (Figure 8A). At this 

time, nitrite concentration had significantly increased via stimu-
lation with ME-TLA, as compared to RH-TLA, suggesting that 
ME-TLA itself is more preferable for the induction of M1-type 
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Figure 8 | Nitrite and urea production in BV-2 microglia stimulated with recombinant cytokines affecting microglia polarization (IFN-γ and IL-4) or Toxoplasma 
gondii antigens (RH-TLA or ME-TLA). Nitrite (μM) (A) and urea (mg/dL) concentrations (B). Data are presented as the mean ± SD. *p < 0.05 (one-way analysis  
of variance). * indicates significant difference compared with the control. # indicates significant difference between the experimental groups.
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microglial activation (*p < 0.05). In contrast, urea concentration 
was increased significantly by stimulation of IL-4, as compared to 
the control (36.0 ± 0.2 vs. 33.2 ± 0.3, respectively) (Figure 8B). 
As well, urea production was more decreased by ME-TLA than 
RH-TLA (32.2 ± 0.8 vs. 33.8 ± 1.1 mg/dL, respectively). Notably, 
treatment with IFN-γ + ME-TLA had decreased urea production 
even further than with treatment of IFN-γ + RH-TLA (31.5 ± 0.6 
and 34.1  ±  0.4, respectively, *p  <  0.05). These results clearly 
show that treatment of BV-2 cells with ME-TLA induced M1 
polarization and M1-activation, which subsequently remarkably 
increased nitrite production and decreased urea production, 
suggesting that the immune induction of ME-TLA acts as a 
PAMP. However, this result is in contrast to the transcript results 
of the T. gondii-infected brain tissues. To clarify this difference, 
infection of BV-2 cells was performed in vitro (Figure 9).

Effects of In Vitro T. gondii Infection  
(RH- and ME-Strain) on mRNA Expression 
(iNOS, Cox-2, and Arg1) and Nitrite 
Production
To elucidate the differences in inflammatory responses and NO 
production between T. gondii infection in the brain and in vitro 
experiments with the T. gondii antigens (RH-TLA and ME-TLA), 
BV-2 cells were infected with T. gondii tachyzoites in vitro. As 
shown in Figure  9, the expression levels of the inflammatory 
response markers iNos and Cox-2 were significantly decreased 
after T. gondii infection in vitro, whereas that of Arg1 was sig-
nificantly increased. Notably, Arg1 expression levels at 24 h after 
in vitro RH and ME49 infection were increased by 2.0 ± 0.3- and 
2.9 ± 0.1-fold, respectively, as compared to control (*p < 0.05). 
Likewise, Arg1 induction was significantly greater after infec-
tion with strain ME49, as compared to strain RH. At this time, 
nitrite production was the highest with treatment of IFN-γ alone 
(39.6  ±  2.0  µM) and decreased significantly with IFN-γ  +  T. 
gondii infection (RH and ME49) (28.9 ± 1.4 and 24.0 ± 0.9 µM, 

respectively, *p  <  0.05). As compared to IFN-γ alone, nitrite 
levels were 27% lower with IFN-γ + T. gondii strain RH infection 
and 39.4% lower with IFN-γ + T. gondii strain ME49 infection. 
Accordingly, these results emphasize that in  vitro T.  gondii  
infection induces polarization of microglial cells into the 
M1-type. However, simultaneous inhibition of harmful inflam-
matory factors, such as NO, had increased Arg1 expression for 
further immune regulation. This is an important result showing 
that in vivo and in vitro infection was consistent. In other words, 
TLAs acting as PAMPs had strongly induced polarization of 
M1-type microglial cells and inflammatory responses, while 
infection of T. gondii (in vivo and in vitro) induced polarization 
of M1-type microglial cells. However, it simultaneously inhibited 
a detrimental inflammatory response, such as NO production, 
via Arg1 induction. This host–parasite relationship seems to be 
a strategy of T. gondii to maintain a CI in the brain.

DISCUSSION

The results of our previous study demonstrated that T. gondii 
infection decreased the neurodegeneration in a Tg2576 mouse 
model of Alzheimer’s disease (8). In that study, T. gondii infection 
of the brain inhibited neuronal degeneration, as well as learning 
and memory impairments in Tg2576 mice. As a possible reason, 
we proposed that the increase in the expression levels of the anti-
inflammatory cytokines IL-10 and TGF-β, as well as decreased 
NO production had favorable effects of T. gondii infection and 
the pathogenesis and progression of Alzheimer’s disease in mice 
(8). However, because inflammatory responses induced by IFN-γ 
and NO are essential for the control of T. gondii infection, NO 
regulation in the CNS is very important to control both parasitic 
proliferation and damage to the host tissues. As an extension of 
the above results, the aim of the present study was to address the 
progression of infection immunity to identify the appropriate 
timing to induce an anti-inflammatory response during CI. In 

387

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Figure 9 | mRNA levels of nitric oxide synthase (iNos), Cox-2, and Arg1, and nitrite production in Toxoplasma gondii-infected BV-2 microglial cells. (A) RT-PCR 
analysis of iNos, Cox-2, and Arg1 in T. gondii tachyzoites (strains RH and ME49)-infected BV-2 cells. (B) Nitrite concentration (μM) in culture supernatant treated 
with recombinant IFN-γ and/or IL-4, and/or T. gondii tachyzoites. Data are presented as the mean ± SD. *p < 0.05 (one-way analysis of variance). * indicates 
significant difference compared with the control. # indicates significant difference between the experimental groups.
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particular, because T. gondii is a pathogen that can lead to CI of 
the host, as well as induce encephalitis and neurodegeneration, it 
is very important to understand the infection immunity related 
with microglia polarization and harmful inflammatory responses.

Encephalitis is an important symptom of T. gondii infection, 
although the neuronal degeneration associated with neuroinflam-
mation is not a common finding because immune modulation 
by T. gondii infection has been the focus of numerous previous 
studies (1–5, 8, 9). In the present study, neuronal cell death caused 
by T. gondii infection in the DG region of the hippocampus was 
increased in the AI stage at 3–6 weeks PI, which then decreased 
in the CI stage accompanied with slight decreases in the expres-
sion levels of the inflammatory cytokines IL-6, IFN-γ, TNF-α, 
and GM-CSF. Even in this case, the Iba-1 staining intensity of 
microglial cells was not significantly decreased during the entire 
12-week experimental period. In fact, the microarray results 
of the T. gondii-infected brain and FACS analysis of in  vitro 
cultured BV-2 microglial cells with lysate antigens (RH-TLA 
and ME-TLA) prepared from tachyzoites of T. gondii strains 
RH and ME49, showed M1 polarization of microglial cells both 
in  vivo and in  vitro. However, high levels of the inflammatory 
and anti-inflammatory cytokines remained during the 12-week 
experimental, even though the levels had slightly decreased from 
6 weeks PI. Thus, it is necessary to consider why neuronal cell death 

was highest at 3 weeks PI and then decreased. Clearly, T. gondii 
infection induces a mixed immune response characterized by 
an increase in the expression levels of inflammatory cytokines 
and the activation and proliferation of microglial cells, as well 
as increases in the expression levels of the anti-inflammatory 
cytokines and Arg1 and decreased expression of iNOS and 
COX-2 accompanied with NO production.

The strategy of T. gondii intracellular parasitism involves 
the manipulation of an excessive response of immune cells and 
alterations in macrophage phenotypes to suppress inflamma-
tory response and reduce damage to the host. According to 
the results of an earlier study, T. gondii infection is generally 
controlled by a strong Th1-type immune response via the 
cytokines IL-12p70, TNF-α, and IFN-γ. However, the recruited 
monocyte population is converted to an anti-inflammatory 
phenotype in order to restrain excessive immune responses 
during infection of T. gondii strain RH (3–6, 12, 14, 21, 22).  
On the other hand, the time of infection for the change in 
microglial cells and inflammatory responses as a cause of CI 
of the brain infected with strain ME49 it is not well defined. 
Some studies have provided important clues to prevent exces-
sive activation of macrophages after T. gondii infection (3, 14). 
For example, Toxoplasma rhoptry and dense granule proteins 
play roles in the modulation of pro-inflammatory responses 
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through the regulation in IFN-γ and NF-kB by GRA15 in addi-
tion to STAT3/6 activation by ROP16 (3, 14). ROP16 induces 
STAT1 tyrosine phosphorylation as well as Socs1 via STAT3 or 
6 (23). As a result, the authors insisted that the infected hosts 
are able to induce a proper resistance against T. gondii infection 
as well as protection against excessive inflammatory immunity  
(3, 14, 23). However, these studies were limited by the failure to 
explain the promotion of immune modulation during T. gondii 
infection because the experiments employed Raw264.7, J447, 
DC2.4, or human foreskin fibroblast cells for in vitro T. gondii 
infection and T. gondii-infected peritoneal exudate cells for 
in vivo infection (3, 14). So, these studies do not reflect the entire 
infection process. On the contrary, the present study addressed 
the changes in the infection immunity during the CI stage. For 
example, the immune regulation for the control of parasitic 
proliferation without inducing harmful immunopathological 
events in the brain. Moreover, the present study provides some 
evidence of the immune regulation against T. gondii infection 
and protective immunity to prevent damage to host cells by an 
excessive inflammatory response.

The IFN-γ-mediated type 1 immune response with upregula-
tion of the anti-parasitic factor NO is required to prevent the 
reactivation of T. gondii and TE in the brain (1). In the brain, 
microglia and infiltrating CD4 and CD8 T cells are the primary 
sources of IFN-γ, a cytokine leading noxious cellular effects in the 
CNS (1, 4). On the contrary, our earlier research also highlighted 
the importance of TGF-β in neuroprotection after T.  gondii 
infection (8). In addition, the results of the present study suggest 
the importance of the interactions of various immunological 
factors between protective immunity and immunopathological 
effects by tracking of the immune response during the CI stage. 
First of all, changes in the immune response after T. gondii 
infection can be confirmed by microarray analysis of mRNA 
expression patterns, which can also predict the immunological 
phenotype. In the present study, there were increases in the 
mRNA levels of the T-cell exhaustion markers TIM3, LAG3, 
and KLRG1 without distinct increases in the mRNA levels of 
the T-cell differentiation markers TBX21, GATA3, FOXP3, and 
RORC during the AI stage, even though microglia activation 
was maintained in the M1-type. T-cell exhaustion markers 
are highly expressed by chronic antigen stimulation, but yet 
diminish the effector function of CD8 T cells (24). Accordingly, 
these results suggest that the inhibition of immune extension of 
adaptive T-cell immunity can accelerate neuronal cell death by 
expanding inflammatory cellular responses, although it is help-
ful for protective immunity of the host against T. gondii infec-
tion. Actually, pStat1, which is activated by IFN-γ and induces 
iNOS (25), was remarkably decreased at 6 weeks PI although the 
increase in IFN-γ expression was maintained for 12 weeks PI. 
Although IFN-γ-mediated activation of macrophages is criti-
cal for resistance against AI with T. gondii, T. gondii infection 
inhibits STAT1 transcriptional activity to allow the parasite 
to establish a CI (5, 23). Additionally, SOCS proteins, which 
can downregulate phosphorylation of JAK and STAT1, are 
actually induced by T. gondii infection (26). To understand the 
importance of microglia activation and further T-cell immune 
responses against T. gondii infection, transcript data of markers 

related to microglial cell polarization and T-cell-mediated adap-
tive immune responses were investigated. In particular, PD-L1 
(B7-H1) was highly expressed in inflammatory macrophages, 
while PD-L2 (B7-DC) can be induced by alternative activation 
via IL-4 (27). Furthermore, PD-L1 might play a role in the 
downregulation of activated T cells and the expression of PD-L1 
in a non-Stat1-dependent manner (27). Likewise, our results 
showed that PD-L1 expression was increased, as compared to 
PD-L2, at both transcript levels in  vivo and in  vitro ME-TLA 
stimulation (19.0–23.0- and 1.1–1.2-fold changes, respectively). 
At this time, M1-type activation of microglia and increases 
in the expression levels of the inflammatory cytokines IFN-γ, 
IL-12, and TNF-α were observed. However, these changes did 
not result in an increase in Stat-1 phosphorylation. This result 
provides a subtle balance for the control of parasitic prolifera-
tion and simultaneous inhibition of the increase in inflamma-
tory cellular immune responses, which induce tissue damage 
during CI by altering the mRNA expression levels of PD-L1 
and PD-1 because PD-1/PD-L1 interactions are required for 
the maturation of microglial cells and expansion of protective 
T-cell responses in T. gondii infection. However, excessive PD-1-
mediated CD8 T-cell dysfunction plays a central role in immune 
tolerance, as well as T. gondii differentiation and reactivation 
(28–30). This is an important mechanism for the control of 
parasite expansion, even with the inhibition of iNOS, as in the 
present study.

The induction of iNOS, a M1-marker that leads to NO produc-
tion, is generally elevated in the AI stage of T. gondii infection 
and in M1-like microglia (26, 31). Surprisingly, the results of the 
present showed that ME-TLA, a lysate antigen of T. gondii strain 
ME49, strongly induces the polarization of M1-type microglial 
cells and NO production. In other words, ME-TLA treatment of 
BV-2 microglial cells induced greater M1 polarization and NO 
production than treatment with IFN-γ. Simultaneously, urea 
production was decreased by treatment with the T. gondii anti-
gens (RH and ME49) in vitro. TLA includes a variety of antigen 
pools, including TLR-based immune-triggering PAMPs (32). 
When soluble parasite TLA, as in the present study, stimulates 
dendritic cells and macrophages, the immune response resulted 
in TLR-signaling dependent production of IL-12 and NO (32). 
Accordingly, it is evident that the treatment of TLA as a PAMPs 
and parasite infection induce different immune triggering both 
in vivo and in vitro. To confirm this finding, NO production was 
compared between an in  vitro infection model using T. gondii 
tachyzoites (strains RH and ME49) and an in vitro model using 
BV-2 microglial cell culture with TLA. As expected, the results 
were consistent with the in vivo infection study. NO production 
was decreased and mRNA expression levels of iNOS and COX-2 
were lowered, while mRNA expression of Arg1 was increased by 
2.9-fold. Based on these results, the authors insist that the host–
parasite relationship in the regulation parasite control and host 
tissue damage by an excessive inflammatory response induces the 
control of effector molecules, which differs from the immune-
triggering effect of TLA shown by the in vitro stimulation study. 
As a possible mechanism, increases in transcripts of SOCS and 
Arg1 during the CI stage are focused because of their immune 
regulatory functions.
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Suppressor of cytokines signaling 1 protein is a known 
feedback inhibitor of IFN-γ receptor signaling and is induced 
directly by viable T. gondii parasites (26). In general, the SOCS 
proteins, especially SOCS1, are expressed by immune cells and 
cells of the CNS, and have the potential to impact immune 
processes within the CNS, including inflammatory cytokine 
and chemokine production, as well as activation of micro-
glia (33). In this study, transcripts of SOCS1 were steadily 
expressed during the CI stage. It is known that SOCS induces 
a high Arg1:iNOS activity ratio and suppresses T-cell prolifera-
tion (34). Moreover, SOCS1 contributes to the inhibition of 
IFN-γ signaling and NO production without the dependency 
of TLR stimulation (35). In other words, due to upregulation 
of SOCS1 by IL-4-dependent M2 macrophage activation (34), 
the role of SOCS1 in the present study is sufficiently predict-
able for the direct increase in the Arg1:iNOS activity ratio, 
the decrease in transcripts of T-cell differentiation markers 
and Stat1 phosphorylation, and the increase in transcripts 
of T-cell exhaustion markers, suggesting modulations of the 
host–parasite relationship between parasite control and tissue 
damage in the brain.

Taken together, these results highlight the critical impor-
tance of M1-type microglia for the control of T. gondii as well 
as the limitation of STAT1 phosphorylation and the induc-
tion of SOCS1 to reduce detrimental inflammatory immune 
responses. Moreover, these results provide new insights into the 
characteristics of infection immunity through the host–parasite 
relationship during CI of T. gondii. In other words, T. gondii 
infection basically induces M1-type polarization of microglial 
cells, the limitation of IFN-γ-mediated inflammatory responses, 
including T-cell differentiation and Stat1 phosphorylation, and 

the reduction of iNOS/Arg1 ratio mediated by Socs1 induction. 
These phenomena are only expected by infection immunity due 
to the difference in the levels of effector molecules via the in vitro 
cellular response with TLA. In particular, this study revealed the 
characteristics of immune regulation in infection immunity by 
observing the persistent changes in the immune environment 
during a CI rather than at any one time.
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Toxoplasma gondii rhoptry protein ROP18 (TgROP18) is a key virulence factor secreted 
into the host cell during invasion, where it modulates the host cell response by interact-
ing with its host targets. However, only a few TgROP18 targets have been identified. 
In this study, we applied a high-throughput protein–protein interaction (PPI) screening 
in human cells using bimolecular fluorescence complementation (BiFC) to identify the 
targets of Type I strain ROP18 (ROP18I) and Type II strain ROP18 (ROP18II). From a 
pool of more than 18,000 human proteins, 492 and 141 proteins were identified as the 
targets of ROP18I and ROP18II, respectively. Gene ontology, search tool for the retrieval 
of interacting genes/proteins PPI network, and Ingenuity pathway analyses revealed that 
the majority of these proteins were associated with immune response and apoptosis. 
This indicates a key role of TgROP18 in manipulating host’s immunity and cell apoptosis, 
which might contribute to the immune escape and successful parasitism of the parasite. 
Among the proteins identified, the immunity-related proteins N-myc and STAT interactor, 
IL20RB, IL21, ubiquitin C, and vimentin and the apoptosis-related protein P2RX1 were 
further verified as ROP18I targets by sensitized emission-fluorescence resonance energy 
transfer (SE-FRET) and co-immunoprecipitation. Our study substantially contributes to 
the current limited knowledge on human targets of TgROP18 and provides a novel tool 
to investigate the function of parasite effectors in human cells.

Keywords: Toxoplasma gondii, ROP18, human interactome, bimolecular fluorescence complementation,  
genome-wide

INTRODUCTION

Toxoplasma gondii is an obligate intracellular protozoon that causes zoonotic toxoplasmosis.  
It is estimated that one third of the world’s population is chronically infected with this parasite (1).  
T. gondii belongs to the phylum of Apicomplexa, characterized by the presence of an apical complex 
containing secretory organelles, including rhoptries, micronemes, and dense granules (2). Rhoptry 
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discharges a family of proteins termed rhoptry proteins (ROPs) 
that are of importance for host cell invasion, intracellular survival, 
and interference with host functions (3, 4).

T. gondii isolates collected from North America and Europe 
primarily fall into one of the three distinct clonal lineages, 
types I, II, and III (5), which present a number of different 
phenotypes, such as growth, migration, and transmigration (6). 
The best characterized phenotype is their virulence in labora-
tory mice (7, 8): Type I strains exhibit acute lethal virulence 
[lethal dose (LD100) ≈ 1], whereas types II and III strains are 
much less virulent [median LD50  ≥  105] (9, 10). According to 
previous forward genetic mapping studies, in which Types I, II, 
or III were intercrossed to identify the virulence determinant 
genes, the highly polymorphic rop18 gene was identified as a key 
virulence determinant (11, 12). TgROP18 is a serine/threonine 
kinase secreted from the rhoptry into the parasitophorous vacu-
ole membrane (PVM) and host cytosol during parasite invasion 
(13), of which the Type I strain (ROP18I) (RH strain, GenBank 
accession NO: AFO54817.1) and the Type II strain (ROP18II) 
(ME49, GenBank accession NO: XP_002367757.1) are different 
at 28 amino acid sites.

In murine cells, ROP18I can target and inactivate the 
immunity-related GTPases (IRGs) Irga6 and Irgb6 by phospho-
rylating a critical threonine residue in the switch loop 1 of the 
IRGs, thereby disrupting their accumulation on the PVM and 
protecting the parasites from destruction (14, 15). Although the 
precise molecular functions of TgROP18 in human cells remain 
obscure, it is known that it regulates parasite’s multiplication in 
human cells and host cell apoptosis. It has been reported that 
a Type III strain (CEP) expressing ROP18I showed a dramatic 
increase in replication rate in human foreskin fibroblasts (HFFs) 
in comparison to the wild-type CEP strain without TgROP18 
expression (13). It has also been shown that ROP18I inhibits 
cell apoptosis via the mitochondrial apoptosis pathway in 
human embryonic kidney 293 T cells (16). TgROP18 exerts its 
regulation on some important host cell signaling by interacting 
with its host targets. For instance, ROP18I phosphorylates and 
mediates the degradation of the host endoplasmic reticulum 
(c)-bound transcription factor ATF6β, which is expressed in 
both human and murine cells, resulting in compromised CD8+ 
T  cell-mediated host defense against T. gondii infection (17). 
ROP18I has also been shown to associate with p65, a member 
of the human NF-κB family of transcription factors, and targets 
this protein for ubiquitin-dependent degradation to suppress 
the human NF-κB pathway (18). Despite the important roles 
of the virulence factor TgROP18 in disrupting host cell func-
tions and preserving survival of parasites in human cells, only 
a few binding partners of ROP18I have been determined, and 
the complex regulatory network of protein–protein interactions 
(PPIs) between ROP18I and host cell proteins remains to be 
elucidated. Moreover, very little is known regarding the host 
targets of ROP18II, even though it is functionally expressed in 
Type II strains and is capable of conferring virulence to a Type 
III strain (11, 19).

A previous study has identified eight TgROP18-interacting 
proteins with a yeast two-hybrid (YTH) system (20). However, 
YTH generates a high occurrence of false positives and requires 

that the interacting proteins accumulate in the yeast nucleus (21). 
More recently, by using a protein array approach, Yang et al. have 
identified 68 substrates of the TgROP18 kinase, and four of them 
have been validated as the host targets (22). Although protein 
array is useful for comprehensive screens of protein functions, 
it requires pure functional proteins that are difficult to obtain 
because of the difficulties in expressing the proteins in a soluble 
form with correct folding (23). The bimolecular fluorescence 
complementation (BiFC) technique has been proven to be a use-
ful and efficient tool to study PPIs. The BiFC assay is based on the 
principle that two non-fluorescent fragments [e.g., amino-yellow 
fluorescence protein, NYFP, or carboxyl-yellow fluorescence 
protein, C-terminal fragment of YFP (CYFP)] of a fluorescent 
reporter protein (e.g., yellow fluorescence protein, YFP) can 
refold together and reconstitute the functional fluorescent entity 
when they are in close proximity, for example by fusing to a pair 
of interacting proteins (Figure 1A) (24). Thus, the fluorescence 
intensity is proportional to the amount of formed dimer and can be 
detected by microscopy or flow cytometry (25). Here, we applied 
a high-throughput PPI screening based on BiFC (HT-BiFC) com-
bined with a Gateway cloning system (26) to identify the potential 
TgROP18 (ROP18I and ROP18II) interaction partners within a 
human ORFeome library containing more than 18,000 human 
cDNA clones (27). This screening helped us gain insights into the 
biological functions of TgROP18 in human cells.

MATERIALS AND METHODS

Parasites and Cell Lines
The RH and PRU strains of T. gondii were maintained by serial 
passage in HFFs, as described previously (28). The HFFs (#ATCC 
SCRC-1041), Phoenix (#ATCC CRL-3213), and COS-7 (#ATCC 
CRL-1651) cell lines were purchased from the American Type 
Culture Collection (Manassas, VA, USA). The HTC75 cell line 
was kindly provided by Professor Wenbin Ma (Sun Yat-Sen 
University, Guangzhou, China). Parasites and cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 
#11995065) supplemented with 10% fetal bovine serum (Gibco, 
#16000044) and 1% penicillin/streptomycin (Gibco, #15070063) 
at 37°C in a 5% CO2 incubator.

Antibodies
Anti-NMI rabbit monoclonal antibody (#183724) was obtained 
from Abcam (Cambridge, MA, USA). Anti-FLAG mouse 
monoclonal antibody (#AE005) was obtained from Abclonal 
(Woburn, MA, USA). Anti-HA rabbit monoclonal (#3724) 
and anti-β-Actin rabbit monoclonal (#4970) antibodies were 
obtained from Cell Signaling Technology (Danvers, MA, USA). 
Normal rabbit control IgG (#AB-105-C) was obtained from R&D 
Systems (Minneapolis, MN, USA). Anti-P2RX1 goat polyclonal 
(#sc-31491) and normal goat IgG (#sc-2028) antibodies were 
obtained from Santa Cruz Biotechnology (Dallas, TX, USA). 
Normal mouse IgG (#12-371) was obtained from Sigma-Aldrich 
(Billerica, MA, USA). Mono- and polyubiquitinylated conjugates 
monoclonal (FK2) antibody (#BML-PW8810) was obtained from 
Enzo Life Sciences (Farmingdale, NY, USA).

393

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Figure 1 | Establishment of the HT-BiFC screening system and TgROP18-
interacting proteins. (A) Principle of the bimolecular fluorescence 
complementation (BiFC) assay. The non-fluorescent fragments of a 
fluorescent reporter protein are fused with the proteins of interest and 
expressed in human cells. If the interaction between the proteins of interest 
takes place, the split fragments will be pulled close enough to refold together 
and reconstitute the functional fluorescent entity. (B) Schematic 
representation illustrating the TgROP18/prey BiFC constructs generated in 
the present study. TgROP18 is fused with the N-terminal fragment of YFP 
(NYFP) at the C-terminus, and the prey protein is tethered with the C-terminal 
fragment of YFP (CYFP) at either the N- or C-terminus. (C) Schematic 
representation illustrating the control screening. Non-fused NYFP is mated 
with each CYFP-prey/prey-CYFP constructs. (D) Venn diagram depicting the 
number (percentage) of ROP18I-specific targets (blue), ROP18II-specific 
targets (green), and ROP18I/ROP18II targets (in the middle).
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Plasmid Construction
Total RNA of T. gondii RH and PRU tachyzoites was extracted 
using the RNeasy Plus Mini Kit (#74034, Qiagen, Germantown, 
MD, USA) following manufacturer’s instructions. The cDNA 
fragments of ROP18I (ToxoDB #TGGT1_205250) and ROP18II 
(ToxoDB #TGME49_205250) were amplified by RT-PCR from the 
total RNA of the RH and PRU tachyzoites with the forward primer 
5′-ATAGCGGCCGCAATGTTTTCGGTACAGCG-3′ and the 
reverse primer 5′-GGCGCGCCCTTCTGTGTGGAGATG-3′. 
The cDNAs of ROP18I and ROP18II were then fused with the 
N-terminal fragment (residues 1–155) of yellow fluorescent pro-
tein (NYFP) at the C-terminus to construct the bait vectors, pBabe-
CMV-ROP18I-NYFP-neo and pBabe-CMV-ROP18II-NYFP-neo, 

respectively (Figure 1B). The cDNAs of N-myc and STAT interac-
tor (NMI), interleukin 20 receptor-β (IL20RB), purinergic recep-
tor P2X1 (P2RX1), interleukin 21 (IL21), ubiquitin C (UBC), and 
vimentin were individually amplified by PCR from the human 
ORFeome v3.1 (Open Biosystems) and subcloned into pcDNA3.1 
for eukaryotic expression, or into pEYFP-C1 for expression fused 
with enhanced yellow fluorescent protein. In addition, ROP18I 
and ROP18II cDNAs were, respectively, subcloned into pcDNA3.1 
for eukaryotic expression, and into pECFP-N1 for expression 
fused with enhanced cyan fluorescent protein. All constructs 
were verified by DNA sequencing.

HT-BiFC Assay
The HT-BiFC screening was conducted by Longjie Biotechnology 
Co., Ltd. (Foshan, Guangdong, China). Bait vectors were 
transfected into the packaging cell lines, Phoenix cells, to 
generate the retrovirus, and the harvested retroviruses were 
used to infect HTC75 cells. Stable bait cell lines expressing 
ROP18I-NYFP or ROP18II-NYFP were obtained after 10  days 
of selection with 300  µg/mL G418. Meanwhile, a pool of prey 
vectors were constructed from the human ORFeome v7.1 library, 
containing 18,414 human open reading frames (ORFs), using 
the Gateway recombination system. At the end of the process, 
17,076 colonies with a coverage of 93% of all human ORFs were 
successfully obtained (27). The prey collections were tethered to 
the C-terminal fragment (residues 156–239) of YFP (CYFP) at 
either the N- or C-terminus (pCL-CMV-prey-CYFP-puro and 
pCL-CMV-CYFP-prey-puro) (Figure  1B). CYFP-tagged prey 
retroviruses were produced as mentioned above and used to 
infect the stable NYFP tagged ROP18I (or ROP18II) bait cells. 
Two days after infection, the infected cells were subjected to 
5–10  days of selection with 1  µg/mL puromycin to obtain the 
stable cell lines co-expressing NYFP-tagged ROP18I (or ROP18II) 
and CYFP-tagged prey. All procedures were performed in 
96-well plates, using the Biomek 3000 Laboratory Automation 
Workstation (Beckman Coulter, Brea, CA, USA). The resulting 
diploid cells were then harvested, and the fluorescent cells were 
sorted out using the LSRII flow cytometer equipped with a high-
throughput sampler (BD Biosciences, San Jose, CA, USA), along 
with the HTC75 cells infected with only CYFP-EV retroviruses 
as the negative control group. The positive fluorescent cells were 
harvested and subjected to another round of sorting until the 
desired positive rate (more than 90%) was reached (Figure S1 
in Supplementary Material). mRNAs of the final positive cells 
were extracted and reverse-transcribed into cDNA by RT-PCR 
amplification and were then identified through Illumina/Solexa 
sequencing (29).

To determine the false-positive BiFC signals resulting from the 
self-assembly of the two YFP fragments, a control screening was 
performed, in which a stable bait cell line was generated to express 
NYFP without fusion to ROP18I or ROP18II. The expressed NYFP 
was then mated with each CYFP-prey/prey-CYFP in the prey 
library (Figure 1C). The Original Total Reads of each prey was 
calculated through the high-throughput sequencing analysis of 
the whole prey library, and the NYFP Total Reads were calculated 
through the sequencing analysis of the positive cells obtained 
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from the control screening. A Bias Ratio was then defined as the 
tendency of the NYFP fragment to associate with the CYFP-prey/
prey-CYFP, by comparing the NYFP Total Reads to the Original 
Total Reads for each prey. The higher the Bias Ratio, the higher 
risk of identifying the prey as a positive signal. The preys with a 
Bias Ratio of more than 1% were regarded as false-positives and 
discarded.

SE-FRET Assay
The day before transfection, a total of 1 × 105 COS-7 cells were 
seeded in each well of a 12-well plate with 1 mL DMEM growth 
medium (no antibiotics). When the cells were about 60% to 80% 
confluent, 1 µg of pEYFPC1-NMI (pEYFPC1-IL20RB, pEYFPC1-
P2RX1, pEYFPC1-IL21, pEYFPC1-UBC, or pEYFPC1-vimentin) 
and/or 1 µg of pECFPN1-ROP18I plasmids were transfected into 
COS-7 cells for the experimental groups, using Lipofectamine 
2000 transfection reagent (#11668-019, Invitrogen, Waltham, 
MA, USA). For the negative control group, pECFPN1 and 
pEYFPC1 empty vectors were transfected into the cells, while for 
the positive control group, pECFPN1-EYFP was transfected into 
the cells. At 6 h post-transfection, the medium was replaced with 
fresh complete growth medium.

For the SE-FRET assay, prior to the testing of co-transfection 
samples, the images of the donor (CFP-ROP18I only) and accep-
tor (YFP-prey only) channels were collected to determine the 
spectral bleed-through. The images of the donor, acceptor, and 
FRET channels were simultaneously collected for selection 
of the region of interest during detection of the samples co-
transfected with CFP-ROP18I and YFP-prey. The adjusted fluo-
rescence density was obtained by subtraction of the background 
light density from the fluorescence density of the protein signal. 
The fluorescence signal, FRET efficiency, and distance between 
donor and acceptor were analyzed and calculated using the 
Olympus FluoView FV1000 viewer software (Olympus, Tokyo, 
Japan).

Co-immunoprecipitation (Co-IP) Assay
COS-7 cells overexpressing ROP18I and/or NMI (IL20RB, P2RX1, 
IL21, or vimentin) were prepared as mentioned previously in the 
FRET assay. Cell extracts were prepared by lysing the cells in cell 
lysis buffer (#P0013, Beyotime, Shanghai, China) with 1  mM 
phenylmethanesulfonyl fluoride (#WB-0181, Beijing Dingguo 
Changsheng Biotechnology, Beijing, China). Cell lysates were 
incubated with the primary antibody (anti-NMI rabbit monoclo-
nal antibody anti-HA rabbit monoclonal antibody, anti-P2RX1 
goat polyclonal antibody, or anti-FLAG mouse monoclonal 
antibody) with gentle rotation for 1 h at 4°C. Protein A-Agarose 
(#sc-2001, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was 
then added to the immunoprecipitation reaction with incubation 
overnight at 4°C. The immunoprecipitates were washed four 
times with phosphate-buffered saline and then eluted by boil-
ing with SDS-PAGE loading buffer (#9173, TAKARA, Kusatsu, 
Japan). The eluates were analyzed by western blotting with the 
indicated antibodies, as described previously (28). For the UBC 
experiment, cells were treated with 10 µM proteasome inhibitor 
MG132 (#S1748, Beyotime, Shanghai, China) for 12  h before 
harvesting.

Data Analysis
Each protein sequence and functional information was obtained 
from the UniProt Database (http://www.uniprot.org/). To fur
ther define the biological functions of the TgROP18 interactome, 
the TgROP18-interacting proteins were analyzed using DAVID 
Bioinformatics Resources 6.8 (30, 31) for gene ontology (GO) 
annotation and enrichment analysis. Pathway analyses were 
done using Ingenuity Pathway Analysis (IPA, Ingenuity® Systems, 
www.ingenuity.com) by importing the Entrez GeneID of the 
TgROP18-interacting proteins into online servers. Additionally, 
a combination of the search tool for the retrieval of interact-
ing genes/proteins (STRING) version 10.0 database (32) and 
Cytoscape version 3.4.0 (33) was used to explore and build the 
PPI network. Statistical analysis data are presented as mean ± SD. 
Student’s t-test was utilized for statistical analysis to evaluate the 
significant difference between different groups using IBM SPSS 
Statistics 20.0 (34). Statistical significance was accepted if p < 0.05.

RESULTS

Characterization of the TgROP18 
Interactome
After multiple rounds of flow cytometric sorting, the final positive 
sorting rate of the HTC75 cells co-expressing ROP18I-NYFP and 
CYFP-tagged prey and the HTC75 cells co-expressing ROP18II-
NYFP and CYFP-tagged prey were 93.2 and 98.6%, respectively 
(Figure S1 in Supplementary Material). After background noises 
in sequencing were filtered out using a cutoff value of five in total 
reads, 492 ROP18I (2.88%) and 141 ROP18II (0.83%) interacting 
proteins were identified, compared to control cells (Figure 1D). 
Tables S1 and S2 in Supplementary Material present the list 
of ROP18I- and ROP18II-interacting proteins with their total 
reads, respectively. Based on the specificity of the interaction, 
we classified the interacting proteins into three groups: A. 470 
ROP18I-specific targets; B. 119 ROP18II-specific targets; and C. 
22 targets for both ROP18I and ROP18II (Figure 1D). Regarding 
the ROP18I specific targets, many were ribosomal proteins (e.g., 
RPL23, RPL11, RPL37A, RPS14, and RPS6), GTPases (e.g., 
SAR1B, ARL17B, and RND2), and receptors (e.g., PTPRF, FPR1, 
IL9R, IL20RB, and KLRD1), whereas for the ROP18II specific 
targets, many were transmembrane proteins (e.g., TM4SF20, 
CMTM3, TMEM147, and TMBIM4) and zinc finger proteins 
(e.g., ZNF232, ZSCAN2, ZSCAN32, and ZNF273). Interestingly, 
we found that some humoral regulating factors (e.g., UTS2, CST2, 
and DEFB129) and some enzymes (e.g., DEGS1 and TPO) were 
targeted by both ROP18I and ROP18II.

Among the ROP18I-interacting proteins, CNBP, DCTD, 
NUP160, and PRAC, which had been previously confirmed as 
ROP18I-interacting proteins by a previous human proteome array 
(22), were also identified in our HT-BiFC assay, indicating the 
reliability and quality of our results. In addition to these known 
interactions, 488 interactions of ROP18I with human proteins 
were newly defined in our study. Notably, to our knowledge, our 
findings provided the first report of ROP18II-interacting proteins 
in human cells and specifically identified 141 ROP18II-interacting 
human proteins.
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Figure 2 | Validation of the TgROP18-interacting proteins by SE-FRET assay. (A) Co-localization and FRET interaction of ROP18I with NMI, IL20RB, P2RX1, IL21, 
and UBC. Localization and co-localization of ROP18I and the five indicated candidates are shown in the donor channel (column 1) and the acceptor channel 
(column 2), respectively. The FRET efficiency is shown in column 3, in which a thermal pseudo color-matched FRET signal intensity scale is indicated for each image. 
(B) Quantitative analysis of FRET efficiency and intermolecular distance between ROP18I and the five indicated candidates. Error bars represent the means ± SD of 
triplicates. Student’s t-tests results are between the six experimental groups and NC, *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations: NC, negative control; PC, 
positive control.
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Validation of the TgROP18-Interacting 
Proteins
To further validate the interactions identified by the HT-BiFC 
assay, six ROP18I-interacting proteins (NMI, IL20RB, P2RX1, 
IL21, UBC, and vimentin) with a broad range of total reads 
(169793, 30861, 25144, 2214, 116, and 6, respectively) were 
selected for two independent assays, the SE-FRET assay and the 
Co-IP assay.

In the SE-FRET assay (Figure  2A), the donor and acceptor 
channels show the co-localizations of ROP18I with NMI, IL20RB, 
P2RX1, IL21, or UBC in the cytoplasm, suggesting the potential 
PPIs and their cytoplasmic localization. In addition, positive 
FRET signals were observed in the positive control cells and the 
COS-7 cells co-expressing ROP18I and NMI, IL20RB, P2RX1, 
IL21, or UBC (Figure  2A), yielding significantly higher FRET 
efficiency and less intermolecular distance than negative control 
cells (p < 0.05, see Figure 2B). The SE-FRET results of ROP18I 
and vimentin have been published recently in a study from our 
laboratory (35). These findings demonstrate the stable interactions 

of ROP18I with NMI, IL20RB, P2RX1, IL21, UBC, and vimentin 
in the cytoplasm and are consistent with the HT-BiFC results, 
despite slight differences between the FRET efficiency values and 
total reads.

The interactions were also confirmed by our three replicates 
of Co-IP assays (Figure 3). The results show that in the dually 
transfected cells, ROP18I could be readily detected in the immu-
noprecipitates by using the specific antibodies anti-NMI, HA, 
P2RX1, and FLAG, but not with the control IgG. The Co-IP result 
of ROP18I and vimentin has been published recently in a study 
from our laboratory (35). These results confirmed the consistency 
between the two assays, suggesting the robustness and reliability 
of the HT-BiFC results.

Bioinformatic Analysis of the TgROP18-
Interacting Proteins
To obtain a comprehensive view of the TgROP18 interactome, 
we performed a GO analysis to identify significantly enriched 
functional terms of TgROP18-interacting proteins. The top 
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Figure 3 | Validation of the TgROP18-interacting proteins by co-immunoprecipitation (Co-IP) assay. (A–D) Lysates of COS-7 cells co-overexpressing ROP18I  
and the indicated interacting proteins were immunoprecipitated with the indicated antibodies. Rabbit, mouse, or goat normal control IgG were used as negative 
controls. The immunoprecipitates were detected by SDS-PAGE and western blotting using the antibodies indicated. (E) Lysates of COS-7 cells overexpressing 
ROP18I in the presence of MG132 (10 µM) for 12 h were immunoprecipitated with the anti-FLAG antibody. Endogenous UBC (a smear of bands) was detected  
in the immunoprecipitates through western blotting with anti-FK2 antibody, which recognizes mono- and polyubiquitinylated conjugates.
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five enriched terms within the “Biological Process” ontology 
category, together with their protein counts and p-values, are 
shown in Figure  4. The results reveal that both ROP18I and 

ROP18II-interacting proteins were significantly enriched in a 
variety of biological processes (p < 0.05). As expected, ROP18I-
interacting proteins were significantly overrepresented in the 
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Figure 4 | Top five enriched biological processes for ROP18I (A) and ROP18II-interacting proteins (B) identified by GO analysis. (A) ROP18I-interacting proteins 
were significantly overrepresented in the biological processes of apoptotic process, protein transport, inflammatory response, protein targeting to membrane, and 
translation. (B) ROP18II-interacting proteins were significantly overrepresented in the biological processes of defense response, innate immune response, 
cytoskeleton organization, catalytic activity, and endopeptidase activity.
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biological processes of apoptotic process (p = 2.7 × 10−2), inflam-
matory response (p = 1.1 × 10−2), and protein targeting to mem-
brane (p = 8.7 × 10−5), and for ROP18II, we also added host targets 
to the expected biological processes, including defense response 
(p = 7.8 × 10−3) and innate immune response (p = 4.0 × 10−2). 
In addition to the roles of TgROP18 in the expected biological 
processes mentioned above, interesting roles of ROP18I in pro-
tein transport (p = 3.0 × 10−2) and translation (p = 8.5 × 10−5), 
and ROP18II in cytoskeleton organization (p  =  6.9  ×  10−3), 
catalytic activity (p  =  2.2  ×  10−2), and endopeptidase activity 
(p = 6.1 × 10−3) were also identified with great significance.

To elucidate whether the TgROP18-interacting proteins 
were functionally related, we conducted a deeper exploration 
of the PPI networks by using the STRING 10.0 database. By 
applying a medium confidence (p  >  0.4), 353 (71.7%) of 
the ROP18I-interacting proteins were tied to a single large 
network with a PPI enrichment p-value <  0.001; whereas for 
the ROP18II-interacting proteins, 55 (39.0%) were enriched in 
a large PPI network, with a PPI enrichment p-value of 0.009 
(Figure  5), which indicated that each one of the two sets of 
interacting proteins were biologically connected as a network 
with a significantly greater number of interactions, rather 
than as a random set of proteins. As shown in Figure 5A, 785 
edges (PPIs) were observed among the 353 ROP18I-interacting 
proteins, and seven protein–protein-interacting clusters were 
evident in the network, such as a cluster of ribosomal proteins 
containing RPS4X, RPL35, RPL23, RPL37A, and RPS6; a cluster 
of chemokines containing CXCL6, CXCL5, CCL19, CXCL11, 
and CXCL10; and a cluster of interleukins containing IL2, IL9, 
IL21, and IL24. Notably, UBC was observed as a main hub situ-
ated in the core of the network with 211 edges. Among the 55 
ROP18II-interacting proteins, 44 edges and four protein–pro-
tein-interacting clusters were determined by STRING analysis 
(Figure 5B). The cytoskeleton proteins ACTL7B, TUBB6, and 
TBCB were in close proximity and formed a cluster; TNS3 and 
UTS2 tensins were closely clustered with a tachykinin, TAC1; 
several functional regulators, such as TBRG4, PPIA, S100A1, 
and FKBP4 were tied together as a cluster; and several disease-
related proteins, such as SNCG, STMN1, SSSCA1, and S100A16, 
were identified to be clustered.

By using the IPA database, we carried out an Ingenuity path-
way analysis to further investigate the significant human signal-
ing pathways influenced by ROP18I/ROP18II. Among the 492 
ROP18I-interacting proteins, 71 (14.4%) were mapped to 34 path-
ways, and 13 (9.2%) out of the 141 ROP18II-interacting proteins 
were mapped to 16 pathways in total. All the involved significant 
pathways with their p-values and associated molecules are listed 
in Table S3 in Supplementary Material. The top five enriched 
pathways for the ROP18I and ROP18II-interacting proteins shown 
in Figure 6 were closely related to cell growth, cytokine signal-
ing, and cellular immune response. For the ROP18I-interacting 
proteins, MRAS was involved in the higher number of pathways, 
followed by ATM; whereas for the ROP18II-interacting proteins, 
human leukocyte antigen (HLA)-DRB5 was involved in the 
higher number of pathways, followed by HLA-DQA1.

DISCUSSION

Protein–protein interaction plays indispensable roles in struc-
turing and regulating biological processes in all biological 
systems. The “protein-protein interactome” refers to the whole 
union of all PPIs in a particular cell or organism (36). In addi-
tion to serving as a foundation for more detailed studies on 
the prediction of protein functions or disease associated genes  
(37, 38), interactome mapping has become a critical and powerful 
postgenomic research tool that facilitates a better understanding 
of genotype-to-phenotype relationship and biological systems 
(39). TgROP18, which is a key virulence determinant of T. gondii, 
modulates the host cell and mediates the parasite virulence by 
interacting with host proteins. However, only a few host targets 
of ROP18I have been identified, and knowledge about the host 
targets of ROP18II is still very limited.

The BiFC technique is an effective and robust tool for 
studying PPIs, as it enables not only the direct visualization of 
the occurrence and subcellular localization of PPIs in live cells 
(40, 41) but also the detection of weak or transient interactions 
due to the strong signal and high stability of the reconstituted 
fluorescent complex (25, 42). In the present study, we used a 
genome-wide BiFC-based proteomic approach to profile the 
TgROP18 (ROP18I and ROP18II) interactome in human cells. 
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Figure 5 | Protein–protein interaction (PPI) networks of the TgROP18-interacting proteins. (A) Among the ROP18I-interacting proteins, 353 (71.7%) are tied to a 
single large network with 785 edges. (B) Among the ROP18II-interacting proteins, 55 (39.0%) are enriched in a PPI network with 44 edges.
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Figure 6 | Top five enriched pathways for ROP18I (A) and ROP18II (B) interacting proteins. The stacked bar chart indicates the number of proteins overlapped with 
the database, and the connected orange points represent the logarithm of the p-values.
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Compared with control cells, a total of 492 ROP18I and 141 
ROP18II-interacting proteins were identified. Among these 
proteins, six of them, NMI, IL20RB, P2RX1, IL21, UBC, and 
vimentin, were further confirmed as authentic ROP18I targets 
by our SE-FRET and Co-IP assays and, furthermore, four of 
them, CNBP, DCTD, NUP160, and PRAC, had been previously 
reported as TgROP18 substrates by a human protein array (22). 
All of these results confirming the TgROP18 targets have strongly 
supported the power of our HT-BiFC assay. In this HT-BiFC 
assay, the NYFP- or CYFP-tagged prey collections covered 93% 
of all human ORFs, facilitating a much more complete and 
previously unavailable description of the TgROP18 interactome. 
We also newly identified 488 ROP18I-interacting proteins when 
compared to the two previous screenings for ROP18I targets (20, 
22). Such findings have demonstrated the significant advantages 
of the BiFC system to detect not only strong binding, but also 
transient or weak PPIs that would often be missed by using YTH 
and protein arrays (20, 22). The discovery of the novel TgROP18-
interacting proteins have also shown the differences between the 
experimental methods used in the present study and in previous 
studies using YTH (20) and protein array methods (22), which 
analyzed the PPIs in yeast or in vitro. To our knowledge, ours is 
the first study to report the TgROP18 interactome in the natural 
cellular context. Our data appears to be highly complementary to 
the existing information about TgROP18, and the newly identi-
fied TgROP18-interacting proteins will be potential candidates 
for further investigations into the regulatory roles of TgROP18 
in human cells.

TgROP18 and Immune Response
During T. gondii infection, immune defense against the parasite 
is strongly induced in its mammalian hosts, and T cell-mediated 
immune response plays a key role in this defense (43, 44). In our 
results, most TgROP18-interacting proteins were associated to 
the processes of immune response, including innate immune 
response, antigen presentation, activation and chemotaxis of 

naïve T  lymphocytes, and cytotoxic reaction of effector T  lym-
phocytes (Figure 7).

Innate immune response provides a first line of defense 
against T. gondii infection and is essential for the activation of 
the adaptive immune response (45). Following the infection of 
T. gondii, innate cells, including macrophages, dendritic cells, 
and neutrophils, are recruited to the sites of infection, produc-
ing proinflammatory cytokines, phagocytizing the parasites, or 
generating reactive chemical substances in order to inhibit the 
replication and dissemination of the parasites (46–49). Human 
NPY, LGALS1, S100A12, SAA1, and TREM1 have been reported 
as regulators of innate immunity, modulating the innate immune 
functions by controlling the innate cells physiology and cytokines 
release (50–55). In this study, NPY, LGALS1, and TREM1 were 
found as targets of ROP18I, and S100A12, SAA1, and TREM1 
were targets of ROP18II. These results indicate a potential role 
of TgROP18 in manipulating and disarming the host innate 
immune response, which may contribute to the increase in para-
sites’ survival in infected cells.

Antigen presentation is the first step for induction of T cell-
mediated response (56). Infection with T. gondii provides a 
strong stimulus for antigen-specific CD4+ and CD8+ T  cells, 
which suggests that the parasite antigens are efficiently acquired 
by APCs and presented to antigen-specific T lymphocytes during 
infection. It has been reported that intermediate filament protein 
vimentin plays a key role in antigen presentation, and disruption 
of vimentin in Langerhans cells results in failed antigen presenta-
tion of these cells (57). HLA molecules have also been known to 
carry out an indispensable role in antigen processing and pres-
entation, by binding the pathogen antigens and displaying them 
on the cell surface for recognition by T lymphocytes (56). In this 
study, we found an interaction between ROP18I and vimentin, 
and this interaction was confirmed by FRET and Co-IP assays 
(35). Moreover, HLA-DQA1 and HLA-DRB5 were identified as 
the targets of ROP18II. These results suggest that TgROP18 may 
confer the virulence to the parasite and exert its influence on 
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Figure 7 | TgROP18-interacting proteins involved in the immune response. Numerous ROP18I (red circles) and ROP18II (blue circles) identified interacting proteins 
related to the processes of immune response. During T. gondii infection, innate immune response acts rapidly to provide the first line of defense and activate the 
adaptive immune response, with release of proinflammatory cytokines by macrophages, dendritic cells, and neutrophils. In the milieu of proinflammatory cytokines, 
T cell-mediated immune response is initiated when naïve CD4+ or CD8+ T cells encounter the parasite antigens presented by antigen presenting cells (APCs).  
Once the antigen-specific T lymphocytes are activated, they proliferate, differentiate, and traffic to the sites of infection, protecting the host by exhibiting cytotoxic 
T lymphocyte (CTL) activities toward infected cells.
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human cellular immunity by forming PPIs with the key proteins 
involved in antigen processing and presentation.

Once the T lymphocytes are specifically sensitized by exposure 
to the parasite antigens, they undergo proliferation and differ-
entiation, which is regulated by inflammatory cytokines (58). 
Proinflammatory cytokines, such as IL-2 and IL-21, are pivotal 
mediators in triggering development of T cell populations and 
effector functions against T. gondii infection mediated by T lym-
phocytes. Though the IL-2 response is not potently induced 
during T. gondii infection (59), IL-2−/− mice have a defect in pro-
duction of IFN-γ and exhibit poor CD8+ T cell responses against 
the parasite (60). In addition, Khan et al. have reported that in 
mice lacking functional IL-21, expression of co-stimulatory 
molecules on CD8+ T cells is strongly downregulated by T. gondii 
infection, and in the absence of IL-21 receptors, the functions of 
CD8+ T cells are significantly affected (61). In the present study, 
we identified IL-2 and IL-21 as the host targets of ROP18I. In par-
ticular, IL-21 was further confirmed as the ROP18I-interacting 
protein by FRET and Co-IP assays (Figures 2 and 3). These data 

suggest that ROP18I may inhibit the activation and development 
of host T lymphocytes by targeting the key cytokines, resulting in 
the dysregulation of T cell-mediated immunity.

During T. gondii infection, multiple chemokines are upregu-
lated, contributing to T cells entry into the sites of infection and 
targeting of parasites (62). In murine ocular and cerebral toxo-
plasmosis, there is a significant increase in the expression levels 
of CXCL10 and CXCL11 over the course of infection (63, 64).  
CCL19 is a vital chemokine in multiple immunological 
processes, including generation of thymocytes, promotion of 
regulatory T cells activity, and homing of leukocytes (65–67). 
The family of β-defensins (DEFB) consists of a number of 
cationic host defense peptides, such as DEFB4A and DEFB4B, 
which play a dual role in both innate and adaptive immune 
response (68). In this study, chemokines CXCL5, CXCL6, 
CXCL10, CXCL11, CCL19, and XCL1 were identified as the 
ROP18I-interacting proteins, and DEFB4A and DEFB4B were 
identified as the ROP18II targets, which indicate a regulatory 
role of TgROP18 in human chemokines, enabling the parasite to 
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interfere with the host immune responses and finally promote 
parasite’s survival.

After being attracted to the sites of infection, the antigen-
specific effector T lymphocytes display strong effector functions 
toward infected cells for host protection (69). SH2D1A (or sign-
aling lymphocytic activation molecule-associated protein, SAP) 
is an adaptor protein that regulates signaling through signaling 
lymphocytic activation molecule family receptors expressed on 
T lymphocytes and NK cells (70). Mutations in the sh2d1a gene 
or lack of SH1D2A protein show a significant decrease in the 
production of IFN-γ, resulting in disruption of cytotoxic T lym-
phocyte (CTL) function and defective lytic activity against EBV-
positive target cells (71). In our study, we identified SH2D1A as a 
host target of ROP18I. Given the importance of SH2D1A in CTL 
activities, being targeted by ROP18I may lead to impaired func-
tion of SH2D1A, thereby decreasing cytotoxic activity against  
T. gondii infection.

TgROP18 and Apoptosis
Apoptosis is a programmed, regulated form of cell death that 
permits the active and safe self-destruction of the cell (72). 
It plays a major role in cell development, tissue homeostasis, 
immune defense, and protection against tumorigenesis (73).  
T. gondii appears to use various strategies to interfere with host cell 
apoptosis through both pro-apoptotic and anti-apoptotic activi-
ties. Such complex dual activities of the parasite may be crucial 
for stable host-parasite interaction and sustained toxoplasmosis  
(74, 75). After acute infection, increased apoptosis of immune 
cells induced by T. gondii may suppress the immune responses 
against the parasite, thereby leading to immune evasion. On 
the other hand, inhibition of host cell apoptosis may serve as a 
mechanism for preserving intracellular replication and long-term 
survival of the parasite (76).

TgROP18 has been shown to use a variety of mechanisms, 
including the mitochondrial pathway, to modulate the host cell 
apoptosis (16). As a mitochondrial inner membrane protein, 
HIGD1A inhibits cytochrome c release and reduces caspases acti
vities, thus suppressing the mitochondrial pathway of apoptosis 
(77). IGF1R, which is a tyrosine kinase, acts as an anti-apoptotic 
agent by upregulating the expression of anti-apoptotic members 
of the BCL2 family. Inhibition of IGF1R not just leads to reduced 
anti-apoptotic BCL2 proteins, but also increases expression of 
proapoptotic Bax/Bak-like BCL2 proteins and cleavage of caspase 
3 (78). In our research, we found that HIGD1A and IGFIR were 
targeted by ROP18I, suggesting that these host proteins might 
be significant for ROP18I to manipulate human cell apoptosis 
through the mitochondrial pathway.

The death receptor pathway is another major pathway of 
apoptosis. Fas apoptotic inhibitory molecule (FAIM) is a death 
receptor antagonist that protects the cell from Fas-induced 
apoptosis by inhibiting auto-ubiquitinylation and proteasome-
dependent degradation of the apoptotic suppressor protein 
XIAP (79). Cells overexpressing FAIM show increased resistance 
to apoptosis triggered by the death receptor, and suppression 
of FAIM expression protects the cell against death receptor-
induced apoptotic cell death (80). We found an interaction 
between ROP18I and FAIM in this study, which suggested that 

the parasite might interfere with the death receptor pathway of 
host cell apoptosis through targeting the key component in this 
pathway by TgROP18.

The ER is a central cellular organelle responsible for several 
crucial biological processes, and ER stress condition can trigger 
cell apoptosis when the stress is prolonged and severe (81). It has 
been reported that T. gondii can induce apoptosis of host cells via 
the ER stress pathway by upregulating the expression of C/EBP 
homologous protein, c-JUN NH2-terminal kinase, and activated 
caspase 12 (82, 83). Furthermore, ROP18I exerts a facilitated 
effect on the ER stress-induced apoptosis of the host cell by 
increasing the expression levels of the key molecules involved 
in the pathway (84). Consistent with this, two human proteins, 
PPT1 and PSMD10, which were involved in the ER stress-induced 
apoptosis, were identified as the ROP18II-interacting proteins in 
our HT-BiFC assay. PPT1 is a lysosomal enzyme that is associated 
with the depalmitoylation and degradation of S-acylated proteins. 
PSMD10, also named as p28, suppresses ER stress-induced apop-
tosis by upregulating the expression of GRP78 and promoting the 
recovery of the cell from ER stress (85). Considering the signifi-
cant roles of PPT1 and PSMD10 in ER stress-induced apoptosis, 
disruption of PPT1 and PSMD10 by ROP18II may facilitate the 
ER stress-induced apoptosis of host cells, leading to restricted 
immune responses and high parasite burden. Our study suggests 
a pleiotropic role of TgROP18 in altering the host cell apoptosis 
through multiple targets and pathways, providing a new and bet-
ter understanding of this pathological process.

CONCLUSION

Identification of the host targets of T. gondii effectors is important 
to reveal host-parasite interaction. We used high-throughput 
PPI screening based on BiFC for the first time to identify the 
human host proteins targeted by the T. gondii key virulence 
factor TgROP18. In total, 492 and 141 human proteins were 
identified as the targets of ROP18I and ROP18II, respectively. 
These TgROP18-interacting proteins were involved in crucial 
pathways related to immune response and apoptosis. Our find-
ings characterized an interactome of TgROP18 in human cells 
and described novel regulatory roles of TgROP18 on host cell 
functions. The analysis of the ROP18I and ROP18II PPIs networks 
would be useful to reveal the strategies of T. gondii virulence 
elicitation and the regulatory mechanisms of human responses 
to T. gondii infection.
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Infection with the helminth parasite Strongyloides stercoralis (Ss) is commonly clinically 
asymptomatic that is often accompanied by peripheral eosinophilia. Granulocytes are 
activated during helminth infection and can act as immune effector cells. Plasma levels 
of eosinophil and neutrophil granular proteins convey an indirect measure of granulocyte 
degranulation and are prominently augmented in numerous helminth-infected patients. 
In this study, we sought to examine the levels of eosinophil, neutrophil, and mast cell 
activation-associated granule proteins in asymptomatic Ss infection and to understand 
their kinetics following anthelmintic therapy. To this end, we measured the plasma levels of 
eosinophil cationic protein, eosinophil-derived neurotoxin, eosinophil peroxidase, eosin-
ophil major basic protein, neutrophil elastase, myeloperoxidase, neutrophil proteinase-3, 
mast cell tryptase, leukotriene C4, and mast cell carboxypeptidase-A3 in individuals with 
asymptomatic Ss infection or without Ss infection [uninfected (UN)]. We also estimated 
the levels of all of these analytes in infected individuals following definitive treatment 
of Ss infection. We demonstrated that those infected individuals have significantly 
enhanced plasma levels of eosinophil cationic protein, eosinophil-derived neurotoxin, 
eosinophil peroxidase, eosinophil major basic protein, elastase, myeloperoxidase, mast 
cell tryptase, leukotriene C4, and carboxypeptidase-A3 compared to UN individuals. 
Following the treatment of Ss infection, each of these granulocyte-associated proteins 
drops significantly. Our data suggest that eosinophil, neutrophil, and mast cell activation 
may play a role in the response to Ss infection.

Keywords: eosinophils, neutrophils, mast cells, granular proteins, helminths, Strongyloides stercoralis

INTRODUCTION

Strongyloides stercoralis (Ss), an intestinal parasitic nematode, infects 30–100 million people world-
wide (1). The clinical manifestation of Ss can range from clinically asymptomatic to, at its most severe, 
a potentially fatal disseminated infection. Granulocytes are activated during helminth infection 
and act as immune effector cells. In vitro granulocyte mediated immunity against helminths can be 
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Table 1 | Baseline demographics of the study population.

Study demographics Ss infected (INF) Ss uninfected (UN)

Number 60 58
Gender (male/female) 33/27 35/23
Median age (range) 36 (20–65) 39 (20–60)
NIE ELISA Positive Negative
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attained through antibody-dependent cell-mediated cytotoxicity, 
and antibody attaches to the parasite’s cell surface and triggers 
degranulation and extrusion of toxic granule contents against the 
parasite (2).

In healthy people, eosinophils normally constitute only 2–5% 
of peripheral leukocytes. However, during active helminth infec-
tion, the eosinophils fraction in the blood can increase to more 
than 40% (3). Eosinophils have eosinophil-specific toxic proteins 
stored in their secondary granules. These include eosinophil 
cationic protein (ECP), eosinophil peroxidase (EPX), eosinophil-
derived neurotoxin (EDN), and eosinophil major basic protein 
(MBP). ECP, EPX, and MBP are potent helminth toxins (4). MBP 
can provoke histamine release from mast cells; however, EDN 
and ECP can act as ribonucleases (4, 5). Experimental helminth 
infection studies revealed that eosinophils accumulate in the gas-
trointestinal tract, where it is believed that they assist to eliminate 
parasites (6). Interestingly, evidence suggests that there could be 
dissimilarities in the mechanisms of eosinophil-mediated killing 
among different life cycle stages of the same parasite (7).

Among granulocytes, neutrophils are effective at phagocytosis, 
and they can engulf and execute microorganisms by producing 
reactive oxygen intermediates in phagolysosomes. Conversely, 
helminths are very large to be phagocytosed, and as a outcome, 
the function of neutrophils in helminth-driven effector responses 
has been ignored till now (2). Neutrophils can be defensive against 
nematode parasites, and this has been exhibited conclusively in 
the Strongyloides sp. model (8). Like neutrophils, granulocytes 
are also critical in controlling Streptococcus ratti in mice (9). 
Myeloperoxidase (MPO) purified from human neutrophils is 
toxic to Trichinella spiralis and Schistosoma mansoni (10, 11) and 
functions in killing S. stercoralis larvae (12). Neutrophil elastase 
(NE) secreted following contact with S. mansoni is potentially 
toxic to a number of stages of this parasite (13).

Mast cells also play an important role in parasitic infec-
tions and have been implicated in the regulation of innate and 
adaptive immune responses following infection (14). Helminth 
infections are associated with elevations in tissue mast cell num-
bers (15). In the presence of helminth antigens, FcεRI receptor 
provokes mast cell degranulation, which results in the release 
of mast cell tryptase (MCT), carboxypeptidase-A3 (CPA-3), 
and leukotriene C4 (LTC4), which has direct cytotoxic effect 
on helminths (15, 16). During helminth infection, studies have 
revealed that mast cells are crucial in the expulsion of several 
helminth species from the gastrointestinal tract (17) including 
T. spiralis, Nippostrongylus brasiliensis, and S. ratti in rodent 
models (18, 19).

In this study, we wanted to characterize the presence and 
persistence of eosinophil, neutrophil, and mast cell degranulation 
proteins in Ss infection before and after treatment. We hypoth-
esized that the plasma levels of granular proteins would reflect the 
activation profile of these important granulocyte subsets and its 
association to Ss infection. To this end, we measured the plasma 
levels of eosinophil granular proteins (ECP, EDN, EPX, and 
MBP), neutrophil granular proteins [NE, MPO, and proteinase-3 
(PTN-3)], and mast cell granular proteins and mediators (MCT, 
LTC4, and CPA-3) in Ss-infected (INF) and Ss-uninfected (UN) 
individuals. Plasma levels of ECP, EPX, EDN, MBP, NE, MPO, 

MCT, LTC4, and CPA-3 levels were all significantly increased in 
Ss infection compared to those without Ss infection. These levels 
decreased significantly after anthelmintic treatment.

MATERIALS AND METHODS

Ethics Statement
All participants were examined as a part of a natural history study 
protocol (12-I-073) approved by Institutional Review Boards of 
the National Institute of Allergy and Infectious Diseases (USA) 
and the National Institute for Research in Tuberculosis (India), 
and informed written consent was obtained from all participants.

Study Population
We studied a total of 118 individuals including of 60 clinically 
asymptomatic, INF individuals and 58 UNF, endemic healthy 
individuals in Tamil Nadu, South India (Table 1). These individu-
als were all enrolled from a rural population. None had previous 
anthelmintic treatment, a history of helminth infections, or HIV. 
The INF individuals were followed up after 6 months of anthel-
mintic treatment.

Strongyloides stercoralis infection was detected by measuring 
IgG antibodies to the recombinant NIE antigen, as explained else-
where (20, 21). Further confirmation was done using specialized 
stool examination with nutrient agar plate cultures (22). None of 
the study population had lymphatic filariasis (based on ELISA) 
or other intestinal helminths (based on the stool microscopy). 
All INF individuals were treated with single doses of ivermectin 
and albendazole, and follow-up blood draws were collected after 
6 months. Treated individuals were Ss infection negative by stool 
microscopy at 6  months posttreatment (post-T). All UN indi-
viduals were negative for anti-Ss-NIE and for filarial and other 
intestinal helminths.

Measurement of Hematological 
Parameters
Hematological parameters were measured from fresh venous 
EDTA blood samples on all individuals using an ACT 5 Diff. 
hematology analyzer (Beckman Coulter, Brea, CA, USA).

Measurement of Eosinophils, Neutrophils, 
and Mast Cell Granular Proteins
Plasma levels of ECP, EDN, EPX, MBP (MyBiosource, Inc., San 
Diego, CA, USA), MPO, PTN-3 (R&D Systems, Minneapolis, 
MN, USA), NE (Cell Sciences Hycult Biotech, Canton, MA, USA), 
MCT, LTC4, and CPA-3 were measured using the Mybiosource 
ELISA kits (MyBiosource, Inc., San Diego, CA, USA), followed 
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Figure 1 | Strongyloides stercoralis (Ss) infection is associated with elevated absolute neutrophil and eosinophil counts and reversal following treatment.  
(A) Absolute counts of hematological parameters from Ss-infected (INF; n = 60) or uninfected (UN; n = 58) individuals were measured. Data are shown as scatter 
plots with the bar representing the geometric mean. p Values were calculated using the Mann–Whitney test with Holm’s correction for multiple comparisons.  
(B) Absolute counts of hematological parameters from Ss-infected pretreatment (pre-T; n = 60) and 6 months after treatment posttreatment (post-T) individuals  
were measured. p Values were calculated using the Wilcoxon matched pair test with Holm’s correction for multiple comparisons.
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the manufacturer’s protocol. The detection limits were as follows: 
ECP, 1.56–100 ng/ml; EDN, 0.625–40 ng/ml; EPX, 78–5,000 pg/
ml; MBP, 0.468–30  ng/ml; MPO, 62.50–4,000  pg/ml; PTN-3, 
15.6–1,000  pg/ml; NE, 0.4–25  ng/ml; MCT, 3.12–100  ng/ml; 
LTC4, 78–5,000  pg/ml; and CPA-3, 0.78–50  ng/ml. We have 
assigned the lowest standard value to the samples that were below 
the threshold of detection.

Statistical Analysis
Data analyses were done using GraphPad PRISM 7 (GraphPad 
Software, Inc., San Diego, CA, USA). Central tendency was 
calculated using geometric mean (GM). Nonparametric Mann–
Whitney U test and Wilcoxon matched pair test were used to 
calculate the statistical significant difference. Multiple compari-
sons were corrected using the Holm’s correction. JMP 13 (SAS) 
software was used to perform Spearman rank correlation matrix.

RESULTS

Ss Infection Is Associated with Elevated 
Absolute Neutrophil and Eosinophil 
Counts and Reversal following Treatment
As shown in Table 1, there was no significant difference in age or 
gender between the two groups. We measured the hematological 
parameters in the two groups. As shown in Figure 1A, INF had 
significantly enhanced levels of neutrophils (GM of 6,566/μl in 
INF Vs GM of 4,848/μl in UN; p = 0.0001) and eosinophils (GM 
of 550/μl in INF vs GM of 281/μl in UN; p < 0.0001) in comparison 
with UN individuals. The other hematological parameters did not 
show any significant difference between the two groups. Upon 

anthelminthic treatment, the absolute numbers were significantly 
reversed. As shown in Figure 1B, absolute counts of neutrophils 
[GM of 6,566/μl in pretreatment (pre-T) vs GM of 6,000/μl in 
post-T; p < 0.0001] and eosinophils (GM of 550/μl in pre-T Vs 
GM of 483/μl in post-T; p < 0.0001) were significantly decreased. 
Other hematological parameters did not show any significant 
changes following treatment.

Ss Infection Is Associated with Elevated 
Levels of Eosinophils, Neutrophils, and 
Mast Cell Granular Proteins
To characterize the role of eosinophils, neutrophils, mast cell 
granular proteins, and lipid mediators in Ss infection, we meas-
ured the plasma levels of eosinophil granular proteins (ECP, 
EDN, EPX, and MBP), neutrophil granular proteins (NE, MPO, 
and PTN-3), mast cell granular proteins, and lipid mediator 
(MCT, LTC4, and CPA-3) in INF and UN individuals. As shown 
in Figure 2A, INF had significantly higher levels of ECP (GM of 
71.18 ng/ml in INF vs. 48.59 ng/ml in UN; p = 0.0007), EDN (GM 
of 1.811 ng/ml in INF vs. 1.014 ng/ml in UN; p = 0.0072), EPX 
(GM of 1,1945 ng/ml in INF vs. 7,407 ng/ml in UN; p = 0.0065), 
and MBP (GM of 288.4  ng/ml in INF vs. 223.7  ng/ml in UN; 
p  =  0.0464) in comparison to UN individuals. As shown in 
Figure 2B, INF had significantly enhanced levels of NE (GM of 
8,456 ng/ml in INF vs. 6,422 ng/ml in UN; p = 0.0363) and MPO 
(GM of 45.12 pg/ml in INF vs. 37.26 pg/ml in UN; p = 0.0340) 
in comparison to UN individuals. As shown in Figure 2C, INF 
had significantly increased levels of MCT (GM of 8,456 ng/ml in 
INF vs. 6,422 ng/ml in UN; p = 0.0363), LTC4 (GM of 45.12 pg/ml  
in INF vs. 37.26 pg/ml in UN; p = 0.0340), and CPA-3 (GM of 
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Figure 2 | Strongyloides stercoralis (Ss) infection is associated with elevated levels of eosinophils, neutrophils, and mast cell granular proteins. (A) Plasma levels of 
eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), eosinophil peroxidase (EPX), and major basic protein (MBP), from Ss-infected (INF; n = 60) or 
Ss-uninfected (UN; n = 58) individuals were measured by ELISA. Data are shown as scatter plots with the bar representing the geometric mean. p Values were 
calculated using the Mann–Whitney test. (B) Plasma levels of plasma levels of neutrophil elastase (NE), myeloperoxidase (MPO), and proteinase-3 (PTN-3) from  
(INF; n = 60) or (UN; n = 58) individuals were measured by ELISA. Data are shown as scatter plots with the bar representing the geometric mean. p Values were 
calculated using the Mann–Whitney test. (C) Plasma levels of plasma levels of mast cell tryptase (MCT), leukotriene C4 (LTC4), and carboxypeptidase A-3 (CPA-3) 
from INF (n = 60) or UN (n = 58) individuals were measured by ELISA. Data are shown as scatter plots with the bar representing the geometric mean. p Values  
were calculated using the Mann–Whitney test with Holm’s correction for multiple comparisons.
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45.12 pg/ml in INF vs. 37.26 pg/ml in UN; p = 0.0340) in com-
parison to UN individuals.

Ss Infection Is Associated with Decreased 
Levels of Eosinophils, Neutrophils, and 
Mast Cell Granular Proteins following 
Anthelminthic Treatment
To determine the outcome of treatment on the levels of these 
granulocyte-associated proteins in those with Ss infection, all 
INF individuals were treated, and the levels of eosinophil granular 

proteins (ECP, EDN, EPX, and MBP), neutrophil granular pro-
teins (NE, MPO, and PTN-3), and mast cell products (MCT, 
LTC4, and CPA-3) were measured in INF individuals before 
and after anthelminthic treatment. As shown in Figure  3A, 
the systemic levels of ECP (GM of 71.18  ng/ml in pre-T vs. 
57.78 ng/ml in post-T; p = 0.0007), EDN (GM of 1.811 ng/ml 
in pre-T vs. 1.365 ng/ml in post-T; p =  0.0006), EPX (GM of 
1,1945 ng/ml in pre-T vs. 1,1146 ng/ml in post-T; p = 0.0005), 
and MBP (GM of 288.4 ng/ml in pre-T vs. 167 ng/ml in post-
T; p = 0.0084) were significantly decreased in INF individuals 
following anthelmintic treatment. For the neutrophil-associated 
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Figure 3 | Strongyloides stercoralis (Ss) infection is associated with decreased levels of eosinophils, neutrophils, and mast cell granular proteins following 
anthelminthic treatment. (A)  Plasma levels of eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), eosinophil peroxidase (EPX), and major basic 
protein (MBP), from Ss-infected pre treatment (pre-T; n = 60) and 6 months following treatment from posttreatment (post-T) individuals were measured by ELISA. 
p Values were calculated using the Wilcoxon matched pair test. (B) Plasma levels of neutrophil elastase (NE), myeloperoxidase (MPO), and proteinase-3 (PTN-3) 
from Ss infected (pre-T; n = 60) and 6 months following treatment from post-T individuals were measured by ELISA. p Values were calculated using the Wilcoxon 
matched pair test. (C) Plasma levels of mast cell tryptase (MCT), leukotriene C4 (LTC4), and carboxypeptidase A3 (CPA-3) from Ss-infected (pre-T; n = 60) and 
6 months following treatment from post-T individuals were measured by ELISA. p Values were calculated using the Wilcoxon matched pair test with Holm’s 
correction for multiple comparisons.
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proteins, as shown in Figure 3B, the systemic levels of NE (GM 
of 8,456 ng/ml in pre-T vs. 4,491 ng/ml in post-T; p = 0.0081) 
and MPO (GM of 45.12 pg/ml in pre-T vs. 36.58 pg/ml in post-T; 

p = 0.0088) were significantly decreased in INF individuals fol-
lowing anthelmintic treatment. Furthermore, the systemic levels 
of MCT (GM of 8,456 ng/ml in pre-T vs. 4,491 ng/ml in post-T; 
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Figure 4 | Relationship between eosinophil, neutrophil, and mast cell  granular protein levels and absolute numbers of eosinophils, neutrophils, and basophils in 
Strongyloides stercoralis (Ss)-infected individuals and following anthelminthic treatment. (A) The absolute count of eosinophils was correlated with plasma levels of 
eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), eosinophil peroxidase (EPX), and major basic protein (MBP); the absolute count of neutrophils 
was correlated with plasma levels of neutrophil elastase (NE), myeloperoxidase (MPO), and proteinase-3 (PTN-3), and the absolute count of neutrophils were 
correlated with plasma levels of mast cell tryptase (MCT), leukotriene C4 (LTC4), and carboxypeptidase A-3 in Ss-infected individuals (n = 60). (B) The absolute 
count of eosinophils correlation with plasma levels of ECP, EDN, EPX, and MBP; the absolute count of neutrophils correlation with plasma levels of NE, MPO, and 
PTN-3; and the absolute count of neutrophils correlation with plasma levels of MCT, LTC4, and carboxypeptidase A-3 (CPA-3) in Ss-infected following anthelmintic 
treated individuals (n = 60). p and r values were calculated using the Spearman rank correlation test using JMP software.
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p = 0.0081), LTC4 (GM of 45.12 pg/ml in pre-T vs. 36.58 pg/ml 
in post-T; p = 0.0088), and CPA-3 (GM of 45.12 pg/ml in pre-T 
vs. 36.58  pg/ml in post-T; p  =  0.0088) were also significantly 
diminished in INF individuals following anthelmintic treatment 
(Figure 3C).

Relationship between Eosinophils, 
Neutrophils, and Mast Cell Granular 
Protein Levels and Absolute Numbers  
of Eosinophils, Neutrophils, and  
Basophils in INF Individuals
The relationships between the levels of eosinophils, neutrophils, 
and mast cell granular proteins and the absolute numbers of 
eosinophils, neutrophils, and basophils were next assessed 
(Figure  4A). There was a significant positive correlation 
between absolute eosinophil count (AEC) and the levels of ECP 
(r = 0.2413; p = 0.0085), EPX (r = 0.2196; p = 0.0169), and MBP 
(r  =  0.1918; p  =  0.0375). There was also a significant positive 
correlation between levels of NE (r =  0.2637; p =  0.0039) and 
MPO (r  =  0.2006; p  =  0.0294) and the absolute neutrophil 
count (ANC). Finally, there was also a significant positive cor-
relation between the levels of MCT (r = 0.2637; p = 0.0039) and 
the absolute basophil count. Next, we assessed the correlation 
between the post anthelmintic treatment levels of eosinophils, 
neutrophils, and mast cell granular proteins and the absolute 
numbers of eosinophils, neutrophils, and basophils. We did not 
find any significant correlation between granular proteins and the 

absolute numbers of eosinophils, neutrophils, and basophils at 
the post-T time point (Figure 4B).

DISCUSSION

Eosinophils are one of the foremost components of the immune 
system, which play a prominent role in parasitic infections. 
Eosinophilia is a hallmark of helminth infections, and in some 
host–parasite interactions, eosinophils have been witnessed to kill 
worms and mediate protective immunity (6, 23, 24). Eosinophils 
are also presumed to play a role as APCs for the initiation of the 
primary and secondary Th2 immune responses to S. stercoralis 
(25), indicating an elemental role for eosinophils at the boundary 
between innate and adaptive immune responses. Eosinophils 
have secondary granules, which contain MBP, ECP, EDN, and 
EPO, and which are directly toxic to the larvae of S. stercoralis 
(26, 27).

Eosinophils and antibodies play a crucial function in 
defense mechanisms against S. stercoralis larvae in innate (28) 
and adaptive immune responses (29). Previous studies have 
shown that mice deficient in MBP and (30) and EPO (31) are 
more susceptible to Strongyloides infection. O’Connell et  al. 
have shown that MBP involved in eosinophil-mediated larval 
killing (12). ECP and EDN possess ribonuclease activity that 
form pores into the membrane of target cells, facilitating the 
entry of other toxic molecules into the cells with subsequent 
degeneration (26). Plasma levels of eosinophil granule proteins 
deliver an indirect measure of degranulation in the tissues and 
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are prominently augmented in many helminth-infected patients 
(32). Our data also show that eosinophil granular protein levels 
were increased in INF individuals. Earlier studies on onchocer-
ciasis, lymphatic filarisis, schistosomiasis, and loiasis showed 
that ECP and EDN/EPX levels were elevated (32, 33). The 
serum concentrations of these proteins emerge consequently to 
reflect the functional activity of the corresponding granulocyte 
effector system in the host. In our study, we observed that there 
was a positive correlation between plasma levels of ECP, EPX 
and MBP, and the AEC, a finding similar to that seen in loiasis 
(32, 33). Thus, eosinophil granular proteins appear to reflect 
eosinophil activation.

Neutrophils are involved in the activation, regulation, and 
effector functions of innate and adaptive immune cells (34). 
NE and PTN-3 are directly involved in intracellular killing of 
phagocytosed bacteria in phagolysosomes, in conjunction with 
MPO and reactive oxygen species (35). During certain helminth 
infections, as with non-helminth induced inflammation, neutro-
phils are often the first cells to be recruited; these can mediate a 
degree of protective immunity against nematode parasites, as has 
been revealed most conclusively in the Strongyloides sp. model 
(9, 36, 37). Maximum killing happened by neutrophils when 
EPO from eosinophils attached to the surface of S. mansoni (38). 
In other mouse models, purified neutrophils have been shown 
to independently kill Strongyloides larvae (39). In addition, 
neutrophils are known to mediate adult worm killing through 
an MPO-dependent mechanism (12, 40). In our study, NE and 
MPO levels were significantly increased in INF individuals, and 
the levels were significantly associated with ANCs. This is similar 
to an earlier study on Onchocerca volvulus infection that showed 
that the plasma level of MPO was correlated with ANC (32, 41). 
Changes in the PTN-3 levels may be due to increased production 
during inflammatory activity and neutrophil or mononuclear cell 
leakage/degranulation. PTN-3 has antimicrobial properties and 
is known to efficiently kill bacteria (41). However, in our study, 
PTN-3 did not show any significant alterations in Ss infection. 
Thus, neutrophil granular proteins, similar to their eosinophil 
counterparts, appear to reflect neutrophil-mediated activation in 
Ss infection.

Mast cell tryptase, CPA-3, and arachidonic acid-derived lipid 
mediators such as LTC4 are produced during mast cell activa-
tion (42, 43). MCT is a major protein product of human mast 
cells (44). During the activation of mast cells, MCT levels have 
been shown to be elevated in anaphylaxis (45) and systemic 
mastocytosis (46). Infection with T. spiralis has shown increased 
numbers of gastrointestinal tract mast cells and associated levels 
of LTC4, that was felt to be involved in rapid worm expulsion 
(47). In line with these data, INF individuals showed significantly 
increased levels of MCT, CPA-3, and LTC4 when compared with 
UN individuals.

Earlier studies have demonstrated that eosinophils and 
neutrophils are the key players mediating microfilarial killing 
following anthelmintic treatment (48). Destruction of parasites 
occurs through eosinophil degranulation after anthelmintic 
treatment with DEC or ivermectin (49, 50). Cooper et al. showed 
that plasma levels of MCT increased following treatment for 
onchocerciasis (51). In this study, we show that the augmented 
levels of eosinophils, neutrophils, and mast cell granular proteins 
are significantly diminished at 6 months following treatment. This 
indicates that the release of these granular proteins is intimately 
related to the presence of active helminth infection and that 
elimination of the parasite removes the stimulus for increased 
release of these factors.

Our study adds to the growing body of literature showing the 
importance of granulocytes and their activation in helminth infec-
tions. While the roles of neutrophils in animal models of helminth 
infections are well studied (36), very scant data exist on the role of 
these important innate mediators in human helminth infection. 
Thus, our study derives strength from the fairly large sample size 
and the homogeneity of the population studied. Further studies 
exploring the exact role of these granular proteins should provide 
valuable insight into the regulation of the protective or pathogenic 
immune response in helminth infections at large.
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Leishmaniasis is caused by trypanosomatid protozoa of the genus Leishmania, which
infect preferentially macrophages. The disease affects 12 million people worldwide, who
may present cutaneous, mucocutaneous or visceral forms. Several factors influence
the form and severity of the disease, and the main ones are the Leishmania species
and the host immune response. CD100 is a membrane bound protein that can also
be shed. It was first identified in T lymphocytes and latter shown to be induced in
macrophages by inflammatory stimuli. The soluble CD100 (sCD100) reduces migration
and expression of inflammatory cytokines in human monocytes and dendritic cells, as
well as the intake of oxidized low-density lipoprotein (oxLDL) by human macrophages.
Considering the importance of macrophages in Leishmania infection and the potential
role of sCD100 in the modulation of macrophage phagocytosis and activation, we
analyzed the expression and distribution of CD100 in murine macrophages and the
effects of sCD100 on macrophage infection by Leishmania (Leishmania) amazonensis.
Here we show that CD100 expression in murine macrophages increases after infection
with Leishmania. sCD100 augments infection and phagocytosis of Leishmania (L.)
amazonensis promastigotes by macrophages, an effect dependent on macrophage
CD72 receptor. Besides, sCD100 enhances phagocytosis of zymosan particles and
infection by Trypanosoma cruzi.

Keywords: CD100, Leishmania amazonensis, macrophages, phagocytosis, infection index, CD72

INTRODUCTION

Leishmaniasis is a complex of diseases caused by trypanosomatid protozoa of the genus
Leishmania, which can be grouped into cutaneous or visceral forms (Alvar et al., 2012). Due to
their considerable impact on global health, leishmaniasis are listed among the priority endemic
diseases of the World Health Organization (WHO). It is estimated that 12 million people in the
world are infected, and about 1.5 million new cases are reported every year (Alvar et al., 2012).
The disease currently affects 98 countries, and in Brazil it has been observed an increase in the
number of cases in recent years, accompanied by their geographical spread (WHO, 2015). Many
species of Leishmania cause leishmaniasis in humans. The parasite species as well as the host
immune response are the main determinants of the clinical form and the course of the disease
(McMahon-Pratt and Alexander, 2004). The available treatment options for many Leishmania
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species and clinical forms are toxic and not always effective
(McGwire and Satoskar, 2014). Thus, understanding the
molecular basis of infection may be an important step toward the
development of novel therapeutic approaches for this disease.

Leishmania is an intracellular parasite that infects
mononuclear phagocytic cells of vertebrates. Macrophages
are the main parasite host cells and their activation is crucial
for the resolution of the infection (Iniesta et al., 2002, 2005).
The general process of phagocytosis is an essential mechanism
of the innate immune response by which phagocytes such as
macrophages internalize microorganisms, dead or dying cells,
and debris. It is an actin-dependent process triggered by the
interaction between phagocyte’s receptors and ligands of the
particle to be engulfed (May and Machesky, 2001; Underhill and
Goodridge, 2012).

The receptors most frequently involved in the phagocytosis
of Leishmania are complement receptors 3 (CR3) and 1
(CR1), mannose receptor (MR), fibronectin receptor (FnR) and
receptors Fc gamma (FcγRs) (Blackwell et al., 1985; Mosser
and Edelson, 1985; Wyler et al., 1985; Da Silva et al., 1989;
Guy and Belosevic, 1993). The receptors and internalization
pathways may vary depending on the parasite stage (Ueno and
Wilson, 2012). The actin cytoskeleton also plays important role
in Leishmania binding and internalization, and was studied in
more detail in L. (Leishmania) donovani (May et al., 2000; Roy
et al., 2014; Podinovskaia and Descoteaux, 2015). The association
of polymerized F-actin and parasite binding was also shown for L.
(Viannia) braziliensis (Azevedo et al., 2012), L. (L.) amazonensis,
and L. (Leishmania) major (Courret et al., 2002).

CD100, also known as Sema4D, belongs to class IV of
semaphorins and was the first semaphorin described in the
immune system (Bougeret et al., 1992; Mizui et al., 2009;
Ch’ng and Kumanogoh, 2010). It exists as a membrane bound
dimer or as a soluble protein originated by proteolytic cleavage
(Elhabazi et al., 2003; Basile et al., 2007) that interacts with
specific receptors, mainly plexin B1 (Basile et al., 2004; Conrotto
et al., 2005; Nkyimbeng-Takwi and Chapoval, 2011) and CD72
(Kumanogoh et al., 2000; Ishida et al., 2003; Smith et al., 2011).

CD100 is expressed by the majority of the cells of the
hematopoietic system, including B and T lymphocytes, natural
killer and myeloid cells, and its expression usually increases
upon activation (Elhabazi et al., 2003). Membrane CD100 is
cleaved from the cell surface in an activation-dependent manner
(Kikutani and Kumanogoh, 2003). In fact, sCD100 is shed by
activated T and B cells, and sCD100 can be detected in sera of
mice immunized with T-cell–dependent antigens or in sera of
MRL/lpr mice with autoimmune disease (Wang et al., 2001). In
mice, sCD100 increases proliferation, differentiation and IgG1
production by stimulated B cells (Kumanogoh et al., 2000; Shi
et al., 2000). CD100 mediates DC-T cell interaction increasing
activation, proliferation and differentiation of T cells (Shi et al.,
2000; Kumanogoh et al., 2002; Mizui et al., 2009), and inducing
DC maturation (Kumanogoh et al., 2002). In humans, sCD100
inhibits migration of B cells (Delaire et al., 2001), monocytes and
immature DCs (Chabbert-de Ponnat et al., 2005). It also increases
IL-10 secretion and reduces IL-6, IL-8 and TNF-α in monocytes
and DCs (Chabbert-de Ponnat et al., 2005).

Although it is known that CD100 is expressed in macrophages
(Kikutani and Kumanogoh, 2003; Nkyimbeng-Takwi and
Chapoval, 2011), few studies have reported its effects on these
cells. One of them analyzed the role of macrophage shed sCD100
in tumor angiogenesis (Sierra et al., 2008). Other showed that
CD100 is also important in glomerular nephritis, enhancing T
and B cell activation and the recruitment of macrophages (Li
et al., 2009). We have shown that macrophages from human
atherosclerotic plaques express CD100, and that sCD100 inhibits
internalization of oxidized LDL (Luque et al., 2013). We have
also shown that CD100 participates on the interaction between
human monocyte and endothelial cell by binding to plexins B1
and B2 (Luque et al., 2015).

The effect of sCD100 on oxLDL phagocytosis by macrophage,
the main Leishmania host cells, prompted us to study the
expression of this molecule and its effects on the phagocytosis
of this parasite. Leishmania lesions are characterized by intense
inflammatory infiltrates, and thus sCD100 is probably shed
by activated T and B cells near infected and non-infected
macrophages. Here we show that sCD100 increases macrophage
phagocytosis of L. (L.) amazonensis promastigotes, Trypanosoma
cruzi trypomastigotes and zymosan particles. In addition, we
demonstrated that sCD100 effects depend on macrophage CD72,
a receptor for CD100. This is the first report of CD100 effect on a
parasitic infection, and further studies should address the role of
this molecule in animal models of leishmaniasis.

MATERIALS AND METHODS

Leishmania (Leishmania) amazonensis
Promastigotes
Promastigotes of L. (L.) amazonensis LV79 strain
(MPRO/BR/72/M1841) were cultured at 24◦C in M199 medium
supplemented with 10% fetal calf serum (FCS). Parasites were
subcultured every 7 days at an initial inoculum of 2× 106/mL.

When indicated, promastigotes were incubated for 2 h
with 200 ng/ml sCD100 in M199 at 24◦C, centrifuged at
2,500 × g for 10 min and resuspended in RPMI 1640
medium supplemented with 10% FBS for subsequent infection of
peritoneal macrophages.

Ethics Statement
All animals were used according to the Brazilian College of
Animal Experimentation guidelines, and the protocols were
approved by the Institutional Animal Care and Use Committee
(CEUA) of the University of São Paulo (protocol number
001/2009).

Recombinant sCD100 Production
sCD100 protein fused to Fc portion of IgG was produced in
HEK (human embryonic kidney) 293T cells transfected with
CD100-Fc plasmid, kindly given byKumanogoh et al. (2000).
Briefly, 7,5 × 106 HEK cells were plated in DMEM with
5% serum “low-IgG” (Life Technologies) supplemented with
2 mM L-glutamine, 1 mM sodium pyruvate and 1× antibiotic-
antimycotic solution (Life Technologies). Ten micrograms of
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CD100-Fc plasmid were mixed with 1 mL of a 150 mM NaCl
solution and then with 100 µL of a polyethylenimine solution
(PEI, Sigma) at 0.45 mg/mL. The total volume was added
slowly to each dish, which was then incubated at 37◦C with
5% CO2 for 7 days. After this period, supernatants of cell
cultures were collected, filtered through a 0.22 µm membrane
and centrifuged at 7,500 × g for 10 min. PMSF to 100 µM
was added to the supernatant and proteins were precipitated
with 60% w/v ammonium sulfate under slow stirring at 4◦C for
24 h. Two successive centrifugations at 10,000 × g for 45 min
were performed, precipitates were resuspended in PBS and
centrifuged. The supernatant was incubated with protein G beads
(1 mL Protein G Sepharose 4FF GE beads/50 mL supernatant)
under rotation at 4◦C for 24 h. The suspension was then
centrifuged at 800 × g for 5 min and the beads were transferred
to a chromatography column (Bio-Rad). The column was washed
twice with 5 mL ice cold PBS and protein was eluted in aliquots
of 500 µL using 0.1 M glycine buffer, pH 3.0, neutralized by 50 µl
1 M Tris buffer pH 8.0. Protein concentrations were determined
by Bradford (Bio-Rad) and sCD100 was analyzed by SDS–PAGE
and Western blot.

Macrophage Infection With Leishmania
and Phagocytosis of Zymosan
Peritoneal macrophages were isolated as previously described
(Velasquez et al., 2016). We then transferred 8 × 105 cells in
RPMI 1640 pH 7.2 to each well of 24 well plates laid with
13 mm circular coverslips. After 2 h of incubation at 37

◦

C in
5% CO2, the medium was changed to RPMI with 10% FCS
with or without 100 or 200 ng/mL sCD100 and cells were
incubated until the next day. Infection was performed with L. (L.)
amazonensis promastigotes at the beginning of stationary phase
(day four) using a multiplicity of infection (MOI) of 5:1 for 4 h.
After removing the non-internalized parasites, cells were further
incubated for 24, 48, and 72 h with or without (control) sCD100.
Control experiments for the effect of sCD100 Fc portion on
Leishmania infection were performed using recombinant IgG1
and FcR blocker, and are described latter. Zymosan particles were
incubated with macrophages at a ratio of 1:1 for 1 h to analyze
the phagocytosis index. In Leishmania and zymosan experiments
cells were fixed with methanol, stained with Giemsa and mounted
with Entellan (Merck). One hundred macrophages were analyzed
per glass slide to determine the proportion of infected cells (IM),
the total number of amastigotes (AMA), amastigotes/infected
macrophage and Infection Index or Phagocytosis Index (II = IM
x AMA). Three coverslips were prepared for each condition.

Cell Infection by Trypanosoma cruzi
Experimental procedures were carried as previously described
(Teixeira A. A. et al., 2015). Briefly, peritoneal macrophages were
seeded in 24 well plates laid with 13 mm circular coverslips
as described above, with or without 200 ng/mL sCD100. Cells
were then infected with tissue culture-derived trypomastigotes
(Y strain) at MOI = 10 with or without 200 ng/mL CD100
(N = 3 for each condition) for 2 h at 37

◦

C. The cells were then
washed 10 times with PBS and further cultivated for 24 h to

allow parasite differentiation. Macrophages were fixed with 4%
paraformaldehyde, stained with anti-T. cruzi polyclonal antibody
and propidium iodide and photographed with an epifluorescence
microscope. Quantification was performed by counting the
number of total and infected cells in at least 4 different fields
(20× magnification) for each replicate.

Macrophage Infections With sCD100 and
Fc Receptor Blocker, Human
Recombinant IgG1, or Anti-CD72
To monitor the effect of sCD100 Fc portion on Leishmania
infection, incubations with L. (L.) amazonensis were performed
in the presence of sCD100 and FcR blocker, and in the presence
of human recombinant Fc portion of IgG1. To evaluate the
role of CD72 in sCD100 effects, infections were done in the
presence of anti-CD72. For FcR blocking: macrophages were
plated and incubated with Fc receptor blockers (CD16 and CD32-
BD Biosciences) at 0.1 ug/mL for 10 min, and then 200 ng/mL of
sCD100 was added. Leishmania was added in the following day in
the presence of FcR blocker and sCD100 for 4 and 24 h. For IgG1,
macrophages were plated and incubated with 70 ng/mL of human
recombinant IgG1 Fc (R&D Systems) and 200 ng/mL sCD100,
and infected in the following day in the presence of the same
proteins. For anti-CD72, plated macrophages were incubated
with 10 µg/mL of anti-CD72 H-96 (Santa Cruz Biotechnology)
and 1 h later sCD100 was added to 200 ng/mL. Infection was
performed in the following day in the presence of both proteins.
Control conditions included incubation only with sCD100 and
with each treatment (Fc blocker or Fc-IgG1) separately, as well as
untreated infected macrophages. The analysis and comparisons
were based on infection rates.

Immunofluorescence for Phagocytosis
and for F-Actin, CD100, and CD72
Labeling
Resident peritoneal macrophages from BALB/c mice were plated
on glass slides as described and incubated with no stimulus or
with 100 or 200 ng/mL of sCD100, or 100 or 200 ng/mL of BSA
overnight.

For phagocytosis and for F-actin and CD100 labeling:
Promastigotes of L. (L.) amazonensis were added in the
proportion of 10 parasites per cell in the presence or absence of
sCD100 or BSA and the plate was kept on ice for 2 h, and at 33◦C
with 5% CO2 for different periods. After washing, macrophages
were fixed with 4% paraformaldehyde for 10 min, washed with
PBS 1X with 2% FBS, incubated for 30 min in 50 mM ammonium
chloride and washed in PBS 1X with 2% FBS.

For labeling of CD100 and actin, cells were permeabilized with
TBS containing 1% BSA and 0.1% Triton for 10 min. Slides were
washed and incubated overnight with anti-CD100 (eBioscience)
at 1:50 dilution, and after washing were incubated with anti-Rat
IgG Alexa Fluor 568 (Thermo Scientific) diluted 1: 1000 and
DAPI 1: 600 for 1 h. Alternatively, cells were incubated with
phalloidin Texas Red (Molecular Probes) 1: 500 and DAPI 1: 600
for 1 h. In both cases, coverslips were washed five times with PBS
and mounted in ProLong (Molecular Probes).
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For analysis of phagocytosis glass slides were incubated
overnight with anti-Leishmania serum diluted 1:75 in PBS
1X, washed five times with PBS and incubated for 1 h with
a mix containing anti-mouse IgG Alexa Fluor 488 (Thermo
Scientific) 1: 1000. After washing, permeabilization with TBS
containing 1% BSA and 0.1% Triton for 10 min and further
washing, phalloidin Texas Red (Molecular Probes) 1: 500 and
DAPI 1: 600 were added for 1 h. After five washes, cells
were mounted in ProLong (Molecular Probes). For calculation
of the phagocytosis index, 500 macrophages were analyzed
and promastigotes were quantified as attached (labeled in
green and blue) or internalized (labeled only with blue-
DAPI).

For CD72 labeling, slides containing non-infected
macrophages were fixed as described. After washing they
were incubated with anti-CD72 antibody M-96 (Santa Cruz
Biotechnologies) 1:75 overnight, washed and incubated for 2 h

with DAPI at 1: 600 and anti-rabbit Alexa Fluor 488 (Thermo
Scientific) 1: 100. After labeling, coverslips were washed three
times in PBS 1X with 2% FBS and cells were mounted in ProLong
(Molecular Probes).

For CD100 quantification, images were acquired in a
DMI6000B/AF6000 (Leica) fluorescence microscope coupled to a
digital camera system (DFC 365 FX) and analyzed with the Image
J program.

For actin and CD72 labeling and for the phagocytosis
assay, images were captured using a Zeiss LSM 780 confocal
laser scanning inverted microscope (Carl Zeiss, Germany) in a
1024 × 1024 pixel format. Image stacks comprised 8 images
captured with a Plan-Apochromat 63×/1.4 DIC Oil M27
objective (Zeiss), applying a zoom factor of 1.0. Step intervals
along the Z-axis ranged from 450 nm. Image acquisition and
processing were performed using the Zen 2011 software (Zeiss,
version 11.00.190).

FIGURE 1 | Expression of CD100 in peritoneal macrophages infected or not with promastigotes of L. (L.) amazonensis. (A) Immunofluorescence staining for CD100
on infected and non-infected macrophages. Peritoneal macrophages from BALB/c mice non-infected (1 and 2), infected with promastigotes of L. (L.) amazonensis
at MOI of 10:1 for 5 min (3), 10 min (4), 30 min (5), and 4 h (6). Staining with anti-CD100 antibody and secondary anti-rat Alexa Fluor 568 (red) and DAPI (blue
nucleus). Control: DAPI (1) and secondary anti-rat Alexa Fluor 568 + DAPI (2). Images were captured in a DMI6000B/AF6000 (Leica) fluorescence microscope
coupled to a digital camera system (DFC 365 FX). White bars correspond to 10 µm. (B) Quantification of red fluorescence/nuclei in 25 fields for each condition.
Statistical analysis by ANOVA with Tukey’s post-test, significant differences are labeled as ∗p ≤ 0.05.
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SDS–PAGE and Western Blot
SDS–PAGE (running gels with 10% acrylamide: bisacrylamide)
and Western blots were performed as we previously described
(Teixeira P. C. et al., 2015), using the following antibodies
and incubation conditions: anti β-actin (Imuny, Brazil) 1: 1000
overnight and anti-rabbit IgG (H+ L) (Imuny, Brazil ) 1: 2000 for
1 h; anti-CD72 H-96 (Santa Cruz Biotechnology) 1: 200 overnight
and anti-rabbit HRP (Imuny) 1: 1000 for 1 h, anti-GAPDH
(Sigma-Aldrich) 1: 10000 overnight and anti-rabbit HRP (Imuny)
1: 1000 for 1 h. Normalizations for CD72 were done using
anti-GAPDH while actin polymerization was estimated by F/G
ratio.

Statistical Analysis
Statistical analyses were done using t-test or one-way ANOVA
followed by Tukey’s multiple comparison test, depending on the
number of samples. Data were considered statistically different
(∗) when p < 0.05.

RESULTS

CD100 Expression Increases in
Macrophages During Infection With
Leishmania (L.) amazonensis
Although CD100 expression in macrophages has already been
documented (Kikutani and Kumanogoh, 2003; Nkyimbeng-
Takwi and Chapoval, 2011), its expression and effects during

parasitic infection were never explored. Thus, we have performed
labeling and quantification of CD100 protein in peritoneal
BALB/c macrophages under controlled conditions and at
different time points following infection with L. (L.) amazonensis
promastigotes at a MOI (multiplicity of infection) of 10 parasites
per macrophage. We observed that CD100 protein levels
are altered following infection in a time dependent manner
(Figure 1A): intracellular CD100 increases between 5 and 30 min
after infection and then returns to basal levels within 4 h
(Figure 1B).

Soluble CD100 Increases Infection of
Macrophages by Leishmania (L.)
amazonensis
After demonstrating that Leishmania infection increases
macrophage CD100 endogenous levels, we evaluated whether
the host cell infection by the parasite was affected by soluble
CD100 (sCD100) added to the media. In the Leishmania lesion
environment, sCD100 may be shed by macrophages, which
express low levels of the protein (Sierra et al., 2008; Li et al.,
2009; Luque et al., 2013), or by other cells, mainly activated
T cells, which are known to release sCD100 (Wang et al.,
2001). We thus analyzed the role of exogenous sCD100 on
macrophage infection by Leishmania. We produced sCD100-
Fc recombinant protein (from now on named as sCD100)
in HEK293T and incubated macrophages with sCD100
before and together with L. (L.) amazonensis for different
times.

FIGURE 2 | Effects of sCD100 on infection of macrophages. Macrophages from BALB/c mice were infected with L. (L.) amazonensis promastigotes at a MOI of 5
per 4, 24, 48, or 72 h in the presence or not of 100 ng/mL sCD100. (A) Amastigotes per infected cell. (B) Percentage of infected macrophages. (C) Infection index.
Statistical analysis was performed by ANOVA with Tukey’s post-test, and significant differences are labeled as ∗p ≤ 0.05. Results of a representative experiment of
three with similar profiles.
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Our results show that the number of amastigotes per cell
(Figure 2A), and consequently infection rates (calculated as a
product of the proportion of infected cells and the number of
amastigotes) (Figure 2C), increase significantly in the presence of
sCD100 in 4, 24, 48, and 72 h of infection. On the other hand, the
percentages of infected macrophages (Figure 2B) do not change
significantly over time with or without sCD100.

Pre-incubation of Promastigotes With
sCD100 Does Not Increase Infection of
Macrophages
A possible explanation for the increase of infection by L. (L.)
amazonensis induced by sCD100 could be the binding of this
molecule to the parasite, promoting its adhesion to a CD100
receptor present on the macrophage or to Fc receptors, as sCD100
protein is fused to human Fc region of IgG1 (Kumanogoh
et al., 2000). To verify the first hypothesis, we pre-incubated
promastigotes with sCD100 prior to macrophage infection.
Again, infection was performed for 4, 24, 28, and 72 h. No
significant difference in the number of macrophages infected with
L. (L.) amazonensis or in the number of amastigote forms inside
individual infected cells was observed by pre-incubation with
sCD100 relative to controls at all time points (Figure 3). These

data indicate that sCD100 does not increase infection by direct
contact/interaction with the parasite. On the other hand, when
macrophages are pre-incubated with sCD100, the infection rate
increases significantly (Figures 3A–D, control vs. sCD100).

Because the recombinant sCD100 that we used is produced
as fusion between sCD100 and the Fc portion of IgG1, we
next analyzed whether its effect on phagocytosis could be due
to an interaction of the Fc IgG1 portion with the macrophage
Fc receptor (FcR). To evaluate this possibility, macrophage
infection assays were repeated in the presence of recombinant
Fc region of human IgG1. The same control protein has been
used in different studies, including one with Leishmania infection
(Cortez et al., 2011). As expected, sCD100 alone increased
macrophage infection by L. (L.) amazonensis while soluble IgG1
had no effect (Figure 4). Similar results were obtained when we
blocked Fc receptor using the commercial blockers CD16 and
CD32 (Supplementary Figure 1). Taken together, these results
demonstrate that the increase in infection is directly mediated by
sCD100.

CD72 Is Expressed in Macrophages and
Mediates sCD100 Effects on Infection
CD72 is considered the main receptor for CD100 in macrophages
(Kumanogoh et al., 2000; Ishida et al., 2003; Smith et al., 2011),

FIGURE 3 | Effects of preincubation of promastigotes with sCD100 on infection index. Peritoneal macrophages from BALB/c mice were infected with
L. (L.) amazonensis at a MOI of 5 for 4 (A), 24 (B), 48 (C), or 72 (D) hours at different conditions: macrophages and parasites without sCD100 (control),
promastigotes preincubated with sCD100 at a concentration of 200 ng/mL (promastigote+sCD100), macrophages and promastigotes in the continuous presence of
sCD100 at a concentration of 200 ng/mL (sCD100). Statistical analysis was performed by ANOVA with Tukey’s post-test, and significant differences are labeled as
∗p ≤ 0.05. Results of a representative experiment of three.
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FIGURE 4 | Effects of IgG1 competition on infection index. Peritoneal macrophages from BALB/c mice were infected with L. (L.) amazonensis at a MOI of 5 for 4 (A),
24 (B), 48 (C), and 72 (D) hours in the absence of stimulus (control), in the presence of 200 ng/mL of sCD100, 70 ng/mL of human IgG1 or IgG1+sCD100. Statistical
analysis was performed by ANOVA with Tukey’s post-test, and significant differences are labeled as ∗p ≤ 0.05. Results of a representative experiment of three.

but its expression has not been analyzed in murine peritoneal
macrophages. We thus verified the expression of this receptor
in these cells. By Western blot we observed the reactivity
of CD72 immunospecific antibodies with a 45 kDa protein,
the expected molecular weight for this receptor (Figure 5A,
lane 1). Its expression is not altered upon incubation of the
macrophages with sCD100, since we observed similar levels
(ratios of CD72/GAPDH, the endogenous control used) in
macrophages plated in the presence or not of sCD100 (Figure 5A,
lane 2). An unrelated cell line (L929 fibroblast), which does
not express CD72, was used as negative control (Figure 5A,
lane 3). By immunofluorescence, we observed CD72 labeling in
peritoneal macrophages (Figure 5B), confirming the presence of
the receptor in these cells.

Next, we evaluated whether blockage of CD72 would affect
sCD100-induced increase in macrophage infection. Macrophages
were preincubated with anti-CD72 antibodies and infected with
Leishmania. We observed that anti-CD72 antibodies alone have
no effect on macrophage infection (Figure 5C, lane 2), as the
number of infected cells is similar to control, and that sCD100
increases macrophage infection, as expected. However, when
anti-CD72 antibody is added before sCD100, infection levels
returned to basal levels (Figure 5C). These results indicate
that sCD100 increases L. (L.) amazonensis infection in a CD72
dependent manner.

sCD100 Increases Phagocytosis of L. (L.)
amazonensis and Zymosan Particles
We have shown that sCD100 increases infection of macrophages
after 4 h of incubation with Leishmania, suggesting that the
molecule could participate in the initial steps of phagocytosis.
To test this hypothesis, we performed a phagocytosis assay in
which macrophages were plated (overnight) in the presence
or absence of sCD100 and then incubated with promastigotes
in the presence or abscence of sCD100 for only 5 min.
Promastigotes attached to the host cell were visualized by
fluorescent microscopy in green and blue (anti-Leishmania
and DAPI, respectively), while internalized parasites were
labeled only in blue (DAPI) (Supplementary Figure 2).
Phagocytosis of Leishmania was assessed quantitatively by
the percentage of infected macrophages and the total number
of promastigotes phagocytosed. Phagocytosis of zymosan
was also analyzed. An increase in infected macrophages and
internalized promastigotes (Figures 6A,B) was observed
in the presence of sCD100, indicating that it affects the
initial steps of phagocytosis. Besides, there was a significant
increase in the phagocytosis of zymosan (represented by
the phagocytosis index) at both sCD100 concentrations
tested (Figure 6C), indicating that this protein augments
phagocytosis in general and not specifically of Leishmania
parasites.

Frontiers in Microbiology | www.frontiersin.org 7 June 2018 | Volume 9 | Article 1177421

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01177 June 4, 2018 Time: 20:6 # 8

Galuppo et al. CD100 Increases Macrophage Infection

FIGURE 5 | Expression of CD72 and its role in sCD100 effects on macrophages. (A) Western blot showing expression of CD72 and GAPDH in peritoneal
macrophages from BALB/c mice (lane 1), macrophage incubated with 200 ng/mL of sCD100 for 48 h (lane 2) and L929 cells (negative control - lane 3). Thirty
micrograms of protein extracts were analyzed in 10% SDS–PAGE. (B) Immunofluorescence staining for CD72 in peritoneal macrophages from BALB/c mice: control
incubated with anti-rabbit Alexa Fluor 488 secondary antibody and DAPI (image 1), macrophages incubated with anti-CD72, anti-rabbit Alexa Fluor 488 secondary
antibody and DAPI (image 2). Images were captured in Zeiss LSM 780-NLO confocal microscope, magnifying 63 ×, 1.0 zoom. (C) Infection index of macrophages
from BALB/c mice in the presence or absence of sCD100, preincubated or not with anti-CD72 for 48 h. Data represent means and standard deviations of one
experiment with triplicates. Statistical analysis was performed by ANOVA followed by Tukey’s post-test, and significant differences are labeled as ∗p ≤ 0.05.

sCD100 Does Not Affect Actin
Polymerization
Since Leishmania is internalized in an actin-dependent process,
we analyzed whether sCD100 modulated actin polymerization.
Actin was analyzed in macrophages plated in the presence or
abscence of sCD100 and infected with promastigotes in the
presence or abscence of sCD100 for different periods. Figure 7A
shows representative confocal images of immunofluorescence of

macrophages incubated with sCD100 and infected for 30 min
and 4 h, as well as the same conditions with no sCD100.
The analysis of multiple fields at 4 h of infection showed that
F-actin (polymerized actin, labeled with Texas Red Phalloidin)
has a different organization in macrophages stimulated with
sCD100. In fact, while a cortical distribution (arrowhead)
of F-actin is shown in the absence of sCD100 (Figure 7A,
image 3), the presence of sCD100 leads to a more heterogeneous
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FIGURE 6 | Effect of sCD100 on phagocytosis of Leishmania and zymosan by peritoneal macrophages from BALB/c. (A) Percentage of infected macrophages and
(B) promastigotes phagocytosed by 100 macrophages in the continuous presence of 100 ng/mL sCD100 or BSA or with no stimulus (control), analyzed by
immunofluorescence. Data represent means and standard deviations of three independent experiments. (C) Phagocytosis index of zymosan using 1 particle per
macrophage for 1 h in the continuous presence of 100 or 200 ng/mL sCD100 or with no stimulus (control). Results of a representative experiment out of three with
similar values. Statistical analysis was performed by ANOVA followed by Tukey’s post-test, and significant differences are labeled as ∗p ≤ 0.05.

and cytoplasmic distribution of polymerized actin (Figure 7A,
image 4). A cytoplasmic pattern of F-actin was also visualized at
30 min of infection, in both conditions (Figure 7A, images 1, 2).
Confirming our previous results, the presence of sCD100 at 4 h
of infection increased the number of promastigotes attached
(arrows) and internalized by macrophages (Figure 7A, images
6,5, respectively), suggesting a correlation between the effect of
sCD100 on F-actin dynamics and Leishmania infection.

Since small differences in F-actin polymerization may not
be perceived by immunofluorescence, we evaluated actin
polymerization in control macrophages and in macrophages
treated with sCD100, infected or not with L. (L.) amazonensis
by Western blot (Figure 7B). The experiment was based on
the separation of F-actin (insoluble) and G-actin (soluble)
by ultracentrifugation, followed by blotting for actin in the
two fractions. As a technical control, we employed extracts of
macrophages treated with Latrunculin A, which blocks actin
polymerization (Oliveira et al., 1996). Under all conditions
F-actin band is about two times more intense than G-actin
band, irrespective of sCD100 stimulus or infection by L. (L.)
amazonensis (Figure 7B, representative experiment). Thus, no

clear correlation between sCD100 and actin polymerization
can be drawn. The control with Latrunculin A shows a
clear decrease in the F-actin band, indicating that the
separation of soluble and insoluble actin was efficient using
this method.

Soluble CD100 Increases Infection of
Macrophages by Trypanosoma cruzi
We have here shown that sCD100 binds to macrophage CD72
and increases Leishmania phagocytosis. We have also shown that
treatment of macrophages with sCD100 increases phagocytosis of
zymosan, indicating that this effect is not specific for Leishmania.
Therefore, we decided to investigate whether cCD100 could
modulate infection of macrophage by other parasites.

Trypanosoma cruzi has several developmental stages, and the
infective trypomastigotes can enter almost all nucleated cells
of the vertebrate host, phagocytic or non-phagocytic. Tissue
resident macrophages are importante targets for early infection,
and parasite entry into these cells can occur by a phagocytic-
like or a non-phagocytic mechanism (Epting et al., 2010;
Barrias et al., 2013). We thus analyzed whether sCD100 could
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FIGURE 7 | Effect of sCD100 on actin polymerization in infected and
non-infected macrophages. (A) Peritoneal macrophages from BALB/c mice
unstimulated (1, 3, 5) or stimulated with 200 ng/mL of sCD100 (2, 4, 6) were
infected with L. (L.) amazonensis at MOI of 10 for 30 min (1, 2) or 4 h (3, 4),
followed by staining with phalloidin Red: Actin (labeled with phalloidin-Texas
Red), Blue: nuclear DNA and kinetoplast (DAPI). Images were captured in
DMI6000B/AF6000 (Leica) fluorescence microscope coupled to a digital
camera system (DFC 365 FX). White bars correspond to 10 µm. The
arrowheads point to macrophages presenting cortical (white) or cytoplasmic
(yellow) organization of F-actin. Contrast phase of the samples at 4 h from
unstimulated and stimulated with sCD100 (5, 6). The arrows point to parasites
attached to macrophages. The images are representative of two independent
experiments. (B) Western blot for actin in soluble and insoluble fractions of
bone marrow macrophages incubated with or without sCD100, infected or
not for 5, 10, 30 min or 4 h. This representative image shows soluble actin
(supernatant, G-actin), and polymerized actin (pellet, F-actin) bands, and the
graph shows F/G actin ratio after densitometry. Results of a representative
experiment of three with the same profile.

also affect macrophage infection by T. cruzi trypomastigotes.
Trypomastigotes were incubated with macrophages in the
presence or absence of sCD100 and the percentage of infected
cells was quantified. Similar to Leishmania, we observed that
sCD100 promoted a significant increase in cell infection by
T. cruzi (Figure 8). These results suggest that CD100 may

FIGURE 8 | Effects of sCD100 on infection of macrophages by Trypanosoma
cruzi. Macrophages from BALB/c mice were infected with T. cruzi
trypomastigotes at a MOI of 10 for 24 h in the presence or not of 200 ng/mL
sCD100. Statistical analysis was performed by ANOVA with Tukey’s post-test,
and significant differences are labeled as ∗p ≤ 0.05. Results of one
experiment representative of two with similar profile.

play an important role in macrophage infection by different
trypanosomatid parasites.

DISCUSSION

Monocytes and the mature macrophage cells are key elements
in immunity, and their role in parasitic infection has been
clearly demonstrated for trypanosomatids (Dos-Santos et al.,
2016). Understanding the molecular mechanisms of parasite
phagocytosis by these cells is an important step toward the
development of novel therapeutic options for infected patients,
in particular for visceral leishmaniasis, for which treatment is
necessary but therapeutic options are usually toxic and with poor
efficacy (McGwire and Satoskar, 2014). CD100 is an important
molecule involved in the communication between immune cells
(Kumanogoh et al., 2000; Shi et al., 2000; Mizui et al., 2009),
but its role in macrophage functions has been poorly studied.
In fact, the only report concerning CD100 and phagocytosis by
these cells is a previous paper from our group showing that
soluble CD100 (sCD100) decreases internalization of oxidized
LDL by human macrophages by inhibiting the expression of the
scavenger receptor CD36 (Luque et al., 2015).

Apart from their role in immune response, macrophages
are the main host cells for Leishmania. We here showed that
these cells respond to sCD100 by increasing phagocytosis of
Leishmania, Trypanosoma cruzi and zymosan. Zymosan is a
β-glucan rich particle derived from the yeast Saccharomyces
cerevisiae, frequently used as a model for phagocytosis. Non-
opsonized zymosan is mainly recognized by macrophage dectin-
1 receptor (Brown et al., 2002), which is not involved in
Leishmania phagocytosis. T. cruzi is internalized by host cells
via multiple endocytic pathways. Entry into macrophages occurs
mainly but not only by phagocytosis (Epting et al., 2010;
Barrias et al., 2013), and involves several macrophage receptors,
some of them different from the ones used for Leishmania
internalization. Thus, the effect of sCD100 on phagocytosis
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probably does not depend on a specific phagocytic receptor of
macrophages.

The increase in Leishmania infection promoted by sCD100
depends on its interaction with CD72 receptor. The effects
of sCD100 on phagocytosis may differ in murine and human
macrophages. In fact, CD72 is the main CD100 receptor in
murine macrophages (Tamagnone et al., 1999; Kumanogoh et al.,
2000), while we have shown that plexin B2 is an effective
CD100 receptor in human monocytes and macrophages (Luque
et al., 2015). CD72 was shown to be expressed in bronchial
epithelial cells, alveolar macrophages, B cells, dendritic cells,
fibroblasts, basophils (Kikutani and Kumanogoh, 2003; Mizui
et al., 2009; Smith et al., 2011), and we here show its expression
also in murine resident peritoneal macrophages. CD72 belongs
to the superfamily of C-type lectins, which contain a cytoplasmic
domain with two tyrosine inhibitory motifs (ITIMs) that when
phosphorylated bind to the protein tyrosine phosphatase 1
(SHP-1) and the adapter protein Grb2 (Wu and Bondada, 2009;
Nkyimbeng-Takwi and Chapoval, 2011). No study has ever
analyzed CD72 signaling in macrophages, but most studies show
that binding of CD100 to CD72 in B cell reverse the inhibitory
potential of CD72 to cause dephosphorylation ITIM and release
of SHP-1 (Wu and Bondada, 2009). It will be interesting to
analyze whether sCD100 binding to macrophage affects not
only parasite entry, as we demonstrated here, but also further
signaling events such as ITIM phosphorylation and SHP1 release
from the CD72 cytoplasmic tail. Infection in the presence of
sCD100 led to changes in F-actin organization. Indeed, the
cortical distribution of F-actin observed in macrophages at
4 h of infection changed to a heterogeneous and cytoplasmic
pattern in the presence of sCD100. Similar changes in
actin organization have already been reported in medullary
macrophages when infected with Leishmania amazonensis (de
Menezes et al., 2017) and in cultured chromaffin cells compared
to cells in adrenomedullary tissue (Gimenez-Molina et al.,
2017).

This work is the first to report the role of CD100 in parasitic
infection. Further studies must be performed to unravel how
CD100 binding to macrophage CD72 increases phagocytosis of
zymosan, Leishmania and T. cruzi, which interact with different

surface receptors. Further studies should also address the role of
sCD100 in in vivo models of leishmaniasis, and on Leishmania
phagocytosis by human macrophages.
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