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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
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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/B-
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.). Histomonas meleagridis 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-y) positive cells early in infection.

Infections caused by parasitic protozoa are very common in
humans and animals, and the clinical symptoms may 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/M2 macrophage markers 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 Thl-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 and M2 phenotypes at the early stage of infection. Using
the type Chinese 1 strain deficient of ROP 16111, WH3Aropl6,
created with CRISPR/Cas9 technology, it is evident that pregnant
mice infected with WH3 Arop16 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-
y-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-y-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 (Aldh) 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 Th17T 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-y 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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Age-Related Differential Stimulation
of Immune Response by Babesia
microti and Borrelia burgdorferi
During Acute Phase of Infection
Affects Disease Severity

Vitomir Djokic*, Shekerah Primus?™, Lavoisier Akoolo’, Monideep Chakraborti and
Nikhat Parveen™

Department of Microbiology, Biochemistry and Molecular Genetics, Rutgers New Jersey Medical School, Newark, NJ,
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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-y and TNF-a 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 to B. burgdorferi due to Th1 and Th17 cells likely reduced B. 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 emerging more recently (2-5). The CDC estimates that
~300,000 cases of Lyme disease and ~2,000 cases of babesiosis
occur in the US.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 (m¢)
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-y levels and diminished levels
of IL-4 production (32-36). IFN-y production together with
increase in IL-17 producing Th17 cells, which produce TNEF-
o 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 Thl 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-y and TNF-a 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-y, TNF-a, 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-y
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 10* 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 x 10* gray strain of B. microti
(ATCC30221 strain) infected RBCs/mouse diluted in Phosphate
Buffered Saline (PBS) intraperitoneally (ip), or injected with
10® B. burgdorferi diluted in 100 pl BSK-RS subcutaneously
(sc) in each mouse on the lateral aspect of the right thigh, or
injected with both pathogens at the respective sites. Naive 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 10 min. 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 each microbe
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

Infected mice 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.
microti were monitored 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 30-40 min followed by soaking in
70% ethyl alcohol for 30 min 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-II4+RS medium and
antibiotic mixture for Borreliae with 100x stock containing 2 mg
Phosphomycin, 5 mg Rifampicin and 250 pug 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. DNA was isolated from the left joint and
brain of mice in each experiment to use for JPCR. 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 naive or mice
infected with B. microti alone. Scoring of joint inflammation
ranged from “-” (for naive 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 considered milder 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 50 ml
conical tube using a 70 um 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 30 min 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-y antibodies conjugated
with Pacific Blue (BioLegend #505818), anti-mouse TNF-a
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 20 min on RT in dark. The samples were then washed
twice with Intracellular Staining Permeabilization Wash Buffer
and centrifuged at 350 xg for 5 min. Fixed and labeled cells were
then resuspended in 0.5 ml of FACS Buffer and analyzed using
BD LSRFortessa™ X-20 (BD Biosciences) driven by software
FACS DiVa (BD Biosciences). For each fluorophore, appropriate
compensation was made using one of the naive 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-y+- label only, Th2 cells marked with
IL-44, IL-104, Th17 with IL-214 only and Tregs labeled for only
IL-104.

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-
NK1.1 mouse monoclonal IgGa2 antibodies (PK136 clone), binds
to mouse FcR+ cells such as high affinity FcyRI possessing
macrophages and neutrophils, and cells that are primarily
involved in inflammatory response and display low affinity
FcyRII and FcyRIII on myeloid cells and platelets (58). Since
NKI1.1 marker is lacking in C3H mice, anti-NKI.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 30 min for staining. After washing three times
with the buffer by centrifugation at 350 xg for 5min each, cell
pellets were suspended in 1 ml buffer and 5 samples from each
mouse group pooled. Cell sorting was done using BD AREA 1I
(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 1 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, 1 pg/ml ionomycin to increase intracellular levels
of calcium, 5 pg/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 5pg/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% CO; for 10h. 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 30 min. After three washings, cells were fixed
using BioLegend Intracellular Flow Cytometry Staining protocol.
Briefly, after two incubations of cells in 0.5 ml of fixation buffer
at room temperature for 20 min in dark, cells were recovered by
centrifugation, washed twice in 1 x Intracellular Staining and
Permeabilization Wash Buffer (BioLegend #421002). Cocktail
of 1:50 dilution of anti-mouse IFN-y antibodies labeled with
Pacific Blue (BioLegend #505818), anti-TNF-a 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 20 min to mark intracellular
cytokines present in each cell type. Cells were then washed
twice using 2 ml buffer to remove unbound antibodies and then
resuspended in 0.5 ml of cell staining buffer for Flow cytometry.
Cell identifications were carried out on BD LSRFortessa™
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
xg at 4°C for 5min. Free parasites that were released were
recovered from the supernatant by centrifugation at 10,000 xg
for 5min. The remaining RBC pellet was treated with 0.15%
saponin on ice for 30 min and centrifuged at 2,900 x g for 25 min
to recover the parasite pellet. The pellet was washed three times
with ice cold PBS by centrifugation at 10,000 xg for 5min and
resuspended in 1.5ml of 5mM MgCI2 solution in PBS in an
Eppendorf tube. Parasites were treated with detergent to lyse and
incubated with 10 pl DNAse at 37 C for 30 min. 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 WL 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

1h and then incubated for 1h 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, 50 wL of TMB substrate (KPL SureBlue,
#520001) was added to each well to detect antibody reactivity.
Absorbance was measured at ODg) using a SpectraMax M2 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 wusing 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 Welchs 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 (Figure1A). 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. naive young mice at 11 days post-infection (Figure 2A), size
of spleen was not significantly different in old N40 infected
mice (Figure2B). 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 naive 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 naive 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 naive 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 naive 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 naive

Frontiers in Immunology | www.frontiersin.org

15

December 2018 | Volume 9 | Article 2891


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

1.5

1.0

o
o

o°
=)

o
o
Q

Average spleen weight (g)
N w
°

0.5

0.0

Naive N40 N40+Bm Bm

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. ("o <0.01, **p < 0.001, ***o < 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 100 pm.

mice, without any statistically significant difference between  experiment was concluded, CD4+4 T cells were not yet fully
young and old mice at this stage of infections. These results  stimulated.
suggest differential splenic T and B cell response to infection with .
B. microti and B. burgdorferi in young vs. old mice at acute phase Response of Splenic T-Helper (TH), CD4+
of infection. Cells During Acute Phase of Infection

The pattern observed with total splenic cells was also reflected ~ The experimental scheme for determining different cytokines
in the percentage of each cell type. One representative infected ~ production after in vitro stimulation by PMA-+IMB, and
mouse from each group with data normalized to 5,000 cells is  identification of different types of CD4+ cells is shown in
shown in Figure 3A. In sets of old mice, infection with N40  Figure 4. Briefly, to understand the priming and T-cell mediated
caused a significant and most pronounced increase in CD19* B immune mechanism involved during acute phase of infection,
cells likely because it was a little later in infection (17th day post-  we stained splenocytes with anti-CD45 antibodies to label all
infection) as compared to young mice (11th day of infection).  leukocytes and NK1.1 for FcR+ cells, and cells sorted by FACS.
B cells percentage also increased in B. microti infected old mice  The remaining leukocytes mixtures containing macrophages,
(11.2%) but not as high as that after N40 infection (14.3%).  CD4+ and CD8+ cells were used for in vitro stimulation with
Increase in total CD3T T cell percentage was moderately but ~ PMA+IMB. After stimulation, cells were marked with individual
significantly higher in N40 infected as compared to the naive  cell-type markers, then fixed, permeabilized and stained for
young mice with p-values of 0.021 (Figure 3B). A significantly  different intracellular cytokines. Figure 4 shows the example of
higher stimulation of CD3+ cells in B. microti infected and ~ CD4+ cells producing each cytokine, data for which is shown
coinfected young mice (with p < 0.0001 for both) indicates  in Figure 5A, and outline for identification of each category of
that T cells could play a prominent role in elimination of  CD4+ cell type based upon specific or combination of cytokines
the intracellular protozoan pathogens. Although the previous  production with results shown in Figure 5B. Furthermore,
reports showed that CD4+ cells are critical for clearance of  various cytokines production by the sorted and stimulated CD8+
B. microti infected erythrocytes (47, 63), the change in total  cells from infected and naive, young and old, mice were also
CD4+ T cell percentage was neither significantly different in  determined (top right of Figure4) and results are shown in
infected young nor old mice as compared to the uninfected  Figure 6.
controls (Figures 3A,B) suggesting that during pre-adaptive CD4+ cell numbers that produced IL-10 were not
immune response development period at which point this  significantly different between uninfected naive 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+ 38820.0 421 0.2876(NS)

CD19 2742.0 3.02 CD19 7679.0 8.32 0.0063(*)

CD3 10599.0 1.7 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 M7 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)

CDh4 4192.4 4.64 CD4 3166.3 3.21 0.1251(NS)

Naive 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 naive 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+4 T
cells obtained from all infected mice irrespective of age showed
production of TNF-a, IFN-y, IL-4, and IL-21 as compared
to the cells from naive 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-y 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 Thl polarization
and also potentially by yet to be identified Pathogen Associated
Membrane Patterns (PAMPs) of B. microti (Figure 5A).

Thl cellular proliferation and response (Figure 5B)
demonstrated by intracellular IFN-y 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 Thl
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 naive 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 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-a, IFN-y, IL-4, and IL-21
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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, ***
<0.0001).

*

/)

production only occurred after in vitro stimulation. Analysis of =~ More pronounced Th2 response was observed in spleens of old
CD4+ cells after PMA stimulation showed highest Th1 response  mice with and without PMA stimulation (Figure 5B, Table 2).

by B. microti infected mice cells as seen in other intracellular We analyzed splenic leukocytes based upon surface markers
protozoa in both young and old mice (Figure5B) that could and respective cytokines production to further determine the
not be detected in the unstimulated fresh splenocytes (Table 2).  specific T helper cell types that increase in numbers during
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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 naive 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 naive 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 (Table2). 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-a
between uninfected naive and various infected young or old
mice were similar in numbers (Figure 6); however, higher cell

numbers producing IL-10 and TNF-o were detected after PMA
stimulation. More of CD8+ T cells obtained from all infected
mice irrespective of age showed production of IFN-y, and IL-
4 after PMA stimulation as compared to the cells from naive
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 10°
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 (4++) 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 young N40 infected and coinfected mice 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 Naive and infected young and
old mice.

Average + SD

Young Naive 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
Thi 21.0 +6.08 108.0 £ 9.54 168.3 £ 19.7 298.3 +31.0
Th2 713+ 257 121.7 £ 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 156.0 £ 3.61 108.3 +£15.9 121.3+£14.5 256.3 £ 10.5
Treg/Th17  10.9 £ 0.56 2.44 £0.25 2.88 +0.73 0.89 £ 0.29
Thi 21.0 + 6.08 68.0 +20.2 117.3+25.7 21563+ 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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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-y 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 Thl-associated cytokines and chemokines, IFN-vy, IL-
8, IL-6, and TNF-a 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-y 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-y 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 Thl 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/Thl7 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 (Figure4) 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-y and TNF-a 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
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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 older mice.
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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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 Thl 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 other microbe 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 CD4TCD25% (Treg)
cells and the mRNA expression of IL-10, while decreasing number of CD41IL-17AT
(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-y-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 (I13C)
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
CYPIAL 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 Thl7 cells (17, 18).
Treg and Thl7 cells are relatively newly described lineages
of CD4™" T helper cells. Although Treg and Th17 cells share
a common precursor cell (the naive CD4T cell) and require
a common tumor growth factor (TGF)-p 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 13C (17256, 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 (19657), 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), 50 pg/ml gentamycin (Sigma), 25mM HEPES (Gibco,
Gaithersburg, MD), and 55 uM 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 2 mM L-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 48h. 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 0.014 M taurocholic acid (Sigma) at 41°C for 90 min.
The excysted sporozoites were collected, washed three times with
HBSS at 3,000 x g for 10min at 4°C and resuspended to 1.0
x 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 0.22 pum filter. 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 (500 jLg/ml)
in complete RPMI-1640 for 4h in the presence of golgiplug
(1 pl/1 x 10° 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 CD45TCD3"CD4*CD25" and
CD457CD3TCD4TIL-17A" cells, respectively. Unfortunately,
foxp3, a signature transcription factor for Treg, has not been
cloned in chickens; thus, we had to consider the CD4TCD25%
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 B-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 A ACt 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) &’-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) 8-TGTTGTTGCTGTTTCCCTCTTC-3 (33)
(Rev) 5'-CACCCCTGTCCCTTTTGGA-3

CYP1A4 (For) 5-CCGTGACAACCGCCCTGTCC-3' (34)
(Rev) 5’-GAGTTCGGTGCCGGCTGCAT-3

CYP1A5 (For) 5"-GGACCGTTGCGTGTTTAT-3 (35)
(Rev) &'-CTCCCACTTGCCTATGTTTT-3/

IL-1B (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'

Z01 (For) 5"-CCGCAGTCGTTCACGATCT-3' (37)
(Rev) 5"-GGAGAATGTCTGGAATGGTCTGA-3'

B-actin (For) 5’-CACAGATCATGTTTGAGACCTT-3/ (38)
(

Rev) 5’-CATCACAATACCAGTGGTACG-3/

sporulated oocysts (1 x 10%/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 x dilution factor x
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 (0-500 wM) for 24h, 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
25 mM 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
Dunnetts 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 and median 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 CD4TCD25" (Treg) and CD4TIL-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 72h. 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 Thl17-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 CYPIAS5 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 Figure4E, 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 gPCR 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 of DIM. Following E. tenella infection, IL-10 expression increased

Th17-Related Genes in DIM-Treated in the ET group and the increased IL-10 expression in the ET
Chickens groups persisted until the end of the experiment. Compared

To determine the cytokines involved in T cell regulation by DIM, with DIM, ETDIM induced greater IL-10 expression after 1
we carried out real-time qPCR to measure the mRNA expression ~ DPL thus suggesting that DIM induces more Treg cells in
of Treg- and Th17-related genes in T cells. In agreement with our  coccidiosis (Figure 5A). However, the expression of Th17-related
in vitro findings, the expression of IL-10 increased after treatment  cytokines was generally down-regulated in the DIM and ETDIM
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compared to the vehicle control of each treatment.

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 (100 uM), or I3C (100 M) in the presence of Con A (10 pg/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 gPCR. 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

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

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
gPCR. (B) The frequency of Treg cells were analyzed by flow cytometry. The data represent the mean + SE from two independent experiments. “o < 0.05 and

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
(10 ng/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 gPCR. 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-1f8, IL-6, and CXCLi2 (a
homolog of mammalian CXCL8) but not TNESF15 (TLIA, a
functional homolog of mammalian TNF-a) (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
Z01 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 Thl7
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,
AhRI1 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 CYPI1A1 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 13C 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 O 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-18, IL-6, CXCLi2, and TL1A (A) and tight junction protein gene; JAM2 and ZO1 (B) were measure in cecum by real-time gPCR. *p < 0.05
and was considered statistically significant compared to the samples.

how AhR ligand modulates T cells in terms of Treg and Th17  suggest that the cytokine profile for each Th lineage is likely to
cells. As we expected, DIM and I3C increased the number of  overlap in chickens and mammals.

CD41TCD25" cells in chicken lymphocytes in vivo as well as We further investigated the effects of indole in regulating
in vitro, thus suggesting that they have comparable effects to  Tregand Th17 cells in coccidiosis. Coccidiosis caused by Eimeria
those in mammals. Regarding the Th17 cells, the data showed  spp. induces an inflammatory response in parasitized intestinal
a decrease in CD4TIL-17A™ cells, but to a lesser extent than tissues (61). Profiling of cytokines in coccidiosis revealed that
the increase in intestinal Treg cells. Moreover, the expression  most T cell cytokines are increased along with the inflammation
of each lineage of Th cell-related cytokines was consistent  in the intestine (62, 63). Moreover, our previous studies have
with data obtained from flow cytometry. The anti-inflammatory  indicated that Th17-related cytokines such as IL-17A and IL-
cytokine IL-10 showed increased expression in DIM-treated  17F and IL-17 receptor signaling are involved in inflammation
groups, whereas the expression of the IL-17A, IL-17F, IL-21,and  induced by coccidiosis, although the predominant protective
IL-22 was downregulated in the DIM-treated groups. These data  response in coccidiosis is considered to be an IFN-y-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.

Thl response (6, 8, 31, 64). We investigated the changes in
Th1 cells as CD4TIFN-y™ cells in E. tenella infection. Initially,
we expected that DIM would also affect the Thl 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, Thl
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 response mediating IFN-y-
expressing Thl 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-y for Thl, IL-
4 for Th2, and IL-10 and TGF-p 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-1f, 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)
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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-y-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 CD4T
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)-y, 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 naive 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-y, 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)-a, lipopolysaccharide-induced TNF-a factor (LITAF),
TNF-a superfamily 15 (TNFSF15), transforming growth factor
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(TGF)-p1-4, 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-y-MEDIATED IMMUNITY IN
AVIAN COCCIDIOSIS

Among all the cytokines mentioned above, IFN-y is a major
cytokine that has anticoccidial effects (73). In mammals, parasitic
infections are often characterized by increased levels of IFN-
y. 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-a) and type II (77) (IFN-y) IFNs,
most of the findings on the role of IFN-like activity in Eimeria
infections were believed to be associated with TFN-y. 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 [EN-y in anti-Eimeria
immunity was later described by Breed et al. who showed that
IFN-y 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-y (81). Based on these findings, it was proposed
that T-cell priming might occur at the site of infection, resulting
in production of IFN-y at the infection site, thus regulating
anticoccidial immunity (81). It was also hypothesized that CD8™
cells produce IFN-y, which is involved in immunoregulation
in primary coccidiosis (81). These findings were extended by
Rothwell et al. who showed that IFN-y-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-y 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-y in protecting against Eimeria
infections (36, 83, 84). Birds immunized with recombinant
IFN-y show increased body weight gain during infection with
Eimeria acevirulina (36, 83). Also, the development of E. tenella
is inhibited by IFN-y in vitro (36, 84). When chicken cells are
treated with recombinant IFN-vy, 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-y 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-y has also been shown to
have an adjuvant effect on coccidial vaccine in Eimeria-infected
chickens (85). The adjuvant effect of IFN-y 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-y increased the immunity at intestinal
level and protected against avian coccidiosis (36, 86, 87).
Recent studies have also indicated the beneficial effect of IFN-
y on anticoccidial DNA vaccine (88, 89). A chimeric vaccine
constructed by fusion of genes encoding the E. tenella surface
antigen, and IFN-y alleviated the cecal lesions and improved
the anticoccidial index in experimentally infected chickens,
further suggesting the adjuvant effect of IFN-y (89). Thus, all
these efforts indicate the anticoccidial role of IFN-y, direct,
or as an adjuvant, and underline the significance of IFN-y in
anticoccidial immunity.

Th17 CELLS AND THEIR CYTOKINES IN
AVIAN COCCIDIOSIS

Besides the response elicited by IFN-y-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 B-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 Thl7 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. Thl7 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 CD4TCD25" 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, CD4TCD25" 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-B, CTLA-4, and LAG-3, as in mammals (103). IL-10 showed
29-fold higher expression in CD41TCD25% 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-y-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-y for Thl,
IL-4 for Th2, and IL-10 and TGF-p 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*TCD25% 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 CD4TIL-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 Thl 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 TGFp 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-p (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 as microRNAs,
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 TNFa in DCs (21), monocytes, and macrophages via
an IL-10 independent manner (41).

Intriguingly, HDPs can also modulate 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-k 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-kB (NF-kB), and IFN
regulatory factors (IRFs) (45). ERK1/2 signaling mostly mediates
Th2 response and DCs 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
Thl 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
inflammatory mediators, such as IL-12 and TNFa (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 LNFPIIL 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 NFkB activation. HDPs can further restrain NFkB 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 NFkB 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 TLRS3, 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
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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-«kB
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 p38 MAP kinases) along with
NEF-kB 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, further molecular dissection revealed that these
HDPs not only slightly activate NF-kB signaling relative to LPS,
but also shorten NF-«kB 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 Thl-associated cytokines, such as IL-
12, IL-6, and TNFa (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
FceRI signaling on mast cells via TLR4 engagement (58). Multiple
downstream molecules are activated upon binding IgE to FceRI,
such as protein kinase Ca (PKCa), phospholipase D-coupled, and
sphingosine kinase 1 (SPHK1) which subsequently trigger NF-
kB signaling. In comparison to LPS, which strengthens (FceRI)-
mediated signaling, ES-62 directs PKCa 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 (PKCB,
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PKC3, PKCt, and PKC¢) can also be degraded by ES-62 (58, 59).
Among them, PKC3 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 PKC3 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
Thl and inflammatory responses (58) . Owing to promising
results achieved from ES-62, analog molecules of ES-62 termed
11a, 1le, 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-kB (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 SJMHEI1
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-«kB cascade. NF-kB signaling also plays an

essential role in priming Th2 response, since the lack of NF-«B 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-kB 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 IEN 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
alveolar macrophages (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 Thl 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 TLRY 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-kB 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 Ly6CPM 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). Rodriguez 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* CD117 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-$
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 Dectinl,
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 TGEFp)
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 PKCS8) 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 TGFp (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 TNFa 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 B-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-1f 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-1f
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-1f 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 and worm expulsion by increasing NLRP3-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-18
and TL-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/FcyR and downstream
signaling (Syk kinase signaling) to irritate NLRP3 via activation
of reactive oxygen species and potassium eftlux leading to IL-1P
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-f receptor (TGFP 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 intriguing mechanism. 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 naive CD4 T 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, TGFB, 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
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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 CD3¢ (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 Thl 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 FceRI 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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TGFB is one of the most powerful cytokines with
immunoregulatory activity, which stimulates naive 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 TGFp homologs (159). Bm-tgh-1 and Bm-tgh-2 from
Brugia species and SmRK-1, 2, a TGF-p receptor homolog,
from S. mansoni are well-known examples of HDPs with
immunoregulatory activity due to mimicking TGFp-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 as H. polygyrus TGF-f mimic
(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 TGFBR
and mimic properties of TGFf 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-p receptors and triggers Smad2/3
signaling in leukocytes (162). They showed that TGF- RII is the
main target of this component through which Fh'TLM 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
Thl 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 Thl response
by production of IFNy homologs to engage IFNYy receptors
leading to Thl 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 Thl 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 CXCLS,
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 Kv1.3"8" 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 BmKI1 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 plasma membrane (177). Generally, all of
them are considered as EV and exosomes are the smallest EV with
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 3h 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,
TNFa, 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-a, 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 I1-33 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 EV's
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 Bl 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 M$ and AAM¢ 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.
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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 parasites 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 PIEMP1 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 PIEMPI 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 (~10h post-invasion) is a host cell with
a compromised rheological profile (68). Such biomechanical
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TABLE 1 | Host-derived receptors for R, falciparum cytoadherence ligands.

Ligands Receptors Expression sites References
PEMP1 Complement receptor 1 (CR1/CD35) RBCs, leukocytes, splenic follicular dendritic cells (22)
Chondraoitin sulfate A (CSA) Endothelial cells, placental syncytiotrophoblasts (28, 24)
Hyaluronic acid (HA) Placenta, and other connective, epithelial and neural (25)
tissues
Heparan sulfate (HS) All tissues (26, 27)
Platelet glycoprotein 4 (CD36) Platelets, RBCs, monocytes, differentiated (28-33)
adipocytes, microdermal endothelial cells, skeletal
muscles
Intercellular adhesion molecule 1 (ICAM1/CD54) Endothelial cells, leukocytes (29, 31, 33-36)
Vascular cell adhesion protein molecule 1 Endothelial cells (31, 33, 35)
(VCAM1/CD106)
RBC group A/B antigens RBCs (87, 38)
Platelet endothelial cell adhesion molecule 1 Platelets, monocytes, neutrophils, T-cells, (89, 40)
(PECAM-1/CD31) endothelial cell (intercellular junctions)
lgM 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 (4 pwm 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 PfEMPI. 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 PEEMP1 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 PfEMPI1 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 3 pum
and non-opsonized targets larger than 2 pum negatively affect
the attachment step of phagocytosis (93). Of note, the thickest
point of a RBC is 2-2.5 um whereas the thinnest point of this
cell is ~1 wm. 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
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(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 von Willebrand factor (vWEF)
(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, VWE, 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 from Weibel-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 ICAMI,
E-selectin, and VCAM (151, 152). ICAM1 is used by other IRBCs
to remain sequestering in the microvasculature, possibly with an
expression switch of PEMP1 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 PfEMPI1 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 falciparum malaria 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, PEMP1 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 IRBC:s 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 (~5-10um) close to the size of a normal RBC.
However, sites of IRBC sequestration encompass capillaries and
venules (lumen size of ~ 7 wm to 1 mm) (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 CRI 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 SI2 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 McC? 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 cytoadhesion may 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 VWEF-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
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The protozoan parasite Histomonas meleagridis is the causative agent of histornonosis
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)-y 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 6-20 um in size and capable of forming
pseudopodia (23, 24). Unlike the tissue form the cecal lumen
form (3-16 wm) 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
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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’ 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 o-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 a-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 B-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 B-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
a-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
were made by histopathology in birds infected with H. 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 when most 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
naive 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 the mechanisms 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. CD3TCD4TCD8a~ 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, CD37CD4~CD8a™ 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 ™,
CD8a™, 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 and H. 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 a more 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%, CD8a+
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 CD8a™ 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", CD8a™, 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 CD8a™ 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 CD8a™ 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
pi. until 10 days p.d. (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
against H. meleagridis were 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-y, IL-13, and IL-4 and the regulatory cytokines IL-10 and
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TGF-B4 by RT-qPCR in different organs of infected chickens
and turkeys. Most important, in chickens, IFN-y 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-p4 mRNA expression
levels were unchanged during the experiment. In turkeys, IFN-y
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-p4
mRNA expression levels were increased.

Later on, Schwarz et al. (63) found a significant increase
in mRNA expression of IFN-y 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-y 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 Thl
and Th2 cytokines, IFN-y, 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-y 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-
y mRNA positive cells in the cecum of naive chickens were
distinctly higher than in naive turkeys. These findings led to the
conclusion that IFN-y 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-y 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-y 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
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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 against Plasmodium 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 of malaria morbidity and mortality have been attributed to Pfinfections,
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 and milder 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 the Anopheles
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 the mosquito 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 by malaria
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 EMPI 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 Pfisolates can also trigger
hypergammaglobulinaemia. Interestingly, the domain C1DRla
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 CIDR1a 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 Pfand Pv malaria (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
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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,
which mature through somatic hypermutations in V(D)] 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 IFNy and TNFa 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 IFNy 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 IT 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 IFNy, have been associated with that Treg expansion
which impairs the Tth 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 Tth
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 =~ between RH5 and basigin (77) that is critical for Pf merozoite
in combination with mAb 2A10, these mAbs enhanced the invasion. However, this protein interaction does not seem to
sporozoite neutralization in vivo (68). Contrarily, the antibody  be the unique spot for the anti-RH5 mAb neutralizing activity.
reactivity had multiple targets against the blood stage antigens. = Considering that distinct RH5-derived B cell epitopes have
Anti-EBA-175 mAbs (R217 and R218) have been described  been described with those bNAbs, it suggests that the RH5
as inhibitory for Pf invasion in RBCs. Whereas R217, the  sequences may suffer some immunological pressure (78). Other
more inhibitory mAb, engages fundamental antigen residues  Pfantigens have been described as stimulators of malaria bNAbs,
for RBC binding, R218 interacts with F1 region residues, such as EXP1, MSP-3, GLURP, RAMA, SEA, and EBA-181.
irrelevant for RBC binding (69). The subdomains I and II of = Those antigens were discovered after an investigation of serum
Dufty binding protein (DBP) have also been targeted by the  samples from the cured Pf malaria patients and individuals
neutralizing antibodies detected in high concentration in the  with subsequent recrudescent infection. The cured patient
serum of individuals from Pv malaria-endemic areas. Mutations ~ samples had higher antibody titers against all those antigens
in those antibody sequences accumulate over parasitic exposures,  and consequently, a higher capacity to inhibit the erythrocytes
enhancing their breadth and potency (70). Furthermore, invasion by Pf merozoites (79). Recently, a mechanism based
although barely recognized during infection even in residents  on interchromosomal DNA transposition was described as the
of Pf malaria-endemic areas (71), the anti-RH5 antibodies have  contributor to the antibody diversity in the context of Pf malaria
demonstrated a great capacity of inhibiting invasion of the infection. A DNA insertion from a sequence of a collagen-
Pf merozoites in erythrocytes (72-76). Due to a subcellular  binding inhibitory receptor (LAIR1) into V(D)] Ig genes was
location, the RH5 antigen has been detected around the moving  described to generate broad reactive antibodies against the Pf-
junction that is assembled just before the erythrocyte invasion.  infected erythrocytes (80). Although these LAIRI-containing
Thus, RH5 would be accessible to antibodies only during antibodies were found in 5-10% of residents of Pf malaria-
the short contact between Pf merozoites and erythrocytes.  endemic areas and recognized distinct members of the RIFIN
Crystallography data showed that anti-RH5 bNabs bind at  family, they did not confer protection against the disease
or close to the basigin-binding site, blocking the interaction (80, 81).
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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.
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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-MSP1;9 1gG
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 MSP1;9 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 Clq 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 Clq deposition, the
higher is the protection. Interestingly, older children from Pf
endemic areas presented higher C1q deposition than the younger
children (88).
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The Influence of Parasite Infections
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With Other Pathogens
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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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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 hosts 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-y (IFNy), IL-12,
increased levels of CD4" Thl 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
IFNy production by peripheral blood lymphocytes. However,
as helminth infections can modulate host IFNy responses, co-
infections with these parasites could have serious consequences
for the reliable detection of other important pathogens (see
section Mycobacterium 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, IFNy
production from CD4" Thl-cells and CD41 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 Thl-
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 Thl 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 IFNy. Since IFNy 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
Thl 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 IFNy and malaria-specific Thl-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.
falciparum when 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 Thl
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 Thl-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 Thl-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 then migrate
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 IFNy
responses (25).

Bovine tuberculosis (BTB), caused by infection with the
bacterium M. 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 IFNy 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 IFNy test) through reduced M. bovis-
specific Thl 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 Thl 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 of M. 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 PB-hydroxybutyrate can help detect ewes at risk of
developing pregnancy toxemia. Higher concentrations of -
hydroxybutyrate were recorded in trematode-infected ewes (30).
Since p-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
IFNY 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 IFNy. Further studies are necessary to determine whether
additive/synergistic effects of each infection on IFNy expression
are responsible for the increased disease severity observed in the
co-infected mice.

Trypanosome infections may also modulate 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/IFNy signaling. This suggests that the strong pro-
inflammatory IFNy-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 Thl 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 Thl-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-y 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 Thl-polarized
immune response characterized by production of IFNy, 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 Thl response to T. gondii infection (44), the Th2-
response to the H. polygyrus infection was impeded. Co-infection
with T. gondii in these mice was instead accompanied by a shift
toward a non-protective helminth-specific Thl 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 with H. 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 Thl-
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 significant morbidity and mortality, 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 IIT) 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/Thl cytokine
bias, and significantly lower plasma levels of IL-2 and TNF-a
when compared to those infected with G. lamblia alone (53).
Studies from mouse models have shown that expression of TNF-
o 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-o 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 Thl-
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 bacterium M. 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 Thl-polarized immune response
and production of IFNy, IL-12, and TNF-a, 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 Thl and Th17
responses to the bacterial infection and reduced expression of
effector cytokines (69-71). The increased expression of Th2
cytokines, especially IL-4, in mice co-infected with helminths also
promotes the induction of alternatively activated macrophages.
These cells have been shown to be less effective than pro-
inflammatory IFNy-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.
hepatica may increase the risk of E. coli O157 shedding (80). This
implies that strategies aimed at controlling F. hepatica infection
may have additional benefit by reducing the shedding of E. coli
0157.

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 f-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 IFNy and TNF-a 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 y-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 Thl 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 1gG2b 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 and more severe forms
of strongyloidiasis. Patients co-infected with HTLV-1 and S.
stercoralis were 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 impaired Vaccinia 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-y-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 IFNy-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
(Ifnarl-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

Frontiers in Immunology | www.frontiersin.org

November 2018 | Volume 9 | Article 2579


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

Mabbott

Parasite Co-infections

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 (PrP5¢) 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/Thl 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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by Immune Signatures
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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 7. 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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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 1 ml 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 1 ml 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 TITANamp Genomic DNA kit (TianGenTM, 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®
spectrophotometer (IMPLEN, CA, USA) and RNA concentration
was measured using the Qubit® RNA Assay Kit in Qubit®
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 lllumina

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 g RNA per sample was used as input material for

RNA-seq library preparation using NEBNext® Ultra " RNA
Library Prep Kit for Mlumina® (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 pl USER Enzyme (NEB, USA) were
used with size-selected, adaptor-ligated cDNA at 37°C for 15 min
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 lllumina 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 using Hisat2 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 GoScript™ Reverse Transcription
System (Promega, MI, USA). GoTaq® 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: 2 min
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):

ACr = ACT(target) — ACr(Garph):

AACT = ACT(infected) - ACT(control)§ mRNA fold Change = Z_AACT

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 BI 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. The majority 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 gRT-PCR analysis.

Gene Primer name* Primer sequence (5' to 3')
ADAM11 ADAM11-F 5/ —CTGTGGCWCCTCCTCTGTGT—S/
ADAM11-R 5 -TTGCCCTGGTGGTAGAAGGT -3’
APOA2 APOA2-F 5 -CGGTGACTGACTACGGCAAG-3'
APOA2-R 5 -TAACTGCTCCTGGGTCTTCTCAA—3'
MEP1A MEP1A-F 5 -CACCATCATCAACATCCTGTCTC—8'
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—8'
GKN2-R 5 -GCAGGGATGGCTTTATGTTTC-8'
GBP5 GBP5-F 5 -GCTAAAGGAAGGCACCGATAAA—3'
GBP5-R 5 -AGTGAGCAGGAGAGTCGAAGATAAA—3'
OAST OAS1-F 5 -AGCCATCCACATCATCTCCAC—3'
OAS1-R 5'- AGAGCCACCCTTGACCACTTT-3'
IDO1 IDO1-F 5 -GAACCAAGGCGGTGAAGATG—3'
IDO1-R 5 -GCATAAACCAGAATAGGAGGCAGA—3'
Pl16 PI16-F 5 -CTGCCAGAACTGTCTGCCTCT-3
PI16-R 5 -GTCCTTCATCTGCCCCTCAC—3'
ACTG2 ACTG2-F 5 -AACAGGGAGAAGATGACCCAGA—3'
ACTG2-R 5 -CCAGAAGCATAGAGAGAGAGCACA—3'
ANKFN1 ANKFNA1-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 Il
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.

qRT-PCR validation of RNA-seq
uRNA-seq qRT-PCR
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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 gRT-PCR for validation of RNA-seq data. Relative expression levels were calculated using the the AACT 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. gRT-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 $3). 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, FZDS,
TNESF10, 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-y) 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
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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.

overall average. Plots were drawn using the R beanplot package.
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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

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 CXCLI10
was up-regulated in pig peripheral blood mononuclear
cells during early T. gondii infection (20, 21). CXCLIO is a
chemokine secreted from cells stimulated with IFN-y, 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 (TNFa) signaling
via NF-«kB (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
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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-kB 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-kB 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-kB 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-kB 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. IFNy 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). IFNy-
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-y-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-y-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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