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Editorial on the Research Topic

Current Challenges in Vaccinology

The COVID19 pandemic has focused minds as rarely before on the vital contribution of vaccines to
modern life. In addition to issues related to antigen identification, vaccine adjuvants, vectors and
formulations, knowledge is increasing on how a range of factors including age, sex, comorbidities,
and the microbiome can impact on responses to vaccines. In this issue, the wide breadth of
outstanding issues and opportunities are raised relating to urgent vaccine needs, limitations of
current approaches, and the potential of cutting edge technologies to facilitate new advances
are highlighted.

These issues are clearly outlined in the review from Kennedy et al. where the great potential of
‘omics’ approaches supported by bioinformatics to provide insights into pathogen biology, host
genetic diversity, and other factors to guide future vaccine research and development through the
emerging field of ‘vaccinomics’ are outlined.

Even before the current SARS-CoV-2 pandemic, there have been a number of endemic and
emerging viral pathogens for which vaccines still are urgently required. Esposito and Principi
address Norovirus, among the most common causes of outbreaks of acute gastroenteritis and
sporadic acute diarrhea episodes and the current status of vaccine development against the virus.
The Arboviruses, Chikungunya, and Zika virus transmitted by Aedes mosquitoes are of increasing
concern due to more widespread prevalence globally. There is promise regarding the feasibility of
vaccination, but there are many challenges including in the design and location of phase III trials
that are critically addressed by Schrauf et al. The seasonal variation in dominance of influenza virus
strains and evolving subclades poses an enormous challenge for vaccinology. Influenza vaccine
effectiveness is addressed by Redlberger-Fritz et al. who stress the vital importance of detailed
genetic virus surveillance to address subtype specific vaccine effectiveness on an ongoing basis.

In addition to emerging pathogen threats for which no vaccines currently exist, antimicrobial
resistance is a global emergency, and vaccination will have to play a part in dealing with its
consequences. Rosini et al. address these challenges an the potential mitigation strategies,
highlighting the remarkable projection that “In terms of magnitude, the economic impact of
AMR is estimated to be comparable to that of climate global change in 2030.” The enormous
challenge posed by nosocomial hospital-acquired bacterial infections presents a need for novel
approaches including in the assessment of vaccine efficacy and the design of clinical trials
(Bekeredjian-Ding). Careful stratification of patient groups may be critical to demonstrate
efficacy where a universal vaccination approach is not feasible. Beyond infectious diseases,
org December 2020 | Volume 11 | Article 63253716
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vaccines also have great potential to address chronic diseases.
Allergy is considered an epidemic, which affects almost 30% of
the population. Innovative allergen immunotherapy approaches
offer the promise of reducing allergic symptoms, and potentially
vaccination could in future be used in a prophylactic manner to
prevent allergies (Tulaeva et al.).

The importance of targeting specific patient groups with
tailored vaccine strategies is becoming increasingly clear. Given
demographic changes, the percentage of older individuals across
the globe will increase over the coming decades. Given the toll
taken by infectious diseases in terms of morbidity and mortality
and the lower efficacy of a number of vaccines including those
against influenza in this older patient cohort, innovative
approaches are required to develop more effective vaccines for
this group (Wagner and Weinberger). There is significant
promise in this regard with evidence with some vaccines
particularly against herpes zoster that innovative adjuvant
approaches may help to increase vaccine efficacy.

Immune responses to many vaccines have been found to be
impacted by sex, and the field of sex differences in vaccine
efficacy is likely to expand over the coming years providing
valuable insights for future vaccine design and implementation.
In a study on immune responses to a tick borne encephalitis
booster vaccination (Garner-Spitzer et al.), cellular and humoral
responses, and systemic side effects to the vaccine were affected
by obesity and biological sex. Obesity is increasingly recognized
as a key factor to address in terms of its impact on the magnitude
and type of vaccine induced innate and adaptive immune
responses. The impact of another comorbidity, inflammatory
bowel disease, is considered by Lenti et al. in the context of
susceptibility to encapsulated bacteria, and the importance of
addressing the effectiveness of existing vaccines for encapsulated
bacterial pathogens in these patients is highlighted.

There have been great advances in antigen discovery,
characterization, and optimization over recent years spurred by
developments in omics technologies, bioinformatics, and the
emerging field of structural vaccinology. The concept of
‘computational vaccinology’ is outlined by De Groot et al. who
explain the underlying concepts of how these approaches allow
rational antigen discovery and design and a toolkit for vaccine
design named iVAX. Tobias et al. present a novel approach for B
cell based cancer vaccines where vaccination with mimotopes of
immune checkpoint inhibitors alone or together with tumor-
specific vaccines promoted enhanced anti-tumor immunity.
Bettencourt addresses the need for an effective malaria vaccine
and, based on the documented protective efficacy of irradiated
sporozoites, outlines the potential of technologies, particularly
immunopeptidomics, to identify liver stage antigens for
inclusion in future vaccines.

No vaccines are available for Schistosomiasis, which is a
significant public health problem over much of the globe.
Hernández-Goenaga and colleagues propose Kunitz-type serine
protease inhibitors as possible vaccine targets. Using RNA-seq,
bioinformatics to predict T- and B-cell epitopes, chemical
synthesis, and adjuvant formulation the authors demonstrated a
Frontiers in Immunology | www.frontiersin.org 27
degree of protective efficacy of the selected antigens against
experimental Schistosomiasis in mice (Hernández-Goenaga et al.).

The majority of influenza viruses are derived from virus
growth in embryonated eggs, but this process is time
consuming with potential limitations in terms of antigenicity
and challenged by highly pathogenic avian influenza viruses.
Cell culture based approaches have been used to produce
antigen and are already included in a licensed vaccine. Here,
Jawinski et al. propose the use of the ciliated protozoan
Tetrahymena thermophila to express influenza haemagglutinin
and demonstrate the immunogenicity of the expressed protein
particularly when combined with a nanoparticle adjuvant. The
potential of an adjuvanted Nucleotide exchange factor, GrpE, a
highly conserved heat shock protein to induce protective
immunity against genital tract infection with the bacterial
pathogen Ureaplasma urealyticum in mice was demonstrated
by Tang et al.

While antigen discovery and optimization is critical to ensure
the specificity of adaptive immune responses, the magnitude and
type of such responses is principally directed by adjuvant
induced innate immunity with subunit vaccines or microbial
factors in the case of whole cell, inactivated/split virus, or
attenuated vaccines. Adjuvants can also facilitate enhanced
responses in specific target groups such as the elderly or
neonates. In this context, germinal center activation is limited
in neonates which can lead to reduced generation of antibody
secreting cells and transient antibody responses. Arandottir Pind
et al. compared a number of clinically applied and experimental
adjuvants (LT-K63, mmCT, MF59, IC31, and alum) to enhance
responses of neonatal mice to a pneumococcal conjugate vaccine
Pnc1-TT. LT-K63, mmCT, MF59, and IC31 were more effective
than alum in promoting these responses, offering promise for
improved neonatal vaccine strategies in future. This team carried
out a detailed analysis on how the adjuvant LT-K63 enhanced
antibody responses, demonstrating upregulation of tumor
necrosis factor receptor superfamily members involved in the
initiation and maintenance of antibody responses (Aradottir
Pind et al.).

Stefan Kaufmann addresses the current state of the art with
prophylactic and therapeutic tuberculosis vaccine approaches
including the range of vaccine strategies under evaluation,
including adjuvanted subunits, viral vectored vaccines, and
BCG based constructs in clinical trials. The major endpoints
for clinical trials: prevention of infection, prevention of disease,
and prevention of recurrence are also highlighted (Kaufmann).
Prime-boost regimes are being widely tested in the context of TB
vaccination and also in many other settings. Sanchez Alberti et al.
present data following DNA vaccine prime and adjuvanted
subunit antigen booster vaccination against Trypanosoma
cruzi, showing that formulations which primed polyfunctional
CD4 and CD8 responses most effectively protected against
challenge in a murine model

While the majority of vaccines are delivered by intramuscular
vaccination, there is a desire to develop more patient friendly
vaccine administration routes. Transdermal vaccination has
December 2020 | Volume 11 | Article 632537
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many advantages including the targeting of an environment rich
in antigen presenting cells. Pielenhofer et al. address the
potential of particle based vaccine systems to overcome
challenges related to the transcutaneous route and promote
stronger immune responses.

Addressing the mechanisms by which vaccines activate innate
immune responses and promote protective adaptive immunity is
critical to helping us understand how vaccines work and in
providing targets to improve future vaccine efficacy. Abreu et al.
assessed serum IgA responses following vaccination with split
influenza vaccines across number of influenza seasons. The
authors concluded that influenza specific IgA antibodies are an
important immune correlate that should be considered in
addition to IgG. Assessment of IgA responses to the 23 valent
pneumococcal polysaccharide vaccine is proposed by Pulverenti
et al. as a prognostic marker in common variable immunodeficiency
(CVID). The authors found that inability to mount an IgA-
mediated response against the polysaccharide antigens or
maintain the antibody response over time identified poor IgA
CVID responders with severe immunological impairment, greater
risk of co-morbidities, and poor prognosis.

The RTS,S/AS01 vaccine induces partial protection against
Plasmodium falciparum but determinants of vaccine induced
protection are needed. Based on data from host blood
transcriptomes, Du et al. propose the transcript ratio, MX2/
GPR183 to discriminate protected from non-protected
individuals. The results indicate a role for interferon and
oxysterol signaling in the vaccine mode of action. There is a
need for safe and effective approaches to promote stronger
Frontiers in Immunology | www.frontiersin.org 38
cytotoxic T cell responses for both infectious disease and
cancer vaccines. The bacterium, Listeria monocytogenes is an
effective vector for vaccine antigens, triggering strong CD8
responses following administration (Rana et al.). The authors
demonstrated roles for caspase 1/11 and RIPK3 in dictating the
quality of CD8 responses induced by the vaccine.

In summary, these articles encapsulate the current dynamism of
the vaccine field; highlighting major current challenges and those
on the horizon in addition to exciting developments in antigen and
adjuvant discovery. Increased knowledge of vaccine mode of action
and how this is impacted by factors including age, sex and health
status will be critical in making further advances and moving in
some cases toward more stratified vaccination regimes.
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Immaturity of the immune system contributes to poor vaccine responses in early life.

Germinal center (GC) activation is limited due to poorly developed follicular dendritic

cells (FDC), causing generation of few antibody-secreting cells (ASCs) with limited

survival and transient antibody responses. Herein, we compared the potential of five

adjuvants, namely LT-K63, mmCT, MF59, IC31, and alum to overcome limitations of the

neonatal immune system and to enhance and prolong responses of neonatal mice to a

pneumococcal conjugate vaccine Pnc1-TT. The adjuvants LT-K63, mmCT, MF59, and

IC31 significantly enhanced GC formation and FDC maturation in neonatal mice when

co-administered with Pnc1-TT. This enhanced GC induction correlated with significantly

enhanced vaccine-specific ASCs by LT-K63, mmCT, and MF59 in spleen 14 days

after immunization. Furthermore, mmCT, MF59, and IC31 prolonged the induction of

vaccine-specific ASCs in spleen and increased their persistence in bone marrow up to

9 weeks after immunization, as previously shown for LT-K63. Accordingly, serum Abs

persisted above protective levels against pneumococcal bacteremia and pneumonia.

In contrast, alum only enhanced the primary induction of vaccine-specific IgG Abs,

which was transient. Our comparative study demonstrated that, in contrast to alum,

LT-K63, mmCT, MF59, and IC31 can overcome limitations of the neonatal immune

system and enhance both induction and persistence of protective immune response

when administered with Pnc1-TT. These adjuvants are promising candidates for early

life vaccination.

Keywords: vaccination, neonate, adjuvant, germinal center, antibody-secreting cell persistence, spleen, bone

marrow, protective antibodies
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INTRODUCTION

Vaccines against infectious diseases have a major impact
on human health, preventing each year 2–3 millions deaths
worldwide (1). In 2017 5.4 million children under 5 years
died, mostly in developing countries, whereof 2.5 million deaths
occurred in the first month of life (2). Infectious diseases
caused a large part of these deaths, many of which are vaccine-
preventable (2). These numbers emphasize the need for effective
approaches to limit infections and preventable deaths in early
life. Vaccination is the most efficacious way to fight infection and
eliminate pathogens.

The neonatal immune system is immature resulting in
increased vulnerability to infections and poor vaccine-induced
immune responses in early life. Although protective vaccines
against many pathogens are available, the vaccine-induced
antibody (Ab) responses wane after 6–9 months, and hence
multiple vaccinations are essential to maintain protection and
immunological memory (3).

The immune system of 1 week old mice and responses
to various antigens (Ag) correspond well to those of human
neonates, both in terms of Ab responses and T cell function,
and those of 3 weeks old mice correspond to human infants
(4, 5). Induction of germinal centers (GCs) is delayed in spleen
of human neonates (6, 7), in agreement with the limited follicular
dendritic cell (FDC) maturation and GC induction in neonatal
mice (8, 9). Furthermore, the delayed induction of T follicular
helper cells (Tfh) is circumvented by adjuvants like MF59 in
infant but not neonatal mice (10). Similarily, Tfh response
was limited in naive children (11), but MF59 increased IFNγ

+

and TNFα+IL-2+ secreting CD4+ T cells in human infants
vaccinated with tri-valent influenza vaccine (12). We have shown
that immunogenicity of pneumococcal conjugate vaccine is
highly age dependent and plain pneumococcal polysaccharide
(PPS) is only immunogenic in adult mice but not infant or
neontal mice, reproducing the main features of human infant
immune responses to native capsular PPS and pneumococcal
conjugate vaccines, as well as the relative protective efficacy of
those vaccines. In ourmousemodel of pneumococcal vaccination
and infection LT-K63 enhanced the response to Pnc1-TT but not
to the polysaccharide in neonatal and infant mice, in line with its
effect on the FCDs and GCs which play a key role in response
to T cell-dependent (TD) Ags but not T cell-independent (TI)
Ags (9, 13–15).

Neonatal activation of GCs is limited leading to formation
of few plasmablasts whose survival in bone marrow (BM)
is reduced, resulting in low and transient Ab responses (16,
17). In GCs, B cells undergo clonal expansion and affinity
maturation, and consequently the differentiation into Ab-
producing plasmablasts and plasma cells (PC) or memory cells.
FDCs can bind and present Ag-Ab immune complexes to B cells
via complement receptors or Fc receptors (18, 19). FDCs together
with Tfh orchestrate the GC reaction. The crosstalk between
GC B cells and Tfh influences B cell survival, proliferation and
differentiation and promotes development of memory B cells
and long-lived PCs (20). Interestingly, there is a preferential
differentiation of memory B cells rather than PCs in neonates
[reviewed in (4)]. Most plasmablasts emerging from neonatal

GCsmigrate efficiently to the BM, but do not persist. Instead they
undergo apoptosis resulting in rapid decline of serum Abs during
early life (16, 21). This is explained by insufficient survival signals,
mainly APRIL, from the BM niches, leaving the plasmablasts
unable to differentiate into long-lived PCs and persist in the BM
niche (16, 21, 22).

Adjuvants are immune stimulating agents and are central
components of vaccines that enhance both magnitude and
duration of immune responses and may modulate the nature of
the responses. Alum was the only adjuvant included in licensed
human infant vaccines until MF59 was included in H1N1
influenza vaccine licensed in Europe in 2009 for vaccination from
6 months of age (23, 24). The adjuvant LT-K63 is a non-toxic,
genetically modified derivative of heat labile enterotoxin from
E. coli, that interacts with a variety of immunocompetent cells
and mediates immunomodulation associated with adjuvanticity.
LT-K63 was originally developed as a mucosal adjuvant but also
elicited strong adjuvanticity when given parenterally [reviewed
in (13, 14, 25)]. We showed for the first time that LT-K63
could stimulate GC formation and enhance maturation of FDC
network in neonatal mice. Immunization of neonatal mice with
Pnc1-TT and LT-K63 resulted in increased Ab responses and
increased specific ASCs in spleen and survival in BM, leading
to persistence of protective Abs against pneumococcal lung
infection and bacteremia (9, 13, 14). We have previously shown
that Pnc1-TT with LT-K63 or CpG-ODN induced comparable
protective Ab levels and had comparable effects on neonatal
dendritic cells, B cells and T cells (26–28). However, only LT-K63
improved T helper cell type 1 (Th1) activation (26, 28), increased
TNF expression associated with enhanced FDC maturation, GC
induction and prolonged persistence of ACSs in spleen and BM
[(9) and unpublished data]. The clinical development of LT-K63
was stopped due to transient facial nerve paralysis observed in
two vaccinees following intranasal delivery (29). Recently, the
ability of the adjuvant, CAF01 to induce GC reaction in neonatal
mice was reported (30). There is an unmet need of developing
safe and potent adjuvants that can overcome the limitations
of early life immunity (31). Further, a better understanding
of the mode of action of existing adjuvants may contribute
to development of improved neonatal and infant vaccination
strategies (32).

In search for an optimal neonatal adjuvant we evaluated the
potential adjuvant effect of four adjuvants with different modes
of action, namely mmCT,MF59, IC31, and CTB-CpG, on various
neonatal immune parameters, with emphasis on GC induction,
FDC maturation, and the generation of ASCs in the spleen, their
migration to and long-term survival in the BM, translating into
persistent protective Ab levels. Alum and LT-K63 were used for
comparison. mmCT is a novel, non-toxic multiple-mutant of
cholera toxin (CT) (33) that in addition to increasing IgG and
IgA Ab responses to co-administered antigen and strong IFN-γ
and IL-17A T cell responses in mice (34), it has been shown to
promote human Th17 responses (35) through activation of the
classical NF-κB pathway of monocytes (36). MF59, a squalene-
based oil-in-water emulsion, was well tolerated and enhanced
protective efficacy of influenza vaccination in infants and young
children (37), meeting all the European licensure criteria (38)
and has been licensed for use in children from 6 months with
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seasonal influenza vaccine (23). IC31, which combines two
immunomodulatory compounds; an antibacterial peptide KLK
(11-mer cationic peptide KLKL5KLK) and a TLR9 agonist, a
synthetic oligodeoxynucleotide (ODN1a) without a CpG motif,
has been shown to rapidly enhance protective humoral responses
in neonates when combined with Pnc1-TT (39). CTB-CpG is a
potent novel adjuvant that combines the effects of CpG and the
non-toxic B subunit of cholera toxin (40, 41). Our comparative
study shows that LT-K63, mmCT, MF59 and IC31 can overcome
limitations of the neonatal immune system and enhance both
induction and persistence of protective immune responses when
administered with Pnc1-TT.

MATERIALS AND METHODS

Mice
Adult NMRI mice were purchased from Taconic (Skensved,
Denmark) and allowed to adapt for 1 week before mating. They
were kept in microisolator cages with free access to commercial
food pellets and water, and housed under standardized
conditions at ArcticLAS vivarium facility (Reykjavík, Iceland),
with regulated daylight, humidity and temperature. Breeding
cages were checked daily for new births, and pups kept with
their mothers until weaning at 4 weeks of age. This study
was carried out in accordance with the Act No. 55/2013
on animal welfare and regulations 460/2017 on protection
of animals used for scientific research. The protocol was
approved by the Experimental Animal Committee of Iceland
(license no. 2015-10-01).

Vaccine and Adjuvants
PPS of serotype 1 (PPS1) conjugated to TT (Pnc1-TT) (42)
was provided by Sanofi Pasteur (Marcy l’Etoile, France). LT-
K63 and MF59 were produced by Novartis Vaccines and
Diagnostics, (now GSK Vaccines, Siena, Italy) as described
previously (43, 44). mmCT and CTB-CpG were produced as
described elsewhere (33, 45). IC31 was produced by Intercell AG,
(now Valneva, Vienna, Austria) as described (46). Aluminum
hydroxide (Alhydrogel) was purchased from Brenntag Biosector
A/S (Ballerup, Denmark).

Immunizations
Neonatal (1 week old) mice (8 mice/group, except 3–
4 mice/group in a screening experiment) were immunized
subcutaneously (s.c.) at base of tail with 0.5 µg of Pnc1-TT alone
or mixed with the adjuvants LT-K63 (5 µg/mouse), mmCT (2
µg/mouse), MF59 (50% of injected volume/mouse), IC31 (50
nmol KLK and 2 nmol ODN1a/mouse), CTB-CpG (5µg/mouse),
or Alum (0.48% aluminum hydroxide per 1µg of protein/mouse)
in 50 µl of saline. We compared s.c. immunizations at scapular
girdle as used in earlier studies (9, 13, 14, 26, 39) with s.c.
immunization at base of tail and observed no difference between
the routes, as comparable GC induction was observed in the
spleen along with comparable vaccine-specific ASC in spleen and
BM and Abs in serum (Figure S1), indicating that independent
of the s.c. immunization site and draining LNs, the efficiency of
Ag transport to the spleen is similar.

Blood was obtained from the tail vein at various time points
after priming; serum was isolated and stored at −20◦C. Spleens
were removed and half was mounted in OCT, snap frozen, and
kept at −70◦C; the other half was used to enumerate PPS1
and TT-specific ASCs. BM was collected for enumeration of
specific ASCs.

ELISA
PPS1- and TT-specific Abs (IgG) were measured by ELISA (47).
Microtiter plates (MaxiSorp; Nunc AS, Roskilde, Denmark) were
coated with 5 µg PPS1/ml (American Type Culture Collection,
Rockville, MD) in PBS for 5 h at 37◦C or 5 µg TT (Sanofi
Pasteur) per milliliter in 0.10M carbonate buffer (pH 9.6)
overnight at 4◦C and blocked with PBS-Tween 20 and 1%
BSA (Sigma). Serum samples and standard were neutralized by
cell wall polysaccharides (Statens Serum Institute, Copenhagen,
Denmark). Neutralized sera and standard in duplicates were
serially diluted (3-fold dilutions) and were incubated at
room temperature for 2 h, followed by HRP goat anti-mouse
Ab (Southern Biotechnology Associates, Birmingham, AL).
The reaction was developed by 3,3′,5,5′-tetramethylbenzidine-
substrate (Kirkegaard & Perry Laboratories, Gaithersburg,
MD), stopped with 0.18M H2SO4, and read at 450 nm in
Titertek Multiscan Plus MK II spectrophotometer (ICN Flow
Laboratories, Irvine, U.K.). Results were expressed as mean log
ELISA units (EU)/ml ± SD, calculated from a standard curve
from at least two different dilutions with coefficient of variation
between duplicates and dilutions below 20% (47).

ELISPOT
PPS1- and TT-specific ASC were enumerated by ELISPOT,
as previously described (9, 48). MultiScreen High protein
binding immobilon-P membrane plates (Millipore Corporation,
Bedford, MA) were coated with 20µg/ml PPS1 or 10µg/ml
TT overnight at 37◦C, blocked with complete RPMI 1640
(Life Technologies BRL, Life Technologies, Paisley, U.K.).
Duplicates of cells from spleen and BM were tested in four
three-fold dilutions starting with 1 × 107 cells in 100 µL
in complete RPMI 1640 per well (9, 48) and incubated
for 5 h at 37◦C, washed and incubated with ALP-goat anti-
mouse IgG (Southern Biotechnology Associates) overnight at
4◦C, and developed by 5-bromo-4-chloro-3-indolylphosphate
and NBT in AP development buffer (Bio-Rad Labs, Hercules,
CA). The number of spots, each representing a cell secreting
specific Abs, were counted by ELISPOT reader ImmunoSpot R©

S6 ULTIMATE using ImmunoSpot R© SOFTWARE (Cellular
Technology Limited (CTL) Europe, Bonn, Germany).

Immunofluorescent Staining of Tissue
Sections
Spleens were frozen in Tissue-Tek OCT (Sakura, Zouterwoude,
the Netherlands) and cut into 7µm cryosections at 2 levels,
starting 1,750µm into the tissue; the levels were separated by
210µm, fixed in acetone for 10min, and stored at −70◦C.
Two sections/spleen (one from each level) were stained with
fluorescent labeled IgM-FITC (BD Pharmingen) to visualize the
follicles, and biotinylated peanut agglutinin (PNA)-bio (Vector
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Laboratories, Burlingame, CA) to label dark-zone B cells, a
good marker for active GC reaction. Adjacent sections from
both levels of spleen were stained with primary monoclonal
Abs (mAbs) FDC-M2 (biotinylated) (AMS Biotechnology
Limited, Oxfordshire, U.K) for mature FDCs and MOMA-1
(AbD Serotec, Düsseldorf, Germany) for metallophilic marginal
macrophages, respectively. Primary Abs were incubated at
RT for 30min. The sections were then washed in PBS for
2 × 5min prior to incubation with APC Streptavidin (BD
Biosciences, Stockholm, Sweden) at RT for another 30min and
sections washed again as before. DAPI (Invitrogen, Eugene,
OR) was used for nuclear counterstaining. The sections were
photographed with a digital camera (AXIOCAM; Zeiss) in a
microscope (Zeiss) equipped with X10 and X40 20 objectives
and AxioImaging Software (Birkerod, Denmark) for light and
three-color immunofluorescence. Areas of PNA- and FDC-M2-
positive staining were measured from all pictures using the
AxioImaging Software.

Statistical Analysis
Mann-Whitney U test was used for comparison between groups.
Results were considered significant at p < 0.05. All statistical
analyses were carried out using Graphpad Prism 7.03 (GraphPad
Software, La Jolla, CA).

RESULTS

Screening and Selection of Adjuvants
First, we screened for potential effects of the adjuvants mmCT,
MF59, IC31, and CTB-CpG on the neonatal immune response
compared to the previously established effects of LT-K63 (9)
on the induction of GC reaction and enhanced Ab response
in neonates. Neonatal mice were immunized s.c. with Pnc1-
TT, with/without adjuvants. GC activation and maturation of
FDC in spleen was assessed 14 days after immunization and
vaccine-specific Abs in serum measured 14 and 35 days after
immunization. Immunofluorescent staining revealed thatmmCT
and MF59 enhanced GC formation in spleen to a comparable
degree as LT-K63 (Figure S2). Accordingly, mmCT, MF59,
and IC31 yielded comparable Ab responses as that induced
by LT-K63, while CTB-CpG did not increase Ab responses
compared to Pnc1-TT alone (Figure S3). Based on those results
(Figures S2, S3) mmCT, MF59, and IC31 were selected for
further evaluation of their effects on primary B cell induction
and humoral response compared to those of LT-K63 and alum.
As CTB-CpG seemed to neither enhance the GC activation nor
vaccine-specific Abs it was not included in further experiments.

LT-K63, mmCT, MF59, and IC31 Enhance
Induction of GCs in Neonatal Mice
Neonatal mice were immunized with Pnc1-TT with or without
LT-K63, mmCT, MF59, IC31, or alum. Spleen sections were
stained with anti-IgM and PNA to evaluate the adjuvant effects
on GC induction 14 days after immunization. IgM staining
detects naïve B cells in the follicles and PNA staining identifies
highly proliferating B cell centroblasts located in the dark zone
of the GCs. Compared to Pnc1-TT alone, all adjuvants except

alum significantly enhanced GC formation, demonstrated by
increased PNA/IgM ratio (Figure 1A, Figure S4, and Table S1),
increased total area of PNA+ staining and average size of GCs
(Figure 1B, Figure S4E, and Table S1). PNA staining patterns
of representative individuals for each group (Figure 1C) showed
a clear difference between mice immunized with Pnc1-TT with
LT-K63, mmCT, MF59, or IC31 compared to Pnc1-TT only.
The PNA staining was intense in the adjuvant groups with
distinctive formation of PNA+ follicles. In contrast, mice that
received only Pnc1-TT had few, faint, small and poorly formed
PNA+ GCs. The Pnc1-TT + alum group also showed weak GC
staining, similar to that of mice immunized with Pnc1-TT alone.
Therefore, in contrast with alum, neonatal immunization with
LT-K63, mmCT, MF59, or IC31 combined with Pnc1-TT could
overcome the early life limitations of GC induction.

The Impact of LT-K63, mmCT, MF59, and
IC31 on FDC Maturation and Metallophilic
Macrophage Migration Into Splenic B Cell
Follicles in Neonates
To explore whether adjuvant-enhanced GC formation was
mediated by accelerated FDC network maturation, spleen
sections obtained 14 days after priming with Pnc1-TT
with/without adjuvant were stained with anti-FDC-M2 that
identifies complement fragment C4 on mature immune-
complex-bearing FDCs (49). To assess if the adjuvants
induce migration of immune complex/Ag-bearing marginal
metallophilic macrophages (MMM) into activated follicles,
spleen sections were stained for MOMA-1 (CD169), a lectin-
like receptor expressed on different macrophages populations
including splenic MMMs and subcapsular macrophages of LNs
(50, 51). MOMA-1+ macrophages show migratory properties
in response to bacterial stimuli like LPS (52). LT-K63, mmCT,
MF59, and IC31 significantly enhanced maturation of FDC-M2+

FDC clusters in spleen, shown by increased FDC-M2/IgM
ratio, compared to vaccine alone (Figure 2A and Table S1).
All these adjuvants also significantly enhanced the total area
of FDC-M2+ staining (Figure 2B and Table S1) and average
size of FDC-M2+ FDC clusters (Figure S1F). However, alum
had no effect on number or size of FDC-M2+ FDC clusters in
spleen. MOMA-1 staining revealed that LT-K63, MF59, and IC31
significantly enhanced the migration of MMMs into follicles
where they co-localized with FDC-M2+ FDCs, demonstrated
by MOMA-1/IgM ratio, compared to vaccine alone (Figure 2C
and Table S1), whereas the effects of mmCT and alum on
MOMA-1/IgM ratio were not significant. Immunofluorescence
staining patterns of representative individuals from each group
(Figure 2D) show that neonatal mice immunized with Pnc1-TT
with LT-K63, mmCT, MF59, or IC31 had well formed FDC-M2+

clusters, with intense and even staining, while LT-K63 had the
strongest effect on MMM migration into the activated follicles.
In contrast, the Pnc1-TT+ alum group showed weak staining of
FDC-M2+ clusters, similar to mice that only received Pnc1-TT.
Taken together, the adjuvants LT-K63, mmCT, MF59, and IC31
accelerated maturation of FDC-M2+ FDC clusters, in contrast
to alum where no effect was observed.
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FIGURE 1 | Effects of adjuvants on germinal center induction. Spleen sections were stained with fluorescent Abs for PNA and IgM 14 days after immunization of

neonatal mice with Pnc1-TT with/without adjuvants LT-K63, mmCT, MF59, IC31, or alum. PNA/IgM ratio represents activated GCs in relation to total number of

follicles (A) and PNA+ area represents total area of positive PNA staining per section (B). Representative immunofluorescense staining pattern for PNA (red) and IgM

(green) of each group is shown in (C). Results are expressed as mean + SD in 8–9 mice per group and statistics done using Mann–Whitney U-test where adjuvant

groups were compared to vaccine only group: *p < 0.05, **p < 0.001.

mmCT and MF59 Enhance the Induction of
Vaccine-Specific ASCs in Spleen
Next we investigated whether enhanced GC formation, evident
by PNA staining, correlated with enhanced primary induction
of vaccine-specific ASCs in spleen and consequently, enhanced
vaccine-specific Abs in serum. LT-K63, mmCT, and MF59
induced significantly higher number of PPS1- and TT-
specific ASCs than Pnc1-TT alone, in spleen 14 days after
immunization (Figures 3A,B and Table S3). All adjuvants
significantly enhanced TT-specific Abs in serum compared
to Pnc1-TT alone (Figure 3D) and mmCT, MF59, and IC31
significantly enhanced PPS1-specific Abs compared to vaccine
alone (Figure 3C and Table S2). Interestingly, immunization
with Pnc1-TT with MF59 or IC31 prolonged the induction

of PPS1-specific ASCs in spleen reflected by higher number

of PPS1-specific ASCs in spleen 6 weeks after immunization
compared to mice that received only Pnc1-TT (Figure S5 and

Table S3). Mice immunized with Pnc1-TT with MF59 still had

significantly increased numbers of PPS1-specific ASCs in spleen
up to 9 weeks later (Figure S5 and Table S3). Increased numbers

of TT-specific ASCs in spleen were also observed 9 weeks
after immunization with Pnc1-TT with mmCT, MF59, or IC31
(Figure S5 and Table S3).

mmCT, MF59, and IC31 Increase the
Persistence of Vaccine-Specific ASCs in
Bone Marrow
We have previously shown that LT-K63 enhances induction of
primary vaccine-specific ASCs and prolongs their persistence
in spleen and BM (9). Thus, to investigate the effect of
mmCT, MF59, IC31, and alum on migration and long-term
persistence of vaccine-specific ASCs in BM they were enumerated
2, 6, and 9 weeks after one neonatal immunization. Mice
immunized as neonates with Pnc1-TT with mmCT or MF59 had
already significantly increased number of TT-specific ASCs in
BM 2 weeks after immunization and mmCT also significantly
increased PPS1-specific ASC numbers in BM 6 weeks after
immunization (Figure 4 and Table S4). All adjuvants, including
alum, enhanced the numbers of TT-specific ASCs in BM 6 weeks
after administration with Pnc1-TT, compared to vaccine alone

Frontiers in Immunology | www.frontiersin.org 5 September 2019 | Volume 10 | Article 221413

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


Aradottir Pind et al. Adjuvants Enhancing Neonatal ASC Persistence

FIGURE 2 | Effects of adjuvants on follicular dendritic cell maturation and migration of marginal metallophillic macrophages into follicles. Spleen sections were stained

with fluorescent Abs for FDC-M2 and MOMA-1 14 days after immunization of neonatal mice with Pnc1-TT with/without adjuvants LT-K63, mmCT, MF59, IC31, or

alum. FDC-M2/IgM ratio represents number of fully developed FDC networks in relation to total follicles (A), FDC-M2+ area represents total area of positive FDC-M2

staining per section (B), and MOMA-1/IgM ratio represents count of MOMA-1+MMM migration into follicles in relation to total follicles (C). Representative

immunofluorescense staining pattern for FDC-M2 (red) and MOMA-1 (green) of each group is shown in (D). Results are expressed as mean + SD in 8–9 mice per

group and statistics done using Mann–Whitney U-test where adjuvant groups were compared to vaccine only group: *p < 0.05, **p < 0.001.

(Figure 4 and Table S4). Mice immunized with Pnc1-TT with
mmCT, MF59, or IC31 still had increased numbers of PPS1- and
TT-specific ASCs in BM 9 weeks after immunization, whereas
there was no difference between mice immunized with Pnc1-TT
only and those that received Pnc1-TT with alum. This shows that
alum-enhanced immune responses in neonatal mice are more
transient than those induced by the other adjuvants (Figure 4
and Table S4).

mmCT, MF59, and IC31 Increase the
Persistence of Vaccine-Specific Abs in
Serum
Next we assessed the adjuvant effects on Ab responses, both
primary induction and long-term persistence of Abs up to
9 weeks after immunization. All the adjuvants significantly
enhanced TT-specific Abs over the time period while all except
alum significantly enhanced PPS1-specific Abs (Figure 5 and
Table S2). Even though alum enhanced the primary induction
of vaccine-specific IgG Abs, the responses were transient and
8–9 weeks after immunization there was no difference between
serum Abs in mice immunized with Pnc1-TT only and Pnc1-
TT with alum, in contrast to the persisting increase in Ab levels

induced by the other adjuvants (Table S2). The protective PPS1-
specific IgG Ab levels of log 1.5 EU/ml and log 2.5 EU/ml against
pneumococcal bacteremia and lung infections, respectively, are
well established in this model of neonatal, infant and adult mice
when challenged intranasally with S. pneumoniae of serotype
1 (13–15, 28, 39, 53, 54). All mice that were immunized as
neonates with one dose of Pnc1-TT with mmCT, MF59, or
IC31 reached anti-PPS1 IgG levels close to 2 log EU/ml above
protective levels against pneumococcal bacteremia and close to
1 log EU/ml above protective Ab levels against lung infection,
that persisted for 9 weeks after immunization (Figure 5 and
Table S5). Taken together, our results demonstrate a superiority
of the novel adjuvants tested here compared to alum to induce
persistent protective Ab responses at early age compared to alum.

DISCUSSION

In this study, we compared the potential of mmCT, MF59, and
IC31, to overcome limitations of the neonatal immune system
and induce robust and long-lasting responses to immunization.
LT-K63 and alum were used for comparison. LT-K63, MF59,
and IC31 have previously been shown to enhance some neonatal
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FIGURE 3 | Adjuvants can induce enhanced induction of vaccine-specific antibody-secreting cells in spleen and increased induction of vaccine-specific antibodies in

serum. PPS1-specific (A,C) and TT-specific (B,D) ASC in spleen (A,B) and Abs in serum (C,D) 14 days after immunization of neonatal mice with Pnc1-TT with or

without the adjuvants LT-K63, MF59, IC31, mmCT, or alum. Results are expressed as number of spots/106 cells (mean + SD) or IgG levels (mean EU/ml + SD) in 8–9

mice per group. Statistical difference was calculated using Mann–Whitney U-test where adjuvant groups were compared to vaccine only group: *p < 0.05,

**p < 0.0001.

immune responses (9, 10, 28, 30, 55) while effects of mmCT
on neonatal immunity have not been reported. We found
that all the adjuvants except alum, enhanced neonatal immune
responses, both initiation and persistence. Our results show little
benefits of alum in early life immunization with a pneumococcal
conjugate vaccine.

LT-K63, mmCT, MF59, and IC31 all enhanced GC induction
after neonatal immunization with Pnc1-TT, shown by PNA
staining of spleen sections. Until now only LT-K63 (9), and
recently CAF01 (30) have been shown to overcome delayed
induction and elicit fully established GCs in neonates where
HA/CAF01 (30) and Pnc1-TT/LT-K63 (9) elicited organized
and well-structured GCs upon neonatal immunization. In
the current study, IC31 given with Pnc1-TT accelerated the
maturation of FDCs and induced formation of GCs. This
contrasts results from neonatal immunization with HA/IC31
where GC formation was not observed (30) and neonatal

immunization with IC31 and pneumococcal proteins, which did
neither accelerate FDC maturation nor induce GC formation
[(28) and unpublished data]. Likewise, no GCs were observed
in dLNs 10 days after immunization of neonatal mice with
HA/MF59 (10) even though they were observed in spleen 14
days post immunization with Pnc1-TT + MF59 in this study.
Furthermore, in our study GCs were almost absent when alum
was administered with Pnc1-TT, while GCs were detected in
spleen 14 days after i.p. immunization of neonatal mice with
alum-adsorbed TT in a different study (8). Thus, it seems
that not only the adjuvant but the doses and combination of
antigen and adjuvant, and possibly the immunization route,
lymphoid tissue, and mouse strain studied, affect whether adult-
like induction of GCs is observed after neonatal immunization.
In addition, the difference in the antigen used may not be trivial,
a conjugate vaccine can behave differently than an influenza
hemagglutinin. The polysaccharide is not an inherent component
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FIGURE 4 | Effects of adjuvants on migration and persistence of vaccine-specific antibody-secreting cells in bone marrow. PPS1-specific (left panel) and TT-specific

(right panel) ASC in bone marrow 2, 6, and 9 weeks after priming with Pnc1-TT with/without the adjuvants mmCT, MF59, IC31, or alum. Results are expressed as

number of spots/106 cells (mean ± SD) in 8 mice per group (except n = 7 for MF59 at week 6). Statistical difference was calculated using Mann–Whitney U-test

where adjuvant groups were compared to vaccine only group: *p ≤ 0.05, **p ≤ 0.001.

in front of the carrier, and may play a role acting directly
on B cells.

All the adjuvants tested in this study, except alum, accelerated
the maturation of FDC-M2+ FDC clusters. FDC-M2 Ab reacts
with murine FDCs and specifically recognizes an activation
form of the complement fragment C4 (49). In GCs, FDCs
retain and present immune complexes to B cells through
complement- and Fc-receptors (18). We have previously shown
that LT-K63 can restore delayed maturation of FDCs and
induce adult-like FDC-M2+ FDC clusters when administered

to neonatal mice with Pnc1-TT (9). LT-K63 is, until now,
the only adjuvant that has been reported to overcome this
delayed FDC maturation while potent adjuvants like CpG,
which induce adult-like B- T- and dendritic cell responses have
failed to do (8, 9). Although CAF01 can elicit fully established
GCs in neonates (30) its effect on neonatal FDC-M2+ FDC
maturation has not been reported. Others have proposed the
role of FDC-M1+ FDCs (56, 57) and CR1 (56, 58) in the
organization of B cell follicles and maintenance of GC in early
life, whereas our previous work did not indicate that they were
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FIGURE 5 | Kinetics of vaccine-specific IgG antibody response after neonatal immunization. PPS1- (left panel) and TT-specific (right panel) serum Abs 2, 4, 6, 8, and 9

weeks after immunization of neonatal mice with Pnc1-TT with/without the adjuvants mmCT, MF59, IC31, or alum. Results are expressed as IgG levels (EU/ml + SD).

The dotted line (log EU/ml = 1.5) represents a sufficient antibody titer to protect against serotype 1 pneumococcal bacteremia while the dashed line (log EU/ml = 2.5)

represents an antibody titer sufficient for protection against serotype 1 pneumococcal lung infection. Statistical difference was calculated using Mann-Whitney U-test

where adjuvant groups were compared to vaccine only group: *p ≤ 0.05, **p ≤ 0.001.

limiting factors for FDC network maturation (9). In agreement
with our results, i.p. immunization of neonatal mice with TT
adsorbed to AL(OH)3 did not accelerate maturation of FDC
clusters (8).

Blood-borne Ags are primarily trapped in the marginal
zone of the spleen. MZ B cells (59, 60) and MMMs have
been shown to be crucial for trapping of particulate Ags
(61) in spleen and subcapsular sinus macrophages in LNs
(50, 51). MOMA-1+ macrophages are required for immune
responses against TD and TI-2 Ags (62, 63). We observed

increased migration of MOMA-1+ macrophages that co-
localized with FDC-M2+ FDCs in mice immunized with
Pnc1-TT with LT-K63, MF59, and IC31. This correlated with
enhanced GC reaction and later increased frequencies of vaccine-
specific Abs and ASCs. However, even though enhanced GC
activation and increased frequencies of vaccine-specific ASCs
were observed in mice immunized with Pnc1-TT and mmCT,
this adjuvant did not enhance migration of MMMs into
follicles. It is possible that day 14 after immunization is not
optimal for evaluating and comparing the effects of all the
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adjuvants as they have different mechanisms of action and
different kinetics.

Ab persistence is mediated by long-lived memory PCs that
reside in specialized survival niches in the BM. It has been
noted that most of the plasmablasts emerging from the GC in
neonates migrate efficiently to the BM, but lack ability to persist.
Instead they undergo apoptosis resulting in rapid decline of
serum Abs during early life (16, 21). We found that mmCT,
MF59, and IC31 all enhanced persistence of vaccine-specific
ASCs in BM when administered with Pnc1-TT. As suspected,
increased persistency of ASCs in BM coincided with increased
levels of vaccine-specific IgG Abs. It is encouraging that only
one dose of Pnc1-TT with the adjuvants mmCT, MF59, or IC31
in neonates was enough to induce protective Ab levels against
both pneumococcal bacteremia and pneumonia (13, 53, 54) since
one of the great challenges of neonatal immunization is the need
of multiple vaccinations to induce and maintain protection and
immunological memory (3). Likewise, a single dose of HA with
adjuvants CAF01 (30) or AdvaxTM (64) administered to 7 days old
mice has been shown to be protective against influenza challenge.

We have shown the superiority of intranasal immunization
with Pnc1-TT and LT-K63 in neonatal and infant mice
compared to parenteral immunization, in terms of enhanced
specific mucosal IgA and systemic IgG and protection from
pneumococcal bacteremia and lung infection (13). mmCT is a
potent mucosal adjuvant (33–36) and here we show its effect
as a parenteral adjuvant in neonates. Potential advantage of
mucosal immunization against encapsulated respiratory bacteria
at early age needs to be further studied (65). However, parenteral
vaccination can also be effective in inducing protective responses
at mucosal sites, especially when formulated with mucosal
trafficking adjuvants, able to alter expression of mucosal homing
markers and tissue destination [reviewed in (66)].

There is still limited clinical information on the safety of

vaccine adjuvants in newborns and, more in general, in infants.
This is due to the slow process of vaccine development which

requires cautious testing first in adults, then in adolescents,
and finally in infants. Among the adjuvants tested in our

study, the largest experience has been acquired with MF59-
adjuvanted seasonal, pandemic, and avian influenza vaccines.
MF59-adjuvanted seasonal influenza vaccine had a stronger
efficacy as compared to licensed non-adjuvanted influenza
vaccines in infants (37), it was more immunogenic than the
non-adjuvanted vaccine in infants and toddlers and it exhibited
an excellent safety profile (12, 37, 67). It must be added
that cytokine profile induced by the MF59-adjuvanted vaccine
in infants did not differ from that found in adults (i.e.,
a Th0/Th1-type profile), with no evidence of induction of
Th2-type responses (12, 67). The same strong immunogenicity
was also observed with the pandemic and with avian influenza
vaccines (68). Another oil-in-water adjuvant, containing alpha-
tocopherol, referred to as AS03 (not included in this study),
was reported to be associated with the insurgence of narcolepsy
when administered with pandemic A/H1N1 vaccine in young
children (69). However, these allegations were never formally
substantiated by experimental data (70). More studies will be

required with other vaccine adjuvants to show their safety profile
in young children and ultimately in infants.

Taken together, by comparing the effects of different adjuvants
on GC reaction, ASC in spleen and BM and serum Abs
in neonatal mice we have shown that in contrast to alum,
the most widely used adjuvant in childhood vaccinations, LT-
K63, mmCT, MF59, and IC31 all enhanced GC reaction and
FDC maturation when administered with a pneumococcal
conjugate vaccine. Furthermore, LT-K63, mmCT, MF59, and
IC31 induced increased numbers of vaccine-specific ASCs
that persisted in BM 9 weeks after immunization, which was
reflected in increased vaccine-specific serumAbs persisting above
protective levels against pneumococcal disease (13, 53, 54).
This demonstrates that it is possible to achieve adult-like long-
lived responses to neonatal vaccination by the use of selected
adjuvants. These results warrant further investigation of mmCT,
MF59, and IC31 as promising candidate adjuvants for early
life vaccination.
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Schistosomiasis is a significant public health problem in sub-Saharan Africa, China,

Southeast Asia, and regions of South and Central America affecting about 189 million

people. Kunitz-type serine protease inhibitors have been identified as important players in

the interaction of other flatworm parasites with their mammalian hosts. They are involved

in host blood coagulation, fibrinolysis, inflammation, and ion channel blocking, all of them

critical biological processes, which make them interesting targets to develop a vaccine.

Here, we evaluate the protective efficacy of chemically synthesized T- and B-cell peptide

epitopes derived from a kunitz protein from Schistosoma mansoni. Putative kunitz-type

protease inhibitor proteins were identified in the S. mansoni genome, and their expression

was analyzed by RNA-seq. Gene expression analyses showed that the kunitz protein

Smp_147730 (Syn. Smp_311670) was dramatically and significantly up-regulated in

schistosomula and adult worms when compared to the invading cercariae. T- and

B-cell epitopes were predicted using bioinformatics tools, chemically synthesized, and

formulated in the Adjuvant Adaptation (ADAD) vaccination system. BALB/c mice were

vaccinated and challenged with S. mansoni cercariae. Kunitz peptides were highly

protective in vaccinated BALB/c mice showing significant reductions in recovery of adult

females (89–91%) and in the numbers of eggs trapped in the livers (77–81%) and guts

(57–77%) of mice. Moreover, liver lesions were significantly reduced in vaccinated mice

(64–65%) compared to infected control mice. The vaccination regime was well-tolerated

with both peptides. We propose the use of these peptides, alone or in combination, as

reliable candidates for vaccination against schistosomiasis.

Keywords: Schistosoma mansoni, helminth vaccines, kunitz-type proteins, synthetic peptide, immunomodulator

AA0029, ADAD vaccination system
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INTRODUCTION

Human schistosomiasis is a water-borne debilitating disease
caused by a trematode of the genus Schistosoma. It is estimated
that 240 million people worldwide are infected with Schistosoma
spp., which causes the loss of 1.5 million DALYs (Disability
Adjusted Life Years) per year (1). In 1994, the WHO (World
Health Organization) together with the Schistosoma Genome
Network started a project aimed to sequencing the Schistosoma
mansoni genome, which was published in 2009 (2) alongside the
Schistosoma japonicum genome (3). Three years later, the genome
of Schistosoma haematobium was described (4). Schistosomes’
genome size is relatively large, 409.5 Mbp for S. mansoni, 376
Mbp for S. haematobium, and 403 Mbp for S. japonicum due to
the presence of a large number of repetitive sequences (40–45%).

In recent years, high-throughput (next generation)
sequencing technologies have provided a large amount of
data on covering different aspects of schistosome biology. For
example, genome sequencing of multiple isolates has revealed the
complex population biology of schistosomes (5, 6), and RNA-seq
transcriptomic studies have allowed a better understanding
of the gene expression patterns during these parasites’ life
cycle (7–12). These data are made available to the research
community via databases such as GeneDB, SchistoDB, and
WormbaseParasite (13–15).

The most interesting schistosome proteins are those related
to host–parasite interactions (16), since they are accessible to
the effector mechanisms of the host’s immune system and
may be targets for development of drugs and vaccines against
these helminths. There are two promising groups: parasite
surface proteins and excretory–secretory proteins. The latter
category includes several proteases (serine, cysteine, and aspartic
proteases) (17) as well as some protease inhibitors that ensure
the survival of the parasite by inhibiting host proteases (18).
MEROPS, a database of proteases and inhibitors, contains 1,008
annotated entries for human proteases and homologs (19).
The recent availability of the genome sequences of different
mammals has allowed the identification of their entire protease
composition, termed “degradome,” and its comparison with
the human counterpart. The Degradome Database lists 569
human proteases and homologs classified into 68 families (20).
A plethora of proteins has been proposed as potential vaccines
against schistosomiasis, but only Sm14 and SmTSP-2 vaccines
for S. mansoni have reached Phase I clinical trials and only
the glutathione-S transferase rSh28GST (Bilhvax) against S.
haematobium has reached Phase III (21).

Kunitz-type protease inhibitors belong to the family of serine
protease inhibitors that are found in almost all organisms. They
are small proteins containing around 60 amino acid residues
(17) and have one or more kunitz motif: α + β with two β

strands and two short α helices at the end of the domain. This
domain also has three disulfide bonds between six conserved
cysteines (22). Kunitz proteins have been involved in various
physiological processes such as blood coagulation, fibrinolysis,
inflammation, and ion channel blocking (17). However, there
is limited information regarding kunitz-type protease inhibitors
of parasitic helminths. These molecules have been described

in Fasciola hepatica (23), Echinococcus granulosus (24), and
Ancylostoma spp. (25) and could be promising antigens for
vaccine design. Kunitz-type protease inhibitors have been
identified in the genomes of the three major Schistosoma spp., but
only SjKI-1 from S. japonicum and SmKI-1 from S. mansoni have
been expressed and functionally characterized (26, 27). Recently,
recombinant S. mansoni kunitz protein (rSmKI-1) formulated
with Freund’s adjuvant was shown to induce partial protection
against C57BL/6 mice infected with S. mansoni (28). A strategy
to design vaccines is based on the use of conserved peptides
involved in critical physiological processes able to interact
with major histocompatibility complex (MHC) class I and II
molecules and drive protective immune responses. Minimal
antigen epitopes with 13- to 18-amino-acid-long peptides can be
designed to trigger B- and T-cell immune responses and we can
synthesize them chemically (29, 30).

The aim of this study was to explore S. mansoni genome
in silico to identify kunitz-type serine protease inhibitors and to
study their expression profile in different life stages by RNA-seq,
and to compare them with kunitz protein sequences from other
schistosomes and other helminths. One kunitz T-cell and one B-
cell epitope were predicted, chemically synthesized, and further
tested as potential vaccine candidates against S. mansoni in mice.

MATERIALS AND METHODS

Animals and Parasites
Seven-week-old SPF female BALB/c mice (Charles River, Lyon,
France) weighing 18–20 g were allocated in standard cages with
food and water ad libitum, light/dark cycle of 12/12 h, and
22–25◦C. Animal procedures complied with the Spanish (L
32/2007, L 6/2013, and RD 53/2013) and the European Union (Di
2010/63/CE) regulations. The Ethics Committee of theUniversity
of Salamanca approved animal use protocols (Ref. 15/0018). The
size of the groups was calculated by power analysis using the
“size.fdr” package in R and following the 3Rs recommendations
(31, 32). The animals’ health status was monitored during the
experiments according to FELASA guidelines. S. mansoni was
maintained in Biomphalaria glabrata snails as intermediate hosts
and CD1 mice as definitive hosts. The number of cercariae and
their viability were determined using a stereoscopic microscope
(Olympus SZX9, Japan).

Kunitz-Type Protease Inhibitors Study in S.

mansoni Genome
Amino acid sequences of all putative kunitz domain-containing
proteins of S. mansoni were retrieved from GeneDB and
SchistoDB (14, 15). Sequences containing at least six cysteines
were kept for further analyses and aligned with other kunitz
proteins from S. japonicum, S. haematobium, E. granulosus,
Echinococcus multilocularis, and F. hepatica available from
GeneDB, SchistoDB, GenBank (33), and WormBase ParaSite
(13). Amino acid identity between sequences was analyzed
using alignments generated with the Clustal Omega online web
server (34) and then visually edited with BioEdit software v7.1.3
(35). Potential secretory signal peptides were predicted with
the SignalP 4.1 online tool (36) with a D-cutoff value of 0.45.

Frontiers in Immunology | www.frontiersin.org 2 November 2019 | Volume 10 | Article 249823

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


Hernández-Goenaga et al. Kunitz Vaccine Candidates Against Schistosomiasis

Transmembrane helix regions in the sequences were predicted
using TMHMM server v2.0 (37). GPI-anchored potential was
estimated using fragAnchor (38).

Kunitz Gene Expression in S. mansoni in
Cercariae, Schistosomula, and Adults
RNA-seq data from Protasio et al. (7) were used to investigate
the expression profile of proteins with kunitz motifs. Fastq files
corresponding to samples with accession numbers ERR022873,
ERR022874, ERR022876-78, and ERR022880-81 were retrieved
from www.ena.ac.uk; reads were mapped to the latest version
of the S. mansoni genome WBPS12 (https://parasite.wormbase.
org/Schistosoma_mansoni_prjea36577/) using HISAT2 v2.1.0
(39) with default parameters except for “–no-mixed –no-
discordant.” Output SAM files were converted, sorted, and
indexed using SAMTOOLS v1.9 (40). Gene annotation as GFF
was obtained from Wormbase ParaSite and corresponds to the
database release WBPS12. A GTF version of the annotation was
produced using GFFREAD from the CUFFLINKS suite v2.2.1
(41) with options “-F –T.” Counts per gene were computed
using FEATURECOUNTS from the SUBREAD v1.6.3 package
(42) with default parameters except for “–primary –fraction -t
exon -g gene_id.” Counts per gene were further processed using
DESeq2 v1.16.1 (43) and visualization of gene expression changes
was produced using Integrative Genomics Viewer (IGV) (44) and
Tror GGPLOT2 (45) implemented in R (46).

A touchdown PCR (TD-PCR) was developed using the
Smp_147730 sequence (Syn. Smp_311670). The reaction was
optimized in 25 µl of the reaction mix containing: 2 µl of
DNA extracted from S. mansoni adults, 13 µl of H2O, 2.5 µl of
10× reaction buffer, 2.5 µl of MgCl2 (25mM), 2.5 µl of dNTPs
MIX (25 mM/dNTP), 1 µl (10 pmol) of each primer, and 0.5
µl of Taq-polymerase 2.5U (iNtRON Biotechnology, Inc). The
program consisted of one cycle at 94◦C for 1min, six cycles
at 94◦C for 20 s, and a touchdown program of 15 cycles with
successive annealing temperature decrements from 65 to 60◦C
for 30 s with 1◦C decrement with a final extension at 72◦C for
10min performed in a Mastercycler Gradient (Eppendorf). The
products were monitored using 1.5% agarose gel electrophoresis
stained with ethidium bromide, visualized under UV light, and
then photographed (Gel documentation system, UVItec, UK).
The DNA insert obtained was sequenced by the Sanger method
at the Sequencing Service of the University of Salamanca.

B- and T-cell Peptide Prediction and
Chemical Synthesis From S. mansoni

Kunitz Protease Inhibitor
The genetic sequence of the proposed kunitz protease inhibitor
gene Smp_147730 (currently Smp_311670 in WBPS12; https://
parasite.wormbase.org/Schistosoma_mansoni_prjea36577/) was
analyzed in silico to identify potential B- and T-cell epitopes that
could be soluble and easy to manufacture. Peptide SmKT was
designed to induce a good T-cell response using the SYFPEITHI
database (47) and the Immune Epitope Database (IEDB) (48);
good MHC class II binders were searched for murine H2-
Ed and human HLA-DRB1. Sequences with scores of more

than 20 in predictions based on k-mers of length 15 were
selected. The BepiPred server, based on hidden Markov models
(HMMs), was used for predicting linear B-cell epitopes (BepiPred
1.0b). Prediction score is based on hydrophilicity and secondary
structure prediction (49). The predicted linear B-cell epitope
was compared with the results found using the ANTHEPROT
3D software, which takes antigenicity, hydrophilicity, flexibility,
and solvent accessibility into account (50). A 20-amino-acid
region displaying the best score for each protein was selected as
promising linear B-cell epitopes.

The predicted T- and B-cell epitopes (referred to as SmKT and
SmKB, respectively) were chemically synthesized at Fundación
Instituto de Inmunología de Colombia (FIDIC) (Bogotá,
Colombia) by the solid-phase peptide synthesis according to
Merrifield (51) and Houghten (52) using the t-Boc strategy
and α-benzyhydrylamine (BHA) resin (0.7 meq/mg). One
cysteine and a glycine residue were added at both amino
and carboxyl-terminal ends to allow their polymerization via
oxidization. Peptides were purified by reverse-phase high-
performance liquid chromatography, characterized by MALDI-
TOF mass spectrometry, and lyophilized. Freeze-dried synthetic
peptides were re-suspended in phosphate buffered solution
(PBS) and concentrations were determined with a BCA kit of
Pierce (Rockford, IL). Peptide toxicity was determined in J774.2
mouse peritoneal macrophage cell line cultures. Cell viability was
measured by CytoTox 96 R© Non-Radioactive Cytotoxicity Assay
(Promega) (53).

Vaccination Trial Using the ADAD
Vaccination System
Twenty-one female BALB/c mice were randomly allocated in
four groups: Untreated and uninfected group (n = 3), Adjuvant
treated and infected group (AA0029+Qs) (n = 6), SmKT
vaccinated and infected group (AA0029+Qs+SmKT) (n = 6),
and SmKB vaccinated and infected group (AA0029+Qs+SmKB)
(n = 6). Mice received three vaccinations at 2-week intervals.
SmKT and SmKB were formulated in the Adjuvant Adaptation
(ADAD) vaccination system with non-hemolytic saponins from
Quillaja saponaria (Qs; Sigma) and the synthetic aliphatic
diamine AA0029 emulsified in a non-mineral oil (Montanide
ISA763A, SEPPIC) with a 70/30 oil/water ratio. The ADAD
vaccination system is administered using two subcutaneous
injections. The first injection contains AA0029 and Qs emulsified
in Montanide, and the second injection, administered 5 days
after the first, contains the antigen with AA0029 and Qs in the
emulsion oil. Individual doses per injection in mice included
100 µg of AA0029, 20 µg of Qs, and 10 µg of either SmKT
or SmKB in a final 100-µl volume of emulsion with Montanide
based on our prior experience (54, 55). Mice were weighed
and monitored for signs of anaphylactic shock, erythema at
the injection site, and changes in behavior. Vaccinated and
infection control mice were percutaneously challenged with 150
± 8 S. mansoni cercariae by the ring method 2 weeks after
the third vaccination (53–55). Mice were restrained with a
mixture of 50 mg/kg ketamine (Imalgene1000, Merial), 5 mg/kg
diazepam (Valium10, Roche Farma SA), and 1 mg/kg atropine
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(B. Braun,Madrid) administered intraperitoneally. The abdomen
was shaved and wetted with sterile water and then exposed to
cercariae for 45min using a ring (55). All mice were euthanized
with a lethal dose of 60 mg/kg of pentobarbital plus 2 IU/ml
of heparin and then perfused aseptically with PBS and heparin
(500 IU/L). Paired worms as well as single males or females
were obtained from the portal and mesenteric veins by portal
perfusion at 8 weeks post-challenge. The liver and small intestine
were digested in 5% KOH (w/v) overnight at 37◦C with shaking,
and eggs per gram were counted three times using a McMaster
chamber by two different researchers. The spleen, gut, and liver
weights were recorded. Liver injury was assessed by the number
of granulomas in the surface determined by two pathologists
independently using three micrographs (Olympus SZX9) and
ImageJ 1.45 software (56).

Humoral Immune Response by ELISA
Soluble S. mansoni adult worm antigens (SoSmAWA) were
prepared for ELISA (55). Twenty adult worms per milliliter
were suspended in sterile PBS with a protease inhibitor cocktail
(Complete Mini EDTA-Free, Roche 04 693 159 001). The
mixture was homogenized, frozen and thawed, sonicated, and
then centrifuged at 30,000 g for 30min at 4◦C. Supernatant
protein concentration was determined using a Micro BCA
Protein Assay Kit. Blood samples were collected from mice
before immunization and infection, and at the necropsy, and
analyzed by indirect ELISA to detect specific IgG, IgG1, and
IgG2a antibodies anti-SmKT, anti-SmKB, and anti-SoSmAWA.
A Corning Costar 96-well microplate (Cambridge, MA) was
coated with 1µg/ml of each peptide and SoSmAWA. The plates
were then blocked with 2% of bovine serum albumin (Sigma) in
PBS with 0.05% Tween 20 (PBST) for 1 h at 37◦C. Sera samples
diluted at 1:100 in PBST were added in duplicate wells and
incubated for 1 h at 37◦C. Goat anti-mouse IgG-HRP, IgG1-
HRP, or IgG2a-HRP conjugates (Sigma) were used at 1:1000 in
PBST and incubated for 1 h at 37◦C. The plates were washed and
developed adding H2O2 (0.012%) and orthophenylenediamine
substrate (0.04%) in 0.1M citrate/phosphate buffer, pH 5.0.
The reaction was stopped with 3N H2SO4 and read at 492 nm
on a MultiSkan GO ELISA plate reader (Thermo Fisher
Scientific, Vantaa).

Parasitological and Immunological Data
Analyses
Data were expressed as the mean and standard error of the
mean (SEM) and were tested for normality by the Kolmogorov–
Smirnov test and homogeneity of variance by the Bartlett test.
A one-way ANOVA test and multiple post-hoc comparisons with
Tukey’s honest significance tests (HSD) or Kruskal–Wallis tests
were performed to analyze statistical differences among groups.
A value of P < 0.05 was considered statistically significant.
Statistical analyses were performed with SIMFIT Statistical
Package 7.4.1 (Manchester University, U. K. https://simfit.org.uk)
and SPSS 21 software (IBM).

RESULTS

While the initial identification of kunitz domain-containing
proteins in S. mansoni was performed using the former v5.0
of the S. mansoni genome assembly (7), an updated and
improved version of the assembly was released during the
production of this manuscript. Gene accession numbers have
changed between these two versions. The original accession
numbers (found in v5.0) used to access nucleotide and amino
acid sequences in different steps described in the methods
of this manuscript were maintained as much as possible
to allow cross-referencing with existing literature. However,
wherever possible and appropriate, bioinformatics analyses were
updated to confirm previous results against the new genome
assembly and annotation (WBPS12, https://parasite.wormbase.
org/Schistosoma_mansoni_prjea36577/).

Kunitz-Type Protease Inhibitors Study of S.
mansoni
The S. mansoni genome and gene annotation repositories
(GeneDB and SchistoDB) were searched for all kunitz protein
sequences. A total of 11 sequences were retrieved with putative
kunitz domains in the S. mansoni genome. Only three sequences
of potential interest remain in V 5.0: Smp_147730, Smp_139840,
and Smp_012230. After a close analysis of their amino
acid sequence, only Smp_147730 (currently Smp_311670.1)
contained a bona fide kunitz domain identified between residues
26 and 79, with the six highly conserved cysteine residues capable
of establishing three disulfide bonds, found in the range of 50–
70 amino acids. In addition, a signal peptide was predicted in
the first 21 amino acids of Smp_147730 (Syn. Smp_311670) with
a D score of 0.855 according to SignalP 4.1 (36). The cleavage
site was located between positions 20 and 21 where the Y score
showed the highest value (Y = 0.828). In consequence, residues
1–20 were removed from the B- and T-cell peptide prediction.
No transmembrane or GPI anchor domains were found with
TMHMM server v2.0 (57).

A new version of the S. mansoni genome (version 7,
unpublished, available from https://parasite.wormbase.org/
Schistosoma_mansoni_prjea36577/Info/Index/, database
version WBPS12) was released during the preparation of
this manuscript. The gene Smp_147730 has been renamed
Smp_311670, and it is predicted to produce two alternative
transcripts. The sequence of Smp_311670.1 is identical to
our confirmed kunitz protein sequence while Smp_311670.2
represents a longer alternative transcript.

Comparison of Smp_147730 (Syn.
Smp_311670) With Trematode Kunitz
Proteins
The Smp_147730 (Syn. Smp_311670) sequence was compared
to other putative kunitz proteins of Platyhelminthes identified
in sequence databases. There were seven sequences retrieved
from GeneDB of S. japonicum but only four had a six-cysteine
kunitz domain with an identity ranging between 26.05 and
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FIGURE 1 | Comparison of sequence Smp_147730 (Syn. Smp_311670) from Schistosoma mansoni in a multiple sequence alignment with kunitz-type proteins from

S. japonicum (A), S. haematobium (B), Echinoccocus granulosus (C), E. multilocularis (D), and Fasciola hepatica (E). Kunitz domain positions are highlighted in

red boxes.
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42.03% (Figure 1A). Two out of eight S. haematobium sequences
present in SchistoDB did not include a kunitz domain and
the identity of the remaining proteins to Smp_147730 (Syn.
Smp_311670) ranged between 18.05 and 74.62% (Figure 1B).
Seven kunitz protein sequences in GenBank were attributed
to E. granulosus, but only five have a kunitz domain and
identities ranged from 15.45 to 37.33% (Figure 1C). There were
six sequences sharing the domain available in GenBank from
E. multilocularis with identities from 14.41 to 35.80% out a
total of eight retrieved (Figure 1D). Three identical F. hepatica
sequences were identified inWormBase ParaSite, each presenting
a kunitz domain and sharing 32.93% residue identity with
Smp_147730 (Figure 1E).

Transcriptome Analysis and Differential
Expression of Smp_147730 (Syn.
Smp_311670) Kunitz Gene
Smp_311670 is located in Chromosome 2 (37,805,700 and
37,811,500, forward strand) of the WBPS12 S. mansoni genome
assembly. Transcriptome analysis by RNA-seq showed that
Smp_311670.2 was significantly up-regulated (adjusted p <

0.01) in 24-h schistosomula and adult worms with respect
to cercariae (Figure 2, Supplementary Table 1). No significant
difference was found between cercariae and 3-h schistosomula
(Supplementary Table 1).

Primers were designed to amplify Smp_147730 DNA
(Syn. Smp_311670) sequence using S. mansoni adult DNA,
Forw. 5′-TACTGACAGGGCTCACTACGCT-3′ and Rev. 5′-
ACGCTCGCCTTCACACCCC-3′ by TD-PCR; the amplified
region spanned exons 1 and 2. A 1444-bp insert was obtained and
purified by agarose gel electrophoresis, quantified, and sequenced
(Figure 3A). A consensus sequence was obtained using Bioedit
software and compared through BLAST to sequences recorded
in databases.

T- and B-cell Epitope Prediction and
Toxicity Assessment
The online servers SYFPEITHI [http://www.syfpeithi.de
(47)] and Immune Epitope Database (IEDB) [http://www.
immuneepitope.org/ (48)] were used in the prediction of a
15-amino-acid T-cell peptide (SmKT) in positions 66–80 of
Smp_147730 (Syn. Smp_311670) with a score of 22 for H2-Ed
and a score of 20 for HLA-DRB1∗0401 inside the kunitz domain
(Figure 3B). A 20-amino-acid B-cell peptide (SmKB) was
predicted located on residues 94–114 by BepiPred server [http://
www.cbs.dtu.dk/services/BepiPred (47)] and ANTHEPROT
[http://antheprot-pbil.ibcp.fr (50)] outside the kunitz domain
(Figure 3B). Peptides were obtained with purity more than 90%.
Each peptide was assayed ranging from 1 to 50µg/ml for in vitro
cytotoxicity evaluation to J774.2 mouse macrophages. Results
showed that more than 90% of macrophages were still viable
after 3 days of treatment with SmKT and SmKB peptides in
all conditions.

Vaccination With SmKT and SmKB in
ADAD With AA0029 Triggers Protection
Against S. mansoni Infection
The capacity of SmKT and SmKB to induce protection in
BALB/c mice against S. mansoni infection was evaluated.
SmKT, T-cell peptide, formulated in ADAD with the synthetic
immunomodulator AA0029 induced higher levels of protection
measured by worm recovery with especially high reduction
in the number of female worms collected by perfusion (91%;
P = 0.0002) (Table 1). Also, significant reduction in number
of eggs present in the liver (77%; P = 0.0044) and in the
small intestine (57%; P = 0.0208) were detected (Table 1).
Liver damage evaluated by the numbers of granulomas on the
hepatic surface was also significantly reduced (65%; P = 0.0041)
compared with controls (Figure 4). BALB/c mice immunized
with the SmKB B-cell peptide also showed a high reduction
in female worms (89%; P = 0.0003) (Table 1), pronounced
decreases in the number of eggs present in the liver (81%; P
= 0.0030) and in the intestine (77%; P = 0.0028) (Table 1),
as well as a reduced number of granulomas in the liver (64%;
P = 0.0044) (Figure 4). Both vaccine candidates (SmKT and
SmKB) showed comparable protection in terms of eggs trapped
in tissues and liver lesions. No signs of anaphylactic shock,
erythema, or changes in behavior were observed in vaccinated
mice with either peptide. No mice died during the trial. Slight
subcutaneous traces of the emulsion were observed at the point
of injection.

Immunogenicity of S. mansoni Kunitz
SmKT and SmKB Peptides and Immune
Response Against SoSmAWA by ELISA
Indirect ELISA tests were performed to examine the
ability of SmKT and SmKB to induce humoral immune
responses. A significantly higher production of anti-
SmKB-specific IgG was observed in mice vaccinated with
AA0029+Qs+SmKB compared to the uninfected group
after the second immunization (P = 0.0030), which was
maintained until the end of the experiment (Figure 5A).
However, anti-SmKT-specific IgG antibodies were only
observed in AA0029+Qs+SmKT vaccinated mice at 8 weeks
post-infection (Figure 5B). Nonetheless, antibody response
to vaccination with SmKT was lower than that elicited by
SmKB (Figure 5).

Specific IgG, IgG1, and IgG2a responses against soluble worm
antigen (SoSmAWA) were studied using an indirect ELISA. All
infected groups showed an increase in total IgG production to
SoSmAWA at 8 weeks post-challenge (0.584 ± 0.118 to 0.720
± 0.107) compared to the uninfected group (0.250 ± 0.064).
All infected groups showed a significant higher production of
IgG1 at 8 weeks post-challenge (0.746 ± 0.117 to 0.851 ± 0.107)
in comparison with the uninfected group (0.263 ± 0.005) and
no significant increase of IgG2a antibodies to SoSmAWA was
found during the experiment compared with the uninfected
group (Table 2).

Frontiers in Immunology | www.frontiersin.org 6 November 2019 | Volume 10 | Article 249827

http://www.syfpeithi.de
http://www.immuneepitope.org/
http://www.immuneepitope.org/
http://www.cbs.dtu.dk/services/BepiPred
http://www.cbs.dtu.dk/services/BepiPred
http://antheprot-pbil.ibcp.fr
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hernández-Goenaga et al. Kunitz Vaccine Candidates Against Schistosomiasis

FIGURE 2 | Smp_311670 is up-regulated in intra-mammalian stages. (A) Graphical representation using Integrative Genomics Viewer (IGV) of the gene/transcript

model Smp_311670 is shown in blue where solid boxes represent exons and the lines and arrows represent introns and the direction of transcription, respectively. The

coverage plots above the gene model represent transcriptome (RNA-seq) sequencing reads from two different life cycle stages: adult worms (red) and 24-h

schistosomula (green). (B) Bar plot showing the relative gene expression levels of Smp_311670 across three life cycle stages, cercariae (fresh water larvae), 24-h

schistosomula (intra-mammalian, skin, and migrating), and adult worms (intra-mammalian, mesenteric veins). Values are presented as Log2 fold change relative to

cercariae. Ce = cercariae, Sc = 24-h schistosomula, Ad = adult, **Bonferroni adjusted P < 0.01.

FIGURE 3 | Sequences of Smp-147730 (Syn. Smp_311670) of S. mansoni: (A) Agarose gel electrophoresis insert of 1444 base pairs (bp) obtained by PCR from two

adult DNA samples (A1 and A2) with negative control (C–) and molecular mass marker (M). (B) Amino acid sequence and alignment with Clustal Omega of predicted

T-cell peptide (SmKT) and B-cell peptide (SmKB).

DISCUSSION

Important progress combating schistosomiasis has been made
from 2013 to 2016 as reflected in the reduction of case numbers
from 290 to 190 million (1, 58). This decrease in disease burden
was mainly achieved through mass preventive chemotherapy
with large-scale praziquantel administration complemented with
safe water supplies, sanitation, hygiene education, and snail
control. There is increasing pressure for the development of
new anti-schistosomiasis drugs. Praziquantel, the drug of choice
for schistosomiasis, has limitations because it acts only against
the adult stage of the schistosome life cycle. In addition,
there are major concerns regarding the emergence of drug
resistance and/or reduced susceptibility to praziquantel due
to its extensive use (59). Meanwhile, the development of a
vaccine against this parasite is still high in the research agenda
because it would complement the use of praziquantel to reduce
disease, stop transmission, and eradicate the disease. Purified or

recombinant proteins from schistosomes, host–parasite interface
antigens in tegument or gastrodermis, or genome mining by
reverse vaccinology have been tested as vaccine candidates but
only glutathione-S transferase rSh28GST (Bilhvax) have reached
clinical trials (60).

Schistosome kunitz-type serine protease inhibitors have been
associated to successful invasion, migration, and development
of the parasite in their host. They act by neutralizing the
destructive action of host proteases on the invading schistosome
(61). In other trematodes, the secretion of proteins with
kunitz domains interferes with the maturation of host dendritic
cells and regulate host proteases resulting in impairment of
defense responses (17). The kunitz protein SmKI-1 isolated
from S. mansoni was found in excretory–secretory products and
tegument of adults as well as eggs. It was observed that it also
impairs neutrophil chemotaxis and elastase activity, coagulation,
and inflammation mechanisms in the host, inducing immune
evasion to ensure their survival. Moreover, the recombinant
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TABLE 1 | Effect of vaccination with SmKT and SmKB formulated in the Adjuvant Adaptation (ADAD) vaccination system on total female and male worms counts, and

eggs per gram (EPG) trapped in the tissues of BALB/c mice vaccinated three times at 2-week intervals, challenged 2 weeks after with 150 cercariae of S. mansoni and

necropsied 8 weeks post-infection.

Groups Female worms

(mean ± SEM)

R

(%)

Male worms

(mean ± SEM)

R

(%)

EPG in liver

(mean ± SEM)

R

(%)

EPG in gut

(mean ± SEM)

R

(%)

AA0029+Qs 11.5 ± 2.8 – 7.7 ± 1.8 – 11,050 ± 2,928 – 11,223 ± 1,609 –

AA0029+Qs+SmKT 1.0 ± 0.4* 91 10.7 ± 3.4 NR 2,561 ± 1,510* 77 4,872 ± 2,666* 57

P = 0.0002 P = 0.0044 P = 0.0208

AA0029+Qs+SmKB 1.3 ± 0.4* 89 21.7 ± 4.0 NR 2,113 ± 700* 81 2,529 ± 933* 77

P = 0.0003 P = 0.003 P = 0.0028

ANOVA F (3, 17) = 10.721 F (3, 17) =6.787 F (3, 17) = 6.243 F (3,17) = 6.112

P = 0.0003 P = 0.0033 P = 0.0047 P = 0.0052

Percentage of reduction (R). Data are presented as the mean and standard error of the mean (SEM). ANOVA and post-hoc Tukey’s honest significance test were used.

*Significant differences in comparison with AA0029+Qs controls. NR, no reduction.

FIGURE 4 | Effect on liver lesion of vaccination with SmKT and SmKB formulated in the Adjuvant Adaptation (ADAD) vaccination system with the synthetic

immunomodulator AA0029 and Quillaja saponaria saponins (Qs) in BALB/c mice challenged with 150 cercariae of S. mansoni. ANOVA F (3, 17) = 7.246 and P >

0.0024, and post-hoc Tukey’s honest significance different (HSD) test P-values are depicted in the chart. A representative micrograph of each group was included.

� represents means. *Significant differences in comparison with AA0029+Qs controls.

SmKI-1 delayed blood clot formation, inhibited several trypsin
proteases, but had no effect on pancreatic elastase or cathepsins
(27). Therefore, kunitz proteins are desirable new targets for
vaccine development against schistosomes. Recombinant rSmKI-
1 has previously been tested as a vaccine candidate as well
as fragments involving the kunitz domain and the C-terminal
tail (28, 62).

The potential of kunitz domain-containing proteins as
vaccines led us to study the published sequences of these
genes in the three main schistosome species (63). We found
11 candidate DNA sequences containing the kunitz domain in
several genome annotations of S. mansoni, but only Smp_147730

(Syn. Smp_311670) had a six-cysteine residue characteristic of
a bona fide kunitz domain. Also, we compared Smp_147730
(Syn. Smp_311670) with predicted kunitz-type proteins available
in database from S. haematobium, S. japonicum, E. granulosus,
E. multilocularis, and F. hepatica. The identity of the sequence
with S. haematobium was the highest, up to 74%, but in the
other parasites, it was much lower, 43%. This indicates that
although the structure of the kunitz domain was preserved in
the different species, these proteins could evolve separately and
could be species-specific. These sequence differences correspond
with the wide functional diversity of kunitz proteins in several
species (64).
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FIGURE 5 | Serum IgG antibody responses of mice vaccinated with SmKB and SmKT by indirect ELISA during vaccination trial: First immunization (−6 weeks),

Challenge (0), and Necropsy (8 weeks post-challenge). (A) Specific IgG to SmKB of mice vaccinated with AA0029+Qs+SmKB; ANOVA F (2, 15) = 10.910, P = 0.0017.

(B) Specific IgG to SmKT of mice vaccinated with AA0029+Qs+SmKT; ANOVA F (2, 15) = 10.672, P = 0.0013. BABL/c mice were vaccinated using the ADAD

vaccination system and then challenged with 150 cercariae of S. mansoni and euthanized 8 weeks post-infection. *P < 0.05 compared to serum sample before

treatments.

TABLE 2 | Serum IgG, IgG1, and IgG2a antibody response against soluble adult

worm antigen (SoSmAWA) at 8 weeks post-challenge of mice vaccinated with

SmKT and SmKB by indirect ELISA.

Groups IgG

(mean ± SEM)

IgG1

(mean ± SEM)

IgG2a

(mean ± SEM)

Untreated 0.250 ± 0.064 0.263 ± 0.005 0.118 ± 0.027

AA0029+Qs 0.720 ± 0.107* 0.851 ± 0.107* 0.219 ± 0.036

P = 0.0190 P = 0.0134

AA0029+Qs+SmKT 0.584 ± 0.108* 0.746 ± 0.117* 0.194 ± 0.029

P = 0.0450 P = 0.0476

AA0029+Qs+SmKB 0.621 ± 0.097* 0.804 ± 0.084* 0.183 ± 0.039

P = 0.0317 P = 0.0239

ANOVA F (3, 17) = 5.265 F (3, 17) = 4.565 F (3, 17) = 1.005

P = 0.0210 P = 0.0160 P = 0.4148

BALB/c mice were vaccinated using the ADAD vaccination system and then challenged

with 150S. mansoni cercariae and euthanized 8 weeks post-infection. Data are presented

as the mean and standard error of the mean (SEM). ANOVA and post-hoc Tukey’s honest

significance test were used.

*Significant differences regarding untreated controls.

We focused on Smp_147730 (Syn. Smp_311670), studying
its expression by RNA-seq and its identification by PCR
in the S. mansoni strain maintained in our laboratory. We
observed high expression of Smp_147730 (Syn. Smp_311670)
after the transformation from cercaria to schistosomulum and
even higher expression in the adult stage, suggesting a role
in schisosomulum development and the prolonged exposure
in portal mesenteric veins of adults. The skin- or lung-
migrating schistosomula and adult stages are regarded as
major targets to design vaccines against schistosomes (65).
With this in mind, our strategy was to design new synthetic
high-affinity peptide candidates composed of a short chain
of amino acids containing the specific antigen determinant

against functional regions that the parasite needs to survive
(66). Several epitopes included in a vaccine would trigger
humoral and cellular protective response using an adequate
adjuvant or delivery system (67). We designed a T-cell peptide
of 15 amino acids (SmKT), a candidate from Smp_147730
sequence (Syn. Smp_311670) putatively able to stimulate mouse
and human MHC class II, and a linear B-cell peptide of 20
amino acids (SmKB) based on physicochemical properties able
to produce a humoral response. These in silico analyses are
considered feasible, fast, and accurate in designing subunit
vaccines against infectious diseases and could produce chemically
and structurally defined safer vaccines that are easier to
manufacture and store than conventional ones (68). We
formulated these two candidates in the ADAD vaccination
system developed by our group to overcome the issues of the
experimental Freund’s adjuvant (54, 55). The ADAD vaccination
system has limitations due to the number of injections,
needing significant administration improvements to be used in
clinical trials.

We next examined whether T- and B-cell epitopes
could induce protection in BALB/c mouse experimental
schistosomiasis. Both SmKT and SmKB candidates conferred
a partial protection in terms of reduction in female worms,
eggs trapped in tissues, and liver lesions. These peptides could
be useful to reduce liver granuloma pathology, and severe
colonic damage and polyps. Fewer eggs in intestines could
lead to less passage of eggs in feces and consequently could
reduce transmission. The protection is higher than those
obtained with the approaches of Morais et al. (28) (34–43%) and
Ranasinghe et al. (69) (36–47%) using the whole recombinant
rSmKI-1 or with the C-terminal tail fragment (28–30%) (28)
using Quil A with a CBA mouse model or Freund’s adjuvant
and C57BL/6 mice. While these different levels of protection
could be explained by differences in adjuvant and animal
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model, they all indicate the potential of Smp_147730 (Syn.
Smp_311670) as a good vaccine candidate. Our peptides seem
to act against female worms leading to lower production
of eggs and fewer lesions. Curiously, our SmKT peptide of
15-mer including only two cysteines of the conserved kunitz
domain induced protection when the KI fragment of 62-mer
involving three cysteines conserving the inhibitory activity
against trypsin and neutrophil elastase tested by Morais et al.
(28) did not.

The immunogenicity was monitored by studying specific IgG
against SoSmAWA and both candidates SmKT and SmKB. The
early specific IgG response to the 20-mer SmKB peptide observed
here was promising; this result and that described against the
67-mer C-terminal tail fragment containing the antiprotease
activity described by Morais et al. (28) highlight the role
of B-cell-mediated antibody responses in schistosomiasis (62).
Numerous literature reports have shown that the high production
of specific IgG contributes toward controlling the adult phase
of the worm in individuals highly resistant to infection living
in hyperendemic areas (70–72) and in experimental models
(73). By contrast, the SmKT peptide induced weak antibody
responses with only a significant increase at week 8 post-
infection, indicating that the protection induced is not solely
related with antibody production. No significant variation in
the recognition of SoSmAWA in mice vaccinated with either
SmKT or SmKB, compared with the infection group, was
observed, possibly related to the notion that conserved regions
involved in critical biological functions for the parasite are poorly
antigenic, but can be modified to render them immunogenic
and protection-inducing (30). Further studies aimed at analyzing
in depth the cellular immune response induced, particularly
by SmKT, are needed, considering that the protective response
achieved with this candidate do not seem to solely depend on the
antibody levels reached.

CONCLUSION

Here, we provide evidence for the protective capacity of
two peptides SmKT and SmKB derived from kunitz proteins
of S. mansoni. These peptides induced reduction in female
worms, eggs in tissues, and hepatic damage when administered
subcutaneously formulated in the ADAD vaccination system. A
single epitope vaccine could be insufficient to trigger a high level
of protection, and thus, the combination with other synergic
candidates in a multi-antigen vaccine must be tested in order to
improve protection against S. mansoni.
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Current influenza vaccines manufactured using eggs have considerable limitations, both

in terms of scale up production and the potential impact passaging through eggs can

have on the antigenicity of the vaccine virus strains. Alternative methods of manufacture

are required, particularly in the context of an emerging pandemic strain. Here we explore

the production of recombinant influenza haemagglutinin using the ciliated protozoan

Tetrahymena thermophila. For the first time we were able to produce haemagglutinin from

both seasonal influenza A and B strains. This ciliate derived material was immunogenic,

inducing an antibody response in both mice and non-human primates. Mice immunized

with ciliate derived haemagglutinin were protected against challenge with homologous

influenza A or B viruses. The antigen could also be combined with submicron particles

containing a Nod2 ligand, significantly boosting the immune response and reducing

the dose of antigen required. Thus, we show that Tetrahymena can be used as a

manufacturing platform for viral vaccine antigens.

Keywords: influena virus, protozoa, adjuvant, nanoparticle, vaccine manufacture

INTRODUCTION

Influenza infections are one of the most common causes of primary care consultation and represent
an important economic burden worldwide (1). The World Health Organization (WHO) estimates
influenza epidemics to result in about 3 to 5 million cases of severe illness globally each year,
leading to 290,000 to 650,000 deaths. Annual influenza vaccination is considered by the WHO to
be the most effective strategy to prevent disease caused by the influenza A and B viruses currently
co-circulating in humans. Vaccination is recommended for people aged over 18 years in the USA,
and over 65 in most of European States (2).

To date, most commercially available flu vaccines are produced using embryonated chicken eggs
(3). However, egg-based influenza vaccine production is complex to scale up and work intensive,
taking several months following the isolation of new strains. Growth of viruses in eggs may lead to a
selection pressure, altering antigenicity (4), particularly for the heavily humanizedH3N2 strains (5).

34

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.02661
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.02661&domain=pdf&date_stamp=2019-11-13
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:john.tregoning@imperial.ac.uk
https://doi.org/10.3389/fimmu.2019.02661
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02661/full
http://loop.frontiersin.org/people/824072/overview
http://loop.frontiersin.org/people/809979/overview
http://loop.frontiersin.org/people/486758/overview
http://loop.frontiersin.org/people/746162/overview
http://loop.frontiersin.org/people/87453/overview
http://loop.frontiersin.org/people/95310/overview
http://loop.frontiersin.org/people/23186/overview
http://loop.frontiersin.org/people/559815/overview
http://loop.frontiersin.org/people/742931/overview
http://loop.frontiersin.org/people/36795/overview
http://loop.frontiersin.org/people/392947/overview
http://loop.frontiersin.org/people/342706/overview


Jawinski et al. Recombinant Haemagglutinin From Tetrahymena thermophila

Mutations induced by growth in eggs might change viral
antigenicity and in consequence could contribute to a lower than
anticipated vaccine efficacy (6). Furthermore, eggs may not be
appropriate for the growth of highly pathogenic avian strains,
where there may be a limited supply of embryonated eggs due
to effects of influenza virus on poultry (7).

Alternative approaches that can generate safe and effective
vaccines are needed in addition to egg–based vaccines (8). The
focus has been on cell culture-based technologies for mass
production of influenza vaccines and there is a licensed cell
culture-based vaccine: FlucelvaxTM from Seqirus (Holly Springs,
NC). Cell-based technologies offer advantages over egg produced
vaccines. A modest improvement of vaccine efficacy was seen for
inactivated cell culture-grown vaccines compared to egg-based
vaccines in subjects 65 years of age and older (9). Completely cell
cultured virus in influenza vaccines, which was not propagated
in eggs, can avoid the egg-adaptation changes of the influenza
virus (10). But cell lines can induce mutations, reducing vaccine
efficacy (11). Furthermore, cell culture-based technologies using
mammalian systems for manufacturing of influenza vaccine from
whole virus still involve chemical virus inactivation treatment,
which can alter the vaccine antigenicity (12). An alternative to
viral growth and inactivation is to manufacture vaccines derived
from recombinant protein. For example, influenza antigens can
be produced in insect cells using baculoviral vectors expressing
target antigens. However, the current market share of this
approved recombinant influenza antigen produced in insect cells
(FlublokTM from Sanofi, Swiftwater, PA) is relatively low at 1–2%.

Other approaches for the production of recombinant
influenza antigen are being investigated, for example the
expression of haemagglutinin (HA) in bacterial cells (13) or in
the ciliate Tetrahymena thermophila. The freshwater ciliated
protozoan T. thermophila is one of the best characterized
unicellular eukaryotic organisms (14). Although ciliates
have been extensively used as a model system in molecular
and cell biology, their application as a biopharmaceutical
manufacturing platform remains underexplored (15, 16).
T. thermophila has a number of advantages as a biotechnological
expression system, cells grow rapidly to high densities in
simple, inexpensive media. The fermentation process uses
conventional equipment, including bioreactors and down-
stream processing plant, typically used for Escherichia coli or
yeast systems. The whole bio-process is readily up-scalable
for large volumes (17). T. thermophila has been used for the
expression of recombinant proteins, which can be used as
candidates for vaccines against protozoan pathogenic agents,
for example the malaria agent Plasmodium falciparum (18).
Furthermore, it has been shown, that T. thermophila is also
suitable as expression host for the recombinant production
of influenza virus proteins (19). One other consideration
is post-translational modification, as a eukaryotic organism
T. thermophila is able to post-translational modify proteins by
glycosylation or formation of disulfid bridges (20). The naturally
occurring generalized N-glycan structure of secreted proteins
by Tetrahymena is described as a biantennary non-complex
oligomannose-type Man3GlcNAc2 structure with limited
heterogeneity (16).

Here we describe the production of a recombinant influenza
subunit vaccine by overexpression of the surface proteinHA from
influenza virus A and B strains using the ciliate T. thermophila
as expression system. Purified recombinant HA (rHA) was
evaluated in vivo in a non-human primate case study as well
as in a mouse model. Since the use of adjuvants or delivery
systems can be a strategy for increasing antigen immunogenicity
and minimize the dose of vaccine necessary to confer immunity
(3, 21), we also combined the influenza antigens with PLA-Nod2
particles, a promising vaccine vehicle (22, 23). We show that
the recombinant vaccine produced using the ciliate expression
system was immunogenic in non-human primates and mice as
well as protective in a mice challenge model. Furthermore, we
demonstrate dose sparing when HA antigens were combined
with PLA-Nod2 particles.

MATERIALS AND METHODS

Constructs
Synthetic genes for the full-length HA (containing the sequences
of HA1 and HA2 including the transmembrane region and
the cytoplasmic tale) of influenza virus A/California/07/2009
(A/Cal; accession # EPI177294, 567 amino acids), A/New
Caledonia/20/99 (A/NC; accession # EPI139303, 565 amino
acids), A/Uruguay/716/2009 (A/Uru; accession # EPI152544, 567
amino acids), B/Brisbane/60/2008 (B/Bri; accession # EPI394898,
586 amino acids), B/Jiangsu/10/2003 (B/Jia; accession #
EPI242836, 584 amino acids) and B/Malaysia/2506/04 (B/Mal;
accession # EPI175755, 585 amino acids) (https://www.gisaid.
org/) were codon-optimized (GeneArt R©, Life TechnologiesTM

Cooperation). The synthetic genes were each cloned into a
modified version of the integrative expression vector pKOIX
where integration flanks were replaced by sequences of the GRL3
locus of T. thermophila according to methods described inWeide
et al. (Details on vector are available at Cilian AG) (20). Final
expression cassette carried a 1 kb fragment of the cadmium-
inducible MTT1 promoter-active region (24), BTU2-terminator,
and the corresponding HA gene.

Strains, Transformation, and Cultivation of
T. thermophila
T. thermophila inbred strains (B1868/4, B1868/7, B2086/1, and
SB1969; available at Tetrahymena Stock Center or American
Type Culture Collection) were used as transformation hosts.
Conjugating cells were transformed with the integrative
expression vectors via biolistic bombardment using standard
protocols (25, 26). Individual transformants were routinely
cultivated at 30◦C without agitation in 1.5ml SPO medium
(1% potato peptone, 0.5% yeast extract, 0.1% ferrous sulfate
chelate solution, 0.2% glucose) or in SPP medium (1% proteose
peptone, 0.5% yeast extract, 0.1% ferrous sulfate chelate solution,
0.2% glucose). The antibiotic Paromomycin (500µg/ml) was
added to each media for several passages to support the allelic
assortment process. Assorted transformants were cultivated in
1.5ml scale without antibiotic at 30◦C and 80 rpm in a Multitron
AJ incubation shaker (Infors).
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HA from the A/California, A/New Caledonia, A/Uruguay,
B/Brisbane B/Jiangsu and B/Malaysia virus strains were all
produced in T. thermophila. The production and purification
process are summarized in Figure 1A.

Transformants bearing the A/Cal, B/Bri, B/Jia, or B/Mal
antigen expression module were cultivated in 400ml SPO or
SPP medium supplemented with 1% Casein hydrolysate at 30◦C
and 80 rpm in Erlenmeyer flasks (Fernbach design; 1,800ml).
Expression of each antigen was induced by addition of 94µM
Cadmium (CdCl2, Sigma-Aldrich) to a logarithmically growing
culture. Cell harvest was performed 15–17 h post-induction by
centrifugation at 15◦C for 8min at 1,200 × g. Cell pellet was
resuspended in 20mM sodium phosphate buffer supplemented
with 2.5 mg/lE-64 (PeptaNova) and stored at−80◦C.

For pilot scale fermentation transformants bearing the A/NC
or A/Uru antigen expression module were cultivated in a UD
50 L-fermenter (Biostat R©; Sartorius) in 50 L of SPP medium
supplemented with 1% Casein hydrolysate. The temperature
was maintained at 30◦C and pO2 was controlled at 20% of
the air saturation level. The pH value was regulated to pH
7.0. Expression of each antigen was induced by addition of
47µM Cadmium (CdCl2, Sigma-Aldrich) to a logarithmically
growing culture. Cell harvest was performed 15–17 h post-
induction by using a hollow fiber module (Spectrum; 0.5µm;
polyethersulfone). Cells were washed once with 20mM sodium
phosphate buffer supplemented with 2.5 mg/L E-64 and stored
at−80◦C.

Purification Procedure
The fermentation and purification process slightly varied per HA
of different viral strains. Detail of the A/Cal process is given here,
variations and the buffers details are described in Table S1.

The extraction of the rHA from disrupted cells took place
using buffer A by stirring on a magnetic stirrer at 4◦C overnight.
The extract was clarified by using a hollow fiber module (GE
Healthcare; 0.45µm; polyethersulfone). The pH of the filtrate
was adjusted to pH 7.13 by using buffer B. The filtrate was loaded
on Capto SP ImpRes (equilibrated with buffer C) at 6.5 ml/min.
After loading, the column was washed with buffer C. rHA was
eluted with buffer D. The eluate was concentrated and diafiltrated
with buffer E by cross flow filtration (Sartorius; MWCO 50 kDa;
polyethersulfone). The solution was loaded on a Fetuin-Agarose
column (equilibrated with pre-cooled buffer F) at 1.5 ml/min.
The column was washed with pre-cooled buffer F. The rHA
was eluted from the Fetuin-Agarose column with buffer G at
room temperature and rHA preparation was concentrated and
diafiltrated with buffer H by cross flow filtration (MWCO 50
kDa). The solution was loaded on Capto SP ImpRes HiScreen
(equilibrated with buffer I) at 1.6 ml/min. After loading, the
column was washed with buffer I. rHA was eluted with buffer
J. The eluate was concentrated and diafiltrated with buffer K
at 16◦C by a centrifugal concentrator (Sartorius; MWCO 50
kDa; polyethersulfone) to a final concentration of 0.86 mg/ml
(PierceTM BCA Protein Assay Kit, Thermo Scientific). In a final
step the solution was filtered using a sterile filter (Carl Roth;
0.22µm, polyvinylidene fluoride).

SDS-Page, Western Blot Analysis, and
Silver Staining
Protein expression was verified by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on 4–20% bis-
tris gels (Anamed Elektrophorese) (27). The samples were treated
with a sample buffer containing 4% SDS, no reducing agent
was added. The gels were either blotted onto nitrocellulose
membranes or stained according to Pierce R© Silver Stain Kit
(Thermo Scientific). Blotted nitrocellulose membranes were
blocked in phosphate buffered saline (PBS) containing 0.05%
Tween 20 and 1% skim milk (PBS-TM) for A/Cal, B/Bri.
Expression of respective recombinant HA in transformed ciliates
was detected by an appropriate polyclonal sheep anti-Influenza
HA fromNIBSC (anti-A/California/07/2009-HA serum−14/310,
NIBSC: anti-B/Brisbane/60/2008-HA serum−13/254, NIBSC)
and a horse radish peroxidase (HRP)-conjugated rabbit-anti-
sheep IgG secondary antibody. The blots were developed using
chemiluminescence and visualized using a Fusion imaging
system and software (Peqlab).

Haemagglutination Assay to Assess
Antigen Quality
Haemagglutination assay was performed using guinea pig
erythrocytes for A/Cal (1% suspension) and chicken erythrocytes
for A/NC, A/Uru, B/Bri, B/Jia, and B/Mal (0.5% or 1%
suspension). Erythrocytes were washed and adjusted to the
corresponding concentration using PBS supplemented with
0.05% BSA (pH 7.4). Purified rHA samples were titrated in a
96-well microtiter plate with V-shaped wells (Carl Roth) and
incubated at 4◦C for 1 h.

Non-human Primates Study Immunizations
and Sampling
Groups of 2 macaques were immunized on weeks 0, 3, and 6 by
either intramuscular (i.m.) route (group 1) or subcutaneous (s.c.)
(group 2) injection with 45 µg of each rHA A/NC, A/Uru, B/Jia,
and B/Mal. Blood samples were collected on week 0, 3, 4, 6, 7, and
10 to analyse the specific serum-antibody response.

Poly Lactic Acid—Nod2 Particles Synthesis
and Characterization
i-Particles R© from Adjuvatis (France) are PLA particles made
by nanoprecipitation method by adding dropwise a solution
of poly-D,L-lactic acid polymer dissolved on acetone (2% w/v)
to an aqueous phase composed of water and ethanol, under
moderate stirring (250 rpm). No surfactant or stabilizer was
required to stabilize the colloid solution. Solvents were removed
by evaporation under reduced pressure using a Buchi rotavapor
including a water bath at 30–34◦C and a cooler maintained at
−10◦C. The final particles concentration was around 7% level
of solid and was precisely determined by weighing the wet and
dried materials. PLA NP-Nod2 also provided by Adjuvatis were
made by nanoprecipitation technique as described previously
(23). The Nod2 ligand, Mifamurtide, is synthetic derivative of
muramyl dipeptide (Sigma-Aldrich). This ligand was added to
the PLA-acetone solution at a mass ratio of 1% w/w ligand: PLA.
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FIGURE 1 | Production and characterization of recombinant rHA expressed in Tetrahymena thermophila. (A) Schematic of production and purification; see Table S1

for details of conditions used for different rHA. Each purified rHA was analyzed by SDS-PAGE and silver staining (B,D) or Western blot (C,E). A/Cal, ciliate derived

(Continued)
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FIGURE 1 | rHA A/California/07/09; B/Bri, ciliate derived rHA B/Brisbane/60/2008; PC, positive control either A/California/07/09 antigen (12/168, NIBSC) or

B/Brisbane/60/2008 (13/234, NIBSC) as appropriate; M, molecular weight marker. (F) Example haemagglutination assay of rHA A/Cal, samples two-fold diluted,

(G) Example haemagglutination value for rHA A/Cal.

Nod2 ligand encapsulation efficiency was obtained through
determination of the amount of remaining free ligand in the
supernatant after centrifugations of the nanoparticle solution
(10min at 10,000 × g). Supernatants were cultured with HEK-
BlueTM-hNOD reporter cell lines (InvivoGen) in 96-microwell
plates (50,000 cells/well in duplicate) to study the stimulation
of Nod2 receptor by monitoring activation of NF-κB pathway
which induces the production of secreted embryonic alkaline
phosphatase (SEAP) and the use of a detectionmedium that turns
blue in the presence of alkaline phosphatase. The absorbance of
the samples was measured at 650 nm using a microplate reader
(ThermoScientific). Nod2 ligand solutions were initially assayed
with HEK-BlueTM-hNOD Cells to plot the calibration curve. The
encapsulation efficiency of Nod2 ligands was calculated by the
ratio of the ligand mass in NPs over the total mass of ligand in
the recipe.

HA Antigen Adsorption Onto PLA-Nod2
Particles
HA from Tetrahymena was adsorbed on PLA-Nod2 particles by
mixing equal volumes of particles dispersion (diluted in water
at 3% level of solid) and protein solution (at 30µg/ml) with
moderate end-overhead stirring, for 2 h at room temperature.
At the end of incubation, a fraction of HA-coated particles was
removed for characterization. Four hundred microliters were
high-speed centrifuged (10min at 10,000 × g) and supernatant
containing the non-adsorbed HA fraction was quantified
(PierceTM BCA Protein Assay Kit) to deduce the adsorbed HA
concentration. Concentrated sterile NaCl solution was added
to HA-particles solutions to adjust the osmole concentration to
300 milli-osmole and the antigen concentration to 90µg/ml of
vaccine formulations. Hydrodynamic diameter, size distribution
and Zeta potential of formulated particles were determined. The
absorbance of the samples was measured at 562 nm using a
microplate reader (Multiskan FC, Thermo Scientific).

Mouse Immunization
For experiments aimed to characterize the antibody response in
mice, 7 weeks old female BALB/c mice were purchased from
Charles River (Lecco, Italy) and maintained in cages provided
with food and water ad libitum, with environmental enrichment
and nesting. Groups of 6 mice were immunized i.m. and s.c. with
15 µg/mouse of rHA A/Cal in the volume of 50 µl/mouse, or
with 30 µg/mouse of rHA B/Bri in the volume of 100 µl/mouse,
respectively. The vaccines were administered three times at 3-
week interval (week 0, 3, 6). Blood samples were taken from the
temporal plexus of individual mice on weeks −1, 3, 6, and 8,
incubated for 30min at 37◦C and centrifuged at 1,200× g at 4◦C
for 15min for collecting sera that were stored at−80◦C.

For experiments to test protection against infection, 6–10
week old female CB6F1 mice were obtained from Harlan UK

Ltd (Barking, UK) and kept in specific-pathogen-free. Studies
followed the ARRIVE guidelines. Mice were immunized i.m.
with 1.5 or 15 µg ciliate derived rHA A/Cal or with 3 or
30 µg rHA B/Bri alone in 50 µl in a prime-boost-boost
regimen. 1.5 µg egg derived A/Cal HA (GSK, Siena, Italy)
was used as a positive control. Where used, NOD particles
were combined with 0.015 µg rHA A/Cal and delivered s.c.
For infections, mice were anesthetized using isoflurane and
infected i.n. with 100 µl influenza virus or sterile PBS. Mice
were culled using 100 µl intraperitoneal pentobarbitone (20mg
dose, Pentoject, Animalcare Ltd. UK) and tissues collected as
previously described (28). Viruses were propagated in Madin-
Darby Canine Kidney (MDCK) cells, in serum-free DMEM
supplemented with 1µg/ml trypsin. Influenza viral load was
assessed by PCR as described previously (29). Clinical score was
assessed as described previously (30). Challenge dose of virus was
titrated (30) to minimize animal suffering, specifically it was a
non-lethal model, to match refinement guidelines.

Influenza Viruses
The influenza infectious viruses used for HA inhibition, virus
neutralization in vitro assays and in vivo challenge were seasonal
influenza strains obtained from NIBSC: A/California/7/2009
(H1N1, 15/252) and B/Brisbane/60/2008 (Victoria lineage,
15/146). The viruses were propagated in 11 days embryonated
chicken eggs.

Haemagglutination Inhibition Assay
All serum samples, including sheep hyper-immune sera
(A/California/7/2009: NIBSC code 09/152, B/Brisbane/60/2008:
NIBSC code 11/136) as positive controls and human serum
without IgA, IgM, and IgG as negative control (Sigma-Aldrich,
S5393), were pre-treated with receptor destroying enzyme (RDE)
(ratio 1:5) from Vibrio Cholerae (Sigma Aldrich) for 18 h at 37◦C
in a water bath and then heat inactivated for 1 h at 56◦C in a
water bath with 8% sodium citrate (ratio 1:4). Turkey red blood
cells were centrifuged two times, washed with a saline solution
(0.9%) and adjusted to a final dilution of 0.35%. Serum samples
were two-fold diluted in duplicate with saline solution (0.9%)
in a 96-wells plate from an initial dilution of 1:10. Twenty-five
microliters of standardized viral antigen (4 HA units/25 µl)
were added to each well and the mixture was incubated at
room temperature for 1 h. Turkey red blood cells were added
and after 1 h incubation at room temperature, the plates were
evaluated for presence of agglutination inhibition. The antibody
titer is expressed as the reciprocal of the highest serum dilution
showing complete inhibition of agglutination. Since the starting
dilution is 1:10, the lower limit of detectable antibody titer is 10.
When the titer is under the detectable threshold, the results were
conventionally expressed as 5 for calculation purposes, half the
lowest detection threshold.

Frontiers in Immunology | www.frontiersin.org 5 November 2019 | Volume 10 | Article 266138

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


Jawinski et al. Recombinant Haemagglutinin From Tetrahymena thermophila

ELISA Assay
The A/Cal-specific and B/Bri-specific serum IgG were evaluated
by enzyme-linked immunosorbent assay (ELISA) as previously
described (31). Briefly, MaxiSorp microtiter plates (Nunc) were
coated with recombinant A/Cal- and B/Bri- (2 µg/ml; Cilian
as described above) overnight at 4◦C, blocked with PBS and
1% BSA, and then added with serum samples titrated in two-
fold dilutions. Samples were then incubated with the alkaline
phosphatase-conjugate goat anti-mouse IgG (diluted 1:1000,
Southern Biotechnology) for 1 h at 37◦C and developed by adding
1 mg/ml of alkaline phosphatase substrate (Sigma-Aldrich). The
optical density was recorded using Multiskan FC Microplate
Photometer (Thermo Scientific).

Virus Neutralization Assay
The MDCK cell cultures were grown at 37◦C in 5% CO2. Serum
samples, including positive and negative controls, previously
heat-inactivated at 56◦C for 30min, were two-fold diluted with
ultra MDCK culture medium with 2µg/ml of trypsin from
bovine pancreas (TPCK, Sigma-Aldrich) in a 96-wells plate and
mixed with an equal volume of virus (100 TCID50/well). After
1 h incubation at 37◦C in 5% CO2, the mixture was added to the
MDCK cell suspension (1.5 × 105 cells/ml). Plates were read for
cytopathic effect after 3 days incubation at 37◦C in 5% CO2.

Statistical Analysis
Calculations as described in figure legends were performed using
Prism 6 (GraphPad Software Inc.).

Data Availability
All data generated or analyzed during this study are included in
this published article (and it Supplementary Information Files).

Ethics Statement
Adult cynomolgus macaques (Macaca fascicularis) were
imported from Mauritius and housed in the facilities of
the Infectious Disease Models and Innovative Therapies
(IDMIT) Center (CEA, Fontenay-aux-Roses, France). Two
male animals were included in each experimental group. NHPs
were used at the CEA in accordance with French regulations
and under the supervision of national veterinary inspectors
(CEA Permit Number A 92-032-02). The CEA complies
with the Standards for Human Care and Use of Laboratory
Animals, as set out by the Office for Laboratory Animal Welfare
(OLAW, USA) and is accredited under OLAW Assurance
number #A5826-01. The use of NHP at the CEA complies
with the recommendations in European Directive 2010/63
(recommendation N◦9). The animals were used under the
supervision of the veterinarians responsible for the animal
facility. This study was approved and accredited under statement
number (A15 007) by the ethics committee “Comité d’Ethique
en Expérimentation Animale du CEA,” registration number 44
for the French Ministry of Research. Animals were housed in
pairs in modules allowing social interaction, under controlled
humidity, temperature and light conditions (12 h light/12 h
dark cycles). Water was available ad libitum. Animals were
monitored and fed 1–2 times daily with commercial monkey

chow and fruit by trained personnel. Macaques were provided
with environmental stimuli including toys, foodstuffs and music
under the supervision of the CEA’s Animal Welfare Body.
Experimental procedures (animal handling, immunization
protocols, and blood sampling) were conducted after sedating
animals with ketamine chlorhydrate (Rhône-Mérieux, Lyon,
France, 10 mg/kg).

Mouse studies in Italy were treated according to national
guidelines (Decreto Legislativo 26/2014). Animals were housed
under specific pathogen-free conditions in the animal facility of
the Laboratory of Molecular Microbiology and Biotechnology
(LA.M.M.B.), Department of Medical Biotechnologies at
University of Siena, Italy. All animal studies were approved by
the Italian Ministry of Health with authorization n◦ 1004/2015-
PR, 22 Sept 2015. Mouse studies performed in the UK in
accordance with the United Kingdom’s Home Office guidelines
and all work was approved by the Animal Welfare and Ethical
Review Board (AWERB) at Imperial College London.

RESULTS

Protein Expression, Purification, and
Biological Characterization of Purified rHA
In order to evaluate the potential of T. thermophila as an
expression host for production of different recombinant
influenza HA expression vectors coding for full length
HA, codon-optimized, synthetic genes were generated and
Tetrahymena cells were transformed with the expression
vectors. The transformed cells were cultured in up to 50 liters.
rHA-bearing cells were harvested 15–17 h after induction
and purified via chromatographic steps (Figure 1A). After
purification, each Tetrahymena derived HA antigen solution was
characterized for their ability to form higher order oligomers
like di-, tri-, and multimers by silver staining subsequent to
SDS-PAGE. The A-strain antigen A/Cal (Figure 1B) showed a
single polypeptide with an apparent molecular weight of ∼60
kDa and bands at ∼130 kDa and >250 kDa indicating the
formation of di-, tri-, and multimers. This was also observed
for the A/NC and A/Uru antigens (Figure S1). For the B/Bri
antigen (Figure 1D) beside a single polypeptide with an apparent
molecular weight of ∼70 kDa, higher order structures at ∼200
and >250 kDa were visible indicating the formation of tri-
and multimers of this antigen. This was also observed for
the B/Jia and B/Mal antigens (Figure S1). All these bands
gave a positive signal in Western blot analysis using specific
antibodies (Figures 1C,E). Furthermore, in vitro potency of
purified rHA solution was confirmed using haemagglutination
assay (Figures 1F,G). Purified antigens from ciliates were able
to agglutinate red blood cells indicating biological activity.

Ciliate Produced rHA Induces an Antibody
Response in Mice
To test whether ciliate produced rHA was immunogenic, mice
were immunized in a prime-boost-boost regime with 15 µg
per dose of rHA A/Cal. Mice were immunized by either the
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i.m. or s.c. route. A/Cal specific IgG was measured by binding
ELISA at various time points after immunization (Figure 2A).
Both s.c. and i.m. immunization induced significant influenza
specific IgG already after the primary immunization, with

GMT titers of 2,000 and 1,400, respectively (week 3, P <

0.05 compared to baseline). A/Cal specific IgG were increased
by booster immunizations to GMTs of 103,000 and 92,000
(week 6) and 130,000 and 184,000 (week 8) after s.c. and

FIGURE 2 | Ciliate produced rHA induces an antibody response in mice. BALB/c mice were immunized three times at 3 weekly intervals with either 15 µg A/Cal

(A–C) or 30 µg B/Bri (D–F) by the intramuscular (i.m.) or subcutaneous (s.c.) routes. A/Cal-specific and B/Bri-specific IgG were evaluated in sera collected before

immunization (week -1) and at weeks 3, 6 and 8, by ELISA. Values are reported as geometric mean titers (GMT) ± 95% CI of 6 mice per group (A,D). Sera for

haemagglutination inhibition (HAI: B,E) and microneutralization (MN: C,F) analysis were collected at week 8. Symbols represents individual mice and bars represents

the mean of n = 6 animals (B,C,E,F). **p < 0.01 between i.m. at week 8 and other time points, ##p < 0.01 between s.c. at week 8 and other time points by ANOVA

and Tukey post test for multiple comparisons.
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i.m. immunizations, respectively. The quality of the antibody
response was assessed by haemagglutination inhibition (HAI)
assay at week 8 (Figure 2B). An HAI response was detectable
after both routes of immunization, and there was no significant
difference between the two routes. Likewise, H1N1 neutralizing

antibodies were detectable after immunization with the ciliate
derived rHA A/Cal (Figure 2C).

To confirm that the ciliate production platform could generate
immunogenic material for multiple strains of influenza, the
B/Bri antigen was also generated. Mice were immunized in

FIGURE 3 | Ciliate produced rHA induces an antibody response in NHP. NHP were immunized three times at 3 weekly intervals with 45 µg each of A/NC (A), A/Uru

(B), B/Jia (C), and B/Mal (D) by the intramuscular (i.m.) or subcutaneous (s.c.) routes, n = 2 animals per route. Blood samples for ELISA (A–D) and haemagglutination

inhibition (E) analysis were collected.
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a prime-boost-boost regime with 30 µg per dose of rHA
B/Bri. Again, a significant primary response was observed
upon immunization by both s.c. and i.m. routes (Figure 2D),
with GMTs of 2,560 and 7,200, respectively (week 3, P <

0.05 compared to baseline). B/Bri specific IgG were increased
by booster immunizations to GMT of 130,000 and 103,000
(week 6) and 116,000 and 206,000 (week 8) after s.c. and i.m.
immunizations, respectively.

The quality of the antibody response was assessed by HAI
assay at week 8 (Figure 2E). An HAI response against B/Bri
was detectable after i.m. route of immunization, but not
after s.c. route. Likewise, B/Bri neutralizing antibodies were
detectable after i.m. immunization with the ciliate derived rHA
(Figure 2F). These studies show that ciliate derived antigens
are immunogenic.

Ciliate Produced rHA Induces an Antibody
Response in Non-human Primates
To determine whether the ciliate produced rHA were
immunogenic in a range of species, a small number of
non-human primates (NHP) were immunized at 3 weekly
intervals with a quadrivalent mixture of influenza antigens
containing 45 µg each of A/NC, A/Uru, B/Jia and B/Mal by
the i.m. or s.c. routes. Two animals were immunized per route.
The antibody response to the four antigens was measured by
ELISA (Figures 3A–D). There was little response to the prime

immunization in any of the animals to any of the antigens.
However, at week 6, after the boost immunization, there was
detectable antibody responses in all four animals to all 4 antigens.
The second boost immunization at 6 weeks elevated this response
further. The quality of the antibody response was assessed by
HAI assay (Figure 3E), by week 11 an HAI titer against H1N1,
but not the other antigens, was detectable in all animals.

Ciliate Produced rHA Protects Against
Infection With H1N1 or B Influenza
We wanted to test whether the immune response induced by
ciliate produced antigens was protective against infection. Since
no significant difference was observed between i.m. and s.c.
immunization routes, protection studies were performed upon
i.m. immunization, as this is the route in human vaccination.
Mice were immunized by the i.m. route in a prime-boost-boost
regime with either a high (15 µg) or low (1.5 µg) dose of ciliate
produced A/Cal rHA, responses were compared to 15µg positive
control egg derived inactivated influenza antigen (IIV). After 3
doses of vaccine, mice immunized with either the high or low
dose of antigen had a high level of HA influenza specific antibody
in serum (Figure 4A). Mice were then challenged i.n. with A/Cal
pH1N1 strain. Vaccinatedmice did not lose weight after infection
and there was a significant difference between vaccinated and
control mice (Figure 4B). There was also significantly less viral
RNA in the lungs of vaccinated mice than control unvaccinated

FIGURE 4 | Ciliate produced rHA protects against infection with H1N1 influenza. Mice were immunized three times at 3 weekly intervals with 15 or 1.5 µg ciliate

derived A/Cal, or 15 µg control inactivated influenza antigen (IIV) by the intramuscular (i.m.) route. Two weeks after the final immunization, anti-H1N1 antibody titer was

measured by ELISA (A). Mice were then challenged with pH1N1 by the intranasal route. Weight change (B), viral load (C), and lung cell number (D) were assessed

after infection. Points represent individual animals (A,C,D) or mean (B) of n = 5 mice per group, ***p < 0.001 by ANOVA and post test.
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mice (p < 0.001, Figure 4C). There were also fewer infiltrating
cells (a measure of lung inflammation) in the group vaccinated
with 1.5 µg of rHA A/Cal (Figure 4D).

Having seen that the ciliate derivedHA antigen was protective,
we also tested the protective efficacy of ciliate derived B/Bri
against challenge. Mice were immunized in a prime-boost-boost
regime with either a high (30 µg) or low (3 µg) dose of ciliate
produced B/Bri rHA. After 3 doses of vaccine, mice immunized
with either the high or low dose of antigen had a high level of
influenza B specific antibody in serum (Figure 5A). Mice were
then challenged i.n. with B/Bri influenza strain; there was a
significant difference between vaccinated and control mice on
days 6 and 7 after infection (p < 0.01, Figure 5B). There was

significantly less viral RNA in the lungs of vaccinated mice than
control unvaccinated mice (p < 0.001, Figure 5C). There was no
difference in infiltrating cells between the groups (Figure 5D)
but the control unvaccinated mice had more signs of disease
by clinical score (p < 0.01, Figure 5E). Therefore, the ciliate
derived antigens were protective against homologous challenge
with representative A or B strains of influenza.

Combination of Antigen With Nod2
Particles Enables Dose Sparing
The production of protein antigen is a major constraint in the
manufacture of vaccines. Reduction of the amount of protein

FIGURE 5 | Ciliate produced rHA protects against infection with B/Brisbane influenza. Mice were immunized three times at 3 weekly intervals with 30 or 3 µg ciliate

derived B/Bri by the intramuscular (i.m.) route. Two weeks after the final immunization, anti-B/Bri antibody titer was measured by ELISA (A). Mice were then

challenged with B/Bri by the intranasal route. Weight change (B), viral load (C), lung cell number (D), and clinical score (E) were assessed after infection. Points

represent individual animals (A,C,D,E) or mean (B) of n = 5 mice per group, **p < 0.01, ***p < 0.001 by ANOVA and post test.
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FIGURE 6 | Combination of antigen with PLA-Nod2 particles enables dose sparing. Mice were immunized three times at 3 weekly intervals with 1.5 or 0.015 µg ciliate

derived rHA A/Cal by the intramuscular (i.m.) or subcutaneous (s.c.) routes; responses were compared to 0.015 µg antigen loaded onto PLA-Nod2 particles or empty

(Continued)
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FIGURE 6 | PLA particles. Anti-H1 antibody was measured by ELISA (A) or HAI (B). Mice were then challenged with A/Cal by the intranasal route. Weight change

over time (C) and at d4 (D), clinical score (E), lung cell number (F), and viral load (G) were assessed after infection of n = 5 mice per group, **p < 0.001 by ANOVA

and post test. Points represent individual animals (A,D,E,F,G) or mean (B,C) of n = 5 mice per group, *p < 0.05, **p < 0.01 by ANOVA and post test.

required per dose could increase coverage and reduce costs. One
approach to reduce protein is to incorporate an adjuvant. We
have previously shown that the inclusion of Nod2 ligands into
poly(lactic acid) particles potentiates their immune properties
(32). We wanted to test whether these particles could lead to
protection with a smaller dose of antigen. We compared two
doses of A/Cal antigen 1.5 and 0.015 µg by the i.m. and s.c.
routes; responses were compared between low dose antigen alone
and antigen combined with PLA-Nod2 particles for the s.c. route,
which has previously been used in nanoparticle studies (23). Mice
were immunized three times in a prime-boost-boost regime.
At week 8 the low dose antigen induced some anti-influenza
antibody, but less than the high groups (Figure 6A). Inclusion
of the PLA-Nod2 particles increased the response to the low
dose antigen. The Nod2 plus antigen and the high dose antigen
groups also induced an HAI response more rapidly than the low
dose groups, with a significantly greater HAI titer in the Nod
plus antigen group at week 8 (p < 0.05, Figure 6B). To test
whether there was an effect on protective efficacy, mice were
challenged with A/Cal pH1N1 strain i.n. after the final boost
dose. The inclusion of PLA-Nod2 particles significantly reduced
weight loss at day 4 after infection compared to the low dose
antigen alone groups (Figures 6C,D). The high dose of antigen
(1.5 µg) was significantly more protective than the low dose
(0.015 µg). The antigen plus adjuvant immunized group also had
fewer signs of disease (Figure 6E), and lower cell infiltration into
the lungs (Figure 6F), than low dose antigen alone. There was
also significantly lower viral load in the group immunized with
antigen plus adjuvant compared to the low dose antigen alone
groups (Figure 6G). Mice inoculated with PLA-Nod2 particles
without vaccine antigen, the negative control group, lost weight
at day 4 after infection compared to the low dose antigen alone
groups (Figures 6C,D).

DISCUSSION

In the current study we show that influenza HA can be produced
in the ciliate T. thermophila. The ciliate derived antigen was
immunogenic and able to protect against infection with influenza
A or B viruses in mice. In a small study with limited animal
numbers, we also observed immunogenicity of the material
in macaques. One consideration for the future is to evaluate
immunogenicity in ferret models, which would enable the
evaluation of protection against transmission. This would then be
a precursor for generating GMP grade material for a clinical trial.

We also evaluated the dose sparing effect by combining
the Tetrahymena derived antigen with PLA-Nod2 particles.
Nanoparticle and microparticle delivery systems have received
attention for a range of biological applications and including
showing promise as vaccine vehicles. A variety of polymers exists
from which particles for drug delivery can be prepared, of which

poly(lactic-co-glycolic acid) (PLGA) and poly(lactic acid) (PLA)
are the most commonly studied (33). They have been licensed
for human use for both physical functions, as sutures, bone
implants and screws and as implants for sustained drug delivery,
taking advantage of their biodegradable and biocompatible
properties. PLA and PLGA have been extensively studied for
vaccine formulation with a body of literature demonstrating their
advantages for antigen delivery. PLA and PLGA particles can
be adapted to degrade over a large kinetic range and are able
to act as depots from which antigen or bioactive molecules are
gradually released. The synthesis of PLA i-Particles R© is based on
the nanoprecipitation of poly (lactic acid polymer) in aqueous
phase, a surfactant free process, which allows the reproducible
production of safe submicron particles, with homogenous
diameter (34). This process permits the encapsulation of any kind
of hydrophobic molecules, such as PRR (Pattern Recognition
Receptors) ligands without impairing their colloidal properties
(size, surface charges). Being negatively charged, any protein
moieties could be passively adsorbed, thus those particles can
combine antigen and immunostimulatory molecule delivery,
leading to versatile biodegradable multifunctional particulate
vaccine vehicle, allowing the delivery of vaccines through
systemic, and mucosal routes (35). Indeed, the preferential
uptake of particles by Dendritic Cells (DCs) can induce a strong
up regulation of DC maturation and the enhancement of pro-
inflammatory cytokine, thus improving immunogenicity. For
instance, encapsulation of NOD2 ligand has been able to favor
mucosal immune responses after a sub cutaneous administration
of PLA particles (36) and this ligand was used in the current
study. One advantage of including adjuvant is dose reduction,
combining rHA antigen with PLA-Nod2 particles led to a similar
levels of antibody protection with much lower levels of antigen,

this may be advantageous in a pandemic.
Here we show that Tetrahymena can be used to produce

immunogenic influenza antigens. One advantage of recombinant

protein-based influenza vaccines is the avoidance of infectious

viral propagation which normally requires increased
biocontainment, allowing the use of lowest biosafety level

laboratories and facilities for the cultivation of Tetrahymena.

Since Tetrahymena can be cultivated in standard bioreactor
vessels (16), the Tetrahymena based expression system enabling
large scale manufacturing in common, market-standard contract

manufacturing facilities. In consequence, production of subunit

vaccines can be rapidly scaled up without concerns about the

supply of embryonated eggs. This manufacturing flexibility could

be advantageous compared to other cell culture approaches, for

example cell culture-based technologies using adherent cell lines,

such as MDCK or Vero cells, are inherently difficult to scale
up because of the requirements for an attachment surface (37).
Likewise, the slow growth of insect cells (12–24 h generation
time) and the sensitivity of insect cells to the stress linked to the
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mechanical agitation in stirred tank reactors (38) might present
a challenge for large scale manufacturing. A further limitation
of insect cells for the production of recombinant influenza
vaccines is the large volume of virus needed on scale-up and
the time sensitivity of harvest to avoid potential cell lysis and
degradation of expressed proteins (39). More work is still needed
to demonstrate that the advantages of using Tetrahymena would
be realized in a large-scale manufacturing setting. Proteins
expressed in this system should be biologically safe as there is
no evidence that T. thermophila harbors any viruses pathogenic
to humans (16), though detailed GMP work up, including a
full characterization of any possible adventitious agents and
the stability of the platform, would be required before human
vaccine manufacture could be performed.

In the current pre-clinical study, we demonstrate
immunogenicity and protective efficacy of Tetrahymena
rHA. We have not looked at comparative efficacy compared to
other platforms for generating influenza vaccines, and the animal
models may not necessarily enable us to explore the advantages,
which are associated with manufacturing cost, speed and scale-
up. But based on the data presented, this study supports the
further development and testing of the Tetrahymena platform
for vaccine antigens.
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Figure S1 | SDS-PAGE of ciliate produced, purified rHA from influenza virus A and

B strains. Each purified rHA was analyzed by SDS-PAGE and silver staining

(A,C,E,G) and Western blot (B,D,F,H). A/NC: ciliate derived rHA

A/NewCaledonia/20/99; A/Uru: ciliate derived rHA A/Uruguay/716/2007; B/Jia:

ciliate derived rHA B/Jiangsu/10/2003; B/Mal: ciliate derived rHA

B/Malaysia/2506/2004; PC: positive control (A/NewCaledonia/20/99 antigen

(01/614, NIBSC); A/Brisbane/10/2007 (08/278, NIBSC); B/Jiangsu/10/2003

(04/202, NIBSC); B/Malaysia/2506/2004 (08/184, NIBSC); M, molecular

weight marker).

Table S1 | Growth and purification of different rHA antigens.
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Plasmodium spp.-infected mosquitos inject sporozoites into the skin of a mammalian

host during a blood meal. These enter the host’s circulatory system and establish an

infection in the liver. After a silent metamorphosis, merozoites invade the blood leading

to the symptomatic and transmissible stages of malaria. The silent pre-erythrocytic

malaria stage represents a bottleneck in the disease which is ideal to block progression

to clinical malaria, through chemotherapeutic and immunoprophylactic interventions.

RTS,S/AS01, the only malaria vaccine close to licensure, although with poor efficacy,

blocks the sporozoite invasion mainly through the action of antibodies against the CSP

protein, a major component of the pellicle of the sporozoite. Strikingly, sterile protection

against malaria can be obtained through immunization with radiation-attenuated

sporozoites, genetically attenuated sporozoites or through chemoprophylaxis with

infectious sporozoites in animals and humans, but the deployability of sporozoite-based

live vaccines pose tremendous challenges. The protection induced by sporozoites occurs

in the pre-erythrocytic stages and is mediatedmainly by antibodies against the sporozoite

and CD8+ T cells against peptides presented by MHC class I molecules in infected

hepatocytes. Thus, the identification of malaria antigens expressed in the sporozoite and

liver-stage may provide new vaccine candidates to be included, alone or in combination,

as recombinant protein-based, virus-like particles or sub-unit virally-vectored vaccines.

Here I review the efforts being made to identify Plasmodium falciparum antigens

expressed during liver-stage with focus on the development of parasite, hepatocyte,

mouse models, and resulting rate of infection in order to identify new vaccine candidates

and to improve the efficacy of the current vaccines. Finally, I propose new approaches

for the identification of liver-stage antigens based on immunopeptidomics.

Keywords: Plasmodium falciparum, pre-erythrocytic malaria, liver-stage, infectivity, vaccine design, antigen

identification, immunopeptidomics

INTRODUCTION

According to the latest WHO report, around 219 million clinical episodes of malaria were reported
in 91 countries, most of these occurring in sub-Saharan African countries, representing a decrease
of 1 million cases over the previous year. 435,000 deaths were registered in 2017 due to malaria,
identical to the numbers of reported deaths in 2015. Dramatically, most of these deaths are African
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children under 5 years of age (1). Increasing parasite drug
resistance and mosquito insecticide resistance threatens to lead
to worse control and higher mortality in the coming years (2).
Therefore, the control and eventual eradication of this disease
relies on the development of a highly effective malaria vaccine.
The vaccine RTS,S/AS01, the first ever malaria vaccine to enter
Phase III clinical trials and the first human parasitic vaccine ever
created, shows modest efficacy, short durability and needs to
be administrated in a four-dose schedule for maximum efficacy
(3). Nevertheless, RTS,S/AS01 brings hope for the development
of more efficacious vaccines. Currently there are about 20
vaccines in clinical trials based on whole organisms or very well-
known antigens, reviewed elsewhere (4, 5). The Malaria Vaccine
Technology Roadmap proposes two main objectives for the
development of new malaria vaccines by 2030: (1) vaccines with
protective efficacy of at least 75% against clinical malaria and,
(2) vaccines that reduce transmission of the parasite to reduce
the incidence of human malaria infection (6). Vaccination with
the pre-erythrocytic malaria vaccine RTS,S induces high levels of
antibodies (7), CD4+ T cells (8, 9), and CD8+ T cells (9) specific
for the circumsporozoite protein (CSP). To improve the efficacy
of pre-erythrocytic malaria vaccines, however, there is need to
identify new vaccine candidate antigens, especially antigens able
to induce strong CD8+ T cell responses.

It has been 50 years since Ruth Nussenzweig’s seminal paper
describing that radiation-attenuated sporozoites induce sterile
protection (10), remain in the liver (11) and require CD8+ T-
cell responses for protection (12) against the CSP protein (12),
and a single epitope, known as Pb9, can induce protection in
mice (13, 14). In the 1990’s, our group has developed a CSP P.
berghei vaccine that can induce sterile protection in mice, based
in a Modified Vaccinia Virus viral vector (13). Protection can
be induced with peptides presented by MHC Class I molecules
in the mouse liver, mediated by CD8+ T cells, using viral
vectors against a single antigen (13). In humans, there is an
important role of CD8+ T cells in inducing protection against
pre-erythrocytic malaria. It has been shown in naturally exposed
individuals or volunteers vaccinated with radiation-attenuated
sporozoites (RAS) that these responses are against CSP and other
antigens, which have not been extensively characterized (15, 16).
Moreover, it has been shown in clinical trials with ChAd63-
MVA expressing ME-TRAP that CD8+ T cells correlate with
protection (17). Thus, the identification of antigens presented by
MHC-I molecules in infected hepatocytes may provide the yet
unidentified antigens required for full protection. This review
focuses on the work that has been done to identify liver-
stage protective antigens from P. falciparum, and proposes new
strategies to complement or improve current methods of antigen
discovery for malaria vaccines.

Biology of Plasmodium
Plasmodium sp. are polymorphic, obligate intracellular parasites
with a complex life cycle that has both an asexual and a sexual
stage and parasitize two very different hosts: an invertebrate host,
mainly Anopheles mosquitos, and a vertebrate mammalian host.
Five species P. falciparum, P. vivax, P. ovale, P. malariae, and
P. knowlesi are recognized as responsible of natural infection in

humans, although infections in other primate species have been
reported with these pathogens (18).

Malaria is transmitted by different species of Plasmodium-
infected Anopheles female mosquitos (18). The infected female
mosquito injects approximately one hundred sporozoites into
the skin of a mammalian host whilst taking a blood meal (19).
The sporozoites search for capillaries in the skin and, within
minutes, enter the host’s circulatory system, eventually infecting
cells in the liver (20, 21). In the liver, the sporozoites traverse
several hepatocytes before establishing a successful infection
within a hepatocyte (22, 23), residing in a parasitophorous
vacuole with specialized functions (22, 24). The hepatic infection
is asymptomatic and takes about 7 days to complete for P.
falciparum. P. vivax and P. ovale can establish a latent form,
the hypnozoite, that persists in the liver and may cause relapses
by invading the bloodstream months or years later (18). In
the hepatocytes, parasites undergo asexual schizogony to form
tens of thousands of merozoites (18). The parasites inside the
hepatocyte are known as exo-erythrocytic forms (EEFs). The pre-
erythrocytic stage or exo-erythrocytic cycle includes both the
sporozoite invasion of the mammalian host and the liver-stage.
This stage represents a bottleneck in the disease which is ideal to
block progression to clinical malaria, through chemotherapeutic
and immunoprophylactic interventions.

Following merozoite egress from the infected liver cell, the
parasites escape into the blood circulation to infect erythrocytes,
where they asexually replicate exponentially. This constitutes
the symptomatic and well-studied blood-stage malaria or
erythrocytic cycle (18). Once merozoites invade erythrocytes,
they become trophozoites that develop into schizonts which
eventually rupture the host cell and re-infect new erythrocytes.
Alternatively, some trophozoites develop into gametocytes. If a
female mosquito takes a bloodmeal from an infectedmammalian
host, containing at least one female and one male gametocyte,
sexual development of the parasite resumes (18). Inside the
mosquito, the sexual stage or sporogonic cycle occurs, forming
gametes, which develop into ookinetes that cross the mosquitoes’
mid gut wall to become oocysts. Inside oocysts, thousands of
sporozoites are formed that eventually migrate to the salivary
glands (18, 25).

Major Achievements Leading to the
Identification of Pre-Erythrocytic Proteins
Antigen Identification Based on Genomic,

Transcriptomic, and Proteomic Studies
In 2002, P. falciparum genome was sequenced, which constituted
a landmark in the field and the beginning of the post-genomic
era. P. falciparum nuclear genome consists of an unusually high
A-T content, 22.8 megabases long, composed of 14 chromosomes
encoding 5,268 genes (26). Surprisingly, only 733 (14% of
total) genes encoding enzymes and transporters were identified
but a large proportion of genes were thought to be involved
in host–parasite interactions and immune evasion (26). Also,
many proteins seem to be targeted to the apicoplast, which
is an organelle homologous to the chloroplasts of plants and
algae, with a role in the anabolism of fatty acids, isoprenoids
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and haeme. The apicoplast is present in many organisms
from the phylum apicomplexa and is essential for parasite
survival (26). In the same year, the first large-scale, high-
throughput proteomics study on four stages of the parasite
(sporozoites, merozoites, trophozoites and gametocytes) was
published revealing 2,415 proteins in total and 1,049 in the
sporozoite but the liver stage was not surveyed (27) (Table 1).
Interestingly, the antigenically variant proteins (var and rif)
known to be expressed on the surface of infected erythrocytes
were also detected in sporozoites (27), which are thought to
be involved in immune escape and suggests a promiscuity in
gene expression between stages. Moreover, chromosomal clusters
of proteins expressed simultaneously were also identified (27),
suggesting some form of gene expression regulation. Both studies
were performed with P. falciparum clone 3D7. In a back-to-back
publication, another large-scale proteomics study revealed 1,289
proteins in three stages of the parasite (asexual blood stages,
gametocytes and gametes), using P. falciparum isolate NF54
(34) (Table 1). The pre-erythrocytic stages were not included in
this study. The combined protein identifications of these two
studies represent 52% of the predicted gene products (2,731)
(26), and in both studies infected hepatocytes were not included.
The genome sequencing and the first two large-scale proteomics
studies brought new hope for the identification of new targets
for therapies as well as new vaccine candidates. Regrettably,
liver-stage proteins were not identified, thus urging for the
identification of antigens expressed at this stage. However, in
an integrated study that combined both transcriptome and
proteome analysis, Kappe produced P. yoelii expressing GFP
which allowed the isolation of liver-stage-infected hepatocytes,
through cell sorting. This allowed performing gene and protein
expression directly in purified infected hepatocytes, which
resulted in the identification of 1,985 genes expressed during
liver-stage using P. yoelii microarrays. This revealed interesting
genes such as the fatty acid synthesis II (FASII) and other
apicoplast pathways as potential druggable targets for malaria
prophylaxis (38).

Antigen Identification Based on Clinical and

Challenge Studies
Remarkably, sterile immunity to a challenge with infectious
sporozoites can be obtained through immunization with RAS
(10, 45), through genetically attenuated parasites (GAP) (46,
47), and through chemoprophylaxis with infectious sporozoites
(CPS) (48, 49), both in animals and humans. The protection
induced occurs in the pre-erythrocytic stages (11), and is
mediated by CD8+ T cells (50). Benefiting from this fact and
from the genome and proteome studies of 2002, Doolan has
identified 16 pre-erythrocytic antigenic proteins recognized by
volunteers immunized with radiation-attenuated P. falciparum
sporozoites, using bioinformatics predictions, HLA analysis, and
in vitro cellular assays (16).

Also, benefitting from the genome sequencing, transcriptomic
studies were performed in an attempt to identify new
pre-erythrocytic antigens. By using suppression subtractive
hybridization (SSH) of P. yoelii sporozoites and comparing them

to merozoites, Kappe has identified 25 genes expressed in pre-
erythrocytic stage, including the well-knownCSP and TRAP (35).
Although some interesting antigens were identified, this study
may have excluded many antigens that are co-expressed in both
sporozoite and merozoite stages.

In an attempt to characterize the transcriptome of liver-stage
malaria, axenically cultured EEFs of P. yoelii were produced,
which resulted in the identification of 652 unique transcripts
based on 1,453 expressed sequence tags from cultured EEFs (36).
Even though a number of transcripts were identified, axenic
cultures do not mimic the natural hepatocyte infection, thus
making this system poorly suited for the identification of liver-
stage expressed antigens. To look into in vivo expression of
parasite mRNA during liver-stage, Aguiar used laser capture
microdissection to produce enriched samples of parasite mRNA
for the construction of a liver-stage cDNA library, resulting in the
expression of 623 unique P. yoelii genes (37).

Dominique Mazier hypothesized that P. falciparum
sporozoites would undergo changes in gene expression
during the transition from the insect to the mammalian host,
in order to be prepared for the liver-stage. P. falciparum
sporozoites were co-cultured in vitro with primary human
hepatocytes and maintained at 37◦C, to mimic this transition,
which resulted in the identification of 532 up-regulated genes,
suggesting that the salivary gland sporozoites are indeed
activated for hepatocyte invasion upon contact with these
cells at 37◦C (39). Many interesting antigens were identified
in this study, and later evaluated as pre-erythrocytic vaccine
candidates (51).

In another study, RNA was collected from P. yoelii wild type,
RAS and of developmental liver-stage samples obtained by laser
microdissection at 24 and 48 h post-infection. Transcriptional
analysis made with microarrays on these samples identified 1,133
genes significantly differentially expressed compared to blood
stages (40).

Doolan et al. have produced microarrays containing 23%
of P. falciparum proteome and used them to probe plasma
from subjects with sterile protection or no protection after
experimental immunization with RAS. Nineteen pre-erythrocytic
stage antigens were strongly associated with sporozoite-induced
protective immunity, 16 of which were novel. This study revealed
that sterile protection against malaria requires a combination of
several antigens, and the authors suggested that a malaria vaccine
should be multivalent in order to improve its efficacy (41).

Another study based on bioinformatic analysis and expression
databases produced a list of 27 recombinant proteins using
wheat germ cell-free protein expression system. Twenty-one
proteins were recognized by plasma and 20 by PBMCs from
RAS-immunized volunteers (42).

Using tiling microarrays, Duffy and colleagues identified
124 P. falciparum genes expressed in liver-stage compared
to sporozoite or blood-stage. Produced 21 of vaccines with
orthologs in P. yoelii and P. berghei, six being protective
and two offered improved protection when in combination
with CSP, compared to CSP alone (43, 44). Many other
studies followed these with the purpose of identifying liver-
stage antigens, to be used as vaccines or drug targets and to
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TABLE 1 | Major achievements leading to the identification of pre-erythrocytic proteins in chronological order.

Year Achievement Discovery

strategy

Description/Method Number of

proteins

identified

Organism Stage References

PRE-GENOMIC ERA

1980 Circumsporozoite

protein identification

Immuno-

fluorescence

assay (IFA)

Hybridoma generated by

the fusion of myeloma cells

with splenocytes from mice

immunized with P. berghei

1 P. berghei Sporozoite (28)

1987 LSA-1 identification IFA and ELISA Screening of serum

reactive against

pre-erythrocytic stages

1 P. falciparum isolate

Tak 9.96

Liver-stage (29)

1988 TRAP identification Gene cloning

and sequencing

Gene cloning and

sequencing of TRAP

1 P. falciparum isolate

Tak 9.96

Sporozoite (30)

1994 STARP Identification IFA Gene cloning and

sequencing of STARP

1 P. falciparum Sporozoite,

liver-stage

(31)

1996 SALSA Identification IFA and ELISA Gene cloning and

sequencing of SALSA

1 P. falciparum

isolate NF54

Sporozoite,

liver-stage

(32)

2000 LSA-3 Identification Screening of

clones

Gene cloning and

sequencing of LSA-3

1 P. falciparum K1

strain

Sporozoite,

liver-stage

(33)

POST-GENOMIC ERA

2002 P. falciparum

genome sequencing

Shotgun

sequencing

P. falciparum genome

sequence

5,268

predicted

proteins

P. falciparum

clone 3D7

N/A (26)

2002 First P. falciparum

3D7 proteome

sequencing

Proteomics High-throughput liquid

chromatography and

tandem mass spectrometry

2,415 in

total,

1,049 in the

sporozoite

P. falciparum

clone 3D7

Sporozoites,

merozoites,

trophozoites

and

gametocytes

(27)

2002 First P. falciparum

NF54 proteome

sequencing

Proteomics Proteomics using nano

LC-MS/MS

1,289 P. falciparum

isolate NF54

Trophozoites/

schizonts,

gametocytes

and gametes

(34)

2003 First screen to

identify

pre-erythrocytic

antigens

Bioinformatics Bioinformatics predictions,

HLA-supertype

considerations in vitro

cellular assays assays to

identify potentially

immunogenic antigens

16 P. falciparum Sporozoite

and liver-stage

(16)

2004 First screen to

identify sporozoite

proteins

Transcriptomics Transcriptomics based on

suppression subtractive

hybridization (SSH)

25 P. yoelii

strain 17XNL

Sporozoite

compared to

merozoite

(35)

2004 First transcriptomic

study using EEF

axenic culture

Transcriptomics Generation of expressed

sequence tags (ESTs) from

axenic culture of EEFs

652 P. yoelii

strain 17XNL

EEFs (36)

2005 First transcriptomic

study using laser

microdissection of

liver-stage forms

Transcriptomics Laser capture

microdissection and

generation of ESTs

623 P. yoelii

strain 17XNL

Liver-stage (37)

2008 First liver-stage

combined

transcriptome and

proteome

Transcriptomics

and proteomics

Microarray transcriptomic

and 1D LC-MS/MS

shotgun proteomic analysis

of murine liver-stage

1,985

transcripts

and 712

proteins

P. yoelii

expressing GFP

and strain

17XNL

Liver-stage (38)

2008 First transcriptomic

study to look at the

transition from the

insect to the

mammalian host

Transcriptomics Transcriptomics of salivary

gland sporozoites vs.

sporozoites co-cultured

with hepatocytes based on

P. falciparum microarrays

532 P. falciparum

isolate NF54

Sporozoite

transition to

liver-stage

(39)

2010 Transcriptomic

focused on the

development of

liver-stages

Transcriptomics Transcriptomics of wild

type and RAS and

liver-stages during

development

1,133 genes P. yoelii

strain 17XNL

Sporozoite

and liver-stage

(40)

(Continued)
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TABLE 1 | Continued

Year Achievement Discovery

strategy

Description/Method Number of

proteins

identified

Organism Stage References

2011 First evidence that

protection against

liver-stage malaria

requires a

combination of

several antigens

Proteomics Microarrays containing

23% the proteome were

used to probe plasma from

subjects with sterile

protection or not induced

by RAS

19 P. falciparum

clone 3D7

Sporozoite (41)

2015 Characterization of

antigens involved on

RAS protective

immunity

Bioinformatics Bioinformatic analysis,

protein expression using

wheat germ cell-free

system, and validation in

RAS-immunized volunteers

21 P. falciparum

clone 3D7

Sporozoite (42)

2016 Identification of

P. falciparum highly

expressed genes

and validation in

murine vaccines

models

Transcriptomics

and vaccination

Tiling microarray of P.

falciparum liver stage vs.

sporozoite or blood stage

and production of ortholog

vaccines in P. yoelii and

P. berghei

124 genes

upregulated

in liver-stage,

6 protective

antigens

P. falciparum

isolate NF54

Liver-stage (43, 44)

N/A, Not applicable.

understand the pathophysiology of liver-stage malaria and host-
pathogen interactions.

Liver-Stage Antigens
Sterile protection against malaria can be obtained through
immunization with RAS. Based on this observation, many
studies were performed to identify antigens expressed during
liver-stage that would be associated with protection. CSP was
the first antigen to be described conferring protection at the
pre-erythrocytic level. CSP is predominantly expressed in the
sporozoite and early liver forms (52). Due to incomplete
protection provided by CSP, comparing to immunizations with
radiation-attenuated sporozoites, several studies attempted to
identify other antigens expressed at this stage, resulting in
the identification of LSA-1 (29), STARP (31), SALSA (32),
LSA-3 (33) and others recently described in a comprehensive
review (53).

The first pre-erythrocytic antigen identified was the
circumsporozoite protein (CSP), in 1980 (Tables 1, 2). An
hybridoma resulting from the fusion of myeloma cells with
splenocytes from mice immunized with P. berghei was generated
and its antibodies recognized the surface of P. berghei sporozoites
(28) (Table 2). RTS,S/AS01 is a recombinant protein vaccine
containing part of the CSP antigen, including 19 NANP
repeats and the carboxyl terminus, expressed in virus-like
particle hepatitis B surface antigen and formulated with AS01
adjuvant (3, 59).

The first liver-stage antigen identified was the Liver Stage-
Specific-Antigen-1 (LSA-1). The authors searched for sera
from patients that were restricted to pre-erythrocytic stages.
One such individual, living in a malaria-endemic area and
undergoing continuous drug prophylaxis for 26 years, had
high antibody titers against sporozoites and liver-stage, yet
negative for blood-stage. Serum was used to screen against a

clinical strain P. falciparum genomic expression library, which
led to the identification of clones expressing LSA-1. One
clone was sequenced and contained a DNA fragment of 196
bp composed of a 51 bp repeat sequence, encoding the 17
amino-acid sequence (EQQSDLEQERLAKEKLQ) recognized in
ELISA by affinity-purified human antibodies (29) (Table 2).
The pre-erythrocytic antigens LSA3, LSAP1, LSAP2, ETRAMP5,
UIS3, and Falstatin, used in pre-clinical and clinical vaccine
development were identified in the abovementioned Mazier’s
sporozoite screen (Table 2).

TOOLS TO STUDY LIVER-STAGE MALARIA
BIOLOGY

Although many attempts to characterize liver-stage proteins have
been performed in the last 50 years, the difficulties in performing
these studies stem from three main reasons: first, it is difficult,
laborious and complex to obtain large numbers of P. falciparum
sporozoites required for hepatocyte infection experiments;
secondly, primary hepatocytes are poorly suited for research
because they show great phenotypic variability across donors
and hepatoma cell lines are not sufficiently metabolically mature
when compared to primary human hepatocytes; thirdly, the
sporozoite infectivity, i.e., the percentage of infected hepatocytes,
is traditionally very low. This will be discussed in greater
detail below.

Parasites
During transmission, sporozoites are injected with mosquito
saliva into the skin. The current methods for obtaining viable
sporozoites for liver stage studies include the well-known hand
dissection of mosquitoes, followed by grinding the salivary
glands with a pestle to release sporozoites (60), passing the
glands through a needle and syringe (61), or purifying the
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TABLE 2 | Pre-erythrocytic antigens used in vaccines.

Antigen Vaccine References

Name Symbol Size (aa) Accession* Expression Name Phase

Circumsporozoite protein CSP 397 PF3D7_0304600 Sporozoite and

liver-stage

RTS,S/ASO1 Phase III (3, 54)

Thrombospondin-related

anonymous protein

TRAP 574 PF3D7_1335900 Liver-stage and

gametocytes

ChAd63 Phase IIb (30, 54, 55)

Liver stage antigen 1 LSA1 1,162 PF3D7_1036400 Liver-stage ChAd63 and

MVA

Pre-clinical (29, 51, 54, 56)

Liver stage antigen 3 LSA3 1,558 PF3D7_0220000 Liver-stage and

blood stage

ChAd63 and

MVA

Pre-clinical (51)

Liver stage associated

protein 1

LSAP1 106 PF3D7_1201300 Sporozoite and

liver-stage

ChAd63 and

MVA

Pre-clinical (51)

Liver stage associated

protein 2

LSAP2 302 PF3D7_0202100 Sporozoites,

liver-stage and

early ring stage

ChAd63 and

MVA

Pre-clinical (51)

Early transcribed membrane

protein 5

ETRAMP5 181 PF3D7_0532100 Sporozoite,

liver-stage,

blood-stage

ChAd63 and

MVA

Pre-clinical (51)

Cell traversal protein for

ookinetes and sporozoites

CelTOS 182 PF3D7_1216600 Sporozoite,

liver-stage and

gametocytes

ChAd63 and

MVA

Pre-clinical (51, 57)

Protein UIS3 UIS3 229 PF3D7_1302200 Sporozoite,

liver-stage and

blood-stage

ChAd63 and

MVA

Pre-clinical (51)

Falstatin Falstatin 413 PF3D7_0911900 Sporozoite,

liver-stage and

blood-stage

ChAd63 and

MVA

Pre-clinical (51)

Liver specific protein 1 LISP1 3,597 PF3D7_1418100 Liver stage DNA Pre-clinical (43, 44)

Sporozoite and liver stage

asparagine-rich protein

SLARP 2,940 PF3D7_1147000 Liver stage DNA Pre-clinical (43, 44)

*P. falciparum clone 3D7 accession numbers obtained from PlasmoDB Release 38 (58).

sporozoites through a density gradient (62), which may produce
a heterogeneous mix of sporozoites, mosquito debris, salivary
glands, and mosquito saliva. Indeed, an infected Anopheles
mosquito saliva protein that is associated with saliva sporozoites
was recently identified by mass spectrometry, with similarity to
the human gamma interferon inducible thiol reductase (GILT),
and has a negative impact on the speed and cell traversal activity
of Plasmodium (63).

Animal models have been used for more than half a century to
ascertain the efficacy (10) and immunogenicity (64) of vaccines
against malaria. However, malaria mouse models do not allow
the successful infection of the human parasite P. falciparum.
The rodent malaria parasites (RMP) P. yoelii, P. berghei and P.
chabaudi, have been extensively used as models for the human
disease. RMPs have more than 90% homology with primate
parasites such as P. falciparum (65). However, some P. falciparum
vaccine candidates don’t have orthologs in the murine malaria
parasites, as is the case of LSA1 (29), some antigens are present in
both but not with complete overlapping sequences, as is the case
of CSP (30), and their expression might be species specific, as is
often the case with many genes (66). Furthermore, it has been
suggested that transcriptional evolution in Plasmodium species
may be under different selection pressures, due to host specific

variations (66). To overcome this, transgenic parasites have
been developed to express P. falciparum antigens, so that these
antigens can be assessed for immunogenicity in murine models.
Moreover, transgenic RPMs that express unique P. falciparum
antigens can be used to assess the efficacy of vaccines containing
the same antigens, in mice. For a recent review on this subject
please refer to Longley et al. (67).

RMPs expressing P. falciparum genes can be produced by
genetic manipulation based on the insertion of exogenous
DNA through homologous recombination mechanisms and
transfection methods (68). P. falciparum genes can be either
introduced to replace a given RMP endogenous gene or to
introduce an additional gene (67). Recently, CRISPR/Cas9
technology has emerged as an improvement in the generation of
transgenic parasites (69).

New tools to study pre-erythrocytic malaria are urgently
needed. These include Plasmodium parasites expressing reporter
molecules throughout the entire life cycle, but especially
detectable in the liver-stage. Reporter molecules sensitive to
changes in the pH, oxidative stress or other intracellular
conditions would be of particular interest to pinpoint metabolic
changes in the parasitized cell, which could provide additional
information on the host-pathogen interactions during infection.
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Of particular interest is the recent P. berghei reporter parasite
line that reveals membrane dynamics by GFP-tagging of a non-
essential protein localized in the plasma membrane, and its
trafficking in living parasites through the entire life, cycle using
live-cell microscopy can be followed (70).

Recently, new P. falciparum clinical isolates NF135 and NF166
were identified by Sauerwein, that present a significantly higher
infectivity on human primary hepatocytes in vitro, around 3%,
and showed faster egress to the blood compared to NF54, which
correlated directly with the magnitude of the first wave of blood-
stage parasites to emerge from the liver in vivo, and correlated
inversely with the pre-patent period in controlled humanmalaria
infection (CHMI) subjects (71).

Even though some progress has been achieved by the
introduction of reporter genes, development of transgenic strains
and characterization of new clinical isolates, the difficulties of
producing pre-erythrocytic forms in high numbers, hinders the
identification of liver-stage antigens.

Hepatocytes
The liver, the largest human organ, is the target of the sporozoites
upon invasion. At the cellular level, the architecture of the
liver is organized in hexagonal lobules composed of several
cell types from the most abundant hepatocytes, to endothelial
cells, cholangiocytes, stellate cells, küppfer cells, dendritic cells
and resident lymphocytes. These are supplied by an intricate
network of bile canaliculi and sinusoids, leading to bile ducts
and central and portal branch veins, respectively, which in
turn, combined with the hepatic branch artery, constitute the
portal triad. This highly organized organ, with a complex three-
dimensional architecture, is involved in crucial functions of
metabolism, storage, and detoxification as well as endocrine and
exocrine functions (72–74).

Early studies in pre-erythrocytic malaria were performed in
microscopic observations of liver sections (75), and later in
monolayers of hepatoma cell lines (76). Currently, primary cells
from human, non-human primate, murine and rabbit cells have
been extensively used, as well as hepatoma cell lines (77). More
recently, induced pluripotent stem cells-derived hepatocyte-like
cells (iHLCs), have been shown to support pre-erythrocytic
malaria using P. berghei, P. yoelii, P. falciparum, and P. vivax
(78). This variety of cultivable cell types promoted a rapid
improvement in the understanding of the biology of EEFs.
However, primary hepatocytes fail to proliferate in vitro in
contrast to their natural regenerative ability in vivo. Furthermore,
although primary hepatocytes are metabolically competent, they
are phenotypically unstable, exhibit great variability between
batches and possess limited ability to proliferate ex vivo (79–81).
In contrast, hepatoma cell lines proliferate generously, but lack
several maturity markers, with especial relevance to a reduced
Cytochrome P450 gene expression (79, 80), making them poorly
suited for the complete understanding of liver-stage malaria
infection. Several hepatoma cell lines are commercially available
both from murine or primate origin. For a review on this subject
please read the useful Prudêncio’ s toolbox article describing
all host-parasite combinations of Plasmodium hepatic infection
models, in vivo, ex vivo, and in vitro (77).

Models of two-dimensional (2D) monolayer cultures in a
supportive matrix (76, 82, 83) or 2D co-cultures of primary
hepatocytes surrounded by stromal cells (61), have been used to
study pre-erythrocytic malaria. The latter were improvements on
the monolayers, but still lack the three-dimensional architecture
of an organ. To overcome that, 3D models have been developed,
containing several cell types organized in a three-dimensional
structure. A further improvement, these co-cultured cells were
organized in a functional matrix to mimic the organ, known as
organoids. Althoughmimicking somehow the three-dimensional
architecture of the organ, are not able to reproduce the physical
dynamics of the blood and duct vessels and shear stress
typical of the liver. To include the complex fluid dynamics
in these models, new models of liver-on-a-chip engineered
liver platforms have been designed to mimic the hepatic fluid
dynamics environment in the liver (72). These models were
originally developed with the purpose of drug testing and cell
differentiation studies may be now employed for pre-erythrocytic
malaria studies.

To reduce the gap between in vitro liver-mimicking models
and in vivo human livers, humanizedmice were developed. These
are immunodeficient mice xenographed with human primary
hepatocytes and constitute the closest in vivo models of human
liver developed so far and were received both with enthusiasm
and frustration.

Mouse Models
Mice have been instrumental in our understanding of malaria
pathogenesis and have driven most of the progress made in the
field. The initial studies using mouse models were on inbred A/J
mice (10, 11, 84, 85), BALB/c (28, 86), C57BL/6 (87, 88), as well as
outbred Theiler’s Original (T.O.) mice (89). Experiments in mice
revealed that CD8+ T cells are required for protection against a
RAS challenge, while CD4+ T cells are dispensable, by depleting
CD8+ and CD4+ T cells respectively, in immunocompetent
mice (84). Additionally, IFN-γ and antibodies were also
shown to be required for inhibition of the development
of EEFs during protection induced by vaccination with
RAS (84).

Naturally immunocompromised mice, as well as laboratory
produced knock-out and transgenic mouse models have been
used to improve our understanding of the disease. Congenitally
athymic mice were used to demonstrate the T cell requirement
for protection induced with RAS against a lethal challenge
of P. berghei sporozoites (85). Beta 2-microglobulin knockout
mice were instrumental in showing the requirement of MHC-I
presentation to CD8+ T cells in inducing protection mediated
by RAS (88). Transgenic mice were generated to express a
T cell receptor specific for the epitope (SYVPSAEQI) from
the circumsporozoite protein of P. yoelii. This peptide was
recognized by transgenic CD8+ T cells but not CD4+ T cells,
was able to inhibit parasite development (90) and its protection
was independent of IFN-γ production (87). Even though a great
diversity of mouse model exists, mice may not recapitulate the
pathophysiology of human severe malaria, as in the case of
human cerebral malaria (91). Therefore better models of disease
are required.
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Humanized mouse models consist of chimeric mice
containing human cells, and have been developed in an
attempt to provide in vivo animal models to study human
disease. The first liver humanized mouse developed was
based on a strain of immunocompromised SCID mice
homozygous for the Alb-uPA transgene, which causes liver
injury. The Alb-uPA transgenic mouse has an accelerated
hepatocyte death and, as this strain is immunocompromised,
human hepatocytes were successfully transplanted and
repopulated the mouse liver (92). Moreover, these animals
were successfully infected with hepatitis C virus (92), and
later with P. falciparum (93).

Another model, the FRG mouse that lacks the
fumarylacetoacetate hydrolase (Fah−/−) which causes liver
injury, and immunocompromised (with a Rag2−/− and Il2rγ−/−

background), can harbor up to 90% of human hepatocytes in
the liver (94), and when crossed with NOD mice (non-obese
diabetic mice that tolerate human hematopoietic cells), and
transplanted with human hepatocytes and O+ human red blood
cells, supports the transition of liver-stage to blood-stage malaria,
after P. falciparum infection (95).

Recently a double engraftment of TK-NOG mice by human
primary hepatocytes and red blood cells was developed
(96). For the first time, this mouse model allows the
complete hepatic development of P. falciparum, and the
transition to erythrocytic stages, including the appearance of
mature gametocytes. Even though the human hepatocytes that
repopulate the mouse liver account for only 60–80% of total
hepatocytes, this mouse model closely mimics the physiological
complexity and specificity of an in vivo infection in the
human environment.

Another recent model consists in engineered artificial
human livers, implantable in mice without the requirement
of liver injury. Composed of macroporous PEG cryogels,
the human ectopic artificial liver (HEAL) is amenable
to liver stage Plasmodium infection in vitro and in vivo.
With intraperitoneal implantation and support infection
with both liver stage rodent and human Plasmodium
parasites in vivo (97).

Although these mouse models are attractive and offer the
possibility of studying pre-erythrocytic malaria in vivo with P.
falciparum and other human pathogenic Plasmodium parasites,
these animals are immunodeficient thus not allowing the study of
vaccine efficacy and immunogenicity, due to a constitutive lack of
immune response.

Another humanized mouse model, the DRAG (HLA-
DR4, Rag1−/−, Il2rγ−/−, NOD) mice, were generated by
transplantation of HLA-II-matched human Hematopoietic stem
cells (HSC) and reconstituted human hepatocytes, küpffer
cells, liver endothelial cells, and erythrocytes, allowed the full
vertebrate life cycle of P. falciparum and developed functional
human T and B cells (98).

Even though none of these mouse models has served to
identify antigens expressed by the liver stages of P. falciparum,
they have been instrumental to study the dynamics of host-
parasite interactions, to dissect the immune response against
RMPs and vaccine efficacy and immunogenicity evaluation. For a

recent review liver-stage response against malaria antigens using
mouse models, please see (99).

Infectivity
Infectivity, or rate of infection of sporozoites in hepatocytes, can
be determined semi-quantitatively by fluorescence microscopy,
quantitatively by flow cytometry, and indirectly by RT-PCR.
For both fluorescence microscopy and flow cytometry, the
parasite has to be labeled with a fluorophore to be detected.
For RT-PCR, a standard curve with a known copy number of
Plasmodium genomes has to be produced, which serves as a
ruler to measure the amount of parasites in a given sample.
Then, if the total number of hepatocytes is known, a rate of
infection can be estimated by RT-PCR. Usually, these three
methods correlate relatively well. It has been reported that <5%
cells from hepatoma cell lines are infected with murine parasites
in most publications (100, 101), however, infectivity’s of nearly
10% could be reached when small numbers of hepatocytes
were infected with P. berghei (86). In several reports, <2.5% of
hepatoma cell lines were infected with P. falciparum (61, 102).
In frozen human primary hepatocytes, 0.2% or less of cells were
infected with murine parasites (103) and lower than 0.3% were
infected with P. falciparum (61). In freshly harvested human
primary hepatocytes, between 1 and 3% of cells were infected
with P. falciparum (71), in contrast to 0.2% when infected with
RMPs. Primary mouse hepatocytes and mouse cell lines, have
had infectivity’s lower than 6 and 2%, respectively, using RMPs,
based on immunofluorescence microscopy or flow cytometry
(Table 3). The lower infectivity’s observed are a typical feature of
malaria liver-stage infection and depend not only on the origin
of the host cells and strain of parasite, but also on the expression
of CD81 receptor, which has been described as essential for
primary human hepatocyte invasion (107, 109). The infectivity
may vary due to the expression levels of EhpA2 (110) and the
class B, type I scavenger receptor (SR-BI) (111). Additionally,
primary hepatocytes in humanized mouse models, as well as
obtained from genetic altered mice may display different levels
of infectivity. Primary hepatocytes originating from other animal
models such as old and new world monkeys, rabbits and rats,
may offer different infectivity’s in vitro. Also, the treatment of
hepatocytes with diverse compounds may change the rate of
infection. Interestingly, it has been reported a staggering 10–20%
rate of infection in irradiated HepG2 cells infected with P. berghei
(89). Large scale antigen discovery experiments using current
methods depend on large number of infected cells, therefore, it
is extremely laborious and time-consuming to obtain sufficient
number infected hepatocytes in vivo, ex vivo, and in vitro. Thus,
the identification of new antigens has been hindered.

ANTIGEN IDENTIFICATION FOR VACCINE
DEVELOPMENT

On the pre-genomic era, vaccine candidate identification was
relatively empiric. Surprisingly, most of the current vaccine
candidates were identified before the publication of P. falciparum
genome, and they were mostly based on the screening of cDNA
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TABLE 3 | The malaria parasite rate of infection in hepatocytes.

Human hepatocytes Mouse hepatocytes

Hepatomaa Primary Cell linesb Primary

Frozen Fresh

Murine malaria parasite

(P. berghei or P. yoelii)

<10% (86, 101, 104–106) <0.2% (103) <0.2%

(104)

<6%

(100, 105, 106)

<2% (105)

Human malaria parasite

(P. falciparum NF54

or 3D7, or P. vivax)

<2.5%

(61, 83, 102, 107, 108)

<0.3% (61, 107) 1–3% (71) N/D N/D

aCell lines include HC04, Hep G2, Huh7, WI38.
bCell lines include Hepa1-6 and Bnl-1Me A.7R.1.

N/D, Not described.

libraries for functional antibodies (112). The post-genomic era,
initiated with the publication of P. falciparum genome (26),
followed by the first transcriptomics (113, 114) and proteomic
studies (27, 34), alone or in combination (38, 115), provided
the tools for the systematic interrogation of the biology of the
parasite at every stage. A consequence of the genome sequencing,
allowed the combining data from genomics, transcriptomics
and proteomics studies, with an unprecedented depth allowing
the identification of new vaccine candidates, promoting the
exponential creation and development of new bioinformatics
tools, with or without experimental validation, opening new
avenues for the discovery and functional analysis of new vaccine
antigens at a faster pace and larger scale (116). This led to
development of a more rational approach to identify vaccine
candidates termed reverse vaccinology.

Reverse Vaccinology
Reverse vaccinology consists of the integration of whole genome
sequencing data from a pathogen and the identification of
vaccine candidates using bioinformatics as was employed for
the first time by Rappuoli et al. on a virulent strain of
Neisseria meningitidis serogroup B. Bioinformatics analysis were
performed to shortlist 350 candidate antigens, followed by
expression and purification of selected antigens in E. coli, and its
immunization in mice. Sera from immunized mice were used to
identify seven antigens that were positive all three assays: ELISA
against whole cell MenB, FACS to detect proteins at the surface
of MenB and MenB bactericidal activity (117). This strategy
allows for the reduction of number of candidate antigens and
has been extensively applied on number of subsequent studies
identifying vaccine antigens against group B streptococcus (118),
Chlamydia pneumoniae (119), Streptococcus pneumoniae (120),
Bacillus anthracis (121), Porphyromonas gingivalis (122), among
other bacterial pathogens with relatively small genomes. Reverse
vaccinology in parasitology, and more specifically in malaria has
been relatively successful in identifying some potential antigens
for vaccine development. For example, Mu et al. searched for
polymorphisms in ∼65% of P. falciparum genes and identified
several polymorphic loci. From a list of 56 antigens, half of those
being already known, some were confirmed as potential vaccine
candidates, using human immune sera (123), one of which the

Apical membrane antigen 1 (AMA1), a well-known blood-stage
vaccine candidate (124). Reverse vaccinology has been applied
to malaria, particularly in the identification of the transmission
blocking vaccine candidates, discussed in a recent review (125).

New Challenges in Antigen
Identification—Immunopeptidomics
Large scale proteomic studies on parasite forms are a rapid and
sensitive manner to discover new vaccine candidates. However,
from the 5,300 predicted proteins and 3,000 described so far, the
identification of the most immunogenic antigens is not a trivial
task, not only due to the large number of potential candidates
but also because strong immune responses may not correlate
with protection. During liver stage malaria, infected hepatocytes
present pathogen peptides through MHC Class I molecules from
some of the many hundreds to thousands of genes expressed
by the liver-stage parasite. Which genes are most abundantly
presented as peptides on HLA class I molecules on the surface
of hepatocytes that can be targeted by protective CD8+ T cells, is
still largely unknown.

The peptides presented by MHC molecules are designated
as the immunopeptidome (126). MHC-I derived peptides are
typically 9–12 amino acids long and, based on the current
methods, the minimal requirements for the identification of
MHC-I derived peptides using mass spectrometry requires a
sample containing 5 × 108 cells expressing ∼2 × 105 MHC
molecules per cell (126). Additionally, for the identification of
Plasmodium peptides in a sample containing infected cells, the
requirements may be more stringent as P. falciparum and P.
bergheimay interfere withMHC-I antigen presentation at the late
time-points of liver-stage (104).

In the proteomics studies presented on Table 1, tryptic
peptides were produced for the mass spectrometry analysis.
Trypsin cleaves peptides at the C-terminal lysine and arginine
residues (127). Enquiring peptides with Lys or Arg residues at the
C terminus, although facilitates the identification of proteins, the
majority of tryptic peptides (56%) are too small (≤6 residues) and
thus not identified by mass spectrometry (127). An important
advantage of immunopeptidomics is that no digestion protocol
is used on the pathogen peptides, thus the identification of non-
tryptic peptides that is, of native peptides (≥7 residues), can
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be very challenging although possible, however with a relatively
low identification success rate of 10% compared to 50% for
trypsinized peptides (126).

Moreover, as the rate of infection of hepatocytes infected with
Plasmodium spp. is extremely low, arguably 5% (see Table 3),
the mass spectrometry identification of pathogen peptides would
require a higher number in the order of 1 × 1010 infected
hepatocytes at a 5% rate of infection, which makes extremely
laborious and complex to produce samples this size.

There is hope as mass spectrometry has been successful in
the identification of MHC-II derived peptides from Leishmania
major, from infected bone marrow-derived dendritic cells.
Synthetic peptides were able to activate CD4+ T cells, and
vaccination with the main synthetic peptide from Glycosomal
phosphoenolpyruvate carboxykinase (PEPCK) protein,
recombinant protein or DNA vaccines induced protection
in mice. Although the protection was relatively long and
protected from a L. donovani challenge as well, sterile protection
was not achieved (128). More recently, a survey on the MHC-II
immunopeptidome was conducted on murine blood-stage
malaria, generating a list of 14 MHC-II ligands presented by
cDC1 dendritic cells, which included the blood-stage vaccine
candidates AMA1 and MSP1 (129).

The identification of antigens as vaccine candidates against
malaria based on immunopeptidomics is in its infancy and major
achievements should be produced in the upcoming years.

DISCUSSION

The development of a useful malaria vaccine is a major priority
for tropical infectious diseases: mortality from malaria exceeds
half a million each year and there are hundreds of millions of
cases. Control is threatened by increasing drug and insecticide
resistance. A highly effective malaria vaccine could be extremely
valuable for disease control but this has been very difficult to
develop. However, there are increasing signs that success is
possible and maybe even in sight. RTS,S/AS01, a sporozoite
vaccine with modest efficacy may be licensed in the next
5 years. A liver-stage vaccine recently showed 67% efficacy
in preventing malaria infection in Kenyan adults (55) and
intravenous cryopreserved sporozoites can provide high level
efficacy in challenge studies (130).

However, a cost-effective vaccine with high level durable
efficacy in young infants remains elusive. The genome of P.
falciparum is yielding new antigens that show promise such as
PfRH5 (131) at the blood-stage, PfLSA1 (51), PfLSAP2 (51) and
PfCelTOS (51, 57) at the pre-erythrocytic stage. New antigens
are urgently needed to achieve the highest possible protection
efficacy against malaria. Most likely, a combination of antigens
expressed in every stage of the parasite’s life cycle would improve
the efficacy of a malaria vaccine.

Viral vector vaccines have the capacity to induce strong
protective T cell responses against pathogens (25). For more
than 20 years our group has been developing vaccine strategies
with Adenovirus and MVA as antigens delivery strategies for
vaccination, both in pre-clinical and clinical trials, with more

than 1,500 people vaccinated in several countries. This viral
vector vaccine approach, has been extensively reported to be
safe, well-tolerated and relatively easy to deploy in remote
settings (132). Viral vectored vaccines expressing new liver-stage
antigens, alone or in combination, are expected to provide new
and exciting antigens in the near future.

The identification of new liver-stage sub-unit vaccine
candidates against malaria requires both the exploration of
the genomics, transcriptomics and proteomics tools already
developed, as well as new tools, based in three main pillars.

First, sporozoites: parasite strains with higher infectivity,
such as NF135 and NF166 that improve the rate of infection
of hepatocytes (71), may have promising consequences for
the field. New genetic manipulation tools could facilitate the
generation of diverse genetic attenuated strains or transgenic
strains able to express multiple antigens simultaneously under
different promoters. A good example was the generation of
a resource developed by Billiker and colleagues that consists
in a large-scale reverse genetic screening method based on
barcoded vectors inserted into the P. berghei genome, which
can be measured through barcode sequencing. This resource
can provide the identification of essential genes involved in the
parasite development. Additionally, this allows the study of the
function of each barcoded KO genes, phenotyping each of these
mutants, which can provide in depth information on the function
of each gene, as the authors showed by studying the function of
a set of promiscuous kinases (133). Improved methods to dissect
and obtain pure sporozoites should also be developed to promote
better yields of infected hepatocytes. Alternatively, improvements
in the development of axenic cultures could offer an abundant
source of sporozoites.

Second, hepatocytes: improvedmethods for culturing primary
hepatocytes as well as the generation of fully matured and
differentiated hepatocytes derived from stem cells (79), would
be advantageous for the improvement of liver-stage infection
experiments, especially to reduce the extensive variability
observed as a consequence of the diversity of primary cells.
Further progress, taking advantage of stem cell models for
infection in combination with humanized mice or 3D organoids,
could provide newmodels for infection. Humanized mice are the
first in vivo model of a human liver, reason for great excitement
in the field, but these mice are hard to maintain, and suffer
from the inherent genetic variability of the primary human
hepatocytes, which limit large-scale experiments. Improvements
in the scalability and engraftment of these models could produce
models with several humanized tissues to further explore the
interaction between the liver, blood and with other tissues as
well. Additionally, the development of new delivery methods of
sub-unit vaccines specifically designed to target the liver could
providemore robust protection and a better understanding of the
protection mechanisms at the site of infection, in vivo.

Third, antigen identification: although there is currently a
fair number of transcripts and proteins known to be expressed
in the liver-stage, not all highly expressed proteins might be
presented by MHC-I molecules, hence, not being recognized by
CD8+ T cells. The pathogen peptides that are processed and
presented via MHC-I, by the infected hepatocytes are largely
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unknown. Thus, identifying these peptides can provide and
prioritize new vaccine candidates. To identify pathogen-specific
MHC-associated peptides, a large number of infected cells are
required, which depend on three key aspects: (i) the difficulty
in obtaining large number of infectious sporozoites, (ii) the
difficulty in obtaining a reliable source of human hepatocytes and
(iii) the low yield of infection, or low infectivity. A combination
of improvements in these three key aspects, with the current
methods for antigen identification by mass spectrometry, would
offer new vaccine candidates.

Other promising strategies for identifying liver-stage antigens
have been described. Among these, bioinformatic analysis of
MHC binding predictions to identify and select T cell epitopes as
new antigen vaccine candidates (134). Also, in silico approaches,
consisting of variations of reverse vaccinology combined with
immunological analysis. Based on samples collected in CHMI
or natural exposure to malaria, large-scale screens have been
performed to identify targets able to induce T cell or antibody
responses (135).

Although significant progress has been achieved in the last 50
years, culminating with the implementation of the only malaria

vaccine in Phase III clinical trials RTS,S/AS01, exciting progress is
expected to happen in the coming years, to improve the efficacy of
current vaccines toward the final objective of malaria eradication.

AUTHOR CONTRIBUTIONS

PB conceived and wrote the article.

FUNDING

This review received funding from the European Union’s
Horizon 2020 Research and Innovation Programme under grant
agreement no. 733273.

ACKNOWLEDGMENTS

I would like to acknowledge Prof. Adrian V. S. Hill and Dr.
Alexandra J. Spencer for reviewing this manuscript, the research
group members, reviewers and collaborators whose work and
ideas have contributed to this review.

REFERENCES

1. WHO. World Malaria Report 2018. Geneva: World Health

Organization (2018).

2. Knox TB, Juma EO,Ochomo EO, Pates JametH, Ndungo L, Chege P, et al. An

online tool for mapping insecticide resistance in major Anopheles vectors of

human malaria parasites and review of resistance status for the Afrotropical

region. Parasit Vectors. (2014) 7:76. doi: 10.1186/1756-3305-7-76

3. RTS,S Clinical Trials Partnership. Efficacy and safety of RTS,S/AS01 malaria

vaccine with or without a booster dose in infants and children in Africa: final

results of a phase 3, individually randomised, controlled trial. Lancet. (2015)

386, 31–45. doi: 10.1016/S0140-6736(15)60721-8

4. Coelho CH, Doritchamou JYA, Zaidi I, Duffy PE. Advances in malaria

vaccine development: report from the 2017 malaria vaccine symposium.NPJ

Vaccines. (2017) 2:34. doi: 10.1038/s41541-017-0035-3

5. Halbroth BR, Draper SJ. Recent developments in malaria vaccinology. Adv

Parasitol. (2015) 88:1–49. doi: 10.1016/bs.apar.2015.03.001

6. Moorthy VS, Newman RD, Okwo-Bele JM. Malaria vaccine technology

roadmap. Lancet. (2013) 382:1700–1. doi: 10.1016/S0140-6736(13)62238-2

7. Stoute JA, Slaoui M, Heppner DG, Momin P, Kester KE, Desmons

P, et al. A preliminary evaluation of a recombinant circumsporozoite

protein vaccine against Plasmodium falciparum malaria. RTS,S

Malaria Vaccine Evaluation Group. N Engl J Med. (1997) 336:86–91.

doi: 10.1056/NEJM199701093360202

8. Lumsden JM, Schwenk RJ, Rein LE, Moris P, Janssens M, Ofori-Anyinam O,

et al. Protective immunity induced with the RTS,S/AS vaccine is associated

with IL-2 and TNF-alpha producing effector and central memory CD4T

cells. PLoS ONE. (2011) 6:e20775. doi: 10.1371/journal.pone.0020775

9. Sun P, Schwenk R, White K, Stoute JA, Cohen J, Ballou WR, et al.

Protective immunity induced with malaria vaccine, RTS,S, is linked

to Plasmodium falciparum circumsporozoite protein-specific CD4+ and

CD8+ T cells producing IFN-gamma. J Immunol. (2003) 171:6961–7.

doi: 10.4049/jimmunol.171.12.6961

10. Nussenzweig RS, Vanderberg J, Most H, Orton C. Protective immunity

produced by the injection of x-irradiated sporozoites of Plasmodium berghei.

Nature. (1967) 216:160–2. doi: 10.1038/216160a0

11. Vanderberg JP, Nussenzweig RS, Most H, Orton CG. Protective immunity

produced by the injection of x-irradiated sporozoites of Plasmodium berghei.

II Effects of radiation on sporozoites. J Parasitol. (1968) 54:1175–80.

doi: 10.2307/3276987

12. Weiss WR, Sedegah M, Beaudoin RL, Miller LH, Good MF. CD8+ T

cells (cytotoxic/suppressors) are required for protection in mice immunized

with malaria sporozoites. Proc Natl Acad Sci USA. (1988) 85:573–6.

doi: 10.1073/pnas.85.2.573

13. Plebanski M, Gilbert SC, Schneider J, Hannan CM, Layton G,

Blanchard T, et al. Protection from Plasmodium berghei infection by

priming and boosting T cells to a single class I-restricted epitope with

recombinant carriers suitable for human use. Eur J Immunol. (1998) 28:43

45–55.

14. Romero P, Maryanski JL, Corradin G, Nussenzweig RS, Nussenzweig

V, Zavala F. Cloned cytotoxic T cells recognize an epitope in the

circumsporozoite protein and protect against malaria. Nature. (1989)

341:323–6. doi: 10.1038/341323a0

15. Doolan DL, Hoffman SL, Southwood S, Wentworth PA, Sidney J, Chesnut

RW, et al. Degenerate cytotoxic T cell epitopes from P. falciparum restricted

by multiple HLA-A and HLA-B supertype alleles. Immunity. (1997) 7:97–

112. doi: 10.1016/S1074-7613(00)80513-0

16. Doolan DL, Southwood S, Freilich DA, Sidney J, Graber NL, Shatney L, et al.

Identification of Plasmodium falciparum antigens by antigenic analysis of

genomic and proteomic data. Proc Natl Acad Sci USA. (2003) 100:9952–7.

doi: 10.1073/pnas.1633254100

17. Ewer KJ, O’Hara GA, Duncan CJ, Collins KA, Sheehy SH, Reyes-Sandoval

A, et al. Protective CD8+ T-cell immunity to human malaria induced

by chimpanzee adenovirus-MVA immunisation. Nat Commun. 4:2836.

doi: 10.1038/ncomms3836

18. Antinori S, Galimberti L, Milazzo L, Corbellino M. Biology of

human malaria plasmodia including Plasmodium knowlesi. Mediterr

J Hematol Infect Dis. (2012) 4:e2012013. doi: 10.4084/mjhid.20

12.013

19. Medica DL, Sinnis P. Quantitative dynamics of Plasmodium

yoelii sporozoite transmission by infected anopheline mosquitoes.

Infect Immun. (2005) 73:4363–9. doi: 10.1128/IAI.73.7.4363-436

9.2005

20. Hopp CS, Chiou K, Ragheb DR, Salman AM, Khan SM, Liu AJ, et al.

Longitudinal analysis of Plasmodium sporozoite motility in the dermis

reveals component of blood vessel recognition. eLife. (2015) 4:e07789.

doi: 10.7554/eLife.07789

21. Shortt HE, Garnham PCC, Covell G, Shute PG. The pre-erythrocytic

stage of human malaria, Plasmodium vivax. Br Med J. (1948) 1:547.

doi: 10.1136/bmj.1.4550.547

Frontiers in Immunology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 19058

https://doi.org/10.1186/1756-3305-7-76
https://doi.org/10.1016/S0140-6736(15)60721-8
https://doi.org/10.1038/s41541-017-0035-3
https://doi.org/10.1016/bs.apar.2015.03.001
https://doi.org/10.1016/S0140-6736(13)62238-2
https://doi.org/10.1056/NEJM199701093360202
https://doi.org/10.1371/journal.pone.0020775
https://doi.org/10.4049/jimmunol.171.12.6961
https://doi.org/10.1038/216160a0
https://doi.org/10.2307/3276987
https://doi.org/10.1073/pnas.85.2.573
https://doi.org/10.1038/341323a0
https://doi.org/10.1016/S1074-7613(00)80513-0
https://doi.org/10.1073/pnas.1633254100
https://doi.org/10.1038/ncomms3836
https://doi.org/10.4084/mjhid.2012.013
https://doi.org/10.1128/IAI.73.7.4363-4369.2005
https://doi.org/10.7554/eLife.07789
https://doi.org/10.1136/bmj.1.4550.547
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bettencourt Pre-Erythrocytic Malaria Vaccine Antigen Identification

22. Mota MM, Hafalla JCR, Rodriguez A. Migration through host cells

activates Plasmodium sporozoites for infection. Nat Med. (2002) 8:1318–22.

doi: 10.1038/nm785

23. Mota MM, Pradel G, Vanderberg JP, Hafalla JC, Frevert U, Nussenzweig RS,

et al. Migration of Plasmodium sporozoites through cells before infection.

Science. (2001) 291:141–4. doi: 10.1126/science.291.5501.141

24. Spielmann T, Montagna GN, Hecht L, Matuschewski K. Molecular make-

up of the Plasmodium parasitophorous vacuolar membrane. Int J Med

Microbiol. (2012) 302:179–86. doi: 10.1016/j.ijmm.2012.07.011

25. Hill AV. Vaccines against malaria. Philos Trans R Soc Lond B Biol Sci. (2011)

366:2806–14. doi: 10.1098/rstb.2011.0091

26. Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, et al.

Genome sequence of the human malaria parasite Plasmodium falciparum.

Nature. (2002) 419:498–511. doi: 10.1038/nature01097

27. Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD,

et al. A proteomic view of the Plasmodium falciparum life cycle. Nature.

(2002) 419:520–6. doi: 10.1038/nature01107

28. Yoshida N, Nussenzweig RS, Potocnjak P, Nussenzweig V, Aikawa

M. Hybridoma produces protective antibodies directed against

the sporozoite stage of malaria parasite. Science. (1980) 207:71–3.

doi: 10.1126/science.6985745

29. Guerin-Marchand C, Druilhe P, Galey B, Londono A, Patarapotikul

J, Beaudoin RL, et al. A liver-stage-specific antigen of Plasmodium

falciparum characterized by gene cloning. Nature. (1987) 329:164–7.

doi: 10.1038/329164a0

30. Robson KJ, Hall JR, Jennings MW, Harris TJ, Marsh K, Newbold CI, et al. A

highly conserved amino-acid sequence in thrombospondin, properdin and

in proteins from sporozoites and blood stages of a human malaria parasite.

Nature. (1988) 335:79–82. doi: 10.1038/335079a0

31. Fidock DA, Bottius E, Brahimi K, Moelans II, Aikawa M, Konings RN,

et al. Cloning and characterization of a novel Plasmodium falciparum

sporozoite surface antigen, STARP.Mol Biochem Parasitol. (1994) 64:219–32.

doi: 10.1016/0166-6851(94)00012-3

32. Bottius E, BenMohamed L, Brahimi K, Gras H, Lepers JP, Raharimalala

L, et al. A novel Plasmodium falciparum sporozoite and liver stage

antigen (SALSA) defines major B, T helper, and CTL epitopes. J Immunol.

(1996) 156:2874–84.

33. Daubersies P, Thomas AW, Millet P, Brahimi K, Langermans JA, Ollomo B,

et al. Protection against Plasmodium falciparum malaria in chimpanzees by

immunization with the conserved pre-erythrocytic liver-stage antigen 3. Nat

Med. (2000) 6:1258–63. doi: 10.1038/81366

34. Lasonder E, Ishihama Y, Andersen JS, Vermunt AM, Pain A, Sauerwein RW,

et al. Analysis of the Plasmodium falciparum proteome by high-accuracy

mass spectrometry. Nature. (2002) 419:537–42. doi: 10.1038/nature01111

35. Kaiser K, Matuschewski K, Camargo N, Ross J, Kappe SH. Differential

transcriptome profiling identifies Plasmodium genes encoding pre-

erythrocytic stage-specific proteins. Mol Microbiol. (2004) 51:1221–32.

doi: 10.1046/j.1365-2958.2003.03909.x

36. Wang Q, Brown S, Roos DS, Nussenzweig V, Bhanot P. Transcriptome

of axenic liver stages of Plasmodium yoelii. Mol Biochem Parasitol. (2004)

137:161–8. doi: 10.1016/j.molbiopara.2004.06.001

37. Sacci JB Jr, Ribeiro JM, Huang F, Alam U, Russell JA, Blair PL,

et al. Transcriptional analysis of in vivo Plasmodium yoelii liver

stage gene expression. Mol. Biochem. Parasitol. (2005) 142, 177–183.

doi: 10.1016/j.molbiopara.2005.03.018

38. Tarun AS, Peng X, Dumpit RF, Ogata Y, Silva-Rivera H, Camargo

N, et al. A combined transcriptome and proteome survey of malaria

parasite liver stages. Proc Natl Acad Sci U.S.A. (2008) 105:305–10.

doi: 10.1073/pnas.0710780104

39. Siau A, Silvie O, Franetich JF, Yalaoui S, Marinach C, Hannoun L, et al.

Temperature shift and host cell contact up-regulate sporozoite expression of

Plasmodium falciparum genes involved in hepatocyte infection. PLoS Pathog.

(2008) 4:e1000121. doi: 10.1371/journal.ppat.1000121

40. Williams CT, Azad AF. Transcriptional analysis of the pre-erythrocytic

stages of the rodent malaria parasite, Plasmodium yoelii. PLoS ONE. (2010)

5:e10267. doi: 10.1371/journal.pone.0010267

41. Trieu A, Kayala MA, Burk C, Molina DM, Freilich DA, Richie TL, et al.

Sterile protective immunity to malaria is associated with a panel of novel

P. falciparum antigens. Mol. Cell. Proteomics. (2011) 10:M111.007948.

doi: 10.1074/mcp.M111.007948

42. Aguiar JC, Bolton J, Wanga J, Sacci JB, Iriko H, Mazeika JK,

et al. Discovery of novel Plasmodium falciparum pre-erythrocytic

antigens for vaccine development. PLoS ONE. (2015) 10:e0136109.

doi: 10.1371/journal.pone.0136109

43. Speake C, Pichugin A, Sahu T, Malkov V, Morrison R, Pei Y, et al. Correction:

identification of novel pre-erythrocytic malaria antigen candidates for

combination vaccines with circumsporozoite protein. PLoS ONE. (2016)

11:e0165489. doi: 10.1371/journal.pone.0165489

44. Speake C, Pichugin A, Sahu T, Malkov V, Morrison R, Pei Y, et al.

Identification of novel pre-erythrocytic malaria antigen candidates for

combination vaccines with circumsporozoite protein. PLoS ONE. (2016)

11:e0159449. doi: 10.1371/journal.pone.0159449

45. Clyde DF, Most H, McCarthy VC, Vanderberg JP. Immunization of man

against sporozite-induced falciparummalaria.Am JMed Sci. (1973) 266:169–

77. doi: 10.1097/00000441-197309000-00002

46. Mueller AK, Labaied M, Kappe SH, Matuschewski K. Genetically modified

Plasmodium parasites as a protective experimental malaria vaccine. Nature.

(2005) 433:164–7. doi: 10.1038/nature03188

47. Spring M, Murphy J, Nielsen R, Dowler M, Bennett JW, Zarling S, et al.

First-in-human evaluation of genetically attenuated Plasmodium falciparum

sporozoites administered by bite of Anopheles mosquitoes to adult

volunteers. Vaccine. (2013) 31:4975–83. doi: 10.1016/j.vaccine.2013.08.007

48. Belnoue E, Costa FT, Frankenberg T, Vigario AM, Voza T, Leroy N, et al.

Protective T cell immunity against malaria liver stage after vaccination with

live sporozoites under chloroquine treatment. J Immunol. (2004) 172:2487–

95. doi: 10.4049/jimmunol.172.4.2487

49. Roestenberg M, McCall M, Hopman J, Wiersma J, Luty AJ, van Gemert GJ,

et al. Protection against a malaria challenge by sporozoite inoculation.N Engl

J Med. (2009) 361:468–77. doi: 10.1056/NEJMoa0805832

50. Schofield L, Villaquiran J, Ferreira A, Schellekens H, Nussenzweig

R, Nussenzweig V. Gamma interferon, CD8+ T cells and antibodies

required for immunity to malaria sporozoites. Nature. (1987) 330:664–6.

doi: 10.1038/330664a0

51. Longley RJ, Salman AM, Cottingham MG, Ewer K, Janse CJ, Khan SM, et al.

Comparative assessment of vaccine vectors encoding ten malaria antigens

identifies two protective liver-stage candidates. Sci Rep. (2015) 5:11820.

doi: 10.1038/srep11820

52. Singh AP, Buscaglia CA, Wang Q, Levay A, Nussenzweig DR,

Walker JR, et al. Plasmodium circumsporozoite protein promotes the

development of the liver stages of the parasite. Cell. (2007) 131:492–504.

doi: 10.1016/j.cell.2007.09.013

53. Duffy PE, Sahu T, Akue A, Milman N, Anderson C. Pre-erythrocytic malaria

vaccines: identifying the targets. Expert Rev Vaccines. (2012) 11:1261–80.

doi: 10.1586/erv.12.92

54. Hill AV, Elvin J, Willis AC, Aidoo M, Allsopp CE, Gotch FM, et al. Molecular

analysis of the association of HLA-B53 and resistance to severe malaria.

Nature. (1992) 360:434–9. doi: 10.1038/360434a0

55. Ogwang C, Kimani D, Edwards NJ, Roberts R, Mwacharo J, Bowyer G, et al.

Prime-boost vaccination with chimpanzee adenovirus and modified vaccinia

Ankara encoding TRAP provides partial protection against Plasmodium

falciparum infection in Kenyan adults. Sci. Transl. Med. (2015) 7:286re285.

doi: 10.1126/scitranslmed.aaa2373

56. Cummings JF, Spring MD, Schwenk RJ, Ockenhouse CF, Kester KE,

Polhemus ME, et al. Recombinant liver stage antigen-1 (LSA-1)

formulated with AS01 or AS02 is safe, elicits high titer antibody and

induces IFN-gamma/IL-2 CD4+ T cells but does not protect against

experimental Plasmodium falciparum infection. Vaccine. (2010) 28:5135–44.

doi: 10.1016/j.vaccine.2009.08.046

57. Bergmann-Leitner ES, Mease RM, De La Vega P, Savranskaya T, Polhemus

M, Ockenhouse C, et al. Immunization with pre-erythrocytic antigen

CelTOS from Plasmodium falciparum elicits cross-species protection against

heterologous challenge with Plasmodium berghei. PLoS ONE. (2010)

5:e12294. doi: 10.1371/journal.pone.0012294

58. Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, et al.

PlasmoDB: a functional genomic database for malaria parasites. Nucleic

Acids Res. (2009) 37:D539–543. doi: 10.1093/nar/gkn814

Frontiers in Immunology | www.frontiersin.org 12 February 2020 | Volume 11 | Article 19059

https://doi.org/10.1038/nm785
https://doi.org/10.1126/science.291.5501.141
https://doi.org/10.1016/j.ijmm.2012.07.011
https://doi.org/10.1098/rstb.2011.0091
https://doi.org/10.1038/nature01097
https://doi.org/10.1038/nature01107
https://doi.org/10.1126/science.6985745
https://doi.org/10.1038/329164a0
https://doi.org/10.1038/335079a0
https://doi.org/10.1016/0166-6851(94)00012-3
https://doi.org/10.1038/81366
https://doi.org/10.1038/nature01111
https://doi.org/10.1046/j.1365-2958.2003.03909.x
https://doi.org/10.1016/j.molbiopara.2004.06.001
https://doi.org/10.1016/j.molbiopara.2005.03.018
https://doi.org/10.1073/pnas.0710780104
https://doi.org/10.1371/journal.ppat.1000121
https://doi.org/10.1371/journal.pone.0010267
https://doi.org/10.1074/mcp.M111.007948
https://doi.org/10.1371/journal.pone.0136109
https://doi.org/10.1371/journal.pone.0165489
https://doi.org/10.1371/journal.pone.0159449
https://doi.org/10.1097/00000441-197309000-00002
https://doi.org/10.1038/nature03188
https://doi.org/10.1016/j.vaccine.2013.08.007
https://doi.org/10.4049/jimmunol.172.4.2487
https://doi.org/10.1056/NEJMoa0805832
https://doi.org/10.1038/330664a0
https://doi.org/10.1038/srep11820
https://doi.org/10.1016/j.cell.2007.09.013
https://doi.org/10.1586/erv.12.92
https://doi.org/10.1038/360434a0
https://doi.org/10.1126/scitranslmed.aaa2373
https://doi.org/10.1016/j.vaccine.2009.08.046
https://doi.org/10.1371/journal.pone.0012294
https://doi.org/10.1093/nar/gkn814
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bettencourt Pre-Erythrocytic Malaria Vaccine Antigen Identification

59. Gordon DM, McGovern TW, Krzych U, Cohen JC, Schneider I, LaChance

R, et al. Safety, immunogenicity, and efficacy of a recombinantly

produced Plasmodium falciparum circumsporozoite protein-hepatitis B

surface antigen subunit vaccine. J Infect Dis. (1995) 171:1576–85.

doi: 10.1093/infdis/171.6.1576

60. Sinnis P, De La Vega P, Coppi A, Krzych U, Mota MM. Quantification

of sporozoite invasion, migration, and development by microscopy

and flow cytometry. Methods Mol Biol. (2013) 923:385–400.

doi: 10.1007/978-1-62703-026-7_27

61. March S, Ng S, Velmurugan S, Galstian A, Shan J, Logan DJ, et al.

A microscale human liver platform that supports the hepatic stages of

Plasmodium falciparum and vivax. Cell Host Microbe. (2013) 14:104–15.

doi: 10.1016/j.chom.2013.06.005

62. Kennedy M, Fishbaugher ME, Vaughan AM, Patrapuvich R, Boonhok

R, Yimamnuaychok N, et al. A rapid and scalable density gradient

purification method for Plasmodium sporozoites. Malar J. (2012) 11:421.

doi: 10.1186/1475-2875-11-421

63. Schleicher TR, Yang J, Freudzon M, Rembisz A, Craft S, Hamilton M,

et al. A mosquito salivary gland protein partially inhibits Plasmodium

sporozoite cell traversal and transmission. Nat Commun. (2018) 9:2908.

doi: 10.1038/s41467-018-05374-3

64. Nussenzweig R, Vanderberg J, Most H. Protective immunity produced by

the injection of x-irradiated sporozoites of Plasmodium berghei. IV Dose

response, specificity and humoral immunity. Mil Med. (1969) 134:1176–82.

doi: 10.1093/milmed/134.9.1176

65. Otto TD, BohmeU, JacksonAP,HuntM, Franke-Fayard B, HoeijmakersWA,

et al. A comprehensive evaluation of rodent malaria parasite genomes and

gene expression. BMC Biol. (2014) 12:86. doi: 10.1186/s12915-014-0086-0

66. Hoo R, Zhu L, Amaladoss A, Mok S, Natalang O, Lapp SA, et al. Integrated

analysis of the Plasmodium species transcriptome. EBioMedicine. (2016)

7:255–66. doi: 10.1016/j.ebiom.2016.04.011

67. Longley RJ, Hill AV, Spencer AJ. Malaria vaccines: identifying

Plasmodium falciparum liver-stage targets. Front Microbiol. (2015) 6:965.

doi: 10.3389/fmicb.2015.00965

68. Lin JW, Annoura T, Sajid M, Chevalley-Maurel S, Ramesar J, Klop O, et al. A

novel ’gene insertion/marker out’ (GIMO) method for transgene expression

and gene complementation in rodent malaria parasites. PLoS ONE. (2011)

6:e29289. doi: 10.1371/journal.pone.0029289

69. Zhang C, Xiao B, Jiang Y, Zhao Y, Li Z, Gao H, et al. Efficient editing

of malaria parasite genome using the CRISPR/Cas9 system. mBio. (2014)

5:e01414–14. doi: 10.1128/mBio.01414-14

70. Burda PC, Schaffner M, Kaiser G, Roques M, Zuber B, Heussler

VT. A Plasmodium plasma membrane reporter reveals membrane

dynamics by live-cell microscopy. Sci Rep. (2017) 7:9740.

doi: 10.1038/s41598-017-09569-4

71. McCall MBB, Wammes LJ, Langenberg MCC, van Gemert GJ, Walk

J, Hermsen CC, et al. Infectivity of Plasmodium falciparum sporozoites

determines emerging parasitemia in infected volunteers. Sci. Transl. Med.

(2017) 9:eaag2490. doi: 10.1126/scitranslmed.aag2490

72. Gural N, Mancio-Silva L, He J, Bhatia SN. Engineered livers for

infectious diseases. Cell Mol Gastroenterol Hepatol. (2018) 5:131–44.

doi: 10.1016/j.jcmgh.2017.11.005

73. Juza RM, Pauli EM. Clinical and surgical anatomy of the liver: a review for

clinicians. Clin Anat. (2014) 27:764–9. doi: 10.1002/ca.22350

74. Racanelli V, Rehermann B. The liver as an immunological organ.Hepatology.

(2006) 43:S54–62. doi: 10.1002/hep.21060

75. Sodeman T, Schnitzer B, Durkee T, Jcontacos P. Fine structure of the

exoerythrocytic stage of Plasmodium cynomolgi. Science. (1970) 170:340–1.

doi: 10.1126/science.170.3955.340

76. Hollingdale MR, Leland P, Schwartz AL. In vitro cultivation of the

exoerythrocytic stage of Plasmodium berghei in a hepatoma cell line. Am J

Trop Med Hyg. (1983) 32:682–4. doi: 10.4269/ajtmh.1983.32.682

77. PrudencioM,MotaMM,Mendes AM. A toolbox to study liver stage malaria.

Trends Parasitol. (2011) 27:565–74. doi: 10.1016/j.pt.2011.09.004

78. Ng S, Schwartz RE, March S, Galstian A, Gural N, Shan J, et al. Human iPSC-

derived hepatocyte-like cells support Plasmodium liver-stage infection in

vitro. Stem Cell Reports. (2015) 4:348–59. doi: 10.1016/j.stemcr.2015.01.002

79. Castell JV, Jover R, Martinez-Jimenez CP, Gomez-Lechon MJ. Hepatocyte

cell lines: their use, scope and limitations in drug metabolism studies. Expert

Opin Drug Metab Toxicol. (2006) 2:183–212. doi: 10.1517/17425255.2.2.183

80. Donato MT, Lahoz A, Castell JV, Gomez-Lechon MJ. Cell lines: a tool

for in vitro drug metabolism studies. Curr Drug Metab. (2008) 9:1–11.

doi: 10.2174/138920008783331086

81. Hu C, Li L. In vitro culture of isolated primary hepatocytes and stem

cell-derived hepatocyte-like cells for liver regeneration. Protein Cell. (2015)

6:562–74. doi: 10.1007/s13238-015-0180-2

82. Hollingdale MR, Leland P, Sigler CI. In vitro cultivation of the

exoerythrocytic stage of Plasmodium berghei in irradiated hepatoma cells.

Am J Trop Med Hyg. (1985) 34:21–3. doi: 10.4269/ajtmh.1985.34.21

83. Hollingdale MR, Nardin EH, Tharavanij S, Schwartz AL, Nussenzweig RS.

Inhibition of entry of Plasmodium falciparum and P. vivax sporozoites

into cultured cells; an in vitro assay of protective antibodies. J Immunol.

(1984) 132:909–13.

84. Schofield L, Ferreira A, Altszuler R, Nussenzweig V, Nussenzweig RS.

Interferon-gamma inhibits the intrahepatocytic development of malaria

parasites in vitro. J Immunol. (1987) 139:2020–5.

85. Spitalny GL, Verhave JP, Meuwissen JH, Nussenzweig RS. Plasmodium

berghei: T cell dependence of sporozoite-induced immunity in rodents. Exp

Parasitol. (1977) 42:73–81. doi: 10.1016/0014-4894(77)90063-7

86. Rodriguez-Galan A, Salman AM, Bowyer G, Collins KA, Longley RJ, Brod F,

et al. An in vitro assay to measure antibody-mediated inhibition of P. berghei

sporozoite invasion against P. falciparum antigens. Sci Rep. (2017) 7:17011.

doi: 10.1038/s41598-017-17274-5

87. Chakravarty S, Baldeviano GC, Overstreet MG, Zavala F. Effector CD8+

T lymphocytes against liver stages of Plasmodium yoelii do not require

gamma interferon for antiparasite activity. Infect Immun. (2008) 76:3628–31.

doi: 10.1128/IAI.00471-08

88. White KL, Snyder HL, Krzych U. MHC class I-dependent presentation of

exoerythrocytic antigens to CD8+ T lymphocytes is required for protective

immunity against Plasmodium berghei. J Immunol. (1996) 156:3374–81.

89. Sinden RE, Suhrbier A, Davies CS, Fleck SL, Hodivala K, Nicholas JC. The

development and routine application of high-density exoerythrocytic-stage

cultures of Plasmodium berghei. Bull World Health Organ. (1990) 68:115–25.

90. Sano G, Hafalla JC, Morrot A, Abe R, Lafaille JJ, Zavala F. Swift development

of protective effector functions in naive CD8(+) T cells against malaria liver

stages. J Exp Med. (2001) 194:173–80. doi: 10.1084/jem.194.2.173

91. Craig AG, Grau GE, Janse C, Kazura JW, Milner D, Barnwell JW, et al. The

role of animal models for research on severe malaria. PLoS Pathog. (2012)

8:e1002401. doi: 10.1371/journal.ppat.1002401

92. Mercer DF, Schiller DE, Elliott JF, Douglas DN, Hao C, Rinfret A, et al.

Hepatitis C virus replication in mice with chimeric human livers. Nat Med.

(2001) 7:927–33. doi: 10.1038/90968

93. Sacci JB Jr, Alam U, Douglas D, Lewis J, Tyrrell DL, Azad AF, et al.

Plasmodium falciparum infection and exoerythrocytic development in

mice with chimeric human livers. Int. J. Parasitol. (2006) 36, 353–360.

doi: 10.1016/j.ijpara.2005.10.014

94. Azuma H, Paulk N, Ranade A, Dorrell C, Al-Dhalimy M, Ellis E, et al.

Robust expansion of human hepatocytes in Fah-/-/Rag2-/-/Il2rg-/- mice.Nat

Biotechnol. (2007) 25:903–10. doi: 10.1038/nbt1326

95. Vaughan AM, Mikolajczak SA, Wilson EM, Grompe M, Kaushansky

A, Camargo N, et al. Complete Plasmodium falciparum liver-stage

development in liver-chimeric mice. J Clin Invest. (2012) 122:3618–28.

doi: 10.1172/JCI62684

96. Soulard V, Bosson-Vanga H, Lorthiois A, Roucher C, Franetich J-F, Zanghi

G, et al. Plasmodium falciparum full life cycle and Plasmodium ovale liver

stages in humanizedmice.Nat Commun. (2015) 6:7690. doi: 10.1038/ncomm

s8690

97. Ng S, March S, Galstian A, Gural N, Stevens KR, Mota MM, et al. Towards a

Humanized mouse model of liver stage malaria using ectopic artificial livers.

Sci Rep. (2017) 7:45424. doi: 10.1038/srep45424

98. Wijayalath W, Majji S, Villasante EF, Brumeanu TD, Richie TL, Casares S.

Humanized HLA-DR4.RagKO.IL2RγcKO.NOD (DRAG) mice sustain the

complex vertebrate life cycle of Plasmodium falciparum malaria. Malar. J.

(2014) 13:386. doi: 10.1186/1475-2875-13-386

Frontiers in Immunology | www.frontiersin.org 13 February 2020 | Volume 11 | Article 19060

https://doi.org/10.1093/infdis/171.6.1576
https://doi.org/10.1007/978-1-62703-026-7_27
https://doi.org/10.1016/j.chom.2013.06.005
https://doi.org/10.1186/1475-2875-11-421
https://doi.org/10.1038/s41467-018-05374-3
https://doi.org/10.1093/milmed/134.9.1176
https://doi.org/10.1186/s12915-014-0086-0
https://doi.org/10.1016/j.ebiom.2016.04.011
https://doi.org/10.3389/fmicb.2015.00965
https://doi.org/10.1371/journal.pone.0029289
https://doi.org/10.1128/mBio.01414-14
https://doi.org/10.1038/s41598-017-09569-4
https://doi.org/10.1126/scitranslmed.aag2490
https://doi.org/10.1016/j.jcmgh.2017.11.005
https://doi.org/10.1002/ca.22350
https://doi.org/10.1002/hep.21060
https://doi.org/10.1126/science.170.3955.340
https://doi.org/10.4269/ajtmh.1983.32.682
https://doi.org/10.1016/j.pt.2011.09.004
https://doi.org/10.1016/j.stemcr.2015.01.002
https://doi.org/10.1517/17425255.2.2.183
https://doi.org/10.2174/138920008783331086
https://doi.org/10.1007/s13238-015-0180-2
https://doi.org/10.4269/ajtmh.1985.34.21
https://doi.org/10.1016/0014-4894(77)90063-7
https://doi.org/10.1038/s41598-017-17274-5
https://doi.org/10.1128/IAI.00471-08
https://doi.org/10.1084/jem.194.2.173
https://doi.org/10.1371/journal.ppat.1002401
https://doi.org/10.1038/90968
https://doi.org/10.1016/j.ijpara.2005.10.014
https://doi.org/10.1038/nbt1326
https://doi.org/10.1172/JCI62684
https://doi.org/10.1038/ncomms8690
https://doi.org/10.1038/srep45424
https://doi.org/10.1186/1475-2875-13-386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bettencourt Pre-Erythrocytic Malaria Vaccine Antigen Identification

99. Van Braeckel-Budimir N, Harty JT. CD8 T-cell-mediated

protection against liver-stage malaria: lessons from a mouse

model. Front Microbiol. (2014) 5:272. doi: 10.3389/fmicb.2014.

00272

100. Longley RJ, Bauza K, Ewer KJ, Hill AV, Spencer AJ. Development of

an in vitro assay and demonstration of Plasmodium berghei liver-stage

inhibition by TRAP-specific CD8+ T cells. PLoS ONE. (2015) 10:e0119880.

doi: 10.1371/journal.pone.0119880

101. Prudencio M, Rodrigues CD, Ataide R, Mota MM. Dissecting in vitro

host cell infection by Plasmodium sporozoites using flow cytometry. Cell

Microbiol. (2008) 10:218–24. doi: 10.1111/j.1462-5822.2007.01032.x

102. Sattabongkot J, Yimamnuaychoke N, Leelaudomlipi S, Rasameesoraj

M, Jenwithisuk R, Coleman RE, et al. Establishment of a human

hepatocyte line that supports in vitro development of the exo-erythrocytic

stages of the malaria parasites Plasmodium falciparum and P. vivax.

Am J Trop Med Hyg. (2006) 74:708–15. doi: 10.4269/ajtmh.2006.

74.708

103. Ng S, March S, Galstian A, Hanson K, Carvalho T, Mota MM,

et al. Hypoxia promotes liver-stage malaria infection in primary human

hepatocytes in vitro. Dis Model Mech. (2014) 7:215–24. doi: 10.1242/dmm.0

13490

104. Ma J, Trop S, Baer S, Rakhmanaliev E, Arany Z, Dumoulin P, et al.

Dynamics of the major histocompatibility complex class I processing and

presentation pathway in the course of malaria parasite development in

human hepatocytes: implications for vaccine development. PLoS ONE.

(2013) 8:e75321. doi: 10.1371/journal.pone.0075321

105. Depinay N, Franetich JF, Gruner AC, Mauduit M, Chavatte JM, Luty AJ,

et al. Inhibitory effect of TNF-alpha on malaria pre-erythrocytic stage

development: influence of host hepatocyte/parasite combinations. PLoS

ONE. (2011) 6:e17464. doi: 10.1371/journal.pone.0017464

106. Mota MM, Rodriguez A. Plasmodium yoelii: efficient in vitro invasion

and complete development of sporozoites in mouse hepatic cell lines. Exp

Parasitol. (2000) 96:257–9. doi: 10.1006/expr.2000.4570

107. Dumoulin PC, Trop SA, Ma J, Zhang H, Sherman MA, Levitskaya

J. Flow cytometry based detection and isolation of Plasmodium

falciparum liver stages in vitro. PLoS ONE. (2015) 10:e0129623.

doi: 10.1371/journal.pone.0129623

108. Kaushansky A, Rezakhani N, Mann H, Kappe SH. Development of a

quantitative flow cytometry-based assay to assess infection by Plasmodium

falciparum sporozoites. Mol Biochem Parasitol. (2012) 183:100–3.

doi: 10.1016/j.molbiopara.2012.01.006

109. Silvie O, Rubinstein E, Franetich J-F, Prenant M, Belnoue E, Rénia L, et al.

Hepatocyte CD81 is required for Plasmodium falciparum and Plasmodium

yoelii sporozoite infectivity. Nat Med. (2002) 9:93–6. doi: 10.1038/

nm808

110. Kaushansky A, Douglass AN, Arang N, Vigdorovich V, Dambrauskas

N, Kain HS, et al. Malaria parasites target the hepatocyte receptor

EphA2 for successful host infection. Science. (2015) 350:1089–92.

doi: 10.1126/science.aad3318

111. Rodrigues CD, Hannus M, Prudencio M, Martin C, Goncalves LA, Portugal

S, et al. Host scavenger receptor SR-BI plays a dual role in the establishment

of malaria parasite liver infection. Cell Host Microbe. (2008) 4:271–82.

doi: 10.1016/j.chom.2008.07.012

112. Tuju J, KamuyuG,Murungi LM, Osier FHA. Vaccine candidate discovery for

the next generation of malaria vaccines. Immunology. (2017) 152:195–206.

doi: 10.1111/imm.12780

113. Bozdech Z, Llinas M, Pulliam BL, Wong ED, Zhu J, DeRisi JL.

The transcriptome of the intraerythrocytic developmental cycle of

Plasmodium falciparum. PLoS Biol. (2003) 1:E5. doi: 10.1371/journal.pbio.00

00005

114. Le Roch KG, Zhou Y, Blair PL, Grainger M, Moch JK, Haynes JD,

et al. Discovery of gene function by expression profiling of the malaria

parasite life cycle. Science. (2003) 301:1503–8. doi: 10.1126/science.10

87025

115. Hall N, Karras M, Raine JD, Carlton JM, Kooij TW, Berriman

M, et al. A comprehensive survey of the Plasmodium life cycle by

genomic, transcriptomic, and proteomic analyses. Science. (2005) 307:82–6.

doi: 10.1126/science.1103717

116. Izak D, Klim J, Kaczanowski S. Host-parasite interactions and ecology of

the malaria parasite-a bioinformatics approach. Brief Funct Genomics. (2018)

17:451–7. doi: 10.1093/bfgp/ely013

117. Pizza M, Scarlato V, Masignani V, Giuliani MM, Arico B, Comanducci

M, et al. Identification of vaccine candidates against serogroup B

meningococcus by whole-genome sequencing. Science. (2000) 287:1816–20.

doi: 10.1126/science.287.5459.1816

118. Maione D, Margarit I, Rinaudo CD, Masignani V, Mora M, Scarselli M,

et al. Identification of a universal Group B streptococcus vaccine by multiple

genome screen. Science. (2005) 309:148–50. doi: 10.1126/science.1109869

119. Thorpe C, Edwards L, Snelgrove R, Finco O, Rae A, Grandi G,

et al. Discovery of a vaccine antigen that protects mice from

Chlamydia pneumoniae infection. Vaccine. (2007) 25:2252–60.

doi: 10.1016/j.vaccine.2006.12.003

120. Giefing C, Meinke AL, Hanner M, Henics T, Bui MD, Gelbmann D,

et al. Discovery of a novel class of highly conserved vaccine antigens

using genomic scale antigenic fingerprinting of pneumococcus with human

antibodies. J Exp Med. (2008) 205:117–31. doi: 10.1084/jem.20071168

121. Ariel N, Zvi A, Grosfeld H, Gat O, Inbar Y, Velan B, et al. Search for

potential vaccine candidate open reading frames in the Bacillus anthracis

virulence plasmid pXO1: in silico and in vitro screening. Infect Immun.

(2002) 70:6817–27. doi: 10.1128/IAI.70.12.6817-6827.2002

122. Ross BC, Czajkowski L, Hocking D, Margetts M, Webb E, Rothel L,

et al. Identification of vaccine candidate antigens from a genomic

analysis of Porphyromonas gingivalis. Vaccine. (2001) 19:4135–42.

doi: 10.1016/S0264-410X(01)00173-6

123. Mu J, Awadalla P, Duan J, McGee KM, Keebler J, Seydel K, et al. Genome-

wide variation and identification of vaccine targets in the Plasmodium

falciparum genome. Nat Genet. (2007) 39:126–30. doi: 10.1038/ng1924

124. Polhemus ME, Magill AJ, Cummings JF, Kester KE, Ockenhouse CF,

Lanar DE, et al. Phase I dose escalation safety and immunogenicity

trial of Plasmodium falciparum apical membrane protein (AMA-

1) FMP2.1, adjuvanted with AS02A, in malaria-naïve adults at the

Walter Reed Army Institute of Research. Vaccine. (2007) 5, 4203–4212.

doi: 10.1016/j.vaccine.2007.03.012

125. Frimpong A, Kusi KA, Ofori MF, Ndifon W. Novel strategies

for malaria vaccine design. Front Immunol. (2018) 9:2769.

doi: 10.3389/fimmu.2018.02769

126. Caron E, Kowalewski DJ, Chiek Koh C, Sturm T, Schuster H, Aebersold R.

Analysis of major histocompatibility complex (MHC) immunopeptidomes

using mass spectrometry. Mol Cell Proteomics. (2015) 14:3105–17.

doi: 10.1074/mcp.O115.052431

127. Tsiatsiani L, Heck AJ. Proteomics beyond trypsin. FEBS J. (2015) 282:2612–

26. doi: 10.1111/febs.13287

128. Mou Z, Li J, Boussoffara T, Kishi H, Hamana H, Ezzati P, et al.

Identification of broadly conserved cross-species protective Leishmania

antigen and its responding CD4+ T cells. Sci. Transl. Med. (2015) 7:310ra167.

doi: 10.1126/scitranslmed.aac5477

129. Draheim M, Wlodarczyk MF, Crozat K, Saliou JM, Alayi TD, Tomavo S,

et al. Profiling MHC II immunopeptidome of blood-stage malaria reveals

that cDC1 control the functionality of parasite-specific CD4T cells. EMBO

Mol Med. (2017) 9:1605–21. doi: 10.15252/emmm.201708123

130. Bastiaens GJ, van Meer MP, Scholzen A, Obiero JM, Vatanshenassan M,

van Grinsven T, et al. Safety, immunogenicity, and protective efficacy of

intradermal immunization with aseptic, purified, cryopreserved Plasmodium

falciparum sporozoites in volunteers under chloroquine prophylaxis: a

randomized controlled trial. Am J Trop Med Hyg. (2016) 94:663–73.

doi: 10.4269/ajtmh.15-0621

131. Douglas AD, Williams AR, Illingworth JJ, Kamuyu G, Biswas S, Goodman

AL, et al. The blood-stage malaria antigen PfRH5 is susceptible to vaccine-

inducible cross-strain neutralizing antibody. Nat Commun. (2011) 2:601.

doi: 10.1038/ncomms1615

132. Ewer KJ, Sierra-Davidson K, Salman AM, Illingworth JJ, Draper SJ, Biswas

S, et al. Progress with viral vectored malaria vaccines: a multi-stage

approach involving “unnatural immunity”. Vaccine. (2015) 33:7444–51.

doi: 10.1016/j.vaccine.2015.09.094

133. Gomes AR, Bushell E, Schwach F, Girling G, Anar B, Quail MA, et al.

A genome-scale vector resource enables high-throughput reverse genetic

Frontiers in Immunology | www.frontiersin.org 14 February 2020 | Volume 11 | Article 19061

https://doi.org/10.3389/fmicb.2014.00272
https://doi.org/10.1371/journal.pone.0119880
https://doi.org/10.1111/j.1462-5822.2007.01032.x
https://doi.org/10.4269/ajtmh.2006.74.708
https://doi.org/10.1242/dmm.013490
https://doi.org/10.1371/journal.pone.0075321
https://doi.org/10.1371/journal.pone.0017464
https://doi.org/10.1006/expr.2000.4570
https://doi.org/10.1371/journal.pone.0129623
https://doi.org/10.1016/j.molbiopara.2012.01.006
https://doi.org/10.1038/nm808
https://doi.org/10.1126/science.aad3318
https://doi.org/10.1016/j.chom.2008.07.012
https://doi.org/10.1111/imm.12780
https://doi.org/10.1371/journal.pbio.0000005
https://doi.org/10.1126/science.1087025
https://doi.org/10.1126/science.1103717
https://doi.org/10.1093/bfgp/ely013
https://doi.org/10.1126/science.287.5459.1816
https://doi.org/10.1126/science.1109869
https://doi.org/10.1016/j.vaccine.2006.12.003
https://doi.org/10.1084/jem.20071168
https://doi.org/10.1128/IAI.70.12.6817-6827.2002
https://doi.org/10.1016/S0264-410X(01)00173-6
https://doi.org/10.1038/ng1924
https://doi.org/10.1016/j.vaccine.2007.03.012
https://doi.org/10.3389/fimmu.2018.02769
https://doi.org/10.1074/mcp.O115.052431
https://doi.org/10.1111/febs.13287
https://doi.org/10.1126/scitranslmed.aac5477
https://doi.org/10.15252/emmm.201708123
https://doi.org/10.4269/ajtmh.15-0621
https://doi.org/10.1038/ncomms1615
https://doi.org/10.1016/j.vaccine.2015.09.094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bettencourt Pre-Erythrocytic Malaria Vaccine Antigen Identification

screening in a malaria parasite. Cell Host Microbe. (2015) 17:404–13.

doi: 10.1016/j.chom.2015.01.014

134. Damfo SA, Reche P, Gatherer D, Flower DR. In silico design of

knowledge-based Plasmodium falciparum epitope ensemble vaccines.

J Mol Graph Model. (2017) 78:195–205. doi: 10.1016/j.jmgm.2017.

10.004

135. Davies DH, Duffy P, Bodmer JL, Felgner PL, Doolan DL.

Large screen approaches to identify novel malaria vaccine

candidates. Vaccine. (2015) 33:7496–505. doi: 10.1016/j.vaccine.2015.

09.059

Conflict of Interest: The author declares that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Bettencourt. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 15 February 2020 | Volume 11 | Article 19062

https://doi.org/10.1016/j.chom.2015.01.014
https://doi.org/10.1016/j.jmgm.2017.10.004
https://doi.org/10.1016/j.vaccine.2015.09.059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 21 February 2020

doi: 10.3389/fimmu.2020.00128

Frontiers in Immunology | www.frontiersin.org 1 February 2020 | Volume 11 | Article 128

Edited by:

Ed C. Lavelle,

Trinity College Dublin, Ireland

Reviewed by:

Salvador Iborra,

Complutense University of

Madrid, Spain

Nisha Jain Garg,

University of Texas Medical Branch at

Galveston, United States

*Correspondence:

Emilio L. Malchiodi

emalchio@ffyb.uba.ar

Specialty section:

This article was submitted to

Vaccines and Molecular Therapeutics,

a section of the journal

Frontiers in Immunology

Received: 26 July 2019

Accepted: 17 January 2020

Published: 21 February 2020

Citation:

Sanchez Alberti A, Bivona AE,

Matos MN, Cerny N, Schulze K,

Weißmann S, Ebensen T, González G,

Morales C, Cardoso AC, Cazorla SI,

Guzmán CA and Malchiodi EL (2020)

Mucosal Heterologous Prime/Boost

Vaccination Induces Polyfunctional

Systemic Immunity, Improving

Protection Against Trypanosoma cruzi.

Front. Immunol. 11:128.

doi: 10.3389/fimmu.2020.00128

Mucosal Heterologous Prime/Boost
Vaccination Induces Polyfunctional
Systemic Immunity, Improving
Protection Against Trypanosoma
cruzi

Andrés Sanchez Alberti 1,2,3, Augusto E. Bivona 1,2, Marina N. Matos 1,2, Natacha Cerny 1,2,

Kai Schulze 3, Sebastian Weißmann 3, Thomas Ebensen 3, Germán González 4,

Celina Morales 4, Alejandro C. Cardoso 1,2, Silvia I. Cazorla 1,2, Carlos A. Guzmán 3 and

Emilio L. Malchiodi 1,2*

1 Facultad de Farmacia y Bioquímica, Cátedra de Inmunología and Instituto de Estudios de la Inmunidad Humoral “Prof.

Ricardo A. Margni” (IDEHU), UBA-CONICET, Universidad de Buenos Aires, Buenos Aires, Argentina, 2Departamento de

Microbiología, Parasitología e Inmunología, Facultad de Medicina, Instituto de Microbiología y Parasitología Médica (IMPaM),

UBA-CONICET, Universidad de Buenos Aires, Buenos Aires, Argentina, 3Department of Vaccinology and Applied

Microbiology, Helmholtz Centre for Infection Research, Braunschweig, Germany, 4Departamento de Patología, Facultad de

Medicina, Instituto de Fisiopatología Cardiovascular, Universidad de Buenos Aires, Buenos Aires, Argentina

There are several unmet needs in modern immunology. Among them, vaccines against

parasitic diseases and chronic infections lead. Trypanosoma cruzi, the causative agent

of Chagas disease, is an excellent example of a silent parasitic invasion that affects

millions of people worldwide due to its progression into the symptomatic chronic phase of

infection. In search for novel vaccine candidates, we have previously introduced Traspain,

an engineered trivalent immunogen that was designed to address some of the known

mechanisms of T. cruzi immune evasion. Here, we analyzed its performance in different

DNA prime/protein boost protocols and characterized the systemic immune response

associated with diverse levels of protection. Formulations that include a STING agonist,

like c-di-AMP in the boost doses, were able to prime a Th1/Th17 immune response.

Moreover, comparison between them showed that vaccines that were able to prime

polyfunctional cell-mediated immunity at the CD4 and CD8 compartment enhanced

protection levels in the murine model. These findings contribute to a better knowledge

of the desired vaccine-elicited immunity against T. cruzi and promote the definition of a

vaccine correlate of protection against the infection.

Keywords: neglected tropical disease, Chagas disease, Anti-Trypanosoma cruzi vaccine, prime-boost vaccine,

Traspain, cyclic-di-AMP, T cell polyfunctionality, cell-mediated immunity

INTRODUCTION

Chagas disease is a potentially life-threatening disease caused by the protozoan parasite
Trypanosoma cruzi. It is recognized by WHO as a neglected tropical disease in Latin America,
where more than 70 million people are at risk of contracting the infection (1).

According to lastWHO estimates, about 6–7million people worldwide are infected withT. cruzi.
Vectorial transmission occurs when a triatomine bug feeds onmammalian blood and defecates over
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the skin. The feces of the vector contain the parasite and can
be introduced through scratching or by mucosa. Prevention
measures have historically been focused on domiciliary vectorial
control, blood transfusion, and more recently, congenital
screening programs (2). The trypanocidal drugs available are
highly effective during the acute phase, but treatment of the
chronic phase remains an unsolved roadblock (3). About 30% of
chronically infected people develop cardiac alterations and up to
10% develop digestive, neurological, or mixed forms, which are
responsible for disability and death during the chronic phase (4).

Even though there is no approved vaccine against Chagas
disease, several experimental strategies have been exploited for
the development of one, including but not limited to live
attenuated parasites (5), subunit vaccines (6–8) (proteins or
DNA), and recombinant viral vaccines (9). We have previously
introduced Traspain, a novel chimeric antigen rationally
designed to display B- and T-cell epitopes of key parasitic
protein targets: cruzipain (Cz), amastigote surface protein 2
(ASP2), and a selected region of trans-sialidase (Figure 1AI).
This immunogen proved to be both immunogenic and protective
against T. cruzi murine infection in a protein-subunit vaccine
model (10).

Considering the complexity of anti-T. cruzi immunity,
prime-boost protocols have been carried out in order to
increase protection (11, 12). These strategies imply vaccination
approaches where the administration of one type of vaccine
is followed by a second kind, with the aim of triggering
a complementary immune response. Our lab has extensive
experience with prime-boost protocols employing DNA priming
by orally delivering it with a live attenuated microorganism
(Salmonella enterica serovar Typhimurium aroA) plus a protein
boost. Thus, a 4-dose-based regimen was previously tested to
improve protection (8, 13). This strategy appears to be an
interesting approach considering that multiple boosting in the
same site of immunization can cause T-cell sequestration, a fact
that has been described as leading to T-cell exhaustion and
deletion (14). Boosting with a protein subunit-based vaccine
implicates the use of adjuvants to increase immunogenicity.
Newly approved adjuvants for humans are focused on TLR
ligands like MPLA (TLR4) in the HPV vaccine and ODN-CpG
(TLR9) in the new HBV vaccine (15). Between them, the efficacy
of CpG has been extensively studied in anti-T. cruzi vaccines
appearing as an acceptable candidate (8, 13, 16, 17).

T-cell responses are essential for eliminating T. cruzi-
infected cells (18). However, priming cell-mediated immunity
(CMI) through the employment of subunit vaccines models is
challenging (19). We have recently reported the efficacy of the
STING agonist, 3′5′-c-di-AMP (CDA) for priming pathogen-
specific immune responses where Th1/Th17 balanced immunity
proved to be protective against this protozoan parasite (10, 20).

IL-17 is a highly versatile pro-inflammatory cytokine that was
initially associated with immunopathology and autoimmunity.
It has not only a key role acting against extracellular
bacteria and fungi but also contributes to the control of
intracellular pathogens like Listeria monocytogenes, Chlamydia
muridarum, and the apicomplexan parasites Toxoplasma gondii
and Eimeria falciformis (21). In the context of vaccine-induced

immunity, IL-17 has been shown to contribute to protection
against other intracellular pathogens such as Mycobacterium
tuberculosis (22, 23).

Its role in Chagas disease is still under debate. However,
there is plenty of data showing the beneficial effect of IL-17
immunity in T. cruzi infection in humans and mice. High
levels of this cytokine were detected in patients with better
cardiac function in the indeterminate form of the disease
(24, 25) or after benznidazole treatment (26). Besides, many
experimental studies in mice have found a protective effect of
IL-17 by inhibiting an otherwise exaggerated proinflammatory
response (27), controlling myocarditis (28), promoting CD8 T-
cell priming (29), and even showing more protection than Th1
cells (30). These reports sustain the development of strategies able
to prime this type of vaccine-mediated immunity as an effort to
improve protection.

Similar to other infections (31), for Chagas disease correlates
of vaccine-induced protection remain elusive. Here, we employed
Traspain or its components for vaccine formulation in prime-
boost protocols and analyzed in detail the systemic immune
response triggered by vaccination conferring diverse protection
levels in order to better understand the immune response
associated with protection.

MATERIALS AND METHODS

Mice and Parasites
Female C3H/HeN (H-2k) mice 6 to 8-weeks-old (Harlan,
Rossdorf, Germany) were kept at the animal facility of
the Helmholtz Center for Infection Research under specific
pathogen-free (SPF) conditions. For challenge studies, mice
(Instituto de Microbiología y Parasitología Médica, IMPaM,
UBA-CONICET) were kept in the animal facilities of IMPaM.
Animal experiments were approved by an ethical board and
conducted in accordance to the regulations of Lower Saxony
No. 09.42502 04 105/07, Germany, and by the Review Board of
Ethics of the School of Medicine, UBA, Argentina (Resol. C.D. #
3721/2014) following the guidelines established by the National
Research Council (32). Animal sample size was estimated by a
power-based method (33).

For lethal assays, the highly virulent pantropic/reticulotropic
RA strain of T. cruzi was employed. For the chronic phase
analysis, a low virulence myotropic clone was employed (K-98)
(34). T. cruzi bloodstream trypomastigotes of the RA strain from
a discrete typing unit (DTU), VI or K-98 clone (DTU I), were
isolated from infected mice and used for challenge studies.

Immunizations and Challenge
Male or female mice were vaccinated with 4 doses of the
prime-boost protocol consisting of oral DNA-prime followed
by intranasal protein-boost every 10 days (Figure 1AII), as
follows: Se/PBS: 2 doses of 109 CFU of Salmonella enterica
serovar Typhimurium aroA 7207 (SaroA) carrying empty
plasmid pcDNA3.1 orally delivered plus 2 doses of PBS. St/CpG:
2 doses of SaroA carrying pcDNA3.1-traspain (St), plus 2
boosts of Traspain + CpG. St/CDA: 2 doses of St plus 2
boosts of Traspain+CDA. Sc/CDA: 2 doses combining SaroA
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FIGURE 1 | cytokines were determined by ELISPOT assay. Pooled-splenocytes were restimulated with RPMI or Traspain, and mean number of spot-forming units

were determined for the indicated cytokine: (B) IFN-γ (C) I—IL-17, II—IL-17 spot size and representative image showing the response of spleen cell from mice that

received Traspain plus CpG or CDA as an adjuvant. (D) IL-2 and (F) IL-4. *p < 0.05, **p < 0.01, ***p < 0.001 against control group (Se/PBS). ##p < 0.01, ###p <

0.001 between the indicated groups, one-way ANOVA + Tukey’s multiple comparisons test. (E) Dose-response curve of antigen-specific proliferation assay. Two-way

ANOVA + Dunnett’s multiple comparisons test. **p < 0.01, ***p < 0.001 against the corresponding category from control group (Se/PBS). Results are expressed as

Mean ± SEM, n = 18 from 6 female C3H mice per group. (G) Radial graph showing average fold of change level of each response variable (cytokines, proliferation,

and total response as a sum vs. Se/PBS control group) obtained by each vaccine formulation. Logarithmic scale base 2. All results are representative of two

independent experiments.

carrying pcDNA3.1-cruzipain and SaroA carrying pcDNA3.1-
asp-2, followed by 2 doses of Nt-Cz + ASP2 + CDA. For the
protein boost, groups received 10 µg of each vaccine component,
except for Sc/CDA group that received equal molar amounts
of each antigen. For lethal challenge assays, 15–30 days after
the last dose, mice were infected with 103 T. cruzi RA strain
blood trypomastigotes by the intraperitoneal route. For sub-
lethal assays, 3.105 K98 blood trypomastigotes were administered
by the same route.

ELISPOT Assays
Spleen cells (4 × 105/2 × 105 cells/well) were incubated for
24 h (IFN-γ) or 48 h (IL-2, IL-17, and IL-4) at 37◦C with
5% CO2, in the absence or presence of 10µg/ml of Traspain.
After incubation, cells were removed, and plates were processed
according to the manufacturer’s instructions. Colored spots were
counted with an ELISPOT reader (CTL S5 Micro Analyzer) and
analyzed using ImmunoSpot image analyzer software v3.2 (CTL
Europe GmbH, Germany).

Proliferation Assays
Spleen cells (5 × 105 cells/well) from vaccinated animals were
incubated in quadruplicates for 96 h in the presence of different
concentrations of Traspain (1, 5, 10, and 20µg/ml) or the
indicated stimulus and proceeded as reported (35). Results were
expressed as a proliferation index (PI), calculated as the ratio of
mean values from stimulated and RPMI samples.

Intracellular Cytokine Staining
Splenocytes were isolated and stimulated overnight with
10µg/ml of Traspain or 10µM of TEWETGQI peptide in the
presence of anti-CD154 PE and anti-CD107 PE-Cy7. Brefeldin
A plus monensin were added to cultures during the last 12 h
of incubation. Dead cells were stained with LIVE/DEADTM

Fixable Blue Dead Cell Stain Kit (Life Technologies). Surface
staining was performed with anti-CD3e V500, anti-CD4-APC-
H7 (BD), and anti-CD8α-Brilliant Violet 650 (BioLegend). Cells
were fixed at RT with PFA 2%, permeabilized in 0.5% saponin
and stained using anti-IFN-γ Brilliant Violet 711 (BioLegend)
and anti-TNF-α eFluor450 (eBioscience) in accordance with the
manufacturer’s instructions.

Analysis of Polyfunctional Cells
Polyfunctional cells are defined as cells with the ability to
produce more than one function at the same time (cytokines and
upregulation of activation or degranulation makers, CD154 and
CD107a, respectively). Frequencies of each defined subset were
determined after automatic Boolean combination gates were

employed using FlowJo software. Integrated mean fluorescence
intensity (iMFI) was determined by multiplying the MFI of the
corresponding channel by the frequency of each subpopulation.

MHC Class I Multimer Staining
To detect antigen-specific T cells, spleen or blood cells were first
labeled with the H2Kk-TEWETGQI dextramer-APC (Immudex)
and then with anti-CD3e V500, anti-CD4-APC-H7 (BD), and
anti-CD8α-Brilliant Violet V650 (BioLegend) according to the
manufacturer’s instructions.

In vivo Cytotoxicity Assay
Splenocytes collected from naïve C3H/HeNmice were incubated
with 5µM of the CD8 peptide TEWETGQI or RPMI for 30min
at 37◦C and 30min at 4◦C, washed, and then labeled with
10 and 0.5µM of CFSE (CellTraceTM CFSE Cell Proliferation
Kit), respectively. Cells were washed, equally combined, and
transferred (4 × 107 total cells) intravenously to syngeneic
naïve, immunized, and T. cruzi-RA-infected mice at 45
days post-infection (dpi). Spleens were harvested 16 h after
transfer, and different CFSE-stained populations were detected
by flow-cytometry.

Assessment of Vaccine Efficacy
Parasitemia and weight loss were monitored every 2 days
as previously described by counting peripheral parasites (13).
Survival was recorded daily.

Muscle injury was evaluated through the determination
of a panel of myopathy-linked enzyme markers at 240 dpi.
The assays were performed as previously described (36). The
histological features of heart and skeletal (quadriceps) muscles
from vaccinated and infectedmice were also investigated. A blind
histological test was performed as previously described (37).
Briefly, fixed material was embedded in paraffin, then sectioned
and stained with hematoxylin and eosin. Inflammation was
qualitatively evaluated according to the number and spreading
of inflammatory foci. Samples were classified with the following
score: (1) isolated foci; (2) multiple non-confluent foci; (3)
multiple confluent foci; and (4) multiple diffuse foci (38, 39).

Electrocardiograms (ECG)
Mice were anesthetized (100mg ketamine and 16mg xylazine/kg
mouse) at 120 dpi and heart electrical activity was recorded with
a Temis TM-300-V electrocardiograph as previously reported
(6). Corrected QT interval was calculated by the Bazett formula
adapted for mouse (40).
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Quantitative PCR (qPCR)
Parasite burden in skeletal and heart muscle at 240 dpi was
determined by a qPCR adapted from Cummings et al. (41)
as previously described (6). Parasite burden was expressed as
parasite equivalent/50 ng of total DNA.

Statistical Analysis
Statistical analysis was carried out with GraphPad Prism 6.0
software (San Diego, CA, USA) using one-way or two-way
ANOVA. The number of animals, specified in figure legends, was
estimated by a power analysis comparing the size of the difference
in the variable of interest between immunized and control groups
based on either previous or pilot experiments. p < 0.05 were
considered significant. Homoscedasticity was tested employing
Levene’s test in all ANOVA. Normality was checked using the
Shapiro-Wilk test and/or quantile-quantile plot, QQPLOT using
R software (42).

RESULTS

Profiles of the Immune Response Obtained
Upon Different Prime-Boost Strategies
In order to evaluate the influence of the adjuvant and antigen
in prime-boost vaccines, we analyzed the frequency of antigen-
specific cytokine secreting cells in splenocytes by an ELISPOT
assay (Figure 1). The frequency of IFN-γ secreting cells was
higher in vaccinated groups compared to Se/PBS control group
(Figure 1B). The highest frequency of these cells was detected
in St/CDA group, which presented nearly a two-fold increment
compared to other immunized groups. Interestingly, a marked
difference was detected in the numbers of vaccine-specific IL-
17 secreting cells, where only groups that received the CDA
boost in the formulation were able to increase its frequency
compared to control animals (Figure 1CI). Moreover, not only
was the frequency different but also a significant contrast in
the size and intensity of each spot-forming unit (SFU) was
detected (Figure 1CII). This points out to the fact that CDA
vaccinated mice have a higher ability to secrete this cytokine.
On the contrary, no difference was observed in the levels of IL-
2 secreting cells between CpG and CDA groups (Figure 1D).
Notwithstanding, the group that received Sc/CDA showed a
lower frequency of SFU in the majority of cytokines analyzed. A
similar trend was observed in the proliferative ability of spleen
cells upon antigen re-encounter where Sc/CDA group showed the
worst performance (Figure 1E). All immunized mice displayed
low levels of IL-4 secreting cells, being the ratio IFN-γ/IL-4 ≈

46, 40, 27 for St/CpG, St/CDA, and Sc/CDA, respectively. These
results highlight the bias toward a Th1 profile in the adjuvants
employed. A fold of change analysis of each variable reflected
the increase in vaccine potency observed in St-groups as opposed
to antigen combination. Remarkably, CDA as a boost adjuvant
displayed a more balanced cytokine profile with higher presence
of IL-17 and IL-4 than CpG (Figure 1G). This broader Th profile
might help to avoid pathology and contribute to a better control
of T. cruzi infection.

Vaccine Efficacy During the Acute Phase of
T. cruzi Infection
In order to analyze the protection conferred by each formulation,
immunized female C3H mice were challenged with a lethal dose
of the highly virulent RA strain of T. cruzi. This model of
infection is well-established in our lab (6, 16, 36, 43). The number
of blood trypomastigotes, weight loss, and the survival rate were
employed as endpoints for assessing vaccine performance. Due
to the higher sensibility in the analyzed readouts, this infection
model is ideal to determine protection in the acute phase of
infection. All vaccinated groups showed lower parasitemia than
control animals (Figure 2A). However, mice immunized with
St/CDA showed nearly a five-fold reduction in the number of
circulating parasites along the acute phase compared to control
animals (Figure 2B); area under the curve values: AUCSe/PBS =

237 vs. AUCSt/CDA = 49.8 (p= 0.0038).
Weight loss, though detected in all mice, was ameliorated in

vaccinated groups compared with control animals (Figure 2C).
Thus, at 17 dpi, control mice showed the highest loss (nearly
30% of their initial mass), this difference being significant
compared to Traspain-vaccinated animals. This result denotes
the improvement on disease severity when animals received
Traspain as vaccine. In that way, the reduced parasitemia
and weight loss of St/CDA group were associated with an
increase in survival rate among immunized animals (Figure 2D).
Conversely, Sc/CDA group showed the worst outcome in terms
of parasitemia (AUCSc/CDA: 160, p= 0.32 vs. Se/PBS), weight loss
(p= 0.19 at 17 dpi), and survival (p= 0.45 vs. Se/PBS) compatible
with a scenario of higher disease severity upon infection.

Heterotypic Protection Against a
Sub-Lethal T. cruzi Challenge
To analyze the protective capacity of each prime-boost strategy
against a T. cruzi strain with a different outcome, a non-lethal
model of experimental infection was established combining T.
cruzi K-98 clone (DTU I) with male C3H mice based on their
higher susceptibility to infection (44, 45) and on previous reports
of similar infection models (31, 46). Mice were vaccinated and
subsequently infected with K-98 blood trypomastigotes.

As Figures 3A,B shows, vaccinated animals were able
to significantly control parasitemia during the acute phase
compared to Se/PBS control mice. In that way, all of them
were able to efficiently reduce the highest peak of parasites at
42 dpi. Albeit, St/CpG and Sc/CDA groups presented higher
peaks earlier, around 30–40 dpi. Again, St/CDA immunization
was the strategy with the best performance showing the lowest
parasitemia with a six-fold reduction of AUC compared with
control (Figure 3B).

Considering the non-lethality of this model, weight loss was
detected mainly in the chronic phase of infection (>100 dpi).
While control mice lost about 30% of their body weight at the
endpoint, vaccinated mice were able to maintain or even increase
their weight during the course of infection (Figure 3C).

As T. cruzi infection progresses, tissue-associated damage
might be presented in target organs. To characterize the
protection levels achieved during the chronic phase, we
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FIGURE 2 | Improved efficacy in St/CDA vaccinated mice upon a lethal challenge with T. cruzi RA strain. Female C3H mice were vaccinated and 15–30 days after last

dose were intraperitoneally infected with 1,000 blood trypomastigotes of T. cruzi RA strain (A) Parasitemia. (B) Area under the curve (AUC) of parasitemia up to 14 dpi.

RU, relative units **p < 0.01, *p < 0.05 differences were calculated with respect to Se/PBS control group, one-way ANOVA + Bonferroni post-hoc test. (C) Weight

loss. Results are expressed as percentage with respect to pre-infection **p < 0.01, *p < 0.05 at 17 dpi between the indicated groups, one-way ANOVA + Dunnett

post-test. (D) Survival rate. Asterisks indicate significant difference with respect to Se/PBS control group. **p < 0.01, *p < 0.05 Log-rank test. n = 5–7 mice per

group. Results are representative of three independent experiments.

analyzed multiple endpoints post-infection. At 120 dpi, electrical
activity of heart was assessed by an electrocardiogram (ECG)
determination. Age and sex-matched non-infected mice were
incorporated in the analysis. Although not significant, except
for St/CDA, all vaccinated and infected animals displayed
a tendency to increase the PR interval in their ECG data,
compared with non-infected mice (Figure 3D). A significant
prolongation of the cQT interval was detected only in T.
cruzi-infected Se/PBS groups compared to non-infected mice.
Despite the fact that we did not detect differences between
the immunized groups and infected controls, it should be
noted that values recorded for all vaccinated animals were
not significantly different from non-infected mice (Figure 3D).
At 240 dpi, the activity levels of enzymes associated with
tissue damage were determined in serum (Figures 3E,F). In
agreement with ECG data, only T. cruzi-infected Se/PBS group
presented higher levels of the cardiac isoform of creatine kinase
(CK-MB) compared to non-infected animals. St-vaccinated
mice showed a significant reduction of specific activity of
CK-MB compared to Se/PBS (Figure 3E). Altogether, these
results highlight the ability of St vaccination to ameliorate

alterations of cardiac physiology during the chronic phase of
T. cruzi infection.

As T. cruzi can also persist in skeletal muscle, serum CK
activity was measured as a surrogate marker of tissue damage.
All vaccinated mice displayed a clear reduction in CK levels,
though higher levels of serum activity were detected in animals
that received Sc/CDA formulation (Figure 3F).

To further characterize this scenario, parasitic load was
analyzed by qPCR in target tissues, cardiac and skeletal muscle
(Figure 3G). Preference of skeletal muscle persistence was
detected in all animals, T. cruzi-DNA ratio skeletalmuscle/heart
= 4 (95% confidence interval: 2-6). St-immunized mice with
CpG or CDA were able to reduce parasitic load in both target
organs compared to the Se/PBS control group. In accordance
with previous readouts, mice that received the Sc/CDA vaccine,
in accordance with previous readouts, presented higher levels
of parasite persistence, demonstrating a suboptimal control of
the infection.

Histology data indicated the presence of mononuclear cell
infiltrates in both cardiac and skeletal muscle (Figure 4A). In
correlation with parasite persistence, higher levels of chronic
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FIGURE 3 | Assessment of vaccine efficacy during parasitic chronic infection with a vaccine unrelated strain. Male C3H mice were vaccinated and 30 days after last

dose were infected with blood trypomastigotes of T. cruzi K-98 strain. (A) Parasitemia. (B) Area under the curve (AUC) of parasitemia. RU, relative units **p < 0.01,
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inflammation were observed in the latter (Figures 4A,B). Tissue
sections from Se/PBS control mice presented signs of necrosis
and chronic inflammation with multiple confluent inflammatory
foci. On the other hand, St-immunized animals showed a
decrease in the levels of mononuclear cell infiltrates while
Sc/CDA presented the worst performance between immunized
animals, with levels of inflammatory foci similar to control mice.
These results highlight the inferiority of Sc/CDA vaccination in
terms of parasite persistence, level of mononuclear cell infiltrate,

and tissue damage compared to formulations bearing Traspain as
anti-T. cruzi prophylactic vaccine.

Antigen-Specific CD4+ T-Cell Response
Differs in Functionality in St/CDA and
Sc/CDA Groups
Considering the differences between groups that received
Traspain or the combination of single antigens (Sc/CDA),
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we performed a FACS analysis of spleen cells to further
analyze the quantity and quality of the cellular immune
response triggered by each of these two formulations.
To that end, mice were vaccinated, and flow cytometry

was performed to assess all combinations of IFN-γ,
TNF-α, CD154, and CD107α markers for the CD4+

T-cells subset by Boolean gating strategy upon antigen
re-stimulation (Figure 5A).
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FIGURE 5 | carried out in order to assess simultaneous production of IFN-γ, TNF-α, CD154, and CD107α. (A) Representative Zebra plots showing the individual

gates included in the Boolean combination strategy for the CD4 compartment. Frequency of positive events upon antigen re-stimulation or RPMI are shown in black

and gray respectively. (B) Bar chart showing the frequency of cytokine producing subsets within CD4T lymphocytes. Values were background subtracted.

***p < 0.001, **p < 0.01 comparing with Se/PBS, ##p < 0.01, between indicated groups, n = 3 mice per group, two-way ANOVA + Tukey’s multiple comparisons

test. (C) Pie chart showing fraction of the antigen-specific response for all positive subsets. Concentric lines are drawn to show the composition of each subset.

Hierarchy of (D) IFN-γ and (E) TNF-α expression within functionally defined subsets of cytokine-producing cells. Both mean fluorescent intensity, MFI (I) and integrated

MFI (II) are shown. ****p < 0.0001 ***p < 0.001, **p < 0.01 comparing between groups, two-way ANOVA + Sidak’s multiple comparisons test. All results are

representative of two independent experiments.

A significant increase in the magnitude of multifunctional (4+

and 3+ functions) Traspain-specific population was detected in
St/CDA group which showed a four-fold increase in the % 4+

cells compared to Sc/CDA (% of 4+ range from 1.6 to 0.8 and
0.4–0.2, respectively) (Figure 5B).

Boolean analysis revealed that while ∼25% of Traspain-
specific CD4T cells expressed all four markers in St/CDA
group, they only represent ∼12% when mice received the
Sc/CDA formulation (Figure 5C). On the contrary, single
positive producers were highly represented in this group,
where almost 40% of the antigen-specific response detected
was monofunctional.

Higher IFN-γ MFI was detected in multifunctional cells
in both groups. However, CD4T cells from St/CDA group
presented the highest levels in all subsets (Figure 5DI).
Regarding TNF-α production, this scenario was not observed
(Figure 5EI). Still, upon calculation of the integrated MFI
(iMFI), a metric that encompass the magnitude (frequency)
and the quality (fluorescence intensity) of this cytokine, the
same trend was detected (Figure 5EII). Similarly, a marked
contrast was observed in the iMFI of IFN-γ production between
both groups, a fact that highlights the better sensibility of
this measurement for comparing functionality among different
formulations (Figures 5DII, EII). Altogether, these results point
to a higher quality of helper T lymphocytes primed by
the St/CDA formulation that might contribute to efficacy
differences observed.

CD8+ T-Cell Functionality Is Improved in
St/CDA Group
As CD8+ T cells play a pivotal role in controlling T. cruzi
infection, we analyzed the priming of pathogen-specific cells by
surface staining, employing an MHC-I dextramer loaded with
the peptide TEWETGQI, an immunodominant peptide from the
ASP2 region of Traspain (Figure 1A). We observed an expansion
of antigen-specific CD8+ T cells in both vaccinated groups.
However, mean values were significantly higher only in St/CDA
group compared to controls (Figure 6A). A two-fold increase
in its peptide-specific CTL frequency was observed when we
compared individuals from both treated groups revealing a more
robust CTL response in this group. A similar trend between
groups was observed when production of IFN-γ, TNF-α, and
CD107α was analyzed (Figures 6CI–III).

Employing Boolean strategy, we assessed all combinations of
these three markers. St/CDA showed an increase in the frequency
ofmarker combinations compared to Sc/CDA, specifically a four-
fold increment was observed in the magnitude of 3+ CD8T cells

(Figure 6D). Taking into account the total antigen-specific CD8
response detected, this multifunctional CTL subset represents
32% in St/CDA group vs. 22% in Sc/CDA (Figure 7A).

Differences in the production levels of cytokines between
groups were observed in TNFα but not in IFNγ-producing
subsets as MFI analysis revealed (Figures 7B,CI). However,
considering the frequency of each subpopulation, mice
vaccinated with St/CDA displayed a clear difference in both
cytokine subsets (Figures 7B,CII). Consequently, a significant
four-fold increase in the IFNγ-iMFI of 3+ polyfunctional subset
was detected when we compared both formulations.

In order to confirm the cytotoxic potential of CD8+ T
lymphocytes generated by St/CDA formulation, we performed
an in vivo cytotoxicity assay where we transferred splenocytes
loaded with TEWETGQI peptide from a syngeneic donor to
naïve, immunized, or immunized and infected mice (Figure 7D).
Hence, St/CDA vaccinated animals presented around 30% lysis
of TEWETGQI+ cells. Nearly half of this value was observed in
Sc/CDA. The ability of the clone to re-expand was confirmed
by its increased cytotoxic activity upon T. cruzi infection,
reaching values of about 60% lysis in immunized mice at 45
dpi and further demonstrating that the functionality of this
subset is still preserved after parasite infection (Figures 7D,F).
In a similar fashion, higher proliferation potential was detected
in spleen cells from St/CDA at 100 dpi upon antigen-specific
re-stimulation (Figure 7E). As T-cell response plays a key
role for the elimination of infected cells in T. cruzi target
tissues, its functionality represents an essential feature for the
immune mediated control of T. cruzi infection induced by
prophylactic vaccination.

DISCUSSION

The definition of a correlate of protection for anti-T. cruzi
vaccines is still missing. This fact is related with the complexity of
the immune response required to control parasite invasion and
intracellular replication.

We have recently introduced Traspain, a unique chimeric
antigen based on key T. cruzi antigens that proved to be effective
for the control of experimental infection in a subunit vaccine
model employing CDA as an adjuvant. The results shown here
indicate that novel heterologous prime-boost strategies should
be focused on obtaining robust polyfunctional T-cell responses
in order to be an effective regimen to trigger anti-parasitic cell-
mediated immunity.

The profile of the immune response triggered was influenced
not only by the adjuvant employed in boost doses but also
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by the antigen in each regimen. In agreement with previous
results (10), mice that received CDA in boost doses displayed a
Th1/Th17 bias with a balanced cytokine profile. In contrast, a
prime-boost regimen designed to trigger TLR9 employing CpG
as boost adjuvant showed an immune response consistent with a
Th1 polarized profile (Figure 1F). The robustness of the immune
response obtained with these two adjuvants was different in terms
of IL-17, IFN-γ, and IL-4 secretion. In addition to the differences
in the signaling pathway, this fact might be related to several
variables that we cannot rule out like dissimilarities in TLR9
and STING distribution in mice nasal mucosa, differences in the
stability of these two small molecules, and the state of the immune
system after oral DNA priming by live-attenuated bacteria. All
these might contribute to a more efficient boost potency of CDA
over CpG.

Interestingly, the single antigens combined in the Sc/CDA
group, failed to achieve similar levels of vaccine potency despite
receiving CDA. This fact clearly emphasizes the importance
of the immunogen, as we have previously observed a similar
scenario in the subunit vaccine model where Traspain showed an
improved priming efficiency compared to the formulation and
administration of the main two domains alone (10). Even though

the difference between CMI can be attributed to the presence
of iTS linker in the Traspain formulation, the likelihood of this
scenario seems to be on the low side considering the short length
of the sequence (only 25 amino acids) and the lack of known
immunodominant epitopes in that region of the molecule. We
have previously determined that the linker region from iTS can
be targeted by antibodies and CTL response in Traspain/CDA
vaccinated mice.

The more balanced and robust immune response triggered
by a CDA boost within the same immunogen highlights its
advantageous use for mucosal prime-boost strategies over other
adjuvants or its inclusion in the design of novel adjuvant systems,
an strategy that has been proved to have a positive effect on
immunogenicity and efficacy against intracellular pathogens (47).

In terms of vaccine efficacy, we demonstrated that there
was a clear correlation with immunogenicity, since St/CDA
immunized mice showed an enhanced immune response that
was then associated with a reduction of circulating parasites and
an increase in survival rates upon a lethal T. cruzi challenge
(Figure 2).

Considering that vaccine efficacy can be higher against
vaccine-like strains compared to others from a different genetic
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FIGURE 7 | expression within functionally defined subsets of responding cells. Both mean fluorescent intensity MFI (I) and integrated MFI (II) are shown. *p < 0.05

**p < 0.01 comparing between groups, two-way ANOVA + Sidak’s multiple comparisons test. (D) in vivo CTL assay. Spleen cells from female C3H donor mice were

loaded with TEWETGQI peptide or unloaded. Cells were stained with CFSE, and intravenously injected to syngeneic naïve, vaccinated (St/CDA, Sc/CDA) or

St/CDA-vaccinated and T. cruzi RA infected mice at 45 dpi. *p < 0.05 ***p < 0.001 against Sc/CDA group. #p < 0.05, between the indicated groups, one-way

ANOVA + Tukey’s multiple comparisons test. Results are expressed as mean ± SEM, and represent at least three independent experiments, n = 3 per group.

(E) 3H-Thymidine incorporation assay. Spleen cells from T. cruzi-RA-infected female mice were removed at 100 dpi and recalled with 20µg/ml of F105 T. cruzi lysate.

Results are expressed as proliferation index (PI). ##p < 0.01 between indicated groups. **p < 0.01 comparing with Se/PBS. one-way ANOVA + Tukey’s multiple

comparisons test, n = 6 per group. (F) Representative density-plot of in vivo CTL assay showing percentage of CFSE populations in the indicated groups. All results

are representative of two to three independent experiments.

background, infection with a parasite from DTU I, clone K-98
was tested. This T. cruzi clone has several useful characteristics.
It has a low virulence in the murine model, a slow replication
rate, and, given its DTU I background, is likely to have a more
discrete antigenic repertoire compared to DTU VI strains like
RA, employed here for lethal assays (48). Importantly, given
its non-lethality, this infection model allows us to evaluate
vaccine performance throughout a longer infection time without
reducing the initial load of parasite inoculum.

Regarding vaccine efficacy, we found a similar profile in both
acute and chronic infection models, St/CDA immunization being
the one that produced the strongest reduction of blood parasites
and an important reduction of body weight loss compared with
the non-vaccinated control.

As cardiac muscle is one of T. cruzi’s target tissues,
murine ECG was employed as a tool for assessing cardiac
physiology. Its data revealed an improved outcome on vaccinated
animals, which suffered fewer alterations (QTc and PR interval
prolongation), compared to Se/PBS infected mice. Similar
alterations were previously observed in other T. cruzi-infected
mice (6, 49). Interestingly, between vaccinated groups, Sc/CDA
presented the worst performance. This group, like infected
controls, showed higher alterations of ECG at 120 dpi, a fact
that was then associated with increased CK-MB serum activity,
parasite persistence, and mononuclear cell infiltrate at endpoint
at both the cardiac and skeletal muscle level. These readouts
indicate a suboptimal control of the disease progression in these
animals. Even though cardiac damage was detected by CK-
MB activity in sera at endpoint, parasite persistence determined
by qPCR, was higher in skeletal muscle, representing one
shortcoming of the infection model.

Beneficial effect of IL-17 might be related with the
improvement in the outcome of St/CDA vaccinated group
compared to St/CpG. Presence of IL-17 secreting cells might
contribute to an improved priming of CTL responses (30)
and to the control of an otherwise extreme pro-inflammatory
immune response (50). The latter is a common scenario of
lethal acute T. cruzi infections and may explain differences
in protection observed upon RA challenge, a similar situation
was observed with hypervirulent strains of M. tuberculosis (23).
However, in chronic infection models like the K-98 clone-male,
C3H mice we were not able to detect clear-cut differences
between each formulation, at least in the analyzed readouts.
Considering that Th17 cells play a role in autoimmune diseases
that are associated with chronic inflammation, the lack of an
overwhelming inflammatory response in vaccinated animals
suggests that the Th17 cells primed did not undergo a maturation

process that would have led them to acquire a pathogenicity state
upon T. cruzi infection.

Given that St/CDA and Sc/CDA groups performed so
distinctly and considering the differences previously observed
in the subunit vaccine model (10), we speculate that priming
of CD4 and CD8T cells might be compromised in the latter.
To test this hypothesis, we further analyzed the quantity
and quality of the cell-mediated immunity triggered by
these two formulations by flow cytometry. Indeed, Boolean
gating strategy revealed key functional differences between
each other in both antigen-specific CD4 and CD8 T-cell
compartments (Figures 5–7).

Higher levels of poly-functional T-cell subsets has been
directly related with an improved efficacy in other vaccinemodels
against intracellular pathogens (51, 52). In agreement with this
observation, an improved outcome was detected in the St/CDA
group, which showed an increase in the frequency of poly-
functional CD4 and CD8 T-cell subsets.

Interestingly, bigger differences were observed at the
CD4 compartment, where more than 70% of the antigen-
specific response produced 3+ and 4+ functions. This fact
might be influenced by the stimulation protocol since the
CD4 compartment was stimulated by whole recombinant
Traspain, while the CD8 compartment was stimulated only with
TEWETGQI peptide. Employing a peptide pool for recalling
T cells can solve this issue in upcoming studies. On the other
hand, increasing the sample size would let us detect differences
among groups that might be underestimated in this study.

Another observation that might contribute to the improved
control of T. cruzi progression in St/CDA groups might be
associated with the higher quality of multifunctional subsets as
was demonstrated by its higher ability to produce more of each
cytokine compared to less functional ones as well as higher
in vivo CTL activity. This scenario was also observed with other
vaccines against parasitic disease such as leishmaniasis (51) and
malaria (53).

We believe that multifunctional T-cell priming would be a
desirable attribute for a T-cell-based vaccine against T. cruzi
considering that it involves not only a higher effector function
but also a greater long-term memory potential, as single positive
cells are associated with terminal effector T lymphocytes (54).
Interestingly, monofunctional responses have been observed
in T. cruzi chronically infected patients (55) and a higher
functionality has been observed in patients with less severe
forms of chronic Chagas cardiomyopathy (24, 56), as well as in
T. cruzi-infected children (55), a stage of life where parasitic cure
by drug treatment is possible.
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In the murine model, the functionality of CTL responses
during the chronic phase is essential for controlling parasite
burden (57), and improving it through active immunotherapy
or drug combination therapy, though challenging, seems an
attractive area of research. Even though heterologous prime-
boost immunization represents an interesting strategy to
optimize T-cell responses, we showed that fine-tuning is also
possible not only by varying the nature of the adjuvant employed
in the subunit vaccine type but also by changing the nature of
the antigen. Therefore, constructing new molecules in order to
improve immunogenicity should be further studied. The results
presented here reinforce the notion that measurement of T-cell
polyfunctionality is a key factor that needs to be considered in
the definition of a correlate of protection for the design of novel
anti-parasitic vaccines and that the analysis of T-cell responses
against protective parasitic antigens for the rational design of
novel anti-T cruzi vaccines should be further extended.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

This animal studies were reviewed and approved by the Review
Board of Ethics of the School of Medicine, UBA, Argentina

(Resol. C.D. #3721/2014) following the guidelines established by
the National Research Council, and conducted in accordance
to the regulations of Lower Saxony No. 09.42502 04 105/07,
Germany. Animal sample size was estimated by a power-
based method.

AUTHOR CONTRIBUTIONS

AS, AB, SC, and EM designed experiments. AS, AB,MM, NC, KS,
SW, TE, GG, CM, AC, and SC performed experiments. AS, AB,
and KS analyzed data. AS, AB, NC, SC, CG, and EM discussed
data. AS and EM wrote the manuscript. AS, CG, and EM revised
the manuscript.

FUNDING

Financial support was received from the Universidad de
Buenos Aires (20020130100788BA), the Consejo Nacional
de Investigaciones Cientìficas y Técnicas (CONICET,
PUE-0017CO-2016), and Agencia Nacional de Promoción
Científica y Técnica (PICT-2010-0657 and PICT-2014-
0854 to EM), Argentina; and from the German Federal
Ministry of Education and Research (BMBF) under
the project ARG 10/005 (01DN12004 to CG). The
funders had no role in study design, data collection and
analysis, the decision to publish, or the preparation of
the manuscript.

REFERENCES

1. World Health Organization. Sustaining the drive to overcome the global impact

of neglected tropical diseases. Second WHO Report on Neglected Tropical

Diseases (2013). p. 67–71.

2. World Health Organization. Preventing Mother-to-Child Transmission

of Chagas Disease: From Control to Elimination. World Health

Organization (2018).

3. Pecoul B, Batista C, Stobbaerts E, Ribeiro I, Vilasanjuan R, Gascon J, et al.

The BENEFIT trial: where do we go from here? PLoS Negl Trop Dis. (2016)

10:e0004343. doi: 10.1371/journal.pntd.0004343

4. Rassi A, Marin-Neto JA. Chagas disease. Lancet. (2010) 375:1388–402.

doi: 10.1016/S0140-6736(10)60061-X

5. Sánchez-Valdéz FJ, Pérez Brandán C, Ferreira A, Basombrío MÁ. Gene-

deleted live-attenuated Trypanosoma cruzi parasites as vaccines to

protect against Chagas disease. Expert Rev Vaccines. (2015) 14:681–97.

doi: 10.1586/14760584.2015.989989

6. Bivona AE, Sánchez Alberti A, Matos MN, Cerny N, Cardoso AC, Morales

C, et al. Trypanosoma cruzi 80 kDa prolyl oligopeptidase (Tc80) as a

novel immunogen for Chagas disease vaccine. PLoS Negl Trop Dis. (2018)

12:e0006384. doi: 10.1371/journal.pntd.0006384

7. Fralish BH, Tarleton RL. Genetic immunization with LYT1 or a pool of

trans-sialidase genes protects mice from lethal Trypanosoma cruzi infection.

Vaccine. (2003) 21:3070–80. doi: 10.1016/S0264-410X(03)00121-X

8. Cazorla SI, Frank FM, Becker PD, Arnaiz M, Mirkin GA, Corral RS,

et al. Redirection of the immune response to the functional catalytic

domain of the cystein proteinase cruzipain improves protective immunity

against Trypanosoma cruzi infection. J Infect Dis. (2010) 202:136–44.

doi: 10.1086/652872

9. Vasconcelos JR, Dominguez MR, Neves RL, Ersching J, Araújo A, Santos LI,

et al. Adenovirus vector-induced CD8+ T effector memory cell differentiation

and recirculation, but not proliferation, are important for protective

immunity against experimentalTrypanosoma cruzi infection.HumGene Ther.

(2014) 25:350–63. doi: 10.1089/hum.2013.218

10. Sanchez Alberti A, Bivona AE, Cerny N, Schulze K, Weißmann S, Ebensen

T, et al. Engineered trivalent immunogen adjuvanted with a STING agonist

confers protection against Trypanosoma cruzi infection. NPJ Vaccines. (2017)

2:9. doi: 10.1038/s41541-017-0010-z

11. Gupta S, Garg NJ. A two-component DNA-prime/protein-boost

vaccination strategy for eliciting long-term, protective T cell immunity

against Trypanosoma cruzi. PLoS Pathog. (2015) 11:e1004828.

doi: 10.1371/journal.ppat.1004828

12. Rigato PO, de Alencar BC, de Vasconcelos JRC, Dominguez MR, Araújo

AF, Machado AV, et al. Heterologous plasmid DNA prime-recombinant

human adenovirus 5 boost vaccination generates a stable pool of protective

long-lived CD8+ T effector memory cells specific for a human parasite,

Trypanosoma cruzi. Infect Immun. (2011) 79:2120–30. doi: 10.1128/IAI.0

1190-10

13. Matos MN, Sánchez Alberti A, Morales C, Cazorla SI. A prime-boost

immunization with Tc52 N-terminal domain DNA and the recombinant

protein expressed in Pichia pastoris protects against Trypanosoma cruzi

infection. Vaccine. (2016) 34:3243–51. doi: 10.1016/j.vaccine.2016.05.011

14. Hailemichael Y, Dai Z, Jaffarzad N, Ye Y, Medina MA, Huang XF, et al.

Persistent antigen at vaccination sites induces tumor-specific CD8+ T

cell sequestration, dysfunction and deletion. Nat Med. (2013) 19:465–72.

doi: 10.1038/nm.3105

15. Schillie S, Harris A, Link-Gelles R, Romero J, Ward J, Nelson N.

Recommendations of the advisory committee on immunization practices for

use of a hepatitis B vaccine with a novel adjuvant.MMWRMorb Mortal Wkly

Rep. (2018) 67:455–8. doi: 10.15585/mmwr.mm6715a5

16. Frank FM, Petray PB, Cazorla SI, Muñoz MC, Corral RS, Malchiodi EL. Use

of a purified Trypanosoma cruzi antigen and CpG oligodeoxynucleotides for

immunoprotection against a lethal challenge with trypomastigotes. Vaccine.

(2003) 22:77–86. doi: 10.1016/S0264-410X(03)00541-3

Frontiers in Immunology | www.frontiersin.org 14 February 2020 | Volume 11 | Article 12876

https://doi.org/10.1371/journal.pntd.0004343
https://doi.org/10.1016/S0140-6736(10)60061-X
https://doi.org/10.1586/14760584.2015.989989
https://doi.org/10.1371/journal.pntd.0006384
https://doi.org/10.1016/S0264-410X(03)00121-X
https://doi.org/10.1086/652872
https://doi.org/10.1089/hum.2013.218
https://doi.org/10.1038/s41541-017-0010-z
https://doi.org/10.1371/journal.ppat.1004828
https://doi.org/10.1128/IAI.01190-10
https://doi.org/10.1016/j.vaccine.2016.05.011
https://doi.org/10.1038/nm.3105
https://doi.org/10.15585/mmwr.mm6715a5
https://doi.org/10.1016/S0264-410X(03)00541-3
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sanchez Alberti et al. Polyfunctionality Improves Anti-T. cruzi Vaccine

17. Hoft DF, Eickhoff CS, Giddings OK, Vasconcelos JRC, Rodrigues MM.

Trans-sialidase recombinant protein mixed with CpG motif-containing

oligodeoxynucleotide induces protective mucosal and systemic Trypanosoma

cruzi immunity involving CD8+ CTL and B cell-mediated cross-priming. J

Immunol. (2007) 179:6889–900. doi: 10.4049/jimmunol.179.10.6889

18. Tarleton RL. CD8+ T cells in Trypanosoma cruzi infection. Semin

Immunopathol. (2015) 37:233–8. doi: 10.1007/s00281-015-0481-9

19. Pennock ND, Kedl JD, Kedl RM. T cell vaccinology: Beyond the

reflection of infectious responses. Trends Immunol. (2016) 37:170–80.

doi: 10.1016/j.it.2016.01.001

20. Matos MN, Cazorla SI, Schulze K, Ebensen T, Guzmán CA, Malchiodi EL.

Immunization with Tc52 or its amino terminal domain adjuvanted with c-di-

AMP induces Th17+Th1 specific immune responses and confers protection

against Trypanosoma cruzi. PLoS Negl Trop Dis. (2017) 11:e0005300.

doi: 10.1371/journal.pntd.0005300

21. VeldhoenM. Interleukin 17 is a chief orchestrator of immunity.Nat Immunol.

(2017) 18:612–21. doi: 10.1038/ni.3742

22. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et al.

IL-23 and IL-17 in the establishment of protective pulmonary CD4+ T cell

responses after vaccination and duringMycobacterium tuberculosis challenge.

Nat Immunol. (2007) 8:369–77. doi: 10.1038/ni1449

23. Gopal R, Monin L, Slight S, Uche U, Blanchard E, Fallert Junecko

BA, et al. Unexpected Role for IL-17 in protective immunity against

hypervirulent Mycobacterium tuberculosis HN878 infection. PLoS Pathog.

(2014) 10:e1004099. doi: 10.1371/journal.ppat.1004099

24. Sousa GR, Gomes JAS, Damasio MPS, Nunes MCP, Costa HS, Medeiros NI,

et al. The role of interleukin 17-mediated immune response in Chagas disease:

high level is correlated with better left ventricular function. PLoS ONE. (2017)

12:e0172833. doi: 10.1371/journal.pone.0172833

25. Magalhães LMD, Villani FN, Nunes Mdo CP, Gollob KJ, Rocha MOC,

Dutra WO. High interleukin 17 expression is correlated with better

cardiac function in human chagas disease. J Infect Dis. (2013) 207:661–5.

doi: 10.1093/infdis/jis724

26. Camara EJN, Mendonca VRR, Souza LCL, Carvalho JS, Lessa RA, Gatto

R, et al. Elevated IL-17 levels and echocardiographic signs of preserved

myocardial function in benznidazole-treated individuals with chronic

Chagas’ disease. Int J Infect Dis. (2019) 79:123–30. doi: 10.1016/j.ijid.2018.

11.369

27. Tosello Boari J, Amezcua Vesely MC, Bermejo DA, Ramello MC,

Montes CL, Cejas H, et al. IL-17RA signaling reduces inflammation

and mortality during Trypanosoma cruzi infection by recruiting

suppressive IL-10-producing neutrophils. PLoS Pathog. (2012) 8:e1002658.

doi: 10.1371/journal.ppat.1002658

28. da Matta Guedes PM, Gutierrez FR, Maia FL, Milanezi CM, Silva GK,

Pavanelli WR, et al. IL-17 produced during Trypanosoma cruzi infection plays

a central role in regulating parasite-induced myocarditis. PLoS Negl Trop Dis.

(2010) 4:e604. doi: 10.1371/journal.pntd.0000604

29. Tosello Boari J, Araujo Furlan CL, Fiocca Vernengo F, Rodriguez C, Ramello

MC, Amezcua Vesely MC, et al. IL-17RA-signaling modulates CD8+ T cell

survival and exhaustion during Trypanosoma cruzi infection. Front Immunol.

(2018) 9:2347. doi: 10.3389/fimmu.2018.02347

30. Cai CW, Blase JR, Zhang X, Eickhoff CS, Hoft DF. Th17 cells are more

protective than Th1 cells against the intracellular parasite Trypanosoma

cruzi. PLOS Pathog. (2016) 12:e1005902. doi: 10.1371/journal.ppat.10

05902

31. Plotkin SA, Orenstein WA, Offit PA, Kathryn ME. Plotkin’s Vaccines. 7th ed.

Philadelphia, PA: Elsevier Inc. (2018).

32. National Research Council (U.S.). Committee for the Update of the Guide

for the Care and Use of Laboratory Animals, Institute for Laboratory Animal

Research (U.S.). Guide for the Care and Use of Laboratory Animals. National

Academies Press (2011).

33. Charan J, Kantharia ND. How to calculate sample size in animal studies? J

Pharmacol Pharmacother. (2013) 4:303–6. doi: 10.4103/0976-500X.119726

34. Risso MG, Garbarino GB, Mocetti E, Campetella O, González Cappa SM,

Buscaglia CA, et al. Differential expression of a virulence factor, the trans-

sialidase, by the main Trypanosoma cruzi phylogenetic lineages. J Infect Dis.

(2004) 189:2250–9. doi: 10.1086/420831

35. Sanchez MV, Ebensen T, Schulze K, Cargnelutti D, Blazejewska P, Scodeller

EA, et al. Intranasal delivery of influenza rNP adjuvanted with c-

di-AMP induces strong humoral and cellular immune responses and

provides protection against virus challenge. PLoS ONE. (2014) 9:e104824.

doi: 10.1371/journal.pone.0104824

36. Matos MN, Cazorla SI, Bivona AE, Morales C, Guzman CA, Malchiodi

EL. Tc52 amino-terminal-domain DNA carried by attenuated Salmonella

enterica serovar typhimurium induces protection against a Trypanosoma

cruzi lethal challenge. Infect Immun. (2014) 82:4265–75. doi: 10.1128/IAI.02

190-14

37. Cazorla SI, Matos MN, Cerny N, Ramirez C, Alberti AS, Bivona AE, et al. Oral

multicomponent DNA vaccine delivered by attenuated Salmonella elicited

immunoprotection against American trypanosomiasis. J Infect Dis. (2015)

211:698–707. doi: 10.1093/infdis/jiu480

38. Postan M, Bailey JJ, Dvorak JA, McDaniel JP, Pottala EW. Studies of

Trypanosoma cruzi clones in inbred mice. III. Histopathological and

electrocardiographical responses to chronic infection. Am J Trop Med Hyg.

(1987) 37:541–9. doi: 10.4269/ajtmh.1987.37.541

39. Martin DL, Postan M, Lucas P, Gress R, Tarleton RL. TGF-β regulates

pathology but not tissue CD8+ T cell dysfunction during experimental

Trypanosoma cruzi infection. Eur J Immunol. (2007) 7:2764–71.

doi: 10.1002/eji.200737033

40. Mitchell GF, Jeron A, Koren G. Measurement of heart rate and Q-

T interval in the conscious mouse. Am J Physiol. (1998) 274:H747–51.

doi: 10.1152/ajpheart.1998.274.3.H747

41. Cummings KL, Tarleton RL. Rapid quantitation of Trypanosoma cruzi in

host tissue by real-time PCR. Mol Biochem Parasitol. (2003) 129:53–9.

doi: 10.1016/S0166-6851(03)00093-8

42. R Core Team. R: A Language and Environment for Statistical Computing.

Vienna: R Foundation for Statistical Computing (2013). Available online at:

http://www.R-project.org/

43. Cazorla SI, Becker PD, Frank FM, Ebensen T, Sartori MJ, Corral RS, et al.

Oral vaccination with Salmonella enterica as a cruzipain-DNA delivery system

confers protective immunity against Trypanosoma cruzi. Infect Immun. (2008)

76:324–33. doi: 10.1128/IAI.01163-07

44. Hauschka TS. Sex of host as a factor in Chagas’ disease. J Parasitol. (1947)

33:399–404. doi: 10.2307/3273675

45. Vorraro F, Cabrera WHK, Ribeiro OG, Jensen JR, De Franco M, Ibañez OM,

et al. Trypanosoma cruzi infection in genetically selected mouse lines: genetic

linkage with quantitative trait locus controlling antibody response.Mediators

Inflamm. (2014) 2014:952857. doi: 10.1155/2014/952857

46. Marinho CRF, Nuñez-Apaza LN, Bortoluci KR, Bombeiro AL, Bucci DZ,

Grisotto MG, et al. Infection by the Sylvio X10/4 clone of Trypanosoma cruzi:

relevance of a low-virulence model of Chagas’ disease.Microbes Infect. (2009)

11:1037–45. doi: 10.1016/j.micinf.2009.07.011

47. Ebensen T, Delandre S, Prochnow B, Guzmán CA, Schulze K. The

combination vaccine adjuvant system Alum/c-di-AMP results in quantitative

and qualitative enhanced immune responses post immunization. Front Cell

Infect Microbiol. (2019) 9:31. doi: 10.3389/fcimb.2019.00031

48. Franzén O, Ochaya S, Sherwood E, Lewis MD, Llewellyn MS,

Miles MA, et al. Shotgun sequencing analysis of Trypanosoma

cruzi i Sylvio X10/1 and comparison with T. cruzi VI CL brener.

PLoS Negl Trop Dis. (2011) 5:e984. doi: 10.1371/journal.pntd.00

00984

49. Eickhoff CS, Lawrence CT, Sagartz JE, Bryant LA, Labovitz AJ, Gala SS,

et al. ECG detection of murine chagasic cardiomyopathy. J Parasitol. (2010)

96:758–64. doi: 10.1645/GE-2396.1

50. Miyazaki Y, Hamano S, Wang S, Shimanoe Y, Iwakura Y, Yoshida H. IL-

17 is necessary for host protection against acute-phase Trypanosoma cruzi

infection. J Immunol. (2010) 185:1150–7. doi: 10.4049/jimmunol.0900047

51. Darrah PA, Patel DT, De Luca PM, Lindsay RWB, Davey DF, Flynn BJ, et al.

Multifunctional TH1 cells define a correlate of vaccine-mediated protection

against Leishmania major. Nat Med. (2007) 13:843–50. doi: 10.1038/nm1592

52. Dijkman K, Sombroek CC, Vervenne RAW, Hofman SO, Boot C, Remarque

EJ, et al. Prevention of tuberculosis infection and disease by local BCG

in repeatedly exposed rhesus macaques. Nat Med. (2019) 25:255–62.

doi: 10.1038/s41591-018-0319-9

Frontiers in Immunology | www.frontiersin.org 15 February 2020 | Volume 11 | Article 12877

https://doi.org/10.4049/jimmunol.179.10.6889
https://doi.org/10.1007/s00281-015-0481-9
https://doi.org/10.1016/j.it.2016.01.001
https://doi.org/10.1371/journal.pntd.0005300
https://doi.org/10.1038/ni.3742
https://doi.org/10.1038/ni1449
https://doi.org/10.1371/journal.ppat.1004099
https://doi.org/10.1371/journal.pone.0172833
https://doi.org/10.1093/infdis/jis724
https://doi.org/10.1016/j.ijid.2018.11.369
https://doi.org/10.1371/journal.ppat.1002658
https://doi.org/10.1371/journal.pntd.0000604
https://doi.org/10.3389/fimmu.2018.02347
https://doi.org/10.1371/journal.ppat.1005902
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.1086/420831
https://doi.org/10.1371/journal.pone.0104824
https://doi.org/10.1128/IAI.02190-14
https://doi.org/10.1093/infdis/jiu480
https://doi.org/10.4269/ajtmh.1987.37.541
https://doi.org/10.1002/eji.200737033
https://doi.org/10.1152/ajpheart.1998.274.3.H747
https://doi.org/10.1016/S0166-6851(03)00093-8
http://www.R-project.org/
https://doi.org/10.1128/IAI.01163-07
https://doi.org/10.2307/3273675
https://doi.org/10.1155/2014/952857
https://doi.org/10.1016/j.micinf.2009.07.011
https://doi.org/10.3389/fcimb.2019.00031
https://doi.org/10.1371/journal.pntd.0000984
https://doi.org/10.1645/GE-2396.1
https://doi.org/10.4049/jimmunol.0900047
https://doi.org/10.1038/nm1592
https://doi.org/10.1038/s41591-018-0319-9
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sanchez Alberti et al. Polyfunctionality Improves Anti-T. cruzi Vaccine

53. Schussek S, Trieu A, Apte SH, Sidney J, Sette A, Doolan DL. Novel

Plasmodium antigens identified via genome-based antibody screen induce

protection associated with polyfunctional T cell responses. Sci Rep. (2017)

7:15053. doi: 10.1038/s41598-017-15354-0

54. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection:

Implications for vaccine design. Nat Rev Immunol. (2008) 8:247–58.

doi: 10.1038/nri2274

55. Albareda MC, De Rissio AM, Tomas G, Serjan A, Alvarez MG, Viotti

R, et al. Polyfunctional T cell responses in children in early stages

of chronic Trypanosoma cruzi infection contrast with monofunctional

responses of long-term infected adults. PLoS Negl Trop Dis. (2013) 7:e2575.

doi: 10.1371/journal.pntd.0002575

56. Laucella SA, Postan M, Martin D, Hubby Fralish B, Albareda MC,

Alvarez MG, et al. Frequency of interferon-γ-producing T cells specific

for Trypanosoma cruzi inversely correlates with disease severity in chronic

human Chagas disease. J Infect Dis. (2004) 189:909–18. doi: 10.1086/

381682

57. Pack AD, Collins MH, Rosenberg CS, Tarleton RL. Highly competent, non-

exhausted CD8+ T cells continue to tightly control pathogen load throughout

chronic Trypanosoma cruzi infection. PLOS Pathog. (2018) 14:e1007410.

doi: 10.1371/journal.ppat.1007410

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Sanchez Alberti, Bivona, Matos, Cerny, Schulze, Weißmann,

Ebensen, González, Morales, Cardoso, Cazorla, Guzmán and Malchiodi. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 16 February 2020 | Volume 11 | Article 12878

https://doi.org/10.1038/s41598-017-15354-0
https://doi.org/10.1038/nri2274
https://doi.org/10.1371/journal.pntd.0002575
https://doi.org/10.1086/381682
https://doi.org/10.1371/journal.ppat.1007410~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


MINI REVIEW
published: 26 February 2020

doi: 10.3389/fimmu.2020.00266

Frontiers in Immunology | www.frontiersin.org 1 February 2020 | Volume 11 | Article 266

Edited by:

Ed C. Lavelle,

Trinity College Dublin, Ireland

Reviewed by:

Nitesh K. Kunda,

St. John’s University, United States

Sylvie Fournel,

Université de Strasbourg, France

*Correspondence:

Markus P. Radsak

radsak@uni-mainz.de

Specialty section:

This article was submitted to

Vaccines and Molecular Therapeutics,

a section of the journal

Frontiers in Immunology

Received: 30 November 2019

Accepted: 03 February 2020

Published: 26 February 2020

Citation:

Pielenhofer J, Sohl J, Windbergs M,

Langguth P and Radsak MP (2020)

Current Progress in Particle-Based

Systems for Transdermal Vaccine

Delivery. Front. Immunol. 11:266.

doi: 10.3389/fimmu.2020.00266

Current Progress in Particle-Based
Systems for Transdermal Vaccine
Delivery
Jonas Pielenhofer 1, Julian Sohl 2, Maike Windbergs 3, Peter Langguth 1 and

Markus P. Radsak 2*

1 Biopharmaceutics and Pharmaceutical Technology, Johannes Gutenberg-University, Mainz, Germany, 2 Third Department of

Medicine - Hematology, Oncology, Pneumology, University Medical Center of the Johannes Gutenberg-University, Mainz,

Germany, 3 Institute of Pharmaceutical Technology, Buchmann Institute for Molecular Life Sciences, Goethe-University,

Frankfurt, Germany

Transcutaneous immunization (TCI) via needle-free and non-invasive drug delivery

systems is a promising approach for overcoming the current limitations of conventional

parenteral vaccination methods. The targeted access to professional antigen-presenting

cell (APC) populations within the skin, such as Langerhans cells (LCs), various dermal

dendritic cells (dDCs), macrophages, and others makes the skin an ideal vaccination

site to specifically shape immune responses as required. The stratum corneum (SC)

of the skin is the main penetration barrier that needs to be overcome by the

vaccine components in a coordinated way to achieve optimal access to dermal APC

populations that induce priming of T-cell or B-cell responses for protective immunity.

While there are numerous approaches to penetrating the SC, such as electroporation,

sono- or iontophoresis, barrier and ablative methods, jet and powder injectors, and

microneedle-mediated transport, we will focus this review on the recent progress made

in particle-based systems for TCI. This particular approach delivers vaccine antigens

together with adjuvants to perifollicular APCs by diffusion and deposition in hair follicles.

Different delivery systems including nanoparticles and lipid-based systems, for example,

solid nano-emulsions, and their impact on immune cells and generation of a memory

effect are discussed. Moreover, challenges for TCI are addressed, including timely

and targeted delivery of antigens and adjuvants to APCs within the skin as well as a

deeper understanding of the ill-defined mechanisms leading to the induction of effective

memory responses.

Keywords: needle-free vaccination, transcutaneous immunization, drug delivery, particulate systems,

nanoparticles, vaccine particles

INTRODUCTION

The skin is the outer barrier of our body that executes a plethora of essential functions, including
maintenance of fluids, regulation of body temperature, sensing of pain, and sheltering from external
aggressors. These functions are accomplished by both the unique anatomy and the colonization of
the skin by a versatile network of skin-associated immune cells that permanently monitor their
tissue environment for invading pathogens. Due to the easy accessibility and the prevalence of
a profoundly complex and functionally rich network of immune cells in the skin, the interest
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in transcutaneous immunization (TCI) approaches has
successively increased since the proof-of-concept was made
by Glenn and co-workers two decades ago (1). Particularly
interesting for vaccination via the skin are the unique, but
heterogeneous populations of professional antigen-presenting
cells (APC) located in the viable epidermis and the dermis,
respectively. Since the initiation of a powerful adaptive immune
response requires optimal antigen presentation by professional
APCs, the innate cutaneous immune system is of notable interest
for vaccination via the skin (2).

Human skin consists of three major layers: Epidermis
(subclassified into stratum corneum and viable epidermis),
dermis, and subcutis. The basal part of the epidermis is populated
by a specialized subtype of dendritic cells, named Langerhans
cells (LCs). Langerhans cells are uniquely located in the
epidermal layer and build up the first line of APCs that encounter
skin-invading antigens. A multitude of scientific reports indicate
a crucial role for LCs in the induction of CD8+ T-cell responses,
likely due to their ability to cross-present antigens to naïve or
memory CD8+ T cells (3). The development and employment
of inducible transgenic rodent models (e.g., the Langerin-DTR
mouse model) recently challenged the essential need for LCs
as antigen-presenting cells in the skin and emphasized the
importance of dermal dendritic cells (dDCs) (4, 5).

Dermal DCs represent a highly mixed subset with functional
heterogeneity and have been identified as key players in the
induction of immune responses both in cutaneous infection and
in skin vaccination (6). Based on their developmental origin,
surface markers, and function, dDCs can be broadly subdivided
in steady-state conditions. The dermis is inhabited by two
conventional subtypes of dDCs, both originating from a common
bone-marrow-derived Lin− cKitint M-CSFR+ Flt3+ precursor.
The XCR1+ cDC1 subtype is functionally specialized in antigen
cross-presentation, polarization of T helper cells into the TH1
subset, and secretion of IFNγ, which emphasizes its crucial role
in acting against intracellular pathogens (7). The CD4+CD11b+

subset represents a separate DC lineage (“cDC2”) specialized in
the presentation of antigen to CD4+ T cells and with the unique
ability to favor polarization toward TH2 or TH17 responses,
which emphasizes their importance during immune responses to
extracellular pathogens. The development of the cDC2 lineage is
highly dependent on the transcription factor IRF4 (8). Moreover,
it has been shown that the cDC2 lineage is also able to prime
CD8+ T cells independently (9). However, recently published
reviews address the diversity of the cutaneous APC network and
facilitate a profound understanding of immunological processes
in the skin (2, 10).

The ideal targeting of cutaneous APC populations by a
skin-compatible adjuvant agent appears to be indispensable
for the induction of a powerful adaptive immune response
and the initiation of immunological memory. Immunological
adjuvants are defined as any substances that act to accelerate,
prolong, or enhance antigen-specific immune responses when
used in combination with a specific vaccine antigen. Adjuvant
agents initiate the maturation of cutaneous APCs, promote the
migration from the skin to the draining lymph node (dLN)
and enable ideal antigen-presentation to naïve T cells by the

up-regulation of co-stimulatory molecules on the APC, thereby
avoiding the induction of weak or anergic T cells (summarized
in Figure 1). Commonly used adjuvant agents in particle-based
systems target toll-like receptors (TLRs), nucleotide-binding and
oligomerization domain (Nod)-like receptor (NLRs), mannose
receptors, and complement receptors. Congruously to the
immense importance of adjuvant agents, numerous efforts have
been made in this research field, which have been excellently
summarized for vaccination in general and especially for particle-
based systems (11, 12).

The greatest obstacle preventing ideal targeting of skin-
resident APCs by vaccines is the anatomy of the stratum corneum.
Therefore, a diversity of strategies to overcome the stratum
corneum has recently been presented (13–16). In this review, we
will address progress made with particle-based systems used for
transcutaneous immunization (TCI) for optimized antigen and
adjuvant delivery. In general, particle-mediated TCI is achieved
by either active vaccine delivery enhancing vaccine penetration
by compromising the SC or by passive delivery based on passive
diffusion of vaccines into the skin. An overview of the particle
type, the used delivery method, the infection type and the
characterized immune response is presented in Table 1.

PARTICLE-BASED SYSTEMS FOR
TRANSCUTANEOUS VACCINATION

Active Delivery Methods
Active delivery of particle-based systems includes technologies
that involve the application of various devices to actively
enhance skin permeability to vaccines. These methods include
transdermal electroporation (26), sonophoresis (27, 28),
microneedle patches (13, 29, 30), skin radiofrequency/thermal
and laser ablation (31–34), jet or powder injection (15, 35), and
iontophoresis. Applying these methods together with vaccines
formulated as particulate systems enhances their skin penetration
and their recognition of and interaction with APCs (36).

Alongside this intrinsic adjuvanticity of particles, the type and
quality of the immune response also alters with changes in the
compositions of particles and their physicochemical properties
(e.g., size, shape, charge, hydrophobicity). For example, particle
size was found to contribute to cross-presentation efficiency, with
smaller particles enhancing cross-presentation efficiency (37,
38). Other particulate characteristics participating in vaccination
outcome include positive particle charge enhancing cellular
internalization via electrostatic attractive forces between particles
and negatively charged cell membranes, particle hydrophobicity,
and particle shape. However, their influence on immune system
activation is not yet fully understood [see (36, 39–41)].

Several studies have been performed to assess the use of active
delivery methods together with particle-based systems for TCI,
i.e., microneedles (17, 18, 42), iontophoresis (20), jet or powder
injection, or mild skin ablation by cyano-acrylate skin surface
stripping (CSSS) (43). In some of these studies, the combined
approaches for TCI with our without the use of adjuvant(s)
were reported to enhance vaccine skin entry, activate the innate
immune system, thereby serving as a physical adjuvant, and
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TABLE 1 | Overview of the particle type used, delivery technology, infection type, antigen and adjuvant used, and induced immune response in some of the presented

studies.

Particle type and/or delivery

technology

Infection type

/antigen/adjuvant

Induced immune response

Active particulate

delivery

Microneedle (MN) skin

pretreatment followed by

application of soybean

phosphatidylcholine/span 80

elastic vesicles (17)

Hepatitis B/ hepatitis B

surface antigen

(HBsAg)/Cholera toxin (CT)

- Adjuvanted formulations induced significantly higher titers of anti-HBsAg

antibodies (IgG, IgG1a, IgG2a) than formulations without CT after MN

pretreatment but significantly lower titers compared to intramuscular (IM)

immunization

MN loaded with cationic

polylactic-co-glycolic acid-poly-l-

lysine/poly-γ-glutamic acid

(PLGA-PLL/γPGA) nanoparticles

(NP) (18)

Ebola/Ebola DNA vaccine

(EboDNA) coated onto the

NPs/ no adjuvant

- Comparable antigen-specific IgG-levels for IM, MN immunization with NP

or after IM injection of naked EboDNA

- Significantly higher IgG1 subtype responses for IM immunization with NP

and higher responses for MN immunization with NP compared to IM

immunization with naked EboDNA

- No significant difference in IgG2a levels between IM/MN immunization with

NP and IM injection of naked EboDNA

- Highest neutralizing antibody activity against Ebola GP-mediated virus

entry for MN-mediated TCI with NP in pseudovirion neutralizind assay

MN loaded with EV-71 Virus-like

particles (VLPs) (19)

Hand-foot-and-mouth-

disease/Enterovirus 71

(EV71)/no adjuvant

- Comparable levels of IgG for MN and IM immunized mice but significantly

higher IgG responses for MN immunization compared to SC injection of

EV71-VLPs

- Balanced TH1/ TH2 response for IM or MN immunization compared to SC

immunization

- Significantly higher numbers of IFN-γ- and IL-4-secreting cells after

immunization with MNs than after IM or SC injection

Iontophoresis and OVA-loaded

liposomes and silver

nanoparticles (NPag) (20)

Model antigen Ovalbumin

(OVA)/no adjuvant

- Significantly higher IgG1 and IgG2a levels after second immunization with

iontophoresis and OVA-liposomes/NPag compared to the negative group

- Comparable IgG1-titers after the second immunization with iontophoresis

and OVA-NPag-liposomes and subcutaneous injection (SC)

- Iontophoretic treatment with OVA-NPag-liposomes resulted in higher levels

of activated T CD4 and B CD 19 cells; in contrast, cytotoxic T CD8

expression was not increased

- Iontophoresis alone activated the expression of total B lymphocytes

Passive particulate

delivery

OVA-loaded chitosan

nanoparticles (CS-NP) (21)

Model antigen

OVA/adjuvant imiquimod

- CS-NPs with the adjuvant revealed comparable levels of anti-OVA IgG titers

to SC injection of an OVA solution,

- Significantly higher IgG-levels after topical application of OVA-loaded CS-

NPs in comparison to topical application of an OVA solution

- Higher survival rate of tumor-bearing mice after TCI with antigen

gp100-loaded CS-NP in comparison to gp 100 antigen solution

Solid in oil dispersions (S/O)

carrying MHC-I antigen-binding

peptide TRP-2 (22)

Melanoma/MHC-I

antigen-binding peptide

TRP-2/ resiquimod (R-848)

- Comparable inhibition efficiency of tumor growth for the S/O formulation

compared to SC injection of the TRP-2 antigen and to that of administration

of pure resiquimod solution

- Suggested induction of T-cell responses for S/O-dispersion based on the

infiltration of cytotoxic T lymphocytes in tumor tissue

- Significant decrease in tumor growth rate in mice vaccinated with S/O

containing R-848; three of the five mice in the group had rejected the

tumor implantation by day 31

Solid nanoemulsion carrying

nano-dispersed imiquimod with

SIINFEKL (23–25)

Model Antigen SIINFEKL/

Imiquimod and, where

appropriate, CD40 ligands

- Enhanced primary CD8+ and CD4+ T-cell responses and tumor protection

when vaccinated with the solid nanoemulsion (SN) in comparison to the

reference formulation, Aldara®

- Co-application of the SN with co-stimulatory ligands such as CD40

ligands, promotes specific T-cell responses in the priming and memory

phase, strongly enhancing antitumor protection in mice

lead to higher or altered levels of humoral and cellular immune
responses compared to subcutaneous (SC) or intramuscular (IM)
vaccination with particulate or soluble antigens (19).

However, active delivery of particle-based systems is also
associated with some limitations. Although these combined
approaches, together with the addition of adjuvants, can enhance
vaccine skin penetration and immunogenicity, the induction of
strong protective immune response may not be achieved. This

can most likely be related to the lack of vaccine immunogenicity,
underlining the necessity of optimizing vaccine formulations
further to induce strong and protective immune responses
against pathogens or for vaccination against cancer. Regarding
the active vaccine delivery method itself, their enhancement
of skin permeability is often based on skin abrasion, an
undesirable feature that considerably increases the risk of
pathogen entry and cross infection, which is undesirable in
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FIGURE 1 | Overcoming the stratum corneum with particle-based systems and targeting of the APC network in the skin. Particle-based systems for transdermal

vaccine delivery facilitate the targeting of the versatile network of skin-resident antigen-presenting cells (APCs). Activated APCs incorporate an antigen and migrate to

the draining lymph node (dLN) where naive T cells are primed, thereby enabling an antigen-specific cellular immune response.

mass vaccination campaigns. However, some of these techniques
have good potential for combination with particle-based systems.
Microneedles represent widely studied minimally invasive drug
delivery systems that are promising for particle-based vaccine
delivery into the skin. Another interesting technique is to only
“gently” disrupt the stratum corneum via cyanoacrylate skin
surface stripping (CSSS). This increases the number of hair
follicles available for particulate penetration but, in parallel,
activates LCs and promotes amplification of CD8 effector T-
cells (44). Nevertheless, development of non-barrier-disruptive
methods is desirable.

Passive Delivery Methods
Passive delivery of particle-based systems includes noninvasive
administration of micro- and nanoparticles or lipid-based
systems, for example, solid nano-emulsions and vesicles, avoiding
skin-compromising methods. Antigen delivery relies on the
passive diffusion of the particles through the intact skin by the

formation of a concentration gradient, increasing the hydration
of the skin by occlusion and transfollicular diffusion (45). In
general, these methods are less time-consuming and have a
lower risk of secondary infections compared to barrier-disruptive
methods. However, the uptake of vaccines can be delayed
and/or restrained.

Micro- and nanoparticles (NPs) are attractive antigen and
adjuvant carriers for TCI because of their noninvasive delivery
of antigens to APCs in the skin (46, 47). Specifically, the use of
particles of a size of a few hundred nm is of interest for TCI
because they migrate into the hair follicles (HF) without barrier
disruption and accumulate there and are only slowly cleared by
hair growth or sebum production (46, 48, 49). The absorption
into HF is driven by the oscillatory movement of the hair inside
the follicle, mechanically enhancing HF flux, a so-called ratchet
effect (48–51). Primarily, this absorption depends on the size
of the particles, with an optimum of ∼600nm corresponding
to the thickness of overlapping cuticular hair surface cells (51).
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Negative surface charge and lipophilic surface properties also
have a positive effect on follicular absorption (52).

From an immunological perspective, vaccination via the
follicular route using NPs offers a high immunological potential
due to the associated APC environment surrounding the
hair follicle openings including Langerhans cells (LCs) in the
epidermis and dermal Dendritic cells (dDCs) in the dermis
(53). While pure antigens lack efficacy in penetrating the skin
to reach APCs for effective activation of the innate immune
cells (53), NP delivery of antigens and adjuvants facilitates
follicular absorption as well as prolonged exposure of antigens
to APCs, thereby enhancing the antigenicity through sustained
antigen release. Although no translocation of NPs from the
hair follicle into the living epidermis without barrier-comprising
methods has been reported so far (52), it seems that the
amount of antigen delivered into deeper regions of the hair
follicle and also the strength of the antigen-specific immune
response after follicular penetration of NPs in comparison to
antigenic solutions, can be increased (21, 54). For instance,
OVA-loaded chitosan NPs (CS-NPs) together with the adjuvant
imiquimod induced comparable levels of anti-OVA IgG titers
to SC injection of an OVA solution, while induction of IgG-
levels after topical application of OVA-loaded CS-NPs achieved
significantly higher antibody levels than topical application of an
OVA solution (21). In terms of cellular immunity, encapsulation
of the antigen gp100 into CS-NP followed by TCI revealed a
higher survival rate of tumor-bearing mice after follicular TCI
in comparison to a gp 100 antigen solution (21). However, the
cellular immune responses were not further characterized in the
latter study.

While NP-mediated vaccine delivery profits from higher
immunogenicity in comparison to soluble systems, it seems
that the addition of adjuvants, such as TLR agonists (e.g.,
imiquimod), ADP-ribosylating toxins (e.g., cholera toxin)
and others, is required for induction of strong humoral
and cellular immune responses as shown, e.g., by Mittal
and coworkers (55). In their study, only the administration
of OVA-loaded CS-polylactic-co-glycolic acid (PLGA)-NPs
co-administered with the adjuvant bis-(3′,5′)-cyclic dimeric
adenosine monophosphate (c-di-AMP) led to the induction
of a balanced TH1/TH2 response, which is necessary for
stimulation of strong humoral and cellular immune responses
(55). Moreover, the authors showed that the quality of
the immune response by stimulating multifunctional CD4+
and CD8+ T-cells characterized by secretion of various key
cytokines, e.g., TNF-α, IL-2, IFN-γ, and other necessary
cytokines for protection against different pathogens, could be
increased (53, 55).

However, transfollicular vaccination using NPs still has some
limitations. The use of chemical solvents and the physical
stress while manufacturing jeopardizes antigen and adjuvant
stability, thereby reducing the antigenicity of the antigens. A
simplified approach for antigen encapsulation into inverse-
micellar-sugar-glass particles (IMSG-NP) was shown to lead to
a higher encapsulation efficiency, better stability, and enhanced

follicular delivery of antigen and adjuvant (54) but resulted in
different immunological activation. In this study, high levels
of IgG1 antibody titers but no IgG2a-titers as compared to a
CS-PLGA-NP containing the same antigen and adjuvant were
observed. Also, considerable activation of CD4+-T-cells but
little or none of the CD8+-T-cell activation required for cancer
vaccination was detected (54).

Newer approaches aim to activate selected APC populations
and induce tailored adaptive immunity by conjugation of NPs
with DC-directed ligands such as mannose, as DCs express high
levels of mannose receptors, and to conjugate NPs with DC-
directed antibodies (e.g., anti-Clec9a) (53, 56). Furthermore, the
addition of a release trigger to the NP formulation, for instance,
by co-application with a protease (52), offers the potential to
specifically tailor the release at a certain penetration depth where
the desired APC population resides.

Lipid-based systems such as (charged) transfersomes (57),
ethosomes, cubomoses, niosomes, solid-in-oil dispersions, and
(solid) nanoemulsions are also interesting delivery vehicles for
non-barrier disruptive TCI (58, 59).

Transferosomes are elastic liposomes, consisting of
phospholipids and edge activators, e.g., surfactants, forming
(ultra-)deformable vesicles, which increase the skin permeability
to antigens in the presence of a hydration gradient by squeezing
through the intercellular regions of the intact SC (59, 60).
This gives them superior potential for antigen transport to
APCs compared to conventional liposomes (61). However,
contradictory results on the effectiveness in enhancing skin
permeability exist among different studies. For instance,
delivery of the HBs antigen DNA with ultradeformable
cationic liposomes revealed superior levels of cellular and
humoral immune responses compared to vaccination with
conventional liposomes (62), whereas Ding et al. report
that TCI with ultradeformable liposomes alone did not
improve immunogenicity but required skin pretreatment
with microneedles (63). However, surface modification of
transferosomes, e.g., by coupling them with DC receptor ligands
such as mannose, might compensate for the low vaccine levels
caused by limited transfersomal vaccine delivery through
enhanced DC vaccine uptake (56).

Ethosomes consist of phospholipid bilayer(s) encapsulating
a hydroalcoholic solution with high ethanol content (up
to 45%), increasing lipid fluidization of the vesicles and of
the skin lipids through interacting with polar lipid head
groups in the skin, thereby lowering their melting point (60).
In some studies, ethosomes were reported to be superior
delivery vehicles compared to conventional liposomes and
transfersomes. Rattanapack et al. observed that ethosomes
were superior vaccine carriers, as shown by improved
antigen skin penetration in vitro (64). However, in vivo
immunization studies were not performed. Zhang et al.
compared OVA- and saponin-loaded ethosomes, liposomes,
and transfersomes as regards their immunization potency in
mice (65). In vivo immunization experiments revealed the
highest anti-OVA IgG titers for immunization with ethosomes
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compared with liposomal or transfersomal TCI. However,
the type and quality of cellular immune responses were
not investigated.

Cubosomes are nanostructured dispersions of the
bicontinuous liquid, crystalline phase. While Rattanapak et al.
could show that cubosomes enhance antigen skin penetration,
it is not clear whether they enhance TCI efficacy, since in vivo
immunization experiments were not performed (64).

Niosomes are non-ionic surfactant vesicles and have also been
investigated for TCI. However, their application for TCI revealed
relatively low skin penetration and significantly lower induction
of antibody titers compared to TCI with transfersomes (66).

Solid-in-oil (S/O) dispersions comprise oily dispersions of
particulate surfactant-peptide complexes, which are made by
coating hydrophilic peptides with hydrophobic surfactants.
Evaluation of these carrier systems for TCI against cancer with
the adjuvant resiquimod and the melanoma MHC-I antigen-
binding peptide TRP-2 revealed comparable inhibition efficiency
of tumor growth for the S/O formulation compared to injection
of the TRP-2 antigen and to that of administration of pure
resiquimod without the peptide groups (22).

Nanoemulsions (NE) are heterogeneous systems of two
immiscible liquids, oily and aqueous in nature, carrying
drugs dispersed in nano-sized droplets with droplet sizes
of <500 nm into the skin (67). Their enhanced ability to
penetrate skin is due to the physico-chemical modification
of vaccines, including the small droplet size, high elasticity,
low polydispersity, high zeta-potential, and different NE and
emulsifier types (68). Moreover, the addition of occlusive
substances and the presence of high amounts of surfactants
are further options for enhanced vaccine delivery into the
skin. The route of delivery for NE is size-dependent in a
similar way to NP, where NE mainly enter the skin via the
HFs (69). However, it seems that these systems also deliver
vaccines into the skin through the intercellular pathway, even
if to a small extent due to their deformable nature. Within the
literature, the application of NEs for TCI revealed promising
immunogenic potential. For instance, incorporation of outer
membrane antigens of Salmonella enterica into an NE followed
by TCI revealed higher epidermal and transfollicular antigen
uptake and resulted in significantly higher IgG antibody titers
compared to TCI with ointment formulations (70). Interestingly,
encapsulation of the antigen into poly(anhydride) nanoparticles
and incorporation into an NE did result in significantly lower
antibody titers.

In our research group, we developed nano-dispersed
imiquimod formulations together with the synthetic peptide
SIINFEKL and compared them for their vaccination potency
against the commercially available imiquimod formulation
Aldara R© (71, 72). Despite the reduced skin flux in in vitro
experiments of the nano-dispersions compared to Aldara R©,
this seemed not to affect vaccination potency in in vivo
experiments, since the solid nanoemulsion formulation (SN)
revealed strongly enhanced primary CD8+ and CD4+ T-
cell responses compared to Aldara R©. This underlines that
prolonged exposure to adjuvant and antigen is necessary
for DC activation. In addition, application of the SN

together with co-stimulatory signals, e.g., CD 40 ligands,
revealed robust memory formation and enhanced tumor
protection (23–25).

CONCLUSION

In conclusion, particle-based systems have great potential for
transcutaneous vaccine delivery via the skin. Their active
skin delivery can enhance vaccine immunogenicity due to
achieving better particulate APC recognition and activation
compared to soluble antigens. In addition, the type and
quality of immune responses can be altered by varying the
particle characteristics, such as size charge, hydrophobicity,
material, and shape, as they participate in vaccination outcome
(cross-presentation efficiency, cellular internalization, innate
immune system activation). Particulate vaccine delivery with
passive methods enhances vaccine entry and activation of
APCs predominantly through the entrance and accumulation
of particles in the HF openings, where they expose APCs
to antigens for a prolonged time period, which can promote
the induction of humoral and cellular immune responses. In
contrast, penetration of particles through the intact stratum
corneum with passive delivery methods seems to play a
subordinate role.

However, while some progress has been made in particle-
based transcutaneous vaccination via the skin (active or
passive), it is not yet completely clear how to formulate
the particulate vaccine formulations to deliver vaccines
into the skin effectively and, in parallel, sufficiently activate
the immune system. A deeper understanding of the
effects of particle characteristics (e.g., size, shape, material,
hydrophobicity) and other immunization parameters (e.g., skin
condition, age, administration site) on immunization outcome
will allow accurate engineering of vaccine formulations
to enhance skin penetration and polarize CD4+ T-cell
differentiation to achieve tailored immunity. In perspective, such
vaccination approaches should lead to increased vaccination
efficacy in persistent infections and cancer and to patient
compliance, overcoming many of the current limitations of
standard vaccinations.
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Tuberculosis (TB) remains a major health threat. Although a vaccine has been available
for almost 100 years termed Bacille Calmette-Guérin (BCG), it is insufficient and better
vaccines are urgently needed. This treatise describes first the basic immunology and
pathology of TB with an emphasis on the role of T lymphocytes. Better understanding
of the immune response to Mycobacterium tuberculosis (Mtb) serves as blueprint for
rational design of TB vaccines. Then, disease epidemiology and the benefits and failures
of BCG vaccination will be presented. Next, types of novel vaccine candidates are
being discussed. These include: (i) antigen/adjuvant subunit vaccines; (ii) viral vectored
vaccines; and (III) whole cell mycobacterial vaccines which come as live recombinant
vaccines or as dead whole cell or multi-component vaccines. Subsequently, the major
endpoints of clinical trials as well as administration schemes are being described. Major
endpoints for clinical trials are prevention of infection (PoI), prevention of disease (PoD),
and prevention of recurrence (PoR). Vaccines can be administered either pre-exposure
or post-exposure with Mtb. A central part of this treatise is the description of the viable
BCG-based vaccine, VPM1002, currently undergoing phase III clinical trial assessment.
Finally, new approaches which could facilitate design of refined next generation TB
vaccines will be discussed.

Keywords: tuberculosis, vaccine, Bacille Calmette-Guérin, subunit, biomarker, macrophage, T lymphocyte,
clinical trial

“ Commit to advancing research for basic science, public health research and the development of innovative
products and approaches, . . ., without which ending the tuberculosis epidemic will be impossible, including
towards delivering, as soon as possible, new, safe, effective, equitable, affordable, available vaccines, . . .”

Resolution adopted by General Assembly of the United Nations from the High Level Meeting on the
fight against TB, 2018 (1).

INTRODUCTION

The only tuberculosis (TB) vaccine in use until today, Bacille Calmette Guérin (BCG), was
introduced in 1921 after intensive research & development (R&D) for more than a decade (2).
It was not the first tryout to immunize against TB. The very first attempt was made by Robert
Koch who used a subunit-adjuvant formulation (3). Subsequently, several other approaches were

Frontiers in Immunology | www.frontiersin.org 1 February 2020 | Volume 11 | Article 31687

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00316
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2020.00316
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00316&domain=pdf&date_stamp=2020-02-27
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00316/full
http://loop.frontiersin.org/people/124632/overview
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00316 February 25, 2020 Time: 19:18 # 2

Kaufmann Vaccination Against Tuberculosis

tested including killed mycobacterial vaccines and live non-
tuberculous mycobacterial strains. Yet, these all failed and the
only vaccine with proven safety and efficacy until today remains
BCG. In fact, today BCG is the most widely used vaccine,
which has been given more than 4 billion times. BCG was
developed to protect newborns at high risk of TB (2). This
mission has been accomplished at least partially since BCG
was proven to protect against severe extra pulmonary, but
less against pulmonary TB in infants (4–6). Yet, even today
infant TB takes a worrisome toll in TB endemic countries with
high coverage of BCG immunization (7–9). Later, BCG was
also tested as a vaccine against pulmonary TB in adolescents
and adults, but this ambitious target was not reached and
no vaccine has ever succeeded in reliably protecting against
pulmonary TB, the most prevalent form of the disease, in any age
group. A better vaccine is urgently needed since Mycobacterium
tuberculosis (Mtb), the cause of TB, remains on top of the
infamous list of deadly infectious agents (10). In 2018, 10 million
individuals fell ill with this disease and 1.5 million died (11)
(Figure 1). The early 21st century has witnessed increasing
R&D efforts for novel TB vaccines (12–19). These include
subunit-adjuvant formulations comprising fusion proteins of
Mtb, viral vectored vaccines expressing one or more antigens
of Mtb, killed mycobacterial vaccines and viable attenuated
mycobacterial vaccines.

IMMUNOPATHOLOGY OF
TUBERCULOSIS

Tuberculosis is a chronic infectious disease caused by the
intracellular pathogen Mtb (20). This acid-fast bacillus is shielded
by a unique lipoid-rich cell wall containing various wax-like
substances and glycolipids which contribute to resistance against
immune attack. Mtb is generally transmitted by aerosols in which
it enters alveoli in lower lung lobes. Once the pathogen has been
engulfed by alveolar phagocytes, it ends up in a phagosome,
where it keeps the local pH neutral (21). Moreover, Mtb is capable
of egressing into the cytosol (22). These and other mechanisms
facilitate resistance of Mtb to professional phagocytes including
polymorphonuclear neutrophilic granulocytes (in short
neutrophils) and mononuclear phagocytes (tissue macrophages
and monocytes) (23–27). Resting tissue macrophages generally
fail to eliminate Mtb and serve as its retreat due to their long
lifespan. Blood monocytes are slightly more aggressive but
fail to achieve sterile elimination of Mtb. Neutrophils are
highly aggressive phagocytes with the potential to harm Mtb.
Due to their short lifespan, they generally will not succeed in
completely eliminating Mtb and they do not serve as a harbor,
in which Mtb can persist. Once activated by cytokines, notably
Interferon-γ (IFN-γ), mononuclear phagocytes increase their
anti-bacterial capacities and pose a more serious threat to Mtb
although they generally fail to eradicate it completely. The
innate immune response mediated by professional phagocytes
serves as a first barrier for Mtb. Recent evidence suggests that
epigenetic changes induced by Mtb in professional phagocytes
leads to trained immunity. Such trained immunity could play

a role in early defense against repeated Mtb infections (28,
29). However, thus far compelling evidence for this notion is
still incomplete.

In addition, subtypes of dendritic cells (DC) can engulf Mtb
(30, 31). They likely translocate Mtb into the lung parenchyma,
where the formation of a granuloma is initiated.

Granuloma formation is strongly regulated by T lymphocytes
originally stimulated in the draining lymph nodes to which
DC harboring Mtb navigate (25, 32). T lymphocytes orchestrate
formation of solid granulomas which are primarily composed
of macrophages, DCs, and T and B lymphocytes. Within these
granulomas Mtb is contained and the infected individual remains
healthy and develops latent TB infection (LTBI) (24, 33, 34). CD4
T cells have been proven to be central to acquired resistance
against and containment of Mtb (19, 25). According to the
cytokines, these CD4 T cells secrete, they can be categorized into
TH1, TH2, and TH17 cells. TH1 cells are preferentially stimulated
during Mtb infection and are of major importance for defense.
They produce cytokines such as IFN-γ, interleukin-2 (IL-2) and
tumor necrosis-α (TNF-α). TH2 cells are only weakly induced.
They are often considered harmful in TB since they induce
inappropriate effector mechanisms. Their major cytokines are
IL-4, IL-5, IL-10, and IL-13. However, evidence has been provided
that TH2 cytokines, at least in part, can contribute to tissue
healing. TH17 cells induce rapid proinflammatory responses by
secreting IL-17. They are stimulated during Mtb infection and
evidence has been published that they participate in protection
against TB, notably at early stages of infection. The role of
CD8 T cells in protection and containment – although less
profound – is also widely accepted. CD8 T cells often produce
cytokines of TH1 type and in addition express cytolytic activity
(19, 25, 26). Contribution of cytolytic mechanisms to killing of
Mtb has been demonstrated (35). The role of other lymphoid
cells including innate lymphoid cells (iLC), NK T cells, mucosa
associated immune T cells (MAIT), γδ T lymphocytes, and B
lymphocytes is a matter of ongoing discussion (32, 36–45). B
lymphocytes could participate in immunity against TB via two
mechanisms: First, as regulatory B lymphocytes and second
as antibody producing plasma cells. Evidence for regulatory
B lymphocytes in immunity against TB is scarce (46, 47).
A role for distinct antibody isotypes in defense against TB has
been provided (36, 42, 45). Perhaps these antibodies modulate
professional phagocytes through their binding to distinct Fc
receptors. Convincing evidence has been generated that γδ T
cells contribute to early immune defense by secreting IL-17
(38). The iLC can be categorized into iLC-1, iLC-2 and iLC-3
according to their cytokine secretion pattern (40). Cytokines
produced by iLC-1 are of TH1 type, iLC-2 cytokines are of
TH2 and iLC-3 cytokines are of TH17 type. The iLC-1 and
iLC-3 probably contribute to resistance to Mtb and the iLC-2
to healing of lesions (37). During chronic infection, canonical
CD4 and CD8 T lymphocytes develop into memory T cells which
can be grouped into effector memory T cells (TEM), central
memory T cells (TCM), and tissue resident memory T cells
(TRM) (48). Although the role of the different memory T cells
in protection against Mtb is incompletely understood, evidence
for a particular role of TRM and TCM in protection against Mtb
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FIGURE 1 | Epidemiologic data for tuberculosis (TB).

has been provided (49, 50). It is likely that different types of
memory T cells participate in protective immunity at different
stages of infection.

During LTBI, Mtb is contained in solid granuolomas
(24, 33, 51). LTBI transforms into active TB disease when
granulomas become necrotic and then caseous. This happens
in about 5% of individuals with LTBI within the first 2 years
and in another 5% at later time points. Thus, only ca. 10%
of the 1.7 billion individuals with LTBI develop active TB
disease (52). Progression to active disease is due to weakening
of the immune response via several incompletely understood
mechanisms. It is likely that myeloid-derived suppressor cells and
regulatory T lymphocytes participate in dampening of protective
immunity (53, 54). These cells produce inhibitory cytokines
including IL-4, IL-10, and transforming growth factor-β (TGF-β).
Moreover, excessive checkpoint control through inhibitory
surface molecules including PD-1/PDL-1 and CTLA-4/B7
co-receptor interactions is likely involved (55, 56).

Notably, progression to active TB from LTBI must be viewed
as a continuum rather than a discrete step from one to another
stage (33, 57, 58). Mtb is transmitted from a TB patient to a
healthy individual in a metabolically active and replicative stage.
Hence, the host first encounters highly active Mtb (24). During
LTBI, Mtb changes from a metabolically active and replicative
stage into a dormant stage in which its activities are markedly
downregulated. Once progression to active TB has ensued, Mtb
wakes up and becomes active again.

At the early stage of infection, it is possible that Mtb is rapidly
eradicated before stable LTBI develops, but the proportion
of individuals who become transiently infected, sometimes
accompanied by a short episode of clinical symptoms remains
unclear (51, 57, 59). Recent evidence suggests LTBI is succeeded
by incipient TB, in which the host remains healthy, but becomes
alerted and Mtb regains its metabolic and replicative activities
(59–62). Subsequently, subclinical TB evolves in which first
signs of pathology occur although clinically the patient appears
healthy. Signs of host vigilance and pathology can be detected
by sensitive gene expression and metabolic profiling (26, 60–
62). Given that most, if not all, cases of subclinical TB progress
to active TB disease which can be clinically diagnosed, it is
possible to predict disease by sensitive profiling by means
of transcriptomics and metabolomics (60–63). Note that the
different stages are not discrete and that in a single patient
areas reflecting LTBI (solid granulomas containing dormant
Mtb), incipient TB (solid to necrotic granulomas in which
Mtb regains its metabolic and replicative activity), subclinical
TB (further increase in pathology due to transition of some
solid granulomas to necrotic ones and eventually first signs
of caseation) and active TB (all three forms of granulomas
present with a preponderance toward caseation and cavitation)
can coexist. Accordingly, different stages of granulomas ranging
from solid form to caseation and cavitation coexist, as well (58).
Obviously, the coexistence of different pathologies and different
Mtb activities render TB immunopathology highly complex.
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BOX 1 | Major vaccine candidates in clinical trials.
Different types of TB vaccines have entered the clinical trial pipeline. These are: viral vectored protein antigens of Mtb, fusion protein antigens of Mtb in adjuvants,
killed whole mycobacterial cell vaccines, and recombinant viable mycobacterial vaccines. The viral vectored and the adjuvanted protein vaccines are subunit
vaccines, which are generally considered to boost a prime with BCG. The viable TB vaccines are considered for BCG replacement or for boosting previous BCG
prime. Killed whole cell vaccines are sometimes considered for booster vaccination and more often for TB therapy in adjunct to chemotherapy.

• Viral vectored vaccines include MVA85A, a modified vaccinia Ankara (MVA) vaccine expressing antigen Ag85A of Mtb. First phase IIb efficacy trials with
this vaccine in neonates and in adults failed to provide protection (102, 103). More recently, the vaccine has been tested for safety and immunogenicity
after aerosol application (104, 105). Other viral vectored vaccines include replication deficient adenovirus vectors expressing antigen Ag85A and
a replication deficient H1N1 influenza vector expressing antigen Ag85A and ESAT-6. Novel prime boost schedules are also being tested including
adenovirus vectors for prime and MVA vector for boost expressing antigen Ag85A.

Major viral vectored candidates undergoing clinical testing are:
Ad5Ag85A (phase I), a replication-deficient adenovirus (Ad) 5 vector expressing Antigen 85A (106, 107).
ChAdOx1.85A + MVA85A (phase I), a prime/boost regimen comprising prime with a chimpanzee Adenovirus (ChAd) expressing Antigen 85A
(ChAdOx1.85A) followed by a boost with modified Vaccinia Ankara virus (MVA) expressing Antigen 85A (108).
TB-FLU-04L (phase IIa), a replication-deficient H1N1 influenza virus strain expressing Antigen 85A and ESAT-6 (109).

• Protein adjuvant formulations undergoing clinical testing include:
Hybrid 1 (H1, phase I completed) comprising either IC31 or CAF01 as adjuvant and a fusion protein of Antigen 85B and ESAT-6 as antigen (110, 111).
H4 (phase II completed) and H56 (phase IIb) formulated in IC31 as adjuvant and fusion proteins of Antigen 85B and TB10.4 (H4) or Antigen 85B, ESAT-6
and Rv2660c (H56) (73, 112–114).
ID93 (phase IIa) composed of GLA-SE as adjuvant and a fusion protein of 4 antigens, namely Rv2608, Rv3619, Rv3620 and Rv1813 (115, 116).
M72 (phase IIb completed) composed of AS01E as adjuvant and a fusion protein of 2 antigens, Rv1196, and Rv0125. M72 has completed a phase IIb
trial revealing its partial protective efficacy (for further details see text) (65, 66, 117).

• Compositions of adjuvants:
IC31, cationic peptides plus TLR-9 agonist;
CAF01, cationic liposome vehicle plus immunomodulatory glycolipid;
GLA-SE, Squalen oil-in-water emulsion plus TLR-4 agonist;
AS01E, liposomes with monophosphoryl lipid A plus saponin QS21.

• Viable vaccines undergoing clinical testing are:
MTBVAC (phase IIa completed), a genetically attenuated Mtb vaccine (118, 119).
VPM1002 (several phase III trials), a rBCG vaccine (for further details see text) (84, 85).

• Killed whole cell vaccines include:
DAR-901 (killed M. obuense) which had already completed a phase III trial under a different name (120–123) and is now under re-evaluation (phase I
trial completed) (124).
MIP (phase III) based on killed M. indicus pranii organisms (125–127).
M. vaccae (phase III) based on killed M. vaccae (128–132).
RUTI (phase IIa) a purified killed vaccine of Mtb fragments (133–135).

• Therapeutic vaccines: The above vaccine trials assess outcome of preventive vaccination. Several candidates are also tested as therapeutic vaccines
either for TB treatment in adjunct to canonical chemotherapy or for PoR of TB patients who were cured from TB by canonical chemotherapy but may
undergo recurrence (136).
Therapeutic vaccines in clinical trials include:
H56:IC31 (phase I), a subunit protein formulation;
ID93:GLA-SE (phase I), a subunit protein formulation;
RUTI (phase IIa), a purified killed vaccine of Mtb fragments;
TB-FLU-04L (phase IIa), a viral vectored vaccine;
MIP (phase III completed), a killed M. indicus pranii preparation;
M. vaccae (phase III completed), a killed M. vaccae preparation;
VPM1002 (phase III), a live rBCG vaccine.

CURRENT STATUS OF TUBERCULOSIS
EPIDEMIOLOGY AND THE
TUBERCULOSIS VACCINE PIPELINE

According to the latest TB report of the World Health
Organization (WHO), 10 million individuals developed active
TB disease and 1.5 million died of TB in 2018 (11). Globally
1.7 million individuals are Mtb infected (LTBI, incipient TB,

subclinical TB) (52). Thus, the goal of the WHO to eliminate
TB over the next decades requires much better intervention
measures and notably a highly efficacious vaccine (10). BCG
fails to protect against pulmonary TB, which is not only the
most prevalent form of disease but also the major source of
transmission. This has led to several attempts to design novel
vaccination regimens (18). Numerous vaccine candidates have
entered clinical trials and first promising results have been
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obtained (see below). Current vaccine candidates undergoing
clinical testing are viral vectored vaccines expressing a few Mtb
antigens, adjuvanted subunit vaccines typically comprising fusion
proteins representing two to four Mtb antigens, killed whole cell
vaccines and viable whole cell vaccines. Further details can be
found in Box 1. The vaccine candidates are tested in different
clinical situations. These are:

(i) Prevention of Infection (PoI): This clinical endpoint can
be applied for pre-exposure vaccination, i.e. vaccination
of individuals who have not yet encountered Mtb. The
most important target group for PoI are neonates. The
WHO has prioritized a vaccine to lower the risk of Mtb
infection (11).

(ii) Prevention of Disease (PoD): It is obvious that PoI will
result in PoD. The major target population for PoD,
however, are individuals with LTBI. Cutting the risk of TB
disease in individuals with LTBI has also been prioritized
by the WHO (11).

(iii) Prevention of Recurrence (PoR): In high endemic areas,
ca. 10% of TB patients who had been cured by
canonical drug treatment undergo recurrence, either due
to reinfection or relapse (64).

(iv) Therapeutic Vaccination in Adjunct to Canonical Drug
Treatment: Such a vaccination regimen gains increasing
importance for patients with multi or extensively drug-
resistant TB (MDR / XDR-TB) (16). An estimated half
million of active TB patients suffer from MDR-TB
and 50,000 to 100,000 individuals from XDR-TB (1).
Vaccines for PoR are sometimes considered as therapeutic
vaccines, as well.

This review will focus on vaccines that prevent active TB either
through PoI, PoD, or PoR.

PREVENTION OF DISEASE BY THE
SUBUNIT VACCINE M72 IN A PHASE IIb
CLINICAL TRIAL

The M72 vaccine candidate developed by GlaxoSmithKline
has successfully completed a phase IIb clinical trial (65, 66).
Participants of this study were HIV− adults with LTBI who had
been immunized with BCG as infants. Hence, the study was a
post-exposure booster immunization with a subunit vaccine with
PoD as clinical endpoint. The clinical endpoint was determined
after 2 years of follow-up as pulmonary TB in absence of
HIV infection (66). The study revealed ca. 50% protection over
placebo control. The follow-up study confirmed the efficacy after
the third year (65). This is the first vaccine trial to provide
evidence for PoD in human TB. A positive control with BCG was
not included in this study. It is hoped that global gene expression
profiling and immunologic data will provide information about
potential mechanisms underlying PoD induced by this vaccine.
The vaccine comprises two TB antigens formulated in a potent
adjuvant, AS01E (see Box 1). This adjuvant had been developed
as part of the adjuvant system (AS) series and is also used in the

shingles vaccines, Shingrix, and the malaria vaccine, Mosquirix
(67). Availability of AS01E is limited and production cost is high. It
has to be seen whether and how these limitations affect supply of
this vaccine for broad-scale immunization programs. Satisfactory
supply of vaccines for poverty-related diseases including TB and
malaria strongly depends on an affordable price (68).

PROMISING PREVENTION OF DISEASE
DATA IN NON-HUMAN PRIMATES (NHP)
BY A VIRAL VECTORED TUBERCULOSIS
VACCINE CANDIDATE

Cytomegalovirus (CMV) based vaccines have been studied in
a number of infectious diseases (69). Notably, in a simian
immunodeficiency virus (SIV) model of rhesus macaques, CMV
vectored vaccines expressing SIV antigens have shown profound
protection mediated by CD4 and CD8 T lymphocytes (69).
These T cells have been characterized as effector TEM cells and
transitional effector memory T cells. Based on these findings, a
TB vaccine candidate was designed which is based on a CMV
vector expressing 6 or 9 Mtb antigens (70). This vector has been
tested for PoD in rhesus macaques and was shown to induce
profound protection against TB disease (70). Importantly, in a
proportion of animals, evidence for sterile eradication of Mtb
by this CMV-vectored TB vaccine was obtained. As expected,
the vaccine induced profound CD4 and CD8 T cell responses as
well as marked IFN-γ and TNF secretion. In contrast, antibody
responses were not induced significantly. The protective CD8
T cell population was not only restricted by MHC I, but
also by MHC-E or MHC II. BCG administered intradermally
also induced protection, albeit weaker. Intriguingly, prime with
BCG and boost with the CMV-based TB vaccine reverted
the strong protective effect of the CMV vaccine to levels
of protection induced by BCG. Gene expression profiling of
vaccinated animals indicated a role for neutrophils in protection
induced by the CMV vectored TB vaccine. In conclusion, despite
certain disadvantages of CMV-vectored vaccines in general, the
CMV-based TB vaccine represents a promising candidate which
deserves further investigation. Obviously, the nullifying effect
of BCG prime on protective efficacy induced by the CMV
TB vaccine boost needs particular attention. Neonatal BCG
immunization is done routinely in high TB endemic areas as part
of the expanded program of immunization (EPI) recommended
by WHO. Hence a new vaccine that provides no added value for
BCG-immunized individuals will face major issues before it can
be further developed. Similarly, a recent study revealed that in
NHP boosting BCG with M72 or H56 (see Box 1) vaccines failed
to enhance protection induced by BCG (71).

RECENT FINDINGS WITH THE
CANONICAL BACILLE
CALMETTE-GUÉRIN VACCINE

Two recent studies on BCG immunization have revealed
marked impact of the vaccination regimen (72, 73). In the
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first study, NHP were immunized with BCG intravenously (72).
Earlier research in the 1970s had already provided compelling
evidence that intravenous immunization with live BCG induces
superior protection against TB as compared to other routes of
administration in NHP with evidence for sterile eradication of
Mtb (74, 75). Thus, in one study 3/3 animals were markedly
protected against TB as measured by hematogenous spread,
lymphadenopathy and lung involvement (74). On the other
hand, profound splenomegaly was reported after intravenous
administration of live BCG. Probably this significant adverse
event was the major reason that such studies were not followed
up. Only very recently this approach was investigated in greater
depth. It was shown that intravenous immunization of NHP
with BCG induced more profound protection than intradermal
or aerogenic vaccination (72). Indeed, from a proportion of
animals receiving BCG by the intravenous route no Mtb could
be recovered. This study also included a series of highly
sophisticated immunologic and pathologic analyses. It was found
that antigen responses of CD4 and CD8 T lymphocytes were
induced substantially by intravenous immunization prior to
Mtb challenge, whereas γ/δ T cells and MAIT cells were,
similarly, activated as in groups receiving other routes of
immunization. The T cell response was mostly of TH1 type
with some contribution of TH17 type. On the negative side,
splenomegaly was observed after intravenous immunization
with a ca. twofold enlargement of spleens compared to
controls. However, splenomegaly was transient and 6 months
after BCG immunization no differences were observed in
spleen size across the different experimental groups including
intravenous administration. Six months after immunization,
animals were challenged with a low dose of Mtb. Positron
emission tomography – computed tomography (PET/CT) scans
revealed fewer granulomas in the intravenously immunized
animals compared to controls. These findings provide proof
of concept that BCG immunization can induce profound, in
some cases sterile, protection in NHP. It needs to be seen how
far the splenomegaly observed will be prohibitive for clinical
studies in humans.

The second recent study tested the outcome of BCG
booster vaccination in Mtb unexposed adults (73). Booster
vaccination with BCG had been performed previously although
generally it was not endorsed because of the potential risk of
adverse events. This assumption was largely based on anecdotal
reports describing occasional adverse events after repeated BCG
immunization in individuals with LTBI and frequent severe
events in TB patients. Principally, BCG revaccination in Mtb
uninfected individuals does not cause major side effects and
in the recent formal clinical trial, BCG revaccination of Mtb
unexposed individuals demonstrated partial prevention of stable
Mtb infection (73). More precisely, exposure was determined
indirectly via an IFN-γ release assay (IGRA) which determines
IFN-γ secretion by canonical T cells after in vitro restimulation
with Mtb specific antigens (76–78). This assay is mostly based
on CD4 T cell responses with some contribution of CD8 T
cells. Whilst initial IGRA conversion did not differ between
BCG immunized and untreated study participants, sustained
IGRA conversion was significantly reduced by ca. 45% in BCG

immunized study participants over controls (73). These findings
can be interpreted to mean that stable Mtb infection is prevented
by BCG revaccination although in fact it is based on reduced T
cell responses as measured by IGRA. It remains to be established
more precisely whether prevention of sustained IGRA conversion
directly translates into long-term PoI and consequently PoD.
Previous observational studies had evaluated PoD by BCG
revaccination based on epidemiologic data. Generally, they
did not find significant differences between controls and BCG
revaccinated individuals (79–81).

These two studies provide strong evidence that the
outcome of BCG vaccination is markedly influenced by
the kind of administration, notably route of immunization
(intravenous) and type of vaccine schedule (pre-exposure
revaccination). In conclusion, the BCG vaccine still provides
room for improvement.

VPM1002

One of the most advanced TB vaccines, VPM1002, was improved
by genetic modification (82). VPM1002 is a recombinant BCG
(rBCG) which expresses listeriolysin from Listeria monocytogenes
and is devoid of urease C (83). Development of this vaccine had
started in the 1990s with the aim to improve BCG by endowing
it with the capacity to stimulate a broader, more efficacious
T cell response.

VPM1002 has successfully completed phase I and phase IIa
clinical trials proving its safety and immunogenicity in adults and
neonates (84, 85). A phase II clinical trial in HIV exposed and
unexposed neonates has been completed and awaits unblinding
(NCT 02391415). A phase III clinical trial in HIV exposed and
unexposed neonates is being prepared and expected to start
in 2020. This trial has been designed as pre-exposure BCG
replacement for infants with PoI as clinical endpoint. In this
clinical trial, termed priMe, neonates will be immunized with
VPM1002 or BCG as comparator at several sites in Sub-Saharan
Africa. A phase III clinical trial with VPM1002 assessing PoR
is currently ongoing in India (NCT 03152903). For this trial,
patients with TB who had been cured by drug treatment are being
recruited. An estimated 10 % of these individuals will develop
active TB disease due to reinfection or relapse within 1 year after
completion of drug treatment. The clinical trial therefore will
reveal whether vaccination with VPM1002 given 3 months after
completion of drug treatment can prevent recurrence. A phase
III household contact trial has been launched in July 2019 by
the Indian Council for Medical Research (ICMR), in which
VPM1002 and another vaccine candidate (MIP, see Box 1) will
be assessed for PoD in household contacts of patients with
active pulmonary TB disease. In addition, VPM1002 is also being
assessed as therapeutic agent against non-muscle invasive bladder
cancer as substitute for BCG (NCT 02371447). The canonical TB
vaccine BCG is the preferred immunomodulatory medicine for
treatment of bladder cancer and the current clinical trial assesses
whether VPM1002 is safer than and at least equally efficient
as BCG against recurrence of bladder cancer. In conclusion, a
century after the introduction of the original vaccine BCG, there
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is hope for a revival of an improved BCG-based TB vaccine.
A rationally revamped BCG could contribute to the solution
of the TB crisis.

HOW DOES THE INTRACELLULAR
BEHAVIOR DIFFER BETWEEN VPM1002,
BACILLE CALMETTE-GUÉRIN, AND
Mtb?

Both BCG and Mtb reside in phagosomes, which are arrested at
an early stage by neutralization of the phagosomal pH to prevent
its acidification (21). Consequently, phagolysosome fusion is
diminished. Yet, BCG is degraded in the phagosome whereas
Mtb survives in phagocytes for prolonged periods of time. Only
recently, virulence mechanisms of Mtb absent from BCG have
been elucidated. Although several sub-strains of BCG exist,
it is now clear that the critical step which occurred during
attenuation of the parental Mycobacterium bovis strain was
the loss of the region of difference (RD) 1 which encodes a
number of gene products mediated through the ESX/type VII
secretion system and capable of perturbating the phagosomal
membrane (86). Membrane perturbation by the RD-1 gene
products of Mtb leads to inflammasome activation, apoptosis
and autophagy (Figure 2). The signaling cascades involve nod-
like receptor protein 3 (NLRP-3) and absent in melanoma
2 (AIM-2), responsible for IL-1 and IL-18 processing from
their respective precursor molecules by the inflammasome as
well as STING responsible for autophagy and type I IFN
dependent responses (87). STING senses cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) derived
from double-stranded DNA of Mtb via the enzyme cyclic
guanosine monophosphate-adenosine monophosphate synthase
(cGAS). All these sequelae are caused by Mtb but not
or less so by BCG.

For the design of VPM1002, BCG was equipped with
listeriolysin from L. monocytogenes which facilitates perturbation
of the phagosomal membrane thereby inducing stronger T
cell responses (83). Listeriolysin is a thiol-activated perforin,
which perforates cholesterol containing membranes at an acidic
pH (88–90). This pH restriction generally prevents listeriolysin
activity in the extracellular milieu with neutral pH, e.g. blood and
interstitial space. It is however, achieved during natural infection
of phagocytes with L. monocytogenes which allows secretion
of biologically active listeriolysin. Because BCG neutralizes
the phagosomal compartment, acidification is not achieved.
For this reason, the urease C encoding gene was deleted
in VPM1002 (83). This enzyme is responsible for ammonia
production and thereby participates in neutralization of the
phagosome where BCG resides (21). Accordingly, VPM1002
lacking urease C favors phagosomal acidification and thereby
secretion of biologically active listeriolysin (Figure 2). Once
listeriolysin has reached the cytosol, it is rapidly degraded. This
is due to the amino acid sequence proline-glutamate-serine-
threonine (PEST) in the listeriolysin amino acid sequence which
promotes its ubiquitination (Figure 3) (88–90). This represents

an inbuilt safety mechanism, which restricts listeriolysin-activity
to the perturbation of the membrane of the phagosome, where
VPM1002 resides and prevents further potentially detrimental
effects on cell membranes. The RD-1 encoded machinery of Mtb
is not endowed with such a safety mechanism.

Similar to the RD-1 machinery in Mtb, listeriolysin-mediated
perturbation of the phagosomal membrane by VPM1002 results
in inflammasome activation through AIM-2 (91). Hence, IL-1
and IL-18 are processed from their respective precursors.
These proinflammatory cytokines create a milieu favorable for
activation of TH1 and TH17 cells. Listeriolysin also facilitates
autophagy via AIM-2 and STING by promoting sensing of
double-strand mycobacterial DNA derived from VPM1002 via
cGAS and cGAMP after its egress into the cytosol (91).
In addition, membrane perturbation by listeriolysin causes
apoptosis, which leads to cross priming of T cells (92). Together
these mechanisms improve vaccine efficacy of VPM1002 as
compared to canonical BCG (82, 93). Moreover, VPM1002
was shown to be safer than BCG in preclinical studies (83).
In experimental models improved stimulation of both CD4
and CD8 T cells has been demonstrated (92) as well as more
profound activation of TH17 cells in addition to TH1 cells
(94). In addition, central memory T cells were more strongly
stimulated by VPM1002 as compared to canonical BCG (50).
Finally, VPM1002 was shown to stimulate higher serum levels
of specific antibodies both in animal models and in human (50,
84, 85). In conclusion, VPM1002 stimulates an immune response
of more depth and breadth and at the same time expresses lower
virulence as compared to BCG (82).

LEARNING FROM INDIVIDUALS
RESISTANT TO STABLE Mtb INFECTION
AND THOSE CAPABLE OF ERADICATING
Mtb AFTER STABLE INFECTION

Individuals with LTBI are generally identified by tuberculin
skin test (TST) or IGRA (Figure 4) (76–78). Accordingly,
identification of the 1.7 billion individuals on this globe with
LTBI is based on measurements of T cell responses against Mtb
antigens. These antigens are relatively undefined mixtures of Mtb
proteins (purified protein derivative, PPD) in the case of TST and
well defined Mtb proteins and/or peptides in the case of IGRA.

Several lines of evidence suggest that a distinct population
of individuals remain Mtb uninfected despite their close and
prolonged contact with patients with active pulmonary TB who
continuously expel Mtb (95–98). This notion is based on the
finding that such individuals do not convert when tested by
TST or IGRA. Assuming that the lack of the canonical immune
response determined by TST and/or IGRA reflects absence of
Mtb infection, the following scenario arises (Figure 3): Initially,
household contacts of a patient with active pulmonary TB fall
into two groups; those who are already LTBI because of previous
contact and hence are TST+/IGRA+, and naïve individuals who
are TST−/IGRA−. Due to the intensive contact, most of the
naïve individuals will convert to TST+/IGRA+ and most of them
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FIGURE 2 | Major mechanisms underlying induction of the host immune response by VPM1002 and M. tuberculosis (Mtb) (for further details see text). (A) VPM1002.
VPM1002 (rBCG1ureC::Hly) expresses listeriolysin and lacks urease C activity. Following phagocytosis, VPM1002 ends up in a phagosome. Principally phagosomes

(Continued)
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FIGURE 2 | Continued
become acidic after uptake of particles, but BCG and Mtb actively keep the phagosomal pH neutral. Due to the absence of ureaseC in VPM1002, acidification takes
place. This facilitates perturbation of the phagosomal membrane by biologically active listeriolysin. (1) Membrane perturbation allows egress of antigens into the
cytosol for processing through the MHC class I pathway. (2) Perturbation can lead to apoptosis. (3) Double-strand DNA released into the cytosol is sensed by
absence in melanoma 2 (AIM2). (4) AIM2 activates the inflammasome to generate IL-1β and IL-18. (5) Cyclic GMP-AMP synthase (cGAS) is formed which is then
transformed into cyclic guanosine monophosphate-adenosine monophosphate (cGAMP). (6) The latter molecule is sensed by stimulator of IFN genes (STING) which
induces autophagy and type I IFN responses. (7) Antigen egress into the cytosol allows stimulation of CD8 T cells in addition to CD4 T cells. (8) Apoptosis promotes
crosspriming. (9) Autophagy accelerates elimination of VPM1002 and improves antigen presentation and T cell stimulation. (10) IL-1β and IL-18 induce an
inflammatory response. Through these mechanisms, VPM1002 induces an immune response with more depth and breadth than parental BCG (B) Mtb. The genome
of Mtb comprises the region of difference 1 (RD-1) which encodes numerous virulence factors which are absent in BCG. Notably genes for Esx dependent
mechanisms cause perturbation of phagosomal membranes, very similar to VPM1002. For further details see (A). Because the RD-1 encoded gene products are not
degraded after their egress into the cytosol, pathologic consequences prevail. Moreover, RD-1 encoded gene products are not controlled by pH. Hence, inbuilt
safety mechanisms of VPM1002 are absent from Mtb (see also Figure 3).

FIGURE 3 | Safety mechanisms of listeriolysin render VPM1002 less virulent than parental BCG. Listeriolysin contains a PEST-like sequence which promotes its
degradation. (1) Only at acidic pH, listeriolysin is biologically active and hence perturbates the phagosomal membrane. (2) In the cytosol, monomeric listeriolysin
aggregates. (3) Aggregated listeriolysin is degraded by ubiquitin resulting in inactive peptides. (4) Multimeric listeriolysin complexes are formed at the plasma
membrane. (5) These complexes are translocated into autophagosomes by ubiquitin. (6) These listeriolysin complexes are inactivated in the phagosome.
PEST = Proline (P), Gutalate (E), Serine (S), and Threonine (T). Modified from (88–90).

remain TST+/IGRA+ over longer periods of time, if not lifelong.
However, a small group may revert to TST−/IGRA− indicating
that they are capable of eradicating Mtb before they become
permanently infected. The recent BCG revaccination trial on
PoI (73) described above did not reveal significant differences
between BCG-immunized and control groups in early conversion
to IGRA+. Yet, a 45% reduction in sustained IGRA+ (determined
at later time points) was observed in the BCG immunized
group as compared to controls without BCG immunization.
Moreover, observational studies have identified a distinct group
of permanent non-converters (TST−/IGRA−) generally in the
order of 20% (95–98).

Obviously, the described effects could also be due to technical
reasons and the TST−/IGRA− group could be infected with Mtb
but missed by TST/IGRA because these individuals develop a
protective immune response which is not detected by TST and
IGRA. Underlying mechanisms could include antibodies, MAIT
cells, γδ T cells, NK cells and NKT cells (32, 36–45). Furthermore,
it remains unclear whether all TST+/IGRA+ individuals are
indeed Mtb infected or whether at least a subgroup has succeeded
in eliminating Mtb but remains TST+/IGRA+ because of a
strong memory T cell response which persists in absence of Mtb
antigens. Principally, immunology defines memory as a state of
immunity in absence of nominal antigen(s).
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FIGURE 4 | Fate of household contacts of a TB index case. Household contacts of a TB index case are either already latently TB infected (LTBI) or do not show
evidence for immunity against Mtb infection. After sustained contact with a TB index case, the majority of naïve individuals will rapidly convert to LTBI because they

(Continued)
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FIGURE 4 | Continued
mount an immune response against Mtb infection. Most of these early converters will remain LTBI and hence become sustained converters. A small proportion of
early converters reverts to naïve, i.e. devoid of a measurable immune response to Mtb infection. Some naïve individuals will remain permanent non-converters, i.e.
they do not change their status of absent immunity indicating absence of Mtb infection. Finally, some individuals with LTBI will revert to naïve, i.e. they lose their
detectable immune response to Mtb indicating elimination of Mtb. The mechanisms underlying these conversions/reversions remain elusive. (A) Indicates response
in TST/IGRA and (B) depicts resulting conclusions on conversion/reversion (for further details see text).

Another interesting group may arise years after primary
Mtb infection. Whilst many individuals with LTBI remain
TST+/IGRA+ livelong, some individuals revert to TST−/IGRA−.
It is likely that in these individuals, reversion from TST+/IGRA+
to TST−/IGRA− reflects sterile eradication of Mtb. Yet, it cannot
be excluded formally that these individuals remain Mtb infected
and control infection by unknown immune mechanisms not
detected by TST/IGRA such as antibodies and unconventional
T cells. In any case, the permanent non-converters and the
late reverters are highly interesting study groups which provide
the opportunity to gain deeper insights into the mechanisms
of protection against Mtb. TB vaccines which prevent stable
infection with Mtb and thereby prevent LTBI and active TB
disease would be highly desirable. The specific mechanisms
underlying permanent non-conversion and late reversion could
be elucidated by determining transcriptomic, metabolomic
and immunologic markers and signatures which distinguish
permanent non-converters and late reverters from sustained and
livelong reverters, respectively (26, 99).

OUTLOOK AND FUTURE

Over the last decade, the TB vaccine pipeline has significantly
progressed. First, a number of vaccines is ready for clinical
efficacy testing for PoI, PoD, or PoR (see Box 1). This implies
that several vaccine candidates have already proven their safety
and immunogenicity. Second, several positive signals arose from
clinical trials over the last years including proof of concept
that a subunit vaccine empowered by a strong adjuvant can
partially protect against active TB when given post-exposure to
individuals with LTBI (65, 66). Third, BCG revaccination of
Mtb unexposed individuals has provided indirect evidence for
partial prevention of sustained Mtb infection (73). Obviously,
major issues remain to be solved. These include: First, BCG
revaccination outcome was determined by IGRA which measures
canonical T-cell immune responses rather than Mtb infection
per se (see above). This raises the question whether BCG
indeed prevented Mtb infection or whether infection occurred
but was controlled by alternative immune mechanisms such
as antibodies and/or unconventional T cells. Second, the M72
clinical trial did not include BCG vaccination as a positive
control. Third, studies in NHP revealed that different subunit
vaccine constructs including M72, H56, and the CMV vectored
TB vaccine failed to increase protection when given as booster
on BCG prime (70, 71). In sum, there is well justified hope
for better vaccines; but it remains difficult to predict when
and to which degree TB can be controlled by improved
vaccination strategies.

Nassim Nicholas Taleb is best known for describing the Black
Swan Concept which basically includes the notions (100): (i) rare
and improbable events do occur more frequently than we assume;
(ii) these extreme events can have enormous consequences;
(iii) experts generally provide explanations post-hoc which were
not plausible ex-ante. This concept was aptly illustrated by the
financial stock market crisis in 2008 when numerous stock
owners who had gradually accumulated a financial depot went
bankrupt through a single event. The most illustrative description
for the Black Swan concept is the life of a Thanksgiving Day
turkey which is taken care of very well over the first 1000 days
by feeding it with most nourishing food. An observer (including
the turkey if it could do so) could conclude that the quality of life
of this animal increases constantly. Yet, on day 1001, the butcher
kills the animal unexpectedly in preparation for Thanksgiving
Day. Obviously, this is an extreme event with a major impact on
the animal. This scenario can also be turned upside down into a

FIGURE 5 | Possible scenarios of TB vaccine development given that
adequate financial funding is provided for research & development (R&D).
Upper, single step event; Lower, multistep event.
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positive direction, i.e. that an unexpected and improbable event
turns into something markedly better (an event which would
perhaps be better described by the term Pink Swan). With respect
to TB vaccine design, continuous funding into R&D (from basic
research to preclinical and clinical development) will increase
our knowledge about the underlying mechanisms of protection
against TB and how this information can be harnessed for TB
vaccine design (Figure 5).

For long periods of time research crawls, but every now and
then it jumps. By increasing funding, a fertile soil can be prepared
for R&D on better vaccines. Maybe this leads to an extreme
event (a single jump), resulting in a novel vaccine that fits all
purposes. More likely a couple of smaller, yet significant events
will occur which ultimately lead to TB vaccines for different
purposes. The type of vaccine and the time when it will be ready
for clinical licensing remain unclear as expected for a Black/Pink
Swan. Yet, increased funding for R&D will favor chances of
success. Undoubtedly, this cannot be accomplished free of cost;
yet ultimately it will save cost by reducing the enormous expenses
caused by the TB endemic. After all, annual cost for treating
active TB disease globally has been estimated to be in the range

of 2 billion US dollars and the total burden of TB on the global
economy in the order of 100 billion US dollars (101).

It is worth to conclude with a citation from the resolution
adopted by the General Assembly of the United Nations from the
High Level Meeting on the fight against TB in 2018 (1):

“Commit to mobilize sufficient and sustainable financing, with the
aim of increasing overall global investments to 2 billion dollars,
in order to close the estimated 1.3 billion dollar gap in funding
annually for tuberculosis research, ensuring that all countries
contribute appropriately to research and development . . ..”
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The constantly changing pattern in the dominance of viral strains and their evolving

subclades during the seasons substantially influences influenza vaccine effectiveness

(IVE). In order to further substantiate the importance of detailed data of genetic virus

characterization for IVE estimates during the seasons, we performed influenza virus type

and subtype specific IVE estimates. IVE estimates were assessed using a test-negative

case-control design, in the context of the intraseasonal changes of the heterogeneous

mix of circulating influenza virus strains for three influenza seasons (2016/17 to 2018/19)

in Austria. Adjusted overall IVE over the three seasons 2016/17, 2017/18, and 2018/19

were −26, 39, and 63%, respectively. In accordance with the changing pattern of the

circulating strains a broad range of overall and subtype specific IVEs was obtained:

A(H3N2) specific IVE ranged between −26% for season 2016/17 to 58% in season

2018/19, A(H1N1)pdm09 specific IVE was 25% for the season 2017/18 and 65% for the

season 2018/19 and Influenza B specific IVE for season 2017/18 was 45%. The results

obtained in our study over the three seasons demonstrate the increasingly complex

dynamic of the ever changing genetic pattern of the circulating influenza viruses and

their influence on IVE estimates. This emphasizes the importance of detailed genetic

virus surveillance for reliable IVE estimates.

Keywords: influenza vaccine effectiveness, influenza genetic heterogeneity, influenza virus, genetic variability and

vaccine effectiveness, influenza antigenic drift and influenza vaccine effectiveness

INTRODUCTION

Each year, influenza epidemics infect about 5–10% of adults and 10–20% of children. Influenza
causes febrile illnesses that range in severity from mild to severe and can lead to hospitalization
and even death (1). The risk of developing these serious complications is aggravated especially
in the very young and in the elderly. The most effective way to prevent influenza virus infection
and associated complications is by vaccination (2, 3). Unfortunately, influenza viruses continually
change over time through genetic and antigenic drift of their surface glycoproteins to escape virus
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neutralization by immune response. Therefore, the composition
of the influenza vaccines has to be reconsidered annually and
if required, revision is performed according to the most recent
changes of the circulating strains (4). Despite the yearly update
and revaccination, the ability of the vaccine to prevent influenza
virus infection in the general population varies each year (2).

Immunity generated by influenza vaccines is a complex issue
and is not only influenced by the match between vaccine strains
and the circulating viruses, but is also affected by the vaccinee’s
individual immunological history like number and type of
previous influenza virus infections and/or previous influenza
virus vaccinations. In addition, waning of vaccine-induced
immunity during the season is also described as a contributing
factor causing suboptimal influenza vaccine effectiveness (IVE)
(5), whereby the decrease of influenza virus vaccine specific
antibodies as test variable was used only in few studies. The
majority of studies describing type and subtype specific waning
of vaccine induced immunity use decreasing intraseasonal IVE
estimates, and consider time since vaccination as a test variable.
The influence of changes in the dynamics of circulating influenza
virus types/subtypes during the season and especially of their
newly evolving drift variants are not sufficiently taken into
consideration. The great influence of the constantly changing
pattern of viral strains during the season and its impact on
intraseasonal IVE estimates has been clearly demonstrated in
previous studies (4, 6) and underscore the importance to perform
IVE estimates in the context of detailed virus characterization. In
order to further substantiate the importance to use detailed data
of virus characterization during the season for IVE estimates,
we performed influenza virus type and subtype specific IVE
estimates overall and over time intervals during the seasons.
Therefore, a test-negative case-control design was used, in the
context of the intraseasonal changes of the heterogeneous mix
of circulating influenza virus strains for three influenza seasons
(2016/17 to 2018/19) in Austria.

MATERIALS AND METHODS

Sentinel Influenza Surveillance System and
Samples Tested
Sentinel surveillance for influenza viruses was performed
as described previously (6). Briefly, annual influenza virus
surveillance is performed from October (calendar week 40)
through April (week 16 of the following year) and is based
on sentinel physicians (general practitioners and pediatricians
throughout Austria) forming part of the Diagnostic Influenza
Network Austria (DINOE), who collect nasopharyngeal swabs
from patients presenting with influenza like illness as defined
by the ECDC (7). The samples are submitted to and analyzed
by the NIC Austria, Centre of Virology, Medical University
Vienna. Epidemiological information including information on
age, gender, underlying health conditions (like diabetes, cardio-
vascular diseases, chronic lung diseases, malignant diseases),
adiposity, smoking habits, vaccination status, kind of vaccine
used [trivalent inactivated vaccine (TIV), adjuvanted trivalent
inactivated vaccine (aTIV), quadrivalent inactivated vaccine
(QIV), or live attenuated vaccine (LAIV)], date of onset of

symptoms and of specimen collection is provided with the
sample (6).

Vaccination
Available influenza vaccines for the season 2016/17 in Austria
were: TIV and aTIV containing the following recommended
vaccine strains: A(H3N2): A/Hong Kong/4801/2014-like virus,
A(H1N1)pdm09: A/California/7/2009-like virus and influenza
B: B/Brisbane/60/2008-like virus (Victoria lineage), the LAIV
included additionally B/Phuket/3073/2013-like virus.

For the season 2017/18: TIV and aTIV vaccine strains
were A(H3N2): A/Hong Kong/4801/2014-like virus,
A(H1N1)pdm09: A/Michigan/45/2015-like virus and influenza
B: B/Brisbane/60/2008-like virus (Victoria lineage). During
the season 2017/18 quadrivalent inactivated influenza vaccines
(QIV) were available in Austria for the first time. In addition to
the 2017/18 TIV vaccine components QIV and LAIV included
also the B/Phuket/3073/2012 (Yamagata lineage) strain.

During season 2018/19 TIV, aTIV, QIV, and LAIV
were available. The used vaccine strains for this season
were A(H3N2): A/Singapore/INFIMH-16-0019/2016-like
virus, A(H1N1)pdm09: A/Michigan/45/2015-like virus and
B/Colorado/06/2017-like virus (Victoria lineage), for the QIV
and LAIV vaccines additionally B/ Phuket/3073/2013-like virus
(Yamagata lineage) was included.

Influenza vaccination in Austria is usually carried out between
calendar weeks 40 to 48 and the non-adjuvanted, inactivated
influenza vaccines were primarily used. People above 65 years
of age were preferentially vaccinated with MF095 adjuvanted
trivalent inactivated vaccines. Children between 2 and 18 years
were vaccinated either with LAIV or inactivated vaccines (TIV
or QIV).

Influenza Virus Detection and Genotyping
Influenza virus detection and genotyping of the HA- and NA-
gene were performed as previously described (6). Briefly,
sentinel specimens were tested for influenza viruses by
reverse transcription realtime PCR (RT realtime PCR).
After RNA extraction, amplification, and purification,
sequencing was performed using an Applied Biosystems
ABI 3130xl platform (8, 9). Phylogenetic and molecular
evolutionary analyses were performed using software package
MEGA Version 4 (10). “Kimura-2” distance method and
“Neighbour-Joining” algorithm were used for the phylogenic
tree reconstruction.

Estimation of Influenza
Vaccine Effectiveness
Overall IVE against laboratory confirmed influenza virus
infections were estimated as described previously (6) by use of
the test-negative case-control design where a case is defined as
a patient with influenza as confirmed by RT-PCR and a control
as a patient tested negative for influenza virus. Odds ratios (OR)
for medically attended, laboratory-confirmed influenza were
estimated by multivariate logistic regression adjusting for gender,
age, and comorbidities as covariates. For age group specific
estimates the age was excluded as potential confounder in the
respective model. Calculations were done using the generalized
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linear model with binomial counts and logit link (SPSS 25.0, IBM
Corporation, USA).

The IVE was calculated as (1-OR) x 100% to compare
vaccination status of cases with controls.

Inclusion criteria for this analysis were: availability of
complete information on the patient (age, gender, comorbidities,
vaccination status), specimen collection within 7 days after onset
of ILI symptoms, and at least 2 weeks between vaccination
and onset of ILI symptoms. Patients not fulfilling the inclusion
criteria and patients under the age of 6 month were excluded.

IVE estimates were calculated overall and type/subtype
specific for the whole season and during different time periods
of the season. A prerequisite for the IVE calculation was the
epidemic influenza virus activity, as indicated by a rate of
influenza positive samples of ≥50%. In addition overall and
type/subtype specific IVE were also calculated for different age-
groups (6 month to 14 years, 15–64 years and above 65 years).

A query on prior season vaccination status was included
in the laboratory test form accompanying each sample, but an
adjustment of the IVE estimation for the prior season vaccination
status could not be performed, as the number of patients
vaccinated in two or more consecutive seasons was too small for
reliable estimates (<4% in our study population).

RESULTS

Influenza Virus Activity in Austria During
the Seasons 2016/17 and 2018/19
As can be seen in Figure 1, the three influenza seasons in
Austria differed significantly with regard to the circulating types

and subtypes and with regard to the intensity of influenza
virus activity.

The season 2016/17 was a moderate influenza season with
an influenza incidence of 270,000 cases in Austria and was
characterized by the nearly exclusive circulation of influenza
A(H3N2) viruses. The season 2017/18 was dominated by
influenza B viruses and with co-circulation of A(H1N1)pdm09
viruses. Influenza A(H3N2) viruses were only detectable in
a minority of samples. Despite the dominance of influenza
B viruses, season 2017/18 was a very severe influenza season
with an incidence of 440,000 influenza cases in Austria.
In the following season 2018/19, again, a totally different
pattern of virus circulation was observed. This season was
dominated by A(H1N1)pdm09 viruses with co-circulating
A(H3N2) viruses. The influenza incidence was 145,000
influenza cases in Austria, and it was therefore a moderate
influenza season.

Detailed information on the epidemiologic characteristics
of the three influenza seasons (the number of samples
tested, number of influenza viruses detected and
detailed virus characterization results) are summarized
in Table 1.

This table further demonstrates the great diversity and
complexity in the pattern of the different circulating influenza
virus lineages, and genetic clades and subclades observed during
the three seasons. Of special interest was the emergence of HA-
NA subclade reassortants of the A(H3N2) viruses during the
season 2018/19 (Table 1). Overall, HA-NA subclade reassortants
were detected in 24 of the 90 A(H3N2)viruses analyzed by
sequencing during this season.

FIGURE 1 | Columns: number of influenza virus detections per week and per type/subtype during the influenza seasons 2016/17 to 2018/19; pie chart: proportion

(%) of the circulating influenza virus types/subtypes during the respective influenza seasons.
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TABLE 1 | Epidemiologic characteristics of the three influenza seasons: number

of samples tested, number of influenza viruses detected and detailed virus

characterization results.

Season 2016/2017 2017/2018 2018/2019

N samples tested 4,426 6,873 2,047

N viruses detected 1,042 2,334 587

N patients fulfilling study

inclusion criteria for VE

estimates (N cases/N

controls)

767 (442/325) 1,198 (756/442) 1,166 (721/445)

Typing/genotyping results:

N A(H1N1)pdm09 positive 21 665 326

N A(H1N1)pdm09

genotyped

14 112 112

A(H1N1)pdm09 genotyping results:

N 6B 14

N 6B.1A 99 6

N 6B.1A5 13 66

N 6B.1A6 7

N 6B.1A7 33

N A(H3N2) positive 994 137 154

N A(H3N2) genotyped 177 36 90

A(H3N2) genotyping results:

N 3C.2a 50 26

N 3C.2a1 104 10

N 3C.2a1b 12 76 (20a)

N 3C.2a2 5 2 (1b)

N 3C.2a3 1 2 (1c)

N 3C.2a4 5 2 (2d)

N 3C.3a 0 8

N Influenza B positive 25 1,472 2

N Influenza B genotyped 16 132 2

Influenza B genotyping results:

N Yamagata genetic clade 3 14 132 2

N Victoria 2

aN subclade reassortant HA: 3C.2a1b, NA: 3C.2a2.
bN subclade reassortant HA: 3C.2a2, NA: 3C.2a1b.
cN subclade reassortant HA: 3C.2a3, NA: 3C.2a2.
dN subclade reassortant HA: 3C.2a4, NA: 3C.2a1.

Vaccine Effectiveness
Generally, in Austria the influenza vaccine coverage is
traditionally very low and ranged during the three seasons
constantly at a low level between 6 and 7% (2016/17: 7.2%,
2017/18: 6.1%, and 2018/19: 5.9%).

Detailed information on the number of vaccinees and controls
as well as the overall and type/subtype specific IVE estimates
during the three seasons and the different age groups are
provided in Tables 2A–C.

Overall IVE estimates of season 2016/17, dominated by
A(H3N2) viruses of the subclade 3C.2a1 (59% of the viruses
analyzed by genotyping), was −26%. This lack of protection of
the seasonal vaccine was observed in all age groups (Table 2A)
and can be explained by the distinct mismatch between the
vaccine strain (genetic clade 3C.2a) and the circulating strains

of the different genetic subclades 3C.2a1, 3C.2a4, 3C.2a2, 3C.2a3
(Table 1, Figure 2).

In contrast to the previous one in the following season
2017/18, dominated by influenza B viruses with a co-
circulation of A(H1N1)pdm09 strains, an overall IVE of
39% [A(H1N1)pdm09 25%, influenza B 45%] was observed
(Table 2B). This far from satisfying overall IVE can be explained
by the B-lineage mismatch between TIV/aTIV vaccine strain
(Victoria lineage) and the circulating influenza B strains
(Yamagata lineage; Figure 2). Despite the low overall IVE and
the pronounced influenza B lineage mismatch of the TIV/aTIV
vaccine strain a quite good IVE against influenza B viruses of
63% could be observed in children aged 6 month to 14 years.
Analyzing IVE for the QIVs, which were available in Austria
for the first time during this season, revealed a slight increased
overall IVE of 46% and an IVE of 76% for children between 6
month and 14 years of age.

Despite the quite good match between the circulating
A(H1N1)pdm09 strains (drift variant clade 6B.1A) and the
vaccine strain (clade 6B.1) (Figure 2), the suboptimal IVE of
25% against the A(H1N1)pdm09 can be explained by the low
A(H1N1)pdm09 activity in this season (26% of circulating
viruses) resulting in a low number of cases.

In contrast, a considerable better IVE of 65% against
A(H1N1)pdm09 viruses was obtained in the following season
2018/19 where A(H1N1)pdm09 viruses (again genetic clade
6B.1) were dominating (Table 2). Due to the good match
between vaccine strain and circulating strains a very satisfying
A(H1N1)pdm specific IVE could be observed for all age groups,
especially also for those above the age of 65 years (IVE 69%,
Table 2C). During this season an increasing circulation of
A(H3N2) viruses could be detected with a relatively good match
between the circulating strains (3C.2a1b) and the vaccine strains
(3C.2a1, Figure 2), resulting in an overall A(H3N2) specific IVE
of 58% and a IVE of 82% in children aged 6 month to 14 years
(Table 2C).

The epidemiologic situation during the three seasons shows
clearly the diverse and complex pattern of the circulation of
different influenza virus lineages and genetic clades and subclades
during a season. This influences the IVE during the season
and makes reliable IVE estimates even more difficult, as can
be seen in Figure 2. This figure provides an overview on the
results of the genetic characterization of the circulating influenza
viruses during different time periods of epidemic influenza virus
circulation (≥50% of samples influenza virus positive) and their
influence on IVE estimates.

DISCUSSION

This paper presents data obtained by the Austrian sentinel
surveillance system on the evolution of influenza viruses during
the seasons 2016/17 to 2018/19 and the impact of genetic drift
on influenza IVE. IVE estimates were carried out using the test-
negative case-control design, which currently represents the gold
standard study design for IVE studies. The test-negative case-
control design is predicated on the assumption that vaccinated
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TABLE 2 | Number of cases and controls (vaccinated and unvaccinated) and influenza vaccine effectiveness (IVE) adjusted for sex, age, and comorbidity for the seasons

2016/17 (A), 2017/18 (B, including additionally also IVE estimates for QIV) and 2018/19 (C); n.d., not done; QIV, quadrivalent inactivated influenza vaccines; CI,

confidence interval.

(A)

Season 2016/17 Controls Cases adjusted IVE

Vacc/unvacc Vacc/unvacc IVE (%) CI (95%)

Influenza A(H3N2), N = 767 adj. sex, (age), comorbidity

All patients 20/305 37/405 −26 −128 to 31

0–14 1/49 3/89 −65 −1,531 to 83

15–64 12/212 17/242 −7 −131 to 51

65+ 7/32 17/55 −25 −264 to 57

(B)

Adjusted IVE estimates (all vaccines) Adjusted IVE estimates (QIV/LAIV only)

Season 2017/18 Controls Cases Adjusted IVE Controls Cases Adjusted IVE

Vacc/unvacc Vacc/unvacc IVE (%) CI(95%) Vacc/unvacc Vacc/unvacc IVE (%) CI (95%)

Any influenza, N = 1,198 adj. sex, (age), comorbidity adj. sex, (age), comorbidity

All patients 26/416 30/726 39 −5 to 65 10/416 10/726 46 −30 to 78

0–14 9/181 5/287 65 −6 to 88 4/181 3/287 73 −28 to 94

15–64 14/219 21/414 19 −63 to 60 6/219 6/414 47 −69 to 83

65+ 3/16 4/25 15 −333 to 83 0/16 1/25 n.d

Influenza A(H1N1)pdm09, N = 705 adj. sex, (age), comorbidity adj. sex, (age), comorbidity

All patients 26/416 11/252 25 −56 to 64 10/416 2/252 66 −56 to 93

0–14 9/181 1/133 85 −23 to 98 4/181 1/133 72 −163 to 97

15–64 14/219 9/117 −19 −185 to 50 6/219 1/117 68 −172 to 96

65+ 3/16 1/2 22 −1,632 to 96 0/16 0/2 n.d.

Influenza B, N = 935 adj. sex, (age), comorbidity adj. sex, (age), comorbidity

All patients 26/416 19/474 45 −2 to 70 10/416 8/474 40 −56 to 77

0–14 9/181 4/154 63 −38 to 90 4/181 2/154 76 −45 to 96

15–64 14/219 12/297 39 −36 to 72 6/219 5/297 41 −98 to 82

65+ 3/16 3/23 29 −395 to 90 0/16 1/23 n.d

(C)

Season 2018/19 Controls Cases Adjusted IVE

Vacc/unvacc Vacc/unvacc IVE (%) CI (95%)

Any influenza, N = 1,166 adj. sex, (age), comorbidity

All patients 66/655 18/427 63 36 to 79

0–14 34/321 4/156 73 20 to 91

15–64 26/316 11/251 51 −2 to 76

65+ 6/18 3/20 56 −105 to 90

A(H1N1)pdm09, N = 1,017 adj. sex, (age), comorbidity

All patients 66/655 11/285 65 32 to 82

0–14 34/321 4/111 64 −5 to 88

15–64 26/316 6/164 63 7 to 85

65+ 6/18 1/10 69 −196 to 97

Influenza A(H3N2), N = 868 adj. sex, (age), comorbidity

All patients 66/655 7/140 58 4 to 81

0–14 34/321 0/44 82 −14 to 100

15–64 26/316 5/86 21 −115 to 71

65+ 6/18 2/10 43 −244 to 91

Frontiers in Immunology | www.frontiersin.org 5 March 2020 | Volume 11 | Article 434106

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


Redlberger-Fritz et al. Influenza Virus Genetic Heterogeneity and IVE

FIGURE 2 | Proportion (%) of circulating influenza virus genetic subclades during seasons 2016/17 to 2018/19; Black: IVE overall, blue: IVE against influenza

A(H3N2), red: IVE against influenza A(H1N1)pdm09, green: IVE against Influenza B (aTIV/TIV/QIV and LAIV), bold*: IVEs using quadrivalent vaccines (QIV/LAIV)

(Season 2017/18); n.d., not done due to low case numbers.

persons have the same likelihood of being exposed to influenza as
non-vaccinated persons, and that vaccinated and unvaccinated
have the same healthcare-seeking behavior, and that sampling of
respiratory specimens is performed with equal frequency in both
groups (11). Even though, statistical adjustments for different
patient groups (age, sex, comorbidities, . . . ) have been performed
in our study, an influence of healthcare-seeking behavior on IVE
estimates, cannot be completely ruled out, especially with regard
to the low vaccination coverage in Austria. Nevertheless, if there
would be such a bias, there should be a difference in the clinical
presentations of vaccinated and unvaccinated cases. Comparing
clinical signs and symptoms in vaccinated and unvaccinated
patients in the different seasons revealed no statistical significant
difference between these two groups.

The circulation of a heterogeneous mix of influenza virus
strains of different types, subtypes and genetic subclades with
varying matches to the vaccine strains was typical for each of the
three influenza epidemics, substantially reducing IVE.

The 2016/17 influenza season differed from the other two
seasons by the absolute dominance of one specific influenza
A subtype and its evolving subclades (Table 1, Figure 2). Such
dominance of a single subtype is only very rarely observed.
Sequence analyses revealed substantial heterogeneity in the
circulating influenza viruses and showed the emergence of the
A(H3N2) genetic subclade 3C.2a1 and its drift variants, not
only in Europe (12) but worldwide (13), revealing an antigenic
mismatch to the vaccine strain. The proportion of this newly
evolved subclade of the circulating viruses showed regional
differences, depending on the start of the influenza season
in the different European regions. In the northern parts of

Europe, in Sweden and Finland, the influenza season 2016/17
started early in weeks 47/2016 to 49/2016 and peaked already

in week 52/2016 (14). In these countries the genetic influenza
surveillance revealed the presence of the genetic A(H3N2)
subclade 3C.2a1 in 24% of the samples already at the beginning
of the season, with an increase to 75% of the circulating viruses
in the final weeks 52/2016 to 02/2017 (14). This circulation
pattern is in contrast to that observed in Austria, where the
influenza season started several weeks later with its peak in
week 02/2017. The time dependent spread of the influenza
virus activity throughout Europe may explain the differences
in the proportion of circulating A(H3N2) genetic subclades in
different regions. In Austria 3C.2a1 subclade accounted already
for 71% of the circulating influenza viruses at the beginning
of the season. This may also partly explain the absence of
influenza vaccine protection in Austria, where negative IVEs
throughout the season were observed. This differs to data from
other countries, where overall IVE’s for this season of around 40%
have been described (12–15). Beyond viral genomic variation,
birth cohort effects, prior vaccination in addition to the epidemic
period may account for regional differences in IVE estimates
(16, 17). In this context, the low vaccine coverage in Austria
in contrast to that of the other European countries has to
be taken into consideration. Nevertheless, detailed analyses of
IVEs in Finland and Sweden during the season showed a clear
decline in IVEs with increasing proportion of circulating 3C.2a1
viruses [IVE 50% at the start of the season with a drop to
30% at the end (14)], indicating a correlation between viral
changes and the observed decline of IVE estimates. This also
demonstrates the strong influence of the antigenic match on the
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IVE and argues, at least in this case, against waning of vaccine
induced immunity.

In the following season 2017/18 a wide range of various
patterns in the epidemiologic dominance of influenza virus
types and subtypes was observed in different parts of the
world. While in the US A(H3N2) viruses dominated, a co-
circulation of influenza B/Yamagata and A(H3N2) viruses was
observed in Canada (18). In Europe the majority of influenza
viruses detected were influenza viruses type B. But even in
Europe the pattern of circulating strains differed locally. While
in UK an equal co-circulation of influenza B viruses and
influenza A(H3N2) viruses was observed, in continental Europe
influenza B viruses dominated with locally different proportions
of co-circulating A(H1N1)pdm09 and/or A(H3N2) viruses. In
Austria influenza B viruses accounted for 67% of the circulating
viruses with a co-circulation of A(H1N1)pdm09 viruses (29%)
and more or less no epidemic activity of the A(H3N2)
viruses (4%).

In Austria the observed type-specific IVE of 45% against
influenza B virus infections was comparable with international
published data where a quite broad range from 25 to 55%
was reported (18–20). Despite the pronounced influenza B
lineage mismatch of the TIV/aTIV vaccine strain (vaccine
strain B/Victoria), still a quite good IVE against the circulating
influenza B/Yamagata viruses was observed. This phenomenon
can be explained by influenza B lineage cross-protection, where
birth-cohort effects induced by differential prime-boost lineage-
exposures may play a role in IVE. Cross lineage protection was
observed previously in several studies (17, 21). Nevertheless,
as expected, in patients vaccinated with quadrivalent vaccines
(QIV/LAIV, perfect vaccine match for the influenza B/Yamagata
component) an increased overall IVE of 46% and an IVE of
76% for children between 6 month and 14 years of age could be
found for this season in Austria. This is in accordance with data
described in Canada (18), and differ to those obtained by the UK
(19), which show no effectivity for the TIV against influenza B,
but excellent effectivity of the LAIV against influenza B (61%)
and A(H1N1)pdm09 (91%).

In Austria A good overall A(H1N1)pdm09 specific IVE of 66%
and of 72% in children was also found for quadrivalent vaccines
(QIV/LAIV), whereas the analysis including all kind of vaccines
used (mostly TIV) revealed an influenza A(H1N1)pdm09 specific
IVE of only 25% for this season. A possible explanation of this
differences in IVE estimates, may be provided by the low vaccine
uptake rate in Austria. The low number of vaccinated patients
with confirmed A(H1N1)pdm09 infection disproportionally
effects subgroup analyses, as reflected by the wide confidence
intervals for this subgroup analyses.

This also affects IVE subgroup analyses during the season
(Figure 2), where, based on the low numbers of vaccinees, IVE
estimates were not possible for the different types/subtypes for
each time period.

Influenza B lineage mismatch did not play any role in the
following season 2018/19, as this season was dominated by
influenza A viruses. In Canada (22) and Hong Kong (23)
the 2018/19 influenza season was dominated by influenza
A(H1N1)pdm09 viruses. In Europe a complex and over the

season constantly changing pattern of the circulation of both
influenza A virus subtypes was observed. UK reported the co-
circulation of both influenza A virus subtypes, while counties
on the European continent reported the dominance or co-
circulation of either A(H1N1)pdm09 or A(H3N2) viruses. This
significant differences in the geographic spread of the two
influenza A subtypes and their genetic subclades, may also
explain differences in IVE estimates.

In Austria influenza A(H1N1)pdm09 viruses dominated
during the season 2018/19 accounting for 2/3 of all influenza
virus infections. Notably, an increase in the proportion of
circulating influenza A(H3N2) viruses could be observed over
time, with 24% of A(H3N2) viruses at the beginning of the season
up to 47% A(H3N2) viruses toward the end of the season (see
Figure 2).

The genetic surveillance of the circulating A(H3N2) viruses
showed the emergence of various subclades, and additionally
also temporal differences in the distribution of the A(H3N2)
subclades. During the season the high genetic heterogeneity
of the A(H3N2) viruses was expressed by the continued co-
circulation and diversification into various genetic A(H3N2)
subclades and subclusters. Due to the general genetic variability
of the influenza viruses and their ability for reassortment, it
is not surprising, that various A(H3N2) hemagglutinin (HA)—
neuraminidase (NA) subclade reassortants could be detected by
the close genetic monitoring carried out in the national influenza
surveillance (Table 1). In Austria, out of 90 viruses genetically
characterized 24 (27%) were found to be HA-NA subclade
reassortants, and in 3 out of 9 vaccinated patients with confirmed
A(H3N2) infection, the HA-NA subclade reassortant could be
detected. These reassortments represent an additional factor that
further complicates IVE estimates, next to the various circulating
subclades and the temporal differences in their distribution.
Hence, for the 2018/19 influenza season a broad range for the
A(H3N2) specific IVE is reported ranging from −39 to 24% in
six European studies (24). In these countries only 59% of the
circulating A(H3N2) viruses belonged to the subclade 3C.2a1b,
with a good match to the vaccine strain. In Austria 84% of the
circulating A(H3N2) viruses belonged to the 3C.2a1b subclade
resulting in overall A(H3N2) specific IVE of 58%. An especially
high IVE of 82% was observed in children and a quite good IVE
of 43% in patients above 65 years.

The A(H1N1)pdm09 viruses circulating during the season
2018/19 have evolved over time from their 2009 ancestor
and are becoming genetically more variable, but at a slower
pace than the A(H3N2) viruses. In Austria, 88% of the
A(H1N1)pdm09 viruses genetically characterized represented
the A(H1N1)pdm09 genetic subclades 6B.1A5 or 6B.1A7, and
differed slightly from the vaccine strain (sublade 6B.1A).
Despite these minor genetic changes, still a quite good overall
A(H1N1)pdm09 specific IVE of 65% could be observed. This
IVE are comparable with that reported in other European and
international studies with A(H1N1)pdm09 IVEs ranging from
between 46 and 92% (22–24).

In addition to the influenza virus genetic diversity, the degree
of epidemic influenza virus circulation also effects IVE estimates.
A higher level of epidemic influenza virus circulation is associated
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with higher exposure rates and provides therefore higher chances
for infection to take place. This may lead to lower IVE estimates
in seasons with a high degree of influenza virus activity. In
contrast, higher IVE estimates may be observed in seasons with
a low degree of influenza virus activity. This may explain the
relatively good vaccine protection during the milder season
2018/19, where only minor mismatches with the vaccine strains
have been observed.

No significant differences between intraseasonal IVE
estimates were observed over the three seasons analyzed. Prior
studies (5, 25–27) found evidence for the waning of vaccine
protection during a single season with increasing time since
vaccination. However, waning of protection is not consistently
observed in all seasons or populations. As waning of protection
is closely linked with antibody decay, the immunogenicity of the
vaccine antigen is a crucial factor. Also the patient’s individual
immune response is closely linked with the patient’s individual
prime-boost experience resulting in their own and unique
“antibody landscape” (28).

As far as agent factors are concerned, the results of the present
study indicate that statements on a protective effect of a vaccine
against specific strains are only possible for distinct time periods
of an influenza season and with an adjustment for the genetic
pattern of the circulating influenza viruses. Although, our data
indicate a correlation between IVE and the complex dynamics
of circulating strains of a flu season, testing for a statistically
significant relationship will require the further analysis of a few
more influenza seasons.

IVE estimates are challenging and difficult, as they are
influenced by multiple factors like the vaccines used, repeat
vs. single season vaccination, the patient’s individual prime-
boost exposure, and the immunogenicity of the vaccine
antigen. Nevertheless, one of the most important factors is
still the antigenic match between the vaccine strains and the
circulating strains.

The results obtained in our study over the three seasons
demonstrate the increasingly complex dynamic of the ever
changing genetic pattern of the circulating influenza viruses and
their influence on IVE estimates. This genetic and antigenic
variability extremely complicates the decisions of the WHO on
suitable and optimal influenza vaccine strains and underscores
the importance of the development and availability of a universal
influenza vaccine.
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Inflammatory bowel disease (IBD), which comprises ulcerative colitis and Crohn’s

disease, is an immune-mediated, chronic-relapsing, disabling disorder which is

associated with increased mortality and poor patients’ quality of life. Patients with IBD

are at increased risk of infections for many reasons. In fact, IBD often requires a lifelong

immunosuppressive and/or biologic therapy, both commonly associated with respiratory

and opportunistic infections, but also gastrointestinal, urinary tract infections, and sepsis.

Moreover, impaired spleen function has been found in a considerable proportion of IBD

patients, further increasing the risk of developing infections sustained by encapsulated

bacteria, such as S. pneumoniae, H. influenzae, andN.meningitidis. Finally, comorbidities

and surgery represent additional risk factors for these patients. Despite the availability of

vaccinations against themost common serotypes of encapsulated bacteria, uncertainties

still exist regarding a proper vaccination strategy and the actual effectiveness of

vaccinations in this particular setting. Aim of this narrative review is to focus on the broad

topic of vaccinations against encapsulated bacteria in IBD patients, discussing the clinical

impact of infections, predisposing factors, vaccinations strategies, and unmet research

and clinical needs.

Keywords: Crohn’s disease, hyposplenism, opportunistic infections, ulcerative colitis, vaccination strategy

INTRODUCTION

Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative colitis
(UC), is an immune-mediated disease affecting both the colon and the small intestine (1, 2). Due to
the chronic immune-mediated inflammation of the bowel, IBD often requires immunosuppressive
therapies, such as corticosteroids, thiopurines, methotrexate (MTX), anti-tumor necrosis factor
(TNF) alpha agents or other biological drugs. Although IBD patients are not routinely considered as
immunodeficient, if not secondary to immunosuppressive therapies, there is evidence of impaired
immune responses in IBD (3). In fact, we know from genome wide association studies that
there is an aberrant immune response in IBD, involving both innate and adaptive immune
response loci (4). Nevertheless, recent evidence shows that reduction of microbiome diversity is
typical of IBD, and this could be another factor underlying immune impairment in these patients
(5). As a result of the exogenous and the endogenous immunosuppression, these patients are
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at a higher risk of infections, especially those from encapsulated
bacteria (6, 7). This could also be the consequence of impaired
spleen function (also known as hyposplenism), that is quite
common in this population (8, 9). Indeed, the risk of invasive
pneumococcus infection is increased 3-fold during the first year
from IBD diagnosis, and it is still high during the following
years, and this is true regardless of immunosuppressive therapy.
This is the main reason why encapsulated bacteria vaccination
(especially anti pneumococcal vaccine) is strongly recommended
after IBD diagnosis, ideally at least 2 weeks before starting any
immunosuppressive therapy (10).

Despite the possibility to prevent most of these infections
through vaccines, vaccination rate among IBD patients is still
very low (11, 12). It is advisable to check immunization state of
the patients and proceed to vaccination, in order to be able to
initiate immunosuppressive therapies as soon as possible, when
needed. As said, immunization rate among IBD patients is still
low and this is due to both lack of knowledge and proposal among
gastroenterologists and primary care physicians (5, 10).

On these bases, the aim of this narrative review is to clarify the
reasons why IBD patients should be vaccinated, especially against
encapsulated bacteria. Furthermore, we aim to summarize all
the current indications to immunization among IBD patients
stressing the need to routinely vaccinate these patients at the time
of diagnosis.

CLINICAL IMPACT OF INFECTIONS BY
ENCAPSULATED BACTERIA IN IBD

Patients with IBD are at increased risk for infections, many
of which are potentially preventable through the use of
available vaccines (11). Infections are one of the most frequent
comorbid conditions in IBD in which there is also an increased
likelihood of developing severemanifestations from encapsulated
microorganisms, including S. pneumoniae, H. influenzae, and
N. meningitidis. Impairment of the innate immune response
against infectious agents observed in patients with IBD (13)
seems to be the most important factor affecting susceptibility to
infections. Also, treatment with immunosuppressive agents and
hyposplenism (8, 14) are additional factors.

In 2015, the mean incidence rate for invasive meningococcal
disease in the general population in Europe was 0.6 per 100,000
individuals, higher among infants and young children (15).
Invasive pneumococcal disease was reported in 5.5 per 100,000
individuals, higher among infants and adults aged 65 years or
over (15). Finally, invasive H. influenzae disease was reported
in 0.7 per 100,000 individuals, with peaks among infants under
1 year and in the elderly (16). An Italian study compared
the national surveillance system with recorded hospitalizations
occurring between 2007 and 2016 for encapsulated bacterial
infections, identifying 12,671 hospital discharges with a diagnosis
consistent with infection by S. pneumoniae, H. influenzae,
and N. meningitidis. The most frequent bacterial agent found
in this study was S. pneumoniae (9,430, 74.4%), followed by
N. meningitidis (2,067, 16.3%), and by H. influenzae (1,174,
9.3%) (17).

A few studies explored invasive S. pneumoniae infections
in IBD patients, who are at increased risk of death during
hospitalization (18, 19). Instead, data regarding the incidence
rate of infections due to H. influenzae and N. meningitidis are
still scant (20). In line with other countries, in the US the most
common etiologic agent of community acquired pneumonia
is S. pneumoniae. Long et al. conducted a large retrospective
study to define the risk of pneumonia in IBD patients and how
immunosuppressive treatments affect this risk (21). The study
included 50,932CD patients, 56,403 UC patients, and 1,269 with
unspecified IBD matched with 434,416 individuals without IBD.
IBD patients turned out to have one and a half times higher
rate of pneumonia (HR 1.54, 95% CI 1.49–1.60) compared to
age-matched controls without IBD, with an increased risk in
both CD (HR 1.71, 95% CI 1.62–1.80) and UC (HR 1.41, 95%
CI 1.34–1.48). Unfortunately, this study did not differentiate
vaccine preventable pneumonia from others, hence it is difficult
to ascertain the impact of vaccination.

Another population-based study aiming to investigate the
risk of invasive pneumococcal disease (IPD) before and after
IBD diagnosis was recently conducted in Denmark (7). This
study included 74,156 IBD patients, 1,482,363 non-IBD controls,
and matched individuals from the general population. The
study found 277 IPD cases among IBD patients (0.37%)
and 3,984 in controls (0.27%), proving a 2-fold higher risk
of IPD in CD patients than controls (HR 1.99; 95% CI,
1.59–2.49), whereas a 1.5-fold higher risk was found in UC
patients (HR 1.46; 95% CI, 1.25–1.69). Furthermore, the study
demonstrated that IBD patients had an increased risk of IPD,
both before and after IBD diagnosis, suggesting that it is likely
related to the underlying altered immune response and, in
contrast with other studies, not associated with the use of
immunosuppressors or immunomodulators. Amajor limit of this
study was the lack of pneumococcal vaccination data over the
study period.

A further study from the US showed that the prevalence
of S. pneumoniae infection in IBD patients hospitalized for
pneumonia was 82.6 per 100,000, while only 69.2 per 100,000
for the control population. Thirteen deaths occurred among
IBD patients. Moreover, during the 6-year study period, the
prevalence ofH. influenzae pneumonia cases among IBD patients
was 19.2 per 100,000, compared with 14 per 100,000 in the
control population, with in-hospital five deaths (22).

Meningococcal infections are endemic in Western countries
and infections caused byN. meningitidis can evolve into a disease
with high mortality, if not recognized and promptly treated.
Meningococcal infections have only been reported in small series
of IBD patients (23, 24).

Table 1 reports the main results of studies exploring
encapsulated bacterial infections in IBD patients.

PREDISPOSING FACTORS

Hyposplenism
Spleen function in health and disease has drawn progressive
attention over the last decades, especially in relation to the
gastrointestinal tract (9, 14, 25). The spleen structure consists
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TABLE 1 | Summary of the main studies focusing on encapsulated bacterial infections in inflammatory bowel disease.

References Country Study design Patients, n Infection type Infection risk

Long et al. (21) US Retrospective cohort study

Nested case-control study

50,932CD

56,403 UC

1,269 unspecified IBD

434,416 Hc

Pneumonia HR 1.71, 95% CI 1.62–1.80 (CD)

HR 1.41, 95% CI 1.34–1.48 (UC)

Kantsø et al. (7) Denmark Population-based cohort

study

22,098CD

52,058 UC

1,482,363 Hc

IPD HR 1.99; 95% CI, 1.59–2.49 (CD)

HR, 1.46; 95% CI, 1.25–1.69 (UC)

Stobaugh et al. (22) US Cross-sectional study

Nationwide inpatient sample

48,087,002 inpatient

discharge visits

Pneumonia

S. pneumoniae

H. influenzae

HR 1.08; 95% CI, 0.99–1.17 (CD)

HR 0.93; 95% CI, 0.82–1.06 (UC)

HR 1.28; 95% CI, 1.06–1.54 (CD)

HR 1.42; 95% CI, 1.13–1.79 (UC)

CD, Crohn disease; Hc, Health controls; IPD invasive pneumococcal infection; UC, ulcerative colitis.

of three interrelated compartments—the red pulp, the white
pulp, and the marginal zone. Among other functions—including
phagocytic filter, antibodies production and maintenance of
immunological tolerance—the spleen plays a crucial role in the
clearance of encapsulated bacteria (25). In fact, IgM memory
B cells, which are a unique B-cell population of the marginal
zone of the spleen are responsible for producing pentameric
IgM antibodies which are necessary to facilitate phagocytosis
of these bacteria, either directly or through complement
deposition on the capsule (26, 27). IgM memory B cells,
however, can only be produced if spleen function is unaltered,
and are thus diminished in patients with common variable
immunodeficiency, congenital or acquired asplenia, and in the
elderly (25). A variety of diseases—including IBD and other
gastrointestinal, hematologic, hepatic, autoimmune, infectious,
congenital diseases—may present splenic abnormalities that
can vary from mild hyposplenism to frank splenic atrophy.
In clinical practice, the assessment of spleen function can be
easily performed through counting of pitted red cells with an
interference contrast microscope equipped with Nomarski optic,
with an upper limit of normal of 4%. Pitted red cells are
erythrocytes with an irregular surface which are normally cleared
by a normal-functioning spleen (28).

IBD patients, who already face an increased risk of infection
due to their disease, due to hyposplenism may also be less
likely to clear an infection driven by encapsulated bacteria
(29, 30), which can be avoided through the use of vaccines,
especially conjugated vaccines (31, 32). This is the reason
why, in these patients, hyposlenism should be appropriately
assessed. The relation between hyposplenism and IBD was
firstly described ∼40 years ago (33, 34), and it was related
to disease activity, especially in UC (35). Even if the fine
bases of hyposplenism in IBD are not yet fully understood,
depletion or impairment of enteric lymphocytes seem to be
implied. Also, depletion of IgM memory B cells was shown
in patients with both CD and UC, with an inverse relation
with pitted red cells, which strongly suggests that IgM memory
B cells depletion is directly related to the degree of splenic
impairment (8). More studies focusing on hyposplenism in IBD
are eagerly awaited.

Immunosuppressive Therapy
The first use of corticosteroids for IBD dates back to 1955,
when Truelove andWitts demonstrated their efficacy in inducing
remission in UC (36). Soon after, in 1979, Summers et al. showed
the same effect in CD (37). Since then, these drugs have been
the milestone of moderate to severe IBD medical treatment.
However, patients usually relapse shortly after tapering and
require up to 20–30mg of steroids daily to maintain remission.
This condition is called steroid resistance and indicates the
need for immunosuppressive therapies including thiopurines and
MTX (38, 39). 6-mercaptopurine and its prodrug azathioprine
exert an immune modifier function due to their antimetabolite
activity that reduces cell proliferation. This peculiar characteristic
could be a double-edged sword, as on one hand they have been
shown to be effective in both inducing (40) and maintaining (41)
remission in IBD, but, on the other hand, they could lead to an
immune impairment with subsequent higher risk of hematologic
and non-hematologic neoplasia and infections, especially among
elderly patients. MTX is an antiproliferative molecule inhibiting
dihydrofolate reductase used at high dose as chemotherapy and
at low dose as immunomodulator for chronic inflammatory
diseases, including rheumatoid arthritis (42) and IBD (43).
Notwithstanding its efficacy, its anti-inflammatory effect is still
not fully understood but may be due to antiproliferative effects
on leukocytes and decreased inflammatory molecule production
(44). At present, MTX is used in CD patients, but its use in UC
is still controversial due to the lack of evidence on its efficacy
(45). Nevertheless, immunosuppressive therapies are often used
in combination with biological therapies (especially with anti-
TNF drugs) in order to reduce their immunogenicity, raising
concerns about possible side effects, especially infections and
malignancy (45). Indeed, infections represent one of the leading
causes of death in individuals with IBD (46).

IBD patients have a higher morbidity and mortality rate for
infectious complications compared to the general population
(19). However, most of the current knowledge in this regard
derives from other autoimmune conditions requiring prolonged
and intensive immunosuppressive therapies. For example, a
few studies demonstrated that pneumonia is one of the
most frequent causes of morbidity and mortality in patients
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with rheumatoid arthritis (47, 48). Also, a few cases of
fulminant infections have been reported among IBD, Still’s
disease, and patients with rheumatoid arthritis undergoing
immunosuppressive therapies (11).

According to European Crohn’s and Colitis Organization,
a dose of at least 2 mg/kg of intravenous steroids or at least
20mg of oral prednisone for more than 2 weeks is a risk
factor for infectious diseases together with thiopurines, MTX,
and calcineurin inhibitors (5). According to the literature,
corticosteroid administration is clearly associated with serious
infections in a dose-dependent fashion (49, 50).

According to the study by Longo et al. an increased risk
of infection among patients on steroids (OR 1.91 95%CI 1.72–
2.12) and on thiopurines (OR 1.13 95% IC 1.00–1.27) (21) was
noticed. These findings do not differ from those of patients
with rheumatoid arthritis, highlighting the risk for pneumonia
attributable to the use of corticosteroids (47, 51), but no
additional risk due to other disease modifying antirheumatic
drugs, especially MTX (52). Moreover, as both corticosteroid
use per se and infections have been associated with an excess of
mortality, preventive strategies should represent a priority in the
immediate future (22, 53). Indeed, guidelines promoted by the
European Crohn’s and Colitis Organization suggest vaccination
against encapsulated bacteria (particularly S. pneumoniae) before
starting immunosuppressive therapies (5). Nonetheless, there is
evidence that pneumococcal vaccination is poor among IBD
patients (11), due to both unawareness and intentional lack
of adherence.

Finally, there is lack of data regarding specifically H.
influenzae and N. Meningitidis among IBD patients, especially
those undergoing immunosuppressive therapy.

Besides medical therapy, IBD patients needing
immunosuppressive drugs have a more severe illness, so
the highest prevalence of infections could be related to disease
activity itself (21), and to hyposplenism (8, 25).

Biological Therapies
TNF is a proinflammatory cytokine involved in a variety of
pathways including innate and adaptive immunity, inflammation
response and cell death regulation (54). Even though the exact
etiology is still unknown, high concentrations of this cytokine
are believed to play a key role in the pathophysiology of IBD,
causing chronic inflammation and Th-1 exacerbation in a high
percentage of IBD patients (55–57). Therefore, TNF alpha-
inhibitors, including infliximab, adalimumab, certolizumab, and
golimumab, which have been used as effective drugs for these
ailments, still raise concerns about their safety due to the
pathways they interfere with. Different studies were conducted
to evaluate if there was a higher risk of severe infection in
those patients treated with anti-TNF therapy, showing a sizeable
increase, up to 2-fold, which correlates with the dosage and
the association with other immunosuppressive therapies (58–61).
Alongside with those evidences, since S. pneumoniae is the first
cause of community-acquired pneumonia (62), immunization
in IBD patients receiving anti-TNF is recommended by both
European and American guidelines (5, 18). However, the
response to the 23-valent pneumococcal polysaccharide vaccine

in patients receiving anti-TNF therapy, has been shown to be
significantly lower when mirrored with the healthy population
(63–65), and thus the vaccine should be administrated before
starting an immunosuppressive therapy, whenever possible.

To face the lack of selectiveness, new drugs targeting
gut-specific receptors have been studied. Vedolizumab is a
humanized IgG1 monoclonal antibody binding to the α4β7
integrin, selectively dampening the lymphocyte activity in the gut
thanks to the lack of affinity to α4 (66–69). Due to its different
mechanism of action, vedolizumab seems to be safer than anti-
TNF drugs showing lower risk of infections in both UC and CD
patients (66, 70–73).

Ustekinumab is a fully human immunoglobulin G1k
monoclonal antibody that selectively target the IL12/IL23 p40
subunit, interfering with the regulatory cytokines involved
in inflammatory and immune response, natural killer cells
activation and effector cytokine production (e.g., TNF, IL-17,
IL-22) (74, 75). Available data on this drug suggest no correlation
between ustekinumab therapy and any kind of infections in
different cohorts of patients (CD or psoriasis), with a higher
incidence amongst CD patients. However, incidence was
comparable between ustekinumab and placebo-treated patients,
with no apparent dose-effect correlation, suggesting that the
higher rates saw in this cohort were the results of the severity of
disease activity (76–80).

Comorbidities
Comorbidity is one of the major factors contributing to patients’
complexity, leading to a more difficult therapeutic approach,
especially when it is associated with frailty. Physicians often
have to face with multimorbid patients and this could be due
to the spreading of unhealthy lifestyle and to the longer life
expectancy (81).Moreover, comorbidity worsens the prognosis of
IBD per se, increasing the likelihood of drug-to-drug interaction.
Kariyawasam et al. demonstrated that comorbidities, rather than
age itself, are the major risk factors for a worse outcome and for a
higher need for immunosuppressive drugs (82).

Similarly to what is reported in the general population,
incidence of encapsulated bacterial infections (S. pneumoniae in
most cases) is higher in elderly IBD patients and in individuals
with comorbidities. For instance, in a recent study investigating
hospitalization for infectious disease in the first year from IBD
diagnosis, it was demonstrated that the presence of comorbid
conditions is an independent risk factor for this outcome (OR
2.32; 95% CI, 1.05–5.13) (83).

Particularly, alcoholism, organic brain disease, diabetes
mellitus and chronic lung disease are considered major
independent risk factors for infectious diseases among IBD
patients, confirming what was previously reported about patients
with rheumatoid arthritis (5, 84).

The importance of diabetes as an additional risk factor for
S. pneumoniae pneumonia (HR 1.92 95% IC1.84–1.99) and
for death (HR 1.67 95% IC 1.45–1.92) has been reported.
Moreover, chronic obstructive pulmonary disease is a risk factor
for infections, especially those affecting the respiratory tract.
According to this study, besides comorbidity, older age is
another important co-factor contributing to the increased risk
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FIGURE 1 | Possible predisposing factors for encapsulated bacterial infections in inflammatory bowel disease.

of bacterial infections. Particularly, among elderly individuals,
the risk was significantly higher compared to younger patients
(age limit 30 years), with the highest absolute risk among
individuals aged 61–64 years (21). Moreover, malnutrition, total
parenteral nutrition, and bowel surgery were independently
associated with infectious-related hospitalization (19). Indeed,
malnutrition is a rather common condition in these patients,
resulting from inadequate food intake (due to gastrointestinal
symptoms), malabsorption, surgery, short bowel syndrome, and
drug interactions (85).

Interestingly, recent findings stressed the importance of the
chronic use of proton pumps inhibitors as a risk factor for
community acquired pneumonia. All comorbidities that require
the use of this class of medication may lead to a higher risk of S.
pneumoniae infection (86).

Surgery
Surgery represents a risk factor per se for infections, especially
if performed in a non-elective fashion as it often happens in
IBD patients (87). Furthermore, pneumonia represents the third
most common complication of any surgical procedure, impacting

on both morbidity and mortality, prolonging the length of stay,
and thus the incidence of further complications (88). Several
IBD complications may require a surgical treatment, including
strictures, occlusions and fistulas in CD patients and toxic
megacolon or poorly controlled disease in UC (89–92). Many
studies investigated the impact of pneumonia in a postoperative
setting, showing a mortality rate as high as 27%, which was lower
in those treated with a laparoscopic approach (93). In addition,
low BMI, low nutritional status, and pre-operative hospital stay
have been identified as risk factors to develop post-surgical
pneumonia in different surgical settings, with higher risk in those
undergoing oesophageal surgery or liver transplantation (93).
Furthermore, biological therapies may increase the incidence of
post-operative infections, especially anti-TNF therapy prior to
surgery (94). Nevertheless, at present, no data are available to
determine the best moment to discontinue anti-TNF therapy.
To our knowledge, no specific studies evaluating the incidence
of capsulated infection in IBD patients undergoing a surgical
procedure have been performed.

Figure 1 summarizes factors predisposing to increased
infection susceptibility in patients with IBD.
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ROLE OF VACCINATION STRATEGIES IN
PREVENTING INFECTIONS AND
MORTALITY

The high clinical impact of risk for capsulate bacterial infections
in IBD patients justifies the need for widespread and valid
vaccinations strategies in this population, as recommended by
current guidelines (5, 18). In particular, anti-pneumococcal,
anti-meningococcal, and probably even anti-Haemophilus
influenzae b vaccines are essential for preventing significant
morbidity and mortality in IBD patients, regardless of actual or
imminent immunosuppression.

Anti-pneumococcal Vaccines
Two vaccinations are available against S. pneumoniae, a 23-valent
polysaccharide vaccine (PPSV23) and a 13-valent conjugate
vaccine (PCV13).

PPSV23 contains purified capsular polysaccharides from 23
pneumococcal serotypes, that act as T-cell independent antigens
able to stimulate specific IgM production by B cells (95). Due
to the exclusively humoral nature of the response induced
by PPV23, which does not create an immunologic memory,
and the consequent progressive reduction of antibody levels
shortly after vaccination, immunization should be repeated
every 5 years (96). Immune response to PPSV23 is often
inadequate in children <2 years (97), in older adults (98,
99), and in immunosuppressed patients. IBD patients seem to
show an adequate response to PPSV23, if they are not on
immunosuppressive therapy. Dotan et al. found a significant
increase (at least 2-fold) in titer of antibodies to at least 4/14
pneumococcal serotypes in 21/28 (75%) IBD patients, prior to
thiopurine therapy start (100); moreover, IBD patients treated
with mesalazine were found to have a response to PPSV23
vaccine similar to healthy controls (63). Patients exposure to
anti-TNF or to a combination therapy may cause a decrease
in vaccination efficacy; conflicting results are available on
thiopurine monotherapy. In particular, Fiorino et al. found,
after PPSV23 vaccination, a significant lower response in IBD
patients receiving infliximab or a combination therapy than
in patients taking 5-ASA (57.6 and 62.5% vs. 88.6%), while
patients receiving azathioprine showed a normal response rate
(78.9%) (64). These results are confirmed by other studies,
one on a large cohort of patients affected by CD (65), and
one on 45 patients with IBD (101). Other studies on IBD
and rheumatologic patients populations showed a stronger
influence of immunomodulator therapy (MTX or thiopurines)
on reduction of vaccine response rates, compared to anti-TNF
alpha alone (101).

PCV13 is a 13-valent conjugate vaccine, in which
pneumococcal capsular polysaccharides are conjugated to
highly immunogenic cross-reactive material 197 (CRM197),
a non-toxic diphtheria toxoid protein. The polysaccharide-
CRM197 complex is bound and internalized by B-cells via
polysaccharide-specific IgM and by antigen presenting cells.
These cells are able to process and present CRM197 protein to
type 2 helper T cells. This type of response causes antibody

isotype switching and the generation of memory B cells (102).
PCV13, due to its higher immunogenicity, is indicated in infants
and young children and in adults with immunocompromising
conditions (103). In patients affected by CD and not receiving
any immunosuppressive drug, PVC13 was shown to induce
a higher antibody response to certain serotypes compared
to PPSV23 (63); similar results were obtained in a study
conducted on a general adult population (104). On the contrary,
in IBD (105) and in rheumatologic patients (106) on anti-
TNF alpha, or thiopurine, or combination therapy, at least
short-term immune response to PCV vaccination resulted
to be lower than that to PPSV one, probably due to the
drug-induced impairment of T-cell mediated immunity. In
order to extend immunological response to a wider range of
serotypes, and to boost the response to the serotypes present
in both vaccines, a sequential vaccination schedule has been
adopted for immunocompromised and for IBD patients,
as indicated by the Advisory Committee on Immunization
Practice (103) and current guidelines (5, 18) including one
dose of PVC13, followed by one dose of PPSV23 after 8
weeks (in immunocompromised patients) or after 1 year
(in immunocompetent patients). A second dose of PPSV23
is needed after 5 years and should be regularly repeated in
patients older than 65 years old. Efficacy of this approach was
evaluated in a rheumatologic setting (107). A recent study by
van Aalst et al. (108) studied response rates after sequential
vaccination in different groups of IBD patients, including
patients in therapy with conventional immunomodulators,
with anti-TNF alpha, with combination therapy and not
treated by immunosuppressive drugs (controls). Response to
vaccination was significantly lower in patients treated with
immunosuppressive drugs than in controls (59 vs. 81%), and
response impairment was stronger in patients on a combination
therapy. These results highlight the necessity for vaccination
before commencing immunosuppressive therapy.

Anti-meningococcal Vaccines
A conjugate vaccine against meningococcal serogroup A, C, W,
Y (MenACWY) and a polysaccharide one directed against the
same serotypes (MPSV4) are available. Two adsorbed vaccines
against serogroup Bmeningococcus have also been licensed since
2013, MenB-FHbp (three doses at 0, 2, 6 months) and MenB-
4C vaccine (two doses at least 1 month apart). Meningococcal
vaccines have not been studied in IBD populations, but data
are available on general population and on immunosuppressed
patients. MenACWY is the most used, and the most effective,
anti-meningococcal vaccine directed against serotype A, C, W,
Y. It was shown to elicit a significant serological response both
in healthy adolescents, in asplenic, and in HIV patients (109).
In patients affected by juvenile idiopathic arthritis, adequate
antibody titers were found in patients receiving even high doses
of immunosuppressive drugs (MTX, infliximab, cyclosporin
A). In this group of patients, and in particular in those
taking biologics, antibody concentration was lower than non-
immunosuppressed patients (110, 111). Also, MenB-FHbp and
MenB-4C vaccine showed a good immunogenicity in healthy
subjects (112).
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Anti-haemophilus Vaccines
Three monovalent PRP polysaccharide-protein conjugate
vaccines are available, namely PRP-OMP, in which purified
polyribosylribitol phosphate (PRP) capsular material from
Haemophilus influenzae type b (Hib) strains is conjugated
with an outer membrane protein complex (OMPC) of the
B11 strain of N. meningitidis serogroup b, and two PRP-T,
in which PRP is conjugated with tetanus toxoid. Different
combinate vaccines containing Hib conjugate vaccine have also
been licensed. All these vaccines, comprising combinate ones,
were shown to induce protective antibody levels in general
population, even if with some difference in the timing of
antibody response (113). In particular, PRP-OMP is able to
induce protective antibody levels after the first dose, while PRP-T
confers it after the third dose (after 4 months). Hib vaccine
showed a good immunogenicity even in immunocompromised
patients, although antibody levels vary with the degree of
immunocompetence (113). In a single study conducted on IBD
patients, normal response to Hib vaccine was observed both in
patients treated with thiopurines and in non-immunosuppressed
ones (100).

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Despite the recent advances in the understanding of the
mechanisms affecting susceptibility to infections in patients with
IBD, many gaps still need to be filled in. In particular, little
is known regarding the actual epidemiology of encapsulated
bacterial infections in these patients. Also, long term effectiveness
of vaccinations is poorly understood, and most of our
knowledge derives from studies focusing on patients taking
immunosuppressants for other immune-mediated conditions.
Nonetheless, definition of clear vaccination strategies is one of
the most compelling needs in different settings, including IBD
(114, 115). We therefore envisage that future research will focus
on this issue.
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Computational vaccinology includes epitope mapping, antigen selection, and

immunogen design using computational tools. Tools that facilitate the in silico prediction

of immune response to biothreats, emerging infectious diseases, and cancers can

accelerate the design of novel and next generation vaccines and their delivery to the

clinic. Over the past 20 years, vaccinologists, bioinformatics experts, and advanced

programmers based in Providence, Rhode Island, USA have advanced the development

of an integrated toolkit for vaccine design called iVAX, that is secure and user-accessible

by internet. This integrated set of immunoinformatic tools comprises algorithms for

scoring and triaging candidate antigens, selecting immunogenic and conserved T cell

epitopes, re-engineering or eliminating regulatory T cell epitopes, and re-designing

antigens to induce immunogenicity and protection against disease for humans and

livestock. Commercial and academic applications of iVAX have included identifying

immunogenic T cell epitopes in the development of a T-cell based human multi-epitope

Q fever vaccine, designing novel influenza vaccines, identifying cross-conserved T cell

epitopes for a malaria vaccine, and analyzing immune responses in clinical vaccine

studies. Animal vaccine applications to date have included viral infections of pigs

such as swine influenza A, PCV2, and African Swine Fever. “Rapid-Fire” applications

for biodefense have included a demonstration project for Lassa Fever and Q fever.

As recent infectious disease outbreaks underscore the significance of vaccine-driven

preparedness, the integrated set of tools available on the iVAX toolkit stand ready to

help vaccine developers deliver genome-derived, epitope-driven vaccines.
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INTRODUCTION

Over the past 20 years, academic researchers and commercial
companies have developed immunoinformatics tools to discover
the T cell epitope “triggers” that activate the immune system
and have applied these tools to vaccine design. The pace of
algorithm development for discovering epitopes and designing
vaccines has recently accelerated, due to renewed interest
in epitope-based vaccines generated by the introduction of
immune checkpoint inhibitors to the field of oncology (1)
and the emergence of new pathogens such as nCOV-2019
(SARS-CoV-2).

This review will describe vaccine design tools developed
by the authors and their application to epitope discovery,
antigen engineering, and immunology research in wide-
ranging collaborations, as illustrated in several case studies.
Starting with T cell epitope discovery, we illustrate how T
cell epitopes are relevant to vaccine safety, efficacy, antigen
characterization, antigen engineering, and vaccine design.
We believe that T cell epitopes deserve greater focus in
vaccine development, because even in the absence of effective
antibody response, T cell epitopes are important drivers of
immune defense against pathogens and may also facilitate their
escape from immune defense. Specifically, new information
on cross-conservation between pathogen T cell epitopes
and the human genome (and microbiome) is emerging,
and has important implications for vaccine design. For
example, “memory” of cross-conserved T cell epitopes has been
defined as a key contributor to the strength of protection
generated by vaccines (2–4). These discoveries are coming
to light through the application of new tools that examine
T cell epitopes and their role in vaccines, using the power
of immunoinformatics.

One of the newest tools described here addresses the concept
of immune camouflage (Figure 1). Beginning in 2013, we
observed that the TCR face of epitopes presented by some
pathogens contains patterns of amino acids that are identical to
T cell epitopes that bind to the same HLA alleles and are highly
prevalent in the human proteome (5, 6). We hypothesized that
the role of these “human-like” T cell epitopes may be to tolerize
against a pathogen, by activating self-reactive Tregs that suppress
immune response (7).We also observed that immune camouflage
is more likely to be present in pathogens that have the capacity
to modify antigens (8, 9). We have generated evidence that this
concept is also relevant to cancer vaccines and could improve the
safety and efficacy of such vaccines (10).

After validating the immune camouflage hypothesis in
retrospective (5) and prospective studies (4–10), we developed
a new tool for iVAX called JanusMatrix that triages human-
like epitopes from others. We highlighted the important
role of human-like T cell epitopes in the abrogation of
effective vaccine response. Furthermore, we used a tool
called OptiMatrix to design immune-engineered vaccines
that enhance immunogenicity by removing human-like
epitopes (11). In other iVAX toolkit advances, to be described
here, we explored the HLA-restricted or “personal” nature
of immune response to novel antigens and developed

FIGURE 1 | Immune camouflage. T cell epitopes found in the sequences of

viruses, bacteria, and parasites and/or in the human microbiome may be

conserved with highly prevalent T cell epitopes found in self-proteins from the

human genome; cross-conservation may be observed at the TCR face for

peptides that bind to the same HLA but do not have identical sequences. This

may enable a pathogen to trigger “ignorance” or active tolerance from T cells

that have been trained on self-epitopes. Adapted from Moise et al. (5).

specific tools to address these types of evaluations, called
iTEM (individualized T cell epitope measure) and EpiCC

(epitope content comparison), respectively. In the sections
to follow, we will describe the newest iVAX tools, illustrate
the application of the tools to current vaccine development
programs, and highlight recent collaborations related to
the development of vaccines against a range of human and
animal pathogens.

METHODS: NEW IMMUNOINFORMATICS
TOOLS AND THE iVAX TOOLKIT

Computational vaccine design, also known as computational
vaccinology, encompasses epitope mapping, antigen selection,
and immunogen design using computational tools. In silico
prediction of immune response to emerging infectious diseases
and cancers can accelerate the design of novel and next
generation vaccines. The iVAX toolkit is an integrated set of
immunoinformatics algorithms that has been in development
since 1998. It comprises a suite of immunoinformatics algorithms
for triaging candidate antigens, selecting immunogenic and
conserved T cell epitopes, eliminating potential regulatory T
cell epitopes, and optimizing antigens for immunogenicity and
protection against disease. While aspects of the toolkit have
been published [see (12–14)], as of 2015, the iVAX toolkit has
been significantly upgraded, new tools have been integrated
and validations of the new tools have been published. Here we
will focus the newest tools and provide illustrated examples of
iVAX applications.

Frontiers in Immunology | www.frontiersin.org 2 April 2020 | Volume 11 | Article 442122

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


De Groot et al. Immunoinformatics-Driven Vaccine Discovery and Design

Overview of the iVAX Toolkit
As illustrated in Figure 2, iVAX incorporates a large number of
tools that can be used sequentially or individually to manipulate
information derived from the core T cell epitope mapping tool,
EpiMatrix (15). Tools such as the Conservatrix, EpiMatrix,

ClustiMer, and EpiAssembler algorithms have been described
in great detail previously (14). Newer tools include the VaxCAD
algorithm (16) that creates string-of-beads vaccine designs while
minimizing deleterious junctional epitopes that may be created
in the process of linking one epitope to another. Additional tools
that have been integrated into the website since 2015 include
JanusMatrix, a specially tailored homology analysis tool that
examines pathogen/host sequence similarity at the MHC:TCR
interface for any given peptide, and predicts potentially cross-
conserved epitopes, allowing candidate sequences with potential
host cross-conservation (at the TCR face) to be preferentially
excluded from vaccine constructs, and iTEM, which enables the
analysis of an individual’s immune responses to vaccine antigens
according to their HLA haplotype. The latter two tools have also
been integrated into a separate pipeline for personalized cancer
vaccine design called Ancer, that has been licensed to EpiVax
Oncology, an investor-backed spin out of EpiVax.

Assessing Protein Antigens for
Immunogenic Potential Using EpiMatrix
Every vaccine design project begins with an analysis for T cell
epitope content. This search for class I HLA ligands or class

II HLA ligands (and putative epitopes) is performed using
EpiMatrix (15). Antigen sequences obtained from databases such
as GenBank or UniProt are input in FASTA format. In theory,
there is no need to limit to the number of input sequences,
and entire host genomes (e.g., Mycobacterium tuberculosis,
Burkholderia mallei and pseudomallei, and Coxiella burnetii)
have in fact been analyzed (17, 18).

To perform an EpiMatrix epitope-mapping analysis, each
input sequence is first parsed into overlapping 9-mer frames

(and 10-mer frames for Class I). Parsed 9- and 10-mers are

then evaluated for patterns that match known HLA-binding

preferences for a panel of nine common “supertype” Class II HLA
alleles or six Class I supertypes alleles using EpiMatrix (19). These
alleles are selected both because they are relatively common

within the human population, and relatively distinct from each
other, and, each supertype has HLA binding preferences that
are functionally equivalent to, or nearly equivalent to, many

additional family member alleles. Taken collectively, the nine
HLA Class II supertype alleles, along with their respective
family members, cover well-over 95% of most HLA types
present in human population groups (20), and the six supertype
alleles, along with their respective family members, cover over
98% of the human population groups including East Asian
populations (21).

Even though antigen analysis is generally performed at

the population level, there are many instances when a more

precise HLA-by-HLA analysis may be required. Over the past

FIGURE 2 | Tools comprised in the iVAX Toolkit and laboratory tools used in validation studies. The iVAX toolkit is an on-line, secure access toolkit that provides

individualized sites for academic and commercial users. Sequences can be uploaded and analyzed for Class I and Class II T cell epitopes using EpiMatrix and

searched for clusters of epitopes (promiscuous epitopes) using ClustiMer. Tools such as Conservatrix define cross-strain conserved epitopes and JanusMatrix

identifies T cell epitopes that induce anergy or active tolerance. These algorithms, and others such as VaxCAD and iTEM are integrated into the secure-access,

cloud-based toolkit. Beyond the in silico analysis phase, vaccine design usually proceeds to in vitro and in vivo validation.

Frontiers in Immunology | www.frontiersin.org 3 April 2020 | Volume 11 | Article 442123

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


De Groot et al. Immunoinformatics-Driven Vaccine Discovery and Design

5 years, EpiMatrix has been updated to include many more
HLA alleles than the standard six Class I “supertypes” and Class
II “archetypes” (2,217 Class I and 612 Class II alleles are now
available) as well as murine (H-2K, H-2D, I-A, and I-E haplotypes
for Balb/C and C57Bl/6) and epitope prediction for swine SLA
alleles (22) (15 Class I and 8 Class II alleles are now available).
This capacity to evaluate for a set of HLA enables personalized
predictions, making the toolkit useful for evaluating individual
subject responses to vaccine antigens, or for exploring HLA-
specific vulnerabilities to pathogen escape.

The data used to generate EpiMatrix matrix-based predictors
has been described previously (15). Sources for the development
of the tools include the Immune Epitope Database (IEDB),
where, for example, 25,764 unique T cell epitopes, HLA ligands,
and eluted peptides have been collected for the human HLA
A∗0101 allele. Each of the more than 39 class I matrices and
42 class II matrices are based on similarly large datasets. From
this starting point, we apply internal algorithms for cleaning the
database to downselect the final list of epitopes that inform our
matrices. Careful curation of high-quality binders and removal
of low-quality binders enables EpiMatrix to perform better (on
average) than other tools, as illustrated in a recent head-to-head
comparisons of published HLA class I ligands (Figure 3).

Figure 3A shows a recent comparison of EpiMatrix score of
eluted peptides to those generated by other publicly available
tools (NetMHCpan) that was made possible by the publication of
a large set of eluted peptides (23). Figure 3B shows recent HLA
binding studies for HLA class II-restricted epitopes, performed
at EpiVax (published and unpublished). Additional T cell epitope
and HLA binding validation studies have been published in the
course of grant-funded research collaborations, describing T cell
immune responses to predicted epitopes in vitro using human
lymphocytes [see (4, 24–32)] and also in prospective, in vivo

immunogenicity and vaccine efficacy studies in murine models
[see (10, 18, 33–38)].

Scaling Antigens for Their Potential for
Immunogenicity
T Cell Epitope Content
In order to select antigens for vaccine design, it is important
to consider the overall potential for immunogenicity, which
is directly related to cytotoxic T cell (CTL) or T helper (Th)
T cell epitope content. Even though the effect of adjuvants
and the innate immune system is critically important for
immunogenicity, these “danger signals” are unlikely to be
effective if there are no T cell epitopes for the activated immune
system to react to. Thus, we have hypothesized that the greater
the concentration of HLA ligands and putative T cell epitopes
that are contained in an antigen, the more likely it will induce an
immune response.

This hypothesis has generally been supported in prospective
studies, with the caveat that correction of the total T cell epitope
count for the presence of Treg epitopes is likely to be important,
but methods for performing that analysis on a large scale have
not yet been extensively validated in prospective studies, and
thresholds for cross-conservation have not been extensively
tested (for whole antigens), and thus our group prefers to evaluate
antigens for putative Treg epitopes on a case-by-case basis.

Protein Immunogenicity Scale
T cell epitope concentration can be expressed as an overall
EpiMatrix score called the EpiMatrix Protein Score, which is
the difference between the number of predicted T cell epitopes
expected in a random protein sequence and the number of
putative epitopes predicted by the EpiMatrix System in a given
protein, normalized for length (per 1,000 amino acids). With the

FIGURE 3 | Recent validation studies: (A) CD8T cell epitopes. Retrospective analysis of eluted peptide dataset published by Abelin et al. (23) 95% of eluted 9- and

10-mers are predicted to bind to HLA according to EpiMatrix, many of which are predicted strong binders (solid bars). Only ∼88% of ligands were accurately recalled

by various versions of NetMHCpan. EpiMatrix also identifies the majority of the eluted ligands as high affinity binders (85% of all eluted peptides, solid bars), whereas

only up to 58% of ligands were identified as high affinity binders (IC50 ≤ 50 nM) by NetMHCpan. (B) CD4T cell epitopes. Prospectively validation of EpiMatrix

selections in in vitro HLA binding assays: EpiMatrix HLA class II predictions are 74% accurate when tested in in vitro HLA binding assays, with an average observed

Positive Predictive Value (PPV) of 81%. The number of peptides tested for each HLA allele is shown in parenthesis. Selected peptides were published in reference 23

and some are unpublished.
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average number of T cell epitopes contained in 10,000 randomly
generated protein sequences set to zero, highly immunogenic
vaccine antigens score higher than 20 on this normalized scale.

Comparing Antigens to the Human
Proteins
Human proteins generally score lower than the randomly
generated proteins on this scale. In a recently performed
assessment of the class II HLA DR T cell epitope content of
human proteins (39), the median score of the entire human
proteome was found to be −9.05, suggesting that T cell epitopes,
which could support deleterious autoimmune activity, tend to be
present in lower than expected numbers. The median score of
secreted proteins is even lower, −23.08, suggesting that proteins
with a greater likelihood of uptake and presentation by APCs are
further deimmunized.

In other words, it may be evolutionarily advantageous for
the human proteome to be “deimmunized” with respect to T
cell epitope content (as shown in blue, in Figure 4). We first
described this concept in 2006, when we proposed that it may
have been advantageous for self-proteins to be “deimmunized”
to reduce the likelihood of auto-reactivity (40). A similar

FIGURE 4 | EpiMatrix immunogenicity scale, showing vaccine antigens,

human proteins that have been reported to be immunogenic, and

non-immunogenic antigens alongside the median scores for sets of proteins

from the human genome. The vaccine antigen sequences were obtained from

UniProt. The EpiMatrix immunogenicity scale is set to zero based on the

median HLA DR score of a set of random protein sequences. Normalization of

the HLA scoring enables direct comparison of median HLA DR scores to

candidate antigens; for example, candidate vaccine antigen A would be

preferred over candidate vaccine antigen B for inclusion in a vaccine designed

to elicit T helper immune response and to drive humoral response.

propensity has been observed for some, but not all human
pathogens (8, 9).

Regional Immunogenicity
The normalized EpiMatrix Protein Score of a given protein
is a good proxy for immunogenicity, however, regional
immunogenicity can also determine the immunogenic potential
of a protein. T cell epitopes have been observed to cluster
in regions of protein sequences. T cell epitope “clusters” are
defined using ClustiMer, a cluster-finding algorithm in iVAX.
Clusters can range from nine to roughly 25 amino acids in
length and can contain anywhere from four to forty HLA binding
motifs. T cell epitope clusters scoring above 10 are considered
to have significant immunogenic potential. Some T cell epitope
clusters contain a single 9-mer frame that may contain sequences
that can bind to at least four different HLA alleles. iVAX
denotes this feature as an “EpiBar” for its bar-like appearance in
EpiMatrix reports.

Peptides containing promiscuously binding epitopes such as
EpiBars can be very powerful immunogens. Examples include
the well-known T cell epitopes used as controls for T cell assays
(41), including Influenza Hemagglutinin 306–318 (Figure 5),
Tetanus Toxin 825–850 and GAD65 557–567. We have observed
that 100% of subjects exposed to either Tularemia or Vaccinia
respond to T cell epitope pools containing between 20 and 50
promiscuous epitopes (25, 26).

Clusters are also important features of self-proteins and
are often involved in auto-reactive T cell responses. Well-
known “auto-epitopes” such as insulin peptide C23-A2
(LQPLALEGSLQKRGI) contain significant numbers of HLA
DR binding motifs (42). To better define immunogenic epitopes,
we have determined that an EpiMatrix Cluster score cut off
of 10 (roughly defined as the number of significant HLA
binding “hits” divided by sequence length) is a feature of highly
immunogenic clusters.

Also in contrast with the general trend toward
“deimmunization” observed for most of the proteins in the
human genome, we found that Complement Factor 3 subunit
D (C3d) has a higher concentration of T cell epitopes, which
suggests that it may perform the important function of
providing non-cognate help to drive humoral immune response
when it binds to antigen and is taken up by B cells. This
peptide is located in the previously defined P28 “adjuvant”
region of C3d which is completely conserved across species
(43, 44). Mutation of a single T-cell epitope in P28 resulted
in significantly diminished adjuvant activity of the peptide
in mice (45), which supports the hypothesis that the epitope
activates autoreactive T-helper cells so as to bridge innate and
adaptive immunity.

JanusMatrix and Human-Like T Cell
Epitopes
Although T cells possessing anti-self TCRs were previously
thought likely to be eliminated in the thymus, evidence emerged
showing that anti-self-immune response is also controlled by
regulatory T cells recognizing the same antigens (46, 47). The
phenotype of these regulatory T cells may be reinforced by
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FIGURE 5 | EpiMatrix Class II analysis. This analysis of an influenza hemagglutinin sequence shows a 9-mer frame that contains 7 top 1% hits and 2 top 5% hits for

HLA DR alleles. This feature is called an EpiBar (Epitope bar) and is a feature of highly immunogenic epitopes. This analysis was performed using HLA DRB1 alleles.

repetitive re-exposure to their cognate self-antigens (48). Thus,
human immune response to new antigens is shaped by previous
experience in the thymus and by exposure-driven reinforcement
in the course of immune system maturation.

In 2013, we observed that critical antigens from human
pathogens contained T cell epitopes that are highly conserved
with self-antigens, and postulated that these epitopes might
induce “ignorance” or active tolerance to the antigen upon
vaccination, resulting in “immune camouflage” (7). In
retrospective studies, we determined that peptide epitopes that
have homologs in the human proteome that have compatible,
but not exactly matched, MHC binding anchors and exactly
matched TCR-facing contours have the potential to be ignored
(lack of immune response) or induce active tolerance (activate
T cells that are immunosuppressive in bystander assays and/or
exhibit cell surface markers that are consistent with T cells
known to have a regulatory T cell phenotype). We developed
the JanusMatrix tool so as to identify these human-like
epitopes and have been exploring the impact of modifying
and excluding these epitopes to improve the antigenicity of
vaccines (49).

For any given T cell epitope, JanusMatrix defines the amino
acids that contact and bind theMHCmolecule, and also identifies
those amino acids that make contact with the TCR of responding
T cells. For Class II restricted epitopes, positions 1, 4, 6, and 9
are assumed to make contact with the MHC and positions 2, 3,
5, 7, and 8 are assumed to be available to the TCR (Figure 6).
The TCR facing residues of Class I epitopes varies from allele
to allele.

The JanusMatrix algorithm then searches a reference database
(which may be human, murine, or other organism), for similar
epitopes, taking into consideration epitope conservation of the
MHC-facing agretope and the TCR-facing epitope. Reference
sequences with a compatible but perhaps not sequence-identical
agretope (i.e., one that is predicted by EpiMatrix to bind the
same HLA as the input peptide) and exactly matching the TCR
contacts of the input peptide are returned. For a given EpiMatrix
Score, a high JanusMatrix Homology Score suggests that T cells

FIGURE 6 | JanusMatrix and self-like epitopes. Each HLA ligand has two

faces: the HLA-binding face (agretope, blue residues), and the TCR-interacting

face (epitope, green residues). Predicted ligand with identical TCR epitopes

and variant HLA-binding agretopes may stimulate cross reactive tolerizing or

Treg responses, providing they bind to the same HLA allele.

recognizing that epitope may exhibit a bias toward immune
tolerance, a hypothesis that has been confirmed in retrospective
and prospective studies (14). We use a cutoff of two (cross-
conserved HLA-allele-specific epitopes averaged over the length
of the sequence) for proteins that are not self, and of three
for proteins that are ’self ’, to identify epitopes that are more
likely to be tolerated or actively regulatory. This cutoff has been
published (4).

In the first prospective test of this tool, we were able to identify
T cell epitopes from hepatitis C virus (50) with high JanusMatrix
Scores that induce regulatory T cells in vitro and suppress
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immune responses to other peptides. Specifically, JanusMatrix
identified a promiscuous class II epitope in non-structural HCV
protein p7 that exhibits homology at the TCR face with hundreds
of human proteome-derived T cell epitopes and induces an
increase in CD4+CD25+FoxP3+ Treg number and function in
PBMC cultures derived from an HLA-diverse cohort of HCV-
infected patients.

Additionally, we found similar human-like epitopes in
emerging H7N9 influenza (6, 11). The ability of class II-
restricted H7N9 epitopes to activate or modulate effector
T cell responses was correlated with their degree of cross-
conservation at the TCR-face with similar epitopes in the
human proteome, as defined by JanusMatrix. These epitopes
activate human CD4+CD25highCD39+FoxP3+ Tregs and
suppress H7N9-specific effector T cell responses (6). Deletion
of the Treg-inducing epitope in H7N9 HA produced an
antigenically improved HA that stimulated a 6-fold increase
in activated, effector CD4+ T cells over wild type H7-HA
in vitro, and stimulated a 5-fold greater anti-H7-HA IgG
titer and 20-fold greater anti-H7-HA B cell frequency over
mice immunized with wild type protein in humanized mouse
immunization (11).

In the biologics area, we have discovered conserved Treg-
inducing epitopes (Tregitopes) in immunoglobulin G with TCR-
face patterns found in several self-proteins. We went on to
demonstrate that the Tregitope peptides bind to multiple MHC
class II molecules, suppress effector T cell responses to co-
delivered antigen, upregulate Treg-associated cytokines and
chemokines, and induce antigen-specific CD4+CD25+FoxP3+

Tregs in vitro and in vivo (51, 52). While once considered
novel, the idea that natural regulatory T cells can be engaged
and activated by peptide epitopes possessing TCR-facing motifs
commonly found within human proteins is now gaining traction
(53) and concepts that are similar to JanusMatrix have also been
described by other research groups (54, 55).

Personalized, or Individualized T Cell
Epitope Analysis (iTEM and J-iTEM)
We also recently determined that T cell epitopes that stimulate
CD4T helper cells in specific human subjects can be identified
by immunoinformatic analysis to predict the antigenicity of
individual epitopes or whole proteins, utilizing the patient’s HLA
type. To perform this analysis, we focus the prediction on patient-
specific HLA alleles using the individualized T cell epitope

measure (iTEM) tool (56) and correct for cross-conserved
epitopes presented by the same HLA allele using JanusMatrix.
The analysis that results from the combination of these two tools
is now called J-iTEM. Case studies using this new combination
of tools are provided below.

Integrating PigMatrix Into iVAX for Animal
Vaccine Development
We developed epitope prediction tools for swine and published
the method used to develop the tools in 2013 (22); these
tools can now be selected instead of human HLA-epitope
prediction tools, enabling the entire iVAX toolkit platform

to be applied to infectious disease affecting swine. This tool
is currently being applied to the development of a universal
influenza vaccine for pigs (57), and to prepare a vaccine
for the eventual emergence of African Swine Fever (ASF) in
the USA. Addressing another important issue that confronts
hog farmers, we developed an immunoinformatic approach
that matches existing vaccines with circulating strains to help
farmers pick the best vaccine for their individual pork farm,
that might mitigate against disease when vaccine-induced
antibody does not protect. This tool is called EpiCC (58) for
T Cell Epitope Content Comparison and is under evaluation
by commercial vaccine companies for applications to a wide
range of swine pathogens including PCV2. Higher EpiCC
scores are thought to be associated with greater vaccine
protection against challenge strains, and the first study of
this method identified a “threshold of protection” that may
determine whether a vaccine contains sufficient T cell epitope
relatedness to provide cross-conserved immune protection
against challenge strains.

RESULTS: RECENT CASE STUDIES USING
iVAX

Development of CD8+ and CD4+

T Cell-Targeted Universal Influenza
Vaccines
In a collaboration with Chris Eickhoff and Dan Hoft at Saint
Louis University, we identified CD4+ and CD8+ T cell epitopes
that are highly conserved in diverse influenza A strains that
were shown to be immunogenic in humans expressing genetically
diverse MHC (59). Proof-of-principle studies were conducted
using novel vaccines incorporating these newly defined T cell
epitopes in HLA transgenic mouse strains that respond to
the same peptide/MHC combinations as human T cells. These
vaccines elicited robust T cell responses and provided significant
protection against diverse influenza A challenges, providing
strong support for T cell-targeting universal influenza A vaccines.
Efforts to develop a universal influenza vaccine are ongoing in
collaborations with researchers in the United States (Saint Louis
University, University of Georgia) and Europe.

Predicting Immunogenic Coxiella burnetii

T Helper Epitopes
Building on our experience with the “rapid fire” development
of a vaccine for Lassa Fever (60), EpiMatrix and JanusMatrix
were used to identify 50 promiscuous class II epitopes from
Coxiella burnetii antigens that were tested in HLA binding
assays and screened for immunogenicity in HLA-DR3 transgenic
mice by colleagues at the Vaccines and Immunotherapy Center
(VIC, Harvard) and Innatoss, Oss, the Netherlands (28, 29).
Significant epitope-specific IFNγ responses were found for 11/50
peptides, all of which are predicted HLA-DRB1∗0301 epitopes
(Fisher’s exact p-value: 0.023); all but one bound to DRB1∗0301
in vitro. A vaccine featuring these epitopes is in development
by a consortium based at the Vaccines and Immunotherapy
Center (Harvard) andmay eventually replace the existing vaccine
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(QVax) and/or the T cell epitopes may be used to develop
diagnostic reagents (29).

Optimized Selection of Plasmodium

falciparum Circumsporozoite Protein
T Helper Epitopes
Helper CD4+ T cells are central to development of protective
immune responses to P. falciparum malaria, playing a key role
in the B cell activation and maturation process. Working with
Amy Noe and Vinayaka Kotraiah at Leidos, we used iVAX to
predict and analyze HLA class II-restricted epitopes that would
drive humoral immune responses through cognate T cell help,
providing broad population coverage for a novel P. falciparum
CSP protein (PfCSP) vaccine (61). In the course of a USAID-
funded program, more than 450 PfCSP epitope sequence variants
were analyzed and the optimal sequences (with highest cross-
strain coverage) were selected for the next stage of vaccine
development. We also noted high interstrain variability in CSP
T helper epitopes and a tendency for the more highly conserved
CSP epitopes to be more cross-conserved with the human
genome (62).

iTEM Analysis: Analyzing Individual
Responses to Vaccines
The RH5 antigen is a highly conserved P. falciparum blood-
stage antigen that was recently assessed in a Phase I clinical
trial of controlled human malaria infection by Draper and
colleagues at Oxford. We identified immunogenic (and non-
human-like) epitopes in RH5 using iVAX and also analyzed
the immunogenic potential of an RH5 overlapping peptide set
used in immune recall studies. Using EpiMatrix, ClustiMer,
JanusMatrix, and iTEM (Individualized T cell Epitope Measure)
as well as an adaptation of JanusMatrix to iTEM (J-iTEM),
we found T cell responses directly correlated with the
presence of HLA-DR restricted ligands defined using EpiMatrix
and the absence of human-like T cell epitopes. Peptides
inducing positive responses had higher iTEM and J-iTEM
scores (p < 0.05 and <0.01, respectively) than negative
peptides (63).

Retrospective Analysis of Individual
Responses to Peptides From Vaccinia
Using iTEM
Class II T cell epitopes from vaccinia virus proteins were
identified in IFNγ ELISpot assays using the PBMCs of smallpox
vaccinees in a research study that used PBMC from clinical study
volunteers (64). An overlapping peptide library of four vaccinia
membrane proteins known to induce an immune response
in vaccinated individuals was synthesized and tested in IFNγ

ELISPOT assays using the PBMCs of 29 recent smallpox vaccine
recipients. These T cell epitope sequences were retrospectively
analyzed using EpiMatrix and JanusMatrix. We found that the
peptides identified as T cell epitopes were predicted to bind to
class II HLA supertype alleles more often than the remainder of
the overlapping peptide library (p < 0.05) and that the peptides
identified as class II T cell epitopes had lower JanusMatrix human
homology scores than the remainder of the overlapping peptide

library (p < 0.05). This is consistent with the identification
of T cell epitopes as described by the publication, suggesting
that in silico binding predictions correlated to T cell responses
in vitro.

Integrating PigMatrix Into iVAX for Animal
Vaccine Development
In a proof of concept study that was recently published
with Crystal Loving and colleagues at Iowa State, we used
immunoinformatics tools to identify class I and II T cell
epitopes highly conserved in seven representative strains of
IAV in US swine and predicted to bind to prevalent Swine
Leukocyte Antigen (SLA) alleles (57). The efficacy of an
intradermal-delivered plasmid DNA vaccine composed of these
epitopes against H1N1pdm09 challenge was compared to an
intramuscular commercial inactivated whole virus vaccine and
a heterologous prime-boost approach using both vaccines.
Recently published results suggest the heterologous prime-boost
approach using an epitope-driven DNA vaccine followed by
an inactivated vaccine was effective against a homosubtypic
challenge, illustrating the utility of immunoinformatic
approaches to vaccine design (65).

T Cell Epitope Content Predicts
Vaccine-Related Protection Against
Emerging Infectious Diseases
The EpiCC tool has been applied successfully to describe vaccine
protection against challenge strains for influenza A (58) and is
being used prospectively to develop combination vaccines for
additional pathogens affecting swine. The EpiCC tool is the most
recent tool to be integrated into iVAX; potential applications
include determining where influenza virus “spillover” events will
occur (transmission of influenza from swine to humans) and
“predicting the next pandemic” in collaboration with influenza
researchers at the University of Georgia, Athens, USA.

Developing Safe and Effective Cell
Therapies for Cancer
Predicting Adverse Effects of an Engineered TCR
The JanusMatrix tool may also be relevant for avoiding off-
target effects of cell therapies, such as TCR-engineered T cells
or CAR-TCR cells. To illustrate the potential application of
JanusMatrix to searching for safety signals in cell therapy, we
performed an entirely in silico approach to evaluate potential
cross-reactivity of an engineered TCR directed at a MageA3
peptide presented by HLA A∗0101 on tumors that was associated
with significant (lethal) off target effects (66). JanusMatrix
confirmed the potential for cross-reactivity at the TCR face of
similar self-epitopes predicted to be presented by HLA A∗0101.
One of these epitopes was derived from Titin, a protein found
in cardiac muscle. The off-target effect of this TCR-engineered T
cell therapy was attributed in a separate report to its potential for
targeting Titin epitopes [Figure 7; (67)]. Concern about off target
effects of engineered T cells and cancer vaccines is leading to
the development of additional algorithms that use T cell epitope
comparison to evaluate cancer vaccine risk (68).
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FIGURE 7 | JanusMatrix Analysis of MageA3-HLA*0101-restricted T cell epitope. Peptides containing identical T cell facing residues include variants of MageA3

(Melanoma Associated Antigen) and three additional human proteins, including human titin, one of the components of cardiac smooth muscle. The figure shows that

the HLA-A*0101-restricted T cell epitope EVDPIGHVY is conserved with an epitope that has identical HLA binding restriction but slightly different agretope

(XSPDXXVAQY) and identical TCR facing residues (EXXPIXXXX).

Evaluating the Immunogenicity of CAR-T
Transgenes
Autologous T cells that have been transduced with genes
that express anti-tumor-specific antigens, such as CD19, have
been demonstrated to have significant antitumor activity in
B cell malignancies. However, immunogenicity may affect the
efficacy of these T cells. In studies published by the CAR-
T company Juno, CD8+ T cell–mediated anti-CAR transgene
product immune responses developed after CAR–T cell infusion
in some patients. These CD8T cell responses limited CAR–T cell
persistence and increased the risk of relapse risk. In the published
study, five patients that had developed persistent leukemia or
relapse after an initial infusion of anti-CD19 CAR-T received a
second infusion of CAR-T cells (69). There was no expansion or
persistence of CAR-T cells or demonstrable antitumor activity in
any of the five patients and infusion was followed by the loss of
CAR-T transduced T cell population.

A follow up study evaluated T cell responses to overlapping
peptides in vitro. This publication showed that the VH and
VL domains of the CAR-T had a high amount of Class I
epitope content. Using ∗A0101 and ∗A0301 as proxies for
the reported patient HLA type, EpiMatrix analysis showed
agreement between predictions and immunogenic sequences.
We note here that, apart from the scFv, there are other
components that are part of the CAR-T structure (IgG4-
hinge spacer, a CD28 transmembrane domain, a 4-1BB
costimulatory domain, and a CD3ζ signaling domain). These
sequences are human, but do have T cell epitope rich regions

that potentially contribute to the reported immunogenicity
of CAR-T.

CONCLUSION

Advances in vaccine design using computational tools,
measurement of vaccine efficacy using entirely in vitro systems,
and vaccine delivery using a broad range of flexible platforms
are moving vaccine science beyond traditional “shake and bake”
(whole killed vaccines) of yesteryear to “forecast and tell” design
methodologies of the future. Over the past 20 years, the teams
working at EpiVax and affiliated academic institutions have
developed tools to design vaccines and provided in vitro and in
vivo evidence that immunoinformatics tools can be applied to
vaccines that can effectively protect against live bacterial and viral
challenge. These tools can also be used to improve the design of
existing vaccines and to identify biomarkers of safety and efficacy.
The effective integration of in silico immunoinformatics tools
and ex vivo/in vitro and in vivo immune system technologies
across the entire vaccine development pipeline will enable
developers to predict and assess safety, toxicity, efficacy, quality,
and performance of vaccines, accelerating the development
of safe, and effective immunotherapy for a broad range of
pathogens and species.

New tools described in this report have been validated in
retrospective and prospective studies described briefly here (in
anticipation of extended publication of the results elsewhere)
and in previous publications. We have shown that EpiMatrix
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and JanusMatrix algorithms efficiently identify putative T cell
epitopes, distinguish likely inflammatory peptides from potential
regulatory peptides and are adaptable to a patient HLA-specific
level of assessment. These results confirm that combining HLA-
specific epitope content and “selfness” improves prediction of
immunogenicity over either metric alone. Applying both tools
in the early stages of vaccine design, antigen selection, and
engineering is likely to result in the advancement of next
generation vaccines where the minimal essential components of
protection can be delivered without off-target or unintentionally
suppressive signals deleterious to vaccine efficacy.

A number of commercial and academic teams are actively
developing new vaccine design tools and have also contributed
to innovation in the area of computational vaccinology.
Several groups have for example developed public and private
computational tools for predicting proteasomal cleavage sites
[NetChop (70)], class I [netMHC (71), netMHCpan (72),
MHCflurry (73), EDGE (74)], and class II [netMHCII and
netMHCIIpan (75), TEPITOPE (76), RECON (77)] MHC-
restricted T cell epitopes, as well as tools for identifying linear and
discontinuous B cell epitopes [BepiPred (78), DiscoTope (79)].

The “iVAX toolkit” is currently in use by EpiVax, Inc. for
clients that include commercial firms and academic collaborators
developing novel vaccines for malaria, Q fever and Burkholderia
for commercial development and biodefense contracts, and by
academic groups that are engaged in federally funded programs
for analyzing immune responses to emerging/re-emerging
pathogens such as influenza (University of Georgia, Saint Louis
University) and pertussis (Intravacc, Innatoss, VIC, and CDC).
Even more recently, EpiVax has created a seamless pipeline
for the design of personalized cancer vaccines that capitalizes
on iVAX and its vaccine development and T cell immunology
expertise called Ancer. Collaborative studies carried out using
iVAX have demonstrated the importance of computational tools
for vaccine design and vaccine efficacy studies. Additional
collaborations to evaluate the potential efficacy of existing
vaccines against newly emerging variants, to predict immune
response to candidate antigens from newly emerging strains
of infectious diseases, and to design novel vaccines that have
enhanced immunogenicity at an accelerated pace are possible
and encouraged.

THE FUTURE

Developing Personalized Vaccines
Traditional cancer vaccines based on Tumor Associated Antigens
(TAAs) have for the most part failed in clinical trials (80–82).
Evidence that is now emerging suggests that the reason they
have failed is because TAAs are broadly recognized as “Self ” by
the immune system. New strategies are emerging in which these
antigens may be modified to increase immunogenicity, using
tools such as the ones described here. Careful analysis of some
of the standard TAAs that have been used in clinical studies
reveals the presence of putative Treg inducing epitopes that may
be responsible for an immune-suppressive effect.

Meanwhile, the field of cancer therapy has undergone a major
transformation in less than a decade due to the introduction

of checkpoint inhibitors (CPI), next generation sequencing
(NGS) and new emphasis on neo-epitopes. Neo-epitopes are
T cell epitopes that contain tumor-specific non-synonymous
amino acid mutations that effectively distinguish cancer (tumor)
proteins from their normal counterparts. Neo-epitopes represent
mutations to self-antigens that are recognized as “Non-Self ” by
the individual’s own immune system, and are therefore capable
of generating a potent immunogenic and clinical response.
New strategies for developing personalized vaccines that direct
immune responses to patient-specific T cell neo-epitopes are
in development.

Unlike TAAs, cancer neo-epitopes are not found in normal
tissue. Also, unlike TAAs that may be present in more than
one tumor type and across patients, the vast majority of
neo-epitopes are unique to each patient’s tumor. The cost
of sequencing individual tumor genomes to discover neo-
epitopes dropped precipitously to a few thousand dollars
per genome in 2018. When combined with CPI, therapeutic
vaccines based on neo-epitopes are highly likely to improve
outcomes and may well be effective as single agents in certain
clinical settings.

Beginning in 2016, EpiVax developed an end-to-end
immunoinformatics platform, separate from iVAX, that enables
the rapid design of personalized, mutanome-directed therapeutic
peptide cancer vaccines. These vaccines target multiple antigens
specific to a patient’s tumor, encoding several class I, and or class
II HLA restricted neo-epitopes.

This proprietary immunoinformatics pipeline, which
includes EpiMatrix and JanusMatrix and a version of iTEM
called J-iTEM (see above descriptions) is called Ancer, and
has been exclusively licensed to EpiVax Oncology, Inc., a
subsidiary of EpiVax, established in 2017. EpiVax Oncology
will use Ancer to develop individualized cancer vaccine by
screening each cancer mutanome to identify tumor-specific
neo-epitopes using EpiMatrix, filter out neo-epitopes that may
be tolerogenic using JanusMatrix, and rank the remaining
neoantigens according to their optimal immunogenic profile.
While the number of companies that are developing tools for
identifying neo-epitopes is rapidly expanding, having access to
high throughput, commercial-grade and validated tools that
incorporate consideration of the rules of self-tolerance will be
critically important for the design of more effective and safer
vaccines for cancer immunotherapy.

The Next Frontier
The developers of the iVAX toolkit and the Ancer
pipeline can imagine a not-to-distant future when many
“immunotherapies”—not only for cancer, but also for infectious
diseases, autoimmune disease, and allergies, can be designed
and administered within weeks of diagnosis. We also anticipate
broader application of the tools to pathogens afflicting food
animals, including fish, and companion animals, as quickly
as additional epitope prediction capacity can be added.
Twenty years of computational development and collaborative
validation studies have built a strong foundation. Computational
vaccinology has a bright future and enormous potential to
improve human and animal health.
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proteasome in generating cytotoxic T-cell epitopes: insights obtained from

improved predictions of proteasomal cleavage. Immunogenetics. (2005) 57:33–

41. doi: 10.1007/s00251-005-0781-7

71. Andreatta M, Nielsen M. Gapped sequence alignment using artificial neural

networks: application to the MHC class I system. Bioinformatics. (2016)

32:511–7. doi: 10.1093/bioinformatics/btv639

72. Jurtz V, Paul S, Andreatta M, Marcatili P, Peters B, Nielsen M. NetMHCpan-

4.0: improved peptide-MHC class I interaction predictions integrating eluted

ligand and peptide binding affinity data. J Immunol. (2017) 199:3360–

8. doi: 10.4049/jimmunol.1700893

73. O’Donnell TJ, Rubinsteyn A, Bonsack M, Riemer AB, Laserson U,

Hammerbacher J. MHCflurry: open-source class I MHC binding affinity

prediction. Cell Syst. (2018) 7:129–32.e4. doi: 10.1016/j.cels.2018.05.014

74. Bulik-Sullivan B, Busby J, Palmer CD, Davis MJ, Murphy T, Clark

A, et al. Deep learning using tumor HLA peptide mass spectrometry

datasets improves neoantigen identification. Nat Biotechnol. (2019) 37:55–63.

doi: 10.1038/nbt.4313

75. Jensen KK, Andreatta M, Marcatili P, Buus S, Greenbaum JA, Yan Z, et al.

Improved methods for predicting peptide binding affinity to MHC class II

molecules. Immunology. (2018) 154:394–406. doi: 10.1111/imm.12889

76. Sturniolo T, Bono E, Ding J, Raddrizzani L, Tuereci O, Sahin U, et al.

Generation of tissue-specific and promiscuous HLA ligand databases using

DNA microarrays and virtual HLA class II matrices. Nat Biotechnol. (1999)

17:555–61. doi: 10.1038/9858

77. Abelin JG, Harjanto D, Malloy M, Suri P, Colson T, Goulding SP,

et al. Defining HLA-II ligand processing and binding rules with mass

spectrometry enhances cancer epitope prediction. Immunity. (2019) 51:766–

79.e17. doi: 10.1016/j.immuni.2019.08.012

78. Jespersen MC, Peters B, Nielsen M, Marcatili P. BepiPred-2.0: improving

sequence-based B-cell epitope prediction using conformational epitopes.

Nucleic Acids Res. (2017) 45:W24–9. doi: 10.1093/nar/gkx346

79. Kringelum JV, Lundegaard C, Lund O, Nielsen M. Reliable B cell epitope

predictions: impacts of method development and improved benchmarking.

PLoS Comput Biol. (2012) 8:e1002829. doi: 10.1371/journal.pcbi.1002829

80. Guo C, Manjili MH, Subjeck JR, Sarkar D, Fisher PB, Wang XY. Therapeutic

cancer vaccines: past, present, and future. Adv Cancer Res. (2013) 119:421–

75. doi: 10.1016/B978-0-12-407190-2.00007-1

81. Hirayama M, Nishimura Y. The present status and future

prospects of peptide-based cancer vaccines. Inter Immunol. (2016)

28:319–28. doi: 10.1093/intimm/dxw027

82. Bezu L, Kepp O, Cerrato G, Pol J, Fucikova J, Spisek R, et al. Trial watch:

peptide-based vaccines in anticancer therapy. Oncoimmunology. (2018)

7:e1511506. doi: 10.1080/2162402X.2018.1511506

Disclaimer: The opinions expressed herein are those of the authors and do not

necessarily reflect the views of the U.S. Agency for International Development.

Conflict of Interest: AN and VK are employees of Leidos, Inc., the prime

contractor for the Malaria Vaccine Development Program (MVDP), Contract

AID-OAA-C-15-00071, with the Office of Infectious Diseases, Bureau for Global

Health, U.S. Agency for International Development (USAID).

AD and WM are senior officers and shareholders, and LM, FT, AG, PH, GR,

and MA are employees of EpiVax, Inc., a privately owned biotechnology company

located in Providence, RI. These authors acknowledge that there is a potential

conflict of interest related to their relationship with EpiVax and attest that the

work contained in this research report is free of any bias that might be associated

with the commercial goals of the company.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 De Groot, Moise, Terry, Gutierrez, Hindocha, Richard, Hoft, Ross,

Noe, Takahashi, Kotraiah, Silk, Nielsen, Minassian, Ashfield, Ardito, Draper and

Martin. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 13 April 2020 | Volume 11 | Article 442133

https://doi.org/10.1111/irv.12513
https://doi.org/10.1016/j.vaccine.2019.07.033
https://doi.org/10.4161/hv.34413
https://doi.org/10.1080/21645515.2018.1560772
https://doi.org/10.1016/j.virol.2010.09.013
https://doi.org/10.1016/j.vaccine.2019.06.044
https://doi.org/10.1182/blood-2013-03-490565
https://doi.org/10.1126/scitranslmed.3006034
https://doi.org/10.1186/s12885-017-3854-8
https://doi.org/10.1172/JCI85309
https://doi.org/10.1007/s00251-005-0781-7
https://doi.org/10.1093/bioinformatics/btv639
https://doi.org/10.4049/jimmunol.1700893
https://doi.org/10.1016/j.cels.2018.05.014
https://doi.org/10.1038/nbt.4313
https://doi.org/10.1111/imm.12889
https://doi.org/10.1038/9858
https://doi.org/10.1016/j.immuni.2019.08.012
https://doi.org/10.1093/nar/gkx346
https://doi.org/10.1371/journal.pcbi.1002829
https://doi.org/10.1016/B978-0-12-407190-2.00007-1
https://doi.org/10.1093/intimm/dxw027
https://doi.org/10.1080/2162402X.2018.1511506~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


REVIEW
published: 09 April 2020

doi: 10.3389/fimmu.2020.00592

Frontiers in Immunology | www.frontiersin.org 1 April 2020 | Volume 11 | Article 592

Edited by:

Ed C. Lavelle,

Trinity College Dublin, Ireland

Reviewed by:

Rupsa Basu,

TechnoVax Inc., United States

Michael Schotsaert,

Icahn School of Medicine at Mount

Sinai, United States

*Correspondence:

Katrin Ramsauer

katrin.ramsauer@themisbio.com

Specialty section:

This article was submitted to

Vaccines and Molecular Therapeutics,

a section of the journal

Frontiers in Immunology

Received: 15 December 2019

Accepted: 13 March 2020

Published: 09 April 2020

Citation:

Schrauf S, Tschismarov R, Tauber E

and Ramsauer K (2020) Current

Efforts in the Development of Vaccines

for the Prevention of Zika and

Chikungunya Virus Infections.

Front. Immunol. 11:592.

doi: 10.3389/fimmu.2020.00592

Current Efforts in the Development of
Vaccines for the Prevention of Zika
and Chikungunya Virus Infections
Sabrina Schrauf, Roland Tschismarov, Erich Tauber and Katrin Ramsauer*

Themis Bioscience GmbH, Vienna, Austria

Arboviruses represent major challenges to public health, particularly in tropical, and

subtropical regions, and a substantial risk to other parts of the world as respective vectors

extend their habitats. In recent years, two viruses transmitted by Aedes mosquitoes,

Chikungunya and Zika virus, have gathered increased interest. After decades of regionally

constrained outbreaks, both viruses have recently caused explosive outbreaks on an

unprecedented scale, causing immense suffering and massive economic burdens in

affected regions. Chikungunya virus causes an acute febrile illness that often transitions

into a chronic manifestation characterized by debilitating arthralgia and/or arthritis

in a substantial subset of infected individuals. Zika infection frequently presents as

a mild influenza-like illness, often subclinical, but can cause severe complications

such as congenital malformations in pregnancy and neurological disorders, including

Guillain–Barré syndrome.With no specific treatments or vaccines available, vector control

remains the most effective measure to manage spread of these diseases. Given that both

viruses cause antibody responses that confer long-term, possibly lifelong protection and

that such responses are cross-protective against the various circulating genetic lineages,

the development of Zika and Chikungunya vaccines represents a promising route for

disease control. In this review we provide a brief overview on Zika and Chikungunya

viruses, the etiology and epidemiology of the illnesses they cause and the host immune

response against them, before summarizing past and current efforts to develop vaccines

to alleviate the burden caused by these emerging diseases. The development of the

urgently needed vaccines is hampered by several factors including the unpredictable

epidemiology, feasibility of rapid clinical trial implementation during outbreaks and

regulatory pathways. We will give an overview of the current developments.

Keywords: Zika virus, Chikungunya virus, vaccine development, arbovirus, emerging diseases

INTRODUCTION

Less than 20 years ago Chikungunya and Zika virus were endemic on the African continent and
only caused sporadic and small, local outbreaks (1, 2). Several factors contributed to a global spread
of these infections, including deforestation bringing humans close to the zoonotic reservoir of
potential human pathogens, climate change leading to expansion of the animal vector habitats,
economic expansion, and globalization in general (3–5). Chikungunya and Zika virus belong
to a group of arthropod-borne viruses (Arboviruses) that are transmitted by the Aedes species
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mosquitos, in most cases by Aedes aegypti and Aedes albopictus.
Arboviruses are a major threat to human health. In addition to
CHIKV and ZIKV, the family of these viruses comprise different
human pathogens that can cause acute infections including
Dengue Virus (DENV), Yellow Fever Virus (YFV), West Nile
Virus (WNV), Japanese Encephalitis (JEV), Ross River Virus
(RRV), and Eastern Equine Encephalitis virus (EEEV). Over
100 arboviruses are known to date that can cause infections in
humans, and it is a widely accepted belief that many more such
viruses remain to be discovered (3). Transmission to humans is
mediated by the bite of an infected mosquito and the infection
can cause a range of clinical outcomes, from asymptomatic to
encephalitis (WNV, JFV, and ZIKV) or fatal hemorrhagic fever
(YFV and DENV).

Zika Virus (ZIKV) is a flavivirus of African origin which
was first identified in a rhesus monkey in the Zika Forest in
Uganda 1947 (6). The virus is primarily transmitted bymosquitos
from the genus Aedes (7, 8). In addition to the vector borne
transmission, sexual transmission as well as transmission via
blood transfusion is a likely route of infection. An infamous
feature of ZIKV infections is the vertical transmission from
mother to child during pregnancy (9, 10) that can lead to
abnormal brain development of the fetus (11, 12). Such fetal
phenotypes have been described as congenital ZIKV syndrome
(13). In nature, the virus is maintained primarily in a sylvatic
cycle between non-human primates (NHP) and mosquitoes (14).

Chikungunya virus (CHIKV) is an alphavirus transmitted
by mosquitoes that causes a febrile disease referred to as
Chikungunya fever. Like ZIKV, CHIKV was first isolated in
Africa, in Tanzania in 1952. The disease is characterized by
high, transient fever, polyarthralgia, and skinmanifestations (15).
While most patients recover from acute Chikungunya fever a
substantial subset of people experience a transition to severe
chronic arthralgia and arthritis that can last for months or years
(16, 17). Besides moving between humans and mosquitoes, the
virus can also exist in purely enzootic cycles between non-human
primates and mosquitoes (18).

ZIKV and CHIKV have gathered increased interest in
recent years due to several massive outbreaks. Climate change
and increased travel activities have led to unprecedented
spread of these viruses, particularly throughout tropical and
subtropical regions, but also to temperate zones. Autochthonous
transmission of CHIKV was reported in several European
countries including Spain, France and Italy (19, 20). In November
2019 the first locally acquired cases of Zika were reported in
Europe (21, 22). In addition to the transmission of ZIKV by
an animal vector the disease can also be transmitted sexually,
which increases the risk of disease in emergence in previously
non-endemic areas (23). Generally, the virus was introduced by
travelers returning from affected areas, stressing the importance
for the development of effective vaccines.

Vaccination is the most effective defense against unpredictable
outbreaks of emerging infectious diseases. Currently, there is
no treatment or vaccine available to prevent CHIKV or ZIKV
disease. Here, we give a brief overview on the molecular virology,
epidemiology, pathogenesis and the immune response to ZIKV
and CHIKV, followed by a summary of past and current efforts

to develop vaccines against these diseases. Finally, we will discuss
the current regulatory and policy framework that will facilitate
and accelerate the development of a ZIKV and a CHIKV vaccine.

Molecular Virology and Epidemiology
Zika Virus
The ZIKV genome consists of single stranded positive sense RNA
of about 11 kB in length which harbors one single open reading
frame flanked by 5′ and 3′ non-coding regions (Figure 1A).
Translation yields one single polyprotein that is co- and post-
translationally processed into three structural proteins—capsid
(C), precursor of membrane (prM) and envelope (E)—and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, NS5) by viral and host cell proteases. The ZIKV virion
is a spherical, enveloped virus particle with a diameter of
approximately 50 nm (24, 25). The nucleocapsid generated
through interaction of the RNA genome with multiple copies of
the capsid protein is engulfed by a host cell derived lipid bilayer in
which the two other structural proteins prM and E are embedded
via transmembrane helices. The non-structural proteins are
essential for RNA replication and assembly (26). During the
maturation process of the virions, protein M is generated
from the precursor protein by proteolytic furin cleavage (27).
Infectious mature virions carry the E proteins as homodimers
aligned in parallel to the virion surface (28). The E protein
mediates cellular attachment, entry and fusion of the viral and
the host cell membrane (29). Moreover, this protein represents
the immunodominant antigen of all flaviviruses. Neutralizing
antibodies triggered by flaviviral infections are raised against this
specific membrane protein (30).

ZIKV exhibits a very broad tissue tropism in humans ranging
from the brain, skin and immune cells to placenta, testis, kidney,
and retina. The virus enters the cell via clathrin-dependent
endocytosis following interaction of the receptor protein E with
cell surface receptors. Multiple cell surface receptors facilitate
viral entry, among these are tyrosine-protein kinase receptors
AXL, Tyro3, DC-SIGN, and TIM-1 (31–33). Upon entry by
endocytosis, low pH within the vesicles triggers conformational
changes of protein E dimers to trimers and subsequently the
exposition of the fusion peptide, further resulting in fusion of
the viral membrane with the endosomal target membrane (34).
The nucleocapsid disassembles and releases the viral genome
that subsequently undergoes replication, and translation in
intracellular membrane-associated compartments on the surface
of the endoplasmatic reticulum (ER) (35). During translation,
the membrane proteins E and prM are translocated into the
lumen of the ER where they interact with each other and
form heterodimers. The association of prM/E heterodimers into
higher-ordered structures is the driving force for virion budding.
Finally, the immature particles are transported through the
trans-Golgi network where mature infectious virus particles are
generated upon cleavage of prM intoM, subsequent resolution of
the heterodimers and formation of fusion-competent E protein
dimers (36).

Following the discovery of ZIKV in 1947, only sporadic cases
of natural ZIKV infection of human beings were reported over
a period of 60 years. In 2007, the first large ZIKV outbreak
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FIGURE 1 | Antigens delivered by the most advanced vaccine candidates against ZIKV and CHIKV. Schematic representations of the viral genomes are shown at the

top, simplified virions, VLPs, and subviral particles are shown below, as indicated. The text boxes indicate which of the more advanced vaccine candidates deliver

antigen in these fashions. (A) The Zika genome encodes the structural genes C, prM, and E and the non-structural genes NS1-5. The E protein represents the

immunodominant antigen, neutralizing antibodies against which are protective. Advanced vaccine candidates differ in their platform technology, but ultimately all

present immunodominant antigen either in the context of a full virion or a sub-viral particle. (B) The Chikungunya genome consists of the non-structural genes nsP1-4

and a subgenomic ORF encoding the structural genes C, E3, E2, 6K, and E1. Protection is mediated via the induction of neutralizing antibodies, epitopes for which

are predominantly found in E2 and, to a lesser extent, E1. The most advanced candidate vaccines are based on different platform technologies, but ultimately all

present E1/2 either in the context of a full virion or on VLPs.

occurred on Yap Island (Micronesia) during which three quarters
of the population were affected within a few months (37).
ZIKV infection was described as a mild self-limiting disease
with symptoms such as rash, fever, conjunctivitis, arthralgia and
arthritis (38). The next ZIKV epidemic outburst occurred in
French Polynesia in 2013 which was characterized by a high
attack rate and associated for the first time with the development
of Guillain-Barré syndrome (39, 40). Two years later the virus
hit South America, with Brazil particularly affected (41, 42).
During this outbreak, a dramatic increase in cases of Guillain-
Barré Syndrome (43) and congenital neurological disorders such
as microcephaly in infants born from women infected with the
virus during pregnancy were recorded (44–46). Up to now,
autochthonous transmission of ZIKVwas documented in over 80
countries world-wide. Recently, locally acquired ZIKV infection
has been documented for the first time in France, Europe (21, 47).

Zika virus can be grouped into two major lineages, African
and Asian. Strains identified during the epidemic in South
America all belong to the Asian lineage and have high degrees
of similarity with strains from Polynesia (48). Distinct changes
in the genetic sequence may have contributed to the dramatic
increase in pathogenicity of ZIKV since 2007 (49, 50). Among
mosquito-borne flaviviruses, ZIKV is most closely related to the
four serotypes of DENV which may impact pathogenesis due to
cross-reactive antibodies (51).

Chikungunya Virus
CHIKV is a single-strand, positive-sense RNA alphavirus
belonging to the Togaviridae family. The genome is about
12 kb, encoding four non-structural genes (nsP1-4) and five
structural genes (C-E3-E2-6K-E1) expressed from a subgenomic
RNA (Figure 1B). Virions consist of the genome packed into
the nucleocapsid and are enveloped with a host-cell derived

lipid bilayer (52). The surface of the mature virion is covered
in trimeric spikes consisting of E1/E2 dimers, which are
essential for receptor binding andmembrane fusion (53). CHIKV
can infect a wide variety of cells, including keratinocytes,
fibroblasts, osteoblasts, chondrocytes, skeletal muscle cells,
and monocytes/macrophages (54). Virions are taken up via
clathrin-mediated endocytosis (and potentially other pathways,
depending on cell type). The engaged receptors are incompletely
understood, besides convincing data on the importance of
MXRA8, several other candidates have been suggested, including
prohibitins and glycosaminoglycans (55, 56). Upon uptake, E1
and E2 undergo conformational changes caused by endosomal
pH, resulting inmembrane fusion and release of the nucleocapsid
into the cytoplasm (55). The non-structural proteins get
translated and processed to form an initial viral replication
complex, producing a negative-sense RNA intermediate serving
as the template for further synthesis of the 49S full genomic RNA
and the 26S subgenomic RNA (encoding the structural proteins).
Structural proteins are then translated and post-translationally
modified, capsid and the 49S RNA are assembled to form the
nucleocapsid in the cytoplasm, and mature virions are assembled
at the cell membrane followed by budding (57).

CHIKV was first described after a 1952/1953 outbreak in
Tanzania. Several outbreaks of varying size were reported in
Africa and Asia in the following decades, with the first report
in Asia occurring in the Philippines in 1954 (15). After a
particularly large outbreak in Kenya in 2004, the virus spread
to previously naïve populations on islands in the Indian Ocean,
including Comoro, La Reunion and the Seychelles, and further to
India, ushering in a series of unprecedentedly large chikungunya
outbreaks (58, 59). Travelers introduced the virus to previously
non-endemic regions harboring vector populations. In Europe
the first autochthonous outbreak was described in 2007 in Italy.
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An explosive outbreak in the Americas started at the end of
2013 on the island of St. Martin. Chikungunya spread rapidly
through the Americas, affecting 26 islands and 14 mainland
countries and causing over a million reported cases within a
year. By 2015, 1.7 million cases had been reported from 45
countries or territories reporting to the Pan American Health
Organization (60). Recently, the number of reported CHIKV
cases in the Americas went down significantly. However, close
to 100.000 cases were reported from Brazil in 2019 (61). Other
countries with transmissions reported in the Americas were
Bolivia, Nicaragua, and Venezuela. In addition, outbreaks have
been reported in Asia from Thailand, Malaysia, and India in
2019. Also, several African countries were affected including
Ethiopia, Republic of Congo, and Sudan (November 22th 2019,
ECDC https://www.ecdc.europa.eu/en/chikungunya-monthly).

Chikungunya viruses have been divided into three genotypes
based on phylogeny: West African (WAf), East Central South
African (ECSA), and Asian genotype, with the Asian genotype
likely derived from ECSA (60). During the outbreak on
La Reunion in 2006, phylogenetic analysis revealed that the
causative virus (of ECSA descent) had acquired a new mutation
in the gene coding for E1 that favored infectivity in Aedes
albopictus (62). This genotype is now referred to as the Indian
Ocean Lineage (IOL). Several studies have found that antibodies
raised by one genotype are cross-reactive against all others,
leading to the widely held opinion that CHIKV comprises a single
serotype (63–65).

Pathogenesis and Clinical Manifestations
Zika Virus
Originally, ZIKV infection in humans was described as mostly
asymptomatic or mild with self-limiting flu-like symptoms in
about 20–25% of infected people following an incubation period
of 4–10 days (37, 66). These non-specific symptoms may include
transient low-grade fever, itchy maculopapular rash, arthritis or
arthralgia, and non-purulent conjunctivitis; to a lesser extent,
retroorbital-pain headache, myalgia, edema and vomiting. Most
of the symptoms resolve within a week, except arthralgia which
may persist up to 4 weeks (67).

The recent, large outbreak in the Americas drastically showed
the ZIKV infection is also associated with severe disease. The
virus can cause thrombocytopenia, subcutaneous bleeding (68)
and multi-organ failure (69). Besides that, infection of the eye
in adults can lead to the development of uveitis (70). Rarely,
the virus induces encephalitis and meningitis in this age group
(71). Importantly, due to the high number of cases, also rare
features of ZIKV infection were observed. During pregnancy,
ZIKV infection affects the fetus and causes malformations of
the brain such as microcephaly and other neurological disorders.
Congenital ZIKV infection may also lead to hearing loss, ocular
anomalies well as intrauterine growth restrictions and/or fetal
demise. These alarming features have characterized the recent
outbreaks in America. Pre-and post-natal cases have highlighted
the direct link between ZIKV infection during pregnancy and
the increased risk of microcephaly and congenital abnormalities
(1). One prospective study in Brazil which analyzed symptomatic
ZIKV-infected pregnant women revealed that almost 30% of all

fetuses showed abnormal intrauterine development (44). The
difference between disease outcome in adults and infants may be
explained by the fact that the virus preferentially infects neural
progenitor cells (NPCs) leading to dysregulation of their cell cycle
and subsequent apoptosis (72). Recently, Ferraris et al. provided
some mechanistic insight by showing that ZIKV infection of
NPCs induces early activation of the Notch pathway leading to
impaired neurogenesis (73).

ZIKV infection in adults has been associated with the
development of Guillain-Barré syndrome (GBS), an autoimmune
disease causing peripheral nerve damage by the immune system
that leads to muscle weakness and paralysis of the limbs
(74, 75). The incidence of GBS during the French Polynesian
Outbreak was about 20-fold higher than baseline levels. A case-
control study performed in French-Polynesia supported the
direct connection between ZIKV infection and GBS development
as almost all patients (41 of 42) with GBS had detectable anti-
ZIKV IgM/IgG levels and all showed neutralizing antibodies
against ZIKV (40). Interestingly, ZIKV-induced GBS seems to be
transient and most patients have recovered fully.

Chikungunya Virus
Chikungunya fever symptoms commence after an incubation
period of 2–12 days following transmission from an infected
mosquito. The majority of patients then enter the acute phase of
Chikungunya fever, characterized by high fever, severe myalgia
and arthralgia, and rashes as the most common manifestations.
The rate of asymptomatic infection seems to vary from 4 to
28%, which depends on the CHIKV lineage and age of the
patient, with higher rates of asymptomatic disease in children
(76). The infection is usually non-fatal and self-limiting, and the
symptoms resolve within a few days, but a substantial subset
of patients experience transition of the disease into a chronic
phase, described in more detail below (15). Joint pain is most
frequently bilateral, symmetric, and primarily observed in the
extremities (58). Synovitis and joint swelling are frequently
reported with large joint effusions in 15% of individuals infected
with Chikungunya (77, 78). Macropapular and macular rashes
are observed in 10–40% of patients, are limited to the trunk
and extremities in most patients and are mostly transient. A
wide variety of less common symptoms, including digestive
abnormalities, lymphadenopathy, and ocular complication have
been described (54), these cases are summarily described as
atypical acute Chikungunya disease (79). Some patients, usually
elderly, infants or individuals with pre-existing comorbidities,
experience severe acute Chikungunya fever. Frequently observed
complications include encephalitis, hepatitis, myocarditis, renal
failure as well as respiratory disorders. In these cases, CHIKV
infection can be lethal, albeit with a relatively low frequency
[e.g., under 1 in 1,000 patients during the La Reunion outbreak
(80)]. Of note, some reports suggest that these numbers may have
been previously underreported or might be elevated in recent
outbreaks (81, 82). The percentage of patients developing chronic
Chikungunya fever varies between outbreaks, with up to 60%,
as described during the La Reunion outbreaks (83). Chronic
Chikungunya is characterized by persistent or relapsing severe
poly-arthralgia, mainly described in small joints of hand, feet
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and ankles, which can last for months or even years and severely
impacts patient quality of life (78). Besides the effect on mobility
and well-being there is a major economic burden to the affected
health systems associated with CHIKV outbreaks (2).

Animal Models and Immune Responses
Zika Virus
As ZIKV infections are able to induce versatile symptoms and

diseases, researchers have put a lot of effort in the development
of different animal models to investigate mechanisms of

pathogenesis and host immune responses (Table 1). The
explosive outbreak in the Americas required availability of
animal models to better understand ZIKV pathogenesis and
to develop effective vaccines. Within a short time period

different mouse and NHP models were developed [reviewed in

(84)]. Mice with defects in the interferon system—single and

double knockouts of the type I and type II interferon (IFN)
receptors on either the 129/SV genetic background (A129 or
AG129, respectively) or single type I knockout on C57BL/6
genetic background (IFNAR1−/−) or wild-type C57BL/6 mice

TABLE 1 | Frequently used animal models for ZIKV infection and disease.

Model organism Advantages Disadvantages

IMMUNOCOMPROMISED MICE

IFN signaling deficient-mice IFNI knock out (IFNAR1−/−; A129) • Small animal model (size, generation

time, handling, cost, etc.)

• Large body of literature, availability of

tools and reagents

• Evolutionary distance

• Immunodeficient

IFNI and II knock out (AG129) • Replicates high viremia, dissemination

to multiple organs, ataxia, tremor and

paralysis

• Study pathogenesis of eye disease

• Replicate only some aspects of ZIKV

infection

C57BL/6 or BALB/c treated with

anti-IFNAR1 mAb

• Study pathogenesis and persistence in

male reproductive tract

• Lethal and non-lethal models available

• Lethality is age-dependent–100%

mortality only in very young mice

(3–4 weeks-old)

IMMUNOCOMPETENT MICE

Neonate C57BL/6 or BALB/c • Small animal model (size, generation

time, handling, cost, etc.)

• Large body of literature, availability of

tools and reagents

• Key brain development processes occur

post-natally

• Replicate pathologies of central nervous

system

• Sub-lethal—study long-term sequelae

on survivors

• Evolutionary distance

• Replicate only some aspects of

ZIKV infection

IMMUNOCOMPETENT PRIMATES

NHP Rhesus macaques • Evolutionary proximity—Similar

physiology and immune response

• Natural host

• Large animal model (size, generation

time, handling, cost, etc.)

Cynomolgus macaques • Replicate viremia; spread to different

organs and body fluids, changes in

blood biochemistry and mostly elevated

body temperature

• Non-lethal

• Ethical constraints of using primates

in research

INFECTION DURING PREGNANCY

Pregnant mice IFNAR1−/− • Small animal model (size, generation

time, handling, cost, etc.)

• Availability of tools and reagents

• Replicates transplacental viral

transmission

• Evolutionary distance

• Immunodeficient or not fully

immunocompetent (SJL mice)

C57BL/6 treated with anti-IFNAR1 mAb • Replicate pathological changes to

brains of developing fetuses and

intrauterine growth restrictions

Pregnant NHP Rhesus macaques • Evolutionary proximity—similar placental

barrier and gestational development

• Natural host

• Large animal model (size, generation

time, handling, cost, etc.)

Pigtail macaques • Replicate persistent viremia and

transplacental transmission

• Ethical constraints of using primates

in research
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treated with an IFNAR1 receptor blockingmonoclonal antibody–
are frequently used to study Zika virus infections in adults.
Dependent on the ZIKV strain and the age of the animals,
infected mice demonstrate signs of tremor, ataxia, paralysis,
conjunctivitis, damage of the central nervous system as well
as inflammation of the male reproductive tract. In addition,
neonate C57BL/6mice are a useful model to studymechanisms of
pathogenesis as well as neurodevelopmental processes. Pregnant
IFNAR1 knockout mice and pregnant C57BL/6 mice treated with
anti-IFNAR1 monoclonal antibody represent a good model to
investigate ZIKV infection during pregnancy. In these animals,
ZIKV induces pathological changes in the placenta, intrauterine
growth restriction of the fetuses and fetal brain development
defects. Recently, BALB/c mice treated with an anti-IFNAR1
monoclonal antibody as well as neonate BALB/c mice have
also been used to model ZIKV infection in adults as well to
study neuropathogenesis, respectively (85, 86). NHP models—
rhesus, cynomolgus, as well as pigtail macaques—are used to
study ZIKV cell and tissue tropism and the adaptive immune
response. Infected monkeys develop potent humoral as well
as cellular immune responses against ZIKV which protect
against subsequent challenge (87). Thus, NHP also represent a
suitable model to evaluate the immunogenicity and efficacy of
prophylactic vaccines. As the placental barrier, embryogenesis,
and fetal development of monkeys very closely resemble humans,
ZIKV infection studies are also performed in pregnant rhesus or
pigtail macaques.

The innate immune system plays a key role in controlling
ZIKV infections as most infections are asymptomatic or mild.
ZIKV infection stimulates the interferon system and thus the
production of type I (IFN-α, β), type II (IFN-γ), and type III
IFNs (IFN-λ1–4) followed by the induction of IFN stimulated
genes such as small membrane-associated interferon-inducible
transmembrane proteins (IFITMs) that interfere with specific
steps of the viral life cycle (31, 88, 89). IFITM1 and IFITM3 for
example have both been described to inhibit ZIKV replication
(90). In addition to the innate immune response, ZIKV infection
also triggers an adaptive immune response that contributes to
protection and possibly also to pathogenesis. Studies inmice have
shown that CD4+ as well as CD8+ T cells are both involved in
viral clearance (91–94). Despite this protective role, CD8+ T cells
may also be involved in brain pathogenesis inducing paralysis in
mice (95). B-cell mediated immune responses and the production
of neutralizing antibodies play an important role in controlling
infections (96). These antibodies bind complex epitopes on the
virion surface. Studies in mice and non-human primates (NHP)
have shown that antibodies alone are sufficient for protection.
A passive transfer of IgG from NHP that previously received a
formalin-inactivated ZIKV into naïve recipient mice or NHPs
protected both species from viremia following ZIKV challenge
(97). In addition, depletion of CD4+ and/or CD8+ T cells in
mice prior challenge had no impact on the protective capacity
of a DNA vaccine, again highlighting the protective role of
the humoral immune response (98). Moreover, administration
of human monoclonal antibodies with neutralizing activity are
able to prevent replication, maternal–fetal transmission and
disease in mice (99). All these studies together suggest that

ZIKV-specific neutralizing antibodies represent an immune
correlate of protection. Neutralizing antibody titers of >10,
as determined by plaque reduction neutralization test, have
been accepted as correlates of protection for other flaviviruses
such as Japanese encephalitis and Tick-borne encephalitis virus
(100–102). It remains to be elucidated whether a similar titer
will confer protection against ZIKV infection in humans and
whether a T cell response is necessary to initiate an effective B
cell response.

The role of cross-reactive antibodies in disease progression is
uncertain. Antibodies that bind but do not neutralize potentially
affect the disease outcome of the closely related DENV by
a phenomenon known as antibody-dependent enhancement
(ADE). Antibodies that are developed during the first DENV
infection enhance disease burden in the context of a secondary
infection with a heterologous DENV serotype (103). Although
cross-reactive ZIKV antibodies can enhance ZIKV infection in
vitro, no signs of ADE have been observed so far in vivo (104). Of
note, some findings in mice indicate that pre-existing immunity
to Dengue and other flaviviruses might contribute to more severe
Zika pathogenesis (105, 106).

Chikungunya Virus
Much of our knowledge on the immune response to CHIKV is
based on results from animalmodels (Table 2). Neonatal mice are
susceptible to CHIKV challenge and have thus been used to study
severe acute disease and lethality (107). Adult mice deficient
for components of type I interferon signaling, most commonly
IFNAR1−/−, are similarly susceptible and are frequently used
in lethal challenge models (108, 109). Wild-type animals
are significantly less prone to develop disease upon CHIKV
challenge, but exhibit swelling, arthritis, and transient viremia
upon subcutaneous CHIKV infection in the footpad, which has
been frequently used to investigate joint involvement and, to
some extent, chronic disease. All of these models are limited in
the aspects of disease they mirror, but offer the many advantages
associated with mouse models, above all the wide availability
of transgenics (110). CHIKV infection in NHPs recapitulates
many aspects of human disease and can be considered less
artificial in that these animals represent natural amplification
hosts for the virus in sylvatic transmission cycles. Moreover,
they are genetically and physiologically similar to humans. Initial
studies performed in the 1950s and 1960s demonstrated that
Rhesus macaques infected with CHIKV develop viremia 2–
4 days post-infections (dpi), mount a neutralizing antibody
response and are protected from reinfection. More recent work
has aimed to better characterize CHIKV pathogenesis in Rhesus
and Cynomolgus macaques and both have been frequently used
to test vaccines or therapeutic antibodies. Macaques represent an
excellent model for CHIKV pathogenesis, but studies are limited
by the high cost as well as ethical considerations. In addition,
the NHP model fails to replicate joint pathologies observed
in human disease unless challenged with very high doses of
virus (111, 112).

The immune response to CHIKV infection involves both
innate and adaptive immunity. Most infections begin with a
mosquito bite delivering CHIKV to permissive cells in the
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TABLE 2 | Frequently used animal models of Chikungunya disease.

Model organism Advantages Disadvantages

Neonate mice • Small animal model (size, generation time, handling, cost, etc.)

• Large body of literature, availability of tools and reagents

• Transgenic animals

• Replicates high viremia and dissemination to multiple organs

• Evolutionary distance

• Immunocompromised

• Lethal model with limited time window for analysis

IFNI signaling deficient-mice (e.g., IFNAR1−/−,

IFNAR1−/−, IFNGR1−/−)

• Small animal model (size, generation time, handling, cost, etc.)

• Large body of literature, availability of tools and reagents

• Transgenic animals

• Replicates high viremia and dissemination to multiple organs

• Evolutionary distance

• Immunocompromised

• Lethal model with limited time window for analysis

Footpad swelling in wild-type mice • Small animal model (size, generation time, handling, cost, etc.)

• Large body of literature, availability of tools and reagents

• Transgenic animals

• Replicates viremia, dissemination to tissues and joints close to

injection site and selected organs, arthritis-like disease and viral

persistence

• Non-lethal

• Evolutionary distance

• Fails to replicate dissemination to all organs

affected in human disease

• Joint involvement unilateral

NHP (Rhesus macaques, Cynomolgus

macaques)

• Evolutionary proximity—Similar physiology and immune

response

• Natural host

• Replicates viremia, spread to organs and joints, fever, viral

persistence, rashes, changes in blood biochemistry and CBC,

cytokine, and chemokine response

• Replicates joint involvement at very high challenge doses

• Non-lethal

• Large animal model (size, generation time,

handling, cost, etc.)

• Ethical constraints of using primates in research

• Replicates joint pathologies only at

non-physiological challenge doses

skin, including epithelial cells, fibroblasts and macrophages
(113). Virus spreads rapidly from the inoculation site to the
circulatory system and further to multiple organs, with studies
indicating that infiltration of organs is driven by infected
monocytes/macrophages (114). The host immune system senses
CHIKV presence, with multiple pattern recognition receptors
playing a role, and mounts an antiviral response strongly
dependent on type I interferons. The importance of these
antiviral mediators is highlighted by animal experiments using
mice deficient for components of type I interferon signaling,
which are highly susceptible to CHIKV infection (107, 115–117).
In addition, a variety of other cytokines and chemokines are
induced upon infection, both in animal models and in humans
undergoing natural infection, including IL-6, IL-1RA, IL-12, and
CCL2 (118).

The immune response against CHIKV on a cellular level
is only partially understood. Monocytes and macrophages
appear to play an important role both in the control of
infection as well as in associated pathology. Genetically
depleting monocytes from mice leads to increased viremia
in the footpad swelling model, indicating these cells are
protective during infection (119). On the other hand, monocytes
and macrophages are implicated in CHIKV associated joint
pathologies. In Cynomolgus macaques, synovial macrophages
were found to serve as a reservoir for CHIKV (111). In
line with this observation, synovial isolates from patients
contain high numbers of macrophages and monocytes. Synovial
macrophages isolated from CHIKV infected patients further
display an activated morphology (120) and the supernatant
of primary human fibroblast-like synoviocytes challenged with
CHIKV was shown to induce monocyte migration and drive the

differentiation of monocytes/macrophages to osteoclast-like cells
producing IL-6 and TNFα, both known for their involvement
in arthritis (121). Interestingly, macrophage depletion in mice
by means of chlondronate liposomes results in increased
viremia, but decreased swelling in the footpad injection model,
again highlighting the bivalent role of macrophages in CHIKV
infection (122).

There is significant consensus within the scientific community
that the induction of antibodies in general and neutralizing
antibodies in particular comprises an immunological marker
that likely correlates with protection against CHIKV infection
and disease (2, 123, 124). Recent epidemiological studies
conducted in the Philippines (125) and Cambodia (126, 127) have
confirmed that (1) a positive baseline CHIKV plaque reduction
neutralization titer is associated with 100% (95% CI 46.1–100.0)
protection from symptomatic infection; (2) that broad cross-
neutralization among CHIKV lineages, i.e., ECSA, WAf, Asian,
IOL, exists; and that (3) it is highly likely that the elicitation
of a neutralizing antibody response will provide very long-
lasting (if not lifelong) immunity across all CHIKV genotypes.
Similarly, in a study of serum antibodies from a 2008 outbreak
in Singapore, the early induction of neutralizing antibodies
correlated with rapid clearance of virus from the periphery
and clinical protection against arthralgia. Findings regarding the
importance of early neutralizing antibody responses in protection
against arthralgia have also been recently documented in a
prospective cohort in India (128). These observations are well-
replicated in animal models. Passive transfer of IgG antibodies
isolated from plasma of convalescent patients can efficiently
prevent and cure CHIKV infection in mice (129). Additionally,
treatment with neutralizing monoclonal antibodies (mAbs)
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specific for CHIKV E1 and E2 proteins protected IFNAR1−/−

mice against mortality and prevented development of chronic
infection of Rag1−/− mice lacking B and T cells. Similarly, passive
transfer of monoclonal antibodies against CHIKV also protected
NHPs from CHIKV challenge (130, 131). Taken together, data
from humans, mice and NHP all suggest that neutralizing
antibodies likely represent an immune correlate of protection.

The role of CHIKV-specific T cells is less clear. While CD4+

T cell help is undoubtedly necessary for the generation of
protective antibody responses, these cells are also implicated in
joint pathologies, probably best showcased by reduced footpad
swelling in CD4−/− mice. Interestingly, CD8 deficiency has
limited impact on disease progression in the same study. Viremia
is not affected by lack of T cells in mice (132). In contrast, a recent
study found that a T-cell biased prophylactic vaccine approach
was effective against CHIKV challenge in mice, indicating that T
cell responses can contribute to protection (133).

Past and Current Efforts in Vaccine
Development
Zika Virus
The outbreak in Latin America in 2015 has driven the
development of multiple vaccine candidates. Some of them
have successfully completed the preclinical stage and have
entered clinical trials. The most advanced vaccines currently
in development are discussed below. Table 3 summarizes the
candidates already in clinical development.

DNA vaccines
Among the first candidates that have entered clinical trials
in humans were DNA vaccines. Early after the onset of the
Brazilian outbreak in 2015, research groups were focussed on
the development of different DNA-based strategies including
truncated prM protein, soluble E proteins and whole prM-
E proteins and have compared the immunogenicity profile of
the different constructs in mice (98). The animal studies have
demonstrated the superiority of the constructs expressing the
full-length prM and E sequence. The vaccine candidates that
advanced to clinical trials are all based on the expression of
prM-E in transfected cells, which spontaneously assemble into
non-infectious sub-viral particles retaining structural similarity
to native virions. The first vaccine candidate tested in clinical
trials was GLS-5700 developed by Inovio Pharmaceuticals
(NCT02809443 and NCT02887482). This DNA vaccine is based
on a consensus prM-E sequence derived from African and
more recent Asian/American strains downstream of the signal
sequence of IgE. Preclinical studies in mice and NHP have
confirmed its strong immunogenicity by showing prevention
of viremia (134). Passive transfer of vaccine-induced antibodies
into interferon α/β receptor–deficient mice protected mice
from lethal challenge. Interestingly, when tested in humans,
only 62% of the study participants developed neutralizing
antibodies against ZIKV after receiving three doses of the vaccine
candidate. The most frequent adverse events (AE) were mostly
mild local injection site reactions, as well as headache and
myalgia (135).

TABLE 3 | ZIKV vaccine candidates in clinical development.

Vaccine strategy Candidate name Sponsor Non-clinical

development

Phase 1 Phase 2 References

DNA GLS-5700 GeneOne Life Science, Inc.

Inovio Pharmaceuticals vio

Immunogenicity in mice

and NHP

NCT02809443

NCT02887482

(134, 135)

VRC5283 NIAID/VRC Immunogenicity in mice

and NHP;

efficacy in NHP

NCT02996461 NCT03110770 (136, 137)

VRC5288 NCT02840487

mRNA mRNA-1325 Moderna Therapeutics Immunogenicity and

efficacy in mice

NCT03014089 (138)

mRNA-1893 Efficacy in mice NCT04064905 (139)

Whole inactivated ZPIV NIAID/WRAIR/BIDMC Immunogenicity and

efficacy in mice and

NHP

NCT02963909

NCT02952833

NCT02937233

NCT03008122

(97, 98, 140)

BBV121 Bharat Biotech International Immunogenicity and

efficacy in mice

CTRI/2017/05/00

8539

(141)

PIZV (TAK-426) Takeda Pharmaceuticals Immunogenicity and

efficacy in mice

NCT03343626 (142)

VLA1601 Valneva Austria GmbH

/Emergent Biosolutions

NCT03425149

Live attenuated rZIKV/D4130-713 NIAID NCT03611946

Viral vectored MV-ZIKA Themis Bioscience GmbH Immunogenicity in

mice; efficacy in

pregnant mice

NCT02996890 (143)

MV-ZIKA RSP NCT04033068

Frontiers in Immunology | www.frontiersin.org 8 April 2020 | Volume 11 | Article 592141

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


Schrauf et al. Chikungunya and Zika Vaccines

The Vaccine Research Center (VRC) and National Institute
of Allergy and Infectious Diseases (NIAID) have developed two
other DNA based vaccine candidates, VRC5283 and VRC5288.
Both candidates encode a codon-optimized form of the prM-
E sequence derived from the French Polynesian strain 2013
(136). The ZIKV prM signal sequence was replaced by a signal
sequence from the Japanese encephalitis virus (JEV) prM protein.
The usage of the JEV signal sequence should increase the
signal peptide cleavage as previously demonstrated by studies
with West Nile Virus (144). In VRC5288, the carboxyterminal
stem-anchor region of ZIKV protein E was also exchanged
to the equivalent JEV sequence in order to improve subviral
particle release from transduced cells. Immunization of mice
and NHPs demonstrated that both candidates VRC5283 and
VRC5288 were able to elicit neutralizing antibodies after two
administrations. Moreover, a ZIKV challenge study of previously
immunized NHPs resulted in almost complete protection from
viremia (136). Thus, various clinical Phase 1 trials with both
candidates were initiated in the United States to evaluate
different doses, dose regimens as well as delivery devices
(NCT02996461 and NCT02840487). The most frequent AE were
found to be mild to moderate local injection site reactions, as
well as malaise and headache. VRC5283 revealed to be more
immunogenic in humans with higher neutralizing antibody titers
26 days after the second vaccine administration compared to
VRC5288 (137) and was thus moved forward to Phase 2 clinical
studies (NCT03110770).

mRNA vaccines
Another appealing platform technology for the development of
vaccines against infectious diseases is represented by mRNA
vaccines. This technology has been improved over the last
years by developing techniques to remove double stranded RNA
product, by inserting modifications to increase RNA stability
and by developing different formulations for delivery (145). In
contrast to DNA which needs to enter the nucleus to start
transcription, RNA can be directly translated in the cytoplasm
upon cell transfection.

Diverse ZIKVmRNA vaccine candidates have been developed
and studied in animals. One of the first was described by
Pardi et al. (146). The mRNA candidate encodes the prM-E
sequence of a French Polynesian strain. Wild type mice and
NHP were protected from viremia after the administration
of a single dose. Other similar mRNA vaccine candidates
were developed by Moderna Therapeutics and are based
on a prM-E sequence derived from the Micronesia 2007
strain. The engineered vaccine candidates only differ in their
prM signal sequence expressing either the signal sequence
of JEV or IgE. Testing in various mouse models revealed
that both strategies resulted in immunogenic and efficacious
vaccine candidates, albeit with some differences (138). mRNA-
1325, a mRNA vaccine expressing the IgE signal sequence
instead of the prM signal sequence, was selected as first
candidate for further clinical development (NCT03014089).
In parallel, preclinical development was continued and a
second vaccine candidate mRNA-1893 was advanced to clinical
studies entering in 2019 (NCT04064905). This vaccine candidate

protected against ZIKV transmission during pregnancy in
mice (139).

Whole inactivated vaccines
Whole inactivated vaccines have been successfully developed
for other flaviviruses including TBEV and JEV. This approach
was taken up by several groups. Immediately after the 2015
outbreak, the first preclinical studies using a purified inactivated
ZIKV vaccine were described by Larocca et al. (98). The alum
adjuvanted formalin-inactivated whole virus vaccine PRVABC59
which was derived from a strain from Puerto Rico protected mice
from ZIKV challenge after a single immunization. A few months
later, the same group confirmed the efficacy of this vaccine
candidate also in rhesus macaques following two administration
of the vaccine candidate 1month apart. Protection was confirmed
using different ZIKV challenge strain—Brazilian and Puerto
Rico ZIKV isolates (97). In addition, two doses of PRVABC59
protected rhesus monkeys even when challenged 1 year later.
The Walter Reed Army Institute of Research developed this
vaccine candidate further, under the name ZPIV. The safety
and immunogenicity of the ZPIV was tested and confirmed in
three placebo-controlled trials (NCT02963909, NCT02952833,
and NCT02937233). Besides mild to moderate injection site
reactions the most frequent systemic AEs observed were fatigue,
headache, and malaise. Passive transfer of purified IgG from
immunized recipients into immunocompetent mice reduced the
viral loads upon ZIKV challenge (140). A fourth trial in a
Flavivirus endemic area is still ongoing (NCT03008122). In 2016,
a research agreement was signed between WRAIR and Sanofi
Pasteur, with the latter taking over all further non-clinical and
clinical development efforts. A modified Zika vaccine candidate
(ZIPV-SP) was developed by Sanofi Pasteur which demonstrated
higher immunogenicity and efficacy in mice compared to the
first-generation vaccine ZPIV (147). This candidate will advance
to further clinical trial testing in future.

Bharat Biotech International (India) has started its ZIKV
vaccine development after the French Polynesian outbreak
in 2013. In preclinical mice studies using immunodeficient
AG129 mice, the formalin-inactivated whole virus vaccine
(BBV121) demonstrated its immunogenic potential by
protecting against Asian and African challenge strains (141).
BBV121 is currently assessed in a Phase 1 clinical trial in
India (CTRI/2017/05/008539). Similar approaches using
formalin inactivated whole viruses as vaccine candidates are
currently pursued by Takeda Pharmaceuticals and Valneva
Austria GmbH/Emergent BioSolutions (NCT03343626 and
NCT03425149, respectively). PVIZ (TAK-426) developed by
Takeda conferred protection against lethal challenge in mice
(142). No pre-clinical data have been yet reported for the
Valneva/Emergent BioSolutions vaccine candidate.

Live attenuated vaccines
Vaccination experiences with other live attenuated flaviviral
vaccines like YFV and JEV propose that a live attenuated
ZIKV vaccine could be a promising approach for generating
a robust immune response. In contrast to the traditional
approach used for the 17D YF vaccine in which attenuation
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was achieved by several passages on different animal tissues,
ZIKV attenuation was achieved by direct manipulation of the
viral genome. This was only possible due to the fact that ZIKV
infectious cDNA clones were available shortly after the first
outbreaks (148). Attenuation approaches include the removal
of NS1 carbohydrates, site-directed mutagenesis of the 3′-
UTR or the formation of chimeric flaviviruses encoding the
ZIKV prM and E sequence in the context of an attenuated
heterologous background.

Attenuated viruses carrying a 10 nucleotide deletion in the
3’UTR of a Cambodian Strain provided sterilizing immunity in
A129 mice and rhesus macaques (149). Further analysis with
this vaccine candidate in pregnant C56BL/6 mice in which
the IFNAR1 receptors were blocked by antibody treatment
revealed that a single dose is able to significantly reduce vertical
transmission and prevented damage of the testis. A similar
vaccine construct carrying a larger deletion in the 3′UTR was
also shown to be efficacious in animal studies, already at low
doses (150).

Xie et al. at the University of Texas Medical Branch have been
involved in the generation of a chimeric virus containing the Zika
prM-E in a Dengue Virus 2 (DENV-2) backbone. The chimeric
vaccine protected A129 mice against ZIKV challenge (151).
A second chimeric vaccine candidate using the ZIKV prME
proteins in a DENV-4 backbone encoding also a 30 nucleotide
deletion in the 3′ UTR region has been developed by NIAID.
This vaccine candidate was tested recently in a Phase 1 clinical
trial (NCT03611946).

Viral vectors
Another vaccine approach evolved over the last decades deals
with the expression of ZIKV genes in the context of viral vectors,
either replication competent or defective. Different viral vectors
including adenovirus, vesicular stomatitis virus (VSV), vaccinia
virus, or measles vaccine virus are used as a delivery platform
for the production of heterologous antigens upon cell infection,
making them a powerful plug and play technology for the rapid
development against emerging diseases.

A rhesus adenovirus based vaccine candidate (RhAd52)
expressing the ZIKV prM-E proteins was assessed for its
immunogenicity and efficacy in rhesus monkeys (97). This
vaccine candidate elicited high neutralizing antibody titers
and prevented ZIKV from viral replication upon challenge.
Interestingly, a single immunization induced a robust protection
against ZIKV challenge in rhesus macaques 1 year after the
administration (152). Several other adenovirus-based vaccine
vectors using other backbones are in pre-clinical development
and have proven their immunogenic capacity in mice (153–157).

A live attenuated measles Schwarz vaccine vector expressing
the ZIKV prM-E was developed by Themis Bioscience and was
evaluated in a Phase 1 clinical trial in Austria (NCT02996890).
Preclinical studies in an allogenic mouse pregnancy model
have shown that vaccination with this candidate reduced the
ZIKV load in distinct organs and prevented fetal infection
(143). Recently, a second measles-based ZIKV vaccine candidate
developed by Themis-Bioscience entered Phase 1 clinical
trials (NCT04033068).

Besides adeno- and measles virus-based vectors, a further
promising vaccine candidate based on a vaccinia virus vector
directed against both emerging diseases ZIKV and CHIKV
was successfully tested in preclinical studies. The vector
has incorporated ZIKV prM-E as well as the structural
proteins of CHIKV. A single immunization of this multivalent
vaccine induced neutralizing antibodies toward both viruses
in mice and protected against CHIKV viremia and arthritis
as well as ZIKV viremia and fetal/placental infection or testis
infection (156).

Another approach utilizes recombinant VSV vectors
expressing ZIKV prM-E proteins. One candidate showed a good
humoral and cellular T cell response in wild-type mice, another
protected from lethal challenge (158, 159).

Virus-like particle vaccines
In vitro purified virus-like particles (VLP) represent an
alternative approach for the development of a ZIKV vaccine. As
already mentioned above expression of ZIKV structural proteins
give rise to the development of non-infectious virus-like particles
which present antigens in their native confirmation leading
to the development of high neutralizing antibody titers. VLP
vaccines are efficiently produced by generation of stable cell
lines. Some groups have explored their immunogenic potential in
preclinical animal studies (160, 161). In an alternative approach,
a recent study used bacteriophage VLP platforms displaying
predicted Zika B cell epitopes and showed immunogenicity in
mice (85).

A wide variety of promising vaccine candidates for the
prevention of Zika induced disease have undergone pre-
clinical and early clinical evaluation, many of which would
certainly be suitable for further clinical development. The
impressive speed with which these candidates were generated,
tested in animals and in several cases brought to first-in-man
trials highlights how quickly manufacturers and developers
can react to large scale outbreaks. In the wake of the large
Zika epidemic public funding for vaccine development has
largely expired and development efforts have slowed. Together
with regulatory challenges associated with the development of
vaccines against diseases with unpredictable epidemiology, this
represents a major hurdle in bringing promising candidates
to licensure.

Chikungunya Virus
The circulating genotypes of CHIKV are genetically closely
related and appear to constitute a single serotype. Moreover,
infection with CHIKV causes long-lasting, possibly life-
long protection (126, 128, 162, 163). Taken together, these
observations suggest the development of a vaccine as a
promising route for the prevention of Chikungunya fever.
Several groups have initiated the development of prophylactic
vaccine candidates against CHIKV and have started evaluation
in preclinical studies as well as Phase 1 and Phase 2 clinical trials.
A summary of the most advanced vaccine candidates in clinical
development is given in Table 4.
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Whole inactivated vaccines
The US Army Medical Research Institute of Infectious Diseases
(USAMRIID) together with WRAIR developed a formalin-
inactivated CHIKV vaccine which showed encouraging
immunogenicity and efficacy data in mice and NHP using four
different CHIKV strains (179). In further instance, the candidate
was tested in 16 healthy adults and found to be immunogenic
and well tolerated in human, with no AEs reported in any of
the participants (164). Despite these promising results, the
program was discontinued. Two recent candidates based on
chemical inactivation of whole virus were assessed in mouse
models successfully demonstrating their immunogenic potential
(180), with one of these vaccines also able to protect vaccinated
animals from CHIKV challenge (165). This latter candidate
was recently advanced to clinical phase 1 evaluation in India by
Bharat Biotech International (CTRI/2017/02/007755).

Live attenuated vaccines
Development of a live-attenuated vaccine initiated by
USAMRIID yielded the strain CHIK 181/clone 25 (181). This
candidate was protective in mice and revealed reduced virulence
in monkeys. Furthermore, 181/25 underwent clinical evaluation
and showed promising immunogenicity and a largely acceptable
safety profile in human, with largely mild injection site reactions
reported in 20% of participants, and the most frequent systemic
AE represented by flu-like symptoms, transient arthralgia and
urticaria. Transient arthralgia was the only AE found more
frequently in actually vaccinated participants, as compared to
the placebo group, which raised some concerns (166). A later

study showed that attenuation of this strain is based on only
two point-mutations suggesting a tangible risk for reversion to
virulence (182). Thus, the development of the candidate was
discontinued in 1998 and the strain was later made available to
developers (167).

Targeted attenuation of CHIKV by means of genetic
engineering gave rise to several other promising candidates.
Partial deletion of the gene encoding the non-structural
protein nsP3 resulted in a live-attenuated vaccine showing
immunogenicity and efficacy in the mouse footpad swelling
model (169, 170) and in Rhesus macaques (171), and has been
evaluated in a recently concluded phase 1 clinical trial by Valneva
Austria GmbH (NCT03382964). While results have not yet been
published, safety and immunogenicity data were presented at
recent conferences and look promising.

An additional attenuated CHIKV strain derived from La
Reunion was generated by University of Texas Medical Branch
through replacing the subgenomic promoter for expression
of the structural genes with an internal ribosomal entry site
derived from ECMV. This construct was highly immunogenic
and protective in the IFNAR1−/− mice and Cynomolgus
macaques (183–185).

Viral vectors
The excellent efficacy and safety of viral vectored vaccines is
well-established. The use of viral vectors is a potent tool in
gene therapy and vaccines development due to the ability to
induce both potent humoral and cellular immune responses. The
immunogenicity is further enhanced through intrinsic vector

TABLE 4 | CHIKV vaccine candidates in clinical development.

Vaccine strategy Candidate name Sponsor Non-clinical

development

Phase 1 Phase 2 References

Whole inactivated – USAMRIID and WRAIR Immunogenicity and

efficacy in mice and NHP

Completed (164)

BBV87 Bharat Biotech

International

Immunogenicity and

efficacy in mice

CTRI/2017/02/

007755

(165)

Live attenuated TSI-GSD-218 (181/clone 25) Unites States Army

Medical Research

Institute of Infectious

Diseases

Immunogenicity and

efficacy in mice and NHP

Completed (166–168)

VLA1553 Valneva Austria GmbH Immunogenicity and

efficacy in mice and NHP

NCT03382964 (169–171)

Viral vectored MV-CHIK Themis Bioscience

GmBH

Immunogenicity and

efficacy in NHP

EudraCT-

2013-

001084-23

NCT02861586

NCT03101111

NCT03028441

NCT03635086

NCT03807843

(109, 172–

174)

ChAdOx1 Chik Jenner Institute,

University of Oxford

Immunogenicity and

efficacy in mice

NCT03590392 (175, 176)

Virus like particles VRC-CHKVLP059-00-VP NIAID Immunogenicity and

efficacy in mice and NHP

NCT01489358

NCT03028441

NCT02562482 (108, 177,

178)PXVX0317 (former name:

VRC-CHKVLP059-00-VP)

Emergent BioSolutions NCT03483961

mRNA VAL-181388 Moderna Therapeutics Immunogenicity and

efficacy in mice;

immunogenicity in NHP

NCT03325075
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motifs that stimulate the innate immunity pathways (186, 187).
Thus, the use of expensive and mostly reactive adjuvants can be
omitted. Viral vectors can use the host-cell protein-processing
pathways that lead to antigen presentation via the MHC I
complex and consequent cytotoxic T-cell stimulation (188). In
addition, viral vectors can be produced in high quantities at
relatively low costs, which allows the use of these systems in
low-income countries.

The currently most advanced vaccine in development is
the live-recombinant measles vectored vaccine MV-CHIK that
is based on the Measles Schwarz vaccine strain. The vector
is genetically modified to express the full subgenomic RNA
encoding the structural proteins, while the measles backbone
remains unchanged and functional. Studies in a measles virus
susceptible mouse model—hCD46/IFNAR−/− mice—showed
the immunogenicity and efficacy of the vaccine after one or
two doses (109). Furthermore, the efficacy was demonstrated
in cynomolgous macaques. All animals that received two
full human vaccine doses elicited high levels of neutralizing
antibodies that were cross-reactive to all circulating CHIKV
lineages. The animals were fully protected against CHIKV disease
manifestations including viremia and fever (174). TheMV-CHIK
vaccine was safe and well-tolerated in phase 1 and phase 2
clinical studies (EudraCT 2013-001084-23 and NCT02861586,
respectively) and found to be highly immunogenic as determined
by the induction of functional, neutralizing antibodies. The most
frequently observed AEs were mostly mild to moderate injection
site reactions as well as fatigue and headache. Interestingly, the
measles vectored vaccine was effective even in the presence of
pre-existing anti-vector immune responses (172, 173). Several
other clinical trials are currently ongoing (see Table 2).

MVA-based CHIKV vaccine constructs expressing CHIKV
inserts derived from the S27 strain were assessed for efficacy in
small animal models. Different compositions of the antigenic
structures (6KE1, E3E12, or the entire envelope protein
cassette E3-E2-6K-E1) induced neutralizing antibodies to the
homologous CHIKV S27 strain in immunocompromised AG129
mice. However, titers elicited by the MVA-6KE1 and MVA-
E3E2 were significantly lower than titers induced by the full
envelope cassette. Interestingly, both the MVA-E3E26KE1 and
MVA-E3E2 fully protected the CHIKV susceptible AG129
mice against lethal challenge with CHIKV S27 strain (189).
Similar findings were made in another lab with a recombinant
MVA construct expressing E3-E2 only. The co-expression of
E3 peptide together with E2 facilitates correct folding of the
E2 protein. Wild type BALB/c mice immunized with the
MVA-E3-E2 were protected from viremia. Additionally, A129
mice lacking the Type 1 IFN receptor were protected from
viremia, footpad swelling, and mortality (190). Furthermore,
a MVA-vectored vaccine candidate with an E3-E2-6K-E1
CHIKV insert was derived from the Indian Ocean strain
LR2006-OPY. This vaccine strain induced very high titers
of neutralizing antibodies and a strong cellular CD8+ T-cell
response. The MVA-CHIK vaccine protected C57BL/6 mice
against challenge in a footpad-swelling model (191). All MVA-
based CHIKV candidates described here are immunogenic
and protect against CHIKV challenge in different mouse

models. However, none of the candidates progressed to
clinical development.

Another candidate was created by replacing the glycoprotein
G of Vesicular Stomatitis Virus (VSV) with the CHIKV
structural cassette, resulting in a chimeric virus shown to be
immunogenic and protective in the mouse footpad swelling
model. In addition, the VSV-CHIK constructs induced a CHIKV
E1- and E2-specific IFNγ-producing T-cell response after a single
immunization (192).

Two further pre-clinical candidates were created based on
adenoviruses. One study showed that a vaccine based on the
non-replicating Complex Adenovirus vaccine and expressing the
CHIKV structural polyprotein induced antibodies and protected
mice in the footpad swelling model (193). Another construct was
generated based on the Chimpanzee adenoviral vector platform
ChAdOx1. Amosaic consensus CHIKV structural gene sequence
was inserted in the ChAdOx1. The mosaic consensus sequence
was derived from the Asian, ECSA and West African lineages
that potentially provides a broad protective range over all genetic
lineages of CHIKV. The recombinant vaccine indicated a strong
cellular and humoral response in BALB/c mice. Interestingly,
the 6K protein represented the immunodominant peptide to
induce T cell responses, the humoral response is directed mainly
to the E2 antigen. The use of a heterologous prime boost
vaccination scheme composed of a recombinant ChAdOx and
MVA enhanced the vaccine immune response in the BALB/c
animal model (176). In addition, the ChAdOx vaccine protected
from lethal challenge in the immunodeficient A129 mouse model
(175). The Jenner Institute, University of Oxford has assessed
the immunogenicity and safety of a single dose ChAdOx1 CHIK
vaccine in a phase 1 clinical trial which has recently been
completed (NCT03590392).

Using an attenuated strain of Venezuelan equine encephalitis
virus (VEEV) or Sindbis virus as backbone to generate a potent
CHIKV vaccine has been used by the University of Texas
Medical Branch. The structural proteins of VEEV or Sindbis
were replaced by the structural proteins of CHIKV, rendering
the virus highly attenuated. Immunization of mice resulted
in protection from viremia post-challenge (194). One of the
candidates, VEEV-CHIKV was later modified by replacing the
subgenomic promotor with an IRES element (195), thereby
increasing its safety profile.

Lastly, a recent study showed immunogenicity and protective
capacity of a CHIKV vaccine based on the Eilat virus, an
alphavirus host-restricted to insects. In this construct, the
structural genes of the parental Eilat virus are replaced by the
CHIKV structural genes, resulting in a chimeric virus unable
to replicate in vertebrate cells. This vaccine candidate was
assessed in IFNAR1−/− mice as well as in the mouse footpad
swelling model and Cynomolgus macaques and found to be
protective (196).

Virus-like particle vaccines
CHIKV virus like particles (VLP) represent an optimal antigenic
structure without exposing the vaccine to replicating CHIKV.
The epitopes are presented in the correct structure for immune
recognition. A VLP vaccine program was developed at the
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vaccine research center (VRC) at NIH. The vaccine candidate
VRC-CHKVLP059-00-VP is comprised of VLPs expressed
from human embryonic kidney cells transfected with plasmid
encoding all structural protein genes (C-E3-E2-6K-E1) from
CHIKV strain 37997 (West African lineage). In cynomolgus
monkeys, these VLPs were highly immunogenic and the
antibodies produced were cross reactive to all CHIKV lineages
(108). This candidate was moved toward phase 1 clinical
trial (NCT01489358 and NCT03028441), which confirmed the
vaccine immunogenicity and safety (40) as well as the induction
of broadly cross-neutralizing antibodies (178). Only mild local
injection site reactions were reported, the most frequent systemic
AEs observed were malaise, headache and nausea. As a next
step, the vaccine was further assessed in Phase 2 clinical
trials—one completed (NCT02562482) and one still ongoing
(NCT03483961)—by NIAID and Emergent Biosolutions. The
data have not been published yet but presented at various
conferences (including ASTMH 2019). The vaccine induced
potent immune responses with and without the presence of the
vaccine adjuvant alum.

Other approaches for the production of enveloped VLPs
include the use of insect cells or yeast instead of mammalian
cells in order to increase the yield which is a limiting factor
in manufacturing. VLPs expressed by a baculovirus platform
were immunogenic in mice and provided full protection against
viremia and inflammation in joints upon challenge (197). Yeast-
derived VLPs showed efficient in vitro and in vivo neutralization
activity and conferred protection in CHIKV infected neonatal
mice (198). Bacteriophage VLPs displaying immunogenic
peptides represent an alternative approach; a recent publication
showed that E2 derived B cell epitopes displayed in such amanner
can induce neutralizing antibodies (199).

DNA vaccines
DNA vaccines are easy and cost-effective to manufacture and
require less stringent cold-chain storage conditions. However, the
use of a medical device required for vaccine administration is
required. Several DNA vaccine strategies were developed in the
last decade. The first developed CHIKV DNA vaccine candidate
pMCE321 encode the structural genes C, E2, and E1. The genetic
information was derived from a consensus sequence of multiple
NCBI strains. In preclinical mouse and monkey studies, the
vaccine elicited neutralizing antibodies as well as CD8+ T cell
responses (200). Modification of the DNA vaccine candidate
by addition of a nsP2 sequence improved its immunogenicity
(201). The next generation of CHIKV DNA vaccines used the
whole CHIKV genome of the 2006 OPY1 strain carrying either
a deletion of the 6K gene or parts of the nsP3 protein. These
vaccines were also highly immunogenic and protected wild-
type C56BL/6 mice from viremia and footpad swelling (169). A
DNA vaccine (DRP-E) carrying a deletion of the gene coding for
the capsid protein C represents another DNA based approach,
also referred to as a DNA-launched replicon vaccine. Replicons
are self-replicating RNAs that cannot assemble to infectious
virus particles due to the lack of structural proteins. As DRP-
E only expresses the CHIKV envelope proteins (E3, E2, 6K,
and E1), no nucleocapsid and consequently no virions can be

formed within transfected cells. This CHIK replicon vaccine
was also found to be immunogenic and protective in mice and
NHP (170, 171).

An additional strategy is the generation of infectious virions
of the live-attenuated 181/25 strain from a DNA plasmid (iDNA)
by usage of a cytomegalovirus promotor. In BALB/c mice, this
iDNA vaccine induced neutralizing antibodies and protected
from viremia upon challenge (202). Interestingly, the reversion
rate of attenuating mutations was much lower as compared
to the 181/25 parental vaccine candidate, further suggesting a
better safety profile of DNA-launched infectious particle vaccines
compared to the common live attenuated options.

mRNA vaccines
mRNA vaccines represent one of the newest strategies in
the development of vaccine candidates against infectious
diseases which are comprised of in vitro transcribed RNA.
One mRNA based prophylactic vaccine candidate VLA-181388
was developed by Moderna Therapeutics. The company has
publicly announced that a single dose induced protection against
challenge in mice and neutralizing antibodies in NHP. So far,
no pre-clinical data have been published. Currently, a Phase 1
clinical trial is evaluating the safety and immunogenicity of this
candidate (NCT03325075).

Subunit vaccines
Subunit vaccines generally have a good safety profile compared
to other vaccine candidates as no viral DNA/RNA or infectious
particles are present. In addition, the production of single
proteins is scalable and can be easily adapted to large-
scale manufacturing purposes. A disadvantage of this vaccine
candidate may be the limited immunogenic potential due
to the fact that quaternary epitopes are not present. In
addition, subunit vaccine necessitates the use of vaccine
adjuvants that potentially increase production costs. Different
groups have followed this strategy and have generated E1
and E2 subunit vaccines by the baculovirus system or by
bacterial expression system (165, 203). Bacterially expressed
E1 and E2 proteins elicited good humoral response and a
balanced Th1/Th2 response in BALB/c mice, albeit strongly
adjuvant-dependent (204). Recombinant E1 and E2 generated
from insect cells induced neutralizing antibodies in AG129
mice. Nevertheless, when compared to VLPs, the subunit
glycoproteins E1 and E2 were less immunogenic in a lethal mouse
model (205).

Four vaccine candidates for the prevention of Chikungunya
disease have progressed past phase 1 clinical studies, all of which
look promising in terms of safety and immunogenicity.While the
candidates are based on very different platform technologies, they
all induce neutralizing antibodies, a reasonably likely correlate of
protection. Thus, all these candidates are probably suitable for the
prevention of Chikungunya disease. However, the unpredictable
epidemiology of CHIKV remains a challenge in bringing any of
these candidates to licensure, as discussed in greater detail below.
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REGULATORY PROGRESS AND HEALTH
POLICY FRAMEWORK IN THE VACCINE
DEVELOPMENT FOR ZIKA AND
CHIKUNGUNYA VIRUS

The development of safe and effective vaccines suitable for
the use in all age groups is of utmost importance to prevent
the spread of CHIKV and ZIKV and for successful outbreak
intervention. Regulatory bodies including European Medicines
Agency (EMA) and the US Food and Drug Administration
(FDA) agree on the urgent medical need for CHIKV and
ZIKV vaccines (123, 206). The EMA has granted PRIority
MEdicine status (PRIME) to two Chikungunya and one Zika
vaccine candidate in development. The US FDA has designated
three CHIKV vaccine and three ZIKV vaccine candidates
with a Fast Track status. These programs consider the urgent
medical demand and the advanced development status of these
specific vaccine candidates and will facilitate and accelerate
the development and licensure of these vaccines. In addition,
large international funding organizations including the US
Biomedical Advanced Research and Development Authority
(BARDA), the EU Commission framework Horizon 2020 and
many national funding agencies have dedicated substantial
funding opportunities for developers. Another major milestone
for the development of emerging infectious disease vaccines
including CHIKV vaccines was the formation of the Coalition
for epidemic preparedness (CEPI) in the aftermath of the
2014-15 Ebola outbreak. Major funding and development
efforts at CEPI were dedicated to the licensure of CHIKV
vaccines (207). FDA has previously implemented an incentive

program that aims to facilitate the development of drugs
and vaccines against diseases not profitable for developers,
including neglected tropical diseases. The “priority review

voucher” is awarded to the sponsor of a newly approved drug
and entitles to get priority review for another product. In
2018, Chikungunya was added to the list of eligible diseases,
highlighting the recognition of an urgent unmet medical need for
a Chikungunya vaccine.

The development of vaccines from early development to the
availability on the market is a timely process that can take
more than 10 years with cost >$100 Million US Dollars (208).
The licensure process is defined by EMA and FDA based on
requirements that are either provided in the code of federal
regulation 21 (CFR 21) or in guideline documents on the
clinical evaluation of vaccines (EMEA/CHMP/VWP/164653/05).
In traditional licensure procedures, the vaccine safety has to

be recorded in a sufficiently sized safety database. The vaccine
efficacy is typically demonstrated in randomized, controlled

vaccine efficacy phase 3 trials in affected populations in areas
with sufficient disease transmission (209). However, outbreak
viruses like CHIKV and ZIKV show a highly unpredictable
epidemiology. Both viruses caused a few major (>100.000 cases)

and many small outbreaks (>100 cases) in the last two decades

(15). The outbreaks are typically short in duration and the case

numbers wane within very few weeks or months. In addition,

many affected areas in the tropical and sub-tropical regions
of the world might not have a sophisticated disease reporting,
diagnostic or surveillance system. In most of these countries
other febrile illnesses co-circulate including Dengue or Malaria,
which can often lead to misdiagnosis. In addition, the report
of cases is often based on clinical diagnosis with the lack of
serological confirmation. Taken together, these factors lead to
unreliable assessment of disease incidence. The study design of
a randomized controlled efficacy clinical trial is based on disease
surveillance data. To allow for a statistically meaningful outcome,
the sample size of the clinical trial is determined by the incidence
of the disease in the study population and more specifically, the
number of detected cases. Thus, the planning and conduct of
randomized controlled clinical trial to show ZIKV and CHIKV
vaccine efficacy is not feasible. In the FDA CFR21 and the EMA
guideline for evaluation of vaccines it is foreseen that alternatives
are acceptable if a pre-licensure clinical efficacy study is not
feasible. Technically, the licensure pathways are different in the
respective regions. However, the fundamental requirements are
similar. The licensure can be based on an immunological marker
that is reasonably likely to correlate with protection (surrogate
marker). In addition, the use of well-characterized animal models
that are suitable to reflect human disease outcomes can support
vaccine licensure (123, 206). The requirements on either strategy
or a combination of both is individually assessed and is based
on the antigen used and the method of vaccine delivery (i.e.,
vaccine technology).

The discussions between vaccine developers and regulatory
bodies have substantially advanced in the last few years. The
FDA recently engaged with the Vaccine & Related Biological
Products Advisory Committee (VRBPAC) to discuss topics on
the licensure of CHIKV vaccines. The purpose of the meeting
was to publicly discuss the feasibility of vaccine efficacy trials
and use of a non-human primate animal model to assess
vaccine efficacy. The recently published meeting minutes
state that the epidemiology of CHIKV does not allow for the
conduct of randomized controlled clinical efficacy trials in the
immediate future, and the combination of seroepidemiological
knowledge can be combined with animal models to identify an
immune marker reasonably likely to predict vaccine effectiveness
are supported (https://www.fda.gov/advisory-committees/
advisory-committee-calendar/vaccines-and-related-biological-
products-advisory-committee-november-8-2019-meeting-
announcement). In addition, the WHO has assembled experts in
for a R&D blueprint meeting on the same topic. The experts gave
guidance on current epidemiological features of the disease and
on potential clinical trial designs (210).

In 2016, the WHO declared a public health emergency during
the ZIKV outbreak in the Americas. To facilitate continued ZIKV
vaccine development the WHO and NIH/NIAD co-hosted an
expert and regulatory meeting in 2018. The experts concluded
that vaccine efficacy trials are not feasible, and a discussion was
held on the use of immunological markers that predict protection
(206). Taken together, these public discussions are important to
get a common understanding and opinion on the critical steps
toward vaccine licensure (123, 206). Several CHIKV and ZIKV
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vaccines are in late stage clinical development. Ongoing clinical
development strongly suggests that several candidate vaccines
are suitable for the prevention of ZIKV and CHIKV disease,
both in terms of safety and immunogenicity. Taken together, the
public discussions described above have improved clarity on how
such vaccines can get to licensure in the face of unpredictable
epidemiology. Thus, there is cause for optimism that vaccines
will be available in the near future, and that their path to
licensure might serve as a blueprint for future vaccines to prevent
emerging diseases.
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Efficient induction of effector and long-term protective antigen-specific CD8+ T memory
response by vaccination is essential to eliminate malignant and pathogen-infected
cells. Intracellular infectious bacteria, including Listeria monocytogenes, have been
considered potent vectors to carry multiple therapeutic proteins and generate antigen-
specific CD8+ T cell responses. Although the role of molecules involved in inflammatory
cell death pathways, such as necroptosis (RIPK3-mediated) and pyroptosis (Caspase-
1/11-mediated), as effectors of immune response against intracellular bacteria are
relatively well understood, their contribution to the adjuvant effect of recombinant
bacterial vectors in the context of antigen-specific CD8+ T cell response remained
obscure. Therefore, we evaluated the impact of RIPK3 and Caspase-1/11 (Casp-1/11)
individual and combined deficiencies on the modulation of antigen-specific CD8+ T
cell response during vaccination of mice with ovalbumin-expressing L. monocytogenes
(LM-OVA). We observed that Casp-1/11 but not RIPK3 deficiency negatively impacts
the capacity of mice to clear LM-OVA. Importantly, both RIPK3 and Casp-1/11 are
necessary for optimal LM-OVA-mediated antigen-specific CD8+ T cell response, as
measured by in vivo antigen-specific CD8+ T cell proliferation, target cell elimination,
and cytokine production. Furthermore, Casp-1/11 and Casp-1/11/RIPK3 combined
deficiencies restrict the early initiation of antigen-specific CD8+ T cell memory response.
Taken together, our findings demonstrate that RIPK3 and Casp-1/11 influence the
quality of CD8+ T cell responses induced by recombinant L. monocytogenes vectors.

Keywords: Effector CD8+ T cells, Listeria monocytogenes, ovalbumin, RIPK3, Casp-1/11

INTRODUCTION

CD8+ cytotoxic T lymphocytes (CTLs) are key cells in host immune defense against pathogens and
cancer (1). CTLs exert their activation, clonal expansion, and differentiation upon TCR engagement
with its cognate antigen in the context of MHC-class I on the surface of antigen-presenting cells
(APCs) (2, 3). Importantly, the interaction of CD28 on CTLs with CD80 (B7-1) or CD86 (B7-2)
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avoids CTL anergy (4–6). Once activated and differentiated, CTLs
produce cytokines such as IFN-γ, TNF-α, and IL-2 to enhance
effector CD8+ T cell differentiation and kill target cells via FASL
or by the combination of perforin and granzymes (7, 8).

Listeria monocytogenes (LM) is a gram-positive intracellular
foodborne bacterial pathogen that causes listeriosis in pregnant
women, newborn babies, and immune-compromised individuals
(9). Preferential accumulation of LM into the cytoplasm of
infected cells potentiates the presentation of LM-expressing
antigens through MHC-I restricted pathway for CD8+ T cell
priming (10–13). This results in a strong antigen-specific
CD8+ T cell response (2), which peaks at 7–10 days after
primary infection (14, 15). Because of the ability of LM to
potently induce CTL response (2), recombinant LM carrying
single or multiple therapeutic proteins have been proposed as
vaccination vectors against cancer or other unrelated chronic
infectious diseases (16–18). Indeed, over the years, more than
30 clinical trials testing 10 different attenuated LM cancer
vaccines alone and/or in combination to different drugs have
been initiated (19). Importantly, LM-based vaccines have been
shown to display mild side effects, such as transient fever, chills,
vomiting, nausea, and hypotension (20–23). Only a few patients
developed systemic listeriosis, which could be properly controlled
by antibiotics (24, 25). Therefore, as LM-based vaccines hold
promise, it is important to develop a better understanding of
immune response triggered by recombinant LM in preclinical
settings (19).

Caspase-1 and caspase-11 activation in the context of
inflammasomes assembly results in the cleavage of Gasdermin
D (GsdmD)—the pyroptosis executioner (26, 27). Activation
of inflammasomes such as NLRP3, NLRC4, and AIM2 by
LM activates Casp-1/11 to trigger pyroptosis and IL-1β and
IL-18 secretion, thus amplifying the inflammatory process
(28). In addition, it was reported that LM activates RIPK3,
which further phosphorylates mixed lineage kinase domain-
like protein (MLKL), but MLKL activation does not result
in plasma membrane disruption and necroptosis. Interestingly
enough, phosphorylated MLKL directly binds with LM to prevent
its cytosolic replication (29). Although LM infection activates
RIPK3-MLKL without inducing necroptosis (29) and triggers
Casp-1/11 activation through inflammasomes (28), the direct
role of RIPK3 and Casp-1/11 in the generation and modulation
of antigen-specific CD8+ T cell response after LM infection
remained obscure.

It is conceivable that the level of immune response against
vaccination vectors has a direct impact on the effector and
memory response against the recombinant protein engineered
in such vectors. Therefore, genetic deficiencies that may impact
host immunity against listeria likely alter the efficiency of listeria-
based vaccination strategy. The current study was designed to
investigate the role of RIPK3 and Casp-1/11 in the induction and
modulation of antigen-specific effector and memory CD8+ T cell
response generated by LM-OVA. Our results demonstrate that
RIPK3 and Casp-1/11 deficiencies directly impact the clearance
of LM-OVA infection. Most importantly, both RIPK3 and Casp-
1/11 deficiencies limit antigen-specific CD8+ T cell effector and
early memory response against the recombinant OVA protein.

MATERIALS AND METHODS

Mice
C57BL/6 RIPK3−/− mice were previously generated by
Newton et al. (30) and generously provided by Vishva Dixit
(Genentech, Inc., United States). C57BL/6 Casp-1/11−/− mice
were kindly provided by Richard Flavell (Yale University,
United States). Six- to 8-week-old WT, RIPK3−/−, Casp-
1/11−/−, and Casp-1/11−/−/RIPK3−/− double-deficient male
mice were used as experimental controls or infected groups.
OT-I mice CD45.1+45.2+ were generated by mating OT-I males
(45.1−45.2+) with B6.SJL (CD45.1+45.2−) females, as previously
described (31). All mouse experiments were performed at the
animal facilities of Institute of Biomedical Sciences, University
of São Paulo, and of University of Ottawa under the guidelines
of the Ethics Committee on Animal Use, University of São Paulo
and Canadian Council on Animal Care (CCAC), respectively.

Bacteria and Infection
Recombinant LM strain (10403S) expressing ovalbumin (OVA)
has been described previously (32). Bacteria were grown and
stored as described previously (33). For infections, frozen stocks
of LM-OVA were thawed and serially diluted in 0.9% NaCl. All
the experimental mice were infected or not with 103 CFU of
LM-OVA in 100 µl of 0.9% NaCl via the lateral tail vein.

Viral Strain and Immunization
Recombinant human adenovirus-expressing ovalbumin vector
(rhAd5.OVA) was kindly provided by José Ronnie C. Vasconcelos
(Universidade Federal de São Paulo, Brazil). WT, RIPK3−/−, and
Casp-1/11−/−mice were immunized or not intramuscularly with
2 × 106 PFU of rhAd5.OVA in a total volume of 100 µl of
phosphate-buffered saline (PBS) (50 µl injected into the left and
50 µl into the right Tibialis anterior muscle).

Bacterial Burden per Spleen
Spleens from all infected mice at 3 and 7 days post-infection
were harvested individually and kept in RPMI-1640 medium
(Life Technologies, Burlington, Ontario, Canada). Single-cell
suspension was prepared by tweezing each spleen separately
between the frosted ends of two sterile glass slides. CFU/spleen
was determined by plating 10-fold serial dilutions of single
cell suspension from individual spleen on BHI-Streptomycin
agar plates.

Assessment of Antigen-Specific CD8+ T
Cell Population
All experimental groups were infected or not with 103 LM-OVA
for 7 days. At 7 days post-infection, spleens were harvested,
processed to a single-cell suspension, and stained individually
with anti-mouse CD8 antibody (BD Biosciences, 563898)
and H2-Kb-SIINFEKL Dextramer (Immudex, Copenhagen,
Denmark, JD2163) according to manufacturer’s instruction.
Samples were analyzed by FACS using BD FACSCelestaTM

(BD, Mountain View, CA, United States). Each sample was
analyzed independently by using the gating strategy shown
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in Supplementary Figure S1. Finally, the frequency of CD8+
H2-Kb–SIINFEKL+ population of each sample was evaluated
separately using FlowJo v10 workspace.

In vivo Proliferation of Antigen-Specific
OT-I CD8+ T Cells and Adoptive Transfer
In vivo proliferation of OT-I CD8+ T cells (CD45.1+ and
CD45.2+) was performed to evaluate the differences in the
priming and proliferation pattern of the OT-I CD8+ T cells in
WT and knockout (KO) mice. OT-I splenocytes were labeled
with 5 µM of Cell tracer Violet (CTV) (CellTraceTM Violet Cell
Proliferation Kit, Invitrogen, C34557) and 107 cells in 100 µl of
un-supplemented RPMI medium were adoptively transferred by
retro-orbital sinus in each mouse. After 1 h, mice were infected
with LM-OVA, while control groups remained uninfected.
Four days later, the spleens of recipient mice were collected
and processed individually to make single-cell suspension.
Splenocytes from each mouse were labeled independently with
anti-CD8 (BioLegend, 100707) for 30 min in PBS containing 1%
bovine serum albumin (BSA). The reduction of CTV staining in
OT-I cells, as a measure of proliferation, was analyzed by flow
cytometry using BD FACSCelestaTM (BD, Mountain View, CA).
Each sample was analyzed independently by using the gating
strategy shown in Supplementary Figure S2 and the frequency
of dividing OT-I cells obtained using the FlowJo v10 workspace.

In vivo Cytotoxic Assay
In vivo cytotoxicity was performed as previously described (34)
with slight modifications and optimization. Briefly, after 7 days
post-infection, spleens from WT donor mice were harvested
and processed for single cell suspension by tweezing each
spleen between the frosted ends of two sterile glass slides. Cells
were counted and divided equally into four populations and
marked separately with two different concentrations of both
Carboxyfluresceine succinimidyl Ester (CellTraceTM CFSE Cell
Proliferation Kit, Invitrogen, United States, C34554) and CTV;
CFSEHigh (10 µM), CFSELow (1 µM), CTVHigh (10 µM), and
CTVLow (1 µM). CFSEHigh cells were pulsed with 10 nM of
OVA257−264 (SIINFEKL) peptide (InvivoGen, vac-sin) while the
control CFSELow remained un-pulsed. CTVHigh and CTVLow cells
were pulsed with 0.1 and 0.001 nM of OVA257−264 peptide,
respectively. All four populations of cells were washed and mixed
in 1:1:1:1 ratio. A total of 4 × 107 cells in 100 µl of un-
supplemented RPMI medium were inoculated in each infected
and control experimental mouse by retro-orbital venous sinus.
After 16–20 h, spleen from each mouse was excised, processed
to obtain single-cell suspension, and analyzed individually by
FACS using BD LSRFortessaTM (BD, Mountain View, CA,
United States). The gating strategy is shown in Supplementary
Figure S3. Finally, the frequencies of live cells were analyzed
using FlowJo v10 workspace.

Enumeration of Antigen-Specific IFN-γ
and TNF-α-Producing CD8+ T Cells
Enumeration of antigen-specific IFN-γ and TNF-α-producing
CD8+ T cells was done by ELISPOT assay. Initially, 96-well

nitrocellulose plate (Multiscreen HA Millipore) was coated with
60 µl per well of sterile 1 × PBS containing 10 ng/ml of mouse
anti-IFNγ capture antibody (BD Bioscience, 551216). A separate
96-well nitrocellulose plate was coated with 100 µl per well
of sterile 1 × PBS containing 1:100 dilution of mouse anti-
TNF-α (BD Biosciences, 51-26732E). Both plates were incubated
overnight at room temperature. After incubation, plates were
washed three times with 100 µl of RPMI medium under sterile
conditions. Subsequently, plates were blocked by adding 100 µl
per well of RPMI-10% FBS (fetal bovine serum) medium for
2 h at 37◦C. 106 responder cells from each experimental mouse
were separately added in anti-IFN-γ and anti-TNF-α Ab-coated
ELISPOT plates, with 3× 106 feeder cells (from non-infected WT
mice) and pulsed with 10 µM OVA257−264 peptide. The culture
was established in RPMI medium supplemented with 1% NEAs
(non-essential amino acids) (Gibco), 1% L-Glut (L-Glutamine)
(Gibco), 0.1% β-mercaptoethanol (Gibco), 1% sodium pyruvate
(Gibco), 1% Pen-Strep (penicillin–streptomycin) (Gibco), 1%
vitamins (MEM vitamin solution) (Gibco), 10% FBS (Gibco),
and 5 ng/ml recombinant mouse IL-2 (ThermoFisher, 701080)
for 24 h and 36 h (IFN-γ and TNF-α, respectively) at 37◦C with
5% CO2. After incubation plates were washed three times with
PBS containing 0.05% of Tween-20 (Fisher BioReagents) (PBS-
T). IFN-γ-specific plate was incubated with 100 µl per well of
Biotin Rat Anti-Mouse IFN-γ (BD Biosciences, 554410) at a final
concentration of 20 ng/ml in PBS-T at 4◦C for overnight. TNF-
α-specific plate was incubated with 100 µl per well of biotinylated
anti-mouse TNF monoclonal antibody (BD Biosciences, 51-
26731E) at a 1:100 dilution in PBS-T at 4◦C overnight. The next
day, the plates were washed five times with PBS-T and three times
with 1× PBS. Subsequently, 100 µl per well of PBS-T containing
streptavidin-HRP complex (BD Bioscience, 554066) was added
at a 1:800 dilution and incubated at room temperature for 2 h.
Plates were washed three times with PBS-T and five times with
1× PBS, respectively. Spots were visualized by using 3-Amino-9-
ethylcarbazole (AEC) substrate (BD Biosciences, 551951) as per
manufacturer’s instruction and washed with distilled water. The
plates were dried at room temperature. The spots were quantified
by ELISPOT reader (AID ELR06).

Intracellular Cytokines Staining
For intracellular staining, spleens from infected and non-infected
mice were obtained individually after 7 days of infection.
A total of 4 million splenocytes from each mouse were cultured
in RPMI medium supplemented with 1% NEAs, 1% L-Glut,
0.1% β-mercaptoethanol, 1% sodium pyruvate, 1% Pen-Strep,
1% vitamins (MEM vitamin solution), 10% FBS, 5 ng/ml
recombinant mouse IL-2, 2 µg/ml purified Na/LE Hamster Anti-
mouse CD28 (BD, PharmingenTM, 553294), 1% brefeldin A
(Biolegend, 420601), and 1% monensin (Biolegend, 420701).
Cells were pulsed with 10 µg of OVA257−264 peptide and
incubated for 8 h at 37◦C with 5% CO2. To stain the surface
marker CD107a (LAMP1), anti CD107a (BioLegend, 121609) was
added in the complete medium. After 8 h of incubation, cell
surface markers were stained with H2-Kb-SIINFEKL Dextramer
(Immudex, Copenhagen, Denmark, JD2163) and anti-CD8
(BD Biosciences, 551162). Intracellular staining of IFN-γ (BD
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Biosciences, 563376) and TNF-α (BD Biosciences, 554418)
was done by using BD Cytofix/Cytoprem kit (BD Biosciences,
554714), as per manufacturer’s instruction. Cells were harvested
and analyzed independently, by FACS using BD LSRFortessaTM

(BD, Mountain View, CA, United States). Gate strategy to
observe the surface expression of CD8+ LAMP1+ is shown in
Supplementary Figure S4. Gate strategy to observe intracellular
expression of IFN-γ and TNF-α expressing CD8+ H2-Kb–
SIINFEKL+ is shown in Supplementary Figure S5. Finally,
FlowJo v10 workspace was used to evaluate the frequencies of
LAMP1-, IFN-γ-, and TNF-α-positive cells.

Assessment of CD8+ T Memory Cell
Differentiation
Splenocytes from OT-1 (CD45.1+ and CD45.2+) mice were
obtained, processed, and inoculated (107 cells) in each
experimental mouse by retro-orbital venous sinus. After
1 h, mice were infected or not with 103 CFU of LM-OVA. At
7 days post-inoculation/infection, splenocytes from infected or
non-infected mice were obtained, processed, and stained with
anti-CD8 (eBioscience, 48-0081-82), anti-CD45.1 (eBioscience,
12-0453-82), anti-CD127 (eBioscience, 17-1271-82), and
KLRG1 (eBioscience, 11-5893-80). Cells were harvested and

analyzed independently by FACS using BD LSRFortessaTM

(BD, Mountain View, CA, United States), using the gating
strategy shown in Supplementary Figure S6. Finally, FlowJo v10
workspace was used to evaluate the frequencies of CD127- and
KLRG1-positive cells.

Statistical Analysis
Statistical analysis was performed by using GraphPad Prism
version 5 (GraphPad Software Company Incorporation). Values
were expressed as mean ± SEM. Statistical significance was
determined by using two-way ANOVA followed by Bonferroni
post-tests. Statistical differences were considered significant when
the P-value was <0.05.

RESULTS

RIPK3 and Casp-1/11 Deficiencies
Differentially Impair Host Ability to
Control Listeria Infection
First, we evaluated the impact of individual or combined RIPK3
and Casp-1/11 deficiencies on the ability of C57Bl/6 mice

FIGURE 1 | Casp-1/11 but not RIPK3 is necessary for the host ability to clear LM-OVA infection. All the experimental mice were infected for 103 CFU of LM-OVA for
3 and 7 days, respectively. Spleen size was measured at day 3 and day 7 post-infection. Spleen from each infected mice was harvested and processed individually
to make single-cell suspensions. CFU/spleen was determined by plating 10-fold serial dilutions of single-cell suspension from each individual mouse on
BHI-Streptomycin agar plates. (A,C) Representative images of the spleen size and (B,D) bacterial burden were measured in infected mice at 3 (A,B) and 7 (C,D)
days after LM-OVA infection. Results expressed as the mean of five individual mice per group and are representative of three independent experiments. Statistical
analysis was performed by using two-way ANOVA followed by Bonferroni post-tests. ***p < 0.001.
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to handle recombinant LM-OVA infection. We observed no
difference in the size of the spleens from WT, RIPK3−/−, Casp-
1/11−/−, and Casp-1/11−/−/RIPK3−/− DKO (double knock-
out) mice at day 3 post-infection (peak of infection in the
spleen) with LM-OVA (Figure 1A). However, at this time point,
bacterial burden in spleen was significantly higher in RIPK3−/−,
Casp-1/11−/−, and Casp-1/11−/−/RIPK3−/− double deficient
in comparison to WT mice, suggesting that both RIPK3 and
Casp-1/11 are important to control the early phase of listeria
infection (Figure 1B). Interestingly, at day 7 post-infection
(time of resolution), the spleen size was augmented in all
RIPK3−/−, Casp-1/11−/−, and Casp-1/11−/−/RIPK3−/− DKO
mice in comparison to WT (Figure 1C). Most importantly, at
this time point, bacterial burden was only detected in Casp-
1/11−/− and Casp-1/11−/−/RIPK3−/− DKO mice, suggesting

that Casp-1/11 but not RIPK3 is essential to clear LM-OVA
infection (Figure 1D).

Casp-1/11 Deficiency Interferes With
Antigen-Specific CD8+ T Cell Expansion
in Response to LM-OVA
To evaluate whether the ability to clear LM-OVA would
influence the level of OVA-specific CD8+ T cell response, we
used an MHC class I multimer technology to measure the
population of OVA257−264 (SIINFEKL)-specific CD8+ T cells
generated in response to LM-OVA vaccination. In comparison
to WT mice, we observed significantly lower frequencies and
absolute numbers of OVA257−264 (SIINFEKL)-specific CD8+
T cells in Casp-1/11−/− and Casp-1/11−/−RIPK3−/− DKO

FIGURE 2 | Casp-1/11 deficiency impairs in vivo antigen-specific CD8+ T cell expansion in response to LM-OVA. (A,B) Frequency and (C) total number of
OVA257-264 (SIINFEKL)-specific CD8+ T cells in the spleens of infected mice at 7 days after LM-OVA vaccination, revealed by staining with anti-CD8 antibody and
H2-Kb-SIINFEKL dextramer. Results are expressed as (A) selected representative image per group or (B,C) representative bar graphic of three independent
experiments showing the mean and standard error of five mice per group. Statistical analysis was performed by using two-way ANOVA followed by Bonferroni
post-tests. *p < 0.5, ***p < 0.001.
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but not in RIPK3−/− mice (Figures 2A–C), suggesting a
positive correlation between the capacity of mice to clear
LM-infection and the amplitude of OVA-specific CD8+ T
cell proliferation.

RIPK3 and/or Casp-1/11 Deficiencies
Limit Antigen-Specific CD8+ T Cells
Priming and Proliferation
The reduced LM-OVA-triggered, OVA-specific CD8+ T cell
numbers observed in the absence of Casp-1/11 (but not of
RIPK3) could be the result of the impaired proliferation of
these cells. To approach this question, we examined the in vivo
proliferation of OT-I CD8+ T cells adoptively transferred to
WT, RIPK3−/−, Casp-1/11−/−, or Casp-1/11−/−/RIPK3−/−

DKO mice at 96 h after vaccination with LM-OVA. As
expected, we retrieved roughly the same frequency of OT-
I CD8+ T cells in all non-infected mice strains, which

means that the RIPK3 and/or Casp-1/11 deficiency does
not affect the homeostatic proliferation or the survival of
donor OT-I CD8+ T cells (Figures 3A,B). In contrast,
compared with WT mice, we observed a significantly lower
proliferation of OT-I CD8+ T cells in all RIPK3−/−, Casp-
1/11−/−, and Casp-1/11−/−/RIPK3−/− DKO mice in response
to LM-OVA vaccination (Figures 3A,C), suggesting that the
observed defect is extrinsic to the CD8 + T cells. Since
the bacterial burden was high on day 3 in the RIPK3
and/or Casp-1/11 KO mice, this suggests that the impaired
proliferation of CD8+ T cells in these mice is not due to
poor antigenic levels. Accordingly, the frequency of non-
dividing (>1 division) OT-I CD8+ T cell population remained
significantly higher in RIPK3−/−, Casp-1/11−/−, and Casp-
1/11−/−/RIPK3−/− DKO mice (Figures 3A,C). Our results
suggest that RIPK3 and Casp-1/11 are important for optimal
priming and proliferation of antigen-specific CD8+ T cells in
response to LM-OVA vaccination.

FIGURE 3 | RIPK3 and/or Casp-1/11 deficiencies negatively affects OVA-specific CD8+ T cell priming and proliferation in response to LM-OVA. (A) Representative
images of OT-I CD8+ T cells in vivo proliferation in non-infected and LM-OVA-infected WT, RIPK3-/-, Casp-1/11-/-, and Casp-1/11-/-/RIPK3-/- mice. Frequencies of
<1 division and >1 division OT-I CD8+ T cell populations in (B) non-infected controls and (C) LM-OVA-infected mice. (B,C) Results are expressed as means of five
individual mice per group and are representative of three independent experiments. Statistical analysis was performed by using two-way ANOVA followed by
Bonferroni post-tests. **p < 0.01, ***p < 0.001.
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RIPK3 and/or Casp-1/11 Deficiencies
Impair OVA-Specific CD8+ T Cell
Cytolytic Activity and Cytokine
Production in Response to LM-OVA
Vaccination
Next, we analyzed the importance of RIP3K and Casp-1/11 for
the functional profile of CD8+ T cells. First, we evaluated the
cytolytic activity of OVA-specific CD8+ T cells at day 7 post-
infection with LM-OVA. Syngeneic splenocytes (target cells)
were pulsed with three different concentrations of OVA257−264
peptide, namely, high (10 nM), intermediate (0.1 nM), and
low (0.001 nM) concentrations. As expected, we retrieved more
than 99% of all target and non-target populations in control,
non-infected mice (Figures 4A,B). A significant weakening in
elimination of target cells pulsed with 0.1 nM of OVA257−264
peptide was observed in RIPK3−/−, Casp-1/11−/−, and Casp-
1/11−/−/RIPK3−/− DKO mice (Figures 4A,C), suggesting
that at least for this particular concentration of cognate
peptide (therefore avidity of CTL/target cell interaction may
be critical), both RIPK3 and Casp-1/11 are important for

optimal in vivo CTL effector response. Interestingly, we also
observed a small reduction (yet significant) in target cell
elimination at the lower peptide concentration (0.001 nM) in
Casp-1/11−/−/RIPK3−/− DKO mice (Figures 4A,C), suggesting
that these proteins may act in concert to optimize the
protective effect of LM-OVA vaccination. Further, we assessed
the ability of OVA-specific CD8+ T cells to produce IFN-γ
or TNF-α by ELISPOT and intracellular staining. A significant
lower frequency of IFN-γ-producing (Figures 4D,E) and TNF-
α-producing (Figures 4F,G) CD8+ T cells was observed
in RIPK3−/−, Casp-1/11−/−, and Casp-1/11−/−/RIPK3−/−

mice. To determine the prerequisite of cytolytic activity of
OVA-specific CD8+ T cells, we assessed the degranulation
of OVA-specific CD8+ T cells by measuring the surface
expression of CD107a, a lysosomal associated membrane
protein (LAMP-1). RIPK3−/− and Casp1-11−/− deficiency
resulted in a significant reduction in LAMP-1 expression
(Figures 5A,B). Similarly, a significantly reduced expression
of IFN-γ (Figures 5C,D) and TNF-α (Figures 5E,F) was
observed in OVA-specific CD8+ T cells by intracellular staining.
Taken together, our results indicate that the cytolytic activity

FIGURE 4 | Continued
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FIGURE 4 | RIPK3 and/or Casp-1/11 deficiencies negatively affect in vivo antigen-specific CTL activity and cytokine production in response to LM-OVA. (A) In vivo
elimination of target cells pulsed with high (10 nM) (CFSEHigh), intermediate (0.1 nM) (CTVHigh), and low (0.001 nM) (CTVLow ) concentration of OVA257-264 peptide at
7 days post-infection with LM-OVA. Percentage of CFSEHigh, CFSELow (non-target cells), CTVHigh, and CTVLow shows the frequency of remaining cells after
CTL-mediated target cell elimination. Percentage of live target cells in (B) non-infected and (C) infected mice. (D–G) ELISPOT assay determined the frequency of
OVA257-264 peptide-specific IFN-γ- or TNF-α-producing CD8+ T cells. (A) Flow cytometry density plots represent a single mouse from each experimental group.
Numbers represent mean percentages of five mice/group. (D,F) ELISPOT images from a single mice/group are representative of five animals/group. (B,C,E,G) Bar
graphs depict means and standard deviation of five individual mice per group. Experiments were repeated at least three times with similar results. Statistical analysis
was performed by using two-way ANOVA followed by Bonferroni post-tests. *p < 0.05, ***p < 0.001.

and cytokine production of antigen-specific CD8+ T cells are
promoted by RIPK3 and Casp1-11.

Casp-1/11 and Casp-1/11/RIPK3
Combined Deficiencies Restrict
OVA-Specific CD8+ T Memory Cell
Differentiation
To correlate the downgrading of OVA-specific CD8+ T cytolytic
activity and cytokine production with early initiation of
memory response cells, we evaluated the surface expression
of memory precursor molecules (CD127high KLRG1low) on
adoptively transferred OT-I CD8+ T cells after 7 days of
infection. Casp-1/11 but not RIP3K deficiency significantly
reduced the expression of CD127 with an increase of
KLRG1 expression on OT-I CD8+ T cells after 7 days
of infection (Figures 6A–D). Thus, our results indicate

that RIPK3 and Casp-1/11 differentially modulate the
early differentiation of memory precursor OVA-specific
CD8+ T cells.

DISCUSSION

An efficient immunity against cancer and pathogens involves
specific recognition and removal of malignant or infected
cells. Strategies aimed to elicit optimized effector CD8+ T
cell response, in a way that single antigen-specific clones may
present multiple effector functions and differentiate to long-
lived memory T cells, have been proposed (35). Among such
strategies, the use of intracellular infectious bacteria carrying
single or multiple therapeutic proteins holds promise (36,
37). In fact, it has been previously reported that recombinant
L. monocytogenes carrying the ovalbumin gene (LM-OVA)
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FIGURE 5 | RIPK3 and/or Casp-1/11 deficiencies reduce antigen-specific CD8+ T cells degranulation and intracellular cytokine production in response to LM-OVA.
(A) Representative images of frequency of LAMP-1-positive OVA-specific CD8+ T cells for LM-OVA-infected and non-infected (control) groups and the (B) frequency
variation of LAMP-1+-CD8+ T cells observed on the LM-OVA-infected group. Immediately, representative image of intracellular H2-Kb-SIINFEKL-specific (C) IFN-γ
and (E) TNF-α-producing CD8+ T cell expression on control and infected groups. The frequency of these cell populations, H2-Kb-SIINFEKL-specific (D) IFN-γ and
(F) TNF-α-producing CD8+ T cells, after 7 days of infection with LM-OVA was schematized. Frequencies described in (B,D,F) bar graphs were representative of
experiments done in triplicate, and the data depict mean ± SEM of five individual mice per group. Statistical analysis was performed by using two-way ANOVA
followed by Bonferroni post-tests. ***p < 0.001.

induces strong OVA-specific CD8+ T cell response and protects
mice against B16-OVA melanoma cell line (38). Importantly,
the role of RIPK3 and Casp-1/11, proteins known to be

involved in the control of L. monocytogenes infection, on
OVA-specific CD8+ T cell response after LM-OVA vaccination
remained unexplored.
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FIGURE 6 | Casp-1/11 and Casp-1/11, RIPK-3 combined deficiencies restrict early OVA-specific CD8+ T memory cell response. (A) Surface expression of CD127
and KLRG1 on adoptively transferred CD8+ T cells after 7 days of infection was denoted by flow cytometry representative images. Frequency of (B) CD127,
(C) KLRG1, and (D) CD127, KLRG1-positive OT-1 CD8+ T cells are expressed as means of five individual mice per group and are representative of three
independent experiments. Statistical analysis was performed by using two-way ANOVA followed by Bonferroni post-tests. *p < 0.05, **p < 0.01.

Recently, it has been reported that activation of RIPK3 during
LM infection contributes to restrict intracellular replication of
the parasite (29). Interestingly enough, LM-induced activation
of RIPK3 results in phosphorylation of MLKL without inducing
necroptosis (29), suggesting a necroptosis-independent role or
RIPK3 in LM restriction. Here, we show that RIPK3 deficiency
negatively impacts the control of LM-OVA burden only at
the early stage (day 3) of infection. In contrast, at the peak
of antigen-specific CD8+ T cell response (day 7), both WT
and RIPK3-deficient mice were able to completely eliminate
LM-OVA infection. We were not able to determine whether
the effect of RIPK3 deficiency on the early control of LM-
OVA was necroptosis-dependent or -independent. Regardless,
although the impact of the absence of RIPK3 on the control
of LM-OVA burden was mild and temporary, it significantly
reduced the OVA-specific CD8+ T cell proliferation, cytolytic
activity and cytokine production, suggesting a role for RIPK3
on the control of optimal adaptive immune responses following
recombinant LM vaccination.

Similarly to RIPK3, it has been reported that deficiency of
Casp-1/11 renders mice more susceptible to LM infection (39,

40). In agreement, we observed that Casp-1/11 deficiency also
facilitates LM-OVA infection at both early (day 3) and late (day
7) stages of infection. Remarkably, the absence of Casp-1/11 had
an even more profound negative effect on OVA-specific CD8+
T cell responses compared to the lack of RIPK3. Importantly,
the combined RIPK3 and Casp-1/11 deficiencies did not result
in synergistic or additive effects. Actually, Casp-1/11, RIPK3
double-deficient mice behaved similarly to Casp-1/11-deficient
mice in every aspect investigated in our work. Therefore, our data
suggest that RIPK3 and Casp-1/11 operate in the same functional
pathway (see below) and that Casp-1/11 is dominant over RIPK3.

Importantly, the observed deficiency of OVA-specific CD8+
T cell response does not seem to be related to an intrinsic flaw
of CD8+ T cells from RIPK3−/− or Casp-1/11−/− mice. In vivo
proliferation of RIPK3/Casp-1/11-sufficient OT-I CD8+ T cells
occurred normally in LM-OVA-infected WT but not on RIPK3-,
Casp-1/ 11-, or Casp-1/11/RIPK3-deficient mice, suggesting that
the observed deficiency is set at the level of the activation of CD8+
T cells by APCs.

Efficient activation and optimal expansion of effector CD8+T
cell response depend on LM intracellular burden and the
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level of infection was shown to impact the priming ability
of infected APCs (41, 42). Despite the observed susceptibility
of RIPK3- and/or Casp-1/11-deficient mice to LM, we were
not able to formally establish a direct link between degree
of pathogen clearance and the magnitude of antigen-specific
CD8+ T cell responses. However, it is important to note that
although RIPK3KO as well as WT mice were able to clear
LM at day 7, all three KO strains were less efficient to handle
LM at day 3, as compared to WT mice. Interestingly, our
results show that the deficiency of CD8+ T cell activation
in RIPK3KO is mild compared to the deficiency observed in
Casp1/11 KO or in RIP3K/Casp1/11 DKO, which could be
related to the degree of pathogen clearance by these mice.
Nevertheless, it is still obscure whether the inefficient LM
clearance by innate immune mechanisms is responsible for
impaired CD8+ T cell response, or a delayed/ineffective adaptive
CD8+ T cell immunity partially contributes to defective LM
clearance, or both. In any case, it is reasonable to believe that
the efficiency to clear LM is somehow linked to an optimal
induction of CD8+ T cell response and both are regulated by
RIPK3 and Casp-1/11.

Because the defect is apparently not intrinsic to CD8+ T cells,
one should expect that macrophages and/or DCs, the cells that
connect the innate to the adaptive immune system, would be the
major targets of RIPK3 and Casp-1/11 deficiency. In this regard,
interaction of deficient macrophages and/or DCs with LM could
result in compromised antigen processing, cytokine production,
expression of co-stimulatory molecules, etc. All these features
could be the consequence of impaired intracellular signaling
cascades (related or not to abnormal cell death) and could
negatively influence CD8+ T cell activation. Studies to explore
these possibilities are underway in our laboratory.

We also compared the role of RIPK3 and Casp-1/11
deficiencies on the induction of early memory antigen-specific
CD8+ T cells during LM-OVA infection. Intriguingly, our
data show that Casp-1/11 and Casp-1/11/RIPK3 double
deficiency restricts initiation of early memory precursor
antigen-specific CD8+ T cell response, as observed by the
CD127high KLRG1low phenotype, while individual deficiency
of RIPK3 does not affect the dynamic of memory precursor
CD8+ T cell population. These results may suggest that
Casp-1/11 but not RIPK3 are necessary to the proper
generation and differentiation of memory CD8+ T cells in
response to LM-OVA.

Interestingly, the combined deficiency of RIPK3 and
Casp-1/11 allows survival of OVA-expressing Salmonella
typhimurium (ST-OVA) in DCs and macrophages leading
to antigen-specific CD8+ T cells that overexpress TIM3
and PD-1 (31). Furthermore, infection of double-deficient
(RIPK3−/− Casp-1/11−/−) mice with ST-OVA results
in a higher frequency of IFN-γ-producing CD8+ T cells
(31). In contrast, we found significantly reduced IFN-γ- or
TNF-α-producing CD8 + T cells after LM-OVA infection
in RIPK3- and/or Casp-1/11-deficient mice. Moreover,
we found no significant differences in antigen-specific
CD8+ T cell differentiation and effector response after
immunization with recombinant human adenovirus expressing

ovalbumin (rhAd5-OVA) (Supplementary Figure S7). Taken
together, we suggest that RIPK3 and Casp-1/11 participate
differently in antigen-specific effector and memory CD8+
T cell response generated by different recombinant live
vector. Furthermore, our findings may help to optimize the
immunotherapeutic potential of LM- or other live vector-based
vaccination strategies.
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Infectious diseases are a major cause for morbidity and mortality in the older
population. Demographic changes will lead to increasing numbers of older persons
over the next decades. Prevention of infections becomes increasingly important to
ensure healthy aging for the individual, and to alleviate the socio-economic burden
for societies. Undoubtedly, vaccines are the most efficient health care measure to
prevent infections. Age-associated changes of the immune system are responsible
for decreased immunogenicity and clinical efficacy of most currently used vaccines
in older age. Efficacy of standard influenza vaccines is only 30–50% in the older
population. Several approaches, such as higher antigen dose, use of MF59 as
adjuvant and intradermal administration have been implemented in order to specifically
target the aged immune system. The use of a 23-valent polysaccharide vaccine
against Streptococcus pneumoniae has been amended by a 13-valent conjugated
pneumococcal vaccine originally developed for young children several years ago to
overcome at least some of the limitations of the T cell-independent polysaccharide
antigens, but still is only approximately 50% protective against pneumonia. A live-
attenuated vaccine against herpes zoster, which has been available for several years,
demonstrated efficacy of 51% against herpes zoster and 67% against post-herpetic
neuralgia. Protection was lower in the very old and decreased several years after
vaccination. Recently, a recombinant vaccine containing the viral glycoprotein gE and
the novel adjuvant AS01B has been licensed. Phase III studies demonstrated efficacy
against herpes zoster of approx. 90% even in the oldest age groups after administration
of two doses and many countries now recommend the preferential use of this vaccine.
There are still many infectious diseases causing substantial morbidity in the older
population, for which no vaccines are available so far. Extensive research is ongoing
to develop vaccines against novel targets with several vaccine candidates already being
clinically tested, which have the potential to substantially reduce health care costs and to
save many lives. In addition to the development of novel and improved vaccines, which
specifically target the aged immune system, it is also important to improve uptake of the
existing vaccines in order to protect the vulnerable, older population.

Keywords: immunosenescence, elderly, vaccine, high-dose, adjuvant, influenza, Streptococcus pneumoniae,
herpes zoster
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CHANGES OF THE IMMUNOLOGICAL
NETWORK IN AGED INDIVIDUALS

Demographic changes lead to global aging of the population
and the percentage of persons older than 65 years is projected
to increase from 9% in 2019 to 16% in 2050 worldwide
and from 18 to 25% in Europe and Northern America. The
number of people above age 80 is growing even faster (1).
The severity of many infections is higher in older compared
to younger adults and infectious diseases are frequently
associated with long-term sequelae such as onset of frailty,
impairments in activities of daily living, or the loss of
independence (2, 3). The prevention of infectious disease is
an important measure to ensure healthy aging and improve
the quality of life, and vaccination is the most promising
strategy to achieve this goal. However, most currently available
vaccines are less immunogenic and effective in older compared
to young adults. With age, the immune system undergoes
characteristic changes, which lead to functional deficits and
dysregulation of most immune mechanisms. Alterations in the
function of innate immune cells at the site of injection are
particularly relevant for vaccine induced immune responses.
Neutrophils contribute to a pro-inflammatory environment at
the site of vaccine injection, thereby recruiting and activating
other innate immune cells, e.g., monocytes/macrophages and
dendritic cells (DC). Reduced chemotaxis, alterations in signal
transduction following antigen recognition and aberrant cytokine
production have been described for neutrophils derived from
older persons (4). Similar deficits have been observed for
monocytes/macrophages and DCs, which are also impaired in
their capacity to process and present antigen to T cells e.g., due to
deficits in the upregulation of MHC-proteins and costimulatory
molecules (5). Adjuvants are used to stimulate innate immune
responses and are a promising strategy to overcome age-
associated limitations, as detailed below. The composition of
the T cell compartment changes substantially with age due to
alterations in hematopoiesis and to thymic involution. With
dramatically decreased output of newly generated naïve T cells,
the portion of these cells shrinks with age, limiting responses
to neo-antigens. In contrast, antigen-experienced, particularly
repeatedly stimulated, highly differentiated T cells accumulate.
Their diversity is restricted, they produce preferentially pro-
inflammatory cytokines and show a diminished response to
antigenic stimulation (6–8). For many vaccines, T cell responses
are relevant for protection and deficits directly impact vaccine
efficacy. In addition, T cell help provided by follicular helper
T cells in the germinal center is crucial for optimal antibody
responses. Specific age-related deficits of this cell type have
recently been summarized elsewhere (9). Similar to the T cell
compartment the composition of the B cell pool also changes
with age and more autoreactive and less affine B cells can be
observed. Intrinsic defects of B cells, such as reduced somatic
hypermutation and isotype switch as well as reduced numbers
of plasma cells contribute to reduced antibody responses after
vaccination (10). An extensive review of immunosenescence is
beyond the scope of this article, but can be found elsewhere
(11, 12).

There are many factors in addition to chronological age,
which influence immune responses to vaccination. Underlying
co-morbidities, obesity, and frailty have been shown to be
associated with lower immune responses to various vaccines in
many studies. A comprehensive review of these aspects is beyond
the scope of this manuscript, but can be found elsewhere (13,
14). Several age-related chronic diseases, such as cardiovascular
disease and chronic obstructive pulmonary disease (COPD) are
risk factors for infections, but at the same time are also associated
with lower immune responses to vaccination. As an example,
patients with congestive heart failure or COPD develop lower
antibody concentrations against influenza vaccine (15, 16). Post
hoc analysis of the CAPiTA study, which investigated the efficacy
of the 13-valent conjugated pneumococcal vaccine, showed that
80% of the pneumonia cases, which occurred in the unvaccinated
placebo arm of the study population, affected persons with
one or more co-morbidities (e.g., asthma, diabetes, chronic
heart, liver, or kidney disease). The incidence of community-
acquired pneumonia in this at-risk population was 4.2 times
higher compared to healthy individuals. Efficacy of the vaccine
against first episodes of vaccine-type pneumonia was reduced to
40.3% in the at risk cohort compared to 66.7% in the healthy
participants (17).

Cytomegalovirus is a highly prevalent β-herpesvirus, which
establishes lifelong latency after primary infection. Latent CMV-
infection has a profound impact on the composition of the T
cell compartment (18) as well as on other immune cells, such
as NK cells (19). Some studies showed a link between CMV-
infection and reduced survival in very old age (20) as well
as with cardiovascular disease and other inflammation-related
diseases (21, 22). Antibody levels or CMV-seropositivity were
associated with limited responses to influenza vaccination in
some studies (23, 24) and long-term persistence of diphtheria-
specific antibodies was lower in CMV-positive older persons
compared to CMV-negative individuals (25). However, several
studies also demonstrated the absence of a CMV-related effect on
vaccine-induced immune responses (26).

In this review we will discuss the benefits and limitations of
currently available vaccines designed for the older population
(influenza, pneumococcus, herpes zoster) and key strategies,
which have been tested or are under development in order to
enhance vaccine responses in the older population.

INFLUENZA: HOW TO PROTECT
AGAINST A CHANGING VIRUS

Influenza virus is transmitted via direct contact, droplets and
fomites. This virus targets respiratory epithelia leading to lung
inflammation and resulting in an acute respiratory infection.
After a short incubation time of on average 1 to 2 days
symptoms occur with fever and cough being most prominent.
The course of disease may range from asymptomatic and
mild self-limiting disease to severe course, where patients
require hospital care. Particularly the burden of severe disease
and mortality is increasing with age and is highest in those
above 75 years (27). Due to immunosenescence, susceptibility,
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disease severity as well as complications such as bacterial
co-infections and exacerbation of chronic pulmonary diseases
are raised leading to higher frailty and mortality with age
(28). Therefore effective protection by vaccination is desirable.
Unfortunately, efficacy of the currently used vaccines reaches
at best 50% in this risk group (29, 30). Key issues are that
vaccine efficacy is imperfect even at younger age reaching at
maximum 70% in preventing laboratory-confirmed influenza
in placebo controlled studies (31, 32) and depends not only
on age, but also on season, strain, vaccination, and infection
history (33).

In the older population, either split or subunit influenza
vaccines are currently used for prevention. Split virus vaccines
contain disrupted viral envelopes that lost infectivity but retained
immunogenicity. Subunit virus vaccines are produced by further
purification steps that remove the nucleocapsid from the split
virus (34). One of the reasons for developing split and subunit
vaccines was to decrease reactogenicity (35), however, in light of
different adjuvants that may be added this effect is not always
evident (36). Virosomal vaccines, consisting only of the virus
envelope, have not been available for the past influenza seasons
and live attenuated vaccines are not licensed for the elderly due
to safety concerns.

Human influenza disease can be caused by influenza A and
B strains. Previously influenza vaccines were usually trivalent,
consisting of two circulating influenza A strains (one H1N1 and
one H3N2 strain) and one influenza B strain either of the Victoria
or Yamagata linage. Since both B linages have been shown to co-
circulate, tetravalent vaccines including both B linages became
increasingly available in the last years to optimize coverage (37).

With age influenza-specific antibody titers decline faster
leading to loss of seroprotection until the following season and
possibly rendering vaccinees susceptible to some influenza strains
even toward the end of the same season (38, 39). To overcome the
lower influenza efficacy in the elderly high-dose, adjuvanted and
intradermally administered vaccines have been developed and
are in clinical use. Depending on the availability these enhanced
vaccines are widely recommended in national guidelines with the
adjuvanted vaccine being the preferred vaccine for those over
65 years in countries such as Austria and the United Kingdom
(40, 41).

It is also the first exposure to influenza vaccines and/or
infection that – according to the theory of the original antigenic
sin – imprints immune responses for the following antigen
encounters with drifted variants irrespective of age. Thus, contact
with drifted virus strains may rather boost immune responses
to epitopes shared with the previously encountered strain(s)
than inducing antibody responses toward the new antigenic
determinants thereby resulting in a lower vaccine efficacy (42).
Related to this theory there is data showing that vaccine efficacy
was reduced in individuals that had been vaccinated also in
preceding seasons compared to those vaccinated only in the
current season, though this effect was neither seen consistently
for all strains nor for different seasons in different study
populations (43). Low vaccine efficacy independent of age can
also result from antigenic mismatch of circulating versus vaccine
strains due to antigenic drift that may occur during one season

(44). Therefore vaccine composition is adapted every year and
annual revaccination is required.

Additionally, IgA, which would be able to inhibit viral
cell entry and therefore infection, is only poorly induced by
intramuscularly (i.m.) administered vaccines, and this further
contributes to limited clinical efficacy (45).

It is important to note, that hemagglutinin antibodies are
widely used as surrogate of protection for influenza vaccines and
also for the licensure of vaccines (46). However, HA antibodies
might not be an ideal measure in older adults as vaccinees with
low titers may be still protected and vice versa (47). Along
these lines, memory B cells and plasmablasts are retained in
the elderly, while antibody titers are lower compared to young
even after repeated vaccination, which has been proposed to be
a consequence of impaired differentiation from memory B cells
toward plasma cells (48). Additionally, cell-mediated immune
responses are important to combat influenza virus infection and
cellular parameters (e.g., IFN-γ and IL-10 production, Granzyme
B activity) might improve predicting clinical protection (49, 50).
Therefore, the question remains whether the evaluation methods
of influenza vaccine efficacy are currently optimal and truly
reflecting the potential of vaccines in development as well as
current vaccines. Evaluation of antibody specificity could benefit
from further testing for functionality such as neutralization and
ADCC (antibody-dependent cytotoxicity) (51).

Adapting the Antigen Dose of Influenza
Vaccines
To overcome low vaccine responses to influenza the vaccine
antigen dose has been increased four times from 15 µg to 60 µg
hemagglutinin (HA) per strain in a trivalent vaccine formulation
for intramuscular use (Fluzone R©). The higher antigen dose
implicates a higher availability of the antigen, increase in antigen
uptake by dendritic cells, antigen presentation to lymphocytes
and consequently their activation resulting in a strengthened
vaccine response. High-dose influenza vaccine lead to higher
hemagglutinin antibody titers (HAI) and seroprotection rates in
individuals over 65 years compared to standard dose vaccine (52).
Otherwise, with regard to cellular immune responses PBMC of
aged high-dose vaccine recipients produced significantly higher
IL-10 levels after live influenza virus stimulation, which might
question whether clinical protection is better than after standard
dose due to the immunosuppressive properties of IL-10 (50).
Results from two meta-analyses and systematic reviews show
better protection with the high dose vaccine in the elderly
based on a lower risk [relative risk (RR) 0.76] to develop
laboratory-confirmed influenza when receiving the high-dose
vaccine compared to the standard dose vaccine (53) and a higher
relative vaccine efficacy against ILI (rVE 19.5%), hospitalization
for influenza (rVE 17.8%), pneumonia (rVE 24.3%) as well as
all-causes (rVE 9.1%) in high-dose vaccinated participants (54).

Another aspect of this high-dose vaccine is that it consists of a
split virus that has been reported to induce better T cell immunity
measured by IFN-γ production and by cytotoxicity assays in vitro
than subunit vaccines (55) and to exhibit 33.5% higher protection
against laboratory confirmed influenza in people aged above 50
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seeking medical attendance for respiratory illness (56). Split virus
vaccines lack some of the purification steps of subunit vaccines
and therefore may contain a larger amount of internal proteins
(55) that are important to elicit cellular CD8+ lymphocyte
responses necessary for viral clearance (57).

Another high-dose influenza vaccine for intramuscular
administration exists, containing three times the dose of
the standard influenza vaccine. This vaccine (Flublock R©) is
recombinantly produced with the advantage of comprising 4
vaccine strains and therefore both influenza B linages. It is
approved in the United States from the age of 18 years, however,
not explicitly licensed or recommended for the older population
due to insufficient efficacy data for those above 65 years of age.
In a head-to-head comparison with a standard dose quadrivalent
vaccine, though, geometric mean titers were non-inferior except
for the influenza B Victoria linage in persons above the age
of 50 (58).

Both high-dose vaccines as well as the MF59 R© adjuvanted
vaccines (see 2.3) increased GMT levels, seroprotection rates as
well as IFN-γ+ CD4+, and CD8+ T cells for most time points
studied compared to a non-adjuvanted standard dose vaccine in
older adults (59).

Changing the Route of Influenza Vaccine
Application From Intramuscular to
Intradermal
Since the dermis is rich in antigen-presenting cells (APC) such
as dendritic cells (DC) and Langerhans cells (LC) intradermal
(i.d.) application of vaccines is performed in order to facilitate
antigen uptake by these APC and therefore also downstream
adaptive immune responses following antigen processing and
presentation (60). Along these lines i.d. vaccination can be
utilized as a dose-sparing method, but it has been demonstrated
that applying the same dose (i.e., 15 µg/strain) as the standard
i.m. vaccines significantly improves GMT ratio compared to
reduced doses (61). Intradermal influenza vaccination enhanced
immunogenicity such as antibody responses and seroprotection
rates compared to standard split or subunit vaccines in persons
older than 65 (62). Yet, meta-analyses of RCT where reference
groups received i.m. vaccination reported that i.d. application
induced comparable seroconversion and seroprotection rates in
older adults (63, 64). However, to which extent immunogenicity
of i.d. administered vaccines might be affected by age-induced
changes in the dermal structure and cellular composition
needs further clarification. Additionally, how immunogenicity
translates into clinical effectiveness has not been studied
systemically so far and i.d. vaccine efficacy has been extrapolated
from immunogenicity data (65). With regard to adverse events
following immunization, higher reactogenicity at the injection
site such as erythema and swelling has been described in
comparison to i.m. administered vaccines, nevertheless they
were classified as mild and transient with no differences in
pain level (61, 64–66). Intradermal influenza vaccines have
been used for several years, but are currently not available
in many countries.

Adjuvants for Influenza Vaccines
According to a systematic review and meta-analysis, non-
adjuvanted inactivated influenza vaccines (split, subunit, and
virosomal vaccine) show similar immunogenicity as expressed by
geometric mean titers irrespective of age and disease status (67).

These results are surprising since the virosomal vaccine
is considered not only as a delivery system but also as a
vaccine adjuvant itself (68). Virosomes are able to mimic
natural infection since receptor binding and membrane fusion
is functioning and able to induce cellular and humoral immune
responses but without the risk of virus replication since the viral
genome is lacking (69). The virosomal vaccine showed increased
immunogenicity compared to standard trivalent influenza
vaccines (70). However, clinical efficacy and effectiveness data
are lacking for the older population. The virosomal influenza
vaccine is currently not being produced and therefore will not be
discussed further in this review.

MF59 R©, a squalene-based oil-in water emulsion, was
developed as an adjuvant for the seasonal influenza vaccine
targeting persons above 65 (71). Its mode of action is linked
to local proinflammatory cytokine production mediating cell
recruitment, stimulating antigen uptake and cell differentiation
of DCs as well as improving B cell differentiation and their
persistence in germinal centers (72). Addition of MF59 R© to a
subunit influenza vaccine can enhance antibody production
compared to standard vaccines even against drifted strains
such as H3N2, that is linked to severe disease in the elderly
(73–75). Additionally, use of MF59 R© adjuvanted influenza
vaccines can lead to expansion of predominantly IL-2 producing
CD4+ lymphocytes against pandemic H5N1 compared to a
non-adjuvanted vaccine (76). This effect was, however, not
seen against seasonal influenza A/H3N2 in another season
where rather Granzym B+ and Perforin+ CD4+ and CD8+
lymphocytes increased (57). According to a meta-analysis, the
MF59 R© adjuvanted vaccine is better in preventing pneumonia-
associated hospitalizations [51% pooled adjusted vaccine efficacy
(aVE)] and laboratory confirmed influenza (60.1% pooled aVE)
than non-adjuvanted influenza vaccines in the elderly (71). Data
form the 2018/19 influenza season in the United Kingdom,
the first season after introduction of the adjuvanted influenza
vaccines for persons above 65 years, demonstrated increased
vaccine efficacy estimates in a test-negative study design in older
adults vaccinated with the adjuvanted vaccine. Two different
end-of-the-season evaluations were published showing a higher
aVE against laboratory confirmed influenza with the adjuvanted
vaccine (62.0%) compared to the overall aVE (49.9%) (77)
and a aVE against influenza-related hospitalization of 53.8%.
after receiving the adjuvanted vaccine, that, however, cannot
be compared to those receiving standard influenza vaccines
due to the very low number of participants in this group (78).
Interestingly, in the latter analysis those vaccinated also in the
previous 2017/18 season seemed to benefit from a higher aVE
against hospitalization of 57% compared to 44.8% in those
only vaccinated in the 2018/19 season. These results have to
be assessed by taking into account the high influenza vaccine
coverage of about 70% in the elderly as well as the universal
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influenza vaccine program for children between 2 and 9 years
of age as part of the strategy to reduce infection also in the
elderly risk group.

HERPES ZOSTER: COMBATING A
LATENT VIRUS INFECTION
(LIVE-ATTENUATED VERSUS
RECOMBINANT ADJUVANTED VACCINE)

Primary infection with varicella-zoster virus (VZV) usually
occurs in childhood and manifests as varicella (chickenpox).
As a member of the herpes viruses, VZV establishes life-
long latency in the sensory ganglia. Reactivation of VZV can
occur throughout life, but is usually clinically asymptomatic
as the reactivation is controlled by T cell-mediated immunity
(CMI). When these immune responses decline below a critical
threshold viral reactivation cannot be contained anymore.
Retrograde viral spread through the sensory nerve to the
innervated dermatome occurs, leading to herpes zoster (HZ).
This results in the typical unilateral, segmented skin rash on
the abdomen or the face, where affection of the eye can have
severe consequences, and to dermatomal pain. The risk of HZ
is elevated in patients with a compromised immune system due
to hematological malignancies, HIV infection, chemotherapy or
under immunosuppressive therapy (e.g., after transplantation or
for autoimmune disease) (79). In addition, the risk of developing
HZ increases substantially with age. The mean age at onset is
59.4 years with 68% of the cases occurring those 50 years and
older. In the United States there are more than 1.1 million cases
and in Europe about 1.7 million cases of HZ per year, respectively.
The most common complication of HZ is post-herpetic neuralgia
(PHN), which is defined as pain persisting or occurring more
than 90 days after appearance of the rash. The incidence of PHN
also increases with age. Among HZ patients older than 50 years
the incidence of PHN is 18% and rises to 33% in HZ patients over
80 years (80). PHN can be prolonged (>6 months), and is often
severe. Pain management is frequently difficult and of limited
success and might be further complicated by co-medication and
underlying diseases, which are common in the older population
(81). In many cases PHN has a substantial impact on quality
of live and activities of daily living (82), leading to a loss of
independence and eventually to institutionalization. Prevention
of HZ is therefore an important goal in order to improve quality
of life for the older population and also helps to relieve health care
and social systems.

The goal of vaccination against HZ is the restoration of
the VZV-specific CMI, which was generated during primary
infection. Therefore, the vaccine-induced immune response
is mainly a boosting of memory responses rather than a
primary response.

Adapting Antigen Dose of the
Live-Attenuated VZV Vaccine
The first vaccine against HZ was a live-attenuated vaccine, which
contains the same VZV strain (Oka Merck strain) that is used as

a childhood vaccination to prevent chickenpox. In comparison
to the childhood vaccine, the adult vaccine (Zostavax R©) contains
14-fold more viral particles. The vaccine is safe and has a modest
and well-tolerated reactogenicity profile. Clinical efficacy of this
vaccine was demonstrated in a Phase III randomized, double-
blind trial enrolling 38,800 persons older than 60 years, which
were followed-up for approximately 5 years. The vaccine was
51% efficient in preventing HZ and 67% in preventing PHN,
respectively (83). Efficacy against HZ was age-dependent and
dropped from 64% in the age group 60–69 years to 41% in
the age group 70–79 years and <20% for persons older than
80 years. This age effect was confirmed in a separate study
demonstrating an efficacy of 70% in a younger cohort (50–
59 years) (84). Long-term follow-up showed that the protective
effect of the vaccine waned over time and was lost approximately
10 years after vaccination (85). Immunological studies confirmed
that vaccination increased VZV-specific immunity and that
immunogenicity was negatively correlated with age. Vaccine-
induced immune responses declined over the three years of
follow-up. Both CMI and antibody levels correlated with the
protective effect of the vaccine, but individually were not able
to reliably predict protection. Therefore, neither parameter
is suitable as a correlate of protection for further vaccine
development (86). Re-vaccination after 10 years is feasible and
results in a booster effect (87). The limited efficacy of this vaccine
is somewhat surprising, as live-attenuated vaccines are usually
eliciting robust humoral and cellular immune responses.

Using a Recombinant Herpes Zoster
Antigen With an Adjuvant
Recently, a novel recombinant vaccine against HZ (Shingrix R©),
which contains the viral glycoprotein E (gE) and the adjuvant
system AS01B has been introduced in the United States, Canada,
Europe, Japan, and elsewhere. gE is the major component of the
viral envelope and gE-specific CD4+ T cells and antibodies are
induced during natural infection. The adjuvant AS01B consists
of 3-O-desacyl-4′-monophosphoryl lipid A (MPL), which is a
detoxified derivative of Salmonella minnesota lipopolysaccharide
and QS-21, a saponin found in the bark of the tree Quillaja
Saponaria Molina, fraction 21. The two adjuvant components are
formulated in liposomes, which are nanospheres of phospholipid
bilayers acting as antigen delivery systems. MPL stimulates
antigen-presenting cells via the toll-like receptor (TLR) 4 pathway
and induces the expression of co-stimulatory molecules and the
production of cytokines. QS-21 enhances antibody responses
and promotes T cell responses in animal models (88). The
molecular mechanisms underlying its adjuvant effect have only
recently been partially deciphered (89). QS-21 targets subcapsular
macrophages in the draining lymph node and activates caspase-
1 (90), potentially independently of the NLRP3-inflammasome.
As a liposomal formulation QS-21 enters antigen-presenting
cells by cholesterol-dependent endocytosis followed by lysosomal
destabilization and activation of Syk kinase (91). It has also been
proposed that this process facilitates the escape of the antigen
into the cytosol, where it can enter the MHC-I pathway (92).
The AS01B-mediated activation of the innate immune system
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at the site of injection and in the draining lymph node is rapid
and transient leading to efficient activation of adaptive immune
responses (93). AS01B induces an INF-γ biased CD4+ T cell
response with only moderate IL-5 production, high levels of T cell
proliferation and IL-2 production (94). For optimal adjuvanticity
all three components (MPL, QS-21, liposomes) are required
together and in specific amounts as elucidated in comparative
studies of different combinations in mice, and QS21 and MPL
seem to work synergistic in some aspects (95). AS01B induces
IFN-γ related pathways, which are not stimulated by either
component alone (96).

Two randomized placebo-controlled Phase III clinical trials
enrolling in total more than 30,000 participants older than
50 years or 70 years, respectively, were conducted in order to
demonstrate efficacy of the vaccine (97, 98). Administration of
two doses, 8 weeks apart resulted in 97.2% (95% CI: 93.7–99.0)
protection against herpes zoster in persons over 50 years of age
and did not significantly decrease in older age groups. These
results were confirmed in the second trial, which included even
older participants and allowed sub-group analysis for persons
older than 80. Efficacy dropped slightly over time, but remained
above 85% for the first 4 years after vaccination. Long-term
follow-up is ongoing to determine the duration of protection.
Efficacy against PHN was difficult to assess, as only very few
cases of HZ occurred in the vaccinated group, but attenuation
of pain was observed in these rare cases. Immunogenicity of
the vaccine was analyzed in a sub-cohort of the large trials and
following a peak response 4 weeks after the second dose, robust
antibody and CD4+ T cell responses were found for at least
3 years after the vaccination. 75% of the cohort had antibody
levels above the humoral response threshold (≥fourfold increase
above baseline) after 3 years. The percentage of vaccinees with
CD4+ T cells responses (≥fourfold increase above baseline)
dropped from 93.3% (peak response) to 57.2% after 12 months
and was then stable until month 36. Responding CD4+ T cells
were defined by expression of at least 2 of the tested effector
molecules (CD40 ligand, INF-γ, interleukin 2 and TNF). A slight
negative effect of age on T cell responses was observed (99). The
kinetics of gE-specific T cell responses were comparable to VZV-
specific responses induced by the live-attenuated vaccine, but
overall the immune response was stronger after the recombinant
vaccine (86). Previous studies have also demonstrated a slight
decrease of T cell, but not antibody responses with age (100–
102) and gE-specific CD4+ T cell responses substantially above
pre-vaccination levels for at least 9 years (103). In summary,
the adjuvanted recombinant HZ vaccine seems to overcome
the deleterious effects of immunosenescence and shows that
a single antigen from a complex pathogen is sufficient to
induce high levels of protection (104). The majority of adverse
effects were transient reactions at the site of injection and
systemic symptoms, such as headache, fatigue or myalgia were
also relatively frequent. However, no major safety concerns
were identified and after administration of more than three
million doses within the first year after licensure there was
no evidence of an increased risk of autoimmune reactions in
response to the adjuvant system, which was raised as a potential
concern (104).

An additional advantage of the recombinant vaccine is its
suitability for immunocompromised patients. As mentioned
above, these individuals are at high risk to develop HZ
and the live-attenuated vaccine cannot be used for them.
The adjuvanted recombinant vaccine has been evaluated in
patients suffering from different types of immunocompromising
conditions. Safety and immunogenicity have been demonstrated
in patients after renal transplantation (105) and in HIV-positive
patients. However, the number of subjects with low CD4 counts
were too low to formally demonstrate immunogenicity in this
subgroup of HIV-positive patients (106). Clinical efficacy of the
recombinant vaccine was 68.2% (95% CI 55.6% to 77.5%) in adult
patients after autologous hematopoietic stem cell transplantation
(107). In addition the maximum worst pain score and the
activities of daily living scores were improved in the patients
who developed HZ despite vaccination compared to HZ cases
in the placebo group indicating that the severity of break-
through HZ cases is reduced (108). In patients receiving two
doses of the recombinant vaccine at the start or after completion
of chemotherapy for hematologic malignancies vaccine efficacy
against HZ was 87% in the first year after vaccination (109).
Vaccination before chemotherapy against solid tumors elicits
higher immune responses compared to vaccine administration at
the start of therapy (110). Safety profiles were acceptable in all of
these studies. Overall these results suggest that the recombinant
adjuvanted vaccine against HZ can be safely and successfully used
in various patient groups under immunosuppression.

STREPTOCOCCUS PNEUMONIAE:
TARGETING DIFFERENT SEROTYPES OF
A COLONIZING BACTERIUM
(POLYSACCHARIDE VERSUS
CONJUGATE VACCINE)

There are more than 90 distinct serotypes of Streptococcus
pneumoniae (pneumococcus), classified based on their
polysaccharide capsule, which also serves as an essential virulence
factor. Only a limited number of serotypes of these gram-positive
diplococci are pathogenic (111). Disease manifestations can be
non-invasive (otitis media, sinusitis, conjunctivitis, pneumonia)
or invasive (bacteremic pneumonia, meningitis, sepsis). The
World Health Organization has classified S. pneumoniae
among the top 12 bacterial pathogens for which research and
development of new antimicrobial strategies should be promoted
(112). Incidence rates of community acquired pneumonia (CAP)
rises dramatically with age with estimated rates ranging from
18.2 per 1000 person-years in people aged 65–69 years, to as
high as 52.3 per 1000 person-years in those aged over 85 years.
S. pneumoniae is the most frequently isolated pathogen in this
age group. Among United States adults aged 50 years or older,
nearly 30 000 cases of invasive pneumococcal diseases (IPD) and
over 500 000 cases of non-bacteremic pneumococcal pneumonia
were estimated to occur yearly, resulting in more than 25 000
pneumococcus-related deaths (113). Antimicrobial resistance of
S. pneumoniae is an increasing problem (114). Development of
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pneumococcal penicillin resistance several decades ago shifted
antibiotic use in suspected cases toward macrolides. This strong
selective pressure contributed to the spread of macrolide-
resistant S. pneumoniae. (115). In addition, 20–40% of isolates
are resistant to clindamycin or trimethoprim-sulfamethoxazole.
Resistance to fluoroquinolones is lower, but similar to resistance
to tetracyclines has increased (116). The dissemination of multi
drug resistant (MDR) clones is of particular concern. A very
limited number of MDR clones cause the majority of antibiotic
resistant S. pneumoniae infections worldwide (117). In order
to counteract this alarming development, strategies to prevent
infection, instead of treating cases are crucial.

Asymptomatic carriage, which means a transient colonization
of the upper respiratory tract by S. pneumoniae is frequent
in children (up to 85%), but less prevalent in the elderly
(approx. 20%). Study results vary greatly, due to differences in
detection methods and sampling sites (118). In the nasopharynx
S. pneumoniae interferes with host responses, such as the
complement system, the recruitment of neutrophils and the
protective mucus layer and competes/interacts with the local
microbiome (119). In the elderly pneumococcal pneumonia
has been linked with a disturbed respiratory tract microbiome,
but it is unclear whether this is the cause or consequence of
pneumococcal colonization (120). Pneumococcal disease occurs
when the colonizing bacteria reach tissues of the lower respiratory
tract, the ear or the eye or enter the blood stream. The
pneumococcal toxin pneumolysin, but also Influenza A virus
can damage the respiratory epithelia leading to bacterial spread
and pathologies (121, 122). Bacterial co- or secondary infection
is a frequent complication of influenza infection. The exact
numbers of co-infections vary greatly in different studies, but
range between 11 and 35% in most cohorts. S. pneumoniae was
the most common pathogen, which accounted for 35% (95% CI:
14–56%) of the bacterial co-infections analyzed in this meta-
analysis (123).

Polysaccharide-specific antibodies can be measured by ELISA,
which measures the amount of antibodies binding to the antigen.
This assay has some limitations, as it measures only IgG, but
not other antibody classes. Many individuals have high levels of
naturally acquired antibodies, which makes it difficult to define
a correlate of protection. First generation ELISA methods were
frequently unspecific, but this issue has been solved by improving
the protocols (124). In addition, many studies measure functional
antibodies by opsonophagocytosis assay (OPA). In young
children strong correlations between ELISA and OPA titers have
been observed, but in the elderly and in immunocompromised
patients correlations are poor (125). Considerable waning of
opsonizing antibodies has been observed 6 years after vaccination
in a cohort of frail elderly, despite persistence of IgG antibodies
detectable in ELISA (126). It has been demonstrated that
older adults have a lower capacity to opsonize pneumococcal
bacteria, despite sufficient IgG concentrations, as measured by
ELISA. This is probably due to a lack of IgM antibodies with
opsonizing function as IgM-producing memory B cells decline
with age (127). Naturally acquired humoral immune responses
also decline with age, particularly when measured by OPA (118).
In some cases, cross-reactivity of antibodies with other serotypes

can be seen in ELISA-assays (e.g., anti-19F antibodies elicited by
PCV-7 binding serotype 19A polysaccharides), but not in OPA.
Vaccination with 19F does not provide clinical cross-protection
against 19A highlighting the relevance of the OPA results (128).
In addition, OPA titers seem to better predict vaccine failures
than ELISA measurements (129). Therefore, in various settings
OPA-measurements are crucial and probably provide a more
robust correlate of protection, despite that fact that they are
more complex, more expensive and less standardized. The
development of multiplex technologies made OPA more suitable
for larger studies and analysis of a larger number of serotypes
(130). While an opsonic titer of 1:8 is used as a threshold to define
immunogenicity of pneumococcal vaccines in children, 1:64 was
suggested for adults (131). This threshold is still controversial and
most studies rely on determining “relative” immunogenicity, by
comparing two experimental groups e.g., different vaccines or age
groups. Local antibody responses in the respiratory tract might
be of great interest in the context of pneumococcal vaccination.
Induction of anti-polysaccharide antibodies in saliva and tears
after pneumococcal vaccination has been described. Interestingly,
the increase in IgG and IgM was more pronounced than the
IgA response. Nasal secretions were not analyzed in this study
and the functional and clinical effects of local antibodies are
unclear (132). It has been postulated that IgA antibodies are of
limited importance for protection, as all pneumococci synthesize
an IgA1 protease, abrogating the protective effect of this antibody
class (133).

The first vaccines against S. pneumoniae were polysaccharide
vaccines (PPV) containing the purified bacterial capsule
polysaccharides. The currently available 23-valent polysaccharide
vaccine (PPV-23) was licensed for adults in the early 1980s. It
contains the serotypes 1, 2, 3, 4, 5, 6B, 7F, 8 9N, 9V, 10A, 11A,
12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F. Purified
polysaccharides are T cell independent antigens, and as such
elicit a distinct immune response. Direct cross-linking of the
B cell receptor activates B cells and drives differentiation into
plasma cells, which produce antibodies. Due to the lack of T cell
help this process happens independently of germinal centers and
results in short term antibody responses, which are mainly IgM
and IgG2. Memory B cells are not generated in the course of these
immune responses (134) and the B cell pool is depleted of the
relevant specificities potentially leading to hyporesponsiveness to
subsequent vaccine doses (135). Based on studies in mice it has
been hypothesized that marginal zone B cells play a crucial role
in this type of immune responses (136). As mentioned above,
burden of pneumococcal disease is highest in the elderly and
in infants. As the immune system of infants is not able to elicit
immune responses to most polysaccharide antigens in the first
2 years of life (137, 138), the PPV-23 vaccine is not suitable for
young children and has only been licensed for adults. PPV-23 has
been used in older adults since its licensure and many countries
specifically recommend this vaccine for the older population.

Conjugation of Polysaccharide Antigens
Chemical conjugation of polysaccharides to carrier proteins
enables uptake and processing of the protein component by
polysaccharide-specific B cells. Carrier-specific peptides are then
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presented in the context of MHC II molecules, which can be
recognized by CD4+ T cells. Thereby, carrier-specific T cells can
provide T cell help to polysaccharide-specific B cells eliciting
T cell dependent immune responses to polysaccharide antigens
(135). As a result, memory B cells are generated enabling an
anamnestic response upon booster vaccination. Class switch and
avidity maturation can take place, and conjugate vaccines are
immunogenic in infants. The first conjugated pneumococcal
vaccine contained 7 serotypes (PCV-7; contains serotypes 4,
6B, 9V, 14, 18C, 19F, and 23F), used Crm-197, a derivative of
diphtheria toxoid as a carrier protein, and was introduced in
the late 1990s/early 2000s for young children. As a consequence,
incidence of invasive pneumococcal disease (IPD) caused by the
serotypes present in the vaccine dropped substantially in the
targeted age group. Interestingly, incidence of IPD also declined
to a lesser degree in the older population due to herd immunity
effects. PCV does not only prevent disease in children, but
also precludes carriage of S. pneumoniae, potentially stopping
transmission from children to older adults. However, a slight
increase of cases was observed for serotypes not included in the
vaccine (serotype replacement) for children as well as for older
adults. Of particular concern was the substantial increase of cases
caused by serotype 19A (139). The next generation of conjugated
pneumococcal vaccines contained 10 (PCV-10; PCV-7 serotypes
plus 1, 5, and 7F, conjugated to non-typeable Haemophilus
influenzae protein D, diphtheria or tetanus toxoid) or 13 (PCV-
13; PCV-10 serotypes plus 3, 6A, 19A, conjugated to Crm-197)
serotypes. Similar to PCV-7 introduction of these vaccines into
routine childhood vaccination programs reduced the incidence
of IPD caused by the (now more) serotypes covered by the
vaccines in children and older adults. But serotype replacement
was again observed not only in the pediatric setting, but also for
older adults. As an example, the incidence of IPD per 100.000
persons (≥65y) in England and Wales was 24.67, 14.97, and 6.25
for PCV-13 serotypes in 2000–2006, 2008–2010, and 2016–2017,
respectively, while at the same time the incidence of non-PCV-
13 serotypes increased from 9.55 to 12.76 and 22.68 (140). The
exact epidemiological situation is very heterogenous in different
countries due to regional differences in childhood vaccination
programs, vaccination coverage, transmission dynamics etc., and
serotype replacement was less pronounced in other countries.

Immunogenicity of PPV-23 declines with age. After
vaccination with PPV-23 antibody responses of older adults
showed alterations in class and subclass usage as well as
differences in somatic hypermutation compared to young
individuals (141). In addition, the opsonophagocytic activity was
lower in older adults (131, 142).

In contrast to PCV-7 and PCV-10, which are only licensed for
children, PCV-13 is approved for all age groups (children, young
and old adults). However, it has to be pointed out, that conjugate
vaccines were primarily developed for use in children and not
in older adults. First comparisons of immunogenicity between
polysaccharide and conjugated vaccines in older adults have
already been performed using PCV-7. One study demonstrated
that PCV-7 induces higher antibody levels (ELISA and OPA) in
persons older than 70 years, receiving a pneumococcal vaccine
for the first time (143). Other studies described similar antibody

responses for both vaccines (144–146). It has to be taken into
account that the patient populations in these studies were very
heterogenous, that for most studies sample size was relatively
small and that previous vaccination with PPV-23 has an impact
on immunogenicity. One study using only PPV-23 showed that
antibody levels measured by ELISA at the time of enrollment
were higher in persons who had received PPV-23 more than
3 years prior to the study. Upon vaccination their antibody
response was slightly lower than that of the cohort vaccinated
for the first time (147). Increasing the dose of PCV-7 by twofold
resulted in significantly higher OPA titers for five of the seven
serotypes compared to PPV-23 (148), highlighting the potential
benefit of higher antigen dose, as also shown for influenza (see
section “Adapting the Antigen Dose of Influenza Vaccines”).
Frailty has been associated with lower antibody responses to
pneumococcal vaccine (144). More recent studies compare PPV-
23 and PCV-13, and systematic meta-analyses (149, 150) showed
significantly higher antibody levels for 10 of the 13 serotypes
after vaccination with PCV-13. It has to be mentioned, that 6A is
not contained in the 23-valent, but only in the 13-valent vaccine
and therefore obviously the 13-valent vaccine is superior for this
serotype. For the remaining 3 serotypes (3, 7F, and 14), both
vaccines are equally immunogenic.

Of particular interest is also the potential benefit of sequential
vaccination with both vaccines and/or of repeated vaccination
in regular intervals. Early studies using PCV-7 showed that a
second dose of PCV-7 1 year after either PCV-7 or PPV-23
leads to similar or slightly higher responses compared to the first
vaccination (143). Sequential vaccination was beneficial for long-
term maintenance of antibodies, as OPA titers waned already
within the first year in persons receiving only PPV-23, but not
in a cohort who received PCV-7 followed by PPV-23 (145). In a
meta-analysis on PCV-13, prior vaccination with PPV-23 did not
influence the immunological response to the conjugate vaccine
(149). Safety profiles were comparable for PCV-13 and PPV-23
in this analysis.

However, the clinically relevant parameters are of course
efficacy and effectiveness. These parameters have been studied
mainly for invasive pneumococcal disease (IPD), which includes
bacteremic pneumonia, sepsis and meningitis and in some
studies also for pneumococcal pneumonia. A systematic meta-
analysis showed pooled vaccine efficacy/effectiveness (VE) of
PPV-23 against IPD of 73% (95% CI: 10–92%) in clinical trials,
45% (95% CI: 15–65%) in cohort studies and 59% (95%CI: 35–
74%) in case-control studies (151). In the same analysis VE
against pneumococcal pneumonia was 64% (95% CI: 35–80%)
and 48% (95%CI: 25–63%) in clinical trials, or cohort studies,
respectively. This is in contrast to other meta-analyses, which
did not demonstrate efficacy against pneumonia (152–155). The
discrepancy could be explained by the fact that Falkenhorst et al.
excluded several studies in their analysis, which had a high risk
of bias, because of insufficient specificity of the antibody test
used to diagnose cases of pneumococcal pneumonia. Higher
VE estimates in clinical trials compared to observational studies
might be due to the differences in follow-up times, which were
shorter for the clinical trials, suggesting waning protection over
time. Clinical efficacy of PCV-13 was demonstrated in a large
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Phase IV randomized, placebo-controlled trial involving more
than 84,000 older adults (156). In the per-protocol analysis
VE against first episodes of community-acquired pneumonia
(CAP) caused by vaccine-type strains was 45.6% (95% CI: 21.8–
62.5%) and against vaccine-type IPD 75.0 (95% CI: 41.1–90.8%),
respectively. The protective effect was consistent for the 4-year
follow-up period. No reliable data is available regarding the
clinical efficacy of vaccination strategies combining both types of
vaccines or of repeated doses of either vaccine.

It is still debated which pneumococcal vaccination strategies
provides optimal protection for the older population. PPV-
23 covers more serotypes, but does not induce long-lasting
and memory responses and might induce tolerance or
hyporesponsiveness upon repeated vaccination, similar to the
meningococcal polysaccharide vaccine (157). PCV-13 induces
stronger antibody responses, which seem to be longer lasting and
might offer boosterability. However, due to routine childhood
vaccination with PCV13 and the associated herd immunity effects
the incidence of pneumococcal disease caused by the PCV-13
vaccine serotypes decreases in the older population, while other
serotypes prevail (serotype replacement). This controversy is
also reflected in heterogenous vaccination recommendations,
as various countries e.g., in Europe recommend either PPV-23,
or PCV-13 or a combination of both, which tries to exploit the
advantages of both vaccines. Vaccination recommendations
in the United States have very recently been adapted. After
recommending sequential use of both vaccines for several years,
now only PPV23 is generally recommended and the addition of
PCV should be considered for the individual patient in a shared
decision process (158). These uncertainties might contribute to
the still low vaccination coverage in many countries (159–162).
Development of conjugate vaccines comprising more serotypes
is ongoing and it might be worthwhile to consider the option
of including different serotypes in pediatric compared to adult
vaccines in order to reflect the distinct pattern of serotype
prevalence in the different age groups.

FUTURE PERSPECTIVES TO IMPROVE
VACCINATION OF THE OLDER
POPULATION

Universal Vaccines
Pathogens that undergo constant antigenic changes (e.g.,
influenza) as well as those encompassing a large antigenic
diversity (e.g., pneumococcus serotypes) call for vaccines, which
target all antigenic variants in order to be broadly protective.
Clinical data emphasize the need for improved influenza
vaccines. The diverse health status of the aged population due
to underlying diseases including past influenza history, level
of immunosenescence and medication makes it difficult to
find a “one shot that fits all” solution. The high variability
of the pathogen itself further aggravates the difficulties of
developing an optimal vaccine. In order to tackle the antigenic
variability, the development of a universal influenza vaccine is
appealing. The aim of the universal influenza vaccine is to induce

broadly neutralizing antibodies to highly conserved epitopes, FcR
mediated effector functions or cellular cytotoxicity mechanisms
and therefore longer-lasting immunity over several seasons
ideally against influenza A and B (42, 163). Different approaches
are currently tested in clinical trials such as chimeric HA
proteins in prime-boost trials, stem-based immunogens, virus-
like particles, peptides against conserved epitopes and nucleic
acid platforms (51, 164). Clinical evaluation will reveal whether
neutralizing antibodies will be induced, which are able to prevent
influenza infection. Results from murine studies with regard
to stem-based immunogens are promising, but await further
testing in humans (165, 166). A different approach is to boost
T cell-mediated cytotoxicity to eliminate virus-infected cells
thereby mitigating infection and ideally keeping it asymptomatic
(167). It is furthermore yet unclear whether universal influenza
vaccines will need to be enhanced by adjuvants or adaptation
of the antigen dose to induce sufficient immunity in the
older population.

Serotype replacement has been observed after introduction
of conjugated pneumococcal vaccines (see section “Conjugation
of Polysaccharide Antigens”) and next-generation conjugated
vaccines containing additional serotypes are being developed.
Immunogenicity and safety of a 15-valent conjugated vaccine has
been shown to be comparable to PCV-13 in early stage clinical
trials (168). However, universal vaccines against S. pneumoniae
would hopefully be able to fully overcome the risk of serotype
replacement and would therefore probably have a more profound
long-term clinical impact. An engineered pneumococcal strain,
which lacks a polysaccharide capsule and toxins has been tested
as an inactivated whole cell vaccine in mice (169, 170). In
combination with alum and administered subcutaneously to mice
this whole cell pneumococcal vaccine induces antibodies binding
to different encapsulated strains, activating the complement
system and inducing phagocytosis of the bacteria in vitro
(171). In a Phase I clinical trial in healthy adults this vaccine
elicited antibodies to a range of pneumococcal proteins including
multiple conserved antigens, as well as T cell responses (172,
173). Recently, a multiple-antigen pneumococcal vaccine, which
utilizes TIGR4 whole cell lysates enriched for surface proteins
by chromatography was shown to induce robust antibody
response against several serotypes and protected mice against
pneumonia (174).

An alternative approach for a universal pneumococcal vaccine
is the use of individual proteins. Anti-protein immune responses
have been described following colonization (175), but are
reduced in old age (176). The majority of candidate proteins
are virulence factors and well-conserved surface proteins.
Various potential vaccine proteins are investigated in pre-
clinical studies and several have already been tested for safety
and immunogenicity in humans. Most of these candidate
vaccines use pneumococcal histidine triad protein D (PhtD),
detoxified pneumolysin derivative (PlyD) and pneumococcal
surface protein (PspA) alone or in different combinations and are
immunogenic in humans while showing acceptable safety profiles
(177, 178). As a next step highly conserved protein fragments
or peptides were investigated as potential vaccine antigens
and showed immunogenicity and protective effects in mouse
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models (179). Further clinical studies are needed to demonstrate
immunogenicity and ultimately clinical efficacy in humans.

Induction of Secretory IgA Antibodies
and Mucosal Delivery
Another approach to improve immunity to pathogens that enter
via the mucosal surfaces such as influenza is to stimulate the
production of secretory IgA (sIgA) in the upper respiratory tract.
sIgA is able to neutralize the virus at the entry site and better
cross-protective properties to variant strains have been described
(180). Although data suggest that i.m. and s.c. vaccination is able
to induce limited amounts of mucosal IgA mucosal (intranasal)
administration of the influenza vaccine can improve this effect
(181). An intranasally administered virosomal influenza vaccine
adjuvanted with LT (heat labile enterotoxin of Escherichia coli)
has been withdrawn during the 2000/2001 season shortly after
marketing due to safety issues as Bell palsy cases increased 19-fold
(due to accumulation of LT in the olfactory bulb) (182, 183). Two
other intranasally applied formulations have been tested, a live
attenuated influenza vaccine (LAIV), which is also commercially
available in many countries and a whole virus inactivated vaccine
(WIIV). The LAIV vaccine is, however, not licensed for adults
above 49 years of age due to safety concerns. Additionally,
immunogenicity against the included H1N1 pandemic strain
dropped during the 2013/14 season and therefore LAIV was
intermittently not recommended by several national guidelines.
The safety issues could be overcome by using the WIIV, which has
intrinsic TLR7 signaling capacity (184). This vaccine is currently
under clinical investigation and has been shown to induce serum
IgG as well as sIgA responses without the need of a mucosal
adjuvant in vaccinees younger than 60 years (185). Recently, it has
been shown in the murine system that i.n. administered WIIV not
only induced IgA but also boosted non-neutralizing antibodies
and IFN-γ+ CD4+ T cells with cross-protective properties,
especially if provided with an adjuvant (186). How this vaccine
performs in older adults has not been tested yet. These results will
be interesting since in aged individuals the response to influenza
in respiratory epithelial cells is lower with respect to antigen
processing and presentation (187).

Many pneumococcal vaccine candidates are investigated
for mucosal delivery using intranasal, pulmonary, sublingual
and oral administration routes. In the experimental human
pneumococcal carriage (EHPC) model, live pneumococci are
delivered intranasally to volunteers. This leads to the generation
of antibody and Th17 T cell responses, independent of the
occurrence of colonization and suggests that mucosal delivery of
pneumococcal antigens is a promising strategy for vaccination
(188, 189). The first generation of mucosal pneumococcal vaccine
candidates used intranasal immunization with pneumococcal
proteins or non-protein antigens such as phosphorylcholine, cell
wall polysaccharide or capsular polysaccharides in combination
with adjuvants based on bacterial toxins. Due to safety concerns,
non-toxin based vaccine delivery systems are currently favored.
Alveolar and bronchial administration of the licensed 23-valent
polysaccharide vaccine using different inhaling devices was tested
in healthy volunteers and in patients with chronic obstructive

pulmonary disease. The administration was safe, but antibody
levels were lower than after intramuscular injection with one
device and not detectable in another study (190–192). In
addition, live recombinant bacteria (see section “Activation of
Cell-Mediated Immune Responses”), outer membrane vesicles
from recombinant Salmonella and bacteria-like particles derived
from Lactobacillus lactis have successfully been tested as
pneumococcal vaccines in mice. An attenuated Salmonella Typhi
strain expressing PspA, however, failed to induce anti-PspA
antibodies after oral administration in an early stage clinical trial
(193), highlighting the difficulties to translate results from animal
models to humans. Novel approaches for mucosal delivery of
pneumococcal vaccines include nanoparticles, which facilitate
antigen uptake and release and trigger innate immune responses,
as well as nanogels, which further prolong exposure to the
antigen. No data on immunogenicity in humans is available so
far. A comprehensive review of mucosal pneumococcal vaccine
candidates has recently been published (194).

Search for Novel Adjuvants
The requirements for novel adjuvants are to counteract the
lower responsiveness of the innate and adaptive immune
system to vaccines and the faster decline of protection due to
immunosenescence as well as to counterbalance the low-grade
inflammatory state that might hamper vaccine responses (195).
MF59 R© and AS01B are currently the only adjuvants explicitly
licensed for persons older than 65 years (see section “Adjuvants
for Influenza Vaccines” and section “Using a Recombinant
Herpes Zoster Antigen With an Adjuvant”). MF59 R© has been
used for many years in the trivalent influenza vaccine and is
currently further evaluated in a tetravalent influenza formulation
in phase III studies in order to target both circulating influenza B
linages (NCT02587221 and NCT03314662). In addition, different
new adjuvants are evaluated for this age group at present which
were reviewed in depth recently (72). AS03, another oil-in-
water based adjuvant that has been approved for the pandemic
influenza vaccination in 2009 led to higher antibody titers and
seroprotection levels in the elderly compared to whole virion
vaccine (196). AS03 induces chemokine and cytokine production
thereby increasing the influx of inflammatory cells locally and to
the draining lymph node (197). Furthermore, also specific CD4+
T helper cells with cross-reactive capacity and specific memory
B cells were stimulated resulting in an overall longer antibody
persistence than in recipients of non-adjuvanted vaccine (198).
Montanide (ISA 51), an oil-in-water emulsion, has been applied
with TIV in a phase I trial to adults between 55 to 75 years,
however, results are not yet published (NCT01010737). Its
mode of action is based on depot formation, stimulation of
inflammatory signals and enhancing lymphocyte interaction in
lymph nodes leading to increased antibody levels and vaccine
antigen-specific CD8+ lymphocyte responses (199). Matrix MTM,
a saponin based adjuvant, is currently tested for immunogenicity
and safety in the elderly (NCT04120194 and NCT03293498)
and enhances immune response by increasing leukocytes and
their activation in lymph nodes and spleen in a murine model
(200). Imiquimod, a TLR7/8 agonist able to strengthen innate
danger signals and thereby activation of APC, applied as an
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ointment prior to intradermal trivalent influenza vaccination
could elicit higher antibody titers, seroconversion and long-term
seroprotection over a year in older adults with comorbidities
(201). Another influenza vaccine adjuvanted with a TLR5 agonist
reported high levels of antibodies and seroprotection in persons
over 65 years but did not include a control group without the
adjuvant (202). Several other adjuvants such as cytokines or T
cell stimulating adjuvants might be good candidates to boost
influenza-specific immune responses in older adults, but have not
yet been tested in this age group or other high-risk groups. Still,
if these adjuvants are added to seasonal vaccines, they have the
shortcoming of inducing strain-specific immunity and therefore
still need annual adaptation.

Several adjuvants and delivery systems have also been
tested together with pneumococcal proteins. The adjuvant
AS02V (oil-in-water emulsion combined with MPL and QS21)
enhances humoral and cellular immune responses to the
pneumococcal protein PhtD, PhtD-dPly and an 8-valent
conjugated polysaccharide formulation in young and older
adults (203, 204). DNA-based adjuvants, such as a plasmid
encoding the Flt3 ligand and CpG oligonucleotides (TLR9 ligand)
successfully enhanced mucosal immunity against a PspA-based
protein vaccine in aged mice (205, 206). Other TLR agonists
have also been shown to enhance immune responses and
protection in mouse models (207, 208). Several other adjuvants
and advanced delivery systems with the potential to increase
efficacy of pneumococcal protein and peptide vaccines are in
pre-clinical development (179).

The adjuvant 1018, containing a TLR9 agonist, has been
recently approved by the FDA in the context of a hepatitis B
vaccine. Primary vaccination of healthy individuals between 40
and 70 years of age led to higher seroprotection and antibody
titers after a 2-dose regimen at 0 and 4 weeks compared to the
licensed alum-adjuvanted vaccine containing the same antigen
amount (20 µg HBsAg) applied three times at weeks 0, 4, and
24 (209). Although seroprotection rates were lower in the 60 to
70 year old participants, levels were still higher with the 1018
containing vaccine compared to alum (210).

Activation of Cell-Mediated Immune
Responses
Reinforcing the cellular immune responses after immunization
may be worthwhile for specific pathogens. In case of influenza,
CD8+ responses target highly conserved protein epitopes and
are therefore naturally heterosubtypic (211). Therefore, utilizing
reverse vaccinology approach to identify a peptides targeting and
promoting cross-reactive effector and memory CD8+ responses
could be promising to attain better protection even in already
primed individuals. CD4+ lymphocytes also play an important
role in influenza infection as they provide help to B and
CD8+ cells as well as by mediating cytotoxic activity (212).
Especially preexisting influenza-specific CD4+ T cells against
conserved internal proteins could limit virus replication and
alleviate symptoms (213). CD4+ cells also might undergo
imprinting that possibly influences their lung homing capacity
and therefore effector function upon influenza infection (214).

Since T cell responses have non-sterilizing effects on influenza
it will be important to generate influenza vaccines that promote
both humoral and cellular responses to reach high levels of
protection. This could be achieved by vector-based vaccines
with adenovirus and modified vaccinia virus Ankara, which are
already in clinical testing and might also be combined with
seasonal influenza vaccines (212). Although these vaccines are
attenuated or even replication deficient some are considered
as live vaccines, which would limit their use for certain risk
groups. In addition, preexisting immunity to the vector might
hamper immune responses toward the target (215). Vector-based
approaches using e.g., recombinant Mycobacterium bovis BCG
strains, attenuated Salmonella strains or lactic acid bacteria have
also been tested for pneumococcal vaccine (216, 217). In addition
to protein-specific antibodies, CD4+ T cell responses might play
an important role for protection against pneumococcal disease.
It has been postulated that Th17 T cells are responsible for
preventing colonization, whereas antibodies are more important
in preventing invasive disease (216). The frequency of tonsillar
regulatory T cells is lower and the number of Th17 T cells
is higher in young adults compared to children. At the same
time, the rate of pneumococcal carriage decreases with age (218).
No data are available on older adults yet. In a mouse model,
Th17 cells producing IL-17 are generated during pneumococcal
infection and are responsible for subsequent protection against
heterologous strains (219). Therefore, vaccines eliciting mucosal
protein-specific Th17 responses might be a promising strategy
toward a universal pneumococcal vaccine. Several vaccine
candidates have been demonstrated to elicit Th17 biased T cell
responses, which prevent pneumococcal colonization of mice
(207, 220).

Modification of the Vaccine Response by
Senolytic and Immunomodulatory Drugs
A new strategy to overcome age-related changes in immune
responses has emerged by studying small molecules that
either lead to apoptosis of senescent immune cells or exhibit
immunomodulatory effects (221, 222). Studies so far focused
on chronic diseases affecting the older population and were
mainly performed in animal models. It was speculated that
these drugs might increase immune responses to vaccines and
results will help to understand which cytokine networks and/or
signal transduction pathways could be exploited to optimize
vaccine responses in the older adults. First results in humans are
promising as daily treatment with a combination of two mTOR
inhibitors enhanced antibody titers against all three strains of a
trivalent influenza vaccine by more that 20% in individuals aged
above 65 years (223).

CONCLUSION AND OUTLOOK

Not everybody responds to vaccines in the same way. The
concept of personalized vaccinology -similar to personalized
therapies in cancer patients- has been discussed extensively
over the last years (224–226). Defining optimal vaccination
(dose, route of administration, adjuvant etc.) for everybody
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FIGURE 1 | Challenges and opportunities of vaccination in old age. The older population is at increased risk for infections and severe course of disease, while
immune responses to infections, and vaccines are impaired. Several factors, such as immunosenescence, underlying chronic diseases and medications as well as
the history of previous infections and vaccinations influence the risk for the individual and lead to heterogeneity within this age group. Current vaccines for the older
population are an efficient measure for preventing infectious diseases, but there is still much room for improvement. For optimal protection of the older population
improved vaccines need to be developed. This includes the use of adjuvants, vaccines against additional pathogens, universal vaccines targeting variable
pathogens, induction of cellular immune responses, mucosal delivery, and the prevention of immunosenescence. Of equal importance are strategies to improve
vaccination. Optimal vaccine schedules and improved vaccination coverage rates are essential to maximize the benefit we draw from vaccination. Public awareness
and knowledge as well as easy access to vaccination are crucial to reach these goals.
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individually, seems to be a promising strategy to ensure optimal
protection with minimal side effects for everybody. However,
there is still a long way to go to reach this goal. Systems
biology and Omics-technologies have been employed to study
individual vaccine-induced immune responses in detail and
to identify common patterns (227, 228). Several studies were
performed to identify predictive markers for vaccination success.
Inflammatory responses and augmented B cell responses before
vaccination were moderately accurate predictors of poor or
stronger responses of older adults to Hepatitis B vaccination,
respectively (229). Several T cell parameters including regulatory
and PD-1 expressing T cells were identified as predictors for
VZV-specific T cell responses induced by the live-attenuated
VZV-vaccine (230). In middle-aged adults, naïve and regulatory
T cells as well as low IL-1Ra levels were suggested as predictive
markers for antibody responses after primary meningococcal
vaccination (231).

There is still a lot of room for improving vaccination for
the older population (Figure 1). Novel vaccines are needed to
target the many infectious diseases causing substantial morbidity
in the older population, for which no vaccines are available
so far. Respiratory syncytial virus (RSV) causes severe lower
respiratory tract infections in vulnerable groups, such as infants
and older adults. Several vaccine candidates have been shown
to be immunogenic and safe, but failed to provide protection
for older adults in clinical trials (232). Novel vaccine candidates
might be developed based on recent discoveries regarding the
structure of RSV proteins and the specific immune responses
required for protection. Nosocomial infections are frequent in
the older population and increasing rates of antibiotic resistance
are a tremendous concern. Vaccines against these pathogens (e.g.,
Clostridium difficile, Staphylococcus aureus etc.) could have a
substantial impact and are extensively studied (233). In addition,
vaccines against many more pathogens, such as Candida spp.,
E. coli causing recurrent urinary tract infections etc. would be
highly desirable and are under development (234, 235). Various
approaches to improve the vaccines currently recommended and
used for the older population have been discussed in detail
above and many more are in early stages of development.
A more detailed knowledge about age-related changes of the
immune system will enable us to rationally design vaccines, which
specifically target the aged immune system and are hopefully

able to overcome its limitations. However, it needs to be pointed
out that a first step toward improving protection of the older
population is the optimal use of the currently available vaccines.
Since antibody levels decrease faster in the elderly (236, 237,
240), some countries recommend shorter booster intervals for
several routine vaccines (diphtheria, tetanus, pertussis, hepatitis
B, tick-borne encephalitis) for older adults (238). However,
primary vaccination schedules are usually not adapted for older
adults, with the exception of a 3 + 1 scheme for tick-borne
encephalitis vaccination in Sweden for those over 50 years (239).
Additionally, more data are required on how primary and booster
vaccinations perform in older patients with underlying chronic
diseases that could result in lower vaccine responses and therefore
protection. But even perfectly designed vaccines can only work,
when administered to the population. Low vaccination coverage,
although heterogeneous amongst countries, is still a major
limitation. In order to provide immunity and protection of
the individual and to establish herd immunity where applicable
vaccination coverage rates need to be increased. Approaches to
achieve this would include financial coverage and easy access.
Additionally, awareness needs to be raised that vaccination
is important for all age groups, which could be attained by
education of medical personnel and decision makers as well as
increasing health literacy in the general public. Finally, clear
recommendations, ideally harmonized within Europe, would
be helpful to guide those who administer vaccines and to
improve acceptance.
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The Ratiometric Transcript Signature
MX2/GPR183 Is Consistently
Associated With RTS,S-Mediated
Protection Against Controlled Human
Malaria Infection
Ying Du 1, Ethan G. Thompson 2, Julius Muller 3, Joseph Valvo 2, Jackie Braun 2,

Smitha Shankar 2, Robert A. van den Berg 4, Erik Jongert 5, Drew Dover 1, Jerald Sadoff 6,

Jenny Hendriks 6, Malcolm J. Gardner 7, W. Ripley Ballou 4, Jason A. Regules 8,

Robbert van der Most 5, Alan Aderem 1, Christian F. Ockenhouse 9, Adrian V. Hill 3,

Ulrike Wille-Reece 9 and Daniel E. Zak 2*
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The RTS,S/AS01 vaccine provides partial protection against Plasmodium falciparum

infection but determinants of protection and/or disease are unclear. Previously, anti-

circumsporozoite protein (CSP) antibody titers and blood RNA signatures were

associated with RTS,S/AS01 efficacy against controlled human malaria infection (CHMI).

By analyzing host blood transcriptomes from five RTS,S vaccination CHMI studies,

we demonstrate that the transcript ratio MX2/GPR183, measured 1 day after third

immunization, discriminates protected from non-protected individuals. This ratiometric

signature provides information that is complementary to anti-CSP titer levels for

identifying RTS,S/AS01 immunized people who developed protective immunity and

suggests a role for interferon and oxysterol signaling in the RTS,S mode of action.

Keywords: malaria vaccines, clinical immunology, vaccine correlates, human challenge, systems vaccinology,

interferon response

BACKGROUND

Considerable progress has been made in the development of malaria vaccines (1). The most
clinically advanced of these is subunit-based RTS,S/AS01 (“RTS,S”), which protects against
infection in controlled human malaria infection (CHMI) studies (2–6) and against malaria disease
in clinical trials in Africa (7). While anti-circumsporozoite protein (CSP) antibodies correlate with
early protection (8), robust correlates of RTS,S efficacy have not been defined. Deep immunological
analysis of controlled human infection models provides an ideal setting for the delineation of
correlates of vaccine efficacy (9). In the specific case of malaria, CHMI studies capture a subset
of mechanisms that impact malaria vaccine efficacy in practice and therefore constitute a crucial
translational bridge for rapidly transitioning novelmalaria vaccine concepts from controlled animal
models to humans (10).
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For a wide variety of vaccines and vaccine candidates, analysis
of blood transcriptional profiles after vaccination has revealed
adjuvant-specific patterns of innate immune activation and
inflammation that, in some instances, correlate with vaccine
immunogenicity and/or efficacy (11–16). Previous analyses
of transcriptional responses after RTS,S vaccination revealed
strong AS01-driven peripheral innate immune activation and
candidate protection-associated signatures for individual studies
(17–21). While biomarker development and understanding of
pathogenesis for other infectious diseases have been accelerated
by multi-cohort transcriptional analyses (22–25), a multi-study
transcriptional analysis of RTS,S-mediated protection in CHMI
has not been undertaken. Identification of simple, yet robustly
predictive, signatures of RTS.S clinical activity would facilitate
evaluation of additional alternative malaria vaccine regimens,
providing preclinically testable hypotheses about the RTS,S mode
of action and refining candidate correlative variables for testing in
field studies.

To identify robust correlates of RTS,S-mediated protection,
we compiled blood transcriptome data from all RTS,S CHMI
trials that, to our knowledge, had this data available or had blood
samples available that could be used to generate transcriptomic
data. In total, we compiled microarray data from four RTS,S
CHMI studies, generated new RNA-sequencing data for one of
these, and generated RNA-Sequencing data for another study.
Each of these five independent studies evaluated the most
commonly employed RTS,S regimen of 3 monthly 50 µg doses
of RTS,S/AS01 (termed “RRR” herein) as well as alternative
regimens involving RTS,S. As each study involved relatively small
numbers of volunteers, it was not possible to identify robust
signatures by conventional training/test splits for signature
discovery and validation. Instead, we employed multivariate
modeling of pre-challenge data from RRR recipients to first
identify a set of candidate signatures that were then evaluated
using data from alternative regimen recipients. This analysis
identified a two-transcript ratiometric signature that consistently
discriminates RTS,S vaccine recipients that will be protected from
P. falciparummalaria challenge.

METHODS

Written informed consent was obtained from each subject
before study procedures were initiated. All laboratories received
deidentified samples and performed tests according to protocol,
and therefore their work was IRB-exempt.

Generation and Compilation of Host Blood
Gene Expression Profiles From Five
Independent RTS,S CHMI Studies
The following studies with blood transcriptome
data were analyzed (summarized in Figure 1A and
Supplementary Tables 1, 2): Study 1 (2), Study 2 (3), Study
3 (4), Study 4 (5), and Study 5 (6). Each study includes an “RRR”
RTS,S/AS01 arm (3 monthly 50 µg doses of RTS,S/AS01B),
and at least one alternative arm in which vaccine doses,
adjuvant, schedules, and/or modes of antigen presentation were

modified. PBMC microarray data for Study 1 and Study 2 were
obtained from Array Express E-MTAB-4629 (19) and GEO
GSE89292 (18), respectively. PBMC RNA-Seq data for Study 2
and 3 were generated and processed using standard methods
(26–29) (Supplementary Methods #1) and deposited into
GEO (GSE103401 and GSE102288, respectively). Whole blood
microarray data for Study 4 and Study 5 were obtained from
GSE103862 and GSE103874, respectively. Data were normalized
using standard methods (26–29) (Supplementary Methods #1)
and integrated in terms of gene symbols after normalization
(Supplementary Methods #1). For all studies with pre-existing
data, all available data that passed quality control was used
in the analyses; for studies with newly-generated RNA-Seq
data, all samples with sufficient RNA were submitted for
sequencing, and all samples with RNA-Seq data that passed
quality control were analyzed. No subselection of samples or
participants was performed; the number of data points for
each condition are enumerated in Supplementary Table 2.
The final 5-study integrated dataset was deposited into GEO
(GSE107672). Expression patterns for transcriptional modules
were derived using published module definitions (13, 30–32)
(Supplementary Methods #2; Supplementary Table 4).

Quantitative Real-Time PCR
To assess the veracity of the new RNA-Seq data generated
for Study 2 (3) and Study 3 (4), we performed multiplex
quantitative real-time PCR (qRT-PCR) on a panel of 31 genes
with roles in the inflammatory, immune response, and other
diverse functions. Reference (“housekeeping”) genes for internal
normalization of the PCR data were identified from the RNA-
Seq data by minimizing the coefficient of variation. Genes and
corresponding commercial TaqMan primer/probe sets (Thermo
Fisher Scientific) are listed in Supplementary Table 3. qRT-
PCR data was generated using the BioMark HD multiplex
microfluidic instrument (Fluidigm, Inc.) in 48 sample X 48
assay multiplex format, as described (33). Data was normalized
using the delta-delta cycle threshold (Ct) method (34), using
the average Ct of the reference genes for standardization.
This analysis was performed using backup or excess RNA
samples that remained after completing transcriptomics and
comprised 38 samples from Study 2 (21 participants at pre-
vaccination and/or the day of the 3rd vaccination) and 110
samples from Study 3 (33 participants at one or more of
the following five time points: pre-vaccination, the day of the
third vaccination, 3 or 14 days after the third vaccination,
and/or the day of challenge). One-sided Spearman rank
correlation analysis was used to compare qRT-PCR data to
the other platforms for individual genes or z-transformed
datasets overall.

Statistical Tests
The modeling strategy is shown in Figure 1A. Although
a variety of time points post-vaccination were profiled in
each study, the only time points consistently profiled in
all five studies were pre-vaccination and 24 h after the
3rd vaccination (Supplementary Table 2). For this reason,
analyses were performed using log2 fold-changes computed
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FIGURE 1 | Identification of the ratiometric transcript signature MX2/GPR183 as a consistent discriminator for RTS,S vaccine recipients that will be protected from

CHMI. (A) RTS,S CHMI studies evaluated and analysis schematic. Pre- and post-challenge blood transcriptomes from five independent RTS,S vaccination CHMI

studies were integrated and interrogated for transcript signatures that consistently discriminate vaccine recipients that would be protected from those who would not

be protected. The first stage of the analysis (left) involved discovery of signatures through analysis of RRR regimen RTS,S recipients. These signatures were then

evaluated using data from recipients of alternative vaccine regimens involving RTS,S (right). Prot, binary protection variable (protected or not). BTM, blood

transcriptional module. Definition of vaccine regimens: RRR, 3 monthly 50 µg doses of RTS,S/AS01; RRR_AS02A, 3 monthly 50 µg doses of RTS,S/AS02A; ARR,

One dose with Ad35.CS.01 followed 1 month later by 2 monthly doses of 50 µg RTS,S/AS01; RRr, 2 monthly doses of 50 µg RTS,S/AS01 followed 5 months later by

a third dose of 10 µg RTS,S/AS01; G2, 2 monthly 50 µg doses of RTS,S/AS01 followed 1 month later by a 10 µg dose of RTS,S/AS01; G3, a 50 µg dose of

RTS,S/AS01 co-administered with ChAd63 ME-TRAP followed 1 month later by 2 monthly doses of 50 µg RTS,S/AS01 co-administered with MVA ME-TRAP; G4, a

50 µg dose of RTS,S/AS01 co-administered with ChAd63 ME-TRAP followed 1 month later by a 50 µg dose of RTS,S co-administered with MVA ME-TRAP followed

1 month later by a 10 µg dose of RTS,S co-administered with MVA ME-TRAP. (B,C) Scatterplots for log2 fold-changes in MX2 plotted against log2 fold-changes in

GPR183 for recipients of RRR regimen RTS,S (B) or alternative regimen RTS,S (C). Fold-changes were computed comparing expression levels on Day 1 post-3rd

vaccination compared to pre-vaccination values. For visualization purposes, the log2 fold-changes for GPR183 were transformed to study-adjusted values

(“GPR183*”) using parameter estimates from the logistic regression models (Supplementary Methods). Colors indicate whether the participants were protected

(blue) or not protected (red) after CHMI. Shapes indicate study and vaccine arm. For (B) upside-down triangles, Study 1 microarray; circles, Study 2 microarray;

triangles, Study 3 RNA-Seq; squares, Study 4 microarray; and diamonds, Study 5 microarray data. For (C) circles, Study 2 ARR microarray; triangles, Study 3 RRr

RNA-Seq; diamonds, microarray data from Study 5 G2; and squares, Study 5 G3. Dashed line indicates the decision boundary that maximizes the sum of sensitivity

and specificity.

between these two time points. Logistic regression (LR)
was used to model challenge outcome (protected or not
protected) as a function of transcriptional readouts and
categorical study terms and significance of discrimination

was assessed using Chi-squared tests. Discrimination accuracy
was assessed using overall and study-specific ROC AUCs.
These analyses were first performed for recipients of the
RRR regimen using modules, individual transcripts, ratios
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FIGURE 2 | MX2/GPR183 is a transcriptionally dynamic signature that complements anti-CSP titers for identifying which RTS,S vaccine recipients will be protected

from CHMI. (A) RNA-Seq temporal profile for log2 fold-changes in the MX2/GPR183 expression ratio for RRR regimen RTS,S in Study 2. Magenta lines indicate

participants that were not protected, green lines indicate participants that were protected after challenge. Shaded areas indicate 90% confidence intervals for linear

mixed models for protected and non-protected vaccine recipients. RTS,S vaccinations were performed on D0, D28, and D56; CHMI was performed on D77. The

shaded area highlights D57, which for RRR corresponds to Day 1 after the third vaccination which is the time point used to identify the Log2(MX2/GPR183) as being

consistently associated with RTS,S-mediated protection. (B,C) Scatterplots of Z-transformed day-of-challenge anti-CSP (repeat region) titers plotted against log2

fold-changes for the MX2/GPR183 ratio for recipients of RRR regimen RTS,S (B) or alternative regimen RTS,S (C). Fold-changes for MX2/GPR183 were computed

comparing expression levels on Day 1 post-3rd vaccination compared to pre-vaccination values. For visualization purposes, the log2 fold-changes for MX2/GPR183

were transformed to study-adjusted values (“MX2/GPR183*”) using parameter estimates from the logistic regression models (Supplementary Methods). Colors

indicate whether the participants were protected (blue) or not protected (red) after CHMI. Shapes indicate study and vaccine arm. For (B) circles, Study 2 microarray;

triangles, Study 3 RNA-Seq; squares, Study 4 microarray; and diamonds, Study 5 microarray data. For (C) circles, Study 2 ARR microarray; triangles, Study 3 RRr

RNA-Seq; diamonds, microarray data from Study 5 G2; squares, microarray data from Study 5 G3. Dashed line indicates the decision boundary that maximizes the

sum of sensitivity and specificity.

between modules, and ratios between transcripts and modules
as transcriptional readouts (Supplementary Methods #3). As
PBMC transcriptomes for Study 2 participants were analyzed
by both microarray and RNA-Seq, parallel analyses were
performed in which Study 2 data from either platform
were modeled with the other studies and worst-case p-
values and ROC AUCs for the two analyses were taken
as summary statistics. Significant transcript/module ratios
were expanded to transcript/transcript ratios by evaluating
all members of the modules and retaining those that passed
the original filtering criteria. Surviving transcript/transcript
ratios were evaluated on data for alternative RTS,S regimens
(Supplementary Methods #4). Complementarity between the
top transcript ratio (MX2/GPR183) and anti-CSP titers for

predicting challenge outcome was assessed by Chi-squared test

comparing LR models containing terms for study and anti-
CSP titers to models containing the transcript ratio, study, and
anti-CSP terms (Supplementary Methods #5). For all analyses,
p-values were adjusted using the Benjamini-Hochberg false
discovery rate (FDR) algorithm.

Assessment of RNA/Protein Correlations
Using Pre-existing Proteogenomic
Datasets
We mined three public proteogenomic datasets to determine
whether transcript and protein levels of MX2 and GPR183 were
generally correlated across diverse human tissue samples. The
first was a breast cancer cohort (35) in which transcript and
protein (MX2) or phosphopeptide (GPR183:S343) levels were
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FIGURE 3 | Mining public proteomic and public single-cell RNA-Seq datasets provides support for protein/RNA correlations and cell type-specific expression of MX2

and GPR183. (A,B) Correlations between protein or phosphopeptide abundance and transcript abundance across diverse breast cancer tissues (35). (A) Correlation

between MX2 protein abundance and MX2 transcript (Spearman Rho = 0.58, p = 2.4 × 10−8, N = 77). (B) Correlation between GPR183:S343 phosphopeptide

abundance and GPR183 transcript (Spearman Rho = 0.60, p = 3.8 × 10−6, N = 49). Data from Mertins et al. (35) was obtained through the data portal provided

(http://prot-shiny-vm.broadinstitute.org:3838/CPTAC-BRCA2016/). (C,E) Expression of MX2 and GPR183 in individual PBMC cells measured by single-cell RNA-Seq

reported in Liu et al. (38). (C,D) t-distributed stochastic neighbor embedding (t-SNE) scatterplots demonstrating that MX2 (C) is detected sporadically in many

lineages, while GPR183 (D) is enriched in clusters annotated as DCs, pDCs, B cells, and CD4+ T cells. (E) Dotplot depicting frequency of MX2 and GPR183

expression specific annotated cell lineages. Numbers and circle sizes depict the percentages of cells from a given linege are positive for a given marker. (F–H)

Expression of MX2 and GPR183 in individual DCs and monocytes measured by single-cell RNA-Seq reported in Villani et al. (39). (F–H) t-SNE scatterplots

demonstrating that MX2 (F) is frequently detected in all lineages, while GPR183 (G) is enriched in all DC clusters (except DC4) but not monocytes. (H) Summary

dotplot depicting average transcript levels (color) and frequency of detection (numbers) for MX2 and GPR183 in DC and monocyte lineages. For (C–H), data and

visualizations were obtained from the Broad Single Cell portal (https://singlecell.broadinstitute.org/single_cell).

available for 77 patients via a web-based portal (http://prot-
shiny-vm.broadinstitute.org:3838/CPTAC-BRCA2016/). The
second was a large cohort of hepatitis B virus (HBV)-related
hepatocellular carcinoma (HCC) patients (36) for whom
transcript and protein (MX2) or phosphopeptide (GPR183:
S328, S333, S337, and S343) levels were available. Data for this
cohort was obtained from the manuscript online supporting

material and associated database and consisted of 298 paired
samples after excluding samples with ambiguous matches or
mismatches between the metadata gender or inferred gender
from the transcriptomics. The third study assessed a panel of 29
healthy tissue samples by paired transcriptomics and proteomics
(37). Data for proteomics and transcriptomics for both
MX2 and GPR183 was obtained from the manuscript online
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supporting material. One-sided Spearman rank correlation
analysis was performed for all RNA vs. protein or RNA vs.
phosphopeptide comparisons.

Assessment of Gene Expression in
Immune Cell Populations Using
Pre-existing Single Cell RNA-Seq Datasets
Previously-published single-cell RNA-Seq data from human
PBMCs (38) and human blood dendritic cell (DC) and monocyte
populations (39) was mined to determine potential cellular
origins of the MX2 and GPR183 transcripts in blood. For both
studies, processed data and t-distributed stochastic neighbor
embedding (t-SNE) (40) visualizations of annotated cell clusters
were obtained through the Broad Single Cell Portal (https://
singlecell.broadinstitute.org/single_cell).

RESULTS

We compiled microarray datasets and generated new RNA-
Seq datasets for blood samples from all RTS,S-based CHMI
studies that, to our knowledge, either had this data available
or had materials available to generate this data: Study 1 (2),
Study 2 (3), Study 3 (4), Study 4 (5), and Study 5 (6). In
total 86 and 124 volunteers were profiled that had received
RRR or alternative regimen RTS,S, respectively (Figure 1A;
Supplementary Tables 1, 2) and underwent controlled malaria
challenge. To confirm the veracity of the new RNA-Seq data
that was generated for Study 2 and Study 3, we performed
multiplex qRT-PCR analysis of a panel of 31 genes with roles
in the inflammatory, immune response, and other diverse
functions (Supplementary Table 3) for a subset of time points
and participants. Gene-level correlations between qRT-PCR
and RNA-Seq were statistically significant and generally high
magnitude for both Study 2 (median Spearman Rho = 0.75,
IQR = 0.63–0.84) and Study 3 (median Spearman Rho = 0.83,
IQR = 0.73–0.91) (Supplementary Table 3). Furthermore,
overall correlations between matching z-transformed qRT-PCR
and RNA-Seq datasets were significant and high magnitude
(Study 2: Spearman Rho = 0.74; Study 3: Spearman Rho =

0.81) (Supplementary Figure 1). To facilitate interpretation
of the high dimensional transcriptomics data, we determined
which pre-defined blood transcriptional modules (BTMs,
Supplementary Methods #2) were coherently expressed across
all studies (Supplementary Table 4; Supplementary Figure 2),
revealing many modules previously found to be differentially
expressed after RTS,S vaccination such as interferon
response (17–20).

We next determined whether post-vaccination/pre-challenge
expression profiles could discriminate protected from non-
protected RRR vaccine recipients. These analyses were
performed using fold changes comparing expression levels 1 day
after the 3rd immunization (“D1-post-3rd”) to pre-vaccination
levels, as these time points were assessed in all five studies
(Supplementary Table 2). Analysis of this particular fold-change
also has the advantage of potentially capturing both vaccine
adjuvant-driven innate immune responses and vaccine antigen-
driven adaptive immune recall responses that were primed by

the first two doses. While low accuracy discrimination was
achieved for transcriptional signatures comprised of individual
modules, individual transcripts, or ratios between pairs of
modules (Supplementary Table 5), moderate but consistent
discrimination accuracy (min(ROC AUC) > 0.65) across all
studies and platforms was achieved by considering ratios
between modules and transcripts, with 241 transcript/module
signatures surviving multiple testing correction at FDR
= 20.1 % (Figure 1A, Supplementary Table 6). The most
discriminatory signatures were ratios between the microfibrillar
transcript MFAP3 and lymphoid lineage (overall ROC AUC
= 0.74, FDR = 20.1%), and ratios between the oxysterol
receptor GPR183 and innate immunity/interferon- modules
(overall ROC AUC = 0.74, FDR = 20%). The top five most
frequently selected transcripts (GPR183, AGPAT4, NLRP3,
RIPK2, and TNF) were paired with interferon response
(Supplementary Figure 3). Given that the transcriptional
modules are each comprised of multiple transcripts
(Supplementary Methods #2; Supplementary Table 4) we
expanded the transcript/module ratios into transcript/transcript
ratios (Supplementary Methods #3) to enable future adaptation
to alternative platforms (such as transcript-based quantitative
PCR). At the original significance thresholds (p < 0.0025, FDR
= 20.1%) 247 transcript/transcript signatures were obtained
(Supplementary Table 7) and are depicted as a Cytoscape
interaction network (41) in Supplementary Figure 4.

We tested the 247 transcript ratio signatures for ability
to discriminate protected from non-protected recipients

of alternative RTS,S regimens (Supplementary Tables 1,

2) constructing the validation testing strategy to the

detect transcript ratio signatures that were discriminatory

for most (but not necessarily all) of the modified
regimens (Supplementary Methods #5). The top signature

resulting from the analysis was the ratio between MX2

(an interferon response module transcript) and the
oxysterol receptor GPR183. MX2/GPR183 achieved

discrimination for alternative RTS,S regimen recipients
in Study 2 (“ARR”), Study 3 (“RRr”), and Study 5
(“G2” & “G3”) in a manner consistent with the RRR
regimen recipients (Figures 1B,C; Supplementary Table 8;
Supplementary Figures 5, 6). For both the RRR regimen
and these alternative regimens, patients that exhibited higher
D1 post-3rd fold-changes in the MX2/GPR183 ratio were
more likely to be protected after challenge (Figures 1B,C;
Supplementary Figure 5).

MX2 is a canonical interferon-response gene and belongs
to several innate immune response and interferon-associated
transcriptional modules [Supplementary Table 4 (13, 31, 32)]
that can be induced by a variety of vaccine adjuvants and
inflammatory stimuli. Even though RTS,S/AS01 vaccination
led to robust induction of these modules after each vaccination
(Supplementary Figure 2), the fold changes for these modules
at 24 h post-3rd vaccination were not consistently associated
with protection against CHMI for RRR recipients, with the
two best performing MX2-containing modules achieving
minimum ROC AUC across RRR cohorts of 0.59 and 0.52 for
“M165_ENRICHED IN ACTIVATED DENDRITIC CELLS (II)”
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(13) and “HALLMARK_INTERFERON_GAMMA_RESPONSE”
(32), respectively (Supplementary Table 5). Furthermore,
comparing the fit of logistic regression models to the entire
dataset (RRR + alternative RTS,S regimen recipients) showed
that the MX2/GPR183 ratio appreciably outperformed
the individual genes MX2 and GPR183 as well as three
top-performing interferon-response-associated modules
(“HALLMARK_INTERFERON_GAMMA_RESPONSE,”
“HALLMARK_INTERFERON_ALPHA_RESPONSE,” and
“M165_ENRICHED IN ACTIVATED DENDRITIC CELLS (II)”)
(Supplementary Figure 7).

Analysis of the fold-change profile of MX2/GPR183 at
additional time points suggested broad discrimination
post-vaccination and post-challenge, including D1 post 2nd
vaccination, the day of the 3rd vaccination, 3 days after 3rd
vaccination, and 5 days after challenge (Supplementary Table 9).
Within densely-profiled Study 2, MX2/GPR183 exhibited
complex kinetics (Figure 2A) that derive from variable patterns
of down-regulation of GPR183 and consistent up-regulation of
MX2 (Supplementary Figure 8). Interestingly, analysis of pre-
vaccination expression profiles suggested a baseline association
between the MX2/GPR183 ratio and protection, but this trend
was not observed consistently (e.g., the Study 4 ROC AUC
obtained using baseline MX2/GPR183 expression was 0.41,
which is markedly reduced compared to the Study 4 ROC AUC
of 0.74 obtained using the fold change, Supplementary Table 9).

Given that anti-CSP titers induced after RTS,S vaccination
are associated with protective responses (8), we tested whether
combining this measurement with the MX2/GPR183 ratio
significantly improved discrimination. For both RRR and
alternative regimens, including MX2/GPR183 fold changes
at Day 1 post-3rd vaccination with day of challenge anti-
CSP titers led to statistically significant improvements in
discrimination between protected and non-protected vaccine
recipients compared to anti-CSP titers alone (p = 0.005 and
0.003 for RRR and alternative regimens, respectively; Figure 2;
Supplementary Figure 9). Importantly, the MX2/GPR183
expression ratio and anti-CSP titers are not correlated for either
RRR or alternative regimens, suggesting that these two readouts
capture distinct aspects of the RTS,S-driven immune response.

The practical utility of the MX2/GPR183 signature for
assessing immune responses in future malaria vaccine and CHMI
studies is reinforced by the ability to measure it using various
platforms, given that it was discovered through integrated
analysis of cohorts employing three different transcript profiling
platforms and two sample types (PBMCs and whole blood),
and that the overall veracity of the RNA-Seq measurements
used for discovery of the signature was confirmed by qRT-
PCR (Supplementary Figure 1). As a further examination of the
cross-platform concordance for MX2/GPR183 quantification,
we directly compared 613 samples from Study 2 that were
assessed by both RNA-Seq and Affymetrix microarrays. Cross-
platform correlations for MX2, GPR183, and MX2/GPR183
were high (Spearman rho = 0.96, 0.86, and 0.92, respectively,
Supplementary Figure 10), which is remarkable given that the
two platforms do not target the same region of either transcript
(whole-transcript quantification by RNA-Seq, 3′ transcript
targeting by Affymetrix microarray).

Further functional interpretation of the MX2/GPR183
signature for RTS,S induced immune responses requires
confirmation that the transcript levels of MX2 and GPR183
are representative of cognate functional protein levels and
identification of the specific immune cell populations from
which the signature derives. While material constraints prohibit
proteomic and single-cell assessments of samples from the
five CHMI clinical trials analyzed herein, we mined public
proteogenomic and single cell RNA-Seq datasets to inform
these considerations for MX2 and GPR183. For protein/RNA
correlations, we analyzed data from studies that performed
paired transcriptomic and proteomic/phosphoproteomic
analysis of human tissues from large scale breast cancer (BrCa)
(35), hepatocellular cancer (HCC) (36), or healthy tissue (HT)
(37) cohorts (Figures 3A,B). MX2 protein was detected in
all three datasets and strong protein/RNA correlations were
observed: Spearman Rho for BrCa = 0.58 (p = 2.4 × 10−8, N =

77, Figure 3A); for HCC = 0.62 (p = 0, N = 298); and for HT =

0.71 (p= 7.5× 10−6, N = 29). MX2 (S676) phosphopeptide was
also detected in the BrCa and HCC cohorts and was correlated
with MX2 transcript in both cases: Spearman Rho for BrCa =

0.46 (p = 2.9 × 10−5, N = 73); and for HCC = 0.58 (p = 2.3 ×
10−21, N = 222). GPR183 bulk protein was detected only in the
HT cohort and was correlated with GPR183 transcript: Spearman
Rho = 0.43 (p = 0.01, N = 29). GPR183 phosphopeptides were
detected in both BrCa andHCC cohorts and were correlated with
GPR183 transcript in all cases: Spearman Rho for GPR183:S343
in BrCa = 0.60 (p = 3.8 × 10−6, N = 49, Figure 3B); and
Spearman Rho in HCC for GPR183:S343 = 0.39 (p = 1.6 ×

10−9, N = 212), for GPR183:S328=0.49 (p = 1.6 × 10−15, N =

232), for GPR183:S333 = 0.46 (p = 4.8 × 10−14, N = 232), and
for GPR183:S337= 0.49 (p= 8.0× 10−20, N = 298).

To gain insight into the immune cell populations expressing
MX2 and GPR183, we mined data from single cell RNA-Seq
analyses of human PBMCs (38) and human blood dendritic
cell (DC) and monocyte sub-populations (39). MX2 exhibited
moderately enhanced expression in innate immune cells
compared to other PBMCs (Figures 3C,E) but did not exhibit
preferential expression between DC or monocyte subpopulations
(Figures 3F,H). In contrast, GPR183 displayed preferential
expression in DCs, plasmacytoid DCs (pDCs) and, to a lesser
extent, B cell and CD4+ T cells compared to other PBMCs
(Figures 3D,E). Within DC and monocyte populations, GPR183
was abundantly expressed in all DC subpopulations except
monocyte-associated DC4 (39) and exhibited limited expression
in monocytes (Figures 3G,H).

DISCUSSION

RTS,S/AS01 is currently the most advanced subunit vaccine to
demonstrate protective efficacy against Plasmodium falciparum
(Pf ) infection, but the basis for protection is unclear (7).
Identification of predictive correlates for RTS,S efficacy could
enable accelerated malaria vaccine development by clarifying
additional protective immune responses and thereby facilitating
screening and differentiation of novel vaccine candidates. From
the integrated transcriptomic analysis of five independent CHMI
studies that evaluated the efficacy of RTS,S (2–6) we identified
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the transcript ratio MX2/GPR183 as a signature that consistently
discriminates protected from non-protected recipients of RRR
regimen and several alternative RTS,S regimens. Discovery
and assessment of the signature was made using fold-changes
computed between pre-vaccination and 24 h after the third
vaccination, the two time points that were consistently assessed
in all five studies (Supplementary Table 2). This time point may
nevertheless be advantageous because it has the potential to
capture both early inflammatory changes driven by the AS01
adjuvant and recall of adaptive immune responses primed by
the first two vaccinations. This conjecture is supported by
the observation that enhanced up-regulation of IFN-associated
signaling pathways is generally observed in adults after the
second dose of AS01-containing vaccines compared to the first
dose (42). While the association of MX2/GPR183 with RTS,S-
mediated protection against CHMI could not be assessed for
other time points for all of the studies, exploratory analysis
of the available data suggests that the association is not
restricted to 24 h after the third dose (Supplementary Table 9).
Notably, the MX2/GPR183 ratio provides information that is
complementary to and not redundant with, anti-CSP levels
for predicting which vaccine recipients will be protected—
with protected volunteers having relatively higher anti-CSP
levels and/or higher MX2/GPR183 fold-changes compared to
non-protected volunteers (Figures 2B,C). This result suggests
that MX2/GPR183 may capture other aspects of RTS,S-driven
immunity besides binding antibody titer, such as aspects of RTS,S
driven cellular immunity (43), and/or antibody post-translational
modifications and Fc effector function (44). Up-regulation of
MX2/GPR183 after vaccination with subunit vaccines for other
indications also may be associated with protective responses
if those same immune mechanisms are protective against the
relevant pathogen (for example,Mycobacterium tuberculosis).

These data support including quantitative PCR-based
assays targeting MX2 and GPR183 alongside assessments of
RTS,S-induced humoral and cellular immune responses within
biomarkers strategies for CHMI studies of novel vaccines
and RTS,S field trials to inform how other variables (such
as age and health status of the subject) influence RTS,S -
induced immunity. While material limitations precluded
qRT-PCR assessment of MX2/GPR183 in the CHMI studies
described herein, the discovery of MX2/GPR183 from
integrated analysis of three different transcriptomics platforms
(Supplementary Table 1), the overall concordance between
Study 2 and Study 3 RNA-Seq and qRT-PCR measurements
(Supplementary Table 3; Supplementary Figure 1), and
the very robust correlation between MX2, GPR183, and
MX2/GPR183 levels measured by RNA-Seq and Affymetrix
microarray in Study 2 (Supplementary Figure 10) support the
robustness of the signature. Furthermore, mining published
proteogenomic datasets for healthy tissues (37) and tumor
tissues (35, 36) from indications with appreciable immune
cell involvement (45, 46) revealed significant and consistent
correlations between protein (or phosphopeptide) levels
and RNA levels for both MX2 and GPR183 (Figures 3A,B),
suggesting that protein-based assessment of the MX2/GPR183
may be feasible.

Notably, signatures that consistently discriminated
protected from non-protected RTS,S recipients were only
identified when ratios between genes and transcriptional
modules were considered, not individual modules or genes
(Supplementary Tables 5, 6). This result suggests that a balance
between the implicated pathways, rather than the absolute
pathway activation levels, may be a determinant and/or readout
of RTS,S-induced protective immunity. The utility of signatures
based on transcript ratios or ensembles of transcript ratios has
been demonstrated for other infectious diseases (22–24, 26),
suggesting that assessing balance between biological process
captured by transcriptomics may be a broadly practical and
informative diagnostics strategy.

Given that MX2 is an exemplar interferon-response gene
(13, 31, 32) that is induced by numerous immunogenic
stimuli, with consistent induction after each dose of RTS,S
(Supplementary Figure 8B), a possible hypothesis is that
the MX2/GPR183 ratio simply represents generic adjuvant-
driven inflammation. This hypothesis is not supported by
our data, however, as the expression of interferon or innate
immune response modules by themselves were not consistently
associated with RTS,S-mediated protection against CHMI
(Supplementary Table 5; Supplementary Figure 7). While
activation of interferon response may be a necessary component
of an RTS,S protection signature, our data indicates that this
alone is not sufficient for consistent discrimination between
protected and non-protected volunteers across multiple studies.
This observation is consistent with the results of a detailed
comparative analysis of AS01 adjuvants that revealed that the
magnitude of the innate immune response did not correlate
with the subsequent adaptive immune response magnitude (42).
This is in contrast to prior studies of influenza vaccines, where
induction of interferon response genes generally correlated
with the humoral response (12, 14, 47). Indeed, the relationship
between the innate and adaptive immune responses triggered
by vaccines is likely to be vaccine-specific, given that these and
other varied and apparently contradictory associations have been
reported (11, 48, 49), and resolving the underlying circuitry is a
critical area of inquiry for systems analysis (50).

GPR183 (also known as EBI2), encodes a pleiotropic GPCR
that is both a negative regulator of interferon responses (51, 52)
and a chemotactic oxysterol receptor expressed on B cells and
T cells (53) and DCs (52, 54). A critical role for GPR183 in
B cell activation and germinal center development is suggested
by the requirement for GPR183 down-regulation for B cell
migration into central follicular areas, and defective antibody
responses in GPR183 deficient B cells (53). Furthermore,
GPR183 expression on T cells and DCs promotes appropriate
localization of these cells in lymphoid organs to promote CD4+

T cell responses (55, 56). By mining public data from two
proteogenomic tumor tissue analyses of tumor tissues (35,
36) we found that GPR183 phosphopeptides are frequently
detected and were significantly correlated with GPR183 RNA
in all instances (Figure 3B), adding a potentially novel post-
translational regulatory mode for GPR183 function that is
reflected in transcript profiles. Unlike MX2, which was induced
24 h after each RTS,S vaccination (Supplementary Figure 8B),
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GPR183 exhibited a complex expression response pattern that
differed for each dose, with GPR183 levels generally being lower
in volunteers that would ultimately be protected (Figures 1B,C;
Supplementary Figure 8A). To gain insight into the immune cell
populations in blood that may predominantly express GPR183,
we mined data from two published single cell RNA-Seq datasets
(38, 39). Consistent with the reported expression patterns (52–
54), GPR183 was preferentially expressed in DCs, B cells and
CD4T cells (Figure 3D), with DCs having the highest positivity
(42 and 37% for DCs and pDCs, respectively, Figure 3E).
Amongst blood DC and monocyte populations, GPR183 was
abundantly expressed in all but one of the six DCs populations
and more sporadically expressed in monocytes (Figures 3G,H).
Future single cell RNA-Seq or flow cytometry-based analyses of
RTS,S trials are needed to resolve whether changes in blood DC
populations (which are rare but express high levels of GPR183)
and/or changes in blood B cells and CD4+ T cells (which are
more common but express GPR183 less frequently) underlie the
expression changes observed in PBMCs and whole blood. In
either case, given the prominent role for GPR183 in immune
cell chemotaxis to lymphoid tissues, a plausible interpretation of
the reduced blood GPR183 RNA levels in protected individuals
would be enhanced migration that can lead to a more robust
adaptive immune response.

CONCLUSIONS

Through integrated transcriptomic analysis of five independent
CHMI studies we have identified a post-vaccination/pre-
challenge transcript ratio signature that consistently
discriminates protected from non-protected recipients of
RTS,S vaccination. This signature generates hypotheses about
the RTS,S clinical mode of action and complements anti-CSP
antibody levels for predicting which vaccine recipients will
be protected—thereby providing a convenient readout for
currently uncharacterized immune mechanisms that, together
with binding antibodies, protect against malaria challenge.
The relevance of the MX2/GPR183 ratio to RTS,S-mediated
protection against Plasmodium falciparum. nevertheless needs to
be assessed in real world settings in pediatric populations that
are subject to complex environmental factors and other variables
that influence the host:pathogen interface, including innate
immune responses triggered by exposure to the malaria parasite
itself (57).
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Supplementary Figure 1 | Overall correlation between quantitative real-time PCR

(qRT-PCR) and microarray or RNA-Seq data for Study 2 and Study 3. For a panel

of 31 genes with roles in the inflammatory, immune response, and other diverse

functions (Supplementary Table 3), qRT-PCR data was generated for 21

participants from Study 2 at up to two time points (pre-vaccination and day of 3rd

vaccination) and for 33 participants from Study 3 at one or more of 5 time points

(pre-vaccination, the day of the third vaccination, 3 or 14 days after the third

vaccination, and the day of challenge), giving a total of 1,178 data points for Study

2 and 3,410 data points for Study 3. For overall cross-platform comparisons,

normalized data on the log2 scale were z-transformed for each gene and then

combined. (A) Study 2 microarray vs. qRT-PCR (Spearman Rho = 0.73, p = 0, N

= 1178), (B) Study 2 RNA-Seq vs. qRT-PCR (Spearman Rho = 0.74, p = 0, N =

1178), (C) Study 3 RNA-Seq vs. qRT-PCR (Spearman Rho = 0.81, p = 0, N =

3410). Individual gene-level correlations are provided in Supplementary Table 3.

Supplementary Figure 2 | Temporal expression profiles for coherent

transcriptional modules in all studies. For each coherent module defined in

Supplementary Table 4, Log2 expression fold changes across all genes within

the module were computed for each volunteer at each time point. Time course

plots depict trajectories of module-average expression for each volunteer (thin

lines) and the overall averages across all volunteers. Shown is a representative plot

for an individual module (“HALLMARK_INTERFERON_GAMMA_RESPONSE”). For

the complete set of module expression profiles, please see:

Supplementary Tables 1–9.

Supplementary Figure 3 | Frequency of individual modules and transcripts in the

transcript/module ratios associated with protection after RTS,S vaccination. (A)
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Barplot depicting the number of significant transcript/module ratios in which

specific modules appeared. While a lymphoid lineage module was individually the

most frequent module, numerous antiviral/interferon response modules appeared

frequently (shown in green). (B) Barplot depicting the number of significant

transcript/module ratios in which specific transcripts appeared. The oxysterol

receptor GPR183 was the most frequently selected gene. (C) Heatmap depicting

the transcript/module ratios for transcripts and modules that were selected

frequently. The top 5 transcripts (GPR183, AGPAT4, NLRP3, RIPK2, and TNF)

appeared in significant ratios with interferon and viral response-associated

modules.

Supplementary Figure 4 | Network representation of 247 transcript/transcript

ratios that were selected based on consistent discrimination of protected from

non-protected recipients of alternative regimen RTS,S vaccination. Each node

(circle) represents an individual gene. The presence of an edge (line) between

nodes indicates that transcriptional fold-change ratios (Day 1 after 3rd vaccination

compared to pre-vaccination) between those genes consistently discriminate

protected from non-protected recipients of RRR regimen RTS,S

(Supplementary Table 7). Node color indicates whether the fold-change for the

gene is nominally higher in protected vaccine recipients (green) or non-protected

vaccine recipients (red). Node size is proportional to the number of ratios that the

particular gene appears in. Network visualization was created using

Cytoscape (41).

Supplementary Figure 5 | Expression profile of Log2(MX2/GPR183) fold-change

for RRR and alternative regimen RTS,S vaccine strategies. Shown is the log2

gene expression fold-change for the MX2/GPR183 ratio separated by

post-challenge protection status (blue=protected, red=non-protected), Study,

and RTS,S vaccination regimen (RRR or alternative). Log2 Fold-changes for

MX2/GPR183 were computed comparing expression ratios on Day 1 post-3rd

vaccination to pre-vaccination values. Red boxes indicate the two modified RTS,S

regimen arms (Study 1 AS02A and Study 5 G4) that did not demonstrate

associations between Log2(MX2/GPR183) fold-changes and protection that were

observed for the other regimens and studies.

Supplementary Figure 6 | Discrimination of protected from non-protected RTS,S

recipients based on the Log2(MX2/GPR183) expression fold-change, measured

24 h after the 3rd vaccination. In all plots, the blue line shows the ROC for the

logistic regression model fit for the null (STUDY only) model and the green shows

the ROC for the logistic regression fit for the full [STUDY+Log2(MX2/GPR183)]

model. (A,B) ROC for RRR regimen RTS,S for Study 1 (microarray), Study 3

(RNA-Seq), Study 4 (microarray), Study 5 (microarray), and Study 2 RNA-Seq (A)

or Study 2 microarray (B). (A) ROC AUC for null (STUDY only) model (blue) =

0.59, ROC AUC for the STUDY+Log2(MX2/GPR183) model (green) = 0.76,

p(ChiSq) = 2 × 10−5. (B) ROC AUC for null (STUDY only) model (blue) = 0.60,

ROC AUC for STUDY+Log2(MX2/GPR183) model (green) = 0.75, p(ChiSq) = 8 ×

10−5. (C,D) ROC for alternative regimen RTS,S for Study 3 RRr (RNA-Seq), Study

5 G2 & G3 (microarray) and Study 2 ARR RNA-Seq (C) or Study 2 ARR

microarray (D). (C) ROC AUC for null (STUDY only) model (blue) = 0.74, ROC

AUC for the STUDY+Log2(MX2/GPR183) model (green) = 0.83, p(ChiSq) = 2 ×

10−6. (D) ROC AUC for null (STUDY only) model (blue) = 0.71, ROC AUC for the

STUDY+Log2(MX2/GPR183) model (green) = 0.80, p(ChiSq) = 3 × 10−5.

Supplementary Figure 7 | Overall discrimination of protected from non-protected

RTS,S and alternative regimen RTS,S recipients achieved using individual genes,

the MX2/GPR183 ratio, or interferon response associated modules. Each line

shows the overall ROC for logistic regression model fits obtained for all RRR

datasets and the alternative regimen RTS,S groups where MX2/GPR183 behavior

was concordant with the RRR group (Study 2 ARR, Study 3 RRr, and Study 5 G2

& G3, as shown in Supplementary Figure 5). For this visualization, both

microarray and RNA-Seq data for Study 2 were used. The blue line shows the

ROC for the logistic regression model fit for the null (STUDY only) model (ROC

AUC = 0.67), the orange line depicts the ROC for the MX2+STUDY model (ROC

AUC = 0.78), the purple line depicts the ROC for the GPR183+STUDY model

(ROC AUC = 0.76), the red line depicts the ROC for the MX2/GPR183+STUDY

model (ROC AUC = 0.82), the bright green line depicts the ROC for a model

comprised of the HALLMARK_INTERFERON_GAMMA_RESPONSE

module+STUDY (ROC AUC = 0.74), the dark forest green line depicts the ROC

for a model comprised of the HALLMARK_INTERFERON_ALPHA_RESPONSE

module+STUDY (ROC AUC = 0.74), and the olive green line depicts the ROC for

a model comprised of the “M165_enriched in activated dendritic cells (II)”

module+STUDY (ROC AUC = 0.72).

Supplementary Figure 8 | Temporal Log2 expression fold-change RNA-Seq

profile for GPR183 (A) and MX2 (B) for RRR regimen RTS,S in Study 2. Red lines

indicate participants that were not protected, green lines indicate participants that

were protected after challenge. Shaded areas indicate 90% confidence intervals

for linear mixed models for protected and non-protected vaccine recipients.

RTS,S vaccinations were performed on D0, D28, and D56; CHMI was performed

on D77. D57 corresponds to Day 1 after the third vaccination, which is the time

point used to identify the association between RTS,S-mediated protection and the

Log2(MX2/GPR183) score.

Supplementary Figure 9 | Discrimination of protected from non-protected

RTS,S recipients based on the Log2(MX2/GPR183) expression fold-change

(measured 24 h after the 3rd vaccination) in combination with anti-CSP titers

(measured on the day of challenge). In all plots, blue line shows the ROC for the

logistic regression model fit for a null (STUDY only) model; the purple line shows

the ROC for the logistic regression model fit for the model including STUDY and

Z-transformed anti-CSP titers (STUDY+ANTI-CSP); the green line shows the ROC

for the logistic regression fit of the STUDY+Log2(MX2/GPR183) model; and the

red line shows the ROC for the logistic regression fit for the full model

[STUDY+ANTI-CSP+Log2(MX2/GPR183)]. (A,B) ROC for RRR regimen RTS,S

for Study 3 (RNA-Seq), Study 4 (microarray), Study 5 (microarray), and Study 2

RNA-Seq (A) or Study 2 microarray (B). (A) ROC AUC for null (STUDY only) model

(blue) = 0.60, ROC AUC for STUDY+ANTI-CSP model (purple) = 0.80, ROC AUC

for STUDY+Log2(MX2/GPR183) model (green) = 0.78, ROC AUC for full model

(red) = 0.87. p[ChiSq, red [STUDY+ANTI-CSP+Log2(MX2/GPR183) vs. purple

(STUDY+ANTI-CSP)] = 0.001. (B) ROC AUC for the null (STUDY only) model

(blue) = 0.60, ROC AUC for the STUDY+ANTI-CSP model (purple) = 0.81, ROC

AUC for the STUDY+Log2(MX2/GPR183) model (green) = 0.76, ROC AUC for the

full model (red) = 0.87. p[ChiSq, red [STUDY+ANTI-CSP+Log2(MX2/GPR183)]

vs. purple (STUDY+ANTI-CSP)] = 0.005. (C,D) ROC for alternative regimen

RTS,S for Study 3 RRr (RNA-Seq), Study 5 G2 & G3 (microarray, treated together)

and Study 2 ARR RNA-Seq (C) or Study 2 ARR microarray (D). (C) ROC AUC for

null (STUDY only) model (blue) = 0.74, ROC AUC for the STUDY+ANTI-CSP

model (purple) = 0.81, ROC AUC for the STUDY+Log2(MX2/GPR183) model

(green) = 0.83, ROC AUC for the full model (red) = 0.86. p(ChiSq, red)

[STUDY+ANTI-CSP+Log2(MX2/GPR183)] vs. purple (STUDY+ANTI-CSP)] =

0.002. (D) ROC AUC for null (STUDY only) model (blue) = 0.71, ROC AUC for the

STUDY+ANTI-CSP model (purple) = 0.78, ROC AUC for the

STUDY+Log2(MX2/GPR183) model (green) = 0.80, ROC AUC for the full model

(red) = 0.84. p(ChiSq, red) [STUDY+ANTI-CSP+Log2(MX2/GPR183)] vs. purple

(STUDY+ANTI-CSP) = 0.003.

Supplementary Figure 10 | Correlation between RNA-Seq and

microarray-based assessments of MX2, GPR183, and the MX2/GPR183 ratio in

Study 2. Within the totality of the Study 2 dataset (all time points, all participants,

both RRR and ARR study arms) there were 613 samples with matching RNA-Seq

and microarray measurements, allowing for robust cross-platform correlation of

normalized data. (A) RNA-Seq vs. microarray correlation for MX2 (Spearman Rho

= 0.96, p = 0, N = 613); (B) RNA-Seq RNA-Seq vs. microarray correlation for

GPR183 (Spearman Rho = 0.86, p = 0, N = 613), (C) RNA-Seq vs. microarray

correlation for the MX2/GPR183 ratio (Spearman Rho = 0.92, p = 0, N = 613).

Supplementary Table 1 | Experimental design summaries for the five RTS,S

CHMI transcriptional profiling studies evaluated in the meta-analysis.

Supplementary Table 2 | Transcriptional analysis time points for the five RTS,S

CHMI studies and how the time points relate to each vaccination. Time points that

were assessed in more than one study are highlighted in orange; the two time

points that were assessed in all studies are highlighted in yellow. Alternative arms

lacking samples for protected or non-protected subjects are highlighted in red.

The number of samples for non-protected (“NP”) or protected (“P”) subjects

are indicated.

Supplementary Table 3 | quantitative real-time PCR (qRT-PCR) confirmation of

Study 2 and Study 3 RNA-Seq. (Top) Genes and associated Taqman primer/probe

sets that were used as housekeeping genes to normalize Ct values. (Bottom)

Gene-level spearman rank correlation statistics (Rho, p-value, and number of data

points) for correlations between normalized qRT-PCR data and (Left) Study 2

microarray data, (Middle) Study 2 RNA-Seq data, and (Right) Study 3 RNA-Seq

data. Taqman primer/probe sets used for each individual gene are indicated. For
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Study 2, data for 21 participants at up to two time points (pre-vaccination and day

of 3rd vaccination) were assessed for a total of 38 data points for each gene. For

Study 3, data for 33 participants at one or more of 5 time points (pre-vaccination,

the day of the third vaccination, 3 or 14 days after the third vaccination, and the

day of challenge) were assessed for a total of 110 data points for each gene.

Supplementary Table 4 | Transcriptional modules exhibiting coherent patterns of

expression within the five RTS,S CHMI studies.

Supplementary Table 5 | Logistic regression statistics for discriminating

protected from non-protected recipients of RRR regimen RTS,S. Shown are

results for all 79 modules and representative data for ratios between modules and

individual genes that achieved ROC AUC > 0.5. All analyses used log2

fold-changes comparing the expression values of the transcriptional variable at

Day 1 post-3rd vaccination to pre-vaccination values.

Supplementary Table 6 | Logistic regression statistics for discriminating

protected from non-protected recipients of RRR regimen RTS,S based on

transcriptional signatures comprised of ratios between genes and transcriptional

modules. Shown are results for 241 selected gene/module ratios that survived

multiple testing correction at FDR <20.1% and the minimum ROC AUC across all

studies and platforms was >0.65. All analyses used log2 fold-changes comparing

the expression values of the transcriptional variable at Day 1 post-3rd vaccination

to pre-vaccination values.

Supplementary Table 7 | Logistic regression statistics for discriminating

protected from non-protected recipients of RRR regimen RTS,S based on

transcriptional signatures comprised of ratios between pairs of transcripts. These

transcript pairs were generated by expanding the modules in the selected

gene/module ratios (Supplementary Table 6) by the cognate genes that

comprise each module (Supplementary Table 4). Some transcripts may appear

in more than one module. Shown are results for all 2,727 transcript/transcript

ratios that are derived in this manner. All analyses used log2 fold-changes

comparing the expression values of the transcriptional variable at Day 1 post-3rd

vaccination to pre-vaccination values.

Supplementary Table 8 | Logistic regression statistics for discriminating

protected from non-protected recipients of alternative regimen RTS,S vaccination

strategies using the 247 transcript/transcript signatures that were selected from

the RRR regimen analysis (Supplementary Table 7). All analyses used Log2

fold-changes comparing the expression values of the transcriptional variable at

Day 1 post-3rd vaccination to pre-vaccination values.

Supplementary Table 9 | Area under the receiver operating characteristic curves

(ROC AUC) for discriminating protected from non-protected recipients of RRR and

alternative regimen RTS,S vaccinations using MX2/GPR183 fold-changes

measured at alternative time points. Shown are ROC AUCs for time points that

were assessed in more than one independent study. ROC AUC values in bold

indicate moderate discrimination (ROC AUC > 0.65); ROC AUC values in red

indicate anti-prediction (discrimination in the wrong direction; ROC AUC < 0.5).

Measurements of MX2/GPR183 fold-changes at the time points highlighted in

yellow achieve nominally significant discrimination for at least two RRR regimen

RTS,S cohorts.
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Influenza is a highly contagious viral respiratory disease that affects millions of

people worldwide each year. Annual vaccination is recommended by the World

Health Organization to reduce influenza severity and limit transmission through

elicitation of antibodies targeting mainly the hemagglutinin glycoprotein of the influenza

virus. Antibodies elicited by current seasonal influenza vaccines are predominantly

strain-specific. However, continuous antigenic drift by circulating influenza viruses

facilitates escape from pre-existing antibodies requiring frequent reformulation of

the seasonal influenza vaccine. Traditionally, immunological responses to influenza

vaccination have been largely focused on IgG antibodies, with almost complete disregard

of other isotypes. In this report, young adults (18–34 years old) and elderly (65–85 years

old) subjects were administered the split inactivated influenza vaccine for 3 consecutive

seasons and their serological IgA and IgG responses were profiled. Moreover, correlation

analysis showed a positive relationship between vaccine-induced IgA antibody titers

and traditional immunological endpoints, exposing vaccine-induced IgA antibodies as

an important novel immune correlate during influenza vaccination.

Keywords: IgA, influenza, antibody, vaccination, B-cell

INTRODUCTION

Since the great influenza pandemic of 1918 (Spanish flu), we have struggled to prevent influenza
virus infection and transmission. From 2009 to 2019, over 100million people were infected with the
H1N1 swine pandemic virus leading to ∼1 million hospitalization and 75,000 deaths (1). During
typical influenza seasons, both H1N1 and H3N2 influenza A viruses (IAV) and influenza B viruses
(IBV) cause disease morbidity and mortality in the human population (2). Seasonal IAV and IBV
co-circulate worldwide in the human population with unpredictable patterns. Consequently, the
first influenza monovalent vaccines developed in the 1930s were quickly updated in the 1940s
to include an influenza B strain and later to a trivalent formulation with a second IAV strain
(3). In this century, the trivalent inactivated vaccine (TIV) was again updated to a quadrivalent
(QIV) formulation with inclusion of a second IBV strain to cover the independently evolving IBV
lineages (4–6).

Influenza virus infection generates strong and long-lasting immunity, but continuous antigenic
evolution of the hemagglutinin (HA) and neuraminidase (NA) surface proteins allows for evasion
of pre-existing immunity by drifted strains. Similarly, influenza virus vaccination can transiently
induce strain-specific antibodies, but fails to protect against antigenically drifted strains, requiring
yearly strain updates to the vaccine (7, 8). Nonetheless, yearly vaccination is still the most effective
strategy to prevent and control influenza infection (9).
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Recent epidemiological models suggest that virtually everyone
in the developed world experiences their first influenza infection
by the age of five (10). Moreover, early-life exposure to influenza
greatly shapes the immune response to subsequent infections
and vaccination through a phenomenon known as immune
imprinting or original antigenic sin (11).

Despite our reductive view of vaccine-elicited protection,
oversimplified to a couple of clinical and serological endpoints,
the immune response to influenza vaccination is a complex
network of cellular signals and responses strongly dependent
on the subject’s past immunological experience (12). First
exposure to influenza virus elicits a strong humoral response
mainly targeting the viral surface proteins HA and NA
(13), ideally driven by balanced pro- and anti-inflammatory
signals that lead to viral clearance with minimal tissue
damage (14, 15).

Sterilizing immunity in absence of inflammation is promoted
by serum neutralizing antibodies against theHA receptor binding
site (RBS) (12). Antibodies that bind to this location can
prevent viral adhesion and internalization to target cells. To
date, serological inhibition of erythrocyte hemagglutination by
influenza virus remains the gold standard assay to measure
HA-receptor blocking antibodies and evaluate vaccine elicited
protection (16). Similarly, serological levels of HA-reactive IgG
antibodies are correlated with reduced viral shedding and
ameliorated disease (17–19).

Mechanistically, mucosal immunity driven by IgA antibodies
and tissue resident memory B- and T-cells is the major
contributor for influenza virus protection (12). Furthermore,
unadjuvanted inactivated vaccines fail to generate strong
T cell-dependent responses (20) and therefore rely on the
recall of pre-existing immunity, which is extremely diverse
in the human population (21, 22). Nonetheless, the impact
of vaccination on the human IgA response and mucosal
immunity to influenza viruses is technically challenging,
evasive and as so generally overlooked. Recently, Iversen
et al. reported that the gut mucosal and serological IgA
repertoires of celiac patients share strong clonal overlap despite
originating from different plasma cell compartments (23).
Moreover, a recent transcriptomic analysis of serological IgA
plasmablasts following influenza vaccination seems to indicate
a common shared IgA-repertoire between serum and the
lung mucosa (24). Contrastingly, mucosal and serological IgG
repertoires share lower clonal relatedness than those of IgA
subtype (23).

Current influenza virus vaccines provide limited protection,
even in well-matched years (25), with particularly low
effectiveness in high-risk populations, e.g., young children and
elderly (18, 26). Current immunological correlates poorly portray
the complex immune response in these populations following
influenza virus vaccination. Here, we longitudinally tracked
serological changes in vaccine-specific IgA and IgG antibody
levels in young adult and elderly subjects following influenza
virus vaccination in three consecutive years. Additionally,
since the H3N2 IAV vaccine component was updated each
season during the course of the study, we further compared
vaccine-induced IgA and IgG serological responses against the

H1N1 IAV component that was not updated vs. an updated
drifting H3N2 IAV antigen. Overall, the relationship between
vaccine-specific IgA antibody titers and other immune correlates
of protection was evaluated.

MATERIALS AND METHODS

Study Approval
The study procedures, informed consent, and data collection
documents were reviewed and approved by the Western Review
Board and the Institutional Review Boards of the University of
Pittsburgh. The funding source had no role in sample collection
nor decision to submit the paper for publication.

Subjects
Eligible volunteers between the ages of 18–35 and 65–85 years
old (y.o.), who had not yet received the seasonal influenza
vaccine, were enrolled beginning in September of each year,
from 2014 to 2016. All vaccine formulations are based on
World Health Organization recommendations for the Northern
Hemisphere influenza seasons beginning in the Fall (Figure 1),
and as such, all vaccinations and sample collections occurred
each year between September 1st and December 15th. Influenza
virus did not circulate widely in the community during the
time periods that the volunteers participated, and as such,
participants were not monitored for influenza virus infection
during that time-period; they were, however, asked during each
visit if they had flu symptoms, and those who did were excluded
from the study. Volunteers were recruited at medical facilities
in two sites: Pittsburgh, Pennsylvania and Stuart, Florida.
All were enrolled with written, informed consent. Exclusion
criteria included documented contraindications to Guillain-
Barré syndrome, dementia or Alzheimer’s disease, allergies to
eggs or egg products, estimated life expectancy <2 years, medical
treatment causing or diagnosis of an immunocompromising
condition, or concurrent participation in another influenza
vaccine research study. These two cohorts spanned for 4 years
from 2013 to 2016 (21, 22). However, for this study only the 59
(24 young and 35 elderly) repeatedly vaccinated subjects from
2014 to 2016 were selected to characterize the serological IgA
response to the vaccine. Serological hemagglutination inhibition
(HAI) responses from recurrent vaccinated subjects were similar
to matching age groups of the original cohorts (data not shown).
Blood (70–90mL) was collected from each subject at the time
of vaccination (D0) and 21–28 days (D21) post-vaccination.
Blood samples were processed for sera and peripheral blood
mononuclear cells (PBMC). For PBMC isolation, blood was
collected in CPT tubes (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) at D0 and D21. These samples
were processed immediately, within 1–24 h of collection, and
stored at −150◦C for future analysis. Sera was collected in
SST tubes (Becton, Dickinson and Company) and processed
within 24–48 h, storing at 4◦C until separated and aliquoted
for long-term storage at −30◦C. These serum samples were
tested for the ability to mediate HAI and HA-specific IgA
antibodies against the matching and past vaccine strains.
Throughout the study, the H1N1 strain (A/California/7/2009)
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in the vaccine remained constant for three seasons, whereas the
H3N2 (A/Texas/50/2012 in 2014, A/Switzerland/9715293/2013
in 2015, and A/Hong Kong/4801/2014 in 2016) vaccine strains
were updated and changed each season.

Viruses and HA Antigens
Influenza viruses were obtained through the Influenza Reagents
Resource (IRR), BEI Resources, the Centers for Disease Control
and Prevention (CDC), or were provided by Sanofi Pasteur
(Cambridge, MA, USA) and Virapur, LLC (San Diego, CA,
USA). Viruses were passaged once in the same growth conditions
as they were received, in 10-day old embryonated, specific
pathogen-free (SPF) chicken eggs per the protocol provided
by the WHO. Due to low influenza B virus sensitivity in the
HAI test, viruses underwent ether-treatment as recommended
by the Influenza Division of the CDC in order to increase assay
sensitivity and more reliable detection of HAI rises following
influenza B vaccination (27). Ether-extracted split viruses were
created from freshly harvested allantoic fluid and from previously
frozen virus lots, prior to HA and HAI assays, as previously
described (22). Briefly, viruses were mixed at a 1:1 ratio with
anhydrous diethyl ether (ACROS Organics/Fisher Scientific,
Pittsburgh, PA, USA) for ≧4 h, with stirring. Following phase
separation, ether was evaporated under a fume hood. Titrations
before and after ether treatment were performed with turkey
erythrocytes and virus was standardized to 8 HAU/50 µL for use
in HAI assays. The virus used in this study matched the four
vaccine strains included in the 2016 commercially licensed split-
virion (IIV) FluzoneTM (Sanofi Pasteur, Swiftwater, PA, USA)
influenza vaccine.

Recombinant HA Proteins
Full-length HA proteins were developed for each
of the FluzoneTM influenza A vaccine components:
A/California/7/2009 (H1N1), A/Texas/50/2012 (H3N2),
A/Switzerland/9715293/ 2013 (H3N2), A/Hong Kong/4801/2014
(H3N2) as well as past H1N1 and H3N2 vaccine strains
(Table S1). A chimeric HA protein was generated by cloning
the head portion of A/mallard/Sweden/81/2002 (A/H6N2) on
top of A/California/07/2009 (A/H1N1pan) stem region (cH6/1)
(28, 29). Correct stem conformation was validated by enzyme-
linked immunosorbent assay (ELISA) using FI6, CR6261
(Creative Biolabs, Shirley, NY, USA) and C179 (Takara Bio,
Mountain View, CA, USA) stem-directed monoclonal antibodies
(29, 30). Recombinant HA (rHA) proteins representing the
wild type and chimeric amino acid sequence were expressed
in EXPI293 cells and purified via a C-terminal histidine tag
on HisTrap excel nickel-affinity chromatography columns
(GE Healthcare Life Sciences, Marlborough, MA, USA) as
previously described (29, 30). Purified rHA proteins were
dialyzed against PBS, total protein concentration adjusted
to ∼1 mg/mL after bicinchonic acid (BCA) assay (Thermo
Fisher Scientific, Waltham, MA, USA) estimation and
purity checked by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).

HA-Specific IgA Enzyme Linked
Immunosorbent Assay (ELISA)
Immulon R© 4HBX plates (Thermo Fisher Scientific, Waltham,
MA, USA) were coated with 50 ng/well of rHA in carbonate
buffer (pH 9.4) with 250 ng/mL bovine serum albumin (BSA) for
∼16 h at 4◦C in humidified chambers. Plates were blocked with
blocking buffer (2% BSA, 1% gelatin in PBS/0.05%Tween20) at
37◦C for 2 h. D0 and D21 serum samples were initially diluted
1:50 and then further 2-fold serially diluted in blocking buffer to
generate 7-point binding curves. Serially diluted serum samples
were added to the assay plate in duplicate and incubated ∼16 h
overnight at 4◦C in humidified chambers. Plates were washed 4
times with phosphate buffered saline (PBS) and HA-specific IgA
detected using horseradish peroxidase (HRP)-conjugated goat
anti-human IgG (Southern Biotech, Birmingham, AL, USA) at
a 1:4,000 dilution and incubated for 2 h at 37◦C. Plates were
then washed 5 times with PBS prior to development with 100
µL of 0.1% 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) solution with 0.05% H2O2 for 20min at 37◦C.
The reaction was terminated with 1% (w/v) SDS. Colorimetric
absorbance at 414 nm was measured using a PowerWaveXS
(Biotek, Winooski, VT, USA) plate reader. HA-specific IgA
equivalent concentration was calculated based on an 8-point
standard curve (2–250 ng/mL) generated using a human IgA
reference protein (Athens Research and Technology, Athens, GA,
USA). Cumulative HA binding was calculated by adding the
IgA-equivalent of both IAV vaccine components (H1+H3).

Hemagglutination-Inhibition (HAI) Assay
The hemagglutination inhibition assay was used to assess
functional antibodies to the H1N1 HA able to inhibit
agglutination of turkey erythrocytes as previously described (21,
22). The protocols were adapted from the WHO laboratory
influenza surveillance manual (16). To inactivate non-specific
inhibitors, sera were treated with receptor-destroying enzyme
(RDE) (Denka Seiken, Co., Japan) prior to being tested. Briefly,
three parts of RDE were added to one part of serum and
incubated overnight at 37◦C. RDE was inactivated by incubation
at 56◦C for 30–45min and then cooled to RT before diluting
with 1X PBS or 0.85% NaCl to a final serum dilution of
1:10. RDE-treated sera was serially diluted in PBS 2-fold
across v-bottom microtiter plates (Greiner bio-one, Monroe,
NC, USA). An equal volume of each influenza virus (25
µL), adjusted to a concentration of ∼8 HAU/50 µL, was
added to each well. The plates were covered and incubated
at RT for 20min, and then erythrocytes (Lampire Biologicals,
Pipersville, PA, USA) in PBS were added. Red blood cells
were stored at 4◦C and used within 72 h of preparation. The
plates were mixed by agitation and covered, and the RBCs
settled for 30min at RT. The HAI titer was determined by
the reciprocal dilution of the last well that contained non-
agglutinated RBCs. Positive and negative serum controls were
included in each plate. Seroprotection was defined as HAI titer
>1:40 and seroconversion as a 4-fold increase in titer compared
to baseline resulting in a titer of >1:40, as per the WHO
and European Committee for Medicinal Products to evaluate
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FIGURE 1 | General experimental approach. Healthy subjects (18–35 y.o. and 65–85 y.o.) were vaccinated with standard of care inactivated influenza vaccine for

three consecutive years (2014–2016), and serum samples were collected prior (Day 0) and post vaccination (Day 21–28). Serum samples were tested for receptor

blocking activity by HAI, or for HA-specific IgA and IgG antibody levels by ELISA. Ten responders with the highest IgA responses were selected for IgA and IgG

purification by affinity chromatography and purified fractions used to determine IgA and IgG specific HAI activity.

influenza vaccines (16). Subjects were considered seronegative
with a titer <1:40.

Purification of IgA and IgG Antibodies
Ten subjects (five donors 18–35 y.o. and five donors 65–85 y.o.)
with the highest HA-specific IgA titers post-vaccination were
selected for isotype-specific antibody fractionation (Figure 1).
IgA1 and IgG antibodies were purified using jacalin agarose
(Thermo Fisher Scientific, Waltham, MA, USA) and lectin
beads (Thermo Fisher Scientific, Waltham, MA, USA) affinity
chromatography, respectively. In brief, D0 andD21 collected sera
(200 µL) were diluted 1:1 with PBS supplemented with 0.02%
sodium azide (PBSA) and added to a jacalin bead gravity column.
The column was then washed with PBSA until the solution had
an optical density (O.D.) value of zero at 280 nm wavelength.
The beads were then eluted in 2mL fractions with α-d-galactose
(0.1M) (Sigma-Aldrich, St. Louis, MO, USA) until the same
optical density was reached. The column was regenerated with
PBSA (20mL). The remaining flow through, as well as the wash
collection was placed in a Protein G column (Thermo Fisher

Scientific, Waltham, MA, USA) (5mL) and washed with PBSA
(75mL). After baseline, the sample was eluted with 12mL of
0.1M glycine (pH 2.5) and the eluate was collected in 2mL
fractions. Samples were neutralized with 1.5M Tris (200 µL at
pH 8.5) and all fractions were dialyzed three times with PBSA
and concentrated using 30k Spin-X UF tubes (Nunc, Corning,
Thermo Fisher Scientific, Waltham, MA, USA) to ∼=250 µL.
Concentrator filter was then washed with 75 µL of PBSA and
added to the final collection tube. Protein content was estimated
by BCA assay and adjusted to 0.5–1mg/mL concentration. Purity
and yield were determined by ELISA; IgA and IgG fractions were
90–97% pure with a 97–99% yield (Figure S1). Purification of Ig
isotypes had no impact on the ratio of HA-specific IgA or IgG
antibodies (data not shown).

Total IgA and IgG ELISA
Costar ELISA plates (Thermo Fisher Scientific, Waltham,
MA, USA) were coated with 2µg/mL goat anti-human Ig
UNLB (Southern Biotech, Birmingham, Alabama) and incubated
overnight at 4◦C in a humidifying container. Plates were blocked
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with blocking buffer at 37◦C for 2 h. D0 and D21 serum
samples were initially diluted 1:50 for IgA and 1:500 for IgG,
while —the corresponding IgA and IgG purified fractions were
initially diluted to 1:1,500 and 1:50,000, respectively. All samples
were then further 2-fold serially diluted in blocking buffer to
generate 7-point binding curves and incubated overnight at 4◦C.
Plates were washed 4 times and detection and development
performed as described above. Total IgA and IgG concentration
was calculated based on an 8-point standard curve (2–250 ng/ml)
generated using a human IgA or human IgG reference protein
(Athens Research and Technology, Athens, GA, USA). Yield was

calculated as
IgA recovered
IgA input X 100 and purity was calculated as

IgA in IgA fraction
(IgA + IgG) in IgA fraction

X 100.

Flow Cytometry
Human PBMC (∼5 × 106 live cells) were stained on ice for
30min with 100 µL of staining buffer [PBS/2% fetal bovine
serum (FBS)]. Human PBMC were first treated with Fc receptor
blocking solution (Biolegend, Dedham, MA, USA) then stained
for 30min on ice using titrated quantities of fluorescently
conjugated monoclonal antibodies (Table S1). After completion
of surface labeling, human PBMC were washed extensively with
staining buffer prior to fixation with 1.6% paraformaldehyde in
staining buffer for 15min at RT. Following fixation, cells were
pelleted by centrifugation at 400 x g for 5min, resuspended
in staining buffer and maintained at 4◦C protected from light
until acquisition. Data acquisition was performed using the
BD FACSARIA Fusion and analysis performed using FlowJo
(FlowJo LLC, Ashland, OR, USA). Compensation values were
established prior to acquisition using appropriate single stain
controls. Memory B cells were defined as CD3/CD14neg CD19+,
CD27+, IgD− cells as previously described (31, 32).

Statistical Analysis
Statistical significance between groups was calculated using
one-way ANOVA Friedman test and Dunns multiple
comparisons. Values were considered significant for p <

0.05. Unless otherwise stated, data is presented from at least
three independent experiments.

Percentage of HA binding to each vaccine strain was
calculated from the cumulative IgG or IgA binding to the IAV
vaccine components for each subject individually (H1+H3).

Significant subtype immunodominance was determined
as previously described (19). In brief, significant
immunodominance in a group was calculated by One-sample
Wilcoxon Signed rank test (%HA6=50) and 1-way ANOVA
Friedman test and Dunn’s multiple comparisons (H16=H3).
Statistical significance (p < 0.05) must be reached in both tests
and the highest p-value is represented. Differences between
pre- and post-vaccination were calculated by one-way ANOVA
multiple comparisons.

Significant immunodominance for each donor was assessed by
two independent multiple t-test one per row. Replicate readings
(n ≧ 6) of HA-specific IgG or IgA and percentage of HA
binding were tested for significant differences between vaccine
components (H1 6= H3 & %H1 6= %H3 6= 50%). Statistical

significance (p < 0.05) must be reached in both tests. Subjects
with readings below the limit of detection were excluded from
the analysis.

Intra- and inter-assay significant relationships were
determined by Pearson correlation analysis. All statistical
analysis was performed using the GraphPad Prism V.8.3.0
software (San Diego, CA).

RESULTS

Recurrent IIV Vaccination Induces H1N1
Reactive IgA Antibodies in Young and
Elderly Subjects
Vaccination with split-inactivated influenza vaccines (IIV)
induces HA-specific IgG antibodies (21). However, the impact
of recurrent consecutive IIV vaccination on the serological
IgA antibody response has not been thoroughly investigated.
To better understand the serological response to recurrent
IIV vaccination with antigenically similar vaccine strains, the
serological IgA antibody titers were quantified against the
H1N1 HA vaccine component (A/California/07/09) in young
and elderly subjects vaccinated over three consecutive northern
hemisphere influenza seasons (2014 to 2016) (Figure 2A). Elderly
subjects (age 65–85 y.o.) had a significant rise in specific anti-
HA IgA antibody titers to the H1N1 HA after vaccination in
2014 and 2016, but not in 2015. In young subjects (18–34
y.o.), despite a consistent trend for increased IgA antibody titers
against H1N1 HA vaccine component following vaccination,
IIV vaccination did not significantly increase these titers until
the 2016 season (Figure 2A). Nonetheless, recurrent vaccination
over three consecutive years with IIV significantly increased the
anti-HA IgA antibody titers in both elderly and young subjects

(Geo Mean Dif
(

H116D21 −H114D0

)

7.3 and 1.763µg/mL,

respectively). Interestingly, elderly subjects had significantly
higher titer of anti-HA H1N1-reactive IgA antibodies both prior
to- and post-vaccination in 2014 and 2016, but not in 2015.
IgG antibodies against the H1N1 HA component of the vaccine
had a similar trend to IgA response (Figure 2B). From 2014 to
2016, the IgA and IgG antibody titers were comparable prior to
vaccination, which indicates a transient rise even after recurrent
vaccination with the same vaccine strain (Figures 2A,B).

Reduced Anti-HA Serological IgG and IgA
Antibody Titers to the H3N2 Vaccine
Component Following Recurrent
Vaccination With Antigenically Different
Vaccine Strains
Between 2014 and 2016, the recommended H3N2 component
in the seasonal influenza vaccine was updated each season
due to viral antigenic drift (33, 34). To understand the
serological response to recurrent IIV vaccination with 3
antigenically different H3N2 vaccine strains, the levels of
serological IgA antibodies that bound to the HA from
A/Texas/50/2012 (TX/12), A/Switzerland/9715293/ 2013
(Switz/13), and A/Hong Kong/4108/2014 (HK/14) were
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FIGURE 2 | IIV recurrent vaccination induces H1N1-specific IgA and IgG antibodies in young and elderly subjects. HA-specific IgA and IgG levels in the serum of

young and elderly donors was measured by ELISA. (A,B) Serum samples from young adults and elderly subjects collected prior and 28 days post-vaccination for

three consecutive years were tested for anti-HA specific IgA (A) or IgG (B) antibodies against the H1N1 vaccine strain (CA/09) rHA. (C,D) Serum samples from young

adults and elderly subjects collected prior and 28 days post-vaccination for three consecutive years were tested for anti-HA specific IgA (C) or IgG (D) antibodies

against H3N2 vaccine strains rHA (TX/12 in 2014, Switz/13 in 2015, and HK/14 in 2016). Box and whisker plots show the median with upper and lower quartile of the

µg/mL IgA or IgG equivalent based on a human reference serum standard. *p < 0.05, **p < 0.01, ***p < 0.001.

determined in young and elderly subjects that were vaccinated
over these three consecutive influenza seasons (Figure 2C).
In 2015 and 2016, IIV vaccination had no significant impact
on H3 HA-specific IgA antibody titers in young subjects,
but there was a trend for decreased titers across years

(Geo Mean Dif
(

H316D21 −H314D21

)

= −1.54µg/mL).

Vaccinated elderly subjects had a significant increase in the
H3 HA-specific IgA antibodies each season (p < 0.001).
However, there were no significant differences in these IgA
titers prior to- or post-vaccination in both the elderly and
young subjects. Furthermore, elderly subjects had a significant
decrease in H3 HA-specific IgA titers from 2014 to 2016

(Geo Mean Dif
(

H316D21 −H314D21

)

= −1.02µg/mL). In

contrast, there was a significant increase during each season
in serological anti-H3 HA-specific IgG antibodies following

vaccination in both young and elderly subjects (Figure 2D).
Similar to H3 HA-specific IgA titers, there was a decrease
in the IgG titers in elderly subjects in 2016, as well as a
decrease in the magnitude of the IgG response following

vaccination, (Geo Mean Dif
(

H3D21 −H3D0

)

= 20.94;

28.57, and 6.35µg/mL in 2014, 2015, and 2016, respectively)
(Figures 2C,D).

Serological H1 HA-Specific IgA Titers
Positively Correlate With IgG Titers
Influenza vaccination has similar impact on serum IgA and
IgG antibody titers (Figure 2). To understand the relationship
between the HA-specific IgA and IgG antibodies, the inter-
assay Pearson correlations for each timepoint were calculated
(Tables 1, 2). H1-specific IgA titers are positively correlated with
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TABLE 1 | Inter-assay Pearson correlations for H1N1 vaccine strains.

Timepoint IgA/IgG (µg/ml) IgA(µg/ml)/ Log2(HAI Titer)

14_D0 0.53*** ns

14_D21 0.62*** ns

15_D0 0.36** −0.32*

15_D21 ns ns

16_D0 0.57*** −0.37*

16_D21 0.51 *** ns

n = 59 (24 young + 35 Elderly); *p < 0.05, **p < 0.001, ***p < 0.001.

TABLE 2 | Inter-assay Pearson correlations for H3N2 vaccine strains.

IgA (µg/ml) IgA/IgG (µg/ml) IgA(µg/ml)/ Log2HAI Titer

14_D0 0.39** Ns

14_D21 0.50*** Ns

15_D0 0.26* ns

15_D21 0.32* 0.33*

16_D0 0.36** ns

16_D21 0.42** ns

n = 59 (24 young + 35 Elderly); *p < 0.05, **p < 0.01, ***p < 0.001.

IgG titers at all timepoints, except for D21 post-vaccination in
2015 (p = 0.11) (Table 2). In contrast, H3 HA-specific IgA titers
only correlate with serum IgG titers in 2014, but not in 2015 or
2016 (Table 2).

Following IIV vaccination, changes in the antibody titers
are generally assessed by the HAI assay, thus the inter-assay
Pearson correlations between HA-specific IgA and serological
HAI activity against the H1N1 and H3N2 vaccine strains at
each timepoint were calculated (Tables 1, 2). Longitudinally,
HA-specific IgA antibody titers do not positively correlate with
HAI titers against the H1 or H3 vaccine components at most
timepoints tested. The only exception was in 2015 following
vaccination, where the H3 HA-specific IgA titers significantly
correlated with serum HAI titer against the Switz/13 H3N2 virus
strain (r = 0.33, p = 0.018). Surprisingly, the H1N1 HA-specific
antibodies at D0 in 2015 and 2016 were negatively correlated
with the serological HAI activity against the H1N1 CA/09 virus
(Table 1).

Pre-Existing HA-Specific IgA Titers
Positively Correlated With
Post-Vaccination Titers
To understand the relationship between pre- and post-
vaccination antibody titers, we calculated intra-assay Pearson
correlations between all timepoints (Tables 3–6). Overall, pre-
existing HA-specific IgA antibody titers positively correlated with
HA-specific IgA antibody titers after vaccination for both H1
and H3 HA vaccine components (Tables 3, 4). In contrast, in
2014, the H3N2 HA-specific IgG titers post-vaccination did not
correlate with H3N2 HA-specific IgG titers in 2015 (Tables 5, 6).

TABLE 3 | Intra-assay Pearson correlations for H1N1 vaccine strains.

IgA (µg/ml) 14_D0 14_D21 15_D0 15_D21 16_D0

14_D21 0.80

15_D0 0.54 0.49

15_D21 0.44 0.50 0.70

16_D0 0.69 0.59 0.68 0.48

16_D21 0.75 0.68 0.61 0.53 0.89

TABLE 4 | Intra-assay Pearson correlations for H3N2 vaccine strains.

IgA (µg/ml) 14_D0 14_D21 15_D0 15_D21 16_D0

14_D21 0.77

15_D0 0.81 0.72

15_D21 0.60 0.57 0.66

16_D0 0.73 0.67 0.76 0.70

16_D21 0.71 0.66 0.69 0.79 0.81

TABLE 5 | Intra-assay Pearson correlations for H1N1 vaccine strains.

IgG (µg/ml) 14_D0 14_D21 15_D0 15_D21 16_D0

14_D21 0.76

15_D0 0.54 0.28

15_D21 0.38 0.22 0.75

16_D0 0.56 0.39 0.66 0.67

16_D21 0.48 0.29 0.56 0.55 0.75

N = 59, 24 young and 35 elderly; All values are significantly different from 0, p < 0.05,

unless if highlighted in red.

TABLE 6 | Intra-assay Pearson correlations for H3N2 vaccine strains.

IgG (µg/ml) 14_D0 14_D21 15_D0 15_D21 16_D0

14_D21 0.66

15_D0 0.57 0.27

15_D21 0.38 0.22 0.49

16_D0 0.66 0.40 0.64 0.48

16_D21 0.56 0.35 0.50 0.53 0.72

N = 59, 24 young and 35 elderly; All values are significantly different from 0, p < 0.05,

unless if highlighted in red.

Elderly Subjects Have a Highly
Immunodominant Anti-HA IgA Response to
the H1N1 Vaccine Component
Multivalent vaccines assume equal immunogenicity of the
vaccine components to induce a balanced immune response
to each vaccine strain (35). However, more often, there is
a subtype immunodominance to one or more components
following influenza vaccination (19). To understand the impact
of influenza vaccination on the balance of the serological
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FIGURE 3 | Elderly subjects have significantly immunodominant response to the H1N1 vaccine component. (A–C) Percentage of IgA HA-binding to the H1N1 or the

H3N2 vaccine strain calculated as described in the M&M section in young adults and elderly subjects vaccinated in 2014 (A) 2015 (B) or 2016 (C). (D) Frequency of

young adults and elderly subjects with a significant immunodominant IgA response toward the H1N1 or H3N2 vaccine strains pre- and post-vaccination. (E) Heatmap

for the percentage of immunodominant response to each IAV vaccine strain from 2014 to 2016. Donors are represented as rows organized by date of birth (DOB).

Blue indicates significant immunodominance of the H1N1 vaccine strain, red represents significant immunodominance of the H3N2 vaccine strain, and white shows

balanced responses. **p < 0.01, ***p < 0.001.

response to influenza A virus, the percentage of HA binding
to H1 and H3 HA vaccine components was quantified. Ideally,
in the absence of subtype immunodominance, ∼50% of total
anti-HA antibodies would bind to each of the two influenza
A vaccine HA components. Prior to vaccination in 2014,
young adults did not appear to have an immunodominance
to either of the IAV vaccine strains (Figure 3A). In contrast,
elderly subjects had a significant subtype immunodominance
toward the H1 HA vaccine component (mean difference to
50% = 19.3% ± 1.7, p < 0.001). Vaccination with TX/12 or
HK/14 in 2014 and 2016 did not alter pre-existing subtype
immunodominance, while in elderly subjects, vaccination with

Switz/13 H3N2 vaccine strain in 2015 resulted in a slight
decrease in the H1 HA immunodominance (mean difference
to 50% = 16.3% ± 4.6, p = 0.002). Interestingly, consecutive
vaccinations with the same H1N1 vaccine strain, while the
H3N2 vaccine component was changed each season, resulted in
significant H1 HA subtype immunodominance in young adults
during the 2016 season (mean dif. to 50% = 40% ± 11.39, p
< 0.001).

Finally, the frequency of young and elderly subjects
with significant subtype immunodominance (significant
differences in the response to one of the IAV vaccine
components) was calculated. Despite of similar frequencies
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FIGURE 4 | IIV vaccination does not recall broadly reactive IgA antibodies in young and elderly subjects. (A) Levels of HA-reactive IgA antibodies against rHAs from

three H1N1 influenza viruses (CA/09, NC/99 and Sing/86) in the serum of young adults and elderly subjects prior to and post-vaccination. (B) Level of H1

stem-directed IgA antibodies in the serum of young adults and elderly subjects prior to and post-vaccination, measured by ELISA as described in the M&M section.

(C) Frequency of stem-directed IgA antibodies relative to total rHA binding, in the serum of young adults and elderly subjects prior to and post-vaccination. *p < 0.05,

**p < 0.01, ***p < 0.001.

of individuals with a balanced antibody response against
both IAV vaccine strains, an equal number of young adults
are immunodominant toward H1 or H3 HA components,
while elderly subjects favor the H1 HA vaccine component
(Figure 3D).

Split-Inactivated Influenza Vaccination
Does Not Induce IgA to Past Seasonal IAV
Vaccine Strains
Inactivated influenza vaccines generally recall pre-existing
memory B-cells. To understand if subtype immunodominance
is the result of high pre-existing cross-reactive H1 HA

IgA antibodies, we quantified the levels of serological IgA
antibodies against two past H1N1 HA vaccine strains (Sing/86
and NC/99) prior to- and after vaccination in 2016. In
young adults, pre-existing titers of CA/09 HA-reactive IgA
antibodies in the serum were similar to the titers against
two historical vaccine strains, Sing/86 and NC/99. The IIV

vaccination did not increase historical H1 HA-reactive IgA

antibodies. In contrast, elderly subjects had significantly

higher IgA antibody titers against the CA/09 HA vaccine
strains than against the two historical strains and vaccination
significantly induced NC/99 HA-reactive IgA antibodies
(Figure 4A).
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Split-Inactivated Influenza Vaccination
Does Not Induce HA-Stem IgA Antibodies
Split-inactivated influenza vaccinations induce stem-directed
IgG memory responses. Measuring peripheral antigen-specific
IgAmemory responses is technically challenging, thus the impact
of IIV on the IgA serological response against the H1 HA stem by
ELISA was measured using a chimeric rHA (cH6/1)(29, 30, 36).
IIV vaccination does not induce stem-directed IgA antibodies
against the H1 or H3 HA vaccine components (Figure 4B).
However, elderly subjects had a significant increase in stem-
directed IgA antibodies compared to young adults, who had a
significantly lower percentage of stem-directed IgA antibodies,
compared to head-directed antibodies, following vaccination
(Figure 4C).

IgA Antibodies Have Receptor Blocking
Activity
To understand the significance of HA-specific IgA antibodies
to prevent receptor binding, IgA and IgG antibodies were
purified from the serum of 10 vaccinated donors with high
post-vaccination HA-specific antibody titers. IIV vaccination
significantly increased the receptor blocking antibodies against
the H1N1 and H3N2 vaccine strains, as reflected by a decrease
in serological Ig minimal effective concentration (MEC) required
to prevent viral hemagglutination activity. Similarly, after
normalizing the serum IgG and IgA antibody titers, vaccination
significantly decreased theMEC required for HAI activity against
the H1N1 and H3N2 vaccine strains. Purified IgG and IgA
antibodies had similar MEC as the total serum Ig HAI activity
against both vaccine strains, however, this was not impacted by
vaccination. After normalizing to HA-specific antibody titers,
there were no significant differences in HAI activity between IgG
and IgA antibodies, prior to- or post-vaccination (Tables 7, 8).

DISCUSSION

Seasonal influenza infection remains a major public health
concern with significant social and economic impact. Just 2 years
ago, people living in the northern hemisphere experienced the
highest seasonal influenza activity since the last pandemic in
2009. During the 2017–2018 influenza season, the U.S. CDC
estimated almost 50 million people fell ill due to influenza
virus infection with >20 million seeking medical attention in
the U.S. Furthermore, the 2017–2018 season was marked by
severe symptomology across all age groups, leading to almost
one million hospitalizations and over 70 thousand deaths (CDC
influenza burden). TheWHO recommends annual vaccination to
prevent seasonal influenza infection and transmission. However,
the immune response to recurrent vaccination remains poorly
understood. Here, the impact of recurrent vaccination over
three influenza seasons on the serological IgA response to
influenza A vaccine strains was examined in a small cohort of
recurrent vaccines.

From October 2014 to March 2017, the U.S. experienced
three influenza seasons of low to mild influenza activity. The
2014–2015 and 2016–2017 seasons were dominated by H3N2

TABLE 7 | Minimal Effective Concentration for HAI activity.

H1N1 strain Pre vaccination Post vaccination

Geo Mean (ng/ml) (±SD) Geo Mean (ng/ml) (±SD)

Total Ig Serum 107.6a 3.34 28.7b,c 2.30

IgG Serum 90.93a 3.26 20.85b,c 2.34

IgA serum 16.28b 3.75 7.26d 2.46

Purified IgG 52.07a,c 2.48 70.71a,c 1.63

Purified IgA 85.59a 1.96 58.12a,c 3.07

HA-specific purified IgG 0.91d 3.58 2.63d 5.21

HA-specific purified IgA 1.85d 4.15 1.93d 5.20

N = 10, 5 young (18–35 y.o.), and 5 elderly (>65 y.o.) subjects.
a−d Paired two-way ANOVA grouping.

TABLE 8 | Minimal Effective Concentration for HAI activity.

H3N2 strain Pre vaccination Post vaccination

Geo Mean (ng/ml) (±SD) Geo Mean (±SD)

Total Ig Serum 264.9a 2.38 30.76b,c 3.27

IgG Serum 223.9a 2.32 22.34b,c 3.25

IgA serum 40b 2.70 7.79d 3.44

Purified IgG 49.16a 2.84 44.56a,c 4.94

Purified IgA 99.48a 1.82 102.4a,c 1.53

HA-specific purified IgG 0.160d 3.33 0.52d 0.13

HA-specific purified IgA 0.12d 4.88 5.47d 4.90

N = 10, 5 young (18–35 y.o.), and 5 elderly (>65 y.o.) subjects.
a−d Paired two-way ANOVA grouping.

influenza viruses with higher infection and hospitalization rates
than the 2015–2016 season, which was dominated by H1N1
influenza viruses. Vaccine effectiveness across all ages and against
all vaccine strains ranged from 20 to 50% over these three seasons,
with its lowest in 2014 against H3N2 influenza viruses (5%)
and highest in 2015 against H1N1 influenza viruses (45%). In
this report, we observed that recurrent vaccination that included
the same H1N1 vaccine strain (CA/09) significantly increased
H1N1 HA-specific serological antibody titers (IgA and IgG) in
young and elderly subjects. In contrast, consecutive vaccination
with newly updated H3N2 vaccine components seemed to hinder
H3N2 HA-specific IgA responses in young and elderly subjects
(Figure 2).

Vaccine-induced immune responses are traditionally focused
on receptor blocking antibodies or total vaccine-reactive IgG
titers as measured by HAI or ELISA, but serological changes
in vaccine-specific IgA antibodies are generally neglected. Split-
inactivated IIV induces receptor blocking antibodies with high
HAI activity against the four vaccine strains (21, 22). Moreover,
IIV vaccination raises pre-existing serologic HAI activity against
past vaccine strains (21). In contrast, IgA responses following
vaccination appear highly strain-specific, with little boost in
reactivity against previous vaccine strains or the conserved stem
portion of the HA protein (Figure 4).
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In the search for a truly universal influenza vaccine, the use of
a single immunological assay to assess vaccine-elicited protection
is limiting. Recent studies highlight the need for broader and
better immune correlates of protection, as well as particular
vaccine delivery platforms (37–40). Interestingly, H1N1 HA-
specific IgA titers in serum are positively correlated with IgG
antibodies against the matched strains in young and elderly
subjects for the three seasons assessed in this study (Tables 1,
2). Furthermore, despite similar HAI activity from purified IgA
and IgG antibody fractions (Table 7), HA-specific IgA antibody
titers in the serum do not correlate with serological HAI activity
against the corresponding vaccine strain (Tables 1, 2). This is
might result from the artificial nature of the HAI assay or be
a consequence of the lower IgA antibody levels in the serum
as compared to IgG. Similar studies with other neutralization
assays should help clarify the contribution of serological IgA
to protection during influenza infection. Alternatively, future
work focusing on secreted dimeric IgA, the predominant
immunoglobulin in the lung and upper respiratory tract mucosa,
will assess the correlation of serological IgA antibody levels with
mucosal HAI activity in nasal washes or BAL fluid, since IgA
polymerization significantly increases viral neutralization and
receptor blocking activity (41).

Recent studies have highlighted the complex dynamics of
the antibody repertoire from memory B-cell compartment to
plasmablasts and serum (24, 42–44), and exposed the importance
of a diverse and balanced clonal recall and de novo B-
cell responses for broad influenza protection (45). Similar
studies focusing on the IgA antibody responses will be crucial
to understand the overlap of serological and mucosal IgA
antibody repertoires.

Influenza virus infection strongly induces HA-specific
polymeric IgA antibodies at the nasal mucosa (46). Furthermore,
high influenza-specific IgA antibodies are consistently associated
with better disease prognosis and decreased viral transmission
(46–48), particularly in subjects with low serological HAI activity
(49). Moreover, in animal models, a genetically engineered
neutralizing IgA antibody conferred sterilizing immunity and
prevented transmission to naïve animals, whereas its parental
IgG clone could not (50). Overall, this highlights the significance
of serological and mucosal IgA responses for protection against
influenza infection.

Influenza virus vaccine production has remained largely
unaltered for almost half a century. Nonetheless, the past decades
were marked by the emergence of multiple alternative vaccine
delivery and production platforms, such as live attenuated virus,
virus-like particles (VLP), nanoparticles or recombinant proteins
(20, 51–53). Not surprisingly, the immunization route and
delivery platform can dramatically impact the immune response
to the vaccine (54). Intranasally delivered live attenuated
influenza vaccines do not increase serological HAI activity, but
have a pronounced induction of influenza-specific mucosal IgA
antibodies (20). Similarly, VLP-based vaccines that are generally
associated with superior immunogenicity than conventional
platforms, strongly induce serological IgA antibodies (55, 56).

Together these studies highlight the importance of exploring
alternative immune correlates, aside from conventional
serological HAI or HA-specific IgG titer, particularly when
testing new vaccine delivery systems or immunization routes.

The number of class-switched (IgA and IgG) memory B
cells and plasmablasts are age-dependent. While IgG1 and IgG3

memory B cells peak in number prior to adolescence and
continuously decrease as a person ages, IgA memory B cells peak
at childhood (2-5 y.o.) and again in early adulthood (18–40 y.o.)
followed by a slow decrease throughout life (57). Surprisingly,
despite the drastic differences in serological IgA and IgG antibody
levels, the overall frequency of IgA and IgG memory B cells in
peripheral blood is fairly similar (Figure S2) and does not change
from young adulthood to old age (57). Furthermore, despite
a prominent increase in activated memory B cells following
influenza vaccination, the relative proportion of IgA and IgG
memory B cells remains the same (Figure S2). In the peripheral
blood, plasma cells frequency peaks during infancy (first two
years of age) and steadily decreases throughout life (57), unless
transiently expanded by an inflammatory stimulus. Nonetheless,
the overall percentage of IgA and IgG plasma cells in circulation
is strikingly similar and surprisingly stable throughout life (57).

Recently, our group has reported a subdominant serological
IgG response to the H3N2 HA vaccine component during the
2016–2017 influenza season relative to the other three vaccine
components (19), as a result of an inefficient recall response
of pre-existing H3N2 HA-specific memory B cells. In elderly
subjects, IgA responses are significantly skewed toward the
H1N1 vaccine strain. In contrast, young adults have a skewed
response toward either the H1N1 or the H3N2 vaccine strains
(Figure 3). This biased response is most likely the result of early-
life influenza virus imprinting. The elderly population was born
before 1954 when only H1N1 influenza viruses circulated in
the population, whereas young adults born between 1985 and
2001 could have been initially exposed to either H1N1 or H3N2
influenza viruses (58). Moreover, the impact of imprinting in
the response to influenza virus vaccination is more severe in the
elderly population with impaired de novo somatic hypermutation
and decreased adaptability to new influenza strains (45).

The pursuit for new influenza vaccine candidates may
require a much broader immunological profiling then traditional
serological HAI, neutralization assays or vaccine-specific IgG
titer. Despite of the limited sample size, this study exposes
the significance of serological IgA responses during influenza
vaccination, but future work should clarify the overlap of IgA
and IgG antibody repertoires, as well as the kinetics and longevity
of vaccine-induced antibodies in the serum and at the site of
infection. A holistic perspective of the immune response to
influenza viruses may lead to the development of a truly universal
influenza virus vaccine.
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Therapeutic monoclonal antibodies (mAbs), targeting tumor antigens, or immune

checkpoints, have demonstrated a remarkable anti-tumor effect against various

malignancies. However, high costs for mono- or combination therapies, associated

with adverse effects or possible development of resistance in some patients, warrant

further development and modification to gain more flexibility for this immunotherapy

approach. An attractive alternative to passive immunization with therapeutic antibodies

might be active immunization with mimotopes (B-cell peptides) representing the mAbs’

binding epitopes, to activate the patient’s own anti-tumor immune response following

immunization. Here, we identified and examined the feasibility of inducing anti-tumor

effects in vivo following active immunization with a mimotope of the immune checkpoint

programmed cell death 1 (PD1), alone or in combination with a Her-2/neu B-cell peptide

vaccine. Overlapping peptides spanning the extracellular domains of human PD1 (hPD1)

were used to identify hPD1-derived mimotopes, using the therapeutic mAb Nivolumab

as a proof of concept. Additionally, for in vivo evaluation in a tumor mouse model, a

mouse PD1 (mPD1)-derived mimotope was identified using an anti-mPD1 mAb with

mPD1/mPDL-1 blocking capacity. The identified mimotopes were characterized by in

vitro assays, including a reporter cell-based assay, and their anti-tumor effects were

evaluated in a syngeneic tumor mouse model stably expressing human Her-2/neu.

The identified PD1-derived mimotopes were shown to significantly block the mAbs’

capacity in inhibiting the respective PD1/PD-L1 interactions. A significant reduction in

tumor growth in vivo was observed following active immunization with the mPD1-derived

mimotope, associated with a significant reduction in proliferation and increased apoptotic

rates in the tumors. Particularly, combined vaccination with the mPD1-derived mimotope
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and a multiple B-cell epitope Her-2/neu vaccine potentiated the vaccine’s anti-tumor

effect. Our results suggest active immunization with mimotopes of immune checkpoint

inhibitors either as monotherapy or as combination therapy with tumor-specific vaccines,

as a new strategy for cancer treatment.

Keywords: mimotopes, immune checkpoint inhibitors, active immunization, cancer therapy, Her-2/neu,

combination therapy

INTRODUCTION

Multiple lines of preclinical and clinical evidence have shown
that tumors can evade the immune system by expressing
surface ligands, which engage co-inhibitory receptors on tumor-
specific T cells resulting in immune tolerance (1, 2). The
interaction between the immune checkpoint programmed cell
death 1 (PD1), a co-inhibitory receptor on T cells, with its
ligand PD-L1, plays a central role in this approach. PD-L1
is expressed by a multitude of immune cells and also on
some cancer cells, and the interaction between PD1 and PD-L1
results in activation of PD1 and, in turn, attenuation of T-cell
activation (3–5).

Antibody engineering has played a major role in the
development of therapeutic monoclonal antibodies (mAbs)
against cancer or immune structures (6, 7). Among such mAbs,
those targeting PD1 (e.g., Nivolumab, Pembrolizumab) or PD-
L1 (e.g., Atezolizumab, Durvalumab), i.e., immune checkpoint
inhibitors (ICIs), are considered a significant milestone and
hold a tremendous promise for the treatment of diverse solid
tumor types (8, 9). Although with impressive therapeutic efficacy,
potential adverse effects, frequent applications in relatively short
time intervals, and the cost intensiveness as a result of the
long duration of treatments with mAbs may pose significant
disadvantages (10–15). Such drawbacks may be circumvented
using respective B-cell peptides, which represent the mAbs’
binding epitope, i.e., mimotope, to induce the patient’s own
anti-tumor immune responses following active immunization.
The use of mimotopes for vaccines has become a promising
strategy both for infectious diseases and diagnostics (16–18)
as well as for cancer therapy (19), and the functionality of
mimotope-based cancer vaccines has also previously been shown
in an experimental cancer model (20). In this respect, we
earlier described a B-cell multi-peptide vaccine against the
antigenHer-2/neu, covering the binding epitope of Trastuzumab.
This vaccine showed an excellent safety profile and strong
immunogenicity in patients withHer-2-positivemetastatic breast
cancer (21, 22), associated with clinical responses in gastric
cancer patients in a phase I/b clinical studies (23, 24).

In this study, we aimed to identify mimotopes derived
from PD1 (human “hPD1” and mouse PD1 “mPD1”) and
characterize their PD1/PD-L1 blockade capacity using different
in vitro assays, including reporter T cells expressing PD1 for
functionality testing. Importantly, in vivo evaluation of the
mPD1-derived mimotope’s anti-tumor effect as a monovalent
vaccine and in combination with a Her-2/neu vaccine following
active immunization was shown in a syngeneic tumor mouse
model with tumors expressing human Her-2/neu.

MATERIALS AND METHODS

The generation and expression of overlapping peptides,
detection, and characterization (by solid phase-based assays)
of the identified mimotopes, sequence analysis, peptide
synthesis, ELISA, and inhibition ELISA are detailed in the
Supplementary Materials and Methods.

Bacteria, Cell Lines, and Growth
Conditions
The Escherichia coli strain BL21 (New England Biolabs) was used
in this study for expression of overlapping peptides and grown in
LB medium supplemented with Kanamycin (50 µg/ml).

The Jurkat E6.1 NF-κB::eGFP reporter T cell line and the
K562 stimulator cell line were cultured as described previously
(25). JE6.1 NF-κB::eGFP reporter cells expressing human PD1
(hPD1) or mouse PD1 (mPD1) have been previously described
(26). T-cell stimulator cells, based on the K562 cell line
(short designation in this work: K562S), were generated by
retrovirally transducing a CD5L–OKT3scFv–CD14 construct
encoding an anti-human CD3 single-chain fragment fused to
human CD14 (27). K562S stimulate primary human T cells
and T cell lines by ligating their TCR–CD3 complex. In
order to separate stimulator cells from reporter cells, K562S
were engineered to constitutively express a red fluorescent
protein (RFP). K562S–RFP cells expressing high levels of human
PD-L1 (hPD-L1) were generated via retroviral transduction.
Single-cell clones were established to assure homogenous and
comparable expression of the respective molecules. To confirm
cell surface expression of respective molecules, the following PE-
conjugated antibodies from Biolegend (San Diego, CA, USA)
were used: hPD1 (EH12.2H7), mPD1 (29F.1A12), and hPD-L1
(29E.2A3). Membrane-bound anti-CD3 fragment on K562S cells
was detected with a PE-conjugated goat-anti-mouse IgG (H +

L) antibody (Jackson ImmunoResearch, West Grove, PA, USA).
Acquisition of flow cytometry data was performed using FACS
Calibur with CellQuest software (both from BD Biosciences,
San Jose, CA, USA). Data were analyzed using FlowJo software
(version 10.0.8.; Tree Star, Ashland, OR, USA) and Graphpad
Prism (version 5; GraphPad Software, Inc., La Jolla, CA, USA).

D2F2/E2 cells, a BALB/c mouse cell line derived from a
spontaneous mammary tumor also stably expressing human
breast-associated tumor antigen Her-2/neu, were kindly
provided by Prof. Wei-Zen Wei (Karmanos Cancer Institute,
Wayne State University School of Medicine, Detroit, Michigan,
USA). The cells were maintained in high-glucose DMEM,
supplemented with 100 U/ml of penicillin, 100µg/ml of

Frontiers in Immunology | www.frontiersin.org 2 May 2020 | Volume 11 | Article 895213

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


Tobias et al. Active Immunization With PD1-Derived Mimotope

streptomycin, 10% FBS, 10%NCTC 109, 1% non-essential amino
acids, and 5% sodium bicarbonate.

Inhibition ELISA
Inhibition ELISA systems were established and employed to
evaluate the (1) capacity of the identified mimotopes in
inhibiting the binding of the anti-hPD1 or the rat anti-mPD1
mAbs to recombinant hPD1 or mPD1 HIS-tagged proteins
(in PBS; R&D Systems, Minneapolis, MN, USA) in a solid-
phase ELISA, respectively, and (2) capacity of JT–mPD1 rabbit
IgG in inhibiting the interaction between recombinant mPD1–
HIS/mPD–L1–Fc chimera.

Evaluation of the examined mimotopes’ capacity in inhibiting
the binding of the anti-hPD1 mAb Nivolumab (2 ng/ml) or
rat anti-mPD1 (200 ng/ml) mAb to recombinant HIS-tagged
mPD1 or hPD1 proteins (R&D Systems, Minneapolis, MN,
USA), respectively, was carried out as follows. The recombinant
proteins were used for coating MAXISORP (NUNC) plates (0.1
µg/well), and the coated wells were blocked with PBS–skim
milk 2%. The mAbs preincubated with different concentrations
of the examined hPD1 or mPD1-derived mimotopes were
added into the coated wells. As negative control a 15-mer
peptide (PHQGQHIGEMSFLQH) was also included in the
assays. Bound mAbs to the coated recombinant proteins were
detected using mouse anti-rat IgG (against anti-mPD1 mAb;
HRP-conjugated; Jackson ImmunoResearch, Cambridgeshire,
UK) or mouse anti-human IgG (Fc; against the anti-hPD1
mAb; HRP-conjugated; SouthernBiotech, Birmingham, AL,
USA) as secondary antibodies. Bound secondary antibodies were
subsequently detected by staining with TMB substrate solution
(Invitrogen, Vienna, Austria), and the ELISA OD values were
measured at 450 vs. 630 nm (Tecan SparkTM 10M Multimode
Plate Reader).

For the inhibition ELISA to evaluate the capacity of rabbit
IgG against JT–mPD1 in inhibiting the interaction between
recombinant mPD1–HIS and mPD–L1–Fc, different examined
rabbit IgG concentrations were added to the wells coated with
recombinant mPD1–HIS (1µg/ml), followed by addition of
recombinant mPD–L1–Fc (5µg/ml). Bound mPD-L1-Fc to the
coated mPD1-HIS was detected using mouse anti-human IgG
(Fc; HRP-conjugated) as a secondary antibody. The bound
HRP-conjugated secondary antibody was subsequently detected
as above.

Binding and Functional Assays Using
Jurkat Reporter Cells Expressing Human
or Mouse PD1
The mimotopes of the anti-hPD1 mAb Nivolumab (JT–
N1, JT–N2, alone or in combination) and of anti-mPD1
mAb (JT–mPD1), as well as the negative control mimotope
(PHQGQHIGEMSFLQH), in 1 × PBS, were incubated at the
indicated concentrations with the corresponding mAbs (in 1
× PBS, 0.5% BSA, 0.005% sodium azide) for 60min at room
temperature. Per condition, 1 × 105 Jurkat reporter cells
expressing high levels of human PD1 (hPD1) or mPD1 were
added and incubated for 30min at 4◦C. Binding of the anti-hPD1

(50 ng/ml) and anti-mPD1 mAb (10 ng/ml) was detected with
APC-conjugated goat-anti-human (Fc) antibodies and APC-
conjugated goat anti-rat (Fc) antibodies (both from Jackson
ImmunoResearch), respectively. Samples were analyzed via flow
cytometry, and mean and standard deviation of the geometric
mean of fluorescence intensity (gMFI) of the viable population
of reporter cells were determined (25).

For functional assays, different examined concentrations of
the anti-hPD1 mAb mimotope JT–N1 and the mAb (150 ng/ml)
were preincubated for 60min at room temperature. Then, the
previously described reporter cells expressing human PD1 (5
× 104 cells/well) were added and co-cultured with stimulator
cells co-expressing a membrane-bound CD3–antibody fragment
and human PD–L1 (1 × 104 cells/well) for 24 h at 37◦C in
5% CO2 atmosphere (26). Cells were then harvested, and eGFP
expression was analyzed via flow cytometry. Mean and standard
deviation of the gMFI of the viable population of reporter cells
(RFP+ stimulator cells were excluded) were determined. Each
experiment was performed in duplicates, unless stated otherwise.

Syngeneic Tumor Mouse Model for in vivo

Anti-tumor Evaluation
Passive Immunization

For evaluation of anti-tumor effect of rabbit IgG generated
against JT–mPD1, female BALB/c mice (6–8 weeks of age at
the time of delivery; Charles River, Germany) were used. The
experiment consisted of four groups of mice (n = 8): naïve
(injected with PBS), sham treated (injected with IgG from control
rabbits), injected with IgG from JT–mPD1-immunized rabbits, or
with anti-mouse PD1mAb (clone 29F.1A12). Mice were bled and
injected i.p. with the above mentioned antibodies on day 0, and
1 day later 2 × 106 BALB/c mice-derived mammary carcinoma
cells stably expressing human Her-2/neu cells (D2F2/E2) were
injected s.c. into the mice left flank. Thereafter, the grafted mice
received two more injections (i.p.) with the antibodies on days 6
and 11. Two weeks after the grafting, the mice were sacrificed,
the tumors were explanted, and their weight was measured
(Figure 3B).

Active Immunization

In a second setting involving active immunization of the mice
with JT-mPD1 (50 µg/dose), or Her-Vaxx (22, 23) (Her-2/neu
multiple B-cell peptide vaccine; 25 µg/dose) or in combination,
mice were bled before the first immunization, and immunized
s.c. five times with 2-week intervals. One week after the fifth
immunization, 2 × 106 D2F2/E2 cells were grafted as above,
followed by an additional (sixth) immunization 1 week after
the cells injection. Two weeks after the grafting, the mice were
sacrificed, the tumors were explanted, and their weight was
measured (Figure 4A).

Pilot studies, involving testing different numbers of D2F2/E2
cells and measurements of the developed tumors (based on
volume and weight) at different post-grafting time points, were
carried out and provided the basis for the above schedules of the
immunization experiments in this study.

The experiments were approved by the Animal
Experimentation Committee of the Medical University
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of Vienna and the University of Veterinary Medicine as
well as by the Austrian Federal Ministry of Science and
Research (BMWF-66.009/0136-WF/V/3b/2017).

Immunohistochemistry and Histological
Analysis
Tumor-derived tissues were formalin fixed, paraffin-embedded
(FFPE), and 3µm sections were stained for Ki67 and cleaved
caspase-3. Briefly, the de-waxed sections were heated in citrate
buffer (pH 6.0) for antigen retrieval. The endogenous peroxidase
was blocked in 3% hydrogen peroxide in PBS. Additional
blocking steps were performed using the Avidin/Biotin blocking
kit (Vector laboratories), Super block (Empire Genomics),
and mouse block (Empire Genomics). The primary antibodies
Ki67 (No. 12202; Cell Signaling) and cleaved caspase-3 (No.
9661; Cell Signaling) were applied in PBS + 1% BSA at
4◦C overnight. The IDetect Super Stain System HRP (Empire
Genomics) was used for further steps, and the signal was
visualized with 3-Amino-9-Ethylcarbazole (BD Pharmingen)
followed by a counterstaining with hematoxylin. An IgG control
(No. 3900; Cell Signaling) was used for both antibodies as
negative control.

Sections were evaluated with an Olympus BX-53 microscope
(Olympus, Tokyo, Japan), and one to three images per tumor,
depending on tumor size, were taken with an Olympus DP-26
camera (Olympus, Tokyo, Japan). The open source software Fiji
by ImageJ was used to analyze the images and quantify the stained
areas in the images (28).

Statistical Analysis
Binding levels (gMFI) and OD values from ELISA were log-
transformed to account for the skewed distribution, and to
stabilize variances, binding capacity data, and tumor volumes
were square-root transformed. Comparison against a control
treatment was performed by analysis of variance (ANOVA) with
subsequent Bonferroni–Holm-corrected contrasts for conditions
with more than two groups. Investigation of combined inhibitory
activity of JT–N1-3 was done using Loewe additivity as a
reference. For this purpose, for each result of the combined
mimotopes, the sum CA/ECA + CB/ECB was computed, where
CA and CB denote the concentration of mimotopes A and
B in the combination, respectively, and ECA and ECB are
the respective concentrations of these mimotopes expected
to result in the same inhibition as found in the combined
experiment. These expected concentrations were derived from
the concentration-inhibition curves for each mimotope alone.
This was done for all concentrations that exhibit inhibition
and tested for each mimotope combination separately against
the reference value of 1 by Student’s t-tests. For the IHC
data on CC3 and Ki67, log-transformed values were subjected
to a mixed model ANOVA with animals as random factor
nested within the group factor, because a variable number
of slides was available for each animal. All analyses were
done by Stata 13.1 (StataCorp, TX, USA), and graphs were
prepared by GraphPad Prism 7 (GraphPad Software, CA,

USA). For all statistical tests, a value of p < 0.05 was
considered significant.

RESULTS

Identification of hPD1- and mPD1-Derived
Mimotopes
Libraries of expression vectors individually encoding
overlapping peptides (15-mers) spanning the entire
extracellular domain of hPD1 and mPD1 were used, as
described in the Materials and Methods section. Screening
clones of E. coli expressing the individual overlapping
peptides, with anti-hPD1 mAb Nivolumab, used as a
model in this study, revealed several clones with signals
at three different intensity levels (boxed; Figure 1A). The
detected clones were shown to express the overlapping
peptides PGWFLDSPDRPWNPP, FLDSPDRPWNPPTFS, and
SPDRPWNPPTFSPA, corresponding to the positions 21–35,
24–38, and 27–41 on hPD1, designated as JT–N1, JT–N2, and
JT–N3, respectively.

As a proof for in vivo anti-tumor evaluation, in mice, a
similar strategy of mimotope identification was also employed
on mPD1 using an anti-mPD1 mAb with blocking capacity
(clone 29F.1A12). As shown in Figure 1B, the anti-mPD1 mAb
strongly reacted with two clones, and sequence analysis of the
overlapping peptides in the two detected positive clones indicated
that both clones expressed the same peptide with the sequence
ISLHPKAKIEESPGA (JT–mPD1) corresponding to amino acid
residues 126–140 of mPD1.

The capacity of the identified mimotopes to inhibit the
binding of the anti-hPD1 mAb Nivolumab to recombinant hPD1
protein was examined in inhibition ELISA, by preincubating
the mAb with the mimotope at different concentrations. As
shown in Figure 1C, the mimotope JT–N1 dose-dependently
exhibited the strongest inhibition, followed by the mimotope
JT–N2 but not by JT–N3. Testing the combination of JT–
N1 and JT–N2 in the assay only marginally increased
the binding inhibition compared to the inhibition observed
by JT–N1 alone (Figure 1C), suggesting that among the
identified mimotopes, JT–N1 is the most specific mimotope
of Nivolumab.

The observed specific inhibitory capacity of the selected
mimotope JT–N1 was further examined in inhibition
ELISA, also including a 15-mer control mimotope
(PHQGQHIGEMSFLQH). As shown in Figure 1D, the control
mimotope did not inhibit the binding of Nivolumab, verifying
the specificity of the mimotope JT–N1 in inhibiting the binding
of the mAb in a dose-dependent manner.

The capacity of the mimotope JT–mPD1 in inhibiting the
binding of the corresponding mAb to recombinant mPD1 was
also examined in inhibition ELISA. As shown in Figure 1E,
preincubation of the anti-mPD1 mAb with the mimotope dose-
dependently, and potently inhibited the binding of the mAb
to recombinant mPD1 used in the assay. The specificity of the
mimotope was further verified by showing no binding inhibition
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FIGURE 1 | Identification of the mimotopes of the anti-human programmed

cell death 1 (hPD1) mAb Nivolumab and anti-mouse PD1 (mPD1) monoclonal

antibody (mAb), and examination of their specificity. Colony blot assay was

applied on clones of Escherichia coli individually expressing overlapping

peptides spanning the entire extracellular domain of hPD1 (A) or mPD1 (B)

with anti-hPD1 and anti-mPD1 mAbs used for detection, respectively, as

described in the Materials and Methods section. In the colony blot assay with

anti-hPD1 mAb, the detected clones are boxed with solid line. One positive

clone with failed sequencing is boxed with a broken line. Capacity of the

identified mimotopes JT–N1, JT–N2, and JT–N3 (C,D) and JT–mPD1 (E) with

comparison to a control mimotope, in inhibiting the binding of anti-hPD1 and

anti-mPD1 mAbs to recombinant hPD1 or mPD1 proteins, respectively, is

shown. Recombinant hPD1 or mPD1 proteins were used for coating in a solid

phase-based assay (ELISA), and binding of the respective mAbs to the coated

proteins was evaluated alone or after preincubation with different examined

concentrations of the respective mimotopes. The results are representative of

at least two repeated experiments. Significant differences are indicated by

asterisks (**P < 0.01, ***P < 0.001).

of the mAb after its preincubation with the control mimotope in
the same assay (Figure 1E).

The Identified Mimotopes From hPD1 and
mPD1 Inhibit the Interaction Between the
Corresponding PD1 and PD–L1 in vitro
Jurkat reporter cells expressing hPD1 or mPD1 were employed
to examine the capacity of the mimotopes JT–N1 and JT–N2,
and also JT–mPD1, respectively, in inhibiting the binding of
the corresponding mAbs to the respective cells. Examining
the identified hPD1-derived mimotopes in a cell-based assay
with Jurkat cells expressing hPD1, the mimotope JT-N1 was
shown to significantly and more potently inhibit the binding
of Nivolumab to the Jurkat cells, when compared to JT–
N2 or a combination of JT–N1 and JT–N2 (Figure 2A).
The specificity of the mimotope JT–N1 in inhibiting the
binding of the mAb was further verified in the assay,
by showing no binding inhibition of the mAb after pre-
incubation with the control mimotope (Figure 2A). Flow
cytometry histograms representing a binding experiment clearly
reflected the specificity of mimotope JT–N1, compared to the
control mimotope, in inhibiting the binding of Nivolumab
to hPD1-expressing cells employed in the binding assay
(Figure 2B).

The cell-based assay with Jurkat cells expressing mPD1 was
also used for testing the capacity of the mimotope JT–mPD1,
in comparison to the control mimotope, in inhibiting the
binding of the corresponding mAb. As shown in Figure 2C,
while no binding inhibition was caused by the control
mimotope, preincubation of the mAb with the mimotope
JT–mPD1 dose-dependently and specifically inhibited the
binding of the mAb. The specificity of the mimotope JT–
mPD1, compared to the control mimotope, in inhibiting
the binding of the anti-mPD1 mAb was further illustrated
by the flow cytometry histograms from a representative
binding experiment involving the mPD1-expressing Jurkat
cells (Figure 2D).

The hPD1-derived mimotope JT–N1 was further examined
in an hPD1 and hPD–L1 reporter platform. While Nivolumab
blocked the interaction between hPD1- and hPD–L1-expressing
cells and consequently resulted in increased reporter activity,
preincubation of the mAb with the mimotope dose-dependently
and significantly inhibited the mAb’s blocking capacity
(Figure 2E), indicating the inhibitory capacity and specificity of
the mimotope also in the reporter platform.

Specific IgG Antibodies Raised Against
JT–mPD1 in Rabbits Block the
mPD1/mPD–L1 Interaction in vitro and
Induce Anti-tumor Activity in vivo

Following Passive Application
To examine the capacity of the mimotope JT–mPD1 in inducing
functional IgG antibodies, rabbits were immunized with the
mimotope, specific IgGs were isolated, and the capacity of
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the antibodies to block the interaction between mPD1 and
recombinant mPD-L1 was carried out by inhibition ELISA. As
shown in Figure 3A, the examined JT–mPD1-specific rabbit
IgG was shown to dose-dependently and significantly inhibit

the binding of mPD–L1 to mPD1. These results indicated
that the mimotope can potently induce IgG antibodies with
a capacity in blocking the mPD1/mPD–L1 interaction in a
dose-dependent manner.

FIGURE 2 | Continued
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FIGURE 2 | Examination of the specificity of the mimotopes JT–N1, JT–N2, and JT–mPD1 in cellular assays. (A) Jurkat T cells expressing high levels of hPD1 were

used in a binding assay to examine the binding of anti-hPD1 mAb Nivolumab (50 ng/ml) alone or after preincubation with different concentrations of JT–N1, JT–N2,

combination of both mimotopes, and a control mimotope. The inset shows reactivity of an antibody to hPD1 on Jurkat–hPD1 (gray histogram) and control Jurkat cells

(open histogram) n = 4 for each data point. (B) Flow cytometry histograms of a representative experiment are shown. Open histogram, no Nivolumab; blue histogram,

binding of Nivolumab alone; gray histograms, titration of JT–N1, JT–N2, combination of both mimotopes, and the control mimotope. (C) Jurkat T cells expressing

mPD1 were used in a binding assay to examine the binding of anti-mPD1 mAb (10 ng/ml) alone or after preincubation with different concentrations of JT–mPD1

(Continued)
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FIGURE 2 | and the control mimotope. The inset shows reactivity of the anti-mPD1 mAb on Jurkat–mPD1 (gray histogram) and control Jurkat cells (open histogram)

n = 3 for each data point. Significant differences are indicated by the P-values. (D) Flow cytometry histograms of a representative experiment are shown. Open

histogram, no anti-mPD1 mAb; blue histogram, binding of the anti-mPD1 mAB; gray histograms, titration of the mimotope JT–mPD1, and the control mimotope. (E)

Reporter gene (eGFP) expression of Jurkat hPD1 reporter cells activated by hPD–L1-expressing stimulator cells. The anti-hPD1 mAb (alone or after preincubation with

JT–N1) was added as indicated n = 4 for each data point. The results are representative of at least two repeated experiments. Significant differences are indicated by

asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).

The goal of immune checkpoint blockade in cancer
immunotherapy is enhancement of T-cell activity to result
in anti-tumor activity, as clinically proven in settings of
passive immunization with immunomodulatory ICIs such as
Nivolumab. Therefore, to examine whether the blockade of
mPD1/mPD–L1 interaction by rabbit IgG against JT–mPD1 as
shown in vitro can also be translated to anti-tumor activity in
vivo, passive immunization/administration of the rabbit IgG
in a syngeneic mouse model, involving BALB/c mice engrafted
with BALB/c-derived mammary carcinoma (D2F2/E2) cells
expressing human Her-2, was carried out. The D2F2/E2 tumor
cells were used for grafting in naïve, sham treated, injected with
JT–mPD1 rabbit IgG or anti-mPD1 mAb (positive control)
BALB/c mice, as described in the Materials and Methods section
and shown in Figure 3B. While similar weight of tumors in
the naïve and sham-treated mice were observed, the rabbit
IgG antibodies against the mimotope JT–mPD1 resulted in a
significant tumor growth reduction (33%) in the immunized
mice compared to the naïve mice. A significant tumor growth
reduction of 40% was also observed in the tumors from the mice
injected with the monoclonal anti-mPD1 mAb (Figure 3C).

Active Immunization With mPD1-Derived
Mimotope Leads to Significant Tumor
Growth Reduction in vivo
To evaluate whether active immunization with PD1-derived
mimotopes induces an anti-tumor effect, the BALB/c mice,
engrafted with the syngeneic tumor cell line D2F2/E2 expressing
human Her-2/neu, were immunized with the mimotope JT–
mPD1 (conjugated to CRM197 in conjunction with Montanide;
25 µg/dose) (Figure 4A). The mimotope was shown to be
immunogenic and led to induction of mPD1-specific IgG
antibody production (500 ng/ml, in average) in the immunized
mice compared to the control mice (Figure 4B). As shown in
Figure 4C, the induced antibody response was associated with
a significant reduction (36%) of the tumor weight in the mice
actively immunized with JT–mPD1, indicating a strong anti-
tumor effect as a result of the active immunization with the
mimotope, which was comparable to the tumor-reducing effects
after passive immunization (Figure 4C).

The Anti-tumor Effect by Active
Immunization With mPD1-Derived
Mimotope, but Not by Passive
Immunization, Is Associated With
Increased Cell Apoptosis (Cleaved
Caspase-3) in the Tumors
We further sought to evaluate the mechanism of the antitumor
effect observed in the tumors from the passively immunized mice

and those actively immunized with the mimotope JT–mPD1,
by IHC for evaluating the levels of the cleaved caspase-3 (CC3;
an established apoptotic marker and indicative of cell death)
and of Ki67 (as a marker for cell proliferation). As shown in
Figure 5, active immunization with the mimotope resulted in
significantly increased levels of CC3 in the tumors, whereas no
increase in the apoptotic marker was observed in the tumors
from the passively immunized mice. However, in tumors from
both the passive and active immunizations, decreased levels of the
proliferation marker Ki67 were observed. These results suggested
that active immunization, unlike the passive immunization,
activates an apoptotic pathway in the tumor cells, although
comparable levels of tumor growth reduction were observed after
the two immunizations.

Active Immunization With JT–mPD1 Does
Not Lead to Signs of Increased Systemic
Inflammation in the Mice
To examine whether vaccination with the mouse-PD1-derived
mimotope JT–mPD1 leads to elevated inflammation markers
in the immunized mice, the pro-inflammatory cytokine levels
TNFα and IL-6 were measured in the sera of the mice.
Notably, no increase in the levels of the examined cytokines
TNFα (Figure 6A) and IL-6 (Figure 6B) was detected, indicating
that active immunization with the mimotope does not trigger
systemic inflammation.

Active Immunization Combining
mPD1-Derived Mimotope Together With a
Her-2/neu B-Cell-Based Vaccine (Her-Vaxx)
Potentiates the Anti-tumor Effect in vivo
Based on the above results, we next examined whether themPD1-
derived mimotope in combination with Her-2/neu vaccine could
enhance the anti-tumor effect in vivo in the mouse syngeneic
tumor model. Therefore, mice were immunized with either JT–
mPD1 (50 µg/dose), our multiple B-cell epitope anti-Her2/neu
vaccine (Her-Vaxx; 25 µg/dose) (22, 23), or a combination of
both based on the schedule depicted in Figure 4A. As shown
in Figure 7, immunization of mice with JT–mPD1 combined
with Her-Vaxx significantly potentiated the anti-tumor effect
compared to the effect seen in the mice immunized with each
antigen alone.

DISCUSSION

Systemic administration of mAbs including immune checkpoint
inhibitors targeting PD1, and their effect in immunomodulation,
has demonstrated tremendous potential to control cancer growth
in different tumor entities (8, 9). Following the concept of
active immunization with B-cell-derived epitopes, as previously
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FIGURE 3 | Evaluation of anti-tumor capacity in vivo by passive immunization with the rabbit IgG against JT–mPD1 in a syngeneic tumor mouse model. (A) Inhibition

ELISA showing the binding of mPD–L1 to coated mPD1, before or after preincubation with control rabbit IgG or with different concentrations of rabbit-specific IgG

against JT–mPD1 n = 4 for each data point. (B) BALB/c mice either remained untreated (naïve) or were injected as depicted. (C) In vivo anti-tumor effect shown by

bars expressing the weight of the tumors explanted upon sacrifice from all the mice in each group. The levels of tumor growth reduction in the mice immunized with

the rabbit IgG Abs or the examined mAb against mPD1, compared to the naïve mice, are indicated in percentages above the respective bars. Corresponding

macroscopic images of representative explanted tumors are shown below each bar n = 8 for each data point. The results are representative of at least two repeated

experiments. Significant differences are indicated by asterisks (**P < 0.01, ***P < 0.001).
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FIGURE 4 | Evaluation of anti-tumor capacity in vivo by active immunization with JT–mPD1 in a syngeneic tumor mouse model. (A) BALB/c mice either remained

untreated (naïve) or were immunized as depicted. (B) Level of serum IgG antibody responses against recombinant mPD1 protein, at the time of the sacrifice of the

mice immunized with the mimotope. (C) In vivo anti-tumor effect shown by bars expressing the weight of the tumors explanted upon sacrifice from all the mice in each

group. The level of tumor growth reduction in the immunized mice, compared to the naïve mice, is indicated in percentages above the respective bar. Corresponding

macroscopic images of representative explanted tumors are shown below each bar n = 10 for each data point. The results are representative of at least two repeated

experiments. Significant differences are indicated by asterisks (*P < 0.05, ***P < 0.001).
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FIGURE 5 | Comparison of the levels of the apoptotic marker CC3 (A,C) and the proliferation marker Ki67 (B,D) in the tumors of the mice passively immunized with

the rabbit IgG against the mPD1-derived mimotope, or in the mice actively immunized with the mimotope, evaluated by IHC staining. For each tumor, more than one

region was quantified for detection of evaluated markers. Representative images are shown. Significant differences are indicated by asterisks (*P < 0.05, **P < 0.01,

***P < 0.001). ns, not significant.

described against Her-2/neu (23, 24), in this study we describe
the identification of PD1-derived mimotopes, and their use for
active immunization to induce the host’s immune system and
inhibit tumor growth in vivo.

A surface-display platform for screening and detection of the
mimotopes was established and applied, followed by a cellular
platform for evaluating the effect of the identified mimotopes
on the physiological interaction between T cells expressing

PD1 and stimulator cells expressing PD–L1 (26). Among
the identified hPD1-derived mimotopes, JT–N1 exhibited the
strongest binding capacity to Nivolumab, specifically, and dose-
dependently inhibited the binding of the mAb to recombinant
hPD1 and also blocked the hPD1/hPD–L1 interaction in a T cell-
based reporter assay in vitro. A high concentration (1,000µg/ml)
of the mimotope JT–N1 was required to achieve a significant
level of inhibition. It has been described that Nivolumab binds
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FIGURE 6 | Detected levels of the pro-inflammatory cytokine tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6) in the sera of the mice actively immunized

with JT–mPD1 compared to the naïve mice. The examined mice sera, prior to initiation of the immunization experiment (i.e., pre-immune bleeding), and from the

sacrificed mice, were diluted 1/10, and the levels of the cytokines TNFα (A) and IL-6 (B) in the sera were examined by ELISA. The results are representative of at least

two repeated experiments. ns, not significant.

to the N-terminal loop of human PD1 (29), where the identified
and selected mimotope JT–N1 resides. It has also been reported
that binding epitope of Nivolumab includes a few amino acids
residing in the IgV domain of human PD1 (30). Therefore, it
is conceivable that upon final folding, the N loop and the IgV
region of the protein are in a proximity generating the optimal
binding epitope of Nivolumab. By testing the overlapping
peptides spanning the entire extracellular domain of human PD1,
also including the IgV domain, only JT–N1 and the following
overlapping peptides JT–N2 and JT–N3, which correspond to
the N terminal side of the protein, were identified. JT–N2,
which overlaps with JT–N1 by a few amino acids had a weaker
capacity in inhibiting the binding of Nivolumab in the inhibition
ELISA as well as in binding assay using a T cell-based cell line,
whereas no inhibitory capacity was shown by JT–N3 in the assays.
These results indicate the specificity of the mimotope JT–N1
and its importance in the region where Nivolumab binds to.
However, we cannot exclude the possibility that the required high
concentration of the mimotope may be due to missing residues
required for the optimal binding of Nivolumab. Nonetheless,
the mimotope JT–N1 has shown a strong and dose-dependent
capacity in inhibiting the binding of Nivolumab in inhibition
ELISA as well as in the cellular assays.

These results prompted us to prove whether immunization
with PD1-derived mimotopes can reduce tumor growth in
vivo. Consequently, a mimotope of an anti-mPD1 mAb with
functional capacity was identified and examined in vivo. Using
a syngeneic mouse model with mammary carcinoma tumor cells
transfected for stable expression of humanHer-2/neu, we showed
that administration of IgG antibodies generated in rabbits against
the mPD1-derived mimotope reduced tumor growth to the
same extent as the administered corresponding mAb. These
results indicated that the mimotope-specific antibodies have
comparable biological activity as the corresponding monoclonal
antibody. A similar observation of anti-tumor effect by passively
administered anti-OX40 antibody in mice has been shown (31).

Importantly, the concept of active immunization with PD1-
derived mimotope was proven in our syngeneic mouse model
by showing that active immunization with the mPD1-derived
mimotope can lead to reduced tumor growth in vivo. For this
evaluation, the mimotope was conjugated to the carrier protein
CRM197 and administered with the adjuvant Montanide, similar
to our recently formulated B cell-based Her-2/neu vaccine (23).
Our results showed for the first time that active immunization
with the PD-1 mimotope induced significant anti-tumor effect
compared to sham-immunized control mice. Analyses of the
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FIGURE 7 | Evaluation of anti-tumor capacity by active immunization with JT–mPD1 in a syngeneic tumor mouse model. BALB/c mice either remained untreated

(naïve) or were immunized, as depicted in Figure 4A, with mPD1-derived mimotope JT–mPD1, with a multiple B-cell epitope anti-Her2/neu vaccine (Her-Vaxx) or with

combination of both antigens. In vivo anti-tumor effect shown by bars expressing weight of tumors explanted upon sacrifice from all the mice in each group.

Corresponding macroscopic images of representative explanted tumors are shown below each bar n = 10 for each data point. The results are representative of

repeated experiments. Significant differences are indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).

tumor growth reduction in the actively and passively immunized
mice showed significantly increased levels of apoptotic marker
CC3 in the mice tumors from the active immunization, while
no increase was observed in the tumors from the passively
immunized mice. These results clearly indicate that active
immunization, unlike the passive immunization, activates an
apoptotic pathway in the tumor cells. We speculate that active
immunization may have promoted apoptotic cell death by
inducing transcriptional expression of FAS ligand, which binds
to FAS with subsequent caspase-3 activation, thus promoting
apoptotic tumor cell death (32). Overall, the anti-tumor effect
observed in the mice actively immunized with the mPD1-derived
mimotope may not solely be linked to the capacity of the
induced antibodies in inhibiting the interaction between PD1
and PD–L1, as the amount of antibodies induced by active
immunization were clearly lower than the passively transferred
antibody levels, indicating that active immunization induces
broader immunological and cellular effects, in which pathways
need subsequent in-depth analysis.

With regard to safety, it has been shown that treatment
with immune-checkpoint inhibitors in humans can lead to
inflammatory side effects/immune-related adverse events (33).
In our model, we did not see any increase in the levels of
the pro-inflammatory cytokines IL-6 and TNFα in the sera of
mice actively immunized with the mPD1-derived mimotope,
indicating that this immunization regimen does not lead to
systemic inflammation. In addition, no apparent weight loss

or other clinical signs of inflammation such as scrubby fur or
deceleration of movement were observed during the course of
the entire experiment. Nonetheless, further studies on long-term
tolerability of active immunization, including co-sensitization
with unrelated antigens or use of infections models, are currently
planned to preclude potential harmful long-term effects on the
immune system.

Several recent studies have focused on evaluating the anti-
tumor effect of combined immunotherapy including cancer
vaccine and ICIs, among which combinations of mAbs
against human PD1 or PD-L1 were applied in conjunction
with the clinically applied mAb Trastuzumab (34–38). Our
in vivo experiments for evaluation of anti-tumor activity,
involved the use of BALB/c mice-derived mammary carcinoma
D2F2/E2 cells stably expressing human Her-2/neu. Therefore,
we were prompted to examine the anti-tumor effect of
active immunization with a combination of the mPD1-derived
mimotope and our Her-2/neu vaccine (23, 24) in the syngeneic
mouse model. Our results indicated an enhanced anti-tumor
effect in the mice immunized with the combined vaccine
compared to themice immunized with each of the vaccines alone,
suggesting that combinations of B-cell mimotopes derived from
tumor-associated antigens and immune checkpoints possibly
prolong and improve the efficacy of the respective cancer
vaccines. As the concentration of the immune checkpoint-
derived mimotopes can be optimized to a level showing
highest efficacy with lowest side effects, they could serve
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as “adjuvants with good tolerability” to optimize the anti-
tumor effects, highlighting the potential relevance of such
mimotopes for clinical use. Furthermore, the use of mimotopes
could overcome the limitations associated with direct use
of monoclonal antibodies, including its cost-intensiveness for
mono- or combination therapies and the linked adverse effects
or possible development of resistance in some patients. In vivo
studies are ongoing to examine the aspect, and this novel concept
for treatment may be of particular value as treatment strategy in
different tumor entities to prevent tumor recurrence (39–41).

Taken together, while the clinical benefit of antibodies
targeting immune checkpoints is well-established, our results
indicate that immune checkpoint inhibition can also be
achieved by active immunization thereby providing a new
concept for cancer immunotherapy. Immunization with
mimotopes derived from immune checkpoints may not
only contribute to the development of cancer vaccines using
such mimotopes, as monovalent vaccines, but also pave the
way for therapies combining tumor-specific antigens and
thereby enhancing the efficacy of vaccinations against different
malignancies adapted to the type, stage, and progression phase
of the tumor.
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Ines Zwazl 1, Claudia Seidl-Friedrich 1, Christoph J. Binder 2, Karin Stiasny 3,

Michael Kundi 4 and Ursula Wiedermann 1*

1 Institute of Specific Prophylaxis and Tropical Medicine, Medical University of Vienna, Vienna, Austria, 2Department for

Laboratory Medicine, Medical University Vienna, Vienna, Austria, 3Center of Virology, Medical University Vienna, Vienna,

Austria, 4Center for Public Health, Medical University Vienna, Vienna, Austria

Obesity has dramatically increased over the last 30 years and reaches according toWorld

Health Organization dimensions of a global epidemic. The obesity-associated chronic

low-level inflammation contributes to severe comorbidities and directly affects many

immune cells leading to immune dysfunction and increased susceptibility to infections.

Thus, prophylaxis against vaccine-preventable diseases is crucial, yet the responsiveness

to several vaccines is unclear under obesity. In order to assess the responsiveness

to tick-borne encephalitis (TBE) vaccine, we revaccinated 37 obese individuals and

36 normal-weight controls with a licensed TBE vaccine. Metabolic, hormonal, and

immunologic profiles along with vaccine-specific humoral and cellular immune responses

were evaluated in sera and peripheral blood mononuclear cells (PBMCs) before, 1 week,

4 weeks, and 6 months after TBE booster. Obese adults had significantly increased

metabolic (triglycerides, cholesterol ratios, leptin, insulin) and proinflammatory (C-reactive

protein) parameters. They showed stronger initial increase of TBE-specific Ab titers

(d7_d28) followed by a significantly faster decline after 6 months, which correlated with

high body mass index and leptin and insulin levels. The fold increase of Ab-titer levels

was significantly higher in obese compared to control males and linked to reduced

testosterone levels. Obesity also affected cellular responses: PBMCs of the obese

vaccinees had elevated interleukin 2 and interferon γ levels upon antigen stimulation,

indicating a leptin-dependent proinflammatory TH1 polarization. The expansion of total

and naive B cells in obese might explain the initial increase of Ab titers, whereas the

reduced B-memory cell and plasma blast generation could be related to fast Ab decline

with a limited maintenance of titers. Among T follicular helper cell (Tfh) cells, the Tfh17

subset was significantly expanded particularly in obese males, where we observed a

strong initial Ab increase. Systemic but not local vaccine side effects were more frequent

in obese subjects as a possible consequence of their low-grade proinflammatory state.

In summary, TBE booster vaccination was effective in obese individuals, yet the faster

Ab decline could result in a reduced long-term protection. The sex-based differences in
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vaccine responses indicate a complex interplay of the endocrine, metabolic, and immune

system during obesity. Further studies on the long-term protection after vaccination are

ongoing, and also evaluation of primary vaccination against TBE in obese individuals is

planned.

Clinical Trial Registration: NCT04017052; https://clinicaltrials.gov/ct2/show/

NCT04017052.

Keywords: obesity, immune dysfunction, vaccination, tick-borne encephalitis, sex, metabolism, hormones

INTRODUCTION

The worldwide prevalence of obesity has tripled within the last
30 years, and in 2016, 1.9 billion people older than 18 years
were overweight, with one-third of them classified as obese. This
equals 13% of the world population, 11.1% of men and 15%
of women. For adults, the World Health Organization (WHO)
defines overweight as body mass index (BMI) ≥25 kg/m2 and
obesity as BMI ≥30 kg/m2 (1). In 2016, 23.3% of Europeans
were obese (2), and the prevalence of obesity among US adults
was even more striking with 39.8% (3). Also, younger individuals
worldwide are greatly afflicted because the rate of overweight
and obesity among children and adolescents aged 5 to 19 years
increased dramatically from 4% in 1975 to 18% in 2016, and 41
million children younger than 5 years were overweight or obese.
The WHO has adopted policies to halt the global epidemic and
aims to limit obesity by 2025 to the rates of 2010 (1).

The immune system and metabolic system have coevolved,
and their mutual influence regulates the sharing of resources
between metabolic energy conservation and required
implementation of energy-consuming immune defense
mechanisms (4). Adipose tissue as part of the metabolic

system is the site of energy storage, that is, accumulation of
lipids in adipocytes, and local innate and adaptive immune cells

in cooperation with adipocytes and endothelial cells maintain

metabolic homeostasis. The adipocytes in obese white adipose
tissue (WAT) become hypertrophic due to increased fat storage
leading to hypoxia and cell death. Proinflammatory signals
from dead adipocytes attract M1 macrophages, and tumor
necrosis factor α (TNF-α) and interferon γ (IFN-γ) secreted
from proinflammatory invariant natural killer T cells and CD8+

T cells, respectively, induce further macrophage accumulation
and activation. This, together with TH1-polarized CD4+ T cells,
results in local type 1 inflammation and consequently low-grade
systemic inflammation (5). Adipocytes secrete leptin, a hormone
that regulates body weight via leptin receptors (LepRs) in the
central nervous system, where it triggers decreased food intake.
Leptin receptor is expressed on many immune cells, and thus,
leptin directly influences the immune system. Leptin activates
granulocytes, macrophages (M1 phenotype), dendritic cells,
and natural killer (NK) cells and leads to increased naive T-
and B-cell proliferation, decreased T regulatory cell (Treg)
proliferation and T memory expansion, as well as TH1 and
TH17 polarization (6). In obese individuals, leptin levels are

permanently high, because leptin signaling is impaired due to
leptin resistance (7).

Obesity has severe health consequences such as insulin
resistance and type 2 diabetes, hypertension, and dyslipidemia
leading to atherosclerosis and cardiovascular disease (8), and an
increased risk of certain types of cancer (9). Importantly, obesity
also has a substantial impact on immunity and pathogen defense.
Because of fat accumulation in bone marrow and thymus,
the generation and output of naive immune cells are affected,
leading to altered leukocyte populations and expansion of T cells
and macrophages with predominantly inflammatory phenotype.
These alterations impair immune defense, and consequently,
obese individuals show increased susceptibility to infections (10).
It has been shown that obese individuals are at greater risk of
particularly respiratory tract infections caused by bacteria (11)
and viruses (12). Furthermore, obesity was shown to pose a
risk factor for increased morbidity and mortality after infection
with the pandemic influenza A (H1N1) virus in 2009 (13), and
impaired antiviral responses in the obese host are described in
detail (14).

Given the increased susceptibility to infections in obese
individuals, vaccinations as preventive measures are of crucial
importance, but sufficient vaccine responses in obese individuals
are questionable. Obesity is described as a clear risk factor
for non-responsiveness to hepatitis B vaccination (15–18), and
also reduced vaccine responses to hepatitis A virus vaccine
were reported (19, 20). Obese adolescents mounted reduced
antitetanus antibodies (Abs) (21), and overweight/obese adults
had insufficient Ab titers to rabies vaccine 2 years postvaccination
(22). In contrast, a more recent study showed that obese
subjects mounted higher neutralizing antirabies Ab titers 4
weeks after vaccination (23). With respect to influenza, it is
known that obesity is an important risk factor for severe disease
complications, and therefore short- and long-term protection
after influenza vaccination has been investigated: increased titers
to trivalent influenza vaccine were observed in obese children
(24), and also adults showed a higher initial fold increase
of Ab levels after 4 weeks. However, this was followed by a
faster decline after 12 months, and both were correlated with
high BMI. Additionally, obese vaccinees showed a defective
activation of CD8+ T cells with reduced granzyme B and perforin
production (25).

Based on reports that long-term protection to influenza
appears limited under obese conditions, we further asked
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whether these immunologic effects also apply to other vaccines
such as tick-borne encephalitis (TBE). Tick-borne encephalitis
virus is highly endemic in Austria, and ∼90% of the population
is vaccinated against TBE (26), yet no data are available on
the effectiveness of TBE vaccine (adjuvanted, inactivated whole
virus) in the continuously growing population of severely obese
individuals. According to Austrian guidelines, TBE booster
is required 5 years after primary vaccination (aged <60
years), and thus we wanted to investigate (a) if adequate
booster responsiveness is present in a severely obese cohort,
(b) if vaccination has an impact on the metabolic state,
and (c) if vaccine reactogenicity is altered in the context
of obese low-grade inflammation. We enrolled obese adults
and normal-weight controls of both sexes and evaluated
their metabolic/inflammatory parameters and sex hormones;
moreover, vaccine-specific Ab titers and cellular responses were
determined before and after TBE booster administration. Our
goal was to determine whether obesity negatively influences TBE
vaccine responsiveness and if there is a requirement for specific
vaccination schedules in this risk population.

MATERIALS AND METHODS

Study Design and Study Subjects
We investigated two parallel groups in an open-label, non-
randomized, phase IV clinical trial with 37 obese (BMI
>30 kg/m2) and 36 normal-weight adults (BMI <25 kg/m2).
The study subjects were between 18 and 60 years old, and
the groups were matched with respect to age and sex. All
included participants had received a documented primary
TBE vaccination and at least one booster. After providing
written informed consent, a TBE booster vaccination was
administered to the study participants. Venous blood was
drawn prior to and 1 week, 4 weeks, and 6 months after
vaccination, and the obtained sera were evaluated for TBE-
specific antibodies. Furthermore, metabolic, hormonal, and
immunologic parameters were determined in sera taken before
and 4 weeks after vaccination. Sera were obtained from the
antecubital vein between 8:00 and 10:00 AM after an overnight
fast. Peripheral blood mononuclear cells (PBMCs) were prepared
prior to and 1 week after booster to assess the cellular immune
responses. Furthermore, the study subjects reported occurrence,
duration, and intensity of any local and systemic reactions in a
diary during the week after vaccination. The study was approved
by the ethical committee of the Medical University of Vienna
(ECS Nr. 1179/2014) and the national regulatory authorities and
registered at ClinicalTrials.gov (NCT04017052).

Vaccines
The study subjects received the TBE vaccine FSME-IMMUN R©

0.5mL containing 2.4 µg inactivated TBE virus (strain
Neudoerfl) and 0.35mg Al(OH)3 by intramuscular injection into
the muscle deltoideus with regular-length needles. The used lots
VNR1N16E, VNR1Q10A, and VNR1P10E of FSME-IMMUN R©

vaccine were equally divided between obese and control groups.
FSME-IMMUN R© 0.5mL (Pfizer Corporation Austria GmbH,

Vienna, Austria) is licensed in Austria since 1996. All vaccines
were stored at 2 to 8◦C until usage.

Preparation and Storage of Serum and
PBMCs
Peripheral blood mononuclear cells were prepared from
heparinized blood by Ficoll Paque centrifugation, as previously
reported (27) and resuspended in RPMI 1640 containing 50%
FCS (both Biochrom, Berlin, Germany) and 10% dimethyl
sulfoxide (Merck, Darmstadt, Germany) for storage in liquid
nitrogen until evaluation. Serum was obtained from native
venous blood and stored at −20◦C until evaluation, and an
additional sample was sent to an external clinical laboratory for
analyses of clinical chemical parameters and hormones (labors.at,
Vienna, Austria).

Metabolic and Inflammatory Parameters
Concentrations of total cholesterol, triglycerides, high-density
lipoprotein (HDL) cholesterol, apolipoproteins A1 and B,
lipoprotein A, glucose, fructosamine, leptin, insulin, and high-
sensitivity C-reactive protein (CRP) were evaluated prior to
vaccination and the measurements of cholesterol, triglycerides,
HDL cholesterol, glucose, fructosamine, insulin und high-
sensitivity CRP (hsCRP) were repeated 4 weeks thereafter. Low-
density lipoprotein cholesterol was calculated according to the
Friedewald formula, and the cholesterol ratio was calculated as
total cholesterol/HDL cholesterol.

All analyses were done at the clinical laboratory labors.at in
Vienna, Austria. Measurement of total cholesterol, triglycerides,
HDL cholesterol, apolipoprotein A1 and B, glucose, and hsCRP
was performed on Cobas C701 (Roche Diagnostics, Mannheim,
Germany) according to the manufacturer’s instructions.
Fructosamine and lipoprotein A were measured on Cobas C501
and insulin on Cobas E602 (both Roche Diagnostics) according
to the manufacturer’s instructions. Leptin was quantified by
RIA (Leptin RIA LEP-R44; Mediagnost, Reutlingen, Germany)
according to the manufacturer’s instructions.

Hormones
The following sexual hormone levels were tested in serum prior
to booster vaccination: testosterone, estrogen, progesterone,
follicle-stimulating hormone (FSH), and luteinizing hormone
(LH). Analyses were performed at the clinical laboratory labors.at
in Vienna, Austria, using Cobas E602 (Roche Diagnostics)
according to the manufacturer’s instructions.

TBE-Specific Neutralization Test Titers
Tick-borne encephalitis–specific neutralizing antibody titers
were evaluated in serum by virus neutralization test (NT),
performed according to Adner et al. (28) with TBE virus
strain Neudoerfl at Pfizer Corporation Austria GmbH; Pfizer
laboratory received anonymized serum samples for NT testing.
The geometric mean titers (GMTs) were assessed before, 1 week,
4 weeks, and 6 months after vaccination.
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TBE-Specific in vitro Restimulation of
PBMCs
Peripheral blood mononuclear cell samples stored in liquid
nitrogen were reestablished in culture medium RPMI 1640
supplemented with 10% human AB serum (Biochrom) and
2mM L-glutamine, 50µM 2-mercaptoethanol, and 0.1 mg/mL
gentamycin (all Sigma Aldrich, St. Louis, MO, USA). Cells
were plated in 96-well round-bottom plates at 8 × 105/well in
duplicates and cultured with TBE TICOVAC-like antigen (0.096
µg/well), superantigen Staphylococcus enterotoxin B (SEB, 0.2
µg/well), and in culture medium only to assess cytokine baselines
(200 µL total culture volume). Cultures were maintained for 48 h
(37◦C, 5%CO2, 95% humidity), and thereafter supernatants were
harvested, pooled, and stored at−20◦C until analyses.

Quantification of Cytokine Production in
Culture Supernatants
Cytokines interleukin 2 (IL-2), IFN-γ, IL-10, IL1-β, IL-6, IL-
17, and TNF-α were quantified in culture supernatants from
restimulated PBMCs obtained before (d0) and 7 days after
vaccination (d7) using a Luminex 200 platform and Human
Cytokine A Premix-Kit (Bio-Techne Ltd., Abingdon, UK) as
previously described (27). All cytokine data are TBE-or SEB-
specific concentrations minus the respective baseline levels
measured in media-stimulated cultures.

Flow Cytometric Lymphocyte Analyses
Peripheral blood mononuclear cells were surface stained with the
fluorochrome-conjugated monoclonal antibodies listed below
and stained intracellularly with monoclonal antibodies (mAbs)
against transcription factor FOXP3 for characterization of Tregs.
Data were acquired on a FACS Canto II flow cytometer by gating
on cells with forward/side light scatter properties of lymphocytes
and analyzed with FACS Diva 8.0 software (BD Biosciences, San
Jose, CA, USA).

For PBMCs’ surface staining, the following monoclonal
antibodies were used: anti–human CD3 PE-Cy5 (clone HIT3a),
anti–human CD4 APC-H7 (clone L200), anti–human CD8 APC
(clone RPA-T8), anti–human CD28 BV510 (clone CD28.2), anti–
human CD45RA BV421 (clone HI100), anti–human CD19 FITC
(clone HIB19), anti–human CD27 PE (clone L128), anti–human
CD38 PerCP-Cy5.5 (clone HIT2), anti–human CD24 BV421
(clone ML5), anti–human CD10 BV510 (clone HI10a), anti–
human immunoglobulin D (IgD) PE-Cy7 (clone IA6-2), and
anti–human IgM APC (clone G20-127), all from BD Biosciences;
anti–human chemokine receptor 7 (CCR7) FITC (clone 150503)
was obtained from R&D Systems, Inc. (Minneapolis, MN, USA).
Regulatory T cells were characterized with anti–human CD3
PE-Cy5 (clone HIT3a), anti–human CD4 FITC (clone RPA-T4),
anti–human CD25 PE (clone M-A251), anti–human CD45RA
BV510 (clone HI100) (all BD Biosciences), and intracellular anti–
human FOXP3-APC (clone PCH101; eBioscience, now Thermo
Fisher Scientific, Waltham, MA, USA). Foxp3/Transcription
Factor Staining Buffer Set (eBioscience) was used for the
fixation/permeation procedure, and specific staining was verified
with respective isotype controls. Natural killer T cells were

characterized as CD3+/CD4−/CD8− and were calculated as %
difference of CD4 plus CD8T cells to total CD3+ T cells.

T follicular helper cells (Tfh) were characterized by use of
anti–human ICOS FITC (clone ISA3) and anti–human CXCR5
PE Cy7 (clone MU5UBEE) from eBioscience, now Thermo
Fisher Scientific, as well as with anti–human PD-1 PE (clone
EH12.2H7) and anti–human CXCR3 APC (clone G025H7) from
BioLegend, San Diego, CA, USA. Furthermore, anti–human CD3
PerCP Cy5.5 (clone Ucht1), anti–human CD4 APC (clone L200),
anti–human CCR6 BV421 (clone 11A9), anti–human CD45RA
BV510 (clone HI100), and anti–human CD56 BV510 (clone
NCAM16.2), all from BD Biosciences, were used.

Total IgA
Serum concentrations of total IgA were determined before and
4 weeks after TBE booster vaccination. An in vitro diagnostic
assay for the quantitative determination of IgA in human
serum by means of immune nephelometry on the Atellica R©

NEPH 630 System was used. Measurements were carried out
at the Department for Laboratory Medicine, Medical University
of Vienna.

Statistical Evaluation
Sample size determination was based on the assumption that
a relative TBE titer difference of 1:2 should be detected at the
two-sided significance level of 5% with a power of 80% given
the standard deviation of log titers from Loew-Baselli et al. (29).
To reach this goal, sample size for each group must be greater
than or equal to n = 37. The primary endpoint (log TBE titer)
was statistically evaluated by analysis of variance (ANOVA) with
linear contrasts for the comparison of fold increases/decreases.
Serum concentrations of cytokines as well as hormones and
lipids were log transformed and fractions of PBMCs were square
root transformed before analysis and evaluated exploratory like
the primary endpoint by ANOVA and linear contrasts. In all
analyses, residuals were tested for normality by Kolmogorov–
Smirnov tests with Lilliefors’ corrected p-values. Homogeneity of
variances was tested by Levene tests. Blood parameters are shown
in graphs with geometric means and 95% confidence intervals
(CIs). Cell fractions are shown as dot plots with arithmetic

TABLE 1 | Demographic data of study subjects.

Obese Controls

Participants (n) 37 36

Sex (m/f) 17/20 16/20

Mean age (y) 46.0 (43.2–48.8) 45.4 (42.0–48.8)

Interval to last booster (y) 8.5 (6.7–10.4) 8.0 (5.9–10.1)

Previous TBE boosters (n) 2.6 (1.8–3.4) 2.5 (1.8–3.2)

Weight (kg)**** 119.1 (112.6–125.5) 68.1 (64.9–71.2)

BMI**** 38.9 (37.2–40.6) 22.1 (21.4–22.8)

Waist-to-hip ratio**** 0.94 (0.91–0.98) 0.83 (0.81–0.86)

Values are given as arithmetic means with 95% CI. Abbreviations: y, year; f, female; m,

male; kg, kilogram; BMI, body mass index. Analysis of variance with linear contrasts. ****p

≤ 0.0001.
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FIGURE 1 | Metabolic and inflammatory parameters. Concentrations/values of (A) triglycerides (mg/dl), (B) cholesterol ratios, (C) HDL cholesterol (mg/dl), (D) insulin

(mIU/L), (E) leptin (ng/ml), and (F) high-sensitive CRP (mg/dl) as geometric means (GM) with 95% CI; cholesterol ratio was calculated as total cholesterol/HDL

cholesterol; values for females (f) and males (m). ANOVA with linear contrasts; ****p ≤ 0.0001.

means. Relationship between blood parameters and TBE titers
(and fold increase/decrease) was investigated by Spearman rank
correlations. All analyses were performed using SPSS 25.0 (IBM
Corp., Armonk, NY, USA), and graphics were prepared by
GraphPad Prism (version 7.00; GraphPad Software, San Diego,
CA, USA).

RESULTS

Cohort
The investigated groups were obese subjects (n = 37) and
normal-weight controls (n = 36) (Supplementary Figure 1).
The demographic parameters age and sex were similar between
the groups, as was the interval since the last TBE booster
(∼8 years) and the number of previously received booster
vaccinations. The average BMI in the obese group was 38.9 vs.
22.1 kg/m2 in healthy controls (p < 0.0001), and also weight
(119.1 vs. 68.1kg) and waist-to-hip ratio (0.94 vs. 0.83, both
p < 0.0001) were significantly different between the groups
(Table 1). All subjects fulfilled the general study eligibility criteria
(Supplementary Table 1); individuals diagnosed with type 1
diabetes mellitus (classified as an autoimmune disease) were not
eligible for the study, and five subjects in the obese group suffered
from type 2 diabetes. Of female participants in both groups,
∼50% had a normal menstrual cycle, ∼25% used hormonal
contraceptives, and∼25% were postmenopausal.

Metabolic and Inflammatory Parameters
and Hormones
Triglycerides and cholesterol ratios (total cholesterol/HDL
cholesterol) were significantly increased in obese subjects,
whereas HDL cholesterol was significantly decreased
(Figures 1A–C). Furthermore, leptin and also insulin
were present in significantly higher concentrations in
obese individuals vs. normal-weight controls; of note,
obese males featured disproportionally high insulin levels.
Measurement of glycemic parameters showed higher glucose
and decreased fructosamine levels in the obese cohort
(Supplementary Table 2). High-sensitivity CRP was determined
to assess systemic inflammation and was significantly increased
in the obese group (Figures 1D–F). No substantial changes of the
metabolic parameters tested 4 weeks after booster were observed.
Females of both groups presented with a slight reduction of some
of the respective parameters, whereas this was not the case for
males (Supplementary Table 2).

Taking into consideration that WAT not only produces
adipokines, but is as well involved in metabolic processing of
sex hormones (i.e., testosterone), we measured concentrations
of the most important hormones in our study population.
Female hormone levels of estradiol, progesterone, LH, and
FSH showed the expected physiologic differences between
sexes without significant changes in obese vs. control subjects
(Supplementary Table 3). In contrast, testosterone levels were
significantly reduced in obese males and increased in obese

Frontiers in Immunology | www.frontiersin.org 5 May 2020 | Volume 11 | Article 860231

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


Garner-Spitzer et al. Obesity, Sex and Vaccine Responsiveness

FIGURE 2 | Testosterone concentrations. Testosterone (ng/mL) indicated as

geometric mean (GM) concentrations with 95% CI; values for females (f) and

males (m). Analysis of variance with linear contrasts; **p ≤ 0.01, *p ≤ 0.05.

females compared to the respective normal-weight male and
female controls (Figure 2).

TBE-Specific NT Titers
In order to assess the magnitude of vaccine-specific immune
responses, neutralizing TBE-specific antibody titers (NT) were
measured as a correlate of protection, and titers at dilutions
>1:10 were considered protective/clinically meaningful (30).
Healthy controls and obese subjects had protective GMTs before
booster, but titers were higher in controls (GMT 178) than
in obese subjects (GMT 134); the difference was, however,
not statistically significant. One week after booster, Ab titers
significantly increased by 1.6-fold in both groups. Highest titer
levels were reached after 4 weeks with GMT 503 in the control
and GMT 518 in the obese group. The obese group showed
higher fold increase between d7 and d28 (p= 0.05) than controls,
and also the subsequent decline at 6 months (to GMT 310 in
controls and GMT 229 in obese) was significantly stronger in the
obese cohort (p = 0.04; Figure 3A). When titers were analyzed
according to sex, males in the obese group showed a stronger
fold increase than females between d7 and d28 (p = 0.05), and
in accordance, titer increases from d7 to d28 were significantly
higher in obese vs. control males (Figure 3B). No significant sex
differences in fold increases were observed in controls.

Correlation of NT Titer Levels With
Metabolic Parameters and Hormones
Initial NT titer levels (d0) and titer increases from d0 to d28,
from d7 to d28, and decrease from d28 to 6 months after booster
were correlated with some metabolic parameters and/or BMI

for all study subjects. Spearman correlation showed that the
respective fold increases of NT titers were positively correlated
with BMI and metabolic parameters, whereas prebooster titers
and decline rates were negatively correlated (Table 2A). When
hormone levels in male and female subjects were related to the
respective titer increases/decreases, testosterone concentrations
in males showed a trend toward negative correlation with titer
increases from d0 to d28, and positive correlation with baseline
NT titers and decline rates. Similarly, LH in males showed
negative correlation with titer increase and positive correlation
with decline (Table 2B). In female subjects, the titer increases
from d7 to d28 were positively correlated with LH and negatively
with progesterone levels (Table 2C).

Quantification of Cytokine Production in
Restimulated PBMC Supernatants
Cytokine concentrations were measured in culture supernatants
of restimulated PBMCs in order to assess the cellular responses
to TBE vaccine antigen. Tick-borne encephalitis–specific IL-
2 concentrations were significantly increased in the obese
group before booster compared to controls and remained
so 1 week after booster with only marginal changes; also,
mitogenic stimulation with SEB resulted in higher IL-2 levels in
the obese group (Figures 4A,C). Similarly, TBE-specific IFN-γ
concentrations were higher in obese vs. controls before booster (p
= 0.06), and upon vaccination, a tendency toward higher IFN-γ
levels was observed only in controls (Figure 6B). Quantification
of proinflammatory cytokines IL1-β, IL-6, IL-17, and TNF-
α upon mitogenic SEB stimulation showed a trend toward
increased IL-17 production (p = 0.23) in the obese group before
booster (Supplementary Figure 3B).

Flow Cytometric Lymphocyte Analyses
In order to investigate whether the metabolic state of obesity
influenced the distributions of lymphocyte subsets, we performed
flow-cytometric analysis of PBMCs.

We observed that CD19+ B cells and CD3+ T cells as
percentages of total lymphocytes were within normal ranges.
The numbers of B cells were significantly increased in the
obese group (Figure 5B), whereas T cells were rather decreased
(Supplementary Figure 3A; p= 0.07).

B Cells
Four distinct subsets of B cells were distinguished by expression
of CD27 and IgD: naive B cells are IgD+/CD27−, whereas CD27+

memory B cells can be either IgD+ (unswitched B-memory) or
IgD− after class switch to G, A, or E isotype (switched B-memory
cells). The small double-negative population consists partly of
class-switched, resting memory B cells lacking CD27 expression
(31) (Figure 5A). Obese subjects had significantly more naive
B cells and in turn significantly decreased IgD+ unswitched
memory B cells compared to controls. Booster vaccination in
controls was associated with a significant decrease of naive B
cells and in turn increase of unswitched and switched (p <

0.01) B-memory cells after 1 week, whereas no progression
to a B memory phenotype was observed in the obese group
(Figures 5B1–B3). We observed a less pronounced expansion
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FIGURE 3 | Geometric mean titers (GMT) of neutralization tests (NT). Anti-TBE virus antibody titers were measured by NT in sera obtained before (day 0) and 1 week

(d7), 4 weeks (d28), and 6 months (d180) after booster. (A) Titer kinetics of neutralizing TBE-specific antibodies, GMT with 95% CI. The p values in the graph indicate

the differences in increase and decline rates between obese and control groups. (B) Fold increase of GMT from d0 to d7, d0 to d28, and d7 to d28 and fold decrease

from d28 to d180 (6 months) with 95% CI non-overlapping with 1, indicating a significant increase from baseline with p ≤ 0.05; values for males and females in obese

and control cohort. Analysis of variance with linear contrasts; *p ≤ 0.05.

of plasma blasts (CD19+/CD27++/CD38high) in the obese
group compared to normal-weight controls after vaccination
(Figure 5C). No sex-specific differences regarding B-cell subsets
and plasma blasts before and after booster were observed
(Supplementary Table 4).

T Cells
CD3+ T cells as percentages of total lymphocytes tended to
decrease in obese subjects vs. controls due to significant reduction
of NK-T cells (p < 0.05) and a non-significant decrease of
CD8+ T cells (p = 0.12). No difference was observed with
respect to CD4+ T-helper cells (Supplementary Figures 2A–D).
Four functionally different subsets of CD4+ and CD8+ T
cells were quantified by expression of CD45RA and CCR7,
which mediates migration to lymph nodes: naive T cells
(TN), lymph node homing central memory T cells (TCM),
peripheral tissue homing effector memory T cells (TEM), and

a CD45RA re-expressing effector memory subset (TEMRA) (32,
33). The obese group showed a trend to more CD4 TCM cells
(p = 0.067) vs. significantly reduced TEM cells (p < 0.05)
compared to controls (Figures 6A,B) and respective analysis
of cytotoxic CD8T cells indicated a similar distribution but
without statistical significance (Supplementary Table 5). Sex-
specific differences regarding CD4- and CD8-naive and memory
subsets were observed; that is, females in the obese and
control groups had significantly more naive CD4T cells vs.
decreased TCM and to a lesser extent also TEM subsets than
males before and after booster; for CD8T cells, the respective
differences between males and females were not significant
(Supplementary Table 5).

T Regulatory Cells
T regulatory cells (CD4+/CD25+/FOXP3+) as percentages of
CD4T cells were present in similar frequencies in the obese and
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TABLE 2 | Correlation of TBE NT titer kinetics with BMI, metabolic parameters, and hormones.

log NT at d0 NT increase d0_28 NT increase d7_28 NT decrease d28_180

rs p rs p rs p rs p

(A) Correlation of log TBE NT titers at d0, log TBE NT titer increase d0_d28, log TBE NT titer increase d7_d28, and log TBE NT titer decline d28_d180 with

body mass index (BMI) and metabolic parameters (insulin, leptin, triglycerides, cholesterol ratio, HDL cholesterol) measured before vaccination (d0).

BMI −0.20 0.085 0.28 0.017* 0.28 0.014* −0.27 0.019*

Insulin −0.24 0.038* 0.29 0.011* 0.29 0.012* −0.26 0.024*

Leptin −0.09 0.470 0.27 0.022* 0.24 0.041* −0.18 0.115

TG −0.23 0.052 0.20 0.086 0.11 0.341 −0.24 0.035*

Chol R −0.23 0.050 0.09 0.408 0.05 0.638 −0.20 0.079

HDL 0.20 0.082 −0.10 0.391 0.00 0.997 0.23 0.050

(B, C) Correlation of log TBE NT titers at d0, log TBE NT titer increase d0_d28, log TBE NT titer increase d7_d28, and log TBE NT titer decline d28_d180 with

levels of testosterone, estrogen, progesterone, FSH, and LH measured before vaccination (d0) in (B) men and (C) women.

(B) MALES

Testosterone 0.388 0.025* −0.323 0.067 −0.203 0.339 0.053

Estrogen −0.028 −0.066 −0.031 0.115

Progesterone −0.094 −0.025 0.194 −0.071

FSH 0.057 −0.074 −0.016 0.114

LH 0.091 −0.391 0.024* −0.199 0.380 0.029*

(C) FEMALES

Testosterone −0.257 0.143 −0.125 −0.147

Estrogen 0.124 −0.194 −0.125 −0.021

Progesterone −0.255 0.117 −0.315 0.048* −0.093

FSH −0.036 0.266 0.286 0.073 −0.026

LH −0.116 0.242 0.337 0.033* −0.055

Shown is Spearman correlation coefficient rs (+ or −) and the respective p-value; *p ≤ 0.05, rs indicated in red.

control groups before booster and significantly decreased after
vaccination in both groups (Figure 6C).

T Follicular Helper Cells
Circulating T follicular helper cells (cTfh) as percent of CD4T
cells were quantified in our study population. We observed a
trend toward increased cTfh in obese subjects before booster
(p = 0.11), which declined after booster (p = 0.09), an
observation not present in controls (Figure 7B). Analysis of the
cTfh1, cTfh2, and cTfh17 cell subsets as percent of total cTfh
(Figure 7) showed a significant increase of the cTfh17 subset at
the expense of cTfh1 cells in the obese cohort. Quantification
of cTfh17 cells according to sex revealed that in particular
obese males had expanded cTfh17 populations before booster
(Figures 7C–E).

Total IgA
Total IgA levels were measured and found to be significantly
elevated in the obese group (Supplementary Figure 3A).

Reactogenicity
Our study participants reported local and systemic reactions
to the TBE vaccination by use of a diary for 1 week after
vaccine administration. Occurrence of pain, redness, itching,
and swelling at the injection site were local reactions, and
nausea, vomiting, headache, fatigue, joint pain, muscle pain, and

fever were summarized under systemic side effects. Duration
and intensity (one/mild, two/intermediate, three/strong) were
documented and reporting of at least one of these local
or systemic parameters accounted for occurrence of side
effects. Overall, the incidence of local reactions to the TBE
vaccination was similar in the obese and control groups,
while there was a trend toward increased systemic reactions
in obese (Table 3). Analysis according to sex showed that
local reactions (mostly pain at the vaccination site) tended
to be increased in obese males and female controls, although
not statistically significant (Supplementary Figure 4A). The
incidence of systemic reactions was comparable for men and
women in both groups. Intensity and duration of local and
systemic side effects were found to be similar in obese and
controls (Supplementary Figures 5A,B).

DISCUSSION

Vaccine responsiveness in overweight and obese cohorts shows
diverse outcomes compared to normal-weight populations. In
order to clearly assess the effects of obesity on vaccine responses,
we recruited subjects that differed strongly in terms of weight,
that is, a severely obese cohort with average BMI 38.9 kg/m2 vs.
lean controls with BMI 22.1 kg/m2. The mean age of subjects
was younger than 50 years (mean, 45 years), and we therefore
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FIGURE 4 | Cytokine production of re-stimulated PBMCs. Interleukin 2 and IFN-γ concentrations were measured in PBMC culture supernatants with Luminex

technology. Geometric mean (GM) concentrations (pg/mL) with 95% CI from PBMCs obtained before (d0) and 1 week (d7) after booster are shown; cytokine

concentrations obtained in media-only cultures were subtracted. (A,B) Interleukin 2 and IFN-γ concentrations (pg/ml) from PBMC incubated with 0.48µg/mL TBE

antigen for 48 h, and (C) IL-2 concentrations (pg/mL) from PBMCs incubated with 1µg/mL Staphylococcus Enterotoxin B for 48 h. ANOVA with linear contrasts; **p ≤

0.01, *p ≤ 0.05.

can exclude the influence of immune senescence on our results.
The choice to test TBE vaccine was based on the fact that TBE
virus is highly endemic in Austria, and sufficient protection
of the growing obese population with potentially increased
susceptibility is of clinical importance.

The results of the metabolic and hormone characterization
of our cohorts confirm the described alterations in obese
individuals, who presented with increased triglycerides,
cholesterol ratios, and CRP levels. Leptin and insulin
concentrations were also increased in the obese cohort,
in particular in obese males (Figures 1A–F). Testosterone
was significantly decreased in obese males (Figure 2). In
normal-weight men, testosterone leads to—in comparison
to women—lower leptin levels because dihydrotestosterone
reduces the synthesis of transcripts encoding leptin (34). This
is overruled in obese males—as seen in our study—because of
the presences of high leptin levels that repress the steroidogenic
gene expression in Leydig cells as shown by Landry et al. (35).
This mutual influence of leptin and testosterone results in lower

testosterone levels as observed in obese males of this study, and
further reduction can occur because of aromatase-dependent
conversion of testosterone to estrogen in obeseWAT as described
by Michalakis et al. (36). In our study, testosterone was elevated
in obese females, which is in line with reports that insulin and
leptin resistance lead to a dysregulation of the hypothalamic–
pituitary–gonadal axis with increased testosterone synthesis in
obese women (37). Because of these clearly evident metabolic
and hormonal differences in our cohorts, this investigation was
well-suited to detect differences in vaccine responsiveness due to
an obese state.

Protection against vaccine-preventable diseases is important
in obese individuals because of the described higher susceptibility
to bacterial and viral infections. With respect to TBE virus,
no data on the severity of infection or on the efficacy
of TBE vaccination in obese subjects are available so far.
The immunogenicity of vaccinations under obese conditions
is particularly well-analyzed for annually applied influenza
vaccine, where immediate and long-term responses have been
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FIGURE 5 | Quantification of naïve and memory sub-populations of B lymphocytes and plasma blasts. Peripheral blood mononuclear cells were stained with

fluorochrome-labeled mAbs and analyzed on a BD FACS Canto II flow cytometer. (A) Scatterplot of CD19+ B cells with expression of IgD and CD27 to distinguish

naïve, un-switched, switched and double negative (DN) subsets. (B) Quantification of total CD19+ B-cells and of (B1) naïve, (B2) un-switched, and (B3) switched

subset before (d0) and one week (d7) after TBE booster vaccination; line is arithmetic mean. (C) Plasma blasts (CD19+/CD27++/CD38high) as percentages of total

CD19+ B cells before (d0) and 1 week (d7) after booster; line is arithmetic mean. ANOVA with linear contrasts; ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05.

investigated. Sheridan et al. (25) show that an initial higher-
fold increase of influenza-specific Abs after 4 weeks is followed
by a faster antibody decline until 12 months after booster, both
correlating with BMI of the vaccinees. In accordance with this
study, we observed very similar titer kinetics upon TBE booster
vaccination. Prior to vaccination, NT titers were lower (though
not significantly) in obese than in controls. However, the obese
group showed a higher fold increase (d7 to d28) of Ab titers
that was followed by a significantly faster decline until 6 months
after booster (Figures 3A,B). Bodymass index and alsometabolic
parameters, in particular insulin, correlated with the fold increase
and decline rates of the TBE-specific Abs (Table 2A). An obese
metabolic state with low-grade inflammation and high leptin
and insulin levels obviously allows for a fast short-term Ab
increase in a booster setting, but importantly is also associated
with a faster Ab decline, which might limit the long-lasting
protection. The strong correlation with insulin may qualify
this parameter as a prediction marker for Ab kinetics under
obese conditions.

The influence of sex on vaccine responses shows that
females usually mount more robust humoral and cellular
immune responses to vaccination and infection (38, 39). Sex
hormones affect innate and adaptive immune responses due to
estrogen receptors (ERα/β) being expressed on many immune
cells. High estrogen levels in women lead to increased TH2
activation, expanded B-cell proliferation, and increased Ab
production. Testosterone, in contrast, has inhibitory effects on
generation of Abs (40). Accordingly, we saw these sex-specific
differences in healthy controls in our recently published TBE
booster study, where we compared vaccine responsiveness of
allergic and healthy subjects (41). In the present study, we
could show that this sex/gender aspect was reversed under
obese conditions because in the obese group men showed
a stronger fold increase of Abs than women 4 weeks after
booster (p = 0.05, Figure 3B). Testosterone levels in males
showed significant correlation with NT titers at baseline and
correlated moderately with titer increase from d0 to d28 and Ab
decline thereafter (Table 2B). As testosterone has been shown
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FIGURE 6 | Memory subsets of CD4T lymphocytes and T regulatory cells. Peripheral blood mononuclear cells were stained with fluorochrome-labeled mAbs and

analyzed on a BD FACS Canto II flow cytometer. (A) Quantification of T central memory (TCM) and (B) T effector memory (TEM) subset before (d0) and 1 week (d7) after

booster vaccination as % of total CD3+/CD4+ T cells; (C) T regulatory cells (Tregs, CD3+/CD4+/CD25+/FOXP3+) as percentage of total CD3+/CD4+ T cells before

(d0) and 1 week (d7) after booster; line is arithmetic mean. Analysis of variance with linear contrasts; **p ≤ 0.01, *p ≤ 0.05.

to directly act on immune cells by repressing transcription
factors (e.g., FOS, JUN) involved in immune activation (40),
the reduced testosterone in the obese males in our study was
probably involved in the increased initial Ab rise and faster
decline. Even though the decline rates at 6 months showed
no sex-specific differences (Figure 3B), low testosterone might
affect long-term decline, because NT titers prior to vaccination
tended to be lower in obese vs. control males (GMT 210 vs.
299, not statistically significant). In addition to testosterone,
also the metabolic parameters leptin and insulin might affect
the antibody kinetic directly, as also obese women tended to
have lower Abs before booster than normal-weight controls
(GMT 244 vs. 319, not statistically significant). No direct effects
of the estrogen levels on the antibody kinetic were seen in
obese women.

The state of obesity also influenced distributions of
lymphocyte subsets. Significantly increased CD19+ B cells in the
obese cohort (Figure 5B) might be the result of permanently and
strongly increased leptin levels. As B cells express the long form
of LepR, that is, capable of leptin-signaling via the JAK-STAT
pathway, leptin promotes B-cell homeostasis by inhibiting

apoptosis and inducing cell-cycle entry through the activation
of BCL2 and cyclin D1 expression. Leptin also influences B-cell
development, because bone marrow of starved mice with low
leptin levels contained less pro B, pre B, and immature B cells (6).
In accordance, we observed increased naive B cells vs. decreased
memory B cells in the obese group, which is in line with data
from Frasca et al. (42), who also show more naive B cells vs.
reduced B memory subsets in young and elderly obese subjects.
B-cell subsets in obese responded differently to TBE booster
vaccination: in healthy controls, naive B cells decreased at the
expense of unswitched and switched B-memory cells, indicating
the induction of TBE-specific memory B cells, whereas obese
showed no such changes (Figures 5B1–B3). This, together with
limited expansion of plasma blasts 1 week after vaccination
(Figure 5C), might be causative for the poor maintenance
of Ab titers in obese, because plasma blasts are precursors
of Ab-secreting cells in peripheral blood and eventually of
long-lived plasma cells (31).

T follicular helper cells are specialized in providing
help to B cells for induction of long-lasting Ab responses.
They are essential for germinal center formation in lymph
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FIGURE 7 | Quantification of circulating T follicular helper cells (cTfh) and cTfh1, cTfh2, and cTfh17 subsets. Peripheral blood mononuclear cells were stained with

fluorochrome-labeled mAbs and analyzed on a BD FACS Canto II flow cytometer. (A) Scatterplot of total cTfh (CD3+/CD4+/CD45RA−/CXCR5+) with respective

expression of CXCR3 and/or CCR6 to distinguish cTfh1, cTfh2, and cTfh17 subsets. CXCR3+CCR6− cell are cTfh1 cells; CXCR3−CCR6− are cTfh2 cells, and

CXCR3−CCR6+ cells are cTfh17 cells. (B) Quantification of cTfh (CD3+/CD4+/CD45RA−/CXCR5+) before (d0) and 1 week (d7) after booster vaccination as % of

total CD4+ T cells. (C) cTfh1 and (D) cTfh17 cells as % of total cTfh before (d0) and 1 week (d7) after booster; line is arithmetic mean. (E) cTfh17 cells as % of total

cTfh before TBE booster (d0) in females and males. Analysis of variance with linear contrasts; *p ≤ 0.05; ***p ≤ 0.05.

TABLE 3 | Incidence of local and systemic reactions.

Reactogenicity Obese Controls p

n % n %

Local

Total 23/37 62.2 21/36 58.3 0.73

Male 12/17 70.6 7/16 43.8 0.12

Female 11/20 55.0 14/20 70.0 0.33

p m/f p = 0.32 p = 0.10

Systemic

Total 20/37 54.1 13/36 36.1 0.12

Male 10/17 58.8 7/16 43.8 0.39

Female 10/20 50.0 6/20 30.0 0.20

p m/f p = 0.59 p = 0.39

Incidence of local and systemic reactions to intramuscularly applied TBE vaccine.

Frequency of local and systemic reactions as n/group and as percentage for entire group

(total), males, and females are indicated. Calculation of p values by general linear model

with binomial counts and obesity and gender as factors; comparison by Wald χ
2; *p

≤ 0.05.

nodes and recirculate in peripheral blood characterized as
CD3+/CD4+/CD45RA−/CXCR5+ cells. These circulating
resting memory Tfh cells comprise several populations with

unique phenotypes and functions (43). Of the three described
subsets (Figure 7A), Tfh2 and Tfh17 cells provide efficient
help to naive and memory B cells, whereas Tfh1 cells lack this
capacity. Moreover, Tfh subtype influences isotype switching:
Tfh2 cells promote production of IgG and IgE, whereas Tfh17
cells induce IgG and in particular IgA secretion (44). In the by-
trend increased total cTfh cells in the obese group, a significantly
increased cTfh17 vs. a decreased cTfh1 subset was present
(Figures 7C–E). Interestingly, patients with inflammatory
autoimmune diseases with increased auto-Ab production (e.g.,
systemic lupus erythematosus) show similar frequency and
distribution of Tfh cells (45). It is known that leptin propagates
TH17 responses (6), and accordingly, we see expansion of
cTfh17 cells in the obese group. This TH17 bias might be
related to significantly increased serum IgA concentrations
and rather elevated IL-17 production in SEB-stimulated
PBMCs (Supplementary Figures 3A,B). The cTfh17subset was
particularly prominent in obese males, where we observed a
strong initial Ab increase.

The tendency toward reduced total CD3+ T cells in the
obese cohort can be explained by significantly lower NK
T cells and to a lesser extent lower CD8+ CTLs but not
CD4+ T-helper cells (Supplementary Figures 2A–D). Invariant
natural killer T (iNKT) cells are tissue resident and produce

Frontiers in Immunology | www.frontiersin.org 12 May 2020 | Volume 11 | Article 860238

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


Garner-Spitzer et al. Obesity, Sex and Vaccine Responsiveness

FIGURE 8 | Interplay of metabolic, neuro-endocrine and immune system in the obese state in the context of vaccination. Interactions between metabolic,

neuro-endocrine and immune system in the obese state that influence vaccine responses in a sex-dependent manner. Abbreviations: WAT, white adipose tissue;

LepR, leptin receptor; ERα/β, estrogen receptor α/β; CNS, central nervous system; Abs, antibodies; Th2, T helper cells type 2.

anti-inflammatory/regulatory cytokines to maintain adipose
tissue homeostasis. Depletion of iNKT cells in obese WAT
contributes to the inflammatory environment (46), and our
finding of fewer circulating NKT cells could indicate that loss
of iNKT in obese WAT is also reflected in the peripheral
blood. We found CD8+ T cells non-significantly decreased in
obese, which is line with reports that CD8+ T cells accumulate
in WAT under obese conditions and rather expand locally
without significant peripheral changes (47). The numbers of
CD4+ T-helper cells were similar in both obese and normal-
weight vaccination groups, but their phenotype and function
appear altered in the obese cohort. Higher TBE-specific and
mitogen-induced production of IL-2 (Figures 4A,C) might
reflect enhanced leptin-dependent naive T-cell proliferation
(48), whereas by-trend increased TBE-specific IFN-γ levels
(Figure 4B) indicate a proinflammatory TH1 phenotype due to
influence of leptin (6, 47).

The T effector memory subsets of CD4 and non-significantly
also of CD8T cells were decreased in the obese subjects,
whereas central memory compartments were rather increased

(Figures 6A,B and Supplementary Table 4). Because effector
memory T cells home to peripheral tissues, obese individuals
might have fewer tissue-resident TEM cells specific for various
previously encountered antigens, which could relate to a
generally increased susceptibility for infections in obese
individuals. Of note, TBE booster vaccination had no influence
on the distributions of CD4/CD8T effector and central
memory populations.

Leptin signaling in Tregs (CD4+CD25+/FOXP3+) leads to
reduced Treg proliferation (48), and lower numbers of Tregs
are present in WAT, but also in peripheral blood of obese
individuals (49). In our study population, Tregs as percent of
CD4T cells did not differ between groups, but we observed
decreased percentages of Tregs after booster in both groups
(Figure 6C), which is in accordance with our previous findings
of reduced Tregs during mounting of vaccine responses (27, 41).

Regarding vaccine reactogenicity during obesity, we
observed that the incidence of systemic reactions to TBE
booster vaccination was slightly higher in the obese cohort
(Table 3). Because common inflammatory markers increase
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after administration of adjuvanted vaccines (50), the a priori
proinflammatory milieu associated with obesity might lead to
more systemic vaccine side effects. With regard to local side
effects, it has been described that females are often more affected
after vaccination (51, 52), which was also seen in the healthy
controls of our current study. In the obese cohort, however,
men reported more local pain, which seems in line with the
initially higher vaccine responses, as it has been described that
strong vaccine responsiveness is often accompanied by increased
reactogenicity (52). Moreover, the route of application might
also influence reactogenicity, as we previously described that
subcutaneous TBE vaccination is associated with more side
effects—even if immunogenicity is unaffected by the route of
application (53). Thus, possible unintentional subcutaneous
administration in obese individuals, for example, due to
insufficient needle length, might also account for increased
local reactions.

Taken together, the data obtained in this study indicate a
complex interplay of the metabolic, endocrine, and immune
system under obese conditions, which influences responsiveness
to vaccination (Figure 8). Obesity is a state of chronic low-
grade inflammation in adipose tissues due to loss of metabolic
homeostasis with systemic effects on various organs and also
the immune system. The high leptin levels in obesity have
immune-stimulatory effects on many immune cells, but due
to leptin resistance and altered immune cell functionality,
also dysregulated/suppressive immune responses occur. Obesity-
associated alterations inmale hormones further influence the axis
between the metabolic and immune system. We show that an
obese state with low-grade inflammation and high leptin/insulin
levels allows for increased short-term Ab response but is followed
by a faster Ab decline. Among the sex hormones, testosterone
seems to have a particularly strong influence on Ab kinetics and
reactogenicity in obese conditions.

Because faster decline rates could lead to reduced long-
term protection, we now investigate in a second part of the
trial whether NT titers after 3 years are below protective
levels, that is, before the standard booster interval of 5
years. Our study cannot predict the immune responsiveness
to TBE vaccination in TBE-naive obese individuals. Based on
other studies with hepatitis A and B or tetanus vaccine that
emphasize impaired vaccine responses to neoantigens, we clearly
see a need for investigation of primary TBE vaccination in
obese subjects.
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In the last century, life expectancy has increased considerably, thanks to the introduction

of antibiotics, hygiene and vaccines that have contributed to the cure and prevention

of many infectious diseases. The era of antimicrobial therapy started in the nineteenth

century with the identification of chemical compounds with antimicrobial properties.

However, immediately after the introduction of these novel drugs, microorganisms started

to become resistant through different strategies. Although resistance mechanisms were

already present before antibiotic introduction, their large-scale use and mis-use have

increased the number of resistant microorganisms. Rapid spreading of mobile elements

by horizontal gene transfer such as plasmids and integrative conjugative elements (ICE)

carrying multiple resistance genes has dramatically increased the worldwide prevalence

of relevant multi drug-resistant human pathogens such as Staphylococcus aureus,

Neisseria gonorrhoeae, and Enterobacteriaceae. Today, antimicrobial resistance (AMR)

remains one of the major global concerns to be addressed and only global efforts could

help in finding a solution. In terms of magnitude the economic impact of AMR is estimated

to be comparable to that of climate global change in 2030. Although antibiotics continue

to be essential to treat such infections, non-antibiotic therapies will play an important

role in limiting the increase of antibiotic resistant microorganisms. Among non-antibiotic

strategies, vaccines and therapeutic monoclonal antibodies (mAbs) play a strategic

role. In this review, we will summarize the evolution and the mechanisms of antibiotic

resistance, and the impact of AMR on life expectancy and economics.

Keywords: vaccines, infectious diseases, antimicrobial resistance (AMR), vaccine development, vaccinology,

mechanisms of antibiotic resistance

INTRODUCTION

Throughout the evolution of our species, life expectancy has generally been between 25 and 35
years with infection diseases being the balance needle. The living conditions of human beings
progressively improved to the point that nowadays, a person born in a high-income country
can expect to live more than 85 years (1). This result has been achieved primarily by improved
hygiene, antibiotics and vaccination introduction. These three pillars have represented the most
effective medical interventions to reduce mortality and morbidity caused by infectious diseases.
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In fact, in the poor areas of our planet where hygiene and
the use of antibiotics and vaccination are not well-established,
life expectancy is still lower than 50 years (2). Vaccination
has protected humans by training the immune system to
recognize and establish a rapid and effective response against
a pathogen. In the 20th century, vaccines were introduced to
large populations with the immunization practice developed by
Edward Jenner. Since then, vaccination has become a widespread
medical treatment determining the control of 16 major
diseases, namely, smallpox, diphtheria, tetanus, yellow fever,
pertussis, Haemophilus influenzae type b disease, poliomyelitis,
measles, mumps, rubella, typhoid, rabies, rotavirus, hepatitis
B, pneumococcal, and meningococcal diseases. Noteworthy is
the complete or partial eradication achieved for smallpox and
poliomyelitis, respectively (3).

To counteract infectious diseases, the discovery of
antimicrobial treatment was another significant milestone
that has dramatically reduced mortality. The modern era of
antimicrobial therapy initiated in the 19th century with the
identification of anti-syphilitic and anti-trypanosomal molecules
derived from organic compounds chemically synthetized (4).
In 1928, the discovery by Alexander Fleming of a new class of
non-toxic antimicrobial agents derived from environmental
fungi gave rise to the “golden era” of antibiotic discovery
(1945–1960) (5). Conversely to active vaccination, drugs are
therapeutics with different modes of action targeting the bacterial
functions such as cell wall integrity, nucleic acid synthesis and
repair, or protein biosynthesis. Moreover, drugs can be naturally
produced by microorganisms (including environmental fungi
and saprophytic bacteria), generated by chemical modifications
of the natural antimicrobial agents or fully synthetized (6).

In combination with the vaccination practice, the discovery
of antibiotics and their successful use in medicine is considered
one the most relevant findings from a global health perspective
(Figure 1). Nevertheless, the effectiveness of antibiotics has
weakened to the point that our lives can be severely threatened.
In fact, the antimicrobial resistance (AMR) is one of the most
daunting problems that is causing the spread of infectious
diseases and the increase in the number of deaths caused by

FIGURE 1 | Life expectancy increase along human civilization. In the last

century, life expectancy has increased considerably, thanks to the introduction

of hygiene, clean water, antibiotics, and vaccines as a means of treatment and

prevention of many infectious diseases.

infections that were previously considered uncomplicated (7).
For example, the bloodstream infections caused by bacteria
resistant to one or several drugs (multidrug-resistant; MDR)
such as Pseudomonas aeruginosa are characterized by a 50% of
mortality compared with the 24% of the non-multidrug-resistant
infections (8). In addition, medical procedures such as surgeries,
immunosuppressive chemotherapy and organ transplantation
are becoming more critical and, in some cases, even prohibitive
considering the need of effective antibiotics against multidrug-
resistant pathogens. Therefore, the consequences of such
microbial evolution can be dramatic with infectious diseases that
could severely reduce our lifespan to an extent similar to the
pre-antibiotic era. Globally, AMR pathogens are causing 700,000
deaths/year, and 10 million deaths/year are expected by 2050, a
number even, higher than the 8.2 million caused by cancer today
(9) (Figure 2).

ANTIBIOTIC RESISTANCE MECHANISMS
AND PRIORITIZATION OF ANTIBIOTIC
RESISTANT MICROORGANISMS

Antibiotic resistance is considered nowadays as one of the
greatest threats to human health (10). Cases of antibiotic
resistance are constantly reported, and the time needed for
bacteria to become resistant to newly introduced antibiotics, is
getting shorter. In fact, antimicrobial use exerts evolutionary
pressure for the creation and transmission of resistant pathogens,
thus reducing antimicrobial effectiveness and raising the
incidence of severe disease (11). However, this is not a new
phenomenon and is commonly observed as soon as the
introduction of new classes of antibiotics occurs (12). In 1946,
Alexander Fleming anticipated this global burden with the
renowned sentence “There is probably no chemotherapeutic
drug to which in suitable circumstances the bacteria cannot
react by in some way acquiring “fastness” [resistance]” (13).
In fact, penicillin became commercially available in 1943 and
resistance was observed for Staphylococcus aureus by 1948. In this
context, the discovery by Barbara McClintok that transposons
play a major role in the genomic diversity and evolution
paved the way for a deeper understanding of the genetic
basis underlying the antimicrobial resistance dissemination.
Transduction, conjugation, transformation and other mobile
genetic materials (transposons and integrons) are all possible
mechanisms for the transmission of genetic determinants
involved in AMR (14, 15) and in the generation of “superbugs”
(16). Worryingly, the transmission of multiple resistance genes is
not only relatively common among organisms within the same
genus but also among evolutionarily distant organisms.

A plethora of mechanisms has contributed to the emergence
of antimicrobial resistant microorganisms and to their spread.
The first classification is between natural and acquired resistance
mechanisms. The natural resistance relies on the bacterial
ability to block the antibiotic function as a result of inherent
structural or functional characteristics. For example, vancomycin
(glycopeptide antibiotic) which inhibits peptidoglycan cross-
linking, is generally effective only against Gram-positive but
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FIGURE 2 | Number of deaths and the main causes (Left) in 2019 and the projection of number of deaths due to AMR infections in 2050 (in red in the Right). Gray

areas represent other causes of deaths.

not Gram-negative bacteria, due to its inability to cross the
outer membrane to get access to the d-Ala-d-Ala peptides. By
contrast, the acquired resistance is based on the gaining of new
functions; bacteria that would be originally susceptible, became
resistant to one or more antibiotics (17). The main mechanisms
exploited by bacteria to tackle the action of antibiotics are
based on (i) the inactivation of the drug by its hydrolysis or
structural modification, (ii) the prevention of the access to the
target by reducing membrane permeability or overexpression
of efflux pumps, (iii) changes in the antibiotic targets by
mutation or post-translational modifications (Figures 3A–C)
(18). The mechanisms of antibiotics inactivation comprise
both the production of enzymes that destroys the antibiotic
itself (for example, β-lactamases) and the production of
enzymes that modify its structure (for example, aminoglycoside-
modifying enzymes). β-lactam antibiotics, such as penicillin
and cephalosporins, are hydrolyzed by a wide variety of
β-lactamases. Since the early discovery of these enzymes,
bacteria resistant to all β-lactam antibiotics have emerged
(19, 20). In this regard, the genes encoding for extended-
spectrum β-lactamases (ESBLs with activity against oxyimino-
cephalosporins) and carbapenemases (21), including the IMP
(imipenemase), VIM (Verona integron encoded metallo β-
lactamase), K. pneumoniae carbapenemase (KPC) and OXA
(oxacillinase) have been identified not only on the chromosomes,
but also on plasmids as in the case of Enterobacteriaceae
(22, 23) and of P. aeruginosa (8). Among them, there is
the New Delhi metallo-β- lactamase 1 (NDM-1), an enzyme
that confers high level of resistance to multiple antibiotics,
including penicillin, cephalosporins and carbapenems and that
is capable of rapid worldwide dissemination (14). This is of
high concern since there are few available treatment options
beyond the carbapenems. The main producers of the NDM-1
enzyme are Enterobacteriaceae such as Klebsiella pneumoniae,
Escherichia coli and Proteus mirabilis, but also Acinetobacter

spp. and Pseudomonas aeruginosa (Figure 3A) (24). Lastly,
aminoglycoside-modifying enzymes are able to modify the
structure of the antibiotic molecule by the transfer of different
chemical groups such as acyl, phosphate, nucleotidyl and ribitoyl
groups. This modification prevents the antibiotic from binding to
its target protein mainly due to the steric hindrance (Figure 3A).
For example, in 2012 a novel genomic island encoding six
aminoglycoside-modifying enzymes, including gentamycin, was
identified in Campylobacter coli isolated from broiler chickens in
China (25) andmore recently in Group B streptococcus (26). Yet,
the prevention of antibiotic access to a specific target can occur
by reducing the permeability of the membrane and/or increasing
efflux in order to reduce the intracellular concentration of a drug
(27, 28). Differently from Gram-positive bacteria, Gram-negative
bacteria are intrinsically less permeable to many antibiotics as
their outer membrane forms a sort of permeability barrier.
Generally, the permeability is reduced by the downregulation
of the major porins, which results in a decrease in antibiotics
entry into the bacterial cell. Porins are beta barrel proteins that
cross the cellular membranes acting as channels for passive
diffusion of certain molecules (29). The expression or the
structure of a specific porin can be influenced by mutations
that decrease membrane permeability, reducing the entry of
antibiotics inside the cell. For instance, P. aeruginosa OprD-
deficient strains are characterized by high level of resistance
to carbapenems (30). Bacterial efflux pumps belonging to the
resistance-nodulation-division (RND) family are not selective
for a specific class of antibiotic and confer intrinsic resistance
to multiple and structurally distinct classes of drugs, including
the β-lactams, quinolones, and aminoglycosides (31). The high-
level expression of efflux genes is often due to mutations in their
regulatory network that generally occur within a local repressor,
a global transcription factor, promoter regions or intergenic sites.
For example, by mutations and gene duplication mechanisms
the overexpression of MexAB-OprM multidrug efflux systems
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FIGURE 3 | Schematic representation of the main mechanisms exploited by bacteria to tackle the action of antibiotics. (A) The inactivation of the drug by its

hydrolysis or structural modification. (B) The prevention of the access to the target by reducing membrane permeability or overexpression of efflux pumps. (C)

Changes in the antibiotic targets by mutation or post-translational modifications. (D) Resistance mechanism of Mycobacterium tuberculosis to isoniazid drug

mutations in the katG gene causes the accumulation of the inactive form of the antibiotic inside the bacilli without the formation of active adduct.
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confers to some P. aeruginosa isolates the ability to became
resistant to carbenicillin antibiotics. Moreover, Nicoloff et al.
identified a large tandem duplication of the E. coli acrAB
locus in a mutant isolated in the presence of tetracycline
(32). Such a mutation was found to overexpress the AcrAB
drug efflux pump, producing an MDR phenotype (33). In
N. gonorrhoeae, a mutation in the consensus −10 sequence
upstream of mtrC strengthens its promoter activity determining
constitutive overexpression of the efflux pump (34), (Figure 3B).

The other mechanism responsible for drug resistance is
represented by the modification of the target by genetic
mutations or post-translational modifications. Mutations in
target genes can enable bacteria to overcome the toxic effects
of antibiotics. Examples are provided by mutations in bacterial
DNA gyrases (e.g. gyrA) and topoisomerase (e.g. parC) for
fluoroquinolones, the β subunit of RNA polymerase (rpoB) for
rifampin, 16S rRNA (rrs) for tetracyclines and aminoglycosides
and 23S rRNA (rrl) for linezolid (13). The clinical use of
linezolid has selected S. pneumoniae (35) and S. aureus (36)
resistant lineages by a mutation in one of the rrl copies.
The high recombination frequency has subsequently enabled
the allele enrichment in the bacterial population. Another
example of a target change is the acquisition of specific genes
by horizontal gene transfer (HGT), such as in methicillin-
resistant S. aureus (MRSA). In this case, the methicillin resistance
is obtained by the acquisition of the staphylococcal cassette
chromosome mec (SCCmec) element. This cassette encodes
for a mutated form of PBP2 that is not recognized as a
target by the β-lactamase enzyme but is still able to mediate
a regular cell wall biosynthesis. Additional antibiotic resistance
mechanisms consist in the protection by modification of the
target molecule. This is exemplified by the polymyxin resistance
in Acinetobacter baumanni (polymyxin B and polymyxin E,
also known as colistin). The polymyxin antibiotics, are cyclic
antimicrobial peptides with long, hydrophobic tails that bind
to the lipopolysaccharide (LPS) of Gram-negative bacteria
disrupting cell membranes. This resistance is often associated
with changes in the expression of regulators affecting LPS
production. For example, the addition of phosphoethanolamine
(PE) to lipid A due to overexpression of pmrC results in a
substantial reduction of colistin binding as the negative charge
of the LPS is hugely lowered (37).

Given the alarming increase in antibiotic resistance cases,
several human pathogens have been classified as a priority for
the design of appropriate preventive and therapeutic strategies.
In 2017, WHO published a prioritization list of pathogens
(classified as critical, high and medium priority) to guide
discovery, research and development of new antibiotic (38).
In 2019 an estimation performed by the Centers for Disease
Control and Prevention (CDC) in the United States reported
that more than 2.8 million antibiotic-resistant infections occur
in the U.S. each year, and more than 35,000 people die as a
result of these infections. The antibiotic-resistant strains were
classified into four categories according to the urgency of
intervention (urgent, serious, concerning and watch list) (39).
These bacteria can cause severe and often deadly infections
and have become resistant to a large number of antibiotics,

including carbapenems and third generation cephalosporins
(the best available antibiotics for treating multidrug resistant
bacteria). A relevant example is provided by A. baumannii
multi-drug resistant isolates, that frequently cause outbreaks in
hospitals. These strains are characterized by an extraordinary
ability to rapidly alter their genome surviving on inanimate
surfaces and medical equipments even in the presence of
disinfectants (40). In A. baumannii, “resistance islands” located
on the bacterial chromosomes and/or onmobile genetic elements
induce a drug-resistant phenotype. For example, AbaR1 is an
86kb resistance- island generated by recurrent insertions of
differentmobile genetic elements, which can spread by horizontal
gene transfer (HGT) within the genera Pseudomonas, Salmonella,
and Escherichia. Genomic islands like AbaR1 confer resistance to
various antibiotics by spreading the cluster of genes encoding for
OXA-type beta-lactamases, aminoglycoside-modifying enzymes,
proteins responsible for the modification of the lipid A and
overexpression of the AdeABC efflux system (41). Tuberculosis
(TB), even if not initially included in the WHO list, was already
considered one of the most urgent priority because of its growing
resistance to traditional treatment. TB now kills more people than
any other pathogen (1.8 million in 2015) (42). Unfortunately,
the resistance to isoniazid (INH), one of the four antibiotics
used for the treatment of TB, is constantly increasing. INH
leads to the inhibition of mycolic acids (MA) synthesis, the
major lipid component of the mycobacterial cell envelope (43).
The mechanisms of action of isoniazid are diverse and not
fully known due to the involvement of a number of different
genes. However, several studies suggest that the catalase KatG
activates INH enabling the binding to NAD and the inhibition
of enoyl acyl carrier protein (ACP) reductase (InhA). As a
result, MA synthesis is blocked leading to mycobacteria death.
When mutations in the katG gene occur, INH remains in an
inactive form, unable to bind NAD and to inhibit InhA activity
(Figure 3D). Consequently, InhA accomplishes its function in
cell wall synthesis determining the survival of TB. This type
of resistance is of concern as it negatively affects the outcome
of TB-treatment facilitating the dissemination of MDR-TB and
reducing the efficacy of INH (44). The second and third
tiers in the list—the high and medium priority categories—
include other increasingly drug resistant bacteria that cause
more common diseases, such as Neisseria gonorrhoeae (the
causative agent of gonorrhea) (45, 46). Since the treatment of
N. gonorrhoeae with sulfonamides, this bacterium has acquired
genetic resistance determinants capable to inhibit the killing
by all major classes of antibiotics that are used as first line
methods of treatment against gonorrhea infection (47). The main
lethal target of cephalosporins is the transpeptidase penicillin
binding protein 2 (PBP2), encoded by penA. Most of the resistant
isolates contain mosaic mutations in penA that confer resistance
to cephalosporins. In addition, the overexpression of efflux
pump, MtrCDE, contributes to resistance through an increase
of the drug efflux. The simultaneous mutations in the major
porins PorB and mtrR, the repressors of MtrCDE efflux pump,
represent an important resistance determinant of gonococcus.
Hence, the outstanding capacity of N. gonorrhoeae to rapidly
acquire resistance has led the World Health Organization and
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Center for Disease Control (US) to classify this bacterium as
“superbug.” As a result, if new prophylactic and/or therapeutic
strategies will not be discovered soon, we may enter an era of
incurable gonorrhea infections (48). Therefore, understanding
the mechanisms underlying the AMR will help to rationally
design new preventive strategies to effectively tackle these
dangerous threats for the human health.

EVOLUTION OF DRUG RESISTANCE:
WHAT DID WE DO WRONG?

Antibiotic resistance occurs when bacteria are not controlled nor
killed by previously effective drugs through several mechanisms
described above. Resistance is largely driven by the abuse of
antibiotics in humans and animals, often with little or no
therapeutic benefit. The use of antibiotics in viral respiratory
infections or abuse in animal care and in agriculture to
promote livestock growth, are common examples of the misuse
(49). Additionally, the inability to rapidly identify the specific
infecting pathogen at the point of care make the empiric
treatment the only possible choice. In fact, the empiric treatment
requires the use of broader spectrum antibiotics to cover all
the key pathogens responsible for a particular infection (50).
Moreover, the relationships between the human microbiome and
the host immune system is hugely threatened. Antimicrobials
alter the structure of the microbiota, expand the pool of
antimicrobial-resistance genes, degrade the protective effects of
the microbiota against invasion by pathogens, and may impair
the efficacy of alternative medical treatments (51). Hence, the
abuse of antibiotics has negatively affected the immune response
making individuals more susceptible to infections. In fact, the
pressure imposed by the antibiotic treatments on microbes
other than the targeted pathogen (“bystander selection”) is
hypothesized to be a major factor in the propagation of antibiotic
resistance (11). International traveling is also a key factor in the
dissemination of highly resistant strains. New Delhi metallo-β-
lactamase 1 (NDM-1) and mcr-1 are the mobile resistance genes
increasingly spreading worldwide and generating resistance to
a variety of antibiotics including penicillins, cephalosporins and
carbapenems. This is particularly relevant for infections caused
by Gram-negative bacteria sensitive only to carbapenems, and
for which only very few alternative possibilities are available.
Furthermore, the NDM-1 resistance genes are transmitted
very easily, as shown by the two Dutch travelers which were
infected by a NDM-1-producing bacterial strain during their
trip to India, even if not visiting any health centers (52).
Enterobacteriaceae (Klebsiella pneumoniae, E. coli and Proteus
mirabilis), Acinetobacter spp. and Pseudomonas aeruginosa are
the most common NDM-1-producing bacteria for which colistin
is considered the only possible therapeutic option. Nevertheless,
with the spread of themcr resistance gene (mcr-1) a generation of
pan-resistant strains is arising. This has been probably due to the
large use of colistin to increase pig growth in farms in China. In
addition, to the rawmeat,mcr-1 has been isolated also in samples
from infected patients (53). The mcr-1 resistance determinant
is able to easily spread in different bacterial species and also

worldwide due to business globalization (24). Hence, the spread
of resistant organisms, highly infectious and inducing high rate of
morbidity and mortality has a strong economic impact, in terms
of costs of treatment and long-term hospital stay, with a great
burden on health systems.

VACCINE AGAINST ANTIBIOTIC
RESISTANCE: A VALUABLE WEAPON TO
FIGHT AMR

The rising of AMR is a threat to modern medicine and
new measures to control antibiotic-resistant bacteria are
desperately needed including the development of new antibiotics.
Nevertheless, the discovery of new effective chemical compounds
with an appropriate balance of antibacterial activity, drug
metabolism, pharmacokinetics properties and safety it is a
daunting task. In fact, the pipeline run dry ∼40 years ago
(54). In addition, challenging logistics and high costs of large
clinical trials make them nearly impossible to bring to market.
Even if successful, the clinical utility of antibiotics will decline
as resistance to them inevitably rises (55). Improving hygiene
and the correct use of antibiotics while expanding their access
in low- and middle-income countries are important tools to
limit the burden of AMR, despite the fact these measures
alone are not enough (50). Hence, vaccines may become a
valuable and effective weapon to fight AMR. An important
aspect is that resistance mechanisms are of less concern in
vaccination. As reported above the mechanisms of resistance
to antibiotics are mediated by the generation of spontaneous
mutations or the acquisition of mobile genetic element by HGT.
These mechanisms confer to bacteria the ability to tackle the
killing effect of a drug and survive. Antibiotics are therapeutic
measures since generally prescribed after the settling down of
an infection when hundreds of millions of bacteria are infecting
the body. On the contrary, vaccines are designed to prevent
diseases. Their prophylactic use allows the host to build an
immune response before encountering the pathogen or even
at the beginning of an infection when only a few hundred or
thousands bacteria are present. As the occurrence of resistance
mechanisms can stochastically arise among billions of bacteria,
it is evident that this is less likely to occur following vaccination.
Furthermore, most antibiotics have a single target while vaccines
have multiple targets inducing host-specific antibody and/or T
cell responses. Even in this case, moremutations are likely needed
to confer resistance to vaccines making the development of
microbial resistance even harder (56, 57). Therefore, vaccines can
be effective against antimicrobial resistance in different ways:

(I) By lowering the inappropriate use of antimicrobial
compounds. Perhaps counterintuitive is the evidence
that viral vaccines are also very effective in reducing AMR.
For istance, vaccines against influenza virus reduce the
incidence of fever and sickness which affect a significant
proportion of community-dwelling elderly population each
year in the US (58). By preventing a proportion of these
cases, vaccines can reduce both, the inappropriate use of
antibiotics prescribed in case of viral infections and the
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need of antibiotic treatment to cure secondary bacterial
infections (59).

(II) By reducing the insurgence of resistant serotypes. For
example, the pneumococcal polysaccharide conjugate
vaccines had an effect of direct protection of infants
and of herd immunity in adults initially not targeted by
routine immunization (60). Remarkably, also the antibiotic
prescriptions and the prevalence of antibiotic resistant
strains decreased. In the 1990s, before the introduction
of a 7-valent pneumococcal conjugate vaccine (PCV7),
more than 63,000 cases of invasive pneumococcal disease
occurred each year in the US. Between 2000 and 2004, a
57% reduction in the incidence of penicillin-non-susceptible
invasive pneumococcal disease (IPD) and 84% reduction in
the rate of multidrug-resistant strains were achieved. These
data indicate that vaccination is effective, regardless of the
bacterial resistance phenotype. However, the universal use
of PCV-7 led to increased prevalence of serotype 19A, a
non-vaccine serotype with high rate of penicillin resistance
(61). Introduction of 13-valent PCV in 2010, which
contains 6 additional serotypes, including 19A, further
reduced the incidence of IPD and of antibiotic-resistant
pneumococci. Nevertheless, the risk of the evolution of AMR
in pneumococcal serotypes not contained in the vaccine is
still high. In this context, the design of a vaccine aimed to
specifically target resistance determinants or resistant strains
is highly valuable (62).

(III) By reducing infection rate of resistant strains in closely
related species. Between 2004 and 2008, in New Zealand, 1
million people were vaccinated with the Outer Membrane
Vesicles (OMV) based vaccine (MeNZB) to fight a
meningococcus B outbreak. A retrospective case-control
study has shown that the immunization with MeNZB
resulted in 31% reduction of Neisseria gonorrhoeae infection
(63). N. gonorrhoeae is one of the most common bacterial
sexually transmitted diseases (STDs), with ∼100 million
cases worldwide. One of the main concerns of gonococcal
infection is the emergence of strains resistant to nearly
all classes of antibiotics including the expanded-spectrum
cephalosporins and the lack of an effective vaccine. Hence,N.
gonorrhoeae infections are becoming as the most prevalent
and difficult to treat. Despite causing very different diseases,
N. meningitidis and N. gonorrhoeae share 80–90% nucleotide
identity at the genome level. Therefore, it is reasonable to
assume that antibodies against common antigens could
induce a cross-protective effect (64). Bioinformatic analyses
has revealed that 57 OMPs are of N. meningitidis are
conserved also in 970 N. gonorrhoeae strains isolated in US
(65). Among them, PilQ, Omp85 (BamA), NspA, MtrE,
MetQ, and LbpA show 93% amino acid sequence similarity
to N. gonorrhoeae, suggesting their potential contribution to
cross-protection (64). Further investigations are needed to
evaluate the effectiveness of MenB-4C vaccine in preventing
gonococcal infections (66).

(IV) By directly targeting antibiotic resistant microorganisms.
Although many different vaccine formulations have been
proposed to prevent infection by antimicrobial resistant

pathogens, (such as S. aureus, E. coli,Clostridium difficile etc.)
no successful phase III clinical trial data have been published
yet (67, 68). A possible reason for the failure in developing
vaccines against these pathogens are the multiple virulence
mechanisms a vaccine should target, as well as the absence of
animal models that are representative of human diseases (69,
70). A better understanding of host-pathogen interactions
such as immune evasion, and increased knowledge in the
epidemiology and variability of the main antigens, could help
in the development of novel effective vaccine. However, new
incentives may be necessary for the development of novel
vaccines leading to the refinement of health care system
against AMR infections and eventually saving millions
of lives.

MODERN TECHNOLOGIES AND THE
FUTURE OF VACCINES AGAINST AMR

Live-Attenuated or Killed Microorganisms
and Subunit Vaccines
Attempts to “vaccinate” begin even before the Edward Jenner’s
smallpox vaccination was introduced. In the 7th century, some
Indian Buddhists drank snake venom in an attempt to become
immune to its effect. The process of variolation, consisting in
the introduction of dried pus from smallpox pustules into the
skin of a patient, was practiced at regular intervals by the
Brahmin caste of Hindus in India in the 16th century (71).
Nevertheless, Edward Jenner is considered the real father of
vaccinology; in 1796 he tested the protective effect of a prior
cowpox infection against smallpox by actively immunizing an
eight-year-old-boy with cowpox and then carrying out smallpox
challenge (variolation) (72). In the 19th century, Louis Pasteur
gave a fundamental contribution in the field with the creation
in laboratory of the first vaccine. The main principle of Pasteur
was to “isolate, inactivate and inject” the causative agent of
a disease. His rationale was to attenuate or inactivate the
virulence of the disease-causing organisms while preserving
their immunogenicity (5). Live attenuated vaccines (LAV) have
been available since the last century and derive from viruses or
bacteria that have been weakened under laboratory conditions,
so that they induce immunity by simulating natural infections
causing no or very mild disease (73). Moreover, they provide
a recurrent antigenic stimulation that ensures memory cells
production. An example is provided by the TB treatment with
the Bacillus Calmette-Guérin (BCG) developed in 1922. Killed
microorganisms are safer, do not induce disease and have an
excellent stability profile, even if the immune response that they
induce is reduced in terms of magnitude compared to LAV
and several doses of vaccine may be required. For many viral
diseases, the risk of reinfection is null due to the induction of
antibodies directed against invariable antigens (e.g., smallpox,
yellow fever, polio, rabies, mumps, measles, rubella, varicella,
herpes zoster, hepatitis A, and Japanese encephalitis). Therefore,
vaccines that were developed following the principles described
in this paragraph have proven to be successful (74). A further
development of Pasteur’s strategy was the so-called “subunit”
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vaccine that contains only the antigenic determinants that are
able to induce an effective immune response. This approach has
been successfully applied to diphtheria and tetanus, two diseases
caused by bacterial toxins (75).

Recombinant DNA
The development of safer live-attenuated vaccines and subunit
vaccines through rational design has been possible when in
the 1980s recombinant DNA techniques were introduced and
revolutionized the field of vaccinology. This new approach
enabled the generation of the genetically detoxified Bordetella
pertussis toxin (76) and the recombinant hepatitis B surface
antigen (HBsAg) (77). Genetic engineering has also been applied
to generate attenuated viral and bacterial strains as antigen and
delivery system for heterologous antigens, or to develop genetic
“reassortants,” as in the case of the influenza attenuated vaccine
or the rotavirus vaccine, which is based on a bovine rotavirus
“reassorted” with 5 human rotavirus strains (78).

Glycoconjugate and Bioconjugate
In the previous decades, innovative polysaccharides-based
vaccines have been developed to protect against infections
caused by Neisseria meningitidis, Streptococcus pneumoniae, and
Haemophilus influenzae type b (Hib). However, these vaccines
were not immunogenic in children below 2 years of age and they
induced a short memory response. To enhance immunogenicity,
an effective strategy was to covalently link the polysaccharide
antigen to a carrier protein, thereby providing helper T-cell
activation in addition to the B-cell dependent immune response.
Examples of protein carriers that have been efficiently used for
the chemical conjugation are tetanus toxoid (TT), diphtheria
toxoid (DT), and a non-toxic cross-reacting mutant of DT
(CRM197). The resulting glycoconjugate vaccines elicited a more
potent functional immune response in all age groups. Nowadays,
this type of vaccines are available for the meningococcus
serogroups A, C, W, Y, and H. influenzae type b (Hib) and
Pneumococcal vaccines. The glycoconjugate vaccines have been
able to successfully prevent the deaths and hospitalization of
millions of people during the past three decades (79, 80).
However, the requirement of complex manufacturing makes the
process of glycoconjugation expensive and unsuitable for very
complex vaccines, or for their use in low-income countries. These
limitations can be overcome by a process called “bioconjugation,”
a new platform technology to generate glycoconjugate vaccines
in vivo in a single step, drastically simplifying glycoconjugates
development and manufacture. Bioconjugation is based on
recombinant non-pathogenic Escherichia coli strain that co-
express (i) a heterologous, antigenic polysaccharide, (ii) a
carrier protein encoding the glycosylation sites, and (iii) an
enzyme covalently coupling both substrates during bacterial
growth. Clinical trials with either mono- and multi-valent
vaccine candidates produced using the PglB conjugating enzyme
showed safety, immunogenicity and functionality of the immune
response (81, 82). Bioconjugates may play a fundamental role
in the future to prevent infection caused by dangerous AMR
pathogens expressing polysaccharide antigens, such as those
reported in the WHO and CDC priority lists (38, 39).

Adjuvants
A limitation of many vaccines is the poorly immunogenic
response they evoke. Thanks to the advances in the knowledge
of mechanisms underlying innate immunity, effective vaccine
adjuvants have been developed to enhance the immune systems’
response. (83). These compounds are able to improve the
speed, potency, and persistency of the immune response to
vaccination. While aluminum was the first and only adjuvant
routinely used in human vaccines for more than 50 years,
novel adjuvanted system (AS) composed of the combination
of two or more different immunostimulants were developed
to achieve the desired response. For example, one of them,
namely AS04, was used in 2005 for the hepatitis B (HBV)
vaccine and in 2007 for the human papillomavirus HPV-16/18
vaccine (84). More recently, AS01, an adjuvant composed by
two immunostimulants, (saponin QS21 and monophosphoryl
lipid A, targeting TLR4), has been licensed for a vaccine against
malaria and herpes zoster vaccine. Also, it is currently used in
clinical trials for vaccines designed to prevent reactivation of
tuberculosis, and for a vaccine against non-typeableH. influenzae
and Moraxella catarrhalis, aimed to prevent exacerbation in
chronic obstructive pulmonary disease. The TB vaccine phase
2b trial conducted in Kenya, South Africa, and Zambia provided
54.0% protection inM. tuberculosis infected adults against active
pulmonary tuberculosis disease. This vaccine is composed of the
M72 recombinant fusion protein including two immunogenicM.
tuberculosis antigens (Mtb32A and Mtb39A), combined with the
AS01E adjuvant system (85). Additional adjuvants targeting the
innate immune receptors TLR9 (DNA oligonucleotides), TLR5
(Flagellin), TLR7, surface-exposed (TLR1/2), endosomal (TLR3),
or cytoplasmic (RIG I, DNA sensors) innate immune receptors
have been successfully tested (83).

Reverse Vaccinology, Generalized Modules
for Membrane Antigens (GMMAs) and
Nanoparticles
A new era in vaccine design is started through the use of
the bacterial genomes to discover new vaccine candidates. “in
silico” prediction tools are applied to identify genes encoding
for surface-exposed or secreted antigens. Newly discovered
antigens are expressed in E. coli as recombinant proteins,
and their immunogenicity evaluated in preclinical models (86).
This approach, named “reverse vaccinology” has allowed the
development of the first multivalent protein-based vaccine
against meningococcus B, 4CMenB, that is now approved in
many countries worldwide. In addition to the recombinant
proteins identified by the reverse vaccinology approach, the
licensed 4CMenB vaccine contains the highly immunogenic
outer membrane vesicles (OMV) component produced through
detergent extraction (87). The same OMV component has been
used in New Zealand to fight aMenB outbreak. An immunization
campaign was implemented in all population starting from 5
weeks to 20 years of age in the period 2004–2006 (64, 88, 89).
Interestingly, by using genetic approaches, it is possible to induce
an over-blebbing phenotype without using detergents leading to
a new generation of improved bacterial OMVs called generalized
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modules for membrane antigens (GMMAs). The vesicles are
obtained by mutation in genes responsible for stabilizing the
link between the bacterial outer membrane and peptidoglycan
(e.g., tolR, tolB, nlpl). GMMAs can also be further engineered
by targeting genes responsible for LPS acetylation, such as
lpxlM and lpxL1 therefore reducing LPS reactogenicity (90). Yet,
another class of vaccines proposed to overcome the limitations
of conventional and subunit vaccines is based on nanoparticles.
In this regard, thanks to advancement in structural biology the
rational design of molecule structures with desired size, shape,
stability, improved immunogenicity and functionality became
feasible (91). Nanoparticles were initially discovered in virus such
as those from Hepatitis B. Once produced recombinantly these
particles were found to be composed either of the surface antigen
(HBsAg) or the core antigen (HBcAg). The HBcAg was shown
to be assembled into particles of 24–31 nm diameter resembling
the highly immunogenic viral cores obtained from HBV-infected
human liver. Other class of self-assembling protein nanoparticles
has been identified from a wide variety of source. For example,
one of these is represented by a 24 subunits molecule, each
composed of a four-alpha-helix bundle, that self-assembles in a
quaternary structure with octahedral symmetry named Ferritin.
DNA technology can be also used to construct genes that
encode for self-assembling polypeptides fused with the desired
immunogenic epitope for expression of the chimeric molecule
in a selected cell expression system. The chimeric polypeptide
then self-assembles within the cell, with an ordered pattern of
surface exposed epitopes (92). An important advantage of this
approach is that proteins of interest are exposed on the surface
of the nanoparticle in the correct conformation thus eliciting a
high specific immune response.

Reverse Vaccinology 2.0 and Structural
Vaccinology
Reverse Vaccinology 2.0 is aimed at the identification of antigens
inducing high functional antibodies (93). By single B cells sorting
and culturing, antibodies (Ab) with the desired functionality
are selected and the corresponding Ig gene sequenced, and Abs
produced as recombinant proteins. Three-dimensional structure
resolution of the Ag–Ab (Fab) complex leads to a detailed
definition of the protective epitope. Structural information and
identification of the protective epitopes can drive the design of a
novel optimized immunogens (“structure-based Ag design”). The
new Ag can then be included in the best formulation or delivery
system and tested in humans.

The Reverse Vaccinology 2.0 approach has allowed the
identification of the cytomegalovirus CMV pentameric complex
(94) and of the pre-fusion of F protein of the respiratory syncytial
virus (RSV) (95). Although this approach has been exploited for
viral pathogens, it is expected that the same technologies may
also be applied to bacterial pathogens. Growing knowledge in
this field could lead to rational design of new antigens more
stable and able to elicit high level of functional antibodies. An
example of structure-based design of bacterial antigens is the
factor H binding protein (fHbp) of Neisseria meningitidis. This
is a key meningococcal vaccine which exists as more than 300

peptides that can be grouped into three variants that do not elicit
cross-protective immunity. Definition of the 3D structure and the
mapping of all protective epitopes has guided the design of a new
chimeric molecule containing combination of the main epitopes
of the three variants but maintaining the overall conformation
and the same structural features. The new chimeric fHbp was
able to induce, in mice, cross-reactive immunity against the three
variants (96).

Monoclonal Antibodies
An alternative strategy proposed to combat AMR infection
is based on the use of monoclonal antibodies. The main
modes of action of anti-bacterial antibodies are based on the
neutralization of virulence factor activities and inhibition of
complement-mediated bacterial lysis. An important aspect is that
the efficacy of monoclonal antibodies is dependent upon the
expression level and the degree of sequence conservation of the
corresponding target epitope. Hence, the ideal epitope should
be highly conserved in structure and to be easily accessible for
antibody binding. This is the case of monoclonal antibodies
against bacterial toxins approved for clinical use which include
two antibodies against anthrax (97, 98) and one targeting the
toxin B of Clostridium difficile, approved for the prevention
of recurrent infections in high-risk patients (99). As described
above, the new technologies could allow the analysis of immune
response and the identification of human monoclonal antibodies
naturally produced by infected or vaccinated human donors. This
will guide the design of novel and highly immunogenic antigens
and antigen derived peptides. Analyzing the Ab-Ag complex, it
would be possible to design powerful antigenmolecules with high
neutralization activity as in the case of the RSV preF antigen (95).
The outstanding power of these new technologies is boosting our
ability to identify, design and stabilize antigens in a very short
time frame and consequently starts clinical trials immediately
after (100). Effective medical treatments are urgently needed to
address major global threats, and in this context, monoclonal
antibodies represent a unique valuable weapon. In developing
humanmonoclonal antibodies careful attention should be paid to
evaluate possible reactions with human tissue at early preclinical
stages. Reactions can be limited by using fully humanmonoclonal
antibodies and by an accurate selection of the targeted epitopes.

RNA Vaccines
RNA-based vaccines can be divided into non-replicating and
self-amplifying mRNA vaccines (SAM) both of which make use
of the host cell translational machinery to produce the selected
antigens. More in detail, SAM-based vaccines consist of an
engineered RNA viral genome encoding nonstructural proteins
(nsPs) in which the genes encoding for the structural protein
are replaced with the antigen of choice. RNA vaccines have
shown to be effective in case of viral pathogens; however, this
technology could be successfully applied also to bacterial AMR
targets. Interestingly, a SAM vaccine encoding for a double-
mutant of Streptolysin-O (SLOdm) and the backbone protein
of pilus island 2a (BP-2a) from Group A (GAS, Streptococcus
pyogenes) and Group B (GBS, Streptococcus agalactiae) was
shown to be immunogenic in mice inducing both humoral and
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cellular immunity (101). Differently from viral vectors and DNA
-based vaccine, RNA vaccines do not interact with the host-cell
DNA, avoiding the potential risk of genomic integration and
should not induce anti-vector immunity. Therefore, based on (i)
their fully synthetic nature, (ii) relatively low production cost,
and (iii) the possibility of expressing complex antigens in large
amounts and in a short time, mRNA technologies could represent
a rapid and valuable platform to be further exploited for vaccines
against AMR infections.

Altogether, these new technologies may greatly advance the
field for the control of AMR infections (Figure 4).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Rising antimicrobial resistance (AMR) is a threat to modern
medicine and it also represents a major economic burden on
healthcare systems. In the European Union, antibiotic resistant
infections determine an economic burden of ∼e1.5 billion per
year. The US health system spends 20 billion USD in excess
each year to treat resistant infections (102). By 2050, it is
foreseen that USD100 trillion will be the economic damage due

to AMR. According to the World Bank simulation, the global
economy could lose as much as 3.8% of its annual gross domestic
product by 2050 in a worst-case scenario. However, estimating
the incidence and attributable mortality is challenging. This
cost depends on a wide variety of factors: which drug and
pathogen are involved, the mechanism of antibiotic resistance,
the prevalence of that pathogen, the types of infections, the level
of transmissibility, the health burden of those infections and
whether alternative treatments are available. AMR can result
in treatment failures and previously uncomplicated infections
become more complex and severe (103, 104). It has recently
been estimated that a 30% reduction in the efficacy of antibiotic
prophylaxis for surgical procedures and chemotherapy would
result in 120,000 additional infections and 6,300 infection-related
deaths per year only in the United States. There is a risk of
the cost being far higher than current best estimates. As already
mentioned, vaccines represent a valuable and extraordinary tool
to tackle the AMR problem. Besides being able to protect against
serious diseases, vaccines may also reduce avoid mild disease
episodes that may not receive medical attention, but which
have important societal consequences. Vaccination decreases the
disease incidence, the number of deaths, the longer hospital
stays, and the need for more antibiotics if others fail owing

FIGURE 4 | Evolution of vaccine technologies and platforms. MenACWY, meningococcus ACWY; Pneumo, pneumococcus; HBV, hepatitis B virus; Hib, type B

Haemophilus influenzae; GBS, group B Streptococcus, GAS HPV, human papillomavirus; MenB, meningococcus B; GAS, group A streptococcus; ExPEC,

extraintestinal pathogenic E. coli; Generalized Modules for Membrane Antigens, GMMA.
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to resistance. Unvaccinated individuals also benefit from wider
societal benefits such as the lower transmission rates. This can be
translated into a reduced risk of epidemics. In health economics,
Incremental Cost–Utility Analysis (ICUA) is a method of
financial analysis that can drive procurement decisions. The
purpose of ICUA is to perform a cost-effectiveness analysis
based on a careful evaluation of the ratio between the cost
of an intervention and the benefit it generates in terms of
increase in life expectancy. Value of vaccines and drugs is
calculated based on the ICUA financial method resulting in an
underestimation of the former. The added value of vaccines
such as the induction of herd protection, reduction in time
of hospitalization and reduction in anti-microbial resistance
are difficult to measure in the short term. Therefore, since in
the ICUA analysis, the benefits of medical interventions are
evaluated during the period of medical observation, important
benefits of vaccines which are only measurable in the long term
are not considered. Although the ICUA analysis has generated
more comprehensive models for financial evaluation, all the
benefits of vaccination still need to be included in the analysis
for the measurement of a full vaccine value (105). In 2015,
the burden of resistant infections in countries of the European
Economic Area (EEA) was measured in terms of number
of cases, attributable deaths, and disability-adjusted life-years
(DALYs) providing useful information for public health decision-
makers prioritizing interventions for infectious diseases (106).

The contribution of various antibiotic-resistant bacteria to the
overall burden varies greatly between countries, thus highlighting
the need for prevention and control strategies that are tailored
to the needs of each country. Evaluation of the economic
cost of AMR is important for decision-making and should
be estimated accurately. Only combined efforts in the fields
of antibiotics, new technologies for vaccine development and
monoclonal antibodies will provide affordable solutions to tackle
antimicrobial resistance.
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Medicine I, Ca’ Foncello Hospital, Treviso, Italy

The evaluation of the response to vaccination in patients with inborn errors of immunity

is a tool to evaluate T-dependent and T-independent antibody residual function of B

lymphocytes and it is part of the diagnostic definition for Common Variable Immune

Deficiencies. Currently used classifications for Common Variable Immune Deficiencies

patients are based on the frequency of B cell subsets, and have been proven as a

valid instrument for identification of patients at higher risk of infectious and non-infectious

complications. This 6-years period observational study delineated the measurement of

specific IgA antibodies induced by a 23-valent pneumococcal polysaccharides vaccine

by a standardized ELISA for the quantification of IgA antibodies to all 23 pneumococcal

serotypes as an additional prognostic marker in 74 CVID patients. The inability to

mount an IgA-mediated response against the pneumococcal polysaccharide antigens

or the inability to maintain the antibody response over time identified poor IgA CVID

responders with severe immunological impairment, great risk of co-morbidities, and

poor prognosis. The division of CVID patient into specific IgA-non responders and

IgA-responders discriminated better than other CVID classifications for infectious risk,

while it overlapped for non-infectious complications. Our study suggested to add the

evaluation of the antibody response by the 23-valent IgA assay in the clinical monitoring

of CVID patients.

Keywords: common variable immunodeficiency, S. pneumoniae, pneumococcal polysaccharides vaccine,

respiratory infection, specific IgA antibodies

INTRODUCTION

Immunoglobulin serum levels and antigen-specific antibodies are included as diagnostic criteria
in the assessment of patient with inborn defects of immunity (1). A consensus definition for the
diagnosis of Common Variable Immune Deficiencies, the most common symptomatic primary
antibody defects, included evaluation of T-dependent and T-independent antibody responses at
the time of diagnosis (2). In clinical practice, specific IgG measured in pre- and post-vaccination

258

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01283
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01283&domain=pdf&date_stamp=2020-06-24
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:isabella.quinti@uniroma1.it
https://doi.org/10.3389/fimmu.2020.01283
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01283/full
http://loop.frontiersin.org/people/823509/overview
http://loop.frontiersin.org/people/147436/overview
http://loop.frontiersin.org/people/203627/overview
http://loop.frontiersin.org/people/197019/overview
http://loop.frontiersin.org/people/122625/overview


Pulvirenti et al. Anti-pneumococcal IgA to Monitor CVID

samples produced in response to pneumococcal polysaccharides
immunization is the most used test to evaluate a T-independent
antibody response (3). Antibody responses mediated by isotypes
other than IgG are also a proper assay at diagnosis and during
the course of the diseases in primary and secondary antibody
deficiency patients who are under IgG replacement therapy (4, 5).
Our group contributed to validate the measurement of the IgA
and IgM response to all 23 pneumococcal serotypes (PnPS)
present in the polysaccharide vaccine (Pneumovax R©) in healthy
donors (6), in a wide cohort of patients with Common Variable
Immune Deficiencies (CVID) (4), and in children with Transient
Hypogammaglobulinemia of Infancy (7).

Commonly used classifications for CVID patients are
based on the frequency of B cell subsets. These immune-
phenotypic classifications, and in particular the studies done
by EUROclass group (8) and by the Freiburg group (9), take
into consideration the frequency of peripheral B cells, class-
switched memory B cells, and of CD21low B cells. These
classifications have been proven as a valid instrument for
identification of CVID patients at higher risk of infectious and
non-infectious complications.

We conducted an observational study over a 6 years
period in a population of CVID patients immunized
by Pneumovax R© to define if IgA-mediated responses to
pneumococcal polysaccharides could be an additional
prognostic marker in CVID patients. The results allowed
to identify CVID patients with a more severe immunological
impairment, a greater risk of co-morbidity, and a worse
prognosis. The IgA response discriminates better than other
classifications for infectious risk, while it overlapped for
non-infectious complications.

MATERIALS AND METHODS

Study Design
This single-center study was carried out in the Referral Center
for Adult Primary Immune Deficiencies of Rome, Italy. Seventy-
four CVID patients (age 49.1 ± 14.7 years, 33 males and 41
females) and 20 healthy volunteers (HD) (age 37.4 ± 16.1 years,
13 males and 7 females) were enrolled. All patients included
in this prospective observational study over a 6-years period
were diagnosed as CVID following the ESID/PAGID criteria
(10). In particular, patients >4 years of age, had at least one of
the following: increased susceptibility to infection, autoimmune
manifestations, granulomatous disease, unexplained polyclonal
lymphoproliferation, and affected family member with antibody
deficiency; AND marked decrease of IgG and marked decrease
of IgA with or without low IgM levels; AND at least one
of the following: poor antibody response to vaccines, low
switched memory B cells; AND exclusion of secondary causes of
hypogammaglobulinemia; AND no evidence of profound T-cell
deficiency. All patients were on IgG intravenous or subcutaneous

Abbreviations: CVID, Common Variable Immunodeficiency; PnPS,

pneumococcal serotypes; HD, healthy volunteers; TL, trough levels; LRTI,

lower tract respiratory infections; Sp, S. pneumoniae; URTI, upper respiratory

tract infections.

substitutive therapy with a cumulative monthly dosage of 400
grams/kg with intervals between administrations individualized
in order to keep IgG trough levels (TL) >600 mg/dl. All patients
andHDwere immunized with a single dose of a 23 pneumococcal
polysaccharides vaccine (Pneumovax R©). For CVID patients,
demographic characteristics and clinical data were abstracted
from the medical record, including the occurrence of infections,
immunoglobulin levels at the time of diagnosis, IgG TL,
presence of bronchiectasis identified by computed tomography
scan, autoimmunity including cytopenias, inflammatory bowel
disease, seronegative arthritis, thyroiditis, alopecia, vitiligo,
primary biliary cirrhosis, sicca syndrome, and enteropathy
defined as persistent chronic diarrhea, weight loss, steatorrhea,
and malabsorption. During the 6 years follow up, concomitant
CVID-related conditions and outcome, number of upper and
lower respiratory infections, IgG TL, B and T cell subsets were
recorded. All patients enrolled provided their written informed
consent. The Ethical Board of the “Sapienza,” University of Rome
approved this study (RIF.CE: 5325).

Immunization
Patients and HD were immunized with 1 dose of Pneumovax R©

(Merck and Co., Inc., West Point, PA, Lederle Pearl River, NY,
USA) a 23-valent polysaccharide vaccine which contains the
pneumococcal serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A,
12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23,F and 33F. Based on
our previous study (11) on the antibody response kinetics, blood
samples of CVID patients were collected, aliquoted and stored
at −20◦C at the day pre-immunization (pre), and at 4 weeks
post-immunization (post 1). A third assessment was done at 36
± 6 months post-immunization (post 2). ELISA test was used to
quantify the serotype-specific anti-PnPS IgA responses.

ELISA for the Quantization of Anti-PnPS
IgA
ELISA for the quantification of IgA antibodies to the 23
pneumococcal polysaccharide serotypes was done by an ELISA
test (IgA VaccZymeTM ELISA, The Binding Site Group Ltd.
(TBS), Birmingham, UK), with pre-coated microtiter plates with
all 23 pneumococcal polysaccharide serotypes present in the
Pneumovax vaccine. Absorption of interfering anti-cell wall
polysaccharide (CPS) antibodies was incorporated in this assay.
In a previous paper (4) we have addressed the issue on correlation
between the 23-valent ELISA and the specific pneumococcal
serotypes. We have already validated the IgA-mediated in a
previous the paper (11). The antibody titers were calculated as
previously published (4, 11).

Immunophenotype
Flow Cytometry Analysis of peripheral blood mononuclear
cells was performed with the combinations of 4
fluorochrome-labeled monoclonal antibodies, all obtained
from BD Biosciences. The B-cell populations were
identified as classical naïve (CD19+CD27-CD21+CD38+),
switched memory (CD19+CD27+CD21+IgM–), IgM
memory (CD19+CD27+IgM+IgD+), transitional
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(CD19+IgM++CD38++), CD21low (CD19+CD21-
/lowCD38– B cells. Dead cells were excluded from analysis
by side/forward scatter gating. FACS analyses were performed on

a FACSCalibur instrument (BD Biosciences) using the CellQuest

(BD) and FlowJo (Tree Star) software as we previously described
(6). On the basis of the immunophenotype, CVID patients

were classified as group IA, IB and II according to the Freiburg

classification. The Freiburg classification identifies type I patients
with severely reduced class-switched memory B cells (<0.4% of

lymphocytes) and type II patients with class-switched memory B

cells >0.4% of lymphocytes. Type I patients are subdivided into

a group with expansion of CD21low B cells (type IA, > 20% of

CD19 B cells) and a group with <20% of CD21 low B cells (type

IB) (9). EUROclass classification defines CVID patients with

<1% B cells as group B- and patients with more than 1% B cells

as group B+. Group B+ patients are further divided into smB+

and smB- according to the frequency of switched memory B cells

(>2% or ≤ 2% of total B cells). Dead cells were excluded from
analysis by side/forward scatter gating (8).

Statistical Analysis
Patient demographics and clinical characteristics are summarized
by frequencies and percentages and means and standard
deviations (SD) where appropriate. Comparisons of continuous
parameters between treatment groups were calculated with a t-
test if normally distributed and with a Mann-Whitney U-test
if not normally distributed; differences in frequencies between
groups were calculated by using the χ2 exact test. Time to event
was calculated by Kaplan-Meier curves and expressed elapsed
time to baseline Kaplan-Meier curves for CVIDs were split
into two groups: (1) IgA responders; (2) IgA non-responders.
The statistical significance was set at the conventional level of
P < 0.050. All statistical analyses were performed using the
statistical package Stata 11 (Stata Corp., College Station, Tex) and

TABLE 1 | Characteristics of CVID patients at the enrollment.

All CVID N = 74 IgA-NR N = 60 IgA-R N = 16 IgA-R vs. INR

Mean SD Mean SD Mean SD P-value

Age at the enrollment (years) 49.1 14.7 46.5 14.3 61.4 13.8 0.001

Age at diagnosis (years) 34.5 15.7 32.4 13.9 48.4 15.0 0.001

IG level at diagnosis (mg/dL)

IGG 239.7 190.6 208.3 192.5 396.7 63.0 0.025

IGA 20.2 33.2 10.4 14.7 26.0 53.5 <0.05

IGM 22.2 25.3 17.3 18.2 34.8 39.7 <0.02

IG at enrollment (mg/dL)

IGG 632.7 146.8 624.9 140.6 640.8 148.2 0.733

IGA 18.9 31.3 8.3 10.5 23.8 50.7 <0.05

IGM 20.5 23.3 14.1 14.6 35.2 37.1 <0.02

All CVID patients are classified on the basis of anti PnPs IgA response as IgA non-responders (NR) and IgA responders (R).

FIGURE 1 | Specific PnPS IgA antibodies in healthy controls and CVID patients before vaccination (pre), 4 weeks after vaccination (post 1) and after 36 ± 6 months

(post 2). CVID patients are classified as not responders (NR) and responders R according to IgA specific response.
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FIGURE 2 | Frequencies of switched memory B cell, IgM memory B cells, Transitional B cells, naïve B cells and CD21low B cells in CVID IgA NR and CVID IgA R.

GraphPad7 (GraphPad software, San Diego, California, www.
graphpad.com).

RESULTS

CVID Patients Had an Impaired IgA
Response to Pneumococcal
Polysaccharide Vaccine
Baseline characteristics of the 74 enrolled CVID patients are
summarized in Table 1. We have already analyzed the IgA-
mediated antibody response to the 23-valent polysaccharide
vaccine (Pneumovax R©) using a standardized ELISA 23 PnPS-
IgA assay in healthy subjects (6). This standardized single-run
procedure was based on a broad set of pneumococcus serotypes
to measure the response to the 23 vaccine antigens present in
the Pneumovax R© vaccine. The kinetics of the IgA response to
Pneumovax R© showed a peak at 3–4 weeks after vaccination with
an increase in PnPS-IgA antibody concentration of 10–12 times.
The standardized ELISA 23 PnPS-IgA assay allowed to quantify
the titer expressed as U/ml. The optimal cut off value for post-
vaccination 23 PnPS-IgA antibody was determined at 80 U/ml
(mean-−2SD). In this study, we evaluated specific IgA in HD
and CVID patients before vaccination and 4 weeks later. Before
vaccination, titers of anti PnPS IgA were 14.2 ± 30.7 U/ml, and
65.3 ± 61.2 U/ml in CVID patients and in HD, respectively.
Four weeks post-immunization anti PnPS IgA titers were 69.2
±138 U/ml, and 352.5 ± 136 U/ml in CVID patients and in
HD, respectively. The cut off allowed to identify two groups of
patients. Fourteen patients were IgA responders (IgA-R) and 60
IgA were non-responders (IgA-NR): IgA-R: 332± 118 U/ml and
IgA-NR 6.4 ± 9.5 U/ml) (Figure 1). A second assessment was
done 36 ± 6 months after the immunization in 63/74 patients
(85%). All patients from the IgA-NR group were confirmed as
beingNR having no IgA anti PnPS IgA response (1.8± 5.7 U/ml).
In the IgA-R group, nine patients were re-tested and five of them
showed a long-lasting response (IgA-R: 201.8 ± 55.3 vs. HD:
280.3 ± 133.5 U/ml) (Figure 1) IgA R have a higher age than

HD and CVID IgA NR. Higher response in older was nor related
with previous exposure and to higher memory/recall response,
since anti-pneumococcal polysaccharide responses decline with
age (12).

Frequencies of B and T Cells Subsets in
IgA-R and in IgA-NR and Comparison With
B-Cells Subset-Based CVID Classification
The frequency of total B cells was similar within the groups.
Patients from the IgA-NR group had an increased frequency
of naïve B cells and a lower frequency of switched memory B
cells compared to the IgA-R. The frequencies of marginal zone
B cells, transitional B cells and CD21low B did not differ in
the two groups (Figure 2). Frequencies and absolute count of B
cells subsets and significance levels were summarized in Table 2.
No difference was observed among T cell subsets frequencies in
IgA-R and IgA-NR (Table 3). Based on B-cell subsets analysis,
CVID patients were grouped following the Freiburg classification
as group IA, IB and II. Interestingly, the IgA-NR phenotype
included all the three Freiburg classes (IA: 28%, IB: 56%, II:
16%, whereas the IgA-R phenotype included only IB (27%) and
II (73%) Freiburg classes. All IgA-R belong to the EUROclass
smB+, while IgA-NR were B- (9%), smB- (36%), and smB+
(55%) (Figure 3).

Infectious, Non-infectious
CVID-Complications, and Outcome
The mean length of follow up (FU) for CVID participants was
64 ± 18.5 months. IgA-NR had a 2.8-fold higher risk to develop
URTI in comparison to IgA-R (Log-rank p = 0.003; HR 2.85,
95% CI 1.4–5.7, Figure 4), with a higher rate of exacerbations
(1,52 ± 1,28 vs. 0,92 ± 0,74 episodes per year, p = 0.013). We
observed a similar number of episodes/year in IA group and in
group IB, and a lower number of episodes in group II (IA 1.38
± 1; IB 1.55 ± 1.27; II 0.93 ± 0.7, Figure 5). IgA-NR patients
were also more prone to have LRTI (log-rank p = 0.009, HR 1.3,
95% CI 1.3–6.4, 0.5 ± 0.7 vs. 0.1 ± 0.3 episodes/year, p = 0.015).
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TABLE 2 | Frequencies and absolute count of B cells subsets and significance

levels in patients grouped by post vaccination serum levels of Anti-PnPs IgA as

IgA non-responders (NR) and IgA responders (R).

IgA-NR IgA-R P-value

Mean SD Mean SD

B cells

CD19+

% Lymphocytes 9.9 6.7 13.5 7.0 0.063

B cell/mm3 191.7 181.8 239.4 218.2 0.336

Naive B cells

CD27-IgM+IgD+

% B cells 73.4 22.9 57.5 20.2 0.010

B cell/mm3 140.7 145.2 123.4 92.6 0.489

MZ B cells

CD27+IgM+IgD+

% B cells 15.3 16.1 27.5 16.2 0.066

B cell/mm3 34.5 63.6 82.9 102.9 0.109

Switched memory

CD27+IgM-IgD-

% B cells 2.7 3.5 12.5 5.9 <0.0001

B cell/mm3 4.2 6.2 24.9 25.4 0.001

K/L ratio 1.5 0.6 1.3 0.1 0.051

Transitional B

CD38++IgM++

% B cells 7.2 10.4 3.2 3.9 0.165

B cell/mm3 12.0 25.5 5.1 3.8 0.386

Plasmablasts

CD38+ + +IgM±

% B cells 1.7 2.0 4.1 10.0 0.117

B cell/mm3 2.9 3.9 2.5 2.6 0.639

CD21 low B cells

CD21 low CD38 low

% B cells 21.6 19.0 10.3 12.3 0.368

B cell/mm3 37.5 50.4 50.5 108.5 0.057

Likewise, a similar number of episodes/year were observed in IA
group (0.7 ± 1) and IB group (0.5 ± 0.7) and a lower number
in II group (0.2 ± 0.4). CVID patients are also prone to develop
non-infectious complications. The prevalence of bronchiectasis
was 53% in IgA-NR vs. 14% in IgA-R (p= 0.008, Figure 6A), and
61, 53, and 17% in group IA, IB and II, respectively.Moreover, the
prevalence of autoimmunity was 38% in IgA-NR vs. 7% in IgA-R
(p= 0.048, Figure 6B), and 43, 40, and 12.5% in group IA, IB, and
II, respectively. The prevalence of enteropathy was 35% in IgA-
NR vs. 7% in IgA-R (p= 0.049, Figure 3C), and 37.5, 47, and 5%
in group IA, IB, and II (Figure 6C). Of the 74 subjects enrolled, 13
patients (15.5%) had died during the 6-years study time. Twelve
out sixty patients (20%) of the IgA-NR group and 1/14 (7%) of the
IgA-R group died. The mean age at death was 60.6 ± 15.6 years.
Causes of death included lymphoid or other malignancies (five
patients), infections (four patients), autoimmune cytopenia (one
patient) and other not-CVID related conditions (three patients).

Long-Lasting Response Patients
At the second assessment (post 2), 36 ± 6 months after
immunization, among IgA-R patients we identified a subgroup
of five patients that showed a long lasting response with a

TABLE 3 | Frequencies and absolute count of T cells subsets and significance

levels in patients grouped by post vaccination serum levels of Anti-PnPs IgA as

IgA non-responders (NR) and IgA-responders (R).

IgA-NR IgA-R P-value

Mean SD Mean SD

Total T cells

CD3+CD4-CD8-CD3+

76.2 9.5 73.2 7.5 0.286

% Lymphocytes

cell/mm3

1352.8 679.5 1295.8 448.4 0.760

CD4T cells

CD3+CD4+

35.8 11.4 39.1 10.6 0.453

% Lymphocytes

cell/mm3

598.8 358.8 630.8 241.8 0.880

CD8T cells

CD3+CD8+

37.6 12.0 32.4 10.1 0.207

% Lymphocytes

cell/mm3

697.2 432.3 644.4 321.2 0.747

TCR alfa/beta

CD3+TCRab+

86.5 9.8 87.7 9.3 0.702

% T cells

cell/mm3

1168.4 625.9 1108.5 323.3 0.619

double negative T

CD3+CD4-CD8-

1.8 1.2 1.6 0.8 0.431

% T cells ab

cell/mm3

18.4 16.9 15.7 11.7 0.391

CD4 memory T

CD4+CD45RO+

73.7 20.9 75.6 11.4 0.878

% CD4

cell/mm3

408.6 208.9 438.1 207.3 0.785

CD4 naive T

CD4+CD45RA+

4.0 84.7 36.5 23.6 0.466

% CD4

cell/mm3

195.8 296.9 214.0 209.9 0.908

Late CD8 effector T

CD8+CD27-CD28-

43.8 21.6 28.2 19.6 0.034

% CD8

cell/mm3

294.9 258.3 161.2 173.4 0.126

CD8 effector T

CD8+CD27+CD28-

38.7 80.1 17.6 5.9 0.091

% CD8

cell/mm3

157.5 138.1 107.1 84.4 0.259

CD4Tregs

CD4+CD25HCD127-

17.0 80.0 4.1 1.8 0.051

% CD4

cell/mm3

17.0 14.8 25.2 17.0 0.062

NK cells

CD16+CD56+

8.3 6.6 8.0 6.2 0.701

% Lymphocytes

cell/mm3

140.3 125.9 107.6 87.3 0.291

level of specific anti PnPS IgA above the identified cut off
(175 ± 13 U/ml) while 4 patients lost the specific IgA (19
± 18 U/ml) (Figure 7). In the subgroup of long-lasting IgA-
R we observed a higher frequency of switched memory B cells
in comparison to IgA-R patients who lost IgA response after
the first assessment (17.8 ± 5.1% of B cells vs. 9.3 ± 1.7% of
B cells, p < 0.02).
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FIGURE 3 | Percentages of patients classified as IgA-NR and IgA-R belonging to group IA, IB and II by FREIBURG classification (A) and to group smB+, smB-, and

B- by EUROCLASS classification (B).

FIGURE 4 | Percentage of CVID patients free from URTI grouped as IgA-NR and IgA-R (left panel) and percentage of CVID patients free from URTI grouped according

to the Freiburg classification (right panel). URTI: upper respiratory tract infections. Dashed lines represent 5◦th and 95◦th interquartile.

DISCUSSION

In clinical practice, in the evaluation of the ability to respond to
immunization induced by pneumococcal polysaccharide vaccine
or polysaccharide-conjugated pneumococcal vaccine, the dosage
of IgG specific anti-PnPS pre- and post-vaccination is usually
used. The WHO has recommended considering an IgG cut-off
≥0.35 micrograms/ml of pneumococcal anti-serotype to each
polysaccharide tested to evaluate the capacity of pneumococcal
vaccines to give a post-vaccine protective response (13). The
evaluation of the vaccination response in patients with inborn
errors of immunity has a further informative role, being a tool
to evaluate the residual function of B lymphocytes. However,
studies to assess the B-cell function by their response to PnPS
antigens may not be easily comparable if not the same set of
pneumococcal antigen serotypes is used (5, 10). Moreover,

anti-polysaccharide antibody responses are serotype-dependent,
and fold increases are also dependent on the pre-vaccination
titer in that high or very low titers might preclude the possibility
to define the condition of responders or non-responders (14).
In this study we selected the anti-pneumococcal polysaccharide
response, since we have already shown the reliability and the
reproducibility of this assay in patients with primary antibody
deficiencies (4). It has also been demonstrated by our group
that antibody responses mediated by non-IgG isotypes, and
in particular the response mediated by IgA antibodies, can be
considered a useful test to be performed at the time of diagnosis
and during the course of the disease, particularly in patients with
primary and secondary antibody defects undergoing substitutive
therapy with IgG (5). We decided to analyses IgA antibody to
polysaccharides since we have already previously demonstrated
the associations of low serum total IgA levels with several CVID
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FIGURE 5 | In (A) number of episodes/year of URTI in CVID patients grouped as group IA, IB e II according to Freiburg classification and in (B) number of

episodes/year of URTI in CVID patients grouped as IgA non-responders (NR) and IgA responders (R) during the follow up. URTI, upper respiratory tract infections.

FIGURE 6 | Non-infective CVID-related complications. Percentage of bronchiectasis (A), autoimmunity (B) and enteropathy (C) in CVID patients grouped as IgA-NR,

IgA-R, and IA, IB and II according to Freiburg classification.

complications (15). Moreover, B lymphocytes can produce a
large repertoire of IgA with T-independent mechanism useful
in defense against pathogenic microorganisms and to reduce
immune activation (16–18). In particular, IgA antibodies might
control of invasive pneumococcal diseases (19).

In the immunocompetent subjects, for the measurement of
the anti-PnPS IgA antibodies there are few data available in
the literature concerning the reference values, and therefore
the interpretation of the data on the efficacy of the antibody
response can be difficult (20–22). It has been proposed to
consider as a response an increase in pre-immunization titers
of IgA PnPS antibodies specific for serotype of at least four
times (23). Therefore, in our previous work, we analyzed the
IgA-mediated antibody response to the 23-valent polysaccharide
vaccine (Pneumovax R©) using a standardized ELISA 23

PnPS-IgA assay in healthy subjects (4). This standardized
single-run procedure measures the response to the 23 vaccine
polysaccharide antigens present in the Pneumovax vaccine. The
kinetics of the IgA response to Pneumovax R© showed a peak
at 3–4 weeks after vaccination with an increase in PnPS-IgA
antibody concentration of 10–12 times. Later, we demonstrated
that antibody responses mediated by non-IgG isotypes can
be considered a useful test to be performed at the time of
diagnosis and during the course of the disease in patients with
primary antibody defects in a large cohort of patients with CVID
undergoing substitutive therapy with IgG and in patients with
Transitory Hypogammaglobulinemia of Infancy (5, 6).

In this study, we defined how the measurement of post-
vaccine anti-PnPS IgA levels is a diagnostic parameter capable of
classifying patients into groups with different risk of developing
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FIGURE 7 | Long-term IgA antibody response in 16 CVID responders.

Anti-PnPs IgA antibody in CVID before vaccination (pre), 4 weeks after

vaccination (post 1) and after 36 ± 6 months (post 2) Red line indicates the cut

off (80 U/ml) (left panel). Patients with a long-lasting IgA response at post 2

had a higher frequency of switched memory B cells in comparison to patients

losing IgA response at post 1 (p < 0.02) (right panel). Black columns refer to

mean value and gray columns refer to SD value.

CVID-related complications over time. In particular, in the
6-years longitudinal study, we have evaluated the potential
predictive value of the residual capacity to mount a specific
IgA response. The inability to mount an IgA-mediated response
against the pneumococcal polysaccharide antigens or the inability
to maintain the antibody response over time was associated to
a greater frequency of URTI and LRTI exacerbations due to a
variety of pathogens (24, 25) during FU, to chronic lung damage
and to a greater risk to develop non-infectious complications,
autoimmunity and chronic diarrhea during the observation
period. In contrast, CVID patients with IgA-mediated response
had a reduced risk of clinical complications in the years following
post-vaccination assessment. Fifteen per cent of enrolled patients
died during the six-year study period and most of them belonged
to the IgA-NR group.

In the classification of inborn errors of immunity, CVID
is considered an heterogeneous clinical and immunological
condition characterized by antibody defects (1). The wide range
of clinical phenotypes in the CVID reflects the heterogeneity
of immune defects associated with these diseases. Most of
the classifications commonly used for patients with CVID are
based on the determination of the frequency of B lymphocyte
subpopulations. These immuno-phenotypic classifications
consider the frequency of switched memory cells, and the
number of peripheral B lymphocytes (EUROclass), and/or the
frequency of CD21low B cells (Freiburg classification) to further
stratify CVID patients with low number of switched memory
cells. Both classifications have been demonstrated valid tools
in the clinical setting. To validate our classification based on
CVID IgA-R/IgA-NR we stratified our cohort according to the
Freiburg and to the EUROclass classifications. Patients in IgA-R
group showed higher frequency of switched memory and lower
frequencies of CD21low B cells in comparison to the IgA-NR
group. IgA-R belong mainly to the EUROclass smB+ group

and to the Freiburg group II. However, our classification did
not entirely overlap for the NR group. In fact, IgA-NR group
patients belong to both the IA and IB classes, and 20% belong
to class II (Freiburg), and to the smB– and smB+ classes and
10% to class B- (EUROclass). The correlation with clinical
data between the classifications showed that our subdivision
into IgA-R and IgA-NR could help better to discriminate on
the rate of respiratory infections during the FU in comparison
to the Freiburg or EUROclass ones. The three classifications
(IgA-R/ NR, Freiburg class II and EUROclass smB +) showed
a similar rate of other CVID-associated complications such as
autoimmunity, bronchiectasis and chronic diarrhea.

In conclusion, the vaccine response to pneumococcal
polysaccharide antigens by the standardized 23-valent IgA assay
is easy to interpret. The evaluation of anti-PnPS23 IgA has
been shown to be a prognostic marker, allowing to identify
good and poor CVID responders. We suggest to add this test
to identify patients with serious immunological impairment, a
greater risk of co-morbidity and a worse prognosis who could
benefit from closer clinical monitoring, and from additional
preventive measures, including antibiotic prophylaxis (24).
We suggest that antibody titers should be measured at ∼4
weeks after immunization. If the response is adequate, titers
should be measure again later on to check for the ability
to maintain the antibody memory over time. A limitation of
the study was not including children with PAD. However,
IgA-specific pneumococcal polysaccharides in children with
Transient Hypogammaglobulinemia of Infancy were analyzed in
a previous paper (7) showing that the IgA response pre- and post-
polysaccharide immunization was generally very low. Moreover,
we suggested to validate the IgA anti-PnPS23 in other primary
immune deficiency such as Selective Antibody Deficiency where
the diagnosis is hindered by a lack of controlled clinical studies
and the absence of a standardized definition of an insufficient
pneumococcal polysaccharide antibody response (26).
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The development of vaccines, which prime the immune system to respond to future

infections, has led to global declines in morbidity and mortality from dreadful infectious

communicable diseases. However, many pathogens of public health importance

are highly complex and/or rapidly evolving, posing unique challenges to vaccine

development. Several of these challenges include an incomplete understanding of

how immunity develops, host and pathogen genetic variability, and an increased

societal skepticism regarding vaccine safety. In particular, new high-dimensional

omics technologies, aided by bioinformatics, are driving new vaccine development

(vaccinomics). Informed by recent insights into pathogen biology, host genetic diversity,

and immunology, the increasing use of genomic approaches is leading to new models

and understanding of host immune system responses that may provide solutions in the

rapid development of novel vaccine candidates.
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INTRODUCTION

Infectious diseases can lead to illness, human suffering, economic costs, medical complications,
hospitalization, disability, and death. Besides sanitation and clean water, vaccines have had the
greatest impact on human health and longevity (1). The cost of vaccine-preventable diseases (VPD)
just in the USA during 2015 was estimated at $9 billion (2). From 2011–2020, one model estimated
that 23.3 million deaths worldwide will have been averted by vaccines (3). In the 2017–2018
influenza season, it is estimated that almost one million Americans were hospitalized and 90,000
died due to influenza (4). Worldwide, it is estimated that, between 2000 and 2014, 17.1 million
deaths due to measles were averted by the use of the measles vaccine (5).

While there are over 1,400 known species of human pathogens withmore being discovered every
year, in theUS, licensed vaccines exist for only 26 pathogens (6). Preventing infections with vaccines
is a complex, costly, and lengthy process that requires overcoming multiple challenges before
resulting in a safe and effective product (Box 1). Historically, vaccine development has followed
an empiric “isolate, inactivate and inject” paradigm, whereby the disease-causing pathogen or its
disease-mediating entity (e.g., a toxin) is identified, inactivated, and injected in order to elicit a
protective immune response (7–9). This empiric method, developed before the genetic revolution,
enabled the development of many early and effective vaccines against pathogens such as influenza,
tetanus, diphtheria, and pertussis. In the case of viruses, including smallpox, measles, mumps,
rubella, and smallpox, a parallel approach has been to substitute inactivation with attenuation.

While this empiric approach has led to tremendous successes, the work is far from finished;
major, significant barriers remain (Figure 1). This review focuses on five of these barriers: an
incomplete understanding of how immunity develops, host and pathogen genetic variability,
problems related to vaccine safety, and both environmental (e.g., nutrition, obesity) and geographic
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BOX 1 | Current Challenges Facing Vaccine Development Efforts.

The creation of new vaccines is a slow, systematic, expensive, and laborious process that requires coordination between scientists, physicians, public health

of�cials, industry and vaccine developers, and society. These shareholders must work together in order for us to overcome the listed challenges in order to

successfully development safe and effective vaccines that see widespread use.

• High (and increasing) costs for vaccine development (∼$700 million–$1 billion)

• Vaccine hesitancy

• More stringent safety requirements

• Societal expectations of 100% ef�cacy

• Need to maintain cold-chain for vaccines

• Increasing requirements for single dose ef�cacy

• Need for rapid response to global outbreaks

• Limited number of vaccine manufacturers

• Product development time (typically ∼10 years)

• Current pathogens require more complicated vaccines

• Low ef�cacy of some licensed vaccines

• Business models prioritize vaccines by market potential, not by public health need

• Aging world population that respond poorly to most vaccines (immunosenescence)

• Limited number of approved and acceptable adjuvants

• Concurrent health problems in developing world that compromise immune response (nutrition, co-infection)

• Incomplete or inadequate understanding of biology, pathogenesis, and/or immunology of emerging pathogens

• Inability to properly attenuate pathogens OR risk of reversion to wild type organism

• Humoral immune responses do not always correlate with protection

• Inappropriate/harmful immune response (formalin-inactivated RSV products) or enhanced disease upon re-infection (Dengue)

• Inadequate durability of immune response (ex. Pertussis)

FIGURE 1 | Barriers to vaccine development. Vaccines are the most effective public health tool for controlling infectious diseases. Despite considerable success,

there is room for improvement in many current vaccines and there are a large number of new and re-emerging pathogens for which we do not have effective vaccines.

Vaccine development faces a number of challenges, many of which are presented here. Developing vaccines to combat current and future pathogens will require us to

overcome those challenges and recent developments in genomic technologies may provide the solutions that we need.

factors (e.g., maintaining a cold chain in Sub-Saharan Africa,
co-infection in tropical climates) that compromise vaccine
usage or efficacy. Because of these barriers, the traditional

empiric approach has been ineffective for developing vaccines
against hypervariable and highly complex pathogens, such
as Mycobacterium tuberculosis, malaria-causing Plasmodium,
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hookworm, HIV, HCV, coronaviruses, among others. This is
due to their complex life cycles, the ability of these pathogens
to rapidly alter their surface proteins (i.e., antigenic variation)
and other mechanisms by which the pathogen can evade host
detection and the host immune response. Complex immunology
can also be a barrier; for example, the recent demonstration of
antibody-dependent disease enhancement which has hindered
the development and use of the recently licensed Dengue
vaccine (10).

In response to the challenges posed by these barriers, novel
approaches such as vaccinomics (which aims to understand
genomic and systems-level data to elucidate the basis of
inter-individual variations in immune responses), reverse
vaccinology (which uses genetic sequence information to identify
immunogenic antigens), and structure-based vaccine design
have been developed to take advantage of high-dimensional
tools and techniques and generate novel data that can be
leveraged to create new vaccine products (Figure 2) (11–13).
In the past decade, new vaccines, including the licensed
Meningococcus B vaccine, have been designed and developed
using such genomics-based approaches (14, 15). With the
increasing sophistication and decreased expense of gene-based
assays and next-generation sequencing technologies, genomics is
accelerating the development of new vaccines in the twenty-first
century—closely paralleling the application of genomics to other
aspects of human medicine, such as individualized medicine.

Genetics has expanded far beyond the simple nucleic
acid sequence of a given organism. While it primarily
deals with individual genes, it also includes the myriad

regulatory mechanisms that control gene expression (16–22).
Similarly, genomics has also expanded in scope to include the
comprehensive characterization of gene expression, regulation,
interdependency, pre- and post-transcriptional modifications,
gene editing, epistasis, complementarity, pleiotropy, and other
complex interactions (23).

Genomics is not the only area that has undergone remarkable
transformation recently in terms of the technologies and
platforms that can be used to design, create, and study vaccines.
Examples include the following: mass cytometry, which allows
for incredibly complex immunophenotyping (24, 25); proteomics
and mass spectrometry (26–30); and metabolomics, which
has been closely linked to immunologic function and vaccine
response (31–33). However, in this focused review, we will
explore how genomics and recent genomic technologies have
impacted vaccine development and may provide solutions to
both the long-standing barriers in vaccine design and the
new challenges posed by new and re-emerging pathogens of
public health importance. Creative application of these tools
and the biological insights that they provide are poised to
truly revolutionize how we design, develop, test, and deploy
vaccines (Figure 3).

BARRIER #1: INCOMPLETE
UNDERSTANDING OF HOW IMMUNITY
DEVELOPS

The human immune system is incredibly complex, with multiple
tissues and organs, dozens of different signaling pathways

FIGURE 2 | The use of vaccinomics in new vaccine development. A wide array of genomic tools and techniques are available for researchers to study various aspects

of pathogen biology and host physiology and immune response. Vaccinomics and similar approaches represent toolboxes that contain a specific assortment of

laboratory assays, statistical analysis routines, bioinformatic methods, and computational models that can be used to generate an appropriate dataset and extract

biologically meaningful results from the data. GWAS, genome wide association study; bnAbs, broadly neutralizing antibodies.
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FIGURE 3 | Contribution of genomics to vaccine development stages. The results generated by genomic approaches inform each stage of vaccine development.

Initial genomics work plays a critical role in discovering new vaccine targets. This is followed by the characterization of these targets in terms of their ability to generate

protective immune responses. Validation of the findings in genetically diverse populations is aided by information gained through genomics approaches. Finally,

application of the findings assists in the design and completion of phase I–IV clinical trials.

(34), hundreds of different cells (35), thousands of different
effector molecules, and an effectively infinite ability to recognize
foreign antigens (36)—all of which must be “choreographed”
effectively, kinetically, and in proper sequence. Immunologists
have developed a large and comprehensive (but by no means
complete) catalog of the individual parts that make up the system
(37–39); however, our reductionist understanding of how these
parts collaboratively function as a “system” has lagged behind
(40).While we understand whatmost of the parts do individually,
we have more trouble understanding how each component
inter-relates and collectively contributes to the development of
immunity at the systems-level (41, 42). In short, we do not
comprehensively understand the rules governing the behavior
of the system and therefore cannot reliably and consistently
predict the outcome of a given infection or vaccination (43).
Developing this understanding is a critical first step in our ability
to predict and eventually manipulate the immune system in order
to achieve the desired outcome of protective immunity (44).

This is the knowledge gap that systems biology and
vaccinomics paradigms seek to fill by capturing complex
relationships among immune components as the host responds
to infection or vaccination—rather than simple reductionist
approaches to single components of the system. These studies
have been made possible by our growing ability to measure
increasingly larger and more complete collections of molecules.
For example, instead of a single quantitative PCR reaction,
we can use next generation sequencing to simultaneously
sequence millions of different DNA or RNA molecules (45, 46).

We can characterize comprehensive changes within each cell’s
entire transcriptome, epigenome, proteome, metabolome, and
multiple other “-omes” (47–49). We can characterize the cell
types and sub-types involved in the response, their phenotype,
their activation state, and their biological functions (50, 51).
We can capture the signals generated by multiple signal-
transduction pathways inside each cell (52) and observe the
communication occurring between cells in normal health (53)
and during infection (54). Collectively, these technologies
have been applied to understanding immune function, host-
pathogen interactions, pathogen genetics, and pathogenesis in
unprecedented detail (55–58).

A central organizing feature of these efforts is a focus on
genomics, as gene expression is considered a critical first step
because immune cells recognize and react to foreign antigens.
Consequently, each of these studies has a primary goal of
understanding the transcriptomic changes that occur during
the development of an immune response. Querec et al. first
applied high-throughput data to the characterization of yellow
fever vaccine response in humans (59). Systems analysis was
used to discover a distinct molecular signature that predicted
the neutralizing antibody (Ab) (i.e., TNFRS17 gene signature)
and antigen-specific CD8+ T cell (i.e., C1QB and EIF2AK3
gene signature) responses to the live attenuated yellow fever
vaccine YF-17D in humans with up to 100 and 90% accuracy,
respectively (59). Because expression levels of the genes identified
in this study were highly predictive of both humoral and cell-
mediated immune responses, these signatures can potentially
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function as early biomarkers of vaccine response, efficacy, and
even safety. Similarly, Dunachie et al. identified a gene expression
signature that correlates with vaccine-induced protection in a
human malaria challenge model in which the expression of genes
associated with IFN induction and with antigen presentation
correlated with protection against malaria (60).

Transcriptomic studies can reveal important factors
controlling disease susceptibility and clinical outcomes during
infection or vaccination. Through mechanisms that are not
fully understood, clinical symptoms of dengue virus infection
range from asymptomatic or mild disease (80%) to severe,
life-threatening dengue hemorrhagic fever (DHF) or dengue
shock syndrome (DSS). Transcriptomic profiling of the central
nervous system (CNS) of mice infected with dengue identified
putative innate signaling pathways (IFN signaling, IL-10, GM-
CSF, PDGF), antigen processing, and complement activation
signatures, which suggests that innate immune responses
may serve to limit dengue virus replication in the CNS and
thereby reduce disease severity (61). These findings suggest that
adjuvant-mediated activation of these pathways could enhance
vaccine response and/or provide therapeutic benefit. Similar
gene expression studies in humans with dengue illness suggest
that a transcriptomic signature detectable as early as 1 day after
infection can potentially distinguish between dengue fever and
the more serious dengue hemorrhagic fever (62). These results
inform the development of molecular diagnostics and treatment
options for patients.

Ebola virus infection is another disease where pathogenesis
is not completely understood and transcriptomic analysis has
revealed important insights into Ebola disease progression. Non-
human primate survivors of experimental infection displayed
upregulation of specific genes, including CCL8, compared to
animals that succumbed to infection (63). Although the study
was focused on therapeutics, the findings suggest additional
correlates of protection beyond the typical antibody measures.
In yet another example, microarrays have also been used to
identify gene expression patterns (i.e., upregulation of NF-kB
and IFNg signaling) that correlate with protection in trials
with the malaria RTS,S vaccine (64). Thus, studies evaluating
transcriptomic changes after infection/vaccination have provided
rich insights into mechanisms of disease initiation, clinical
progression, and vaccine-induced immunity (65). These studies
have also identified potential correlates of protection and yielded
predictive biomarkers that can be used to inform clinical care or
to provide early go/no-go criteria for vaccine trials.

Systems biology studies have also provided important insights
into the generation and maintenance (i.e., durability) of immune
responses to many vaccines, including seasonal influenza
(trivalent inactivated influenza vaccine [TIV] and MF59-
adjuvanted influenza vaccine), malaria (RTS,S), meningococcal
(MPSV4 and MCV4), and others (66–70). A systems biology
approach comparing MF59-adjuvanted and TIV vaccine in
immune-immature children (14–24-months-old, n = 90)
identified significantly higher transcriptional responses to
the MF59-adjuvanted vaccine and identified early innate
response signatures correlated with Day 28 Ab titers (67). These
include M16 (a module associated with TLR and inflammatory

signaling); M11 (a module regulating monocyte function);
M75 (a module controlling IFN-induced antiviral response);
M156 (a module associated with Ab secreting cells); and S3 (a
module with genes involved in immunoglobulin production).
These findings may provide potentially generalizable molecular
correlates of Ab production during early childhood (67).

Several adjuvants, such as MF59, AS01-4, TLR9 agonists,
virosomes, and others have recently been licensed for use in
human vaccines. For example, a recent Hepatitis B vaccine
(Heplisav B) incorporating a TLR9 agonist has considerably
improved seroconversion rates compared to other hepatitis
vaccines—particularly in subjects who normally respond poorly
and slowly (71). Similarly, the recently FDA-licensed MF59-
adjuvanted influenza subunit vaccine (72) induces higher
antibody titers, a broader humoral response, and longer
persistence of influenza Ab titers than the non-adjuvanted,
standard-dose influenza vaccine in older adults. This is a
population that suffers the greatest burden of influenza-
associated morbidity and mortality, yet has the poorest response
to standard influenza vaccines (73, 74). A recent large
study in 7,082 individuals (≥65 years of age) demonstrated
significantly higher immunogenicity (p < 0.001, seroconversion
and HAI GMT) of the MF59-adjuvanted vaccine compared to
standard dose influenza vaccine (75). Similarly, the diversity,
commonalities, and differences in human genetic and immune
responses to two varicella zoster virus (VZV) vaccines, the
live attenuated vaccine (Zostavax), and the AS01B-adjuvanted
glycoprotein E vaccine (Shingrix) are being examined using
systems biology approaches (31, 76). These vaccines exhibit
significant differential immunogenicity and significant variations
in the longevity of immunologic memory. Furthermore, the effect
of age and immunosenescence is drastically different with these
two vaccines. These clinically important differences provide an
ideal system for studying the systems-level factors contributing
to these differences and are likely to drastically improve our
understanding of zoster immunology. In fact, recent reports have
highlighted the novel finding that the magnitude and durability
of immune responses to zoster vaccination are dependent on
the abundance of both regulatory T cells and T cells expressing
checkpoint markers (e.g., PD-1) (77). Systems studies examining
the durability of immunity after measles, mumps, and rubella
vaccination are in progress (78–84).

Structural Vaccinology
Structural biology studies have allowed investigators to
map viral epitopes onto the three-dimensional structure of
pathogen proteins (85, 86). Antibody-antigen complexes can
also be determined, providing insights into critical antibody
functionality such as neutralization or have identified critical
conserved regions that can be targeted for more effective
immune responses (87). Insights into conformational changes
with RSV have enabled investigators to develop new vaccines
that avoid the limitations of historical approaches (88) and
design better immunogens (89). Another excellent example of
structural vaccinology is the increasing use of virus-like-particles
as vaccine platforms (90, 91).
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BARRIER #2: HOST VARIABILITY

Genome-Wide Association Studies (GWAS)
Inter-individual variation in vaccine-specific immune response
is known to be influenced by host gene polymorphisms. This
genetic variability of the human population gave rise to vaccine-
immunogenetics research focused on finding important genetic
variants associated with variations in immune responses by
assessing relationships between variability in immune response
to vaccines and genetic factors. Certainly, population-based
candidate gene association studies of vaccine-specific immune
responses are beginning to reveal and explain how—and to what
degree—variations in innate and adaptive immune responses
following vaccination are determined by gene polymorphisms
(92, 93). While a candidate gene approach was thought
most efficient in the past decade, it is clear that a GWAS
is an unbiased, agnostic approach that serves as a critical
step in the research by identifying genetic variants impacting
immunity and supporting a novel paradigm by which vaccine
development could occur (92, 94, 95). A GWAS allows the
identification of individual and groups of genes and genetic
variants (SNPs, or single nucleotide polymorphisms) that are
associated with specific markers of vaccine-induced immunity.
At the systems level, genotype/phenotype computational models
that integrate numerous additive and epistatic marker effects
are needed. The evidence thus far suggests that the effect of
one gene/allele depends on the presence of another gene/allele
that may control a phenotype (e.g., epistatic interactions).
The integration of epistasis network analysis and functional
interactions into genotype-phenotype association studies have
provided important insights into smallpox vaccine-induced

immunity and specifically the role of variants in RXRA (the gene
encoding a vitamin A receptor) in immune responses to smallpox
and other viral vaccines (96–98). Themost thorough and efficient

study for such purposes is a two-stage (discovery–replication)
genome-scale analysis (99), followed by functional studies to (1)

validate which specific gene polymorphisms and pathways/gene
sets have the biggest or most critical effect on inter-individual
variations in immune responses among immunized subjects,
and (2) identify the mechanism(s) by which these effects occur.
Significant work delineating the effect of gene polymorphisms
on hepatitis B, measles, mumps, rubella, influenza, smallpox,
and anthrax vaccine-induced immune responses has been
published (98, 100–107). Examples include the identification and
replication of a CD46 measles virus receptor variant coding
for a 53% reduction in Ab response to measles vaccine, which
is a finding that could be used to reverse engineer a vaccine
to circumvent this viral receptor genetic restriction (108). Our
studies identified a SNP (rs2064479, p = 8.6 × 10−8) in the class
II HLA-DPB1 gene region associated with variations in rubella-
specific Ab titers after rubella vaccine (106). Additional SNPs (p

≤ 1.0 × 10−7) in high linkage disequilibrium (LD, r2 ≥ 0.8)

of rs2064479 were also positioned near the genetic region of

HLA-DPB1. Some of these polymorphisms were predicted to be
located in miRNA binding sites. These data validate the previous
findings of HLA-DPB1 genotypes (i.e., HLA-DPB1∗04:01 and
HLA-DPB1∗03:01) linked with rubella vaccine-specific immune

response (109, 110). It has been previously demonstrated that
the DPB1∗04:01 and DPB1∗03:01 alleles are associated with
significantly higher and lower Ab responses, respectively (109,
110). It is highly likely that the DPB1∗04:01 molecule presents an
array of processed epitopes to CD4+ T cells different from that
of the DPB1∗03:01 allele and is therefore able to stimulate more
robust rubella-specific T cell responses, which in turn elicit robust
humoral immune responses. Indeed, earlier work revealed that
HLA genes/proteins are critical elements for immune responses
to rubella vaccination, accounting for ∼20% of the total genetic
inter-individual variation in Ab response to rubella (109).

Multiple GWAS studies have shown that allele-specific HLA
class I and class II genetic polymorphisms play a fundamental
function in the differential generation of viral vaccine-induced
immune responses (109, 111–116). Identifying which specific
HLA alleles are associated with protective immune responses
through vaccination is critical for population health and for
a deeper understanding of vaccine-induced immunology and
vaccine development. We have leveraged such knowledge to
identify naturally processed and HLA-presented viral-derived
epitopes using mass spectrometry techniques (117). Peptide
identification using this approach provides the framework for the
selection and use of these immunodominant pathogen epitopes
as candidate vaccine targets (118). Studies have illustrated
several regulatory and common SNPs in the different regions
of HLA genes associated with immune responses to childhood
immunization, such as the capsular group C meningococcal
(MenC); Haemophilus influenza type B (Hib); tetanus toxoid
(TT); hepatitis B (HBV); 7-valent pneumococcal conjugate
(PCV7); and the diphtheria, tetanus, and acellular pertussis
(DTaP) vaccines (119, 120). Through studies such as these,
GWAS can be used to identify critical genetic determinants of
vaccine-specific immunity and assist in the development of novel
vaccines that overcome these genetic restrictions.

GWAS studies also demonstrate that multigenic effects
(121, 122) including HLA and a variety of immune, innate,
and adaptive gene SNPs significantly affect immune responses
to vaccines (114, 123–126). Likewise, synergistic effects of
tapasin gene polymorphisms and specific HLA class I alleles
to generate stronger anti-viral CD8+ T cell responses have
been observed. In a study of subjects with resolved or chronic
hepatitis C virus (HCV) infection in UK, Germany and US,
tapasin G alleles in a combination with specific HLA class
IB alleles with an aspartate (Asp) at residues 114 and 156
have been associated with stronger anti-viral CD8+ T cell
responses against HCV and with the outcome of HCV infection
(127). This suggests that tapasin gene polymorphisms maybe
important for antigen processing andHLA class I peptide loading
mechanisms (128). A large number of other genes and gene
families (e.g., interferon response factors, pattern recognition
receptors, cytokines, chemokines) have been implicated in the
control of immune responses to vaccines (129), and the literature
is full of disease susceptibility studies that highlight additional
genes and pathways contributing to immune responses to
pathogens (130). Many of these study results are available in
online databases such as this one: https://www.ebi.ac.uk/gwas/.
Genetic studies of vaccine responses have revealed effects that
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are both quantifiable and predictable (7, 13, 109, 114, 121, 122,
131–135). Informed by such studies, the development of novel
vaccines and adjuvants that specifically target innate receptors
and their signaling pathways (e.g., TLR pathway), leading
to higher protection rates and enhanced immune responses,
is possible.

BARRIER #3: PATHOGEN VARIABILITY

Pathogen genetic sequence variability is a major impediment to
vaccine development (136–138). This can manifest in multiple
ways: (1) tremendous sequence diversity among viral strains—
as an example, a major challenge in the development of an
effective rhinovirus vaccine is that it must elicit cross-protective
immunity across over 160 different circulating rhinovirus strains
(139); (2) antigenic drift or shift, as demonstrated by influenza
viruses, which necessitates a yearly reformulation of influenza
vaccines; (3) a complicated lifecycle during which large segments
of the genome are turned on and off, as is the case with
Plasmodium falciparum (Plasmodium life-cycle stages also affect
the type of immune response that is required to combat the
pathogen); (4) pathogens with large, complex genomes, such
as Mycobacterium tuberculosis, where effective immunologic
targets or immunomodulatory molecules are difficult to identify,
and therefore have not been effectively dealt with; (5) vaccine-
induced pressure leading to changes in serotype prevalence,
as has been demonstrated with the heptavalent pneumococcal
vaccine (140); (6) pathogens with rapid mutation rates, such as
HIV andHCV, also complicate the issue as the antigenic targets of
the immune response rapidly shift during an infection forcing the
immune response to chase an ever-changing target; (7) zoonoses
that cross the species barrier to infect humans (e.g., SARS-CoV,
MERS-CoV, H5, SARS-CoV-2).

The host immune response typically recognizes and responds
to a small set of immunodominant epitopes (141). For
humoral responses, these epitopes are typically the linear or
conformational areas that are readily accessible to antibodies.
Unfortunately, these areas of the pathogen genome are often
hot spots for mutation or recombination events, enabling the
pathogen to evade immune responses by displaying modified
surface proteins that are no longer recognized by existing
antibodies, forcing the immune system to start over—an effect
repeatedly demonstrated by influenza virus and HIV (142–145).
Sequence differences between viral, bacterial, and parasite strains
are often found at these locations; therefore, a neutralizing
antibody specific to an epitope on the HA protein of one
influenza strain will not necessarily bind to or neutralize that
same site on another influenza strain. An analogous situation
exists for bacteria, where a second strain may possess entirely
different virulence factors than the first. The new strain may be
effectively invisible to the immune response specific for the first
strain. In this manner, strain diversity contributes to antigenic
differences that determine whether or not immune responses
are cross-protective. Understanding the factors controlling
immunodominance and how pathogens exploit this is of critical
importance (146, 147).

By identifying genetically conserved regions, investigators can
target epitopes more likely to be present across multiple strains,
thereby creating immune responses that are cross-protective. For
example, the use of conserved stalk regions of the influenza
hemagglutinin (HA) protein to develop universal influenza
vaccines is an excellent example of this type of work. Another
example is the Plasmodium falciparum Reticulocyte Binding
Protein Homolog 5 (PfRh5), which facilitates parasite entry into
human red blood cells through binding to the Ok blood group
antigen (148). Because the PfRh5 protein is targeted by broadly
acting, parasite-neutralizing antibodies that transcend different
strains, PfRh5-based vaccines have shown promise as vaccine
immunogens (149).

Genome-sequence data is used to do the following: determine
pathogen strain diversity; identify virulence factors; select
conserved regions; construct vectors; create recombinant
proteins, attenuate vaccine strains (149–153); and create nucleic
acid-based vaccines (154, 155), which contain specific gene
sequences necessary for the in vivo expression of selected
antigens. Additionally, the identification of such virulence
factors enables researchers to selectively remove regions of the
pathogen genome and create safer, attenuated strains for use as
live-attenuated vaccines. For example, bubonic plague is caused
by Yersinia pestis and is one of the deadliest diseases known.
A variety of killed, whole-cell vaccines have been available
since before 1900, but none are currently licensed (156). A
number of live, attenuated vaccines have been produced, but
concerns regarding reversion to virulence have precluded their
widespread use (156). Current efforts have focused on subunit
vaccines, with the subunits (typically virulence factors such as
the F1 and V proteins, although other such as NlpD, Caf1 have
been used) (157) being identified through genomic approaches.
These vaccines have several advantages, including increased
safety profiles, rapid induction of protective immunity, and a
requirement for fewer vaccine doses (158). Unfortunately, Caf1
deletion does not always prevent lethal infection (159), which
suggests that it is not essential for virulence. Similarly, although
it is widely assumed that LcrV antibodies are necessary for
protection, some primate models indicate that this may not be
true for pneumonic plague (160). Further work needs to be done
to clarify these issues. Another example is Rift Valley fever virus.
The Rift Valley fever non-structural protein NSs was identified
as a component that could be removed from the Rift Valley
fever veterinary vaccine in order to differentiate infected from
vaccinated animals (161). Studies found that the NSs protein
was a virulence factor and that removal of the protein increased
animal survival from 50 to 95% (162). Virulence proteins can
also be used as components of protein-based vaccines. Excellent
examples of this are the diphtheria and tetanus toxoid vaccines
that contain formaldehyde-detoxified toxins (163), which enable
recipients to develop antibodies that recognize and neutralize the
native toxins, thus eliminating the major cause of pathogenesis
during infection. Sequencing studies have also identified the
role of gene sequences in meningococcal antigen expression
(164), have identified meningococcal genotypes associated with
increase virulence or invasion (165, 166), and have provided
insight into immune evasion mechanisms (167).
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For a complex pathogen such as plasmodium, in which
multiple life-cycle stages occur with very different genes (and
proteins) expressed at each stage, it is important to identify
the proper sets of immune targets for vaccine development.
Genomic technologies have allowed investigators to “mine”
the plasmodium genome for antigen discovery. In a recent
study, investigators identified the UIS3 gene as essential for
parasite development in the liver. UIS3-deficient sporozoites
were created and found to infect hepatocytes but were unable
to establish a blood-stage infection (168). Vaccination with these
modified sporozoites could protect immunized animals from
an infectious challenge. In another study, scientists identified
genes preferentially expressed by parasites capable of infecting
the placenta through the CSA receptor (169). Just like the
UIS3 example, these genes may serve as useful targets for a
vaccine against malaria in pregnant women. Fortunately, these
approaches can also be applied to less complex pathogens.
A similar microarray-analysis approach identified Neisseria
serogroup B genes that were upregulated during infection and
were subsequently demonstrated to encode proteins targeted by
protective immune responses (170).

BARRIER #4: NEW VACCINES AND
VACCINE SAFETY

Drivers for the use of genomics in vaccinology include not
only the public health need for new vaccines, but also the
need to ensure vaccine safety and the need to develop directed
approaches to de-risk the costs and time involved in vaccine
development. The recognition that human genetic diversity
leads to variations in infectious disease expression, severity, and
disease outcomes, as well as variations in vaccine response,
means that immune responses to vaccines are, at some level,
predictable (7). In 2007, we developed and published the immune
response network theory, which stated that immune responses to
a vaccine are the “cumulative result of non-random interactions
with host genes, epigenetic phenomena, metagenomics and the
microbiome, gene dominance, complementarity, epistasis, co-
infections, and other factors occurring within the system as a
whole” (7, 92). Critical to our understanding of how vaccines
induce protective (or aberrant) immune responses are the
ideas that such responses are not random (and hence can be
predictable) and occur at the systems level (92). In turn, this
led to the development of vaccinomics and systems vaccinology
(7, 13, 171–178). This emerging paradigm is an approach that
utilizes the tools and insights derived from systems biology;
high-dimensional, high-throughput “omics” technologies; and
genomics (7, 13, 59, 66, 79, 175, 179–183). Vaccinomics leverages
high-resolution data, such as transcriptomics, proteomics,
and metabolomics/lipidomics/glycomics, epigenetics, etc., to
derive holistic (systems-level) and mechanistic models of both
protective and aberrant immune system responses (i.e., “immune
signatures”). Such high-dimensional data are utilized in a
new, directed four-step vaccine-development paradigm we have
described as, “discover, characterize, validate and apply” (13).
The idea is to discover new vaccine targets through the use

of genomic technologies, characterize these targets in terms
of their ability to generate protective immune responses,
validate the findings in genetically diverse populations, and
apply such findings to new vaccine development and vaccine
safety studies.

The increased public scrutiny of vaccine safety has led
to several large-scale initiatives designed to enhance our
understanding of what drives adverse events after vaccination.
One such effort, the BIoVacSafe Project (http://www.biovacsafe.
eu/), began in 2012 with an overall goal to improve vaccine
safety monitoring and understand what drives adverse
reactions to vaccines. The effort had several objectives: (1)
to understand early inflammatory responses after vaccination;
(2) to develop biomarkers of autoimmunity; and (3) to capture
the incidence of autoimmune disease in the population
in order to identify those at higher risk of severe adverse
events such as anaphylactic shock. A key to this endeavor
has been the use of high-dimensional systems vaccinology
approaches (184).

Conventional vaccines to prevent infectious diseases typically
consist of killed or attenuated pathogens or of proteins
from those microorganisms. In contrast, new vaccines being
developed, which are poised to make major inroads in medicine,
take advantage of genomic technologies to understand which
host genes are activated/silenced, which host proteins or
metabolites are involved, and what leads to a long duration
(durability) of the immune response in vaccinated individuals
(O’Connor et al., 119). The second genomic revolution in the
vaccine field has to do with the vaccine constructs themselves.
Specifically, genomic universal influenza virus vaccines can take
the form of DNA or RNA that encode desired hemagglutinins
or domains thereof. On administration, the genes enter cells,
which then produce the proteins/components of proteins of
interest. Compared with manufacturing proteins in cell cultures
or whole viruses in embryonated eggs, producing just DNA/RNA
is possibly simpler and less expensive. The latter approach is
also amenable to making combinations of different epitopes and
antigens for complex novel influenza virus vaccines. Checkpoint
inhibitors may be used to enhance the immune responses
of immunosubdominant epitopes. Finally, genomic vaccines
may express antibodies for passive immunization instead of
antigens to allow for rapid protection in the case of an
emerging pandemic.

ADITEC Project (https://www.aditecproject.eu/) is a
European initiative to organize the use of systems biology,
adjuvant discovery, immunization routes, novel vaccine vectors
and formulations, information about host factors, and results
from animal models in order to develop novel immunization
technologies and drive vaccine discovery. This consortium
has published dozens of papers every year since its inception
in 2011 and holds seminars and advanced courses in fields
related to vaccinology. This project has resulted in nearly three
dozen new immunization technologies, over 20 new animal
and in vitro models being developed, multiple patents, and at
least a dozen clinical trials. In the United States, the Human
Vaccines Project is using systems biology, artificial intelligence
(AI), and cutting-edge technologies to understand how the
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immune system functions and responds to vaccines (44).
Addressing this fundamental gap in our knowledge will enable
us to decode the human immune system, develop predictive
markers of vaccine response, and create AI models of the
immune system. These and other similar initiatives demonstrate
the power of sustained collaborative partnerships between
academia, industry, and governmental agencies. Increasingly,
sophisticated computational modeling and machine learning
approaches will be leveraged to understand immune function
(185), identify optimal epitopes (186), as well as design and test
new vaccines (187–189).

While the idea of personalized medicine is making progress,
very little is known why some humans are more resistant to
a pathogen and others are more susceptible. Combined with
a better understanding of who responds well to a particular
vaccine, this knowledge will be crucial to provide adequate
protection and to design novel vaccines/gene sequences for
an individual.

Vaccine safety is also being addressed using genetic
approaches—termed “adversomics”—using the tools of
immunogenomics, systems biology, computational modeling,
and bioinformatics in order to better understand both genetic
and non-genetic drivers of aberrant vaccine responses at the
molecular level (7, 171, 172, 176). This is similar to the use of
“omic” technologies in the field of toxicology (190, 191).

Adversomics presupposes that vaccine adverse reactions and
events are not random and are predetermined genetically and
in other ways. Immune-mediated vaccine adverse events are
the primary outcomes of interest for the field of adversomics
(184, 192). New biologic understandings, and the necessity
of preventing serious adverse vaccine events, are critical to
enhancing and—in some population groups—restoring public
trust in vaccine safety, and for creating new knowledge applied
to developing new vaccines that are both safe and effective.
The pathway to accomplishing these goals is to understand
the genetic and molecular mechanisms that determine inter-
individual variations in vaccine response and reactivity. In
turn, mechanistic knowledge of underlying vaccine adverse
events could allow the ability to predict serious adverse events,
and to design new vaccines that reduce or even eliminate
harmful vaccine-related reactions. This endeavor is likely to
be complementary to a more individualized approach to
vaccine practice.

Examples of the value of genomics in vaccine safety have
been published. McKinney et al. identified an association
between specific cytokines after smallpox vaccination and the
development of fever (193). Stanley et al. identified the influence
of specific SNP haplotypes in the IL-1A, IL4, and IL18 gene
complex in the development of fever after smallpox vaccination
(194). Feenstra and colleagues identified a variety of genes and
SNPs [IFI44L, CD46, SCN1A, 2A, TMEM16 (ANO3)] in the
etiology of fever and febrile seizures after MMR vaccination
(195). We and others have published on the association of
myopericarditis after smallpox vaccine (196–200). This has
resulted in studies attempting to determine possible genetic
associations (176, 201, 202).

BARRIER #5: NON-HERITABLE FACTORS
(E.G., ENVIRONMENT AND GEOGRAPHY)

In addition to host genetics, non-heritable or environmental
factors (e.g., pathogenic and symbiotic microorganisms,
infections, diet, smoking, geographic, and other factors) play a
role in shaping biological post-vaccination responses; however,
the contribution of environmental factors to vaccine-induced
immune responses is less understood (93). It is possible that
inter-individual variation in immune responses induced by
environmental factors would be significant in shaping adaptive
post-vaccination responses. As an example, by using a systems
vaccinology approach to assess immune responses stimulated
by trivalent inactivated influenza vaccination (TIV), the gene
expression of TLR5 at day 3 after vaccination was found to
correlate with influenza vaccination response (HAI titers)
28 days after vaccination (203). While TLR5 mediates the
sensing of flagellin on bacteria, it has been shown that it is also
necessary to generate B cell responses and Ab production to
viral vaccines (e.g., inactivated influenza and inactivated polio
vaccines) (203, 204). Vaccination of TLR5−/− mice with TIV
has caused a substantial reduction in Ab levels and frequencies
of short-lived plasma cells confirming the gut microbiota can
influence the heterogeneity in vaccine responses. Hence, there
is close interaction among the components of the human
immune system and the host microbiota, and this interface may
influence vaccine-induced immune response and affect vaccine
efficacy. Such findings require systems-level omics technologies
to dissect the contributions and inter-relationships between
multiple factors.

The effect of genetic contribution (heritability) on vaccine-
induced immunity has mainly been estimated through
monozygotic and dizygotic twin studies, which provided an
approach to control for common environmental factors. Most
of these studies have found that immune responses to many
vaccines are heritable (205–207). For example, the estimated
heritability for anti-HBs Ab concentrations after receipt of
hepatitis B vaccine ranged between 61 and 91% in different
studies (205, 206, 208). With respect to MMR vaccinations,
the estimated heritability for Ab responses to measles, mumps
and rubella virus vaccines has been found to be 88.5, 38.8, and
45.7%, respectively (209). Using the frequency of the human
immune cell repertoire by FACS, a large genetic study of 1,629
individuals (14–102 years old) from Sardinia, Italy, found many
cell populations (that are positive for the CD93 marker) with
very high heritability (>60%), including Tregs and their subsets
(mean 55%) (210). Thus, circulating immune-cell phenotypes
may have measurable heritable components. In contrast, a
recent systems-level influenza-vaccine twin study by Brodin
et al. used 210 healthy twins (8–82 years old) to examine
204 different parameters of the immune system, and immune
response outcomes found that non-heritable factors had a greater
influence than heritable factors (211). Given that many earlier
vaccine investigations in twins have studied infants and young
children, the authors proposed that “many if not most of the less
heritable traits that we measured in our mostly adult population
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may be much more heritable if measured in young children”
(211). Similar environments may thus falsely suggest heritable
traits in vaccinations of twins. It was suggested that variation
in the human immune response increases with age and is
driven by non-heritable factors, such as frequent environmental
contact with various pathogens (e.g., CMV, influenza) and
microbes. This hypothesis illustrates one of the challenges in
translating findings from genetic studies (e.g., genetic variants
that underline heritable immune response traits) to new vaccine
development without accounting for continuously changing,
non-heritable influences.

CONCLUSIONS AND PERSPECTIVE

Vaccine development in the twenty-first century is enabled
by increasingly sophisticated genetic and high-dimensional
assays, aided by bioinformatics approaches (212–214). This
has allowed unprecedented resolution, at the whole-systems
level, of how innate, adaptive, and cellular immune responses
are generated, interact, and are maintained after vaccination.
These technologies are being further leveraged in understanding
adverse (aberrant) vaccine responses and the durability of
immunity to vaccines, which represent areas of intense
investigation due to their importance to human health. Taken
together, genetic technologies and approaches have led to a new
era of genetic design of vaccines and have provided solutions to
the barriers currently impeding progress in this area (Table 1).

These novel approaches have been driven by public health
urgency, demand for vaccine safety, cost considerations, and
the inability of past vaccine-development paradigms to lead to
viable vaccine candidates against complex and hyper-variable
pathogens quickly enough to meet public health needs at
an affordable cost. As a result, vaccine development is being
accelerated by genetic and bioinformatics approaches (186).
In the last decade, new vaccines against influenza have been
developed and licensed, as have vaccines against meningococcus
group B, hepatitis B, and herpes zoster using genomics-based
approaches. Many more vaccines are in development.

Genetic approaches have enabled the identification of
relationships/networks between individual genetic variants and
specific aspects of vaccine-induced innate, adaptive, or cellular
immune responses. The promise of vaccinomics is to identify
specific immune response profiles that may serve as signatures
or biomarkers that accurately predict vaccine immunogenicity,
efficacy, and/or safety. Furthermore, it has the potential to
identify genetic variants or antigens that lead to newer and safer
vaccine candidates.We believe that the development of very large
and detailed genotype:phenotype databases will eventually lead to
a new model of personalized vaccine practice (i.e., the delivery of
the right vaccine to the right person at the right time) that utilizes
genetic and immune signatures to do the following: develop new
vaccine candidates; predict the need for a vaccine and the dose
needed to induce protective immunity; and to predict whether
a significant adverse effect is likely to occur—in other words,
personalized vaccinology.

TABLE 1 | Genomics-based solutions to vaccine development barriers.

Barrier Potential solution(s)

Understanding how immunity

develops

• Poor immunogenicity and/or

durability

• Lack of correlates of protection

• Inefficient activation of innate

immunity

• Lack of animal models with predictive

value

Systems biology studies

Identify non-humoral correlates of

protection

Better understanding of the effector

functions associated with spontaneous

resolution of infection

Vaccines inducing cellular immunity

Laboratory assays measuring functional

responses correlated with clinical

protection

Host variability

• Inter-individual variability in vaccine

response

• Non-responder populations

• Sex, age, race, ethnic differences in

response

Age, sex, or population-based vaccine

formulations

Diagnostic tests to predict vaccine

response

Pathogen variability

• Pathogen diversity

• Antigenic drift and antigenic shift

• Hypervariable viruses

• Complex biology (e.g., Plasmodium)

• Active vs. latent vs. chronic infection

• Host pathogen interactions

• Immune response evasion mutants

Vaccines eliciting broadly neutralizing Abs

Multi-valent vaccines eliciting high affinity

Ab to multiple serotypes

Universal vaccine based on genetically

conserved epitopes

Vaccines targeting pre-erythrocytic,

blood, and/or mosquito stages

Interventions that mitigate pathogen

immunomodulation during immune

response to vaccination

DNA vaccine targeting T cell responses

to the partially conserved NS3 and C

genes and Ab responses to the E protein

Vaccine safety

• Adverse events

• Autoimmunity

• Vaccine hesitancy

Subunit, protein, and peptide-based

vaccines incorporating novel adjuvants

driving immunogenicity and durable

protection

Dose-sparing approaches

Environmental and geographic

factors

• Poor nutrition/obesity

• Co-infection

• Prior immunity

• Pollution

DENV-vaccines for naïve and DENV-

exposed individuals

Vitamin supplementation coadministered

with vaccination

Vaccines are the most effective public health tool for controlling infectious diseases.

Despite considerable success, there is room for improvement in many current vaccines

and there are a large number of new and re-emerging pathogens for which we do not have

effective vaccines. Vaccine development faces a number of challenges, many of which are

presented here. Developing vaccines to combat current and future pathogens will require

us to overcome those challenges and recent developments in genomic technologies may

provide the solutions that we need. Several potential solutions for each barrier are listed

in the table while real-world examples are discussed in the text.

Yet, barriers remain. Issues of high costs for genetic-based
assays, including the cost of analysis and the complexity of
such data exist, as well as inertia on the part of current vaccine
developers conspiring to delay the full use of these rapidly
advancing new paradigms. Funders of research must realize not
only the promise of such vaccine development approaches but
also the costs. For example, the standard allowable budget for the
most common NIH research funding mechanism in the USA,
the R01, has not changed in the past 30 years despite massive
advances in science and the cost of experiments and statistical
analysis over this time period.
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Infectious diseases have always been—and always will be—
a threat to human health. An excellent example of this is the
current COVID-19 pandemic. This demonstrates how easily and
repeatedly pathogens can emerge and affect humanity on a global
scale. We had ample warning that novel coronaviruses can and
do jump species and cause widespread and serious disease in
humans. Our efforts to create vaccines against SARS and MERS
resulted in products that reached clinical trials but no licensed
vaccines. Fortunately, what we learned from those outbreaks has
been rapidly applied to the SARS-CoV2 and we have seen clinical
trials begin within 5 months of the first reported cases. This is
a tremendous achievement. We have no choice but to continue
to accelerate our ability to protect ourselves against pathogens
that harm and kill. We are poised to do so, and the future is
bright. Novel tools and paradigms allow highly directed study
at levels of genetics and biology unimaginable just a handful of
years ago. An example is that of the CRISPR/Cas9 technology
that is revolutionizing genome editing of cells and pathogens; this
technology has been used to excise virulence genes and create
Pseudorabies virus vaccines (215) and to create duck enteritis
virus (DEV) recombinants expressing avian influenza (highly
pathogenic H5N1) and duck tembusu virus (DTMUV) antigens.
The resulting trivalent vaccine elicits protection against all three
duck pathogens (216).

Perhaps Albert Camus said it best in his book The Plague:

Everybody knows that pestilences have a way of recurring in
the world; yet somehow we find it hard to believe in ones that
crash down on our heads from a blue sky. There have been as

many plagues as wars in history; yet always plagues and wars
take people equally by surprise (217).
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GLOSSARY

Vaccinomics
The integration of immunogenetics and immunogenomics
with systems biology, immune profiling, and bioinformatics
approaches used in the development and study of new vaccines.

Adversomics
The study of vaccine adverse reactions using immunogenetics
and systems biology approaches to better understand the genetic
and non-genetic drivers of vaccine adverse reactions at the
molecular level.

Epigenomics
The study of the complete set of epigenetic modifications on the
genetic material of a cell (i.e., the epigenome).

Genome-wide association
studies (GWAS)
The observational study of a genome-wide set of genetic variants
in different subjects to examine if any one variant is associated
with a trait.

Systems biology
The study of complex systems in order to understand
the networks of interactions and effects of those
interactions.

CRISPR–Cas-9 technology
A gene-editing technology that can be used in the development
of vaccines.
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Soon after its identification, norovirus (NoV) has been indicated as one of the most

common causes of outbreaks of acute gastroenteritis (AGE) and sporadic acute diarrhea

episodes in subjects of any age. In 2016 the World Health Organization stated that the

development of a NoV vaccine should be considered an absolute priority. Unfortunately,

the development of an effective NoV vaccine has proven extremely difficult, and only in

recent years, some preparations have been tested in humans in advanced clinical trials. In

this paper, reasons that justify efforts to develop a NoV vaccine, difficulties encountered

during NoV vaccine development, and NoV vaccine candidates will be discussed. In

recent years, identification of some NoV antigens that alone or in combination with

other viral antigens can induce a potentially protective immune response has led to

the development of a large series of preparations that seem capable of coping with

the problems related to NoV infection. Epidemiological and immunological studies have

shown that multivalent vaccines, including both GI and GII NoV, are the only solution

to induce sufficiently broad protection. However, even if the road to formulation of an

effective and safe NoV vaccine seems to be definitively traced, many problems still need

to be solved before the total burden of NoV infections can be adequately controlled.

Whether currently available vaccines are able to protect against all the heterologous NoV

strains and the variants of the most common serotypes that frequently emerge and cause

outbreaks must be defined. Moreover, as performed clinical trials have mainly enrolled

adults, it is mandatory to know whether vaccines are effective in all age groups, including

younger children. Finally, we must know the immune response of immunocompromised

patients and the duration of protection induced by NoV vaccines. Only when all these

problems have been solved will it be possible to establish an effective immunization

schedule against NoV infection and calculate whether systematic vaccination can be

cost effective.

Keywords: acute gastroenteritis, GI strain, GII strain, norovirus, norovirus vaccine

INTRODUCTION

Soon after its identification in 1972, norovirus (NoV) has been indicated as one of the most
common causes of outbreaks of acute gastroenteritis (AGE) and sporadic acute diarrhea episodes in
subjects of any age (1). The development of effective rotavirus (RV) vaccines and their introduction
in the official pediatric immunization schedules has made, at least in countries where these
vaccines have been largely used, the epidemiologic relevance of NoV even more evident (2). Several
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studies have highlighted the enormous medical, social and
economic problems caused by NoV disease and the need for the
development of adequate preventive measures against this virus.
However, the development of specific antivirals, theoretically
useful to interrupt outbreaks or to avoid infection in subjects at
increased risk, has been very difficult if not totally impossible for
many years due to the lack of adequate cell lines for viral culture
and successful animal models for drug evaluation. Although
recent advances in culturing human NoV lead us think that,
in the future, effective anti-NoV drugs will become available, it
is clear that only the availability of safe and effective vaccines
can face and definitively solve all the problems related to NoV
infection (3). This perspective is strongly highlighted by the
decision of the World Health Organization that stated in 2016
that the development of a NoV vaccine should be considered
an absolute priority (4). Unfortunately, the development of an
effective NoV vaccine has proven extremely difficult, and only
in recent years, some preparations have been tested in humans
in advanced clinical trials (5). In this paper, reasons that justify
efforts to develop a NoV vaccine, difficulties encountered during
NoV vaccine development, and NoV vaccine candidates will
be discussed.

REASONS THAT JUSTIFY THE
DEVELOPMENT OF A SPECIFIC
NOROVIRUS (NoV) VACCINE

High Frequency of Norovirus (NoV) Acute
Gastroenteritis
NoV is the most common aetiologic agent of AGE worldwide.
Among the 2.7–4 billion diarrhoeal cases that are globally
diagnosed every year, ∼18% are associated with NoV infection,
without significant differences between developed (20%) and
developing countries with low diarrhea-related mortality (19%)
(6–8). The incidence of NoV diarrhea is, in contrast, slightly
lower in high-mortality developing nations (14%), where some
bacterial pathogens continue to play a relevant aetiologic role for
AGE determination due to the lack of adequate infection control
measures. NoV diarrhea is diagnosed in patients of any age.
Studies carried out in some developed countries have shown that
from 3.8 to 10.4% of the population is affected by NoV disease
every year, suggesting that during a lifetime, each individual can
suffer from 3 to 8 NoV diarrhoeal episodes (9–14). However, the
incidence of disease is higher in younger children and in adults
≥65 years old. This fact highlights that among healthy subjects,
those who have physiologically lower defenses are those with the
highest risk of NoVAGE and those for whom effective preventive
measures are urgently needed. In the UK, incidence rates were
found to be significantly higher in children <5 years old than in
individuals of any other age group (142.6 cases per 1,000 person-
year, 95% confidence interval [CI] 99.8–203.9 vs. 37.6, 95% CI
31.5–44.7, respectively). Moreover, it was shown that in adults ≥
65 years old, development of NoV disease was two times more
common than in those aged 15–64 years (15).

However, it is highly likely that the reported incidences of
NoV infection and disease grossly underestimate the true values.

In low-income countries, reliable methods used to detect NoV,
such as those based on molecular biology, are frequently not
available, and most of the diarrhoeal cases, even among those
hospitalized, remain aetiologically undefined. The same is true
for most of the cases that are too mild to be hospitalized or seen
in the emergency room that occur in industrialized countries. On
the other hand, even in studies specifically devoted to analyzing
NoV epidemiology, asymptomatic cases may not be identified
unless systematic periodic stool examination is performed.

Potential Severity of Norovirus (NoV) Acute
Gastroenteritis
Although NoV infection can remain asymptomatic in 20–30%
of cases or lead to a mild disease (16), spontaneously resolving
in 2–3 days in the majority of patients (17), severe AGE is not
rare. NoV is the cause of 10–20% and 1–15% of emergency room
visits and hospitalizations in middle/high-income countries and
in low-income countries, respectively. Moreover, more than 3%
of patients with a NoV diarrhea episode can die, as shown by
the evidence that among the 677 million cases diagnosed in
2010 worldwide, 213,515 died (18). As expected, the risk of
severe NoV AGE is increased in children <5 years old and in
elderly individuals. Moreover, immunocompromised patients are
at increased risk. This population is a third group of subjects
for whom the availability of a vaccine might be very important,
although their condition limits a relevant immune response and
protection. Forty-three percent of deaths that occurred in 2010
occurred in children <5 years old (18). Moreover, in elderly
people, dehydration leads to intensive care unit admission, and
in some cases, death is relatively common (19). Finally, in
immunocompromised patients, such as those with solid organ
or bone marrow transplantation, NoV infection can become
chronic and last from weeks to years. This chronicity leads to
prolonged virus shedding and gastrointestinal disease that can
become increasingly debilitating and lead to death (20, 21). A
study of 123 deaths associated with NoV infection revealed that
10 of these cases occurred in patients immunocompromised
because of chemotherapy or transplantation (22).

Norovirus (NoV) Acute Gastroenteritis and
Socioeconomic Burden
The socioeconomic burden of NoV infection is enormous. It
has been calculated that in recent years, the global annual
mean economic burden of NoV infection was $64.5 billion, of
which $4.2 billion were related to the direct health system and
$60.3 billion due to societal costs (23). The costs for illness
were higher for people ≥55 years old and were mainly related
to hospitalization. In contrast, societal costs were higher for
children <5 years old, and in this case, parents’ productivity
losses played the major role in causing economic problems.
Interestingly, high-income countries had the highest global
health system costs, highlighting that vaccine prevention of NoV
infections can play a relevant role worldwide, although the main
reasons can vary according to the geographic area and the age of
the involved population.
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High Risk of Norovirus (NoV) Infection
Transmission
NoV is extremely contagious, and transmission of infection from
person to person occurs easily and is difficult to interrupt in the
absence of effective prophylactic measures. Vomitus and feces of
infected subjects contain a high number of virions, whereas only
10 infectious particles are required to cause AGE.Moreover, NoV
has high environmental stability, and shedding after infection
usually lasts weeks (24). Transmission occurs generally directly
via fecal-oral and vomit-oral pathways from person to person,
although it can also be caused by foodborne, waterborne or
environmental fomites. Children are the most important source
of infection transmission in families and in schools. Outbreaks
can occur in healthcare facilities, including nursing homes
and hospitals, with dramatic consequences, particularly when
younger children, older patients and immunocompromised
subjects are involved (25).

CHALLENGES IN THE DEVELOPMENT OF
A NOROVIRUS (NoV) VACCINE

Genetic Diversity of Circulating Norovirus
(NoV) Strains
Genetic analysis of the entire genome or individual virus genes
has led to the identification of seven NoV genogroups. Moreover,
studies of the sequences that encode for the capsid protein
VP1 and RNA-dependent RNA polymerase have shown that
in each genogroup, several genotypes are included. Presently,
over 30 genotypes have been identified. Genogroups I (GI), II
(GII), and IV (GIV) are defined as the human NoVs because
the NoV AGEs that occur in humans are exclusively due to
strains included in these serogroups (26). However, GII is the
predominant strain worldwide. An analysis of 16,635 sequences
of NoV specimens collected between 2005 and 2016 in Europe,
Asia, Oceania and Africa from outbreak investigations and
sporadic AGE cases revealed that 91.7% belonged to genotype
GII, 8.2% to GI and <0.1% to GIV (27). Genogroups have
high genetic diversity. Moreover, genotypes included in a
single genogroup can have slight but important differences in
antigenic characteristics. Finally, single genotypes may frequently
experience point mutations and recombination events that
produce antigenically different variants (28).

All the above-mentioned factors explain both the difficulties
in finding an effective universal vaccine and the frequent AGE
outbreaks due to the same NoV genotype. This last problem
has been clearly evidenced with NoV GII.4, the most frequent
cause of AGE outbreaks. Since the 1990’s, every 2–3 years, a
new GII.4 variant has emerged, causing at least 7 NoV AGE
epidemics in different geographic areas (29, 30). However, other
genotypes can cause epidemics. Among those recently identified,
the most common are some viruses derived by a recombination
process, such as GII.P16-GII.4 Sidney, GII.P16-GII2, GII.P4
New Orleans-GII.4 Sydney, GII.P12-GII.3 and GI.P6-GI6, which
were associated with significant outbreaks in the USA, Asia and
Europe (27, 31).

Poor Knowledge of Characteristics of
Immunity to Natural Norovirus (NoV)
Infection
Infections due to a NoV included in a genogroup generally do not
confer protection to infections due to another genogroup. This
phenomenon explains why after attempts to produce vaccines
with a single NoV, NoV vaccines are presently based on viruses
included in both GI and GII (32). In contrast, adults naturally
infected by a NoV genotype develop protective immunity against
reinfection with the same genotype. Protection lasts some years
but does not seem to be long lasting. It has been reported that
after an infection with a given genotype, challenge with the same
genotype some weeks later did not lead to infection. However,
when the challenge was performed 2–6 years later, symptoms of
AGE could occur (33). Similar findings have been reported in
children. O’Rayan et al. (34) reported that in the first 18 months
of age, children suffer from repeated episodes of NoV infection
and that most of them remained asymptomatic. In contrast,
symptomatic infection due to GII genotypes was observed only
as primary infections or when a previous episode was due to a
different GII genotype. However, it is not precisely defined how
long the effective protection lasts; if there are differences between
adults and children, particularly the youngest; and if antigenic
drift plays a role, as in the case of influenza virus, to reduce
protection evoked by previous infections with the same genotype.
On the other hand, challenge studies are carried out with viral
inocula significantly higher than those needed to cause natural
infection, and this difference can modify the immune response,
leading to incorrect conclusions.

Lack of Immune Correlates of Protection
The availability of an immune marker able to indicate whether
an individual is protected from an infection and related disease
can significantly contribute to the development of a vaccine by
benefiting evaluation of potential vaccine efficacy. Unfortunately,
no reliableimmune correlate of protection from NoV infection
and disease valid for all the people has been identified. The
use of total serum NoV-specific antibody levels was debated.
After infection, NoV-specific antibody concentrations tend to
increase in most patients (33), and in an epidemiological study,
serum NoV-specific antibody levels were inversely correlated
with protection from NoV AGE development (35). However, in
general, pre-infection antibody levels were not associated with
protection (36).

It is highly likely that some methodological limitations of
the above-cited studies led to these conflicting conclusions.
Most of the data have been collected before it was known that
genetics plays a fundamental role in conditioning susceptibility
to NoV infection. If subjects that were genetically resistant to
NoV and with no immune response to NoV exposure had been
enrolled, the final results would inevitably have been negatively
conditioned. Recent studies have shown that ∼20–30% of the
general population is resistant to NoV infection. Resistance
is genotype and even strain dependent and is attributed to
the human histo-blood group antigens (HBGAs), mainly those
encoded by the FUT2 (Secretor), the FUT 3 (Lewis) and the
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ABO genes. As these antigens are attachment cofactors for NoV
and are essential for NoV entry into surface epithelial cells,
missense and non-sense mutations of FU2, FUT3, or ABO genes
are associated with the inability of NoV to exert its virulence
by causing infection and AGE. FUT2 is the best-studied gene,
and several polymorphisms with known effects on secretor status
have been identified, many of which are population specific.
Generally, people with an absence or a poor presence of the FUT2
enzyme are partially or totally resistant to GI.1 and GII.4 NoVs,
although they can remain susceptible to infections due to other
NoV genotypes because the mechanism of attachment to host
cells can vary among the various NoV genotypes (37).

Recently, other potential correlates of protection have been
identified. Among them are the serum concentration of HBGA-
blocking antibody levels and the total serum NoV-specific IgA
antibody levels. This conclusion was reached when susceptibility
to NoV infection and disease after exposure to a GII.4 NoV
strain was evaluated in a group of adults that had previously
received a bivalent NoV vaccine or placebo. It was found
that among subjects receiving placebo, the incidence of virus
infection and associated illness was lower when prechallenge
serum anti-GII.4 HBGA-blocking antibody levels and specific
IgA antibody levels were particularly high. Regarding a putative
correlate of protection for anti-GII.4 HBGA-blocking antibody
levels, it was shown that the frequency of moderate-to-severe
vomiting or diarrhoeal illness was reduced when the levels of
this antibody were >1:500 (38). However, measurement of the
HBGA-blocking antibody level to evaluate susceptibility to NoV
has been poorly used because no stable FUT2-overexpressing cell
line has been available. Recently, a FUT2-overexpressing cell line-
based surrogate neutralization assay for NoV vaccine evaluation
was constructed (39).

Further markers of protection might be NoV-specific salivary
and fecal IgA and NoV-specific memory IgG cells. In a study, it
was found that NoV-specific salivary IgA levels before exposure
to NoV were inversely correlated with the severity of AGE.
NoV-specific fecal IgA levels before challenge were correlated
with a reduction in peak viral load and, when measured 7
days after infection, with a reduced duration of virus shedding.
Finally, increased numbers of NoV-specific memory IgG cells
were associated with protection from AGE (40).

NOROVIRUS (NoV) VACCINE
DEVELOPMENT

Three types of NoV vaccines have been developed. Non-
replicating virus-like particles (VLPs), P particles, and
recombinant adenoviruses have been used (Table 1). All these
vaccine development platforms have challenges and limitations.
NoV VLPs are structures that mimic the organization and
conformation of authentic native viruses but lack the viral
genome, potentially yielding safer and cheaper vaccine
candidates. In case of NoV, vaccines are derived from the
major capsid NoV protein VP1 that spontaneously self-assemble
into VLPs when NoV VP1 is expressed on eukaryotic cells.
VLPs are antigenically similar to the viral particle and are

able to evoke a specific antibody response when administered
by both the enteral and parenteral routes, without any risk
of infection (41).Although several VLP production platforms
may be used to produce VLPs, two are those more frequently
used: the baculovirus replicon system and the Venezuelan
equine encephalitis replicon system (42, 43). Both are relatively
inexpensive and allow robust use of these components for NoV
vaccine development. However, baculovirus contaminant may
be difficult to remove and host-derived insect cell/baculovirus
components may mask the immune response against the desired
epitope. P particles are nanoparticles formed by copies of the
protruding (P) domain of the NoV capsid protein. They contain
all the required elements to interact with the viral receptors.
Consequently, they are highly immunogenic and activate both
the innate and the adaptive immune system eliciting humoral
and cellular immunity. Moreover, they are stable and can be
readily produced in E. coli. For all these reasons, they are
considered potentially effective vaccine candidate. However, the
evidence that VLPs can induce a greater T helper type 1 (Th1)
and Th2 balanced cross-reactive immune response compared
with P-particles makes VLPs preferable for the preparation
of NoV vaccines (44). Finally, attempts to use recombinant
adenovirus expressing a GI1 or GII4 NoV VP1 have been made
(45, 46).

However, independent of the technique used to develop an
immunogenic and protective preparation, the real problem is
which genotypes must be included in the vaccine formulation.
Initially, considering that the first detected NoVwas a GI.1 strain,
a vaccine containing this virus was developed. Later, when it
was shown that GII.4 was the most common cause of NoV
AGE and that the level of cross reactogenicity between GI.1 and
GII.4 was low, a combined vaccine was prepared. More recently,
other combinations or more complicated vaccines containing
additional strains or P particles and viral vectors, including NoV
capsid genes, have been developed.

Norovirus (NoV) Vaccines in Clinical Stages
of Development
Monovalent Vaccines
An intranasal vaccine containing a GI.1 VLP adjuvanted with
monophosphoryl lipid A (MPL) was initially prepared. It was
found to induce virus-specific serum antibodies in the majority
of vaccine recipients. Moreover, when adults that received two
doses of this vaccine were challenged with the virus included in
the vaccine and compared with previously unvaccinated subjects,
it was shown that the risk of NoV infection and of developing
AGE were significantly reduced in vaccine recipients compared
to those in controls (61% vs 82%: p=0.05 for infection; 37% vs
69%: p=0.006 for disease) (47). Further studies confirmed the
immunogenicity of this vaccine, highlighting its possible use in
NoV infection prevention. In particular, it was shown that the
immune response to the vaccine was strictly dose dependent and
that the frequency of NoV-specific IgG- and IgA-secreting B cells
in peripheral blood and the level of antibodies produced by these
cells in culture were significantly higher in adults that received
100 µg of GI.1 VLP than in those given 50 µg (48). However,

Frontiers in Immunology | www.frontiersin.org 4 July 2020 | Volume 11 | Article 1383288

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


Esposito and Principi Norovirus Vaccine Development

TABLE 1 | Main Norovirus vaccines in development.

Vaccine type Preclinical Phase 1 Phase 2

Virus like particle

(VLP)

Vaccine Research Center in

Tampere, Finland

Combined NoV and Rotavirus (RV)

vaccine containing NoV VLPs GII.4

and GI.3 and the oligomeric RV VP6

Studies in mice

Institute Pasteur of China

A vaccine combining NoV GII.4 and

Enterovirus 71 VLPs

Studies in animal models

National Vaccine and Serum

Institute, China,

Intramuscolar

bivalent

GI.1 and GII.4

Healthy subjects 6 months-59 years

Takeda

Intramuscolar

Bivalent

GI.1 and GII.4

In children > 6 months, adults,

people > 60 years, and military

recruits

Recombinant

adenovirus

Vaxart

Oral

Monovalent

GI.1 or GII.4 or bivalent combined in

healthy adults

P particles Several Research Centers

Vaccines combining NoV VPI P

domain with RV, hepatitis E,

influenza and astrovirus in order to

obtain extensive protection. Studies

in animal models

considering the risk that NoV infections due to NoV genogroups
other than GI.1 could not be prevented, further research was
directed mainly to preparing a combination vaccine.

Bivalent Vaccines
Both intranasal and intramuscular bivalent NoV vaccines
containing GI.1 and GII.4 VLPs have been developed. A
dry powder formulation (GelVacTM) with an in situ gelling
polysaccharide (GelSiteTM) extracted from Aloe vera for
nasal delivery was tested in guinea pigs to evaluate safety,
immunogenicity and potential antigenic interference. The
preparation was found to be safe and well-tolerated and able to
induce a dose-dependent immune response, with the production
of antibodies capable of inhibiting the binding of the VLPs
to pig gastric mucin and without any antigenic interference
(49). However, considering that intramuscular administration
could induce a more rapid and higher antibody response than
theintranasal vaccine, a parenteral vaccine was prepared. It
was developed by Takeda Pharmaceutical Company Limited
and was based on a Norwalk GI.1 strain VLP that cross-reacts
with other GI.1 strains and a consensus of 3 GII strains [2006a
(Yerseke), 2006b (Den Haag), and 2002 (Houston)] to increase
the protection against GII strains as much as possible (50). This
formulation is the NoV vaccine presently in an advanced stage
of development.

Preclinical studies have shown that this vaccine was highly
immunogenic and that induced antibodies were able to recognize
and react against not only homologous genotypes but also
heterologous genotypes, such as GI.3, GII.1, GII.3, and GIV.1
(51). Use of this bivalent preparation adjuvanted with MPL
and aluminum hydroxide in adults aged 18–83 years in two
phase I studies confirmed the immunogenicity of the bivalent
vaccine (52, 53). Two doses one month apart were administered.

Antibodies against GI.1 and GII.4 increased rapidly, reaching
a peak level at ∼7 days after the first injection. First-dose
seroresponse frequencies ranged from 88 to 100% for the GI.1
antigen and from 69 to 84% for the GII.4 antigen. However,
the booster effect of the second dose was modest. In most
subjects, a significant increase in HBGA-blocking antibody
titres was evidenced, without differences according to age. The
clinical efficacy of the bivalent vaccine seemed indicated by the
data collected with a double-blind, placebo-controlled trial that
enrolled adults aged 18–50 years. These subjects received two
doses of placebo or bivalent vaccine 4 weeks apart and were
challenged with a GII.4 virus not included in the consensus
GII.4 sequence. Monitoring of clinical conditions after challenge
revealed that signs and symptoms of NoV disease were less
common and less severe in vaccine recipients than in controls,
although differences did not reach statistical significance. Severe,
moderate or mild vomiting and diarrhea were evidenced in
vaccinees at rates of 0, 6, and 20.0%, respectively, compared
to rates of 8.3% (p = 0.054), 18.8% (p = 0.068), and 37.5%
(p = 0.074), respectively, for controls. Moreover, the modified
Vesikari score for AGE severity was reduced in vaccinees from
7.3, calculated in controls, to 4.5 (p = 0.002). Finally, a lower
number of subjects receiving the vaccine had virus shedding by
day 10 after challenge than that of controls (22.4% of vaccinees
vs. 36.2% of controls; p = 0.179). No severe adverse event was
observed (54).

The development of this bivalent vaccine has subsequently
continued with the implementation of several studies. A phase
II trial (55) involving 454 adults was planned to evaluate what
dosage of each antigen could offer the best balance of tolerability
and immunogenicity. It was found that a vaccine containing 15
µg of GI.1 VLP and 50 µg of GII.4 VLP was the best solution,
as, compared to a 50 µg/50 µg preparation, it was followed by
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a lower incidence of adverse events (64 vs. 73%) and a higher
GII.4 response, although the response to GI.1 was slightly lower.
However, in both cases, immune responses to vaccination were
rapid, peaking by days 7–10 and persisting through day 28.

In another study (56), various dosages of antigens and
adjuvants were evaluated, and two doses of vaccine were given
28 days apart. The results confirmed that the combination of
15 µg of GI.1 VLP and 50 µg of GII.4 VLP elicited the best
balance of immunogenicity with antibody titres persisting above
baseline values up to 1 year after administration. However, doubts
about the importance of MPL were raised, as the presence of
this adjuvant, irrespective of dosage, was not associated with an
increase in the immune response. In contrast, in the group of
subjects given preparations containing MPL, the trend was for
lower pan-Ig and HBGA-blocking antibody responses to GI.1
than that in subjects that did not receive MPL. Consequently,
the formulation candidate for further studies remained the one
containing 15 µg of GI.1 VLP and 50 µg of GII.4 VLP, with only
aluminum as an adjuvant.

A phase II trial of this bivalent vaccine was carried out in
children, toddlers and infants to evaluate the immunogenicity
and safety of two doses of different amounts of the antigens
(NCT02153112). A preliminary report concerning infants 6 to
< 12 months old and children aged 1–<4 years old revealed
that all the preparations evoked a robust immune response after
a single dose, with a further increase after the second dose.
However, the highest the geometric mean titres (GMTs) for GI.1
and GII.4 in both age cohorts were observed after two doses
of the 50 µg/150 µg formulation, with values slightly elevated
in older subjects (57). Further phase II trials are ongoing or
are completed even if the results are still not published. They
regard immunogenicity and safety in elderly individuals (>60
years old) (NCT02661490), efficacy in adults (NCT02669121)
and long-term immunogenicity in adults (NCT03039790).

Recombinant Adenovirus Expressing Norovirus (NoV)

VP1
Guo et al. reported that the intranasal use of a vaccine based on a
recombinant adenovirus expressing a GII.4 NoV VP1 could be
effective in stimulating a strong systemic and mucosal specific
immune response in mice, as evidenced by the detection of
specific IgA and IgG in the serum, stool and intestinal and
respiratory mucosa (45). Moreover, the same authors showed
that when animals received vaccination with an adenovirus
vector combined with a booster vaccination with NoV VLPs,
the immune response could be significantly increased (58).
Starting from these premises, Vaxart Inc. developed an oral NoV
monovalent vaccine using a replication-defective adenovirus 5
vector expressing VP1 from a GI.1 virus. After administration to
healthy adults (59), it was found to be safe and well–tolerated,
as adverse events were mild or moderate. Moreover, it evoked
a significant NoV GI.1-specific immune response, although the
response was strictly dose related. An increase in HBGA-blocking
antibody levels was evidenced in subjects receiving the higher
dose (p = 0.0003), among whom 78% had a fold increase greater
than or equal to that of the basal titer. An increase was also
reported in the number of IgA+ memory B cells and fecal

IgA content. However, to enhance protection offered by the
recombinant adenovirus vaccine, a second similar vaccine in
which the adenovirus was expressing a GII.4 VP1 was prepared
and tested.

As data were completely satisfactory, Vaxart Inc. studied
a combined preparation, in which an oral NoV GI.1 vaccine
tablet is associated with an oral NoV GII.4 vaccine tablet that
are administered concurrently. The bivalent NoV phase 1b
trial includes two stages, an open-label lead-in phase that was
completed successfully earlier this month, and a randomized,
double-blind, placebo-controlled phase that has recently started.
Both portions of the trial are designed to evaluate safety and
immunogenicity, and the results are expected in a short time (60).

Vaccines in Preclinical Development
Combined Vaccine for Norovirus (NoV) and Rotavirus
In an attempt to simultaneously prevent RV and NoV AGE,
vaccines containing both viruses were developed. Initially, only
one NoV VLP, GII.4, was included. However, as cases due to
NoV GI could not be prevented, a trivalent vaccine containing
two NoV VLPs (GII.4-1999 and GI.3) and the oligomeric RV
VP6 was prepared by Daiichi Sankyo Company Limited & UMN
Pharma Inc., Japan (61). RV VP6 was selected because it is a
highly conserved protein among group A RVs, which cause 90%
of all RV infections. Moreover, it is able to evoke a significant
immune response that protects animals from homologous and
heterologous RV infection (62). Finally, when RV VP6 is added
to NoV VLPs, it can act as an adjuvant, increasing the immune
response to these antigens. In vitro studies have demonstrated
that RV VP6 facilitates NoV VLP uptake by antigen-presenting
cells and improves their activation and maturation (63).

In vivo studies in animal models have shown that this
trivalent vaccine could induce high levels of NoV- and RV-type
specific serum antibodies with high avidity (>50%) and intestinal
antibodies. Moreover, cross-reactive antibodies against NoV and
RV types not included in the vaccine, cell-mediated immunity
for both viruses and mucosal antibodies that inhibited RV were
detected (64). The additional effect of VP6 was recently further
evidenced in a study (65) in which the addition of RV VP6 was
made to a bivalent NoV vaccine based on GI.4 and GII.4-2006a
VLPs. In BALB/c mice, immunization with suboptimal doses of
VLPs, alone or in combination, was not capable of evoking NoV-
specific antibody production. In contrast, co-administration of
VP6 led to the development of a significant immune response
with high levels of homologous and heterologous antibodies.

Vaccines Based on P Particles
NoV vaccines based on P particles can be effective in preventing
NoV infection. This fact is suggested by a comparative study (66)
in which a group of neonatal animals that received an intranasal
preparation of VLPs or P particles, both derived fromGII.4 strain
VA387, and a group of controls previously infected with the same
virus were utilized. Subsequent challenge with GII.4 revealed that
the risk of diarrhea was lower in vaccinated animals than in those
with natural infection (82.9%), although the risk was slightly
higher in animals given VLPs (46.7%) than in those receiving P
particles (60%).
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Moreover, the use of P particles can lead to the preparation
of a number of vaccines containing antigens derived from
other viruses, allowing vaccines targeting multiple potential
infections. Combination vaccines for RV, hepatitis E, influenza
and astrovirus have been considered. Insertion of RV VP8 into
the NoV VPI P domain has been found to be able to induce
potentially protective antibodies against both viruses in mice
(67). Similar positive results were found when the influenza M2e
gene was inserted in the NoV VPI P domain (68).

Combined Norovirus (NoV) and Enterovirus Vaccine
A combined vaccine effective against both NoV and enterovirus
might be useful in those geographic areas where both infections
are extremely common, such as the Asia-Pacific regions. A
preparation containing GII.4 and EV71 VLPs was developed
and compared with monovalent GII.4 and EV71 VLPs for
immunogenicity in mice. The study revealed that the immune
response to both antigens in subjects receiving the combination
was quite similar to that obtained in individuals given the
monovalent vaccines, without any immunological interference
between the two antigens. EV71 infection was prevented in a
similar number of tested animals, and inhibition of GII.4-VLP
binding to mucin was not different (69).

CONCLUSIONS

In recent years, identification of some NoV antigens that alone or
in combination with other viral antigens can induce a potentially
protective immune response has led to the development of a
large series of preparations that seem capable of coping with
the problems related to NoV infection. Epidemiological and
immunological studies have shown that multivalent vaccines,

including both GI and GII NoV, are the only solution to induce
sufficiently broad protection. However, even if the road to
formulation of an effective and safe NoV vaccine seems to be
definitively traced, many problems still need to be solved before
the total burden of NoV infections can be adequately controlled.
Whether currently available vaccines are able to protect against
all the heterologous NoV strains and the variants of the most
common serotypes that frequently emerge and cause outbreaks
must be defined. Moreover, as performed clinical trials have
mainly enrolled adults, it is mandatory to know whether vaccines
are effective in all age groups, including younger children. Finally,
we must know the immune response of immunocompromised
patients and the duration of protection induced by NoV vaccines.
Only when all these problems have been solved will it be possible
to establish an effective immunization schedule against NoV
infection and calculate whether systematic vaccination can be
cost effective. The achievement of these goals can be greatly
facilitated by a more precise identification of the correlates of
protection, the development of permissive cell lines for viral
culture and the availability of successful animal models.

AUTHOR CONTRIBUTIONS

SE and NP co-wrote the manuscript and critically revised the
paper and gave their scientific contribution. All authors read and
approved the final version of the manuscript.

FUNDING

This study was supported by a grant from the World
Association for Infectious Diseases and Immunological
Disorders (WAidid-2020-01).

REFERENCES

1. Dolin R. Norwalk agent-like particles associated with gastroenteritis in human

beings. J Am Vet Med Assoc. (1978) 173:615–19.

2. Puustinen L, Blazevic V, Salminen M, Hamalainen M, Rasanen S,

Vesikari T. Noroviruses as a major cause of acute gastroenteritis in

children in Finland, 2009–2010. Scand J Infect Dis. (2011) 43:804–

8. doi: 10.3109/00365548.2011.588610

3. Netzler NE, Enosi Tuipulotu D, White PA. Norovirus antivirals: where are we

now?Med Res Rev. (2019) 39:860–86. doi: 10.1002/med.21545

4. Giersing BK, Vekemans J, Nava S, Kaslow DC, Moorthy V. WHO product

development for vaccines advisory committee. report from the world health

organization’s third product development for vaccines advisory committee

(PDVAC) meeting, Geneva, 8-10th June (2016). Vaccine. (2019) 37:7315–

27. doi: 10.1016/j.vaccine.2016.10.090

5. Mattison CP, Cardemil CV, Hall AJ. Progress on norovirus vaccine research:

public health considerations and future directions. Expert Rev Vaccines. (2018)

17:773–84. doi: 10.1080/14760584.2018.1510327

6. Global Burden of Disease Study Collaborators. Global, regional, and national

incidence, prevalence, and years lived with disability for 301 acute and

chronic diseases and injuries in 188 countries, 1990-2013: a systematic analysis

for the global burden of disease study (2013). Lancet. (2015) 386:743–

800. doi: 10.1016/S0140-6736(15)60692-4

7. Fischer Walker CL, Perin J, Aryee MJ, Boschi-Pinto C, Black RE. Diarrhea

incidence in low- andmiddle-income countries in 1990 and 2010: a systematic

review. BMC Public Health. (2012) 12:220. doi: 10.1186/1471-2458-12-220

8. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global

and regional mortality from 235 causes of death for 20 age groups in 1990

and 2010: a systematic analysis for the global burden of disease study (2010).

Lancet. (2012) 380:2095–128. doi: 10.1016/S0140-6736(12)61728-0

9. Verhoef L, Koopmans M, Van Pelt W, Duizer E, Haagsma J, Werber D, et al.

The estimated disease burden of norovirus in the Netherlands. Epidemiol

Infect. (2013). 141:496–506. doi: 10.1017/S0950268812000799

10. Phillips G, Tam CC, Conti S, Rodrigues LC, Brown D, Iturriza-Gomara

M, et al. Community incidence of norovirus-associated infectious intestinal

disease in England: improved estimates using viral load for norovirus

diagnosis. Am J Epidemiol. (2010) 171:1014–22. doi: 10.1093/aje/kwq021

11. Tam CC, Rodrigues LC, Viviani L, Dodds JP, Evans MR, Hunter PR, et al.

Longitudinal study of infectious intestinal disease in the UK (IID2 study):

incidence in the community and presenting to general practice. Gut. (2012)

61:69–77. doi: 10.1136/gut.2011.238386

12. Thomas MK, Murray R, Flockhart L, Pintar K, Pollari F, Fazil A, et al.

Estimates of the burden of foodborne illness in Canada for 30 specified

pathogens and unspecified agents, circa (2006). Foodborne Pathog Dis. (2013)

10:639–48. doi: 10.1089/fpd.2012.1389

13. Hall AJ, Rosenthal M, Gregoricus N, Greene SA, Ferguson J, Henao OL,

et al. Incidence of acute gastroenteritis and role of norovirus, Georgia, USA,

2004–2005. Emerg Infect Dis. (2011) 17:1381–8. doi: 10.3201/eid1708.101533

14. Karsten C, Baumgarte S, Friedrich AW, von Eiff C, Becker K, Wosniok W,

et al. Incidence and risk factors for community-acquired acute gastroenteritis

in north-west Germany 2004. Eur J Clin Microbiol Infect Dis. (2009) 28:935–

43. doi: 10.1007/s10096-009-0729-1

Frontiers in Immunology | www.frontiersin.org 7 July 2020 | Volume 11 | Article 1383291

https://doi.org/10.3109/00365548.2011.588610
https://doi.org/10.1002/med.21545
https://doi.org/10.1016/j.vaccine.2016.10.090
https://doi.org/10.1080/14760584.2018.1510327
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1186/1471-2458-12-220
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1017/S0950268812000799
https://doi.org/10.1093/aje/kwq021
https://doi.org/10.1136/gut.2011.238386
https://doi.org/10.1089/fpd.2012.1389
https://doi.org/10.3201/eid1708.101533
https://doi.org/10.1007/s10096-009-0729-1
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Esposito and Principi Norovirus Vaccine Development

15. O’Brien SJ, Donaldson AL, Iturriza-Gomara M, Tam CC. Age-specific

incidence rates for norovirus in the community and presenting to primary

healthcare facilities in the United Kingdom. J Infect Dis. (2016) 213(Suppl.

1):S15–18. doi: 10.1093/infdis/jiv411

16. Qi R, Ye C, Chen C, Yao P, Hu F, Lin Q. Norovirus prevention

and the prevalence of asymptomatic norovirus infection in kindergartens

and primary schools in Changzhou, China: Status of the knowledge,

attitudes, behaviors, and requirements. Am J Infect Control. (2015) 43:833–

8. doi: 10.1016/j.ajic.2015.04.182

17. Marshall JA, Hellard ME, Sinclair MI, Fairley CK, Cox BJ, Catton MG,

et al. Incidence and characteristics of endemic norwalk-like virus-associated

gastroenteritis. J Med Virol. (2003) 69:568–78. doi: 10.1002/jmv.10346

18. Lopman BA, Steele D, Kirkwood CD, Parashar UD. The vast and varied global

burden of norovirus: prospects for prevention and control. PLoS Med. (2016)

13:e1001999. doi: 10.1371/journal.pmed.1001999

19. Cardemil CV, Parashar UD, Hall AJ. Norovirus infection in older adults:

epidemiology, risk factors, and opportunities for prevention and control.

Infect Dis Clin North Am. (2017) 31:839–70. doi: 10.1016/j.idc.2017.07.012

20. Bok K, Green KY. Norovirus gastroenteritis in immunocompromised

patients. Norovirus in immunocompromised patients. Oncol Nurs Forum.

(2013) 40:434–6. doi: 10.1188/13.ONF.434-436

21. Kaufman SS, Green KY, Korba BE. Treatment of norovirus infections: moving

antivirals from the bench to the bedside. Antiviral Res. (2014) 105C:80–

91. doi: 10.1016/j.antiviral.2014.02.012

22. Trivedi TK, Desai R, Hall AJ, Patel M, Parashar UD, Lopman BP. Clinical

characteristics of norovirus-associated deaths: a systematic literature review.

Am J Infect Control. (2013) 41:654–7. doi: 10.1016/j.ajic.2012.08.002

23. Bartsch SM, Lopman BA, Ozawa S, Hall AJ, Lee BY. Global

economic burden of norovirus gastroenteritis. PLoS ONE. (2016)

11:e0151219. doi: 10.1371/journal.pone.0151219

24. Teunis PF, Moe CL, Liu P, Miller SE, Lindesmith L, Baric RS, et al.

Norwalk virus: how infectious is it? J Med Virol. (2008) 80:1468–

76. doi: 10.1002/jmv.21237

25. Chong PP, Atmar RL. Norovirus in health care and implications for

the immunocompromised host. Curr Opin Infect Dis. (2019) 32:348–

55. doi: 10.1097/QCO.0000000000000557

26. Kroneman A, Vega E, Vennema H, Vinjé J, White PA, Hansman G, et al.

Proposal for a unified norovirus nomenclature and genotyping. Arch Virol.

(2013) 158:2059–68. doi: 10.1007/s00705-013-1708-5

27. van Beek J, de Graaf M, Al-Hello H, Allen DJ, Ambert-Balay K, Botteldoorn

N, et al. Molecular surveillance of norovirus, 2005-16: an epidemiological

analysis of data collected from the NoroNet network. Lancet Infect Dis. (2018)

18:545–53. doi: 10.1016/S1473-3099(18)30059-8

28. Parra GI, Squires RB, Karangwa CK, Johnson JA, Lepore CJ,

Sosnovtsev SV, et al. Static and evolving norovirus genotypes:

implications for epidemiology and immunity. PLoS Pathog. (2017)

13:e1006136. doi: 10.1371/journal.ppat.1006136

29. Siebenga JJ, Vennema H, Renckens B, de Bruin E, van der Veer B, Siezen

RJ, et al. Epochal evolution of GGII.4 norovirus capsid proteins from 1995

to (2006). J Virol. (2007) 81:9932–41. doi: 10.1128/JVI.00674-07

30. Siebenga JJ, Vennema H, Zheng DP, Vinjé J, Lee BE, Pang XL, et al. Norovirus

illness is a global problem: emergence and spread of norovirus GII.4 variants,

2001-2007. J Infect Dis. (2009) 200:802–12. doi: 10.1086/605127

31. Cannon JL, Barclay L, Collins NR, Wikswo ME, Castro CJ, Magaña LC, et al.

Genetic and epidemiologic trends of norovirus outbreaks in the united states

from 2013 to (2016). Demonstrated emergence of novel GII.4 recombinant

viruses. J Clin Microbiol. (2017) 55:2208–21. doi: 10.1128/JCM.00455-17

32. Atmar RL, Ramani S, Estes MK. Human noroviruses: recent

advances in a 50-year history. Curr Opin Infect Dis. (2018)

31:422–32. doi: 10.1097/QCO.0000000000000476

33. Parrino TA, Schreiber DS, Trier JS, Kapikian AZ, Blacklow NR. Clinical

immunity in acute gastroenteritis caused by norwalk agent. N Engl J Med.

(1977) 297:86–89. doi: 10.1056/NEJM197707142970204

34. O’Ryan ML, Lucero Y, Prado V, Santolaya ME, Rabello M, Solis Y, et al.

Symptomatic and asymptomatic rotavirus and norovirus infections during

infancy in a chilean birth cohort. Pediatr Infect Dis J. (2009) 28:879–

84. doi: 10.1097/INF.0b013e3181a4bb60

35. Ryder RW, Singh N, Reeves WC, Kapikian AZ, Greenberg HB, Sack RB.

Evidence of immunity induced by naturally acquired rotavirus and norwalk

virus infection on two remote panamanian islands. J Infect Dis. (1985) 151:99–

105. doi: 10.1093/infdis/151.1.99

36. Johnson PC, Mathewson JJ, DuPont HL, Greenberg HB. Multiple-challenge

study of host susceptibility to Norwalk gastroenteritis in US adults. J Infect

Dis. (1990) 161:18–21. doi: 10.1093/infdis/161.1.18

37. Nordgren J, Svensson L. Genetic susceptibility to human norovirus infection:

an update. Viruses. (2019) 11:226. doi: 10.3390/v11030226

38. Atmar RL, Bernstein DI, Lyon GM, Treanor JJ, Al-Ibrahim MS, Graham

DY, et al. Serological correlates of protection against a GII.4 norovirus. Clin

Vaccine Immunol. (2015) 22:923–9. doi: 10.1128/CVI.00196-15

39. Wang X, Wang S, Zhang C, Zhou Y, Xiong P, Liu Q, et al. Development of a

surrogate neutralization assay for norovirus vaccine evaluation at the cellular

level. Viruses. (2018) 10:27. doi: 10.3390/v10010027

40. Ramani S, Neill FH, Opekun AR, Gilger MA, Graham DY, Estes MK, et al.

Mucosal and cellular immune responses to norwalk virus. J Infect Dis. (2015)

212:397–405. doi: 10.1093/infdis/jiv053

41. Richardson C, Bargatze RF, Goodwin R, Mendelman PM. Norovirus virus-

like particle vaccines for the prevention of acute gastroenteritis. Expert Rev

Vaccines. (2013) 12:155–67. doi: 10.1586/erv.12.145

42. Jiang X, Wang M, Graham DY, Estes MK. Expression, self-assembly, and

antigenicity of the norwalk virus capsid protein. J Virol. (1992) 66:6527–

32. doi: 10.1128/JVI.66.11.6527-6532.1992

43. Baric RS, Yount B, Lindesmith L, Harrington PR, Greene SR, Tseng FC,

et al. Expression and self-assembly of norwalk virus capsid protein from

venezuelan equine encephalitis virus replicons. J Virol. (2002) 76:3023–

30. doi: 10.1128/JVI.76.6.3023-3030.2002

44. Fang H, Tan M, Xia M, Wang L, Jiang X. Norovirus P particle

efficiently elicits innate, humoral and cellular immunity. PLoS ONE. (2013)

8:e63269. doi: 10.1371/journal.pone.0063269

45. Guo L, Wang J, Zhou H, Si H, Wang M, Song J, et al. Intranasal

administration of a recombinant adenovirus expressing the norovirus capsid

protein stimulates specific humoral, mucosal, and cellular immune responses

in mice. Vaccine. (2008) 26:460–8. doi: 10.1016/j.vaccine.2007.11.039

46. Cortes-Penfield NW, Ramani S, Estes MK, Atmar RL. Prospects and

challenges in the development of a norovirus vaccine. Clin Ther. (2017)

39:1537–49. doi: 10.1016/j.clinthera.2017.07.002

47. Atmar RL, Bernstein DI, Harro CD, Al-Ibrahim MS, Chen WH, Ferreira J,

et al. Norovirus vaccine against experimental human norwalk virus illness. N

Engl J Med. (2011) 365:2178–87. doi: 10.1056/NEJMoa1101245

48. Ramirez K, Wahid R, Richardson C, Bargatze RF, El-Kamary SS, Sztein

MB, et al. Intranasal vaccination with an adjuvanted Norwalk virus-like

particle vaccine elicits antigen-specific B memory responses in human adult

volunteers. Clin Immunol. (2012) 144:98–108. doi: 10.1016/j.clim.2012.05.006

49. Ball JP, Springer MJ, Ni Y, Finger-Baker I, Martinez J, Hahn J, et al. Intranasal

delivery of a bivalent norovirus vaccine formulated in an in situ gelling dry

powder. PLoS ONE. (2017) 12:e0177310. doi: 10.1371/journal.pone.0177310

50. Lindesmith LC, Donaldson E, Leon J,Moe CL, Frelinger JA, Johnston RE, et al.

Heterotypic humoral and cellular immune responses following norwalk virus

infection. J Virol. (2010) 84:1800–15. doi: 10.1128/JVI.02179-09

51. Parra GI, Bok K, Taylor R, Haynes JR, Sosnovtsev SV, Richardson C,

et al. Immunogenicity and specificity of norovirus consensus GII.4 virus-like

particles in monovalent and bivalent vaccine formulations. Vaccine. (2012)

30:3580–6. doi: 10.1016/j.vaccine.2012.03.050

52. Treanor JJ, Atmar RL, Frey SE, Gormley R, Chen WH, Ferreira J, et al. A

novel intramuscular bivalent norovirus virus-like particle vaccine candidate–

reactogenicity, safety, and immunogenicity in a phase 1 trial in healthy adults.

J Infect Dis. (2014) 210:1763–71. doi: 10.1093/infdis/jiu337

53. Sundararajan A, Sangster MY, Frey S, Atmar RL, Chen WH, Ferreira J,

et al. Robust mucosal-homing antibody-secreting B cell responses induced

by intramuscular administration of adjuvanted bivalent human norovirus-like

particle vaccine. Vaccine. (2015) 33:568–76. doi: 10.1016/j.vaccine.2014.09.073

54. Bernstein DI, Atmar RL, Lyon GM, Treanor JJ, Chen WH, Jiang X,

et al. Norovirus vaccine against experimental human GII.4 virus illness:

a challenge study in healthy adults. J Infect Dis. (2015) 211:870–

8. doi: 10.1093/infdis/jiu497

Frontiers in Immunology | www.frontiersin.org 8 July 2020 | Volume 11 | Article 1383292

https://doi.org/10.1093/infdis/jiv411
https://doi.org/10.1016/j.ajic.2015.04.182
https://doi.org/10.1002/jmv.10346
https://doi.org/10.1371/journal.pmed.1001999
https://doi.org/10.1016/j.idc.2017.07.012
https://doi.org/10.1188/13.ONF.434-436
https://doi.org/10.1016/j.antiviral.2014.02.012
https://doi.org/10.1016/j.ajic.2012.08.002
https://doi.org/10.1371/journal.pone.0151219
https://doi.org/10.1002/jmv.21237
https://doi.org/10.1097/QCO.0000000000000557
https://doi.org/10.1007/s00705-013-1708-5
https://doi.org/10.1016/S1473-3099(18)30059-8
https://doi.org/10.1371/journal.ppat.1006136
https://doi.org/10.1128/JVI.00674-07
https://doi.org/10.1086/605127
https://doi.org/10.1128/JCM.00455-17
https://doi.org/10.1097/QCO.0000000000000476
https://doi.org/10.1056/NEJM197707142970204
https://doi.org/10.1097/INF.0b013e3181a4bb60
https://doi.org/10.1093/infdis/151.1.99
https://doi.org/10.1093/infdis/161.1.18
https://doi.org/10.3390/v11030226
https://doi.org/10.1128/CVI.00196-15
https://doi.org/10.3390/v10010027
https://doi.org/10.1093/infdis/jiv053
https://doi.org/10.1586/erv.12.145
https://doi.org/10.1128/JVI.66.11.6527-6532.1992
https://doi.org/10.1128/JVI.76.6.3023-3030.2002
https://doi.org/10.1371/journal.pone.0063269
https://doi.org/10.1016/j.vaccine.2007.11.039
https://doi.org/10.1016/j.clinthera.2017.07.002
https://doi.org/10.1056/NEJMoa1101245
https://doi.org/10.1016/j.clim.2012.05.006
https://doi.org/10.1371/journal.pone.0177310
https://doi.org/10.1128/JVI.02179-09
https://doi.org/10.1016/j.vaccine.2012.03.050
https://doi.org/10.1093/infdis/jiu337
https://doi.org/10.1016/j.vaccine.2014.09.073
https://doi.org/10.1093/infdis/jiu497
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Esposito and Principi Norovirus Vaccine Development

55. Atmar RL, Baehner F, Cramer JP, Song E, Borkowski A, Mendelman

PM. Rapid responses to 2 virus-like particle norovirus vaccine candidate

formulations in healthy adults: a randomized controlled trial. J Infect Dis.

(2016) 214:845–53. doi: 10.1093/infdis/jiw259

56. Leroux-Roels G, Cramer JP, Mendelman PM, Sherwood J, Clemens

R, Aerssens A, et al. Safety and immunogenicity of different

formulations of norovirus vaccine candidate in healthy adults: a

randomized, controlled, double-blind clinical trial. J Infect Dis. (2018)

217:597–607. doi: 10.1093/infdis/jix572

57. Masuda T, Lefevre I, Mendelman P, Sherwood J, Bizjajeva S, Borkowski

A. Immunogenicity of takeda’s bivalent virus-like particle (VLP) norovirus

vaccine (NoV) candidate in children from 6months up to 4 years of age. Open

Forum Infect Dis. (2018) 5(Suppl. 1):S674. doi: 10.1093/ofid/ofy210.1929

58. Guo L, Zhou H, Wang M, Song J, Han B, Shu Y, et al. A recombinant

adenovirus prime-virus-like particle boost regimen elicits effective and

specific immunities against norovirus in mice. Vaccine. (2009) 27:5233–

8. doi: 10.1016/j.vaccine.2009.06.065

59. Kim L, Liebowitz D, Lin K, Kasparek K, Pasetti MF, Garg SJ, et al.

Safety and immunogenicity of an oral tablet norovirus vaccine, a

phase I randomized, placebo-controlled trial. JCI Insight. (2018)

3:e121077. doi: 10.1172/jci.insight.121077

60. Vaxart. Press Release Details. Vaxart Doses First Patient in Randomized

Cohort of Bivalent Norovirus Vaccine Phase 1b Clinical Trial. Available

online at: https://investors.vaxart.com/news-releases/news-release-details/

vaxart-doses-first-patient-randomized-cohort-bivalent-norovirus. (accessed

August 31, 2019).

61. Blazevic V, Lappalainen S, Nurminen K, Huhti L, Vesikari T. Norovirus VLPs

and rotavirus VP6 protein as combined vaccine for childhood gastroenteritis.

Vaccine. (2011) 29:8126–33. doi: 10.1016/j.vaccine.2011.08.026

62. Lappalainen S, Pastor AR, MalmM, López-Guerrero V, Esquivel-Guadarrama

F, Palomares LA, et al. Protection against live rotavirus challenge in mice

induced by parenteral and mucosal delivery of VP6 subunit rotavirus vaccine.

Arch Virol. (2015) 160:2075–8. doi: 10.1007/s00705-015-2461-8

63. Malm M, Tamminen K, Lappalainen S, Vesikari T, Blazevic V.

Recombinant VP6 nanotubes act as an immunomodulator and delivery

vehicle for norovirus virus-like particles. J Immunol Res. (2016)

2016:9171632. doi: 10.1155/2016/9171632

64. Tamminen K, Lappalainen S, Huhti L, Vesikari T, Blazevic V.

Trivalent combination vaccine induces broad heterologous immune

responses to norovirus and rotavirus in mice. PLoS ONE. (2013)

8:e70409. doi: 10.1371/journal.pone.0070409

65. Malm M, Diessner A, Tamminen K, Liebscher M, Vesikari T,

Blazevic V. Rotavirus VP6 as an adjuvant for bivalent norovirus

vaccine produced in nicotiana benthamiana. Pharmaceutics. (2019)

11:e229. doi: 10.3390/pharmaceutics11050229

66. Kocher J, Bui T, Giri-Rachman E, Wen K, Li G, Yang X, et al. Intranasal

P particle vaccine provided partial cross-variant protection against human

GII.4 norovirus diarrhea in gnotobiotic pigs. J Virol. (2014) 88:9728–

43. doi: 10.1128/JVI.01249-14

67. TanM, Fang P, Chachiyo T, XiaM, Huang P, Fang Z, et al. Noroviral P particle:

structure, function and applications in virus-host interaction. Virology. (2008)

382:115–23. doi: 10.1016/j.virol.2008.08.047

68. Xia M, Tan M, Wei C, Zhong W, Wang L, McNeal M, et al. A candidate

dual vaccine against influenza and noroviruses. Vaccine. (2011) 29:7670–

77. doi: 10.1016/j.vaccine.2011.07.139

69. Wang X, Ku Z, Dai W, Chen T, Ye X, Zhang C, et al. A bivalent virus-

like particle based vaccine induces a balanced antibody response against

both enterovirus 71 and norovirus in mice. Vaccine. (2015) 33:5779–

85. doi: 10.1016/j.vaccine.2015.09.043

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Esposito and Principi. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1383293

https://doi.org/10.1093/infdis/jiw259
https://doi.org/10.1093/infdis/jix572
https://doi.org/10.1093/ofid/ofy210.1929
https://doi.org/10.1016/j.vaccine.2009.06.065
https://doi.org/10.1172/jci.insight.121077
https://investors.vaxart.com/news-releases/news-release-details/vaxart-doses-first-patient-randomized-cohort-bivalent-norovirus
https://investors.vaxart.com/news-releases/news-release-details/vaxart-doses-first-patient-randomized-cohort-bivalent-norovirus
https://doi.org/10.1016/j.vaccine.2011.08.026
https://doi.org/10.1007/s00705-015-2461-8
https://doi.org/10.1155/2016/9171632
https://doi.org/10.1371/journal.pone.0070409
https://doi.org/10.3390/pharmaceutics11050229
https://doi.org/10.1128/JVI.01249-14
https://doi.org/10.1016/j.virol.2008.08.047
https://doi.org/10.1016/j.vaccine.2011.07.139
https://doi.org/10.1016/j.vaccine.2015.09.043
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


REVIEW
published: 07 July 2020

doi: 10.3389/fimmu.2020.01368

Frontiers in Immunology | www.frontiersin.org 1 July 2020 | Volume 11 | Article 1368

Edited by:

Fabio Bagnoli,

GlaxoSmithKline, Italy

Reviewed by:

Andreas L. Lopata,

James Cook University, Australia

Yvonne Paterson,

University of Pennsylvania,

United States

*Correspondence:

Winfried F. Pickl

winfried.pickl@meduniwien.ac.at

Rudolf Valenta

rudolf.valenta@meduniwien.ac.at

Specialty section:

This article was submitted to

Vaccines and Molecular Therapeutics,

a section of the journal

Frontiers in Immunology

Received: 14 February 2020

Accepted: 28 May 2020

Published: 07 July 2020

Citation:

Tulaeva I, Kratzer B, Campana R,

Curin M, van Hage M, Karsonova A,

Riabova K, Karaulov A, Khaitov M,

Pickl WF and Valenta R (2020)

Preventive Allergen-Specific

Vaccination Against Allergy: Mission

Possible? Front. Immunol. 11:1368.

doi: 10.3389/fimmu.2020.01368

Preventive Allergen-Specific
Vaccination Against Allergy: Mission
Possible?
Inna Tulaeva 1,2, Bernhard Kratzer 3, Raffaela Campana 1, Mirela Curin 1,

Marianne van Hage 4, Antonina Karsonova 2, Ksenja Riabova 2, Alexander Karaulov 2,

Musa Khaitov 5, Winfried F. Pickl 3* and Rudolf Valenta 1,2,5,6*

1Division of Immunopathology, Department of Pathophysiology and Allergy Research, Center for Pathophysiology,

Infectiology and Immunology, Medical University of Vienna, Vienna, Austria, 2 Laboratory of Immunopathology, Department of

Clinical Immunology and Allergology, Sechenov First Moscow State Medical University, Moscow, Russia, 3Center for

Pathophysiology, Infectiology and Immunology, Institute of Immunology, Medical University of Vienna, Vienna, Austria,
4Division of Immunology and Allergy, Department of Medicine Solna, Karolinska Institutet, Karolinska University Hospital,

Stockholm, Sweden, 5NRC Institute of Immunology FMBA of Russia, Moscow, Russia, 6 Karl Landsteiner University of Health

Sciences, Krems an der Donau, Austria

Vaccines for infectious diseases have improved the life of the human species in a

tremendous manner. The principle of vaccination is to establish de novo adaptive

immune response consisting of antibody and T cell responses against pathogens

which should defend the vaccinated person against future challenge with the culprit

pathogen. The situation is completely different for immunoglobulin E (IgE)-associated

allergy, an immunologically-mediated hypersensitivity which is already characterized by

increased IgE antibody levels and T cell responses against per se innocuous antigens (i.e.,

allergens). Thus, allergic patients suffer from a deviated hyper-immunity against allergens

leading to inflammation upon allergen contact. Paradoxically, vaccination with allergens,

termed allergen-specific immunotherapy (AIT), induces a counter immune response

based on the production of high levels of allergen-specific IgG antibodies and alterations

of the adaptive cellular response, which reduce allergen-induced symptoms of allergic

inflammation. AIT was even shown to prevent the progression of mild to severe forms of

allergy. Consequently, AIT can be considered as a form of therapeutic vaccination. In this

article we describe a strategy and possible road map for the use of an AIT approach

for prophylactic vaccination against allergy which is based on new molecular allergy

vaccines. This road map includes the use of AIT for secondary preventive vaccination to

stop the progression of clinically silent allergic sensitization toward symptomatic allergy

and ultimately the prevention of allergic sensitization by maternal vaccination and/or early

primary preventive vaccination of children. Prophylactic allergy vaccination with molecular

allergy vaccines may allow halting the allergy epidemics affecting almost 30% of the

population as it has been achieved for vaccination against infectious diseases.

Keywords: vaccine, vaccination, allergy, allergen, allergen-specific immunotherapy, therapeutic vaccine,

molecular allergy vaccine, IgE
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BACKGROUND

Since the classical experiment in which Edward Jenner vaccinated
for the first time with cowpox to protect against smallpox
infections in 1796 much has been achieved not only in the
field of vaccination against infectious diseases (1–3) but also
against cancer (4). With the introduction of vaccines, dramatic
drops of episodes of close to or 100% in the cases of infectious
diseases were noted demonstrating how effective vaccination can
be (4). Vaccination against infectious diseases saves millions of
lives every year and has changed living conditions completely
and eventually has made a major contribution to increased life-
expectancy (3). As far as infectious diseases and cancer are
concerned, the purpose of vaccination is to induce a strong
adaptive immunity at the antibody and T cell level against
pathogens and tumor antigens to protect the vaccinated subject.
Everybody would thus assume that vaccination is only useful
when it is necessary to create a strong immune response in
somebody lacking immunity or at least to enhance the immune
response. Accordingly, there are hardly any vaccination strategies
available for diseases which are characterized by hyper-immunity
such as autoimmune diseases. The main exception is allergen-
specific immunotherapy (AIT) for IgE-associated allergies (5).
AIT is based on the administration of the disease-causing
allergens to induce a “counter immune response” consisting of
allergen-specific IgG antibodies, which block binding of IgE to
the allergens, and alterations in the cellular immune response,
particularly a reduction of allergen-specific Th2 responses (6).

The Allergic Immune Response
Unlike non-allergic individuals, who mount normal IgG
responses upon contact with environmental antigens, allergic
patients produce IgE antibodies against allergens (7, 8). Whether
an individual develops allergen-specific IgE antibodies or not
depends on a large variety of host and environmental factors
including genetic factors predisposing for IgE production as
well as allergen exposure and adjuvant factors to just name a
few (9). IgE antibodies belong to the least abundant class of
immunoglobulins in humans (10). However, IgE can bind to
the high affinity receptor for IgE (FcεRI) on mast cells and
basophils and to the low affinity IgE receptor (CD23) on B
cells and antigen presenting cells. Upon recognition of allergens
by cell-bound IgE the effector cells become activated to release
inflammatory mediators, proteases and cytokines. The activation
of inflammatory cells by IgE-allergen immune complexes thus
leads to allergic inflammation and a variety of allergic symptoms
such as allergic rhinoconjunctivitis, asthma, skin inflammation,
food allergy and life-threatening anaphylactic shock. The term
allergy has been coined by the Viennese pediatrician Clemens
von Pirquet in order to describe exaggerated immune responses
against per se harmless antigens (11). IgE-associated allergy,
also termed immediate type allergy, is the most prevalent and

Abbreviations:Ab, antibody; AIT, allergen-specific immunotherapy; APC, antigen

presenting cell; GMP, Good Manufacturing Practice; HBV, hepatitis B virus;

Ig, immunoglobulin; IL, interleukin; SCIT, subcutaneous immunotherapy; SLIT,

sublingual immunotherapy; VNP, virus-like nanoparticles.

important immunologically mediated hypersensitivity disease
affecting approximately 30% of the population (12).

The first step in the development of allergy is allergic
sensitization which is characterized by the production of
IgE antibodies against allergens shortly after birth (13). The
development of IgE sensitization in early childhood has been
studied recently in great detail in population-based birth
cohorts using micro-arrayed allergen molecules (14, 15). These
studies have analyzed in birth cohorts the development of IgE
sensitization to a large number of respiratory and food allergen
molecules bymicro-array technology during the first two decades
of life (16–23). According to these studies it seems that there is
a time window early in life during which allergic sensitization
can occur (24), whereas adult allergic patients do not change
their IgE reactivity profiles any more (25). In several studies it
was observed that the percentages of sensitized children increase
during the first years of life, but it is not clear whether this is due
to the development of “new sensitizations” during the first years
or whether it is related to the ability to detect allergen-specific IgE
antibodies in serum and plasma during this period.

A recent study observed that IgE sensitization rates were
lower in children from mothers transferring higher levels of
allergen-specific IgG antibodies by cord-blood to their children
than in children whose mothers transmitted lower levels of
specific IgG antibodies (Figure 1) (26). In the latter study,
allergen-specific IgG antibodies of maternal origin could be
traced in the children up to 6 months of life. Assuming that
these IgG antibodies have a protective effect one could suggest
that the first few months in life are the most critical period
for allergic sensitization. This assumption is also supported by
other studies reporting that children born shortly before pollen
seasons became more frequently sensitized to pollen allergens
than children born directly after cessation of the pollen season
(27). In fact, the definition of the early time window during
which allergic sensitization occurs is of great importance when
considering preventive allergen-specific vaccination strategies.

Another important lesson learned from birth cohort studies is
that repeated allergen contact may be needed to boost allergen-
specific IgE production to certain levels so that clinically silent
IgE sensitization can proceed toward allergic symptoms. This is
indicated in Figure 1 by denoting that early in life IgE antibody
production without symptoms (i.e., silent sensitization) may
precede the development of allergic symptoms. In this context,
two birth cohort studies should be mentioned. Westman et al.
noted that at 4 years of life 12.5% of Swedish children had IgE
antibodies against the major birch pollen allergen Bet v 1 but
only 2.5% had allergic symptoms. This changed considerably
when the children had become 16 years of age. Then, 25.4% had
Bet v 1-specific IgE antibodies and the majority (i.e., 17.8%) had
symptoms of birch pollen allergy (17). In a birth cohort study
investigating the development of grass pollen allergy Westman
et al. had similar results. At 4 years of age the vast majority of
children with IgE antibodies against grass pollen allergens did not
yet have symptoms whereas at the age of 16 almost 50% of IgE-
positive children had developed symptoms (23). Furthermore,
progression of mild symptoms toward severe symptoms later in
childhood is common, for example progression of rhinitis toward

Frontiers in Immunology | www.frontiersin.org 2 July 2020 | Volume 11 | Article 1368295

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


Tulaeva et al. Prophylactic Vaccination Against Allergy

FIGURE 1 | Transfer of high maternal allergen-specific IgG antibody levels may protect the off-spring from becoming sensitized and developing allergen-specific IgE

antibodies (A) whereas low maternal allergen-specific IgG levels may predispose for allergic sensitization of the off-spring (B).
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asthma, and it was found that progression of clinically silent IgE
sensitization to allergic symptoms can be predicted earlier in life
based on IgE levels against allergen molecules (17, 21).

Features of AIT
The first AIT study was performed by Leonard Noon in
1911 and demonstrated that immunization with grass pollen
allergen extract improved symptoms of grass pollen allergy (28).
In his classic paper, Noon entertains the idea of performing
active vaccination for the treatment of allergy by referring
to earlier work by Dunbar, who showed in 1903 that one
can reduce symptoms of allergy with anti-sera raised against
pollen allergens and thus showed that passive immunization
is a possible treatment approach for allergy (29). We have
summarized the development of AIT from past to presence in
a recent review article which highlights important steps (30).
They include the demonstration that the induction of allergen-
specific IgG antibodies in the course of AIT blocks IgE binding
to allergens and thus all the downstream effects of allergen-
IgE immune complexes on activating inflammatory immune
cells. The importance of the induction of allergen-specific IgG
blocking antibodies has been demonstrated already very early by
showing that passive transfer of IgG from AIT-treated patients
can suppress allergic skin inflammation (31) up to a recent
elegant study showing that passive administration of allergen-
specific recombinant IgG4 antibodies is effective for treatment
of cat allergy (32). Those forms of AIT, which robustly induce
allergen-specific IgG, as demonstrated in clinical studies, are
most commonly used and considered as effective treatment, in
particular subcutaneous AIT based on adsorbed allergens or
allergen derivatives. The induction of allergen-specific IgG is
considered as a major mechanism of AIT (5, 33) and thus AIT
can be considered as a form of therapeutic vaccination. Themajor
reason why AIT is not fully developed as treatment for allergy is
that current AIT is still based on natural allergen extracts which
are often of poor quality (34). Accordingly, allergen extract-
based AIT is often only partly effective (35, 36) and may induce
side effects in allergic patients because allergen administration
to an allergic subject can induce immediate and late phase
allergic reactions (37, 38). Furthermore, cumbersome treatment
schedules are needed to avoid side effects which strongly reduce
patient’s compliance (39). Therefore, molecular forms of AIT
have been developed (40, 41). Molecular AIT forms are based
on the precise knowledge of the disease-causing allergens of
which many have been characterized in great detail by molecular
cloning in the last 30 years (42).

Molecular Forms of AIT
In this section, we will discuss different molecular forms of
AIT, which could be pursued in clinical trials for preventive
allergen-specific allergy vaccination (Figure 2). Please note that
we have limited the molecular AIT forms to be considered
for prophylactic vaccination to those, which have already been
tested in clinical trials in allergic patients and for which immune
responses obtained in humans upon vaccination have been
studied (9, 41).

Folded Wildtype-Like Recombinant
Allergens
Folded wildtype-like recombinant allergens which mimic all
properties of the naturally occurring allergens are produced
for more than 30 years according to the DNA sequences
of allergens. The wildtype-like recombinant allergens contain
the IgE and T cell epitopes of the corresponding natural
allergens. It is known from subcutaneous injection AIT (SCIT)
trials performed with a mixture of recombinant grass pollen
allergens and with recombinant major birch pollen allergen
Bet v 1 that vaccination induces allergen-specific IgG antibodies
which inhibit IgE binding to the allergen (43, 44). However,
immunization with wildtype-like recombinant allergens also
induces allergen-specific IgE antibody responses leaving the
concern that they may boost allergen-specific IgE responses
if they are used for secondary preventive vaccination or that
they may even induce IgE sensitization if they are used for
primary preventive vaccination in not yet sensitized subjects.
This concern may be mitigated by the fact that studies showing
that AIT can reduce the progression of allergic rhinitis to asthma
in children were conducted by SCIT with natural allergens
(45). Results from trials using sublingual immunotherapy (SLIT)
with natural allergen extracts to prevent the progression of
clinically silent IgE sensitization to allergic symptoms have been
inconclusive (46, 47). The reason for this may have been that
SLIT approaches are rather ineffective in inducing allergen-
specific IgG responses as compared to SCIT (48). Accordingly,
SCIT with folded wildtype-like recombinant allergens may, in
principle, be considered for preventive vaccination but other
molecular AIT forms with reduced risk for allergic sensitization
may be preferred.

Recombinant and Synthetic Hypoallergens
Recombinant and synthetic hypoallergens are hypoallergenic
allergen derivatives with reduced IgE reactivity but preserved T
cell epitopes (49). Hypoallergens differ from the corresponding
wild-type allergens by modifications of their structure reducing
their IgE reactivity as compared to the wildtype allergens. Thus,
they have a reduced ability of inducing IgE-mediated allergic
inflammation. However, the primary sequence of hypoallergens
is almost unaltered in comparison to the wildtype allergens
so that sequential T cell epitopes remain preserved and they
can induce allergen-specific T cell activation. Already in the
first clinical trial which has been performed with recombinant
hypoallergenic allergen derivatives of the major birch pollen
allergen Bet v 1, it has been shown that vaccination with such
derivatives induces allergen-specific IgG blocking antibodies
(50). However, immunization with hypoallergens can also boost
allergen-specific IgE responses and due to the preservation of
allergen-specific T cell epitopes may induce late-phase, T cell-
mediated side effects in allergic patients (51).

Recombinant hypoallergenic fragments of Bet v 1 have been
recently evaluated in a double-blind, placebo-controlled clinical
study performed in non-allergic subjects for a period of 2 years
(52). It was found that vaccination with recombinant Bet v 1
fragments induced continuously growing IgG responses which

Frontiers in Immunology | www.frontiersin.org 4 July 2020 | Volume 11 | Article 1368297

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


Tulaeva et al. Prophylactic Vaccination Against Allergy

FIGURE 2 | Molecular allergy vaccines which may be used for prophylactic vaccination and their features. Effects on IgE, IgG, and T cell responses upon

administration are indicated. From left to right: Folded, wildtype-like recombinant allergens contain allergen-specific IgE, IgG, and T cell epitopes and may boost these

responses upon immunization. Recombinant hypoallergens show reduced IgE reactivity but upon vaccination may induce allergen-specific IgE, IgG, and T cell

responses. T cell epitope-containing peptides lack IgE and IgG reactivity and accordingly target T cells without inducing IgE or IgG responses. Virus-like nanoparticles

can be produced to contain shielded allergens lacking IgE reactivity but may induce IgG and T cell responses. B cell epitope-based peptide carrier vaccines lack

allergen-specific IgE and T cell reactivity and induce allergen-specific IgG responses without boosting allergen-specific IgE and T cell responses.

could prevent allergic patients’ IgE binding to Bet v 1. Thus,
this vaccine induced a protective IgG response. Although the
induction of allergen-specific IgE responses was noted in subjects
receiving recombinant Bet v 1 fragments, no allergic sensitization
occurred because skin tests performed with Bet v 1 remained
negative which may be attributed to the much higher induction
of blocking IgG as compared to IgE. Accordingly, recombinant
hypoallergenic allergen derivatives may be considered for
prophylactic vaccination and there is evidence that vaccination
of non-allergic subjects is safe. Yet the concern remains that also
hypoallergens may induce allergen-specific IgE responses and
thus allergic sensitization and that they may expand allergen-
specific T cell responses due to the fact that allergen-specific T
cell epitopes are preserved in these derivatives.

T Cell Epitope-Containing Peptides
Allergen-derived T cell epitope-containing peptides are relatively
short synthetic peptides of ∼12–20 amino acids in length
comprising T cell epitopes without any IgE reactivity (53).
From AIT trials performed with such peptides it is known
that depending on the applied dose and regimen they may
induce T cell activation and eventually T cell tolerance (54, 55).
Due to the fact that these peptides are very short they do
not induce allergen-specific IgG blocking antibodies and hence
will be not useful for prophylactic vaccination. However, they

may be used for allergen-specific primary prevention by the
induction of T cell tolerance (56). It may be envisaged that
such peptides could be injected or even become applied by
the oral route to induce profound tolerance of the adaptive
immune system but this cannot be considered as prophylactic
vaccination which should induce protective allergen-specific IgG
antibodies. Challenges for approaches using T cell epitope-
containing peptides for primary tolerance induction are to
combine mixtures of peptides comprising all relevant allergens
and MHC diversity of the subjects to be treated and the
development of protocols for administration ensuring robust and
sustained tolerance induction.

Virus-Like Nanoparticles (VNP) Containing
Shielded Allergens
In the first type of virus-like particle approaches allergen
molecules were coupled chemically (57–59) and also by specific
linker systems to virus-like particles produced by recombinant
expression (60). This procedure yielded vaccines with reduced
allergenic activity and ability to induce allergen-specific IgG
responses. A vaccine consisting of a peptide derived from the
major house dust mite allergen Der p 1 coupled to virus-
like particles even has been subjected to clinical testing in
non-allergic subjects and was found to induce allergen-specific
IgG responses (61). However, the virus-like particle coupled
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allergens appeared as random conjugates and might even occur
as large oligomers. Thus, they were difficult to produce under
controlled conditions, which is required for clinical use and drug
development. Recently, an alternative approach for engineering
virus-like nanoparticles (VNP) was reported. In the VNPs,
allergen-encoding cDNA is fused to virus-encodingDNA (Matrix
protein, p15MA) (62) or to a glycosyl-phosphatidyl inositol
anchor acceptor sequence (63) to be expressed either inside
or outside of VNPs, respectively (64). In a mouse model of
mugwort pollen allergy (65) such particles were successfully used
for prophylactic vaccination (66) but so far there is no experience
with VNPs in clinical AIT studies in patients and this approach
therefore needs to be further developed.

Carrier-Bound B Cell Epitope-Containing
Peptide Vaccines
Carrier-bound B cell epitope-containing peptides are a further
improvement of recombinant hypoallergens (38, 67, 68). In
order to reduce side effects due to activation of allergen-
specific T cells, allergen-specific T cell epitopes were reduced
as much as possible and replaced by carrier proteins which
are not derived from allergens but from viruses. Virus-derived
proteins chosen were from rhinovirus and lastly from hepatitis
B virus (HBV) with the intention of obtaining not only T
cell help but also of eventually inducing a useful antiviral
immunity (69, 70). The currently most advanced candidate
vaccines use HBV-derived PreS protein as a carrier protein to
which non-allergenic peptides derived from the IgE binding
sites of allergens are fused (71–74). Thus, carrier-bound B cell
epitope-containing vaccines can focus blocking IgG antibodies
toward the IgE binding sites of allergens. The vaccine candidates
can be produced in consistent quality satisfying GMP standards
required for modern vaccine production because they can be
expressed as recombinant fusion proteins in Escherichia coli in
large quantities in a very cost-effective manner. Carrier-bound
B cell epitope-containing peptide vaccines have been developed
for several important allergen sources including pollen from
trees, grasses, weeds, cats, house dust mites to name a few
(68). These molecules have been characterized regarding their
structural and immunological features in vitro and in vivo in
animal models regarding their ability to induce IgG antibody
responses which can block allergic patient’s IgE binding to
the natural allergens (75). Thus, the technology seems to be
applicable to all known allergen sources. The carrier-bound B
cell epitope-containing peptide vaccine made for grass pollen
allergy, termed BM32 has been characterized best (73) and several
clinical trials have been conducted or are ongoing with BM32
(76–78). Table 1 provides an overview of the clinical studies with
BM32 or components thereof. In particular, the table displays
the clinical trial numbers by referring to the official clinical trial
database, the design of the studies and major findings made in
these studies together with references to papers describing the
clinical results.

Starting with the safety evaluation of BM32 by skin
testing (76) and in the subsequent AIT studies (77, 78), it
was confirmed that BM32, due to abolished IgE reactivity,

did not induce immediate type allergic reactions and there
were only few and mild late-phase reactions due to the
reduction of allergen-derived T cell epitopes. BM32 induced
high levels of allergen-specific IgG antibodies which inhibited
IgE binding to the grass pollen allergens and grass pollen
allergen-induced basophil activation, immediate type allergic
inflammation and allergen-induced T cell activation. Of note,
much fewer injections of BM32 were equally effective compared
to multiple injections with allergen extract-based vaccines (79).
Patients tolerated high doses of BM32 so that few (i.e., 3–
5) pre-seasonal injections in the first treatment year were
sufficient to build up a strong blocking IgG antibody response
and achieving a reduction of grass pollen allergen-induced
symptoms of >25% over placebo (78). Importantly, it was
noted that the allergen-specific blocking IgG response could
be boosted to the original levels by only one booster injection
(78). Allergen-specific IgG induced in the vaccinated patients
not only reduced symptoms of grass pollen allergy but also
prevented boosts of allergen-specific IgE production upon grass
pollen allergen exposure during the pollen season, which led
to a reduction of allergen-specific IgE levels in the treated
patients (78).

Three more important observations were made in the clinical
trials with BM32: First, BM32 induced allergen-specific IgG
and in particular a continuously growing allergen-specific IgG4

response without boosting allergen-specific IgE as it is observed
for all other AIT vaccines (80). Second, BM32 did not boost
T cell and inflammatory cytokine responses specific for grass
pollen allergens and thus seems to have no priming effect
on allergen-specific T cell responses (80). Third, it was found
that BM32 induced also IgG antibodies against HBV, which
blocked the infection of in vitro cultured liver cells and thus
it seems that BM32 also protects against HBV infection (81).
For this reason there is currently another clinical study ongoing
which investigates if BM325, a component of BM32, can induce
protective HBV immune responses in subjects who have not
been vaccinated against HBV and in subjects who belong to
the 10–20% of non-responders to currently used S protein-
basedHBV vaccines (Table 1; ClinicalTrials.gov: NCT03625934).
Furthermore, this trial also investigates if BM325 induces a
therapeutic anti-HBV immune response in patients with chronic
HBV infections. This study is interesting because it has enrolled
subjects who are not allergic to grass pollen and it will thus be
possible to study if BM325 is safe in non-allergic individuals and
does not induce allergic sensitization. At present, BM32 has been
evaluated in several phase II studies and an optimal dose and
vaccination protocol has been established so that the vaccine is
ready for a phase III trial which may provide the data required
for the registration of the vaccine in Europe.

Due to the encouraging results obtained for BM32 in the
clinical studies and some unique features which identify
this vaccine as an excellent candidate for prophylactic
vaccination we are considering BM32 and carrier-bound B
cell epitope-containing peptide vaccines as suitable candidates
for prophylactic vaccination against allergy. Next, we will briefly
summarize and discuss these characteristics in light of potential
use for preventive allergen-specific vaccination.
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TABLE 1 | Clinical trials with recombinant B cell epitope-based peptide carrier vaccines.

Name of the

study

Designation in the ClinicalTrials.gov

database of privately and publicly funded

clinical studies conducted around the world

No of

patients

Design Major findings References

Skin test

study of

BM32

NCT01350635 60 Interventional, non-randomized,

open-label

BM32 does not induce

immediate or

late-phase allergic skin

inflammation and may

be safe for vaccination

(76)

Phase II:

Safety and

dose finding

trial of BM32

in subjects

suffering from

grass pollen

allergy

NCT01445002 70 Prospective, randomized,

double-blind, placebo-controlled,

single center. Pollen exposure

chamber

BM32 is well-tolerated;

reduced allergic

symptoms upon

provocation with grass

pollen by inducing

allergen-specific IgG

blocking antibodies.

BM32 does not boost

allergen-specific IgE

production

(77)

Phase II field

study of grass

pollen allergy

vaccine

BM32

NCT01538979 181 Prospective, randomized,

double-blind, placebo-controlled,

parallel-group field study. One

baseline year followed by 2 years

of treatment

Injections of BM32

induced

allergen-specific IgG,

improved clinical

symptoms of grass

pollen allergy over two

seasons and were

well-tolerated. The

optimal dose for BM32

was determined to be

20 µg per BM32

component/injection

(78)

Effect of

different

pre-seasonal

BM32

dosings on

the induction

of a protective

allergen-

specific IgG

response

NCT02643641 130 Prospective, randomized,

double-blind, placebo-controlled,

mono-centric, combination of

pollen chamber and field study

Five injections of a mix

of 20 µg of each BM32

component induced

the best blocking IgG

antibody response

compared to three and

four injections

Study to

evaluate

induction of

HBV virus

neutralizing

antibodies

using VVX001

(i.e., BM325)

NCT03625934 84 Double-blind, randomized,

placebo-controlled, multicenter

study. Evaluation of the effects of

VVX001 (i.e., BM325) to elicit a

protective IgG immune response in

vaccine naive subjects, in subjects

who failed to demonstrate

seroconversion after treatment

with a licensed hepatitis B vaccine

and in patients chronically infected

with HBV

Ongoing

Besides HBV-related

endpoints, the study

will provide information

about safety in

non-allergic subjects,

induction of

allergen-specific IgG

responses and IgE

sensitization capacity

UNIQUE FEATURES OF RECOMBINANT B
CELL EPITOPE-BASED PEPTIDE CARRIER
VACCINES PREDISPOSING THEM FOR
PREVENTIVE ALLERGEN-SPECIFIC
ALLERGY VACCINATION

The recombinant B cell epitope-based peptide carrier vaccine
for AIT of grass pollen allergy, BM32, has undergone extensive

evaluation in clinical studies (Table 1). In the AIT studies,
patients tolerated high doses of BM32 without experiencing
severe immediate or late-phase allergic reactions. Few doses
(i.e., 3–5 subcutaneous injections) induced allergen-specific IgG
antibody responses directed toward IgE epitopes of the natural
allergens. BM32 thus can focus blocking IgG responses against
the epitopes on natural allergens involved in allergic sensitization.
Due to replacement of allergen-specific T cell epitopes by carrier-
specific T cell epitopes, BM32 showed a strongly reduced or no
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stimulation of allergen-specific T cell responses (80) and One
may therefore expect that upon preventive vaccination early in
life the vaccine will not prime T cells for allergic sensitization
but induce allergen-specific IgG. Unlike all other allergen extract-
based AIT vaccines, BM32 did not boost allergen-specific IgE
responses and it might be assumed that the vaccine will not
boost allergen-specific IgE responses when used for secondary
preventive vaccination to prevent the transition of clinically silent
sensitization toward allergic symptoms. Furthermore, it is likely
that the vaccine will not induce allergic sensitization when used
for primary preventive vaccination in non-allergic subjects. Only
few vaccinations of BM32 were needed to induce strong allergen-
specific blocking IgG response, which could be boosted by a
single injection. Thus, it should be possible to induce in mothers
or children early after birth a robust basic blocking IgG response,
which can be boosted by single injections whenever needed. It has
been shown that due to the use of the HBV-derived PreS protein
as carrier protein in BM32, the latter induced also a protective
immune response against HBV infections. Thus, the vaccine may
not only be useful for prophylactic allergy vaccination but also for
HBV vaccination.

Recombinant B Cell Epitope-Based
Peptide Carrier Vaccines for Secondary
and Primary Preventive Allergy Vaccination
Here we consider three possible scenarios for prophylactic allergy
vaccination (Figures 3, 4), which prevent either the progression
of clinically silent IgE sensitization toward symptoms of allergy
or even allergic sensitization. Together these strategies may
allow eradicating the occurrence of severe forms of allergy
on a population basis. Pre-requisites for these approaches
are that the most important allergen molecules (i.e., most
frequently recognized allergens with high allergenic activity)
can be defined for a given population which is intended
to be vaccinated and that recombinant B cell epitope-
based peptide carrier vaccines can be formulated for these
allergen molecules.

The analysis of IgE sensitization profiles toward
comprehensive panels of micro-arrayed allergen molecules
in population-based birth cohorts has shown that a handful of
important allergen molecules can be defined for the formulation
of such prophylactic vaccines (22). For this purpose it will only
be necessary to define the molecular IgE sensitization profiles
for different populations and countries in the world with an
already existing technology of molecular diagnosis (14, 82). For
many important respiratory allergen molecules, recombinant
B cell epitope-based peptide carrier vaccines have already been
pre-clinically characterized and it seems that the technology is
broadly applicable to all types of allergens including also food
and venom allergens (68). Nevertheless, we have focused in this
article on inhalant allergies for several reasons: First, inhalant
allergies are more than 10-fold more prevalent than food allergies
and it will therefore be very difficult to conduct preventive AIT
studies because very large numbers of study subjects will be
needed to visualize if an allergen-specific preventive intervention

is effective. Second, most of the progress regarding molecular
immunotherapy strategies has been made in the field of inhalant
allergies whereas relatively few candidate molecules are available
for food allergy. Third, class 1 food allergens contain often
sequential IgE epitopes and it may be technically more difficult
to create non-sensitizing allergen derivatives for prevention.
However, the strategy described in our perspective article will be
fully applicable also for food allergy.

Since the underlying mechanisms of action of different
recombinant B cell epitope-based peptide carrier vaccines
have been shown to be identical (i.e., induction of allergen-
specific blocking IgG responses), it will be easy to formulate
the individual components separately and then mix them
by taking into account the IgE recognition profiles of the
different populations. The technology applied for BM32
currently is based on the adsorption of the four individual
components onto aluminum hydroxide followed by mixing
of the four adsorbates (73). Accordingly, such mixes can
be formulated also for other components from unrelated
allergen sources with this technology. Furthermore, it
should be possible to combine peptides from different
allergen molecules in single fusion proteins, which should
allow reducing the number of components needed for
allergy vaccines, which protect against several different
allergen sources.

However, for many countries few important allergen sources
can already be defined for prophylactic allergy vaccination. For
example, birch pollen and cat allergies dominate in Scandinavia
and Russia (17, 20, 83). A prophylactic birch pollen allergy
vaccine would require only one allergen component, i.e., the
major birch pollen allergen, Bet v 1 and a cat vaccine would
be based primarily on the major cat allergen, Fel d 1. House
dust mite allergy is by far the most important allergy affecting
more than 20% of the population in Asia, Australia and
many other parts of the world (84, 85). For house dust mites
a cocktail of only 6 important allergen molecules has been
defined, comprising Der p 1, Der p 2, Der p 5, Der p 7,
Der p 21, and Der p 23 (86, 87). In Middle and Southern
Europe and America grass pollen allergy dominates (88) and
can be approached with BM32. In the Mediterranean area olive
pollen and certain weeds such Parietaria are common requiring
hyposensitization with Ole e 1 and Par j 1 as well as Par j 2
(89, 90), respectively. In Eastern Europe and parts of the USA
ragweed dominates and mugwort pollen is important in Central
Asia (91, 92).

With the available technology of recombinant B cell epitope-
based peptide carrier vaccines it is thus immediately possible
to explore concepts of prophylactic vaccination for major
allergen source in certain of these countries/continents in
proof of principle clinical trials. However, for each of the
B cell epitope-based peptide carrier vaccines experience must
be collected in therapeutic AIT trials as an initial step
before prophylactic vaccination can be considered (Figure 5,
Table 2). Below, we will discuss three different approaches for
prophylactic allergy vaccination (Box 1: Secondary prevention,
primary prevention).
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FIGURE 3 | Secondary prevention. Prophylactic vaccination to prevent the transition from clinically silent IgE sensitization to the development of allergic symptoms.

Children showing allergen-specific IgE reactivity are vaccinated in order to induce and maintain the production of blocking allergen-specific IgG antibodies to prevent

the development of allergic symptoms.

Secondary Prevention: Prevention of the
Progression of Silent IgE Sensitization
Toward Symptoms
Data obtained by longitudinal testing of children in population-
based birth cohorts with micro-arrayed allergen molecules have
shown that at the age of 4–6 years the majority of children have
only clinically silent IgE sensitizations to respiratory allergens
that later in life progress to symptoms of allergy (17, 23). IgE
levels associated with clinically silent IgE sensitization are usually
low and it seems that threshold IgE levels for silent sensitization
and symptomatic allergy can be defined (83). Furthermore, these
studies have demonstrated that allergen-specific IgE reactivity
patterns and levels measured early in life (i.e., at ages of 4–6 years)
are useful to predict the progression toward symptoms of allergy
(17, 22). Accordingly, these birth cohort studies have indicated
that one can identify children with clinically silent sensitization
at early age, who have an increased risk for becoming allergic
later in life. It is thus possible to identify children to prevent the
progression of silent IgE sensitization toward allergic symptoms
by secondary preventive allergen-specific vaccination (Figure 3).
Practically, it can be imagined that such children are identified
with serological tests detecting IgE responses to a comprehensive
panel of micro-arrayed allergen molecules and to vaccinate these
childrenwith B cell epitope-based peptide carrier vaccines against
the relevant allergens. Proof of principle clinical studies could
be double-blind, placebo-controlled studies, in which one group
of children receives active vaccination whereas a control group
is treated with placebo. Taken into consideration the knowledge
that >3 years treatment is required to achieve long-term clinical

benefits by AIT after discontinuation of treatment (93) one
could envisage that the prototype studies would comprise 3
years of treatment and a follow-up period of another 2 years.
Already during treatment and in the follow up-period one
would record the appearance of allergic symptoms in the two
groups as clinical endpoint, safety and measure the induction
of allergen-specific IgG blocking antibodies and IgE sensitization
as immunological surrogate markers (Table 2). The advantage of
the B cell epitope-based peptide carrier vaccines is that only few
vaccinations are necessary to build up and maintain the blocking
IgG antibody response. Furthermore, it has been shown for
the grass pollen allergy vaccine BM32 that vaccination-induced
IgG reduces the boost of allergen-specific IgE antibodies during
pollen seasons (78). One may therefore hope that this will also
occur in a secondary prevention study and that allergen-specific
IgE levels will be kept below the threshold level for symptoms
whereas allergen-specific IgG is increased in vaccinated children
(Figure 3).

However, one needs to bear in mind that the approach of
secondary prevention will require continuous treatment during
life because IgE sensitization has already occurred in the target
population and upon decline of protective IgG antibody levels
allergen-specific IgE and associated symptoms may appear.

Primary Prevention by Prenatal Maternal
Allergen-Specific Vaccination
Several lines of evidence suggest that primary preventive
allergen-specific vaccination against allergy can be achieved by
maternal vaccination. First of all, it has been demonstrated in
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FIGURE 4 | Primary prophylactic allergy vaccination. (A) Pre-natal vaccination of mothers should induce the basic production of allergen-specific blocking IgG

antibodies which are then increased by a booster injection administered in the third trimester to transfer high levels of protective allergen-specific IgG to the child to

prevent allergic sensitization postnatally. (B) Early post-natal prophylactic vaccination. Children receive early postnatal allergy vaccination to build up and maintain a

protective allergen-specific IgG response to prevent allergic sensitization.

several experimental animal studies that maternal immunization
can suppress allergic sensitization of the off-spring (94–97).
Second, it was shown that that the protective effect is mainly
mediated by the transfer of allergen-specific IgG antibodies
in models of passive immunization (98–101). Third, there is

evidence from clinical experience that AIT of pregnant women
can protect the children from allergen-specific IgE sensitization
(102) and IgG1 and IgG4 antibodies induced in pregnant women
by AIT were found to be transmitted to the child and could
be detected in cord blood (103). Finally, a recent study has
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FIGURE 5 | Possible path toward prophylactic vaccination with molecular allergy vaccines. Shown are systematic steps toward primary prophylactic allergy

vaccination. Molecular allergy vaccines which have proven to be safe and to induce allergen-specific IgG responses without boosting IgE responses can be further

evaluated in step 1 which comprises vaccination of non-allergic subjects to demonstrate that the vaccine is safe and does not induce allergic sensitization. In step 2,

these vaccines will be evaluated for their ability to prevent the transition of clinically silent sensitization toward allergic symptoms by secondary prevention.

Furthermore, it can be studied if prenatal vaccination of mothers can prevent the development of allergic sensitization in children by blocking IgG antibodies

transferred from the mother to the child. As step 3, early postnatal vaccination may be considered to prevent the development of allergic sensitization in children.

indicated that high levels of natural maternal allergen-specific
IgG antibodies may protect against allergic sensitization in the
children when they were followed up until the age of 5 years in a
birth-cohort study (26).

The concept of maternal vaccination is in fact quite well-
accepted in the field of infectious diseases. Maternal vaccination
is considered particularly in the field of influenza (104, 105),
group B streptococcus diseases (106), pertussis (107), and several
other infectious diseases as safe and effective (108–110).

Practically one could consider maternal vaccination with
recombinant B cell epitope-based peptide carrier vaccines once
it has been demonstrated that the vaccine does not induce
allergic sensitization and is safe in non-allergic subjects but
induces high levels of allergen-specific IgG blocking antibodies
(Figures 4A, 5, Table 2). There is currently no reliable marker
which would safely predict if children from certain parents will
develop allergic sensitization to a particular allergen molecule.
Therefore, proof of principle studies investigating if primary
allergy prevention by maternal vaccination will not require pre-
selection of the participating mothers. Such studies should be
performed in populations in which sensitizations to certain
allergens are very common and suitable vaccines for these
molecules should be available. For example, preventive studies
for grass pollen allergy could be performed with BM32 in Middle
Europe, vaccination against birch pollen allergy could be done
with a hypoallergenic Bet v 1 variant in Russia and Scandinavia
and preventive vaccination against house dust mite allergy in
large parts of Asia. Such proof of principle studies could enroll
women with a wish of having children by administering to them
a course of basic vaccinations to build up allergen-specific IgG

responses and once they become pregnant, allergen-specific IgG
could be boosted up with a single booster injection given in
the third trimester. Such a proof of principle study could be
conducted as double-blind, placebo-controlled study by having
a group of mothers who receives active vaccination and one
which receives placebo. The occurrence of IgE sensitization and
of allergic symptoms in children followed up during the first
few years (e.g., 3–5 years) would be important endpoints of
the study (Table 2). The transmission of allergen-specific IgG
from the mother to the child and the development of the child’s
own allergen-specific antibody responses could be measured by
analyzing capillary blood samples using allergen micro-arrays as
reported recently (26).

The major hope and expectation with the approach of
maternal vaccination would be that it can prevent allergic
sensitization of the child without requiring further vaccination
of the children. However, this has to be demonstrated in proof of
principle clinical studies.

Primary Prevention by Early Post-natal
Allergen-Specific Vaccination
In order to achieve primary allergy prevention by early postnatal
vaccination, immunization needs to be done before allergic
sensitization has taken place. Otherwise the approach would
qualify only as a secondary preventive approach (Box 1). Thus,
children would need to be vaccinated shortly after birth to
build up a blocking allergen-specific IgG response to prevent
allergic sensitization. In the case of prophylactic vaccines for
infectious diseases the goal is to establish a specific B cell
memory which is activated upon infection and will protect
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TABLE 2 | Possible path toward prophylactic vaccination with molecular allergy vaccines.

Step Type of study Possible study endpoints Possible favorable outcomes

Step 0 Therapeutic vaccination of

allergic patients

Safety. Induction of allergen-specific IgG

blocking antibodies. Boosting of

allergen-specific IgE responses. Induction of

allergic sensitization

Reduction of symptoms

Safe

Induction of high levels of allergen-specific IgG without boosting

allergen-specific IgE production. No induction of clinically relevant

allergic sensitization. Reduction of symptoms

Step 1 Vaccination of non-allergic

subjects

Safety. Induction of allergen-specific IgG

blocking antibodies. Induction of allergic

sensitization. Appearance of symptoms of

allergy

Safe

Induction of high levels of allergen-specific IgG inhibiting allergic

patients IgE binding to allergens. No induction of clinically relevant

allergic sensitization

Step 2 Secondary preventive

vaccination of sensitized

children

Safety. I Prevention of transition of mild allergic

symptoms toward severe symptoms. Effects

on symptoms

II. Prevention of transition of clinically silent IgE

sensitization to symptoms. Development

of symptoms

Safe. I. Prevention of progression of mild toward severe symptoms

II. Prevention of progression of clinically silent IgE sensitization to

symptoms of allergy

Step 2 Prenatal vaccination of

mothers

Safety. Induction of allergen-specific IgG in

mothers. Prevention of allergen-specific IgE

sensitization in off-springs

Safe

Induction of allergen-specific IgG in mothers. Prevention of

allergen-specific IgE sensitization in off-springs

Step 3 Early postnatal primary

preventive vaccination of

not yet sensitized children

Safety. Prevention of allergen-specific IgE

sensitization. Induction of allergen-specific IgG

Safe

Induction of allergen-specific IgG capable of inhibiting IgE binding

to allergen. No induction of clinically relevant allergic sensitization.

Prevention of allergen-specific IgE sensitization

BOX 1 | De�nitions relevant to approaches for allergy vaccination.

Therapeutic vaccination: Allergen-specific immunotherapy (AIT)

SCIT: Subcutaneous allergen-specific immunotherapy

SLIT: Sublingual allergen-specific immunotherapy

Secondary prevention: Prevention of progression of mild symptoms to severe

disease

Secondary prevention: Prevention of progression of clinically silent

sensitization to symptoms

Primary prevention: Prevention of IgE sensitization

Recombinant peptide-carrier allergy vaccine: Recombinant allergy vaccine

consisting of a non-allergen-derived carrier molecule and non-allergenic

peptides derived from the IgE binding sites of the allergen.

ideally life-long. Regarding allergy, the goal is to prevent allergic
sensitization which according to birth cohort studies occurs
only early in childhood whereas allergen contact later in life
does not induce allergic sensitization. It therefore does not
seem to be important to generate B cell memory which can be
activated by allergen contact later in life but to keep protective
allergen-specific antibodies high during early life when allergic
sensitization occurs.

While there is evidence for a genetic predisposition for
becoming sensitized toward particular allergen molecules
depending on the HLA background (9, 65), there are currently
no definitive markers which would allow to safely define children
who are at risk of becoming sensitized against a particular
allergen. Accordingly, there will be no possibilities to select
children for a proof-of-principle study for primary preventive
vaccination. However, the study would need to be performed

in populations in which certain allergies are highly prevalent
as has been described for maternal vaccination. In such a
proof-of-principle study children would receive shortly after
birth a course of vaccinations with B cell epitope-based peptide
carrier vaccines made for allergens which are highly prevalent
in the population to build up an allergen-specific IgG blocking
antibody response (Figure 4B). This IgG response should be
maintained by booster injections for a period of ∼3 years which
is the preferred time for AIT studies to build up sustained
IgG responses. The study should include a placebo group
receiving only adjuvant and thus would be designed as double-
blind, placebo-controlled study (Table 2). During the 3 years of
vaccination and during a follow up period of ∼2 to 3 years
thereafter children would bemonitored to study the development
of IgE sensitizations and allergic symptoms and to monitor
allergen-specific IgG antibody responses in addition to a careful
safety assessment (Table 2). Ideally, the study would show that
primary preventive vaccination of the children is safe, induces an
allergen-specific IgG blocking antibody response and specifically
prevents allergic sensitization.

A POSSIBLE PATH TOWARD PREVENTIVE
ALLERGEN-SPECIFIC ALLERGY
VACCINATION

In Figure 5, we suggest a possible path toward prophylactic
vaccination with molecular allergy vaccines which involves
different steps to ensure safety and demonstration of feasibility.
We argue that molecular allergy vaccines which are considered
for prophylactic vaccination should be evaluated initially in
therapeutic AIT studies in allergic patients (Figure 5, step 0).
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Such studies will provide information regarding the safety of
these vaccines in allergic patients and it can be assessed if the
vaccines induce desired allergen-specific blocking IgG responses
with low or no boosting of allergen-specific IgE responses.
Furthermore, it can be determined if the allergen-specific IgG
antibodies indeed block allergic patients’ IgE binding to the
allergens and provide a beneficial clinical effect.

In a next or parallel step to therapeutic AIT, the vaccines
should be evaluated in a clinical study in non-allergic adult
subjects to investigate if the vaccine is also safe in non-allergic
patients. In particular it has to be studied if the vaccine induces
any relevant allergic sensitization as has been done in a recently
published study (52) (Figure 5, step 1, Table 2). Allergen-specific
IgG antibodies will be tested for their ability to block allergic
patients’ IgE binding to the allergen and the kinetics of their
induction, their levels and how long they persist will be analyzed
to facilitate the planning of preventive studies.

After step 0 and 1, data should be available to plan secondary
preventive studies which are thought to investigate if vaccination
can prevent the progression of clinically silent IgE sensitization
toward allergic symptoms and/or the progression of mild
symptoms such as rhinitis toward severe ones, e.g., asthma.
These studies will benefit much from the experience collected
in the therapeutic AIT studies because they represent a logic
continuation of the therapeutic studies. In fact, it is quite likely
that secondary prevention will be much more safe and effective
than therapeutic AIT because these approaches will prevent
the occurrence of severe allergic symptoms. Thus, one has to
consider that it will be much more difficult to treat allergic
subjects with already existing severe allergic symptoms than
subjects with no or mild symptoms because side effects may
be much less frequent, if any, in the latter group of subjects.
Data from studies analyzing vaccination of non-allergic subjects
will inform about the IgE sensitization capacity of the vaccines
and hence will provide important information for secondary
preventive approaches because any boosting of IgE responses in
IgE sensitized subjects without clinical symptoms or in subjects
with mild allergy would be unintended.

Furthermore, steps 0 and 1 will be important prerequisites
for primary maternal vaccination because maternal vaccination
will be performed ultimately in mothers who are allergic or
not sensitized. Regarding vaccination of allergic mothers it is
important that the safety of the vaccine in allergic patients has
been demonstrated in AIT studies whereas for vaccination of
non-allergicmothers it will be important to know that the vaccine
does not induce relevant allergic sensitization.

Since early postnatal allergen-specific vaccination of not
sensitized children involves very young children and requires
experience with the intended vaccine regarding safety and lack
of sensitization capacity we suggest to consider it as the last step
(i.e., step 3) after therapeutic AIT studies (step 0), vaccination
of non-allergic adults (step 1), secondary preventive vaccination
of children (step 2) or maternal vaccination (step 2) (Figure 5,
Table 2). Ideally, primary preventive allergy vaccination may
already be achieved by maternal vaccination which would reduce
the need for early post-natal preventive vaccination of children.

The indicated path toward prophylactic vaccination (Figure 5,
Table 2) could be accelerated through the use of modern

molecular allergy vaccines if tested for several important allergens
in parallel. Furthermore, it will be helpful if vaccines are used
which resemble the advantageous features of the B cell epitope-
based peptide carrier vaccines and build up protective allergen-
specific IgG antibody responses. A similar mode of action of
vaccines may in fact reduce the number of clinical trials needed.

Important next steps will be to follow the path described
in Table 2 with available B cell epitope-based peptide carrier
vaccines, such as BM32, and to investigate in proof-of-principle
studies if the proposed concept for prophylactic vaccination is
indeed feasible.

CONCLUSION

Prophylactic vaccines are available for infectious diseases
but not yet for IgE-associated allergy, the most common
immune mediated hypersensitivity disease. Allergen-specific
immunotherapy (AIT) is an effective and disease-modifying
treatment for allergy. It represents a therapeutic vaccination,
which induces allergen-specific IgG antibodies blocking IgE
recognition of allergens and subsequent allergic inflammation
induced by IgE-allergen immune complexes. AIT is an
economic and the only disease-modifying treatment with
long-lasting effects even after discontinuation but currently
only 10% of allergic patients receive AIT treatment. The
broad application and further development of AIT is limited
by the poor quality of natural allergens extracts. With the
molecular characterization of the disease-causing allergens,
new forms of molecular AIT have been developed of which
B cell epitope-based peptide carrier vaccines have been
evaluated in several clinical trials and were found to exhibit
several characteristics which make them possible candidates
for prophylactic allergy vaccination. We suggest a stepwise
evaluation of these new molecular allergy vaccines in clinical
trials to develop vaccines for secondary and primary vaccination
against allergy. Secondary preventive allergy vaccination may
prevent the development of severe allergic symptoms in allergic
patients and thus may be considered more safe and effective than
therapeutic vaccination of patients suffering already from severe
allergic symptoms. Primary prevention of allergic sensitization
may be achieved by maternal vaccination inducing blocking
allergen-specific IgG antibodies that are transmitted by the
placenta and may prevent allergic sensitization in the off-
spring. Alternatively, primary preventive vaccination of not
yet sensitized children early after birth may be considered.
Preventive allergy vaccination with modern molecular allergy
vaccines may be a possible mission that holds the promise for
eradicating allergic diseases similar as has been achieved for
infectious diseases.
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Nucleotide exchange factor (GrpE), a highly conserved antigen, is rapidly expressed

and upregulated when Ureaplasma urealyticum infects a host, which could act as a

candidative vaccine if it can induce an anti-U. urealyticum immune reaction. Here, we

evaluated the vaccine potential of recombinant GrpE protein adjuvanted by Freund’s

adjuvant (FA), to protect against U. urealyticum genital tract infection in a mouse

model. After booster immunization in mice with FA, the GrpE can induced both

humoral and cellular immune response after intramuscular injection into BALB/c mice.

A strong humoral immune response was detected in the GrpE-immunized mice

characterized by production of high titers of antigen-specific serum IgG (IgG1, IgG2a,

and IgG3) antibodies. At the same time, the GrpE also induced a Th1-biased cytokine

spectrum with high levels of IFN-γ and TNF-α after re-stimulation with immunogen

GrpE in vitro, suggesting that GrpE could trigger the Th1 response when used for

vaccination in the presence of FA. Although GrpE vaccination in the presence of

a Th1-type adjuvant-induced had readily detectable Th1 responses, there wasn’t

increase inflammation in response to the infection. More importantly, the robust immune

responses in mice after immunization with GrpE showed a significantly reduced U.

urealyticum burden in cervical tissues. Histopathological analysis confirmed that tissues

of GrpE-immunized BALB/c mice were protected against the pathological effects of

U. urealyticum infection. In conclusion, this study preliminarily reveals GrpE protein

as a promising new candidate vaccine for preventing U. urealyticum reproductive

tract infection.

Keywords: nucleotide exchange factor (GrpE), Ureaplasma urealyticum, immunogenicity, immune protection,

BALB/c mice

INTRODUCTION

Ureaplasma urealyticum, one of the smallest self-replicating prokaryotic microorganisms, belongs
to the Mollicutes class of bacteria and lacks a cell wall, although it evolved from Gram-positive
ancestors (1). U. urealyticum is generally regarded as a low-virulent commensal, which commonly
colonizes the adult genitourinary tract in humans (2). Adults are mainly infected through sexual
contact, with the cervix being the main site of colonization in women. U. urealyticum colonization
is associated with many diseases, including brain abscess, prostatitis, rheumatoid arthritis (3, 4),
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non-gonococcal urethritis, and hyperglycemia (5, 6). Maternal-
fetal transmission seems to occur frequently, and intra-amniotic
U. urealyticum infection may contribute to chorioamnionitis
and preterm birth (7, 8). Individuals respond differently to U.
urealyticum (6, 9, 10), with some able to clear an infection
(as a result of a Th1/IFN-γ response), while others develop
a chronic infection, and still others are susceptible to repeat
infections. In particular, chronically asymptomatic infections
can be frequent in women and may cause pelvic inflammation
and sterility. Although U. urealyticum infections are often be
cured by antibiotics, they can also be chronic, persistent, and
antibiotic resistant (6, 11, 12). Therefore, the availability of a
safe and effective vaccine would represent a much-needed and
powerful means of protection from U. urealyticum infection
and transmission.

Bacteria rapidly upregulate stress response-associated
antigens as they infect their host, and therefore such antigens
constitute attractive targets for vaccine development (13, 14).
Heat shock proteins (HSPs) are molecular chaperones that
perform essential cell functions under both normal and stress
conditions and can be targets of the host immune system.
In particular, HSP70 is recognized as an antigen by both
the innate and adaptive immune responses of mammals and
shows potent adjuvant activity (15). In eubacteria, the HSP70
system comprises DnaK-GrpE-DnaJ in U. urealyticum, and
these three proteins are co-expressed. GrpE, a nucleotide
exchange factor and cofactor of DnaK (HSP70) plays an
important role in the survival of U. urealyticum during stresses
such as heat-shock and hypoxia (16). It is expressed at equal
levels as DnaK and plays a role in protein synthesis, folding,
transportation, and degradation (17). Although the role of
DnaK in the host immune response to bacterial infection
has been widely studied, its cofactor GrpE has received
relatively little attention and has not been reported on at all for
U. urealyticum infections.

Preventive vaccines require target antigens to be expressed
in the early stages of infection and to be recognized by the
host immune system in order for host defense mechanisms
to be rapidly activated (18, 19). When the U. urealyticum
gene that encodes GrpE was sequenced and analyzed,
using both the Smart BLAST database from NCBI and
bioinformatics, it was predicted to be highly antigenic
(Supplementary Figure 1). However, it is unknown whether
GrpE can provide protection against U. urealyticum genital
tract infection.

The present report represents the first study of
the immunogenicity and potential protective efficacy
of recombinant protein GrpE against U. urealyticum
genital tract infection in a mouse model. We found that
recombinant GrpE protein was quickly recognized by the
host immune system, which was stimulated to produce high
levels of IFN-γ. Following challenge with U. urealyticum,
GrpE immunization reduced bacterial load and cervical
inflammation in mice after genital tract infection. Therefore,
our studies preliminarily proved that recombinant GrpE
represents a promising new candidate vaccine against
U. urealyticum infection.

MATERIALS AND METHODS

U. urealyticum
The standard laboratory strain 8 (ATCC27618) of U. urealyticum
was cultivated onMycoplasma agar base supplemented with 10%
fetal bovine serum (FBS; Gibco, USA), 0.3% urea and antibiotics
at 37◦C with 5% carbon dioxide for 24–48 h.

Cloning, Expression, and Purification of
Recombinant GrpE
The genome sequence of U. urealyticum was taken from
GenBank. The full length GrpE sequence was amplified using
PCR (polymerase chain reaction) with U. urealyticum genomic
DNA as a template. The following primers were used: forward
primer: 5′-CGCCATATGAGCAAAAACAACGAAAACATCAA
-3′ (the Nde I site is underlined), reverse primer: 5′-CCG
GAGCTCAATAAAGCGTTGAAATTGGTGGCG-3′ (the Xho I
site is underlined).

The 657 bp PCR product obtained was purified, restriction
digested, and inserted into expression vector pET28a (Qiagen,
Shanghai, China) in frame with a His6 tag sequence at the
N-terminal end (the His tag was an N-terminal fusion). The
derivative, named pET28a-GrpE, was transferred into E. coli
DH5α by CaCl2 transformation, and clones were selected on LB
agar supplemented with 100 µg mL−1 kanamycin. The presence
of the correct insert was then confirmed by double digestion
and DNA sequencing. Finally, the plasmid pET28a-GrpE was
transformed into E. coli BL21 (DE3).

For recombinant GrpE protein expression, transformed E.
coli (pET28a-GrpE), and the vector control (pET28a in E.
coli BL21 cells) were incubated in LB broth supplemented
with 100 µg mL−1 kanamycin and 0.1mM isopropy1-β-
d-thiolgalactosidase (IPTG) at 37◦C for 6 h. Bacterial cells
were harvested by centrifugation at 4,000 × g for 15min at
4◦C, followed by resuspension of the pellets in lysis buffer
[10mM imidazole, 250mM NaCl, 50mM Tris-HCl (pH 7.8),
1% Triton X-100, 20% glycerol] and sonication. For protein
purification, the GrpE protein in the supernatant was purified
on a nickel-nitrilotriacetic acid (Ni-NTA) column, eluted with
different imidazole concentrations. Endotoxins were removed by
polymyxin B-agarose (Sigma-Aldrich, St. Louis, MO). Each step
was evaluated by 12% SDS-PAGE using Coomassie brilliant blue
staining and immunoblotting with an anti-His antibody (Lab
Vision, Fremont, CA). Recombinant protein concentration was
determined using a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL).

Immunization of Mice
All animal procedures were approved by the Animal Welfare
Committee of the University of South China and conducted
according to institution regulations. We used a cohort of female,
SPF, 6–8 weeks of age BALB/c mice (SJA Laboratory Animal
Co., Hunan, China), with approval number SCXK (Hunan) 2016-
0002. Three groups of mice (n = 18 in each group) were injected
intramuscularly three times at 2-week intervals with either
purified recombinant GrpE, phosphate-buffered saline (PBS), or
Freund’s adjuvant (FA). For the first immunization (day 0), 50 µg
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purified recombinant GrpE was emulsified in 100 µL Freund’s
complete adjuvant (FCA) (Sigma-Aldrich), and for the second
and third immunizations (days 14 and 28) in 100 µL Freund’s
incomplete adjuvant (FIA). Mice in the PBS and FA groups were
injected with 100µL PBS or FA, respectively. Serum samples were
collected by tail-vein bleeding 2 weeks after immunization.

ELISA for Serum Antibody Levels
Two weeks after the last immunization, blood samples were
collected from all mice by tail-vein bleeding prior to sacrifice. The
serum was separated by centrifugation and stored at −20◦C for
further analysis. Serum samples were tested for antigen-specific
antibody responses using ELISA methods described previously
(20–22). Briefly, 96-well microplates were coated overnight at
4◦C with purified recombinant GrpE, washed with 0.05% Tween
20 in PBS (PBST) and blocked with 5% nonfat milk in PBST at
37◦C for 2 h. After further washes, a total of 100 µL of 1:1,000
dilutions of serum were added in duplicate to each well for
1 h at 37◦C, respectively. After washing four times with PBST,
50 µL of horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulin G (IgG), IgG1, IgG2a, IgG3, and IgA,
IgM antibodies (Protein Tech Group, Chicago, IL) was added
to each serum well at 37◦C for 1 h, respectively. After washing
again, the plates were added 3, 3′, 5, 5′-tetramethylbenzidine
substrate with 100 µL/well and incubated at room temperature
for 15min. The reaction was stopped by 100 µL of Stop Solution
in each well, the absorbance (OD) at 450 nm was measured on a
microplate reader (Thermo Lab systems, FI). The endpoint titer
was considered to be the last serum dilution with readings higher
than the mean+3 standard deviations of the negative control sera
(23). Each experiment was repeated three times.

Lymphocyte Proliferation Assay
Fourteen days after the final injection, spleens were harvested,
and splenocytes were prepared as described previously (24). Cell
viability was assessed using a colorimetric cell counting kit-8
(CCK-8) from Yi Yuan Biotechnologies (Guangzhou, China)
(25). Single-cell suspensions (6 × 106 cells) from adjuvant,
PBS, and antigen-immunized mice were plated in 96-well plates
and were stimulated with GrpE (10 µg mL−1) at 37◦C, 5%
CO2, and 95% humidity. After 44 h, 10 µL CCK-8 reagent
was added to each well and incubated at 37◦C for 4 h. The
absorbance at 450 nm was measured and results were expressed
as the proliferation index (PI), calculated based on the following
formula: PI = [OD450 for stimulated cultures–OD450 for control
group]/[OD450 for control group–OD450 for blank group].

Quantification of Cytokine Expression in
the Spleen
Spleen cells (6 × 106/mL) were cultured in 24-well plates at 800
µL per well and stimulated with 10 µg mL−1 GrpE, incubated
at 37◦C in a 5% CO2 atmosphere for 48 h. Cell-free supernatants
were harvested by centrifugation (6,000 rpm, 10min) and stored
at −80◦C until use. Using an Essential Th1/Th2 Cytokine Panel
(Invitrogen, e-Bioscience), four cytokines (IFN-γ, TNF-α, IL-4,
and IL-10) were assayed by standard cytokine ELISA following
the manufacturer’s instructions. The sensitivities of the IFN-γ,

TNF-α, IL-10, and IL-4 kits were in the ranges of 15–2,000,
8–1,000, 32–4,000, and 4–500 pg mL−1, respectively.

Intracellular Cytokine Staining by Flow
Cytometry
To assess the Th1 response, splenocytes were harvested
for detection of intracellular interferon-gamma (IFN-γ) or
interleukin (IL)-4. Cells (2 × 106/well) were stimulated with
PMA in 24-well plates at 37◦C for 5 h. After washing, cells
were first blocked with Fc Block (anti-mouse CD4+/CD8+,
BD Biosciences) for 25min. Then, after washing twice with
PBS, cells were fixed and permeabilized for 25min at 4◦C
using a cytofix/cytoperm kit (BD Biosciences) according to the
manufacturer’s instructions. Intracellular cytokines (IFN-γ, IL-4)
were stained for 30min in the dark. Finally, cells were washed
with PBS and detected using a FACSverse flow cytometer and
commercially available software (Flow Jo).

Immunoblotting
We used GrpE-immunized mouse serum as the primary
antibody. Two µL protein lysates were separated by SDS/PAGE,
and then transferred to PVDF membranes (Millipore, Billerica,
MA). Immunoblots were blocked with 5% skimmed milk in
Tris-buffered saline/Tween-20 for 1 h at room temperature and
probed with primary antibodies, including β-actin and anti-
GrpE, and stored overnight at 4◦C. Following three consecutive
5-min washes in TBS-T, blots were incubated with HRP-
conjugated secondary antibody (goat anti-mouse IgG, Protein
Tech Group, Chicago, IL) for 1 h at room temperature. After
two washes in TBS-T and a final wash in TBS, blots were
scanned using an enhanced chemiluminescence detection system
(Amersham Pharmacia Biotech, CA), and quantification of
antigen-antibody complexes was performed using Quantity One
analysis software (Bio-Rad, Hercules, CA).

Genital Tract Infection Challenge
Fourteen days after the last injection, each mouse was infected
intravaginally (26) with 1 × 107 colony forming units mL−1 U.
urealyticum serotype 8 (50 µL) and the mice were kept supine
for 1min (27, 28). Seven days prior to infection, each mouse
was injected with 0.5mg estradiol benzoate subcutaneously
in the neck once per week for 3 weeks to synchronize the
estrus cycles and increase mouse susceptibility to U. urealyticum
infection (29).

To identify mice infected with U. urealyticum, at days 0, 7,
14, and 21 after infection, an aseptic swab was inserted into the
lower genital tract and uterus, rotated, and left in place for 1min.
Then, the swab specimens were washed into the liquid medium,
which was then divided into two portions: one forU. urealyticum
culture and determination of U. urealyticum concentration, and
the other for PCR.

Cytokine Measurement
To assess the levels of cytokines in the uterus and cervical
secretions, IL-6, TNF-α, IL-1β, IL-10, IL-1α, IL-17a, monocyte
chemotactic protein 1 (MCP-1), and IFN-γ were determined
using a Multi-Analyte Flow Assay kit according to the
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manufacturer’s instructions (Biolegend, San Diego, CA). After
reference to a standard curve, the quantity of cytokines was
reported as pg mL−1.

Quantitative PCR
DNA preparation and PCR were performed as previously
described (30–32). Quantitative real-time PCR was performed
on genomic DNA (gDNA) extracted from U. urealyticum-
challenged mouse tissues using a SYBR Green I assay. The U.
urealyticum gDNA was quantified using primers U.urealyticum-
1524R (5′-TTCCTGTGTTGCCCCTCAGTCT-3′) and U.
urealyticum-1613F (5′-AAGGTCAAGGTATGGAAGATCCAA-
3′), targeting 90 bp of the U. urealyticum urease gene
(31, 33–35). The mouse gDNA was quantified using forward
and reverse primers (5′-CCTTCCTTCTTGGGTATGGA-3′;5′-
ACGGATGTCAACGTCACACT-3′, respectively), targeting 81
bp of the mouse β-actin gene (36). All primers were ordered
from Integrated DNA Technologies (Sango Biotech, Shanghai,
China). Quantitative real-time PCR reactions were performed
in 20 µL reaction volumes according to the manufacturer’s
instructions (Qiagen). The amount of gDNA isolated was
variable between tissue types but was normalized within each
tissue type based on the lowest gDNA concentration obtained
from the spectrophotometric measurements. A standard curve
was created for the urease gene using a 10-fold serial dilution
from 107 to 101 copies of linearized DNA with an efficiency
of 99.30% and an R2 value of 0.9945. A standard curve was
created for β-actin using a 2-fold serial dilution of mouse gDNA
from 100 to 3.125 µg mL−1 with an efficiency of 99.05% and
an R2 value of 0.9909. The assays were run on a Light Cycle
96 apparatus (Roche, Basel, Switzerland). PCR conditions for
the urease gene were as follows: 95◦C for 10min, followed by
40 cycles of 95◦C for 15 s, 58◦C for 20 s, and 72◦C for 20 s;
subsequently, a melting curve was followed: 95◦C for 10 s, 65◦C
for 60 s, and 97◦C for 1 s. The PCR conditions for β-actin were
as follows: 95◦C for 10min, followed by 40 cycles of 95◦C for
15 s, 56◦C for 20 s, and 72◦C for 20 s; subsequently, a melting
curve was followed: 95◦C for 10 s, 65◦C for 60 s, and 97◦C
for 1 s. Each assay was run with the following four controls:
(1) no-template control; (2) no-amplification control (no Taq
polymerase); (3) no-primer control; and (4) positive controls
with a known concentration or copy number of mice gDNA or
linearized urease gene plasmid DNA, respectively.

Histopathology
All mice were anesthetized and euthanized through neck
dislocation 21 days after infection. The whole reproductive tract
was removed and fixed in formalin. After fixation, the tissue
was treated according to standard procedures and embedded
in paraffin wax. Sections were cut in the same area to include
the uterine horn, fallopian tubes, and ovaries. The slices
were placed on Superfrost glass and stained with hematoxylin
and eosin (H&E). The slide was scanned using a 3D Hi-
tech Panoramic Midi scanner (3D HISTECH Ltd., Budapest,
Hungary) and evaluated by Case Viewer software (Nordic
Biotite). The sections were evaluated by a pathologist blinded to
the experimental treatments.

In addition, streptavidin-peroxidase (S-P) was used to detect
U. urealyticum using an UltraSensitiveTM SP (mouse) IHC
kit (Maixin, China). In short, the slices were treated with
peroxisome blocking solution to inhibit background staining. For
reproductive tract tissue, we used mouse anti-U. urealyticum as
the first antibody, biotin-labeled goat anti-mouse (Service Bio,
G1210-2-A, China) as the second antibody, and chromosome
DAB solution as the substrate. Hematoxylin was used to
double dye the slide. Normal mouse serum was used as a
negative control.

Statistical Analysis
All analyses were repeated at least two times with consistent
results. The levels of significance for comparisons between
samples were determined by analysis of variance (ANOVA)
with the Student-Newman-Kaul’s test, or by Student’s t-test and
nonlinear regression with an extra sum-of-squares F-test to
investigate any apparent differences between the test and control
groups using statistical software (GraphPad Prism, version 7;
San Diego, CA). Results are expressed as means. Values of
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 were considered
statistically significant.

RESULTS

Expression and Purification of
Recombinant GrpE
For the purification of recombinant GrpE, the protein was
expressed with a histidine tag in E. coli BL21 (Figure 1A).
The recombinant protein GrpE was eluted with different
concentrations of imidazole. SDS-PAGE results showed that
the purified protein GrpE was obtained at a concentration of
200mM imidazole and revealed the recombinant protein to have
the predicted molecular weight of about 25.7 kDa (Figure 1B).
Protein purification was confirmed by immunoblotting with an
anti-His antibody (Figure 1C), and this purified protein was used
in the following experiments.

Immunization of Mice With GrpE
To determine whether GrpE was able to induce an antibody
response in mouse, 14 days after the final booster injection,
an ELISA was performed to measure the level of GrpE-specific
antibodies in sera. Specific antibodies were already present in
GrpE-immunized mice on day 14, and antibody titers against
the protein increased gradually thereafter, reaching maximum
levels by day 42 (Figure 2A). The results clearly show that
intramuscular injection of recombinant GrpE into BALB/c mice
generates a specific antibody response.

Previous studies illustrated that IgM and IgG perform
protective roles in the early and late stages of bacterial infection
(37). Consequently, IgG, IgA, and IgM in the serum samples,
which were collected from immunized mice 14 days after the last
vaccination, were assessed by ELISA to determine the levels of
these antibodies. As shown in Figure 2B, the GrpE vaccination
group produced significantly higher levels of IgG and IgM
antibodies than the FA and PBS control groups (P < 0.001),
but there was no significant difference in IgA level. To examine
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FIGURE 1 | Production of recombinant GrpE protein: (A) recombinant GrpE was successfully produced in E. coli BL21, after induction with 0.1mM IPTG for 6 h, and

identified by 12% SDS-PAGE (M, molecular weight markers; lanes 1–4, induced); (B) 12% SDS-PAGE analysis of GrpE purified using a Ni-nitrilotriacetic acid (NTA)

column (M, molecular weight markers; lanes 5, uninduced; lanes 6–9, purified GrpE by eluents with different concentrations of imidazole: 70, 90, 150, 200mM); (C,

Lane 10) Western blot analysis of purified GrpE using mouse anti-His antibodies. (C, Lane 11) GrpE identified by antibodies in GrpE-immunized mouse serum. (C,

Lane 12, 13) FA- and PBS-group sera.
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FIGURE 2 | Effect of GrpE vaccination on Ig antibody production, including IgG subclasses. Three groups of BALB/c mice were immunized intramuscularly with PBS,

FA or GrpE. Six mice from each group were sacrificed and sera were separated on day 14 after the last injection. Specific antibody levels in sera were assessed by

ELISA: (A) anti-GrpE antibody titer; (B) GrpE-specific antibody levels and IgG subclass levels. Each bar indicates the mean ± SD of triplicates from six mice per group.

t-test, ***P < 0.001, **P < 0.01.

the specific type of antibody response induced by GrpE, we
determined the levels of IgG subclass antibodies (IgG1, IgG2a,
and IgG3) in serum and found the levels of the serum IgG
subclass antibodies (IgG1, IgG2a, and IgG3) induced in the
recombinant antigen GrpE group were also significantly higher
than those induced in the FA and PBS control groups (P< 0.01)
(Figure 2B). The responses were indicative of a Th1 response
with IgG2a and IgG3 antibodies and is as easy to detect as
IgG1 antibodies.

GrpE-Induced Lymphocyte Proliferation
Response
To investigate whether vaccination of mice with GrpE stimulates
a proliferative response in lymphocytes, experiments were carried
out with splenic lymphocytes from all three groups of mice.
Suspensions of splenocytes from mice immunized with GrpE
showed an increase in lymphocyte proliferation, with significant
differences to the PBS and FA groups (Supplementary Figure 3,
P < 0.01).

GrpE Immunization Predominantly
Stimulates the Th1 Immune Response
To determine the type of cell response in GrpE-immunized
mice, spleen cell culture medium was collected after stimulation
and cytokine levels were measured by ELISA. The spleen cells
of GrpE-immunized mice exhibited significantly higher levels
of Th1 cell-related cytokines TNF-α and IFN-γ (Figures 3A,B,
P < 0.01), whereas the Th2-related cytokines IL-4 and IL-10
showed no significant difference compared with PBS and FA
groups (Figures 3C,D, P > 0.05). Taken together, these results
suggest that the immunogenicity of GrpE is based on its ability
to induce a protective T-cell response, and in particular a Th1
polarization response.

Although both CD4+ and CD8+ T cells are necessary to
protect against U. urealyticum infection, we can monitor host
immune system recognition by measuring levels of IFN-γ,
the most important CD4+ Th1-related cytokine involved in

the early immune response against this pathogen. Therefore,
we investigated the production of IFN-γ by flow cytometry
prior to U. urealyticum challenge. The results show that the
frequency of CD4+ and CD8+ T cells producing IFN-γ was
significantly increased in the spleens of the GrpE-immunized
group, compared with controls (Figure 4A, P < 0.01; Figure 4B,
P < 0.05). In contrast, there was no significant difference in IL-
4 production between the GrpE-immunized and control groups
(Figure 4C, P > 0.05).

Immunization With Recombinant GrpE
Protein Rrduces Colonization of U.
urealyticum in the Cervix
To study the protective effect of GrpE immunization, immune
BALB/c mice, together with the PBS and FA control groups, were
infected with U. urealyticum. Analysis of microbial cultures and
PCR results of vaginal and cervical secretions were positive for
U. urealyticum (Supplementary Table 1), indicating successful
infection. In addition, 1 week after infection, all mice showed
vaginal peripheral hair loss, increased secretions, redness,
and loss of appetite, but the symptoms in the GrpE group
were relatively mild (Figure 5A). We also observed that, after
challenge with U. urealyticum, mice showed a general loss of
hair and weight, and consumed less food and water. However,
while the PBS and FA groups continued to lose weight, the GrpE-
immunized group gradually began to recover 1 week after the
infection (Figure 5B).

To confirmwhether GrpE immunization conferred protection
against U. urealyticum at the colonization site (cervix), the
burden of U. urealyticum in the lesion site was evaluated by
quantitative PCR method on day 21 after inoculation. The
results show that the level of U. urealyticum in the primary
lesion site was significantly lower in GrpE-immunized mice
than in controls (Figure 5C, P < 0.05). U. urealyticum was
not detected in isolated liver, kidney, spleen, and lung tissues
(data not shown).
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FIGURE 3 | Intramuscular immunization with GrpE predominantly induces a Th1 immune response. Fourteen days after the last injection, the spleen was collected

from each group (six mice in each group) and used to prepare a spleen cell suspension, which was stimulated in vitro with 10 µg GrpE at 37◦C in a CO2 incubator for

48 h. The production of IFN-γ (A), TNF-α (B), IL-4 (C), and IL-10 (D) in spleen cell culture was measured by ELISA. **P < 0.01 vs. PBS and FA groups analyzed

by ANOVA.

Inflammatory Response in Cervix Is
Mitigated by GrpE Immunization
A candidate vaccine must meet two criteria: (1) it must stimulate
a protective immune response, and (2) it must eliminate the
uncontrolled inflammation that causes pathological changes
during infection. The second of these was assessed with a
multi-analyte flow assay kit to determine the levels of IL-6,
TNF-α, IL-1β, IL-10, IL-1α, IL-17a, MCP-1, and IFN-γ in the
supernatant of cervical tissue homogenate of GrpE-immunized
mice and control groups after vaginal infection. As shown in
Figure 6A, there was no significant difference in IL-17a, IL-
6, IL-10, and IL-1α levels between GrpE-immunized mice and
control groups. However, the levels of IFN-γ (P < 0.001), TNF-
α (P < 0.05), MCP-1 (P < 0.01), and IL-1β (P < 0.01) in the
cervical cervix of the GrpE-immunized group were significantly
lower than those of the controls. As shown in Figure 6B, a
heat map analysis of the original data, the color shade and the
gradual change from green to red indicate increased levels of
cytokine secretion, the results show that IL-1α levels between
GrpE-immunized mice and control groups are similar, IL-1β
levels in control groups are obviously red, and green in the
GrpE-immunized group.

Immunization With GrpE Significantly
Reduces Cervical Lesions
Finally, the protective effect of the recombinant antigen
GrpE was further evaluated by comparing the inflammatory
pathology of the mouse genital tract. U. urealyticum infection
caused severe pathological damage to cervical tissues in
the PBS (Figures 7A,B,F,G,K,L) and FA (Figures 7C,H,M)
groups. Moreover, acute inflammation (a large number of
polymorphonuclear leukocytes) was observed on day 7 after
infection, which was converted to chronic inflammation by day
21 (mass lymphocytes) (Figures 7A,B,F,G,K,L,C,H,M; The red
arrow in the figure). In contrast, the inflammatory infiltration
in cervical tissues of GrpE-immunized mice was significantly
decreased (Figures 7D,I,N). Compared with negative control
animals (Figures 7E,J,O), the structure of gland and cervical
tissue could clearly be identified, its integrity was maintained
and fewer pathological features, such as glandular dilatation,
increased glandular secretions, hemorrhage, and inflammatory
cell infiltration were observed.

Evaluation of cervical tissue sections 21 days after infection
by S-P immunohistochemistry showed that the mice immunized
with recombinant GrpE protein presented nearly normal
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FIGURE 4 | The generation of cytokines by T cells in spleen cell suspension measured by multi-parameter flow cytometry. Data were collected using a FACSverse

flow cytometer and then analyzed by FlowJo software: (A) IFN-γ produced by CD4+ T cells; (B) IFN-γ produced by CD8+ T cells; (C) IL-4 produced by CD4+ T cells.

*P < 0.05, **P < 0.01 vs. PBS and FA groups analyzed by ANOVA. Six mice in each group.

cervical tissue compared with control group (Figures 8D,H) and
fewer inflammatory cells in the cervical tissue (Figures 8C,G),
compared to the FA- (Figures 8B,F) and PBS- (Figures 8A,E)
immunized mice. In addition, the U. urealyticum load (brown;
red arrow) in GrpE-immunized mice was significantly lower
than in the PBS and FA groups (Figures 8A,B,E,F), where
U. urealyticum was present in glands, interstitial cells, and
cytoplasm. In general, no inflammation was detected in
the fallopian tubes or ovarian sacs, while mild-to-moderate
inflammatory infiltration was seen in the vagina and bladder.

DISCUSSION

In general, an effective antigen target for the rational design
of a vaccine against U. urealyticum should meet the following
requirements: it should be expressed constitutively; it should be

recognized by the immune system at an early stage of infection
in vivo; it should induce a Th1-biased immune response; and
it should prevent U. urealyticum infection. In this study, we
assessed U. urealyticum GrpE as a candidate vaccine and asked
whether it could meet the above criteria and allow the host to
effectively resist an attack by U. urealyticum.

Recombinant GrpE protein was successfully expressed in
E. coli BL21 and purified by His-tag affinity chromatography.
The size of the recombinant GrpE was slightly larger than
predicted, probably due either to a difference in protein
modification in the E. coli expression system or to the His-
tag at the N-terminus or other molecules binding to the
recombinant protein during the expression and purification
of GrpE recombinant protein. Immunization of mice with
recombinant GrpE induced the production of GrpE-specific
antibodies as shown by immunoblotting.
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FIGURE 5 | Immunization with recombinant GrpE protein reduces colonization of the cervix by U. urealyticum. Appearance of the vagina in mice after 21 days of

infection (A); change in body weight of BALB/c mice inoculated with U. urealyticum, recorded on day 0, 7, 10, 14, 17, and 21 (B); U. urealyticum burden in control

animals (PBS and FA groups) (N = 6) and animals immunized with recombinant GrpE protein (N = 6) measured by quantitative PCR of the urease gene concentration

in diseased cervical tissue (C). The Mann-Whitney test was used to normalize the results to the mouse gDNA concentration. Data points correspond to six samples

taken from each animal. The horizontal line represents the average value (*P < 0.05).

FIGURE 6 | Cytokine levels in cervical tissue of mice challenged with U. urealyticum subsequent to immunization. A multi-analyte flow assay kit was used to detect

IL-6, TNF-α, IL-1β, IL-10, IL-1α, IL-17a, MCP-1, and IFN-γ in the culture medium of cervical homogenates after U. urealyticum infection in mice: (A) Each bar

represents the mean (± SD) cytokine level (pg ml−1 ) in cervical tissue homogenate of six mice in each group in three independent experiments. By ANOVA, *P < 0.05;

**P < 0.01; ***P < 0.001. (B) Cluster analysis of inflammatory factors, each value representing the sample mean of each group.

Helper T cells play a vital role in the immune response
that follows vaccination against a particular pathogen. They
can be divided into two subsets, Th1 and Th2, which govern
different aspect of the IgG response, namely IgG2a and IgG1
production, respectively (38, 39). After mice were immunized
with recombinant GrpE protein with the presence of FCA, it
showed high titers of serum anti-GrpE total antibody IgG, IgG1,
IgG2a, and IgG3. Here, our results showed that the recombinant
GrpE protein mainly induces Th1 response of higher IgG2a and
IgG3 antibodies level, and is as easy to detect as IgG1 antibodies
(Figure 2B).

These results suggest that recombinant GrpE protein can
produce a humoral immune response that should prevent
microbial attachment to tissue surfaces. Th1 and Th2 immune
responses can be distinguished according to the type of cytokine
secreted. While activated Th1 cells are responsible for secretion
of IFN-γ and TNF-α, activated Th2 cells secrete IL-4 and IL-10

(40, 41). In the spleen cells of mice immunized with recombinant
GrpE, IFN-γ and TNF-α levels increased significantly, but
IL-4 and IL-10 levels did not differ from those of controls
(Figure 3), indicating that GrpE antigen was rapidly recognized
by the host immune system and may trigger a Th1-dominated
immune response.

FCA is one of the most effective experimental adjuvants, that
containing heat-killed and driedMycobacterium tuberculosis and
mineral oil, which was widely used to boost the immune response
to a foreign antigen. The FCA can induce activation of the
immune system non-specifically and entrap antigens in a water-
in-oil emulsion, which can localizes antigens for release slowly,
providing the chance to encounter antigen-presenting cells (42–
45). Our results show the levels of antibodies and TNF-α and
IFN-γ produced in the FA group were slightly higher than those
of the PBS group, but there was no difference compared with the
PBS group. The FA group may induce a very weak non-specific
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FIGURE 7 | Pathological lesions of mouse cervical tissue after U. urealyticum challenge. Cervical tissue of PBS (A,B,F,G,K,L), FA (C,H,M), control (E,J,O), or GrpE-

immunized (D,I,N) mice was sectioned and stained with H&E on day 7, 14, and 21 after challenge with U. urealyticum. Arrows indicate inflammatory cells.

FIGURE 8 | U. urealyticum load and pathological changes in lung tissue assessed by S-P immunohistochemistry. Cervical tissue of PBS (A,E), FA (B,F), and (C,G)

GrpE-immunized mice was sectioned and stained with S-P immunohistochemistry 21 days after infection with U. urealyticum and the control group (D,H) was

uninfected with U. urealyticum. The UltraSensitiveTM SP (mouse) IHC kit, with a mouse anti-U. urealyticum first antibody (Provided by Pathogenic biology Institute,

University of South China, Hunan, China) was used to detect U. urealyticum inclusion. Areas stained brown (red arrows) in the nuclei of cervical tissue cells contain a

U. urealyticum inclusion.

Th1 type response, but after the U. urealyticum challenge, the
FA group’s and the PBS group’s cervical tissue U. urealyticum
load situation and degree of pathological changes in cervical
tissue were similar (see Figures 7, 8), indicating that this weak
non-specific Th1-type response did not against U. urealyticum
infection and cannot protect the body from U. urealyticum
colonization. Our results also show GrpE vaccination in the
presence of FCA could induce readily detectable Th1 responses;
however, there wasn’t increased inflammation in response to

the infection or reduced pathological changes of the infected
site. FCA are known to enhance the immunogenicity of the
immunogen, play an immune regulation role, and increase the
immune effect of the antigen, which can modulate immune cells
and enhance humoral and cellular immune responses in the
host (22, 46, 47). So we conclude that the GrpE protein in the
presence of FCA may induce protective Th1 immune response
in mice and be considered as an effective vaccine against U.
urealyticum infection.

Frontiers in Immunology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1495320

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


Tang et al. GrpE Protects Against Ureaplasma urealyticum

Based on these results, we evaluated the protective effect of
GrpE immunization against theU. urealyticum strain. A previous
study used BALB/c mice to study U. urealyticum serotype 8
infection (48) and showed that estradiol treatment is necessary
for the successful establishment of a U. urealyticum infection
model (28, 48). In the present study, the rate of U. urealyticum
infection was up to 100% in PBS and FA groups, while the rate of
solid culture ofU. urealyticum from cervical secretions decreased
after 14 days, which might reflect clearance of the pathogen
(49). In addition, immunization with GrpE significantly reduced
the U. urealyticum load and the extent of inflammation in the
cervical tissue of infected mice. The relative decrease in U.
urealyticum DNA concentration in the cervix in immunized
animals was particularly significant. Nevertheless, despite the
apparent clearance ofU. urealyticum by 14 days post-inoculation,
there were persistent abnormalities of the cervical epithelium and
chronic inflammation from 14 to 21 days post-inoculation. Taken
together, however, the results demonstrate that GrpE may be a
promising vaccine candidate against U. urealyticum.

In vitro and in vivo experiments and clinical trials have shown
that IFN-γ and TNF-α play a vital role in the elimination of U.
urealyticum (50, 51), and the colonization of the cervix by U.
urealyticum is associated with an increase in the concentrations
of some pro-inflammatory or inflammatory factors, that is, IL-
6, TNF-α, IL-1β, IL-10, IL-1α, IL-17a, MCP-1, and IFN-γ (38,
49, 52). TNF-α, which is the earliest-secreted cytokine in the
inflammatory response, is mainly derived from mononuclear
macrophages; it induces chemokine production, promotes
the expression of adhesion molecules in epithelial cells and
lymphocytes, and recruits inflammatory cells to the inflammation
region (53). When inflammation occurs in the body, IFN-γ
secreted by CD4+- and CD8+-positive cells immediately recruits
immune cells to the infected site to clear the pathogen and to
prevent it aggravating lesions and spreading (54). In this paper,
we show that high levels of IFN-γ and TNF-α were produced
in mice after immunization with GrpE, but the expression
level at inflammatory sites was significantly decreased after U.
urealyticum infection, demonstrating that IFN-γ and TNF-α can
stimulate macrophages to increase their bactericidal activity and
to limit the multiplication and spread of U. urealyticum (55, 56);
TNF-α can also delay any related pathogenesis (57).

There were some limitations in our study. Thus, our sample
size was rather small, which means that the statistical data may
not be generally representative. At the very least, however, this
study can guide future experiments in setting an adequate sample
size. Our findings may have limited relevance to clinical disease
in humans, since animal models do not precisely replicate the
conditions in humans.U. urealyticum infectionmay change from
an initial acute phase to a persistent, chronic form. Previously
reported (48) that U. urealyticum can colonize the vagina for 163
days. During this period, the immunity of the body is low, or
the microbial environment in the body changes, if the bacterial
load in the lower reproductive tract is not completely cleared
after the initial infection, the persistence of U. urealyticum in
the organs will be a negative factor, and it is likely to infect the
upper reproductive tract, liver, kidney, spleen, lung, intestine, and
even brain, leading to serious inflammatory damage. The time

interval (3 days) between U. urealyticum infection in mice and
the first sampling point was rather long, and the lack of an earlier
time point made it difficult to elucidate the temporal progress
of the body’s inflammatory responses as the microorganisms
spread into the uterus and upper genital tract. Therefore, further
research is needed to solve these problems.

Hartley et al. (58) questioned the protective efficacy of HSPs
against microbial infection. These authors observed that the
protective effect of HSP60 immunization against Francisella
tularensis, the causative agent of tularemia, was due to the
presence of contaminating lipopolysaccharide (LPS) in HSP60
preparations. In our study, the recombinant GrpE protein
derived from U. urealyticum was cloned and expressed in
a heterogenic host (E. coli BL21) and then purified by Ni-
NTA affinity chromatography. It is therefore possible that
the recombinant protein may contain a certain amount of
LPS from E. coli cell walls, but since U. urealyticum itself
has no cell wall, this is unlikely to be responsible for
the protection given by GrpE immunization. Therefore, we
conclude that the preliminarily protective effects observed in
this study can be attributed to the recombinant GrpE protein of
U. urealyticum.

CONCLUSION

GrpE is recognized by the immune system at an early phase of
infection and has the ability to induce an antigen-specific Th1-
biased response, conferring protective immunity and imparting
significant protection against U. urealyticum in a mouse model.
This response inhibits the pathogenesis of reproductive tract
U. urealyticum challenges by decreasing the burden of the
pathogen and eliminating it from the host. IFN-γ- and TNF-
α-producing CD4+ Th1 cells may be crucial for this protective
immune response. These results preliminarily indicate that
GrpE is a potential antigen target for the development of
future multi-antigenic vaccines against U. urealyticum and
provide novel and important information on U. urealyticum
pathogenic mechanisms.
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Increasing antibiotic resistance in bacteria causing endogenous infections has entailed a

need for innovative approaches to therapy and prophylaxis of these infections and raised

a new interest in vaccines for prevention of colonization and infection by typically antibiotic

resistant pathogens. Nevertheless, there has been a long history of failures in late

stage clinical development of this type of vaccines, which remains not fully understood.

This article provides an overview on present and past vaccine developments targeting

nosocomial bacterial pathogens; it further highlights the specific challenges associated

with demonstrating clinical efficacy of these vaccines and the facts to be considered

in future study designs. Notably, these vaccines are mainly applied to subjects with

preexistent immunity to the target pathogen, transient or chronic immunosuppression

and ill-definedmicrobiome status. Unpredictable attack rates and changing epidemiology

as well as highly variable genetic and immunological strain characteristics complicate

the development. In views of the clinical need, re-thinking of the study designs and

expectations seems warranted: first of all, vaccine development needs to be footed on a

clear rationale for choosing the immunological mechanism of action and the optimal time

point for vaccination, e.g., (1) prevention (or reduction) of colonization vs. prevention of

infection and (2) boosting of a preexistent immune response vs. altering the quality of the

immune response. Furthermore, there are different, probably redundant, immunological

and microbiological defense mechanisms that provide protection from infection. Their

interplay is not well-understood but as a consequence their effect might superimpose

vaccine-mediated resolution of infection and lead to failure to demonstrate efficacy.

This implies that improved characterization of patient subpopulations within the trial

population should be obtained by pro- and retrospective analyses of trial data on subject

level. Statistical and systems biology approaches could help to define immune and

microbiological biomarkers that discern populations that benefit from vaccination from

those where vaccines might not be effective.
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INTRODUCTION

The increasing inefficacy of antibiotics due to antibiotic
resistance of bacterial pathogens has triggered the desperate
search for alternative therapies. While the discovery of new
antibiotics is frequently halted by concerns about toxicity or
metabolism or insufficient bioavailability and tissue penetration
(1, 2), the development of phage therapies has been limited
by concerns about the narrow host spectrum, which requires
sophisticated susceptibility testing, and the induction of
neutralizing antibodies upon repeated use (3). Obviously, this
situation has raised a new interest to explore the potential of
vaccines for prevention of colonization and infection by typically
antibiotic resistant pathogens that typically acquire antibiotic
resistance. However, despite a multitude of early developments
and publications there has been a long history of failures in
clinical development of this type of vaccines (4–6). This review
will set its emphasis on providing insight into the reasons that
led to discontinuation of vaccine development programs and the
consequences for clinical trial design.

TARGET PATHOGENS FOR
VACCINE-BASED APPROACHES AGAINST
NOSOCOMIAL BACTERIAL INFECTIONS

Classical vaccine development has mainly focused on bacterial
infections caused by toxin production (Tetanus, Diphtheria,
Pertussis) or bacteria such as meningococci, pneumococci and
Mycobacterium tuberculosis that cause severe, sometimes lethal
infections and easily spread among the population. In the
former category, disease is limited to the presence of toxins,
e.g., it occurs upon infestation of Tetanus toxin in wounds or
secretion of Diphtheria and Pertussis toxins by Corynebacteria
and Bordetella species in the respiratory tract. The presence of
toxin-neutralizing antibodies (induced by vaccination) mediates
protection and can, thus, be quantified in international units
(absolute correlate of protection) (7). It is further important to
note that both these upper respiratory tract infections as well
as the infections caused by meningococci, pneumococci, and M.
tuberculosis are transmitted from human-to-human via droplets
from nasal and respiratory secretions. Notably, the human is
the main reservoir for transmission of these pathogens and,
thus, vaccination has proven to be an efficient measure for
protection on a population basis and containment of spread of
these diseases.

In the context of antibiotic resistance, clinicians highlighted
the importance of the ESKAPE pathogens, e.g., Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species (8, 9). This acronym summarized the most
frequently encountered pathogens in hospital-acquired bacterial
infections ranging from wound infections and ventilator-
associated pneumonia to sepsis. Nevertheless, other infections
such as those caused by Clostridioidales difficile have increased
in frequency and antibiotic resistance rates (10) and have,
thus, been added to the list of nosocomial pathogens and

potential bacterial targets for vaccine development. They are
now frequently referred to as ESCAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, C. difficile, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae).

CHARACTERISTIC FEATURES OF
NOSOCOMIAL BACTERIAL INFECTIONS

Nosocomial infections are caused by bacterial pathogens either
transmitted in the hospital environment or from commensals
that were already present prior to hospitalization (endogenous
infection). On an individual patient level, it is often cumbersome
to follow up, which of these sources was causative, unless
there is evidence for spread of a specific strain among patients.
Moreover, the species causing hospital-acquired infections
behave as facultative pathogens, indicating that they cause
infections only in a subgroup of patients, under specific
circumstances that are also hard to assess in the patient:
a coincidence of transient (or chronic) immune suppression
associated with age, co-morbidities and medical treatment,
selection of resistant strains and dysbiosis caused by antibacterial
therapies, transient (or chronic) disturbance of cutaneous and
epithelial barriers, and possible displacement to other body
areas (urinary tract infection or pneumonia caused by enteric
bacteria). Lastly, the specific immune defense mechanisms
and the ambiguous role of preexisting immune memory to
microbiota are poorly understood.

EXPECTATIONS AND CONCERNS WITH
VACCINATION AGAINST NOSOCOMIAL
BACTERIAL PATHOGENS

One of the major drivers for development of vaccines against
nosocomial bacterial pathogens is that antibiotics are no longer
effective in all patients. Notably, for most of the ESCAPE
pathogens the reservoirs include zoonotic and environmental
habitats such as animal husbandry and wastewater, where they
are subject to continuous antibiotic selection pressure. It is,
therefore, nearly impossible to eradicate these pathogens or
revert their resistance by immunization programs in humans.
More comprehensive One Health strategies are needed to reduce
the antimicrobial resistance burden arising from these sources
(11). Nevertheless, vaccine-mediated prevention of nosocomial
infections in patients could reduce antibiotic usage and resistance
development in hospitals.

Thus, the expectation is to prevent transmission and infection,
avoid antibiotic therapy and reduce development of or revert
antibiotic resistance [reviewed in (12)]. Two examples may
highlight that along with other antibiotic stewardship measures
vaccine-based prevention of infections could have the potential
to reduce antibiotic usage and—at least transiently—positively
influence resistance trends:

1. An indirect effect is postulated in relation to the seasonal
influenza burden: reduced antibiotic usage due to vaccine-
induced protection against influenza (13) could result in
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reduced rates of C. difficile infection, which shows seasonal
co-incidence with influenza (14, 15). However, this intriguing
hypothesis remains to be confirmed.

2. The introduction of pneumococcal conjugate vaccines re-
shaped the epidemiological representation of pneumococcal
serotypes. Initially, the reduction in infections with
antibiotic resistant serotypes suggested that vaccines
could reduce antimicrobial resistance. However, long-term
analyses revealed that the beneficial effects on antibiotic
susceptibility profiles could not be maintained after serotype
replacement (16–19).

One repeated concern has been that eradication of specific
commensals might negatively affect the resident microbiota
composition and the local immune response. On the one hand,
absence of a previously colonizing pathogen and concomitant
loss of continuous exposure of the immune system to
this pathogen could weaken immune defense and increase
susceptibility for infection with this pathogen (20). On the
other hand, manipulation of the microbiome creates niches for
replacement by foreign strains or other species as exemplified for
S. aureus (21, 22), which can potentially affect susceptibility to
infection. It can only be speculated whether these effects might
have contributed to the clinical failure of V710 (Merck), the only
vaccine formulation, so far, that was specifically targeting nasal
colonization with S. aureus (23). Dedicated research is needed to
provide a better understanding of the complex interrelationships
of microbiota and the immune system as well as to ensure safety
of future developments.

NEW PARADIGMS IN VACCINE
DEVELOPMENT TARGETING
NOSOCOMIAL BACTERIAL PATHOGENS

One of the most obvious challenges for vaccine development is
the high genetic diversity of strains typical of the commensal
pathogens. The genetic heterogeneity translates into differences
in chemical structure of variable proteins and polysaccharides
and alters their immunogenicity. Immunological strain
variability limits cross-reactivity of the immune response to
variable surface proteins and polysaccharides and undermines
vaccine-mediated cross-protection against strains not included
in the vaccine design.

The lack of cross-protectivity has hindered the development
of vaccines against several ESCAPE pathogens:

1. P. aeruginosa is an ubiquitously encountered environmental
pathogen that favors humid environments. It can colonize
the human mucosa in predisposed patients with altered
or damaged epithelial barriers due to cystic fibrosis,
ventilation (burn), wounds, and chemotherapy. Vaccines
against P. aeruginosa were developed for three different
target populations, e.g., cystic fibrosis, burn wounds and
ventilator-associated pneumonia [reviewed in (5, 24)]. So
far, the majority of vaccines that reached the clinical
development stage targeted the lipopolysaccharide (LPS)
and flagellar compounds with and without conjugation to

protein carriers. These are highly immunogenic structures
and antibodies against these compounds form part of the
natural immune response in humans. Induction of LPS- and
flagella-specific antibodies conferred protection in preclinical
infection models. However, in the clinical trials, failure to
prove efficacy was attributed to strain-dependent variability
of LPS, Flagella and whole cell vaccines and insufficient
coverage of the arsenal of different strains encountered in the
patient population.

2. K. pneumoniae is a high-risk pathogen because it accumulates
genetic resistance elements and easily spreads among
patients, two features that favor the global spread of some
highly virulent carbapenem-resistant strains. The species is
characterized by the formation of a polysaccharide capsule,
which acts as an important virulence factor. Early vaccines
developments were, therefore, based on combinations of
unconjugated and, later, conjugated capsular polysaccharide
(CPS) antigens (5, 25). However, there are more than 70
serotypes with varying distribution worldwide. Although
a multivalent vaccine covering 24 CPS was tested in a
clinical trial (26). Although this vaccine was later tested in
combination with 8-valent LPS vaccine against P. aeruginosa
(27), development was later abandoned because it did not
seem feasible to achieve protection against the multitude of
different serotypes on a global level.

As an answer to the previous failures and the eminent clinical
need, we have recently witnessed a change in paradigm: new
vaccine developments no longer focus on broad coverage of
strains but narrow the spectrum to individual, epidemiologically
relevant strains known to harbor resistance to carbapenems.
These developments include

1. Targeting of the capsule of K. pneumoniae based on a recently
described semi-synthetic hexasaccharide-glycoconjugate
(with CRM197 as protein carrier). The glyoconjugate was
shown to induce antibodies with opsonophagocytic activity
against carbapenem-resistant K. pneumoniae strains in vitro
(28) and monoclonal antibodies derived thereof promoted
protection against the K. pneumoniae ST258 strain in
vivo (29).

2. Strain-specific LPS (O-glycan)-based developments of
monoclonal antibodies targeting K. pneumoniae strains
such as ST258 and E. coli strains ST131 (30–32) have
been developed to protect from epidemic strains with high
transmission potential, antibiotic resistance and severe disease
manifestation. Notably, serotype-specific vaccines have also
been proposed for targeting O111 E. coli due to this serotype’s
high representation in toxin producing E. coli (EHEC, STEC,
EPEC, and EAEC) (33, 34). To avoid toxicity in these vaccines
O111 LPS was conjugated to carrier proteins.

3. Recent data further highlighted that small glycan motifs
detected in a broad range of strains (and species) are natural
antibody targets and could have the potential to serve as
vaccine antigens (35–38).

Altogether, this development suggests that in light of global
spread of antibiotic resistant strains exploring strain-specific
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vaccines may be worthwhile and abandoning the concept of
broad strain coverage by vaccines may facilitate targeted vaccine
development in the AMR field.

THE IMMUNOLOGICAL MECHANISM OF
ACTION

The immunological mechanism of action of a vaccine usually
refers to a known immune correlate of protection. The
identification of this parameter requires investigation of the
natural immune responses leading to the resolution of infection
and vaccine-related immune protection. The currently licensed
vaccines for prevention of bacterial infections either generate
toxin-neutralizing antibodies, or enable clearance of bacteria
via formation of bacterial immune complexes and subsequent
phagocytosis. The studies sometimes use “immunological
surrogates of protection” to correlate immunogenicity with
protection and to provide an absolute quantifiable value for
protection by measuring specific serum antibody titers and
defining threshold levels (7). However, for bacterial pathogens
causing nosocomial infections the correlates of protection remain
unknown. Additionally, for most pathogens it is unclear whether
the preexisting, natural immune response is protective.

For vaccine development it is of primary importance to
understand, which type of immune response is needed to achieve
the intended effect, e.g., prevention (or reduction) of colonization
vs. prevention of infection and disease. However, there is a
current lack of understanding of the immune response to most
of the nosocomial bacterial pathogens.

Immunization with endogenous S. aureus and E. coli strains
in parallel to the initiation of an antibiotic therapy prevented
recolonization with these strains inmice, highlighting the efficacy
of a systemic immune response in targeting these pathogens (39).
However, at present it is unclear to which degree preformed
natural immune responses are protective and whether Th2-
dominated responses should considered as tolerogenic due to
their failure to clear the commensal pathogens from the mucosal
surfaces. It is, thus, very relevant to establish whether vaccine-
mediated boosting of preexisting immune responses is sufficient
for protective action of a vaccine or whether vaccines need to
re-shape the immune response. While a Th2 response, which is
linked to antibody production, may be effective in promoting
protection against toxin-mediated diseases such as tetanus
and diphtheria, this may be insufficient for infections where
inflammatory T cell-mediated immunity (Th1/Th17) is required
for immune defense. This could imply that de novo formation
of immune memory or re-education of an established immune
response by a vaccine could be required to induce protection.

There are three fundamental mechanisms responsible for
vaccine-mediated protection:

1. Neutralization of toxins as drivers of disease: In the attempt
to develop vaccines against nosocomial bacterial infections,
many different strategies have been evaluated. Prominent
examples for toxin-based vaccination strategies are vaccines
targeting C. difficile toxins tcdA and tcdB to prevent
manifestation of C. difficile infection (CDI). Additionally,

some vaccine prototypes (and monoclonal antibodies) are
targeting S. aureus toxins such as alpha toxin (hemolysin A),
staphylococcal eneterotoxin B (SEB) and other secreted toxins
such as leukocidins [reviewed in (4, 5, 40–42)]. The general
assumption is that raising the level of neutralizing antibodies
against toxins prevents invasive disease and lowers disease
severity. It can further be speculated that immunization
with C. difficile or S. aureus inactivated toxin antigens relies
on a preexisting humoral immune response to the natural
toxins and acts as a booster vaccination. Similarly, anti-
toxin antibodies can be generated by immunization against
toxins from toxigenic E. coli (43) while this approach is
not feasible for protection against non-toxigenic E. coli
such as extraintestinal E. coli harboring extended spectrum
betalactamases (ESBL), which are often referred to as ExPEC.

2. Opsonophagocytosis of infecting pathogens: vaccines
targeting bacterial surface molecules usually act by promoting
opsonophagocytosis through antibodies and subsequent
intracellular lysis of the bacterial pathogens. This mechanism
is exploited by nearly all vaccine developments ranging from
whole cells to formulations consisting of single or combined
antigens. Multiple targets have been described for most
ESCAPE pathogens [reviewed in (4, 5, 24, 41, 44)]. These
include polysaccharides such as LPS, CPS, conserved glycan
motifs and highly conserved immunogenic surface proteins
such as outer membrane proteins (OMP). Nevertheless,
only few vaccines targeting bacterial surface antigens from
nosocomial bacterial pathogens have reached the stage of
clinical development, among these mainly S. aureus vaccines
(5, 40, 41, 45).

3. Shaping T cell immunity: the role of T cell-mediated immunity
in defense against extracellular bacteria has been neglected
although some of these pathogens, e.g., A. baumanii and S.
aureus, reside intracellularly (46–50). Furthermore, different
types of T cell responses might be required depending on
the body compartment (51, 52). For example, Th17 responses
are relevant in the skin and mucosal surfaces in defense
against S. aureus (53, 54), and have also been found to
be important for clearance of ESCAPE pathogens such as
Klebsiella spp., P. aeruginosa and A. baumanii (55–64). Thus,
vaccine formulations targeting colonizing pathogens might
need to be optimized to induce Th17 responses (24, 58, 65).
However, due to the paucity of data, further investigation is
needed to identify the specific T cell responses required for
protection, and understand, whether vaccine-induced long-
term immunity is preferable to acute induction of immune
memory in short interval to infection.

Although initially, the LPS content in outer membrane vesicles

(OMV) was regarded a safety issue, OMV have gained acceptance

as vaccine components after licensing of the MenB vaccine

Bexsero (66). These vesicles are physiologically released by

Gram negative bacteria and embed several surface antigens in

a lipophilic vesicular structure. They resemble bacterial cells

because they combine protein antigens, polysaccharides and
molecules with innate immune stimulatory properties such as
LPS, lipopeptides, lipoteichoic acid and peptidoglycan. Next to
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OMV 

• derived from 
multidrug 
resistant  A. 
baumannii (ATCC 
19606)

• derived from 
multidrug 
resistant  A. 
baumannii 

• E. coli-derived 
OMV with A. 
baumannii 
Omp22 

• LPS-free OMV 
derived from A. 
baumannii (lpxD 
mutant) 

OMC 

• Proteins from 
outer membrane 
of A. baumannii 

• LPS-free OMC 
derived from A. 
baumannii (lpxD 
mutant) 

Whole cells 

• Ghost cells from 
A. baumannii 
Ali190.  

• LPS-deficient 
whole cells of A. 
baumanii (lpxD 
mutant and ATCC 
19606) 

LPS-adjuvanted 
Omp 

• OmpK/Omp22 
adjuvanted with 
MF59 

Vaccination: subcutaneous, intramuscular, intraperitoneal and oral routes.  

Antibodies: antigen-specific IgM and IgG induction; IgG subclasses differ w/o LPS; opsonophagocytotic activity;  

Challenge: sepsis and pneumonia models with homologous and heterologous strains (w/o multidrug resistant 

strains); lower bacterial burden and lower secretion of proinflammatory cytokines (IL-1�, IL-6) post infection  

FIGURE 1 | OMV-based and related approaches to vaccination against A. baumannii. Four immunization strategies have been tested in preclinical models of sepsis

and pneumonia: (1) Outer Membrane Vesicles (OMV) (70–73); (2) Outer Membrane Complex (OMC) (74, 75); (3) Whole cells (76, 77); (4) LPS-adjuvanted Omp (78).

Comparison of vaccines reveals higher potency of LPS-containing vaccines. Notably, the vaccine response is characterized by antibody induction and reduced

pro-inflammatory responses after challenge, next to improved survival and lower bacterial burden post-infection.

the induction of opsonizing antibodies, OMV trigger Th1/Th17
cell responses. For ESCAPE pathogens several OMV-based
approaches to vaccination have been evaluated at the preclinical
stage (66). The diversity of these approaches to OMV-based
or related vaccines can be exemplified by summarizing those
evaluated for A. baumannii (summarized in Figure 1) [reviewed
in (67–69)].

CONSEQUENCES FOR DESIGN OF
EFFICACY STUDIES

One major factor complicating vaccine trials for nosocomial
pathogens is that the patients affected are elderly individuals.
They suffer of co-morbidities and are at risk for immune
suppression through both medical intervention and
immunosenescence. Their immune status is difficult to assess
with current diagnostic methods but it predisposes for infections
and antibiotic therapy. A study on A. baumannii pneumonia
in aged mice illustrates that mortality increases with age,
while efficacies of treatment, both antibiotics and vaccination,
decrease because both rely on functional immune responses
(79). Similarly, the human vaccine response is compromised by
the immunodeficiencies caused by aging of the immune system
[reviewed in (80, 81)].

The clinical development of vaccines for prevention of
hospital-acquired infections is linked to a history of failures.

Today, the major challenges are well-understood and variables
such as immune deficiency due to aging of the immune system
are being taken into account and reflected by new vaccine
formulations (82, 83). Nevertheless, it remains difficult for trial
design to predict some known factors that seem out of control
and hit rates are often lower than expected (84). As summarized
in Table 1 the main enemy in trial design for this type of vaccines
is time.

Controlled Human Infection Models
One alternative to obtain efficacy data is to develop controlled
human infection models (CHIM) and use these models for
evaluation of vaccines (Human Challenge Trials, HCT) (85).
Lately, this type of studies has gained more importance for proof-
of-concept studies, licensing and prequalification of vaccines. In
particular, indications where epidemiology of disease does not
allow the timely execution of the clinical efficacy trials these
studies have become relevant for decision making of regulators
and developers. However, there are significant limitations to this
type of trials that need to be considered:

• The safety of the study participants is the most important
requirement: infection has to be controlled, e.g., appropriate
treatment has to be available and clearance of the
pathogen guaranteed.

• Clinical endpoints must be clinically relevant and reflect the
natural course of disease
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TABLE 1 | Challenges in clinical trial design for vaccine development to prevent hospital-acquired infections.

Study parameter Problem statement Implications and potential solutions

Patient recruitment It is difficult to define the patients at risk long beforehand.

Hospital-acquired infections are typically associated with unplanned

events such as cardiac surgery or ICU ventilation; adding to the

difficulty, patients clearly at risk are often no longer able to sign

informed consent

Since early involvement of future patients is key to success,

multi-stakeholder cooperation is need and a fallback on

nation-wide registries and cohorts could be very valuable

Diagnostics Precise methodology for distinguishing infection from colonization and

for detection of potential co-infections as important variables is

frequently not in place and, thus, delays diagnosis or its accuracy. This

further has impact on the precision of inclusion and exclusion criteria

and clinical endpoints. Additionally, diagnosis of immune status and

microbiome composition are not routinely collected

Diagnostic method development should be fostered to make

rapid, comprehensive and precise diagnostics available. The

value of immune status and microbiome assessment needs

to be evaluated

Vaccination

schedule

Late recruitment bears the risk that time between vaccination and

disease manifestation is too short for establishment of stable immune

memory and required booster vaccination

Vaccination schedules will vary depending on the proposed

immunological mechanism of action. Boostering of an

existing immune response is different from reshaping or de

novo formation of an immune response. Induction of T cell

immunity vs. antibody responses will require different

approaches

Unpredictability of

infection

Infection is unpredictable in regards to the time point of disease

manifestation and the patients affected in the cohort. Manifestation of

infection might not fall within the duration of the study. Examples

highlighting this issue are bloodstream and prosthesis infections where

infection rates vary strongly

Pre-established clinical trial networks with the flexibility to

recruit patients from many different trial sites may have a great

advantage to recruit a sufficiently high amount of subjects

Choice of clinical

trial sites

Epidemiology is subject to change. Global spread of strains with

antibiotic resistance and high transmission potential and environmental

fitness changes the representation of strains over longer periods. Even

more important for a clinical study, the local epidemiology varies. These

changes are sometimes hard to track because they depend on multiple

factors, e.g., regional representation of strains, infection control

measures and antibiotic regimens. Consequently, hit rates at a study

site can be unexpectedly low, thus diminishing the statistical power of

the studies. One prominent example is that incidence of

ventilator-associated pneumonia with P. aeruginosa on ICUs has

declined, which might be attributed to the introduction of more rigorous

infection control measures and standardized procedures

Pre-established clinical trial networks with well-characterized

sites and information on local epidemiology and updates on

changes in routine antibiotic regimens and infection control

measures may be detrimental in commissioning of suitable

sites and recruitment of study subjects. The network

structure could facilitate and speed up the process

Clinical endpoints Clinical endpoints such as survival or pneumonia on an ICU are often

too broad and ambitious in their scope

Clinical endpoints should be based on the precise diagnosis

and prevention of an infection with a specific target pathogen

and co-infections excluded

• The choice of infectious dose, the virulence of the challenge
pathogen and severity of disease manifestation should
resemble natural course of infection without compromising
the safety of the study participant.

• The number of study participants is typically small.
• 100% colonization rates or 100% infection rates may be

required to obtain significant results but may be difficult to
achieve in practice.

• The studies have limited value if the challenge agent does
not reflect the epidemiologically relevant spectrum of strains
encountered in real life.

• Standardization of procedures (administration and
manufacturing of the challenge agent, the challenge agent
itself, disease severity scores, primary and secondary
endpoints) is essential for comparability of the studies and
vaccines but often not in place.

In vaccine development HCT studies are well-established for
many indications. For bacteria, CHIM have mainly been used
in the development of vaccines against enteric pathogens among

them enterotoxigenic E. coli (ETEC), Shigella spp. and V.
cholera. The learnings included that HCT results do not predict
vaccine effectiveness in field studies (86). Substantial efforts for
standardization have been made to achieve high quality and
reliability of results in ETEC and Shigella studies (87–89).

To date, no human challenge models have been published for

evaluation of vaccines for hospital-acquired bacterial infections.

A few studies addressed the colonization potential of S. aureus

(ST398) (90) and non-toxigenic C. difficile (91, 92). Although

proof-of-concept studies could be supportive, accounting for

the heterogeneity of strains, patients (immune status, dysbiosis,

barrier function of epithelia) and disease course would not

be feasible in this setting. This questions the relevance of
data collected in HCT and, in this context, limits utility to
CHIM studies related to understanding of the role of the
immune response and microbiota in prevention and resolution
of infection and, potentially, very specific research questions
such as decolonization of patients colonized with multidrug
resistant pathogens.

Frontiers in Immunology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 1755329

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


Bekeredjian-Ding Vaccines Against Nosocomial Pathogens

SYNERGIES AND REDUNDANCIES OF
MICROBIOLOGICAL AND
IMMUNOLOGICAL DEFENSE
MECHANISMS

Another aspect that influences clinical trials to a so far unknown
extent is that host defense is prepared to fight infections
with two different strategies: next to the host immune system
reconstitution and resilience of the host microbiome limits
spread and promotes clearance of the infecting pathogen (93).
Although many studies have addressed the interplay of both
of these systems in the healthy setting the synergies and
redundancies are is not well-understood in the context of an
infection and is even less controllable in the clinical trial setting.
These functionally distinct, but redundant, immunological and
microbiological defense mechanisms have evolved to secure
protection from infection. Their presence, absence or resurgence
(resilience of the microbiome, recovery of the immune response)
could superimpose vaccine-mediated resolution of infection
resulting in failure to demonstrate efficacy in the clinical trial.

Recent reports indicate that the microbiota influence the
vaccine response. From studies in low income countries we
learned that many factors including the microbiota composition
can influence the response to oral vaccination (94). It is further
well-known that the microbiota are essential for the development
of the intestinal immune system. Among them, segmented
filamentous bacteria have been associated with recruitment of
Th17 cells to the gut (95). Furthermore, the abundance of
specific microbiota correlated with higher immunogenicity, e.g.,
Actinobacteria, in particular the Bifidobacteria genus, were found
to increase immunogenicity of OPV in Bangladesh and low
representation of Bacteroidetes and high abundance of Bacilli
(Streptococcus bovis) correlated with better vaccine response and
seroconversion in rural Ghana (96, 97). Additionally, treatment
of mice with antibiotics reduced the polio replication and
infectivity in mice, a phenomenon well in line with previous
findings that the microbiota enhance uptake and replication
of enteric viruses (98, 99). However, this was not observed
in a trial using azithromycin in children (100). Similarly to
Polio vaccine virus, shedding of the Rota virus was increased
if subjects were treated with antibiotics before vaccination but
no differences in IgA levels were observed (101, 102). By
contrast, pretreatment with antibiotics reduced the neutralizing
antibody response to influenza vaccination, indicating that
systemic immune responses are also affected by the lack of
microbiota (103).

The pathogens causing nosocomial infections usually reside

on the mucosal surfaces. On the one hand, microbiota colonizing

the mucosa constantly stimulate epithelia and innate immune

cells, trigger the production of antimicrobial peptides and IgA

and shape the T and B cell repertoires [reviewed in (104)]. On

the other hand, these factors play an important role in regulating

the quantity and composition of the local microbiome as well as

the defense against invading pathogens (105, 106). Notably, the
presence of IgA protects mice fromDSS colitis and polymicrobial
sepsis (107, 108).

Recent evidence suggests that administration of antibiotics
leads to loss of IgA secretion. This was demonstrated in
the respiratory tract where IgA-deficiency was associated with
increased susceptibility to infection with P. aeruginosa (109).
Similarly, in a humanized mouse model of IgA nephropathy
treatment with antibiotics prevented renal deposition of IgA
complexes, which was proposed to be due to a reduction of the
intestinal microbiota and the concomitant loss of the microbiota-
specific IgA (110).

MICROBIOLOGICAL AND
IMMUNOLOGICAL SUSCEPTIBILITY TO C.

DIFFICILE INFECTION

Colonization with C. difficile occurs at very early age and is
detectable in 80% of newborns in their first month of life. It
decreases to colonization rates of 3% (comparable with adults)
by the end of the first year of life (111). Thus, trained innate
immunity is probably established during this early phase of life
and shapes the tolerogenic immune response to the colonizing
pathogen. As for other hospital-acquired infections in the
elderly the risk for CDI is increased, which might be attributed
to both immunosenescence (112) and age-related changes in
the gut microbiota (113). However, the relative contribution
to susceptibility remains ill-defined for both factors and is
complicated by the reciprocal regulation of intestinal microbiota
and mucosal immunity. Figure 2 summarizes the major events
contributing to CDI susceptibility.

Based on the findings described above it can be speculated
that an antibiotic-induced IgA-deficiency could account for
susceptibility to C. difficile infection (CDI) (114). High titers
of toxin (TcdA and TcdB)-specific antibodies, in particular
IgA in serum and feces, correlate with protection against
CDI, while low titers or absence of toxin-specific IgG and
IgA were found in patients with acute or recurrent CDI and
in non-colonized individuals (115–118). These data indicated
that patients with transient deficiency in IgA might be more
susceptible for infection. Well in line with this observation
Bezlotoxumab, a monoclonal antibodies directed against TcdB,
prevented recurrence of CDI, highlighting the value of antibody-
mediated toxin neutralization (119, 120).

The role of cellular immunity in CDI is less well-understood.
Notably, HIV+ individuals with low CD4+ T cell counts and
homozygotes with a Q223R mutation in the leptin receptor,
which abrogates synthesis of IL-23, a cytokine that induces
formation of Th17 cells, have an increased risk for CDI (121,
122). It is further known that high levels of T cell-derived
cytokines (IFNγ and IL-5) in peripheral blood correlate with
less severe disease manifestation (123). IL-23 is elevated in
feces and intestinal biopsies of CDI patients (124, 125) and
patients with recurrent CDI display increased numbers of Th1
and Th17 cells in peripheral blood (126). The role of these
inflammatory T cell subsets is, however, controversial. Recent
data highlight their contribution to immune pathology of CDI
rather than a protective role (127). It has further been suggested
that microbiota induce Treg and regulate the balance between
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the microbiome 
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and intact microbiome 
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Reduc!on of 
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/dysbiosis 
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FIGURE 2 | Microbiological and immunological defense against CDI. (Left): Colonization is established in early infancy but regresses in the first year of life with both

the maturation of the immune system and the development of the full microbiome. (Middle): In children and young adults the immune system is balanced and the

microbiome intact. Both factors control growth of C. diffcile and toxin production. (Right): In the elderly population the microbiome and the immune system are both

subject to age-related changes, which leads to increased susceptibility for CDI. Treatment with antibiotics results in reduction of microbiota and dysbiosis and enables

growth of C. difficile. Loss of microbiota-mediated stimulation of immune cells leads to loss of IgA secretion and Treg and thereby facilitates CDI and the associated

inflammatory processes. Therapeutic options are provided below the panels.

Treg and Th17 cells (128). In analogy to IgA, the reduction of
microbiota by antibiotics could, thus, increase susceptibility to
CDI and, in particular, contribute to inflammation and immune
pathology by relaxing Treg-mediated suppression and allowing
increased formation of Th17 cells.

Although these data argue for an important contribution of
both T and B lymphocytes to the immune response in CDI, Leslie
et al. recently demonstrated in a mouse model that clearance
of C. difficile due to resilience of the microbiome occurs in the
absence of adaptive immune responses (129), arguing for a non-
essential role of immune defense in this context. Furthermore,
colonization with non-toxigenic strains can prevent colonization
with toxigenic strains of C. difficile and, thus, prevent disease,
which was demonstrated in the hamster and in recurrent
human CDI (92, 130). Similarly, fecal microbiota transplantation
(FMT) has become a success story in treatment of CDI (131).
Nevertheless, recent studies indicate that non-immune, soluble
factors such as such as butyrate and bile salts or bacteriophages
might play an underestimated role in reconstitution of the
microbiota after CDI (131–134). However, the model developed
by Leslie et al. did not consider the effects of aging of the
microbiome (113). It is, therefore, likely that age-related changes
in the immune system and the microbiota facilitate colonization
with C. diffcile and development of CDI and that regeneration of
one or both systems drives resolution if infection (Figure 2).

CONCLUSIONS AND PERSPECTIVES

These multiple findings highlight the complexity behind
the endeavor to develop vaccines for nosocomial bacterial
infections. The heterogeneity of patients, bacterial strains, disease
course and hospital epidemiology have complicated vaccine
development in this area and have led to discontinuation of
vaccine development programs. However, the power of vaccine
prevention has been demonstrated in many occasions. Thus, re-
thinking the strategies may be warranted but failures should
not be accepted without further refurbishing on available and
new scientific data. For new developments, the definition of
pathogen-specific clinical endpoints and the suitability of the
immunological mechanism of action are key to success. Figure 3
summarizes the interconnection of the relevant parameters,
which influence the trail design and final indication.

For vaccines targeting K. pneumoniae and E. coli there is

a trend to focus on epidemiologically relevant strains. A next

step could be the development vaccine formulations that trigger

specific, protective T cell responses such as Th17 cells in the
mucosa. However, future research will need to define the type
of T cell responses required and the route of immunization
needed to establish protection in different body compartments.
Next to the quality of the T cell response it will be relevant to
understand the optimal time point for vaccination: (1) whether
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FIGURE 3 | Interconnection of parameters relevant to design the vaccination strategy against nosocomial bacterial pathogens. It is crucial to define the desired

preventive action (1), which defines the immunological mechanism of action (2) when set in context with the available knowledge of pathophysiology, e.g., intra- and

extracellular survival, correlate of protection (or a surrogate, if unknown). In the specific case of hospital-acquired infections, colonization in youth or in elderly patients

at risk precedes infection and vaccine design needs to take into account that natural immune responses to colonizing pathogens might not be protective. Thus, they

might need refurbishing with the immunological scope (3) of strengthening preexistent immune responses (“booster”), establishing long-term protective immune

memory or promoting immunity by acute intervention. All considerations generate the indication (4), e.g., all details on administration (e.g., vaccination scheme and

dosage) and indication for defined patient populations (age indication, immune status, microbiome).

it is preferable that vaccines build on establishment of long-
term immunity, or, (2) whether immunization at short temporal
distance to onset of infection is favorable because acute formation
of T cell immunity is more effective in promoting protection
against infection, although the vaccine response in the latter case
may be short-lived.

Despite the higher cost, a more detailed characterization
of individual patients and patient subpopulations within the
trial population seems warranted to ensure that the results
obtained in the clinical trials are meaningful. One further step
could be to identify the patient population that benefits from
vaccination. Pro- and retrospective analyses of trial data on
subject level could help to define the characteristics of these
patient collectives and improve stratification in future trials. This
concept is not new but well in line with the current understanding
of personalized medicine and individualized treatment concepts
that have recently been introduced to the field of infectious

diseases, antibiotics and vaccination (135–137). In light of the
interdependency of immune status and microbiome resilience,
the influence of these factors on clinical trial success needs to be
investigated more thoroughly.
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Adjuvants enhance magnitude and duration of immune responses induced by vaccines.

In this study we assessed in neonatal mice if and how the adjuvant LT-K63 given with

a pneumococcal conjugate vaccine, Pnc1-TT, could affect the expression of tumor

necrosis factor receptor (TNF-R) superfamily members, known to be involved in the

initiation and maintenance of antibody responses; B cell activating factor receptor

(BAFF-R) and B cell maturation antigen (BCMA) and their ligands, BAFF, and a

proliferation inducing ligand (APRIL). Initially we assessed the maturation status of

different B cell populations and their expression of BAFF-R and BCMA. Neonatal

mice had dramatically fewer B cells than adult mice and the composition of different

subsets within the B cell pool differed greatly. Proportionally newly formed B cells

were most abundant, but they had diminished BAFF-R expression which could explain

low proportions of marginal zone and follicular B cells observed. Limited BCMA

expression was also detected in neonatal pre-plasmablasts/plasmablasts. LT-K63

enhanced vaccine-induced BAFF-R expression in splenic marginal zone, follicular and

newly formed B cells, leading to increased plasmablast/plasma cells, and their enhanced

expression of BCMA in spleen and bone marrow. Additionally, the induction of BAFF

and APRIL expression occurred early in neonatal mice immunized with Pnc1-TT either

with or without LT-K63. However, BAFF+ and APRIL+ cells in spleens were maintained

at a higher level in mice that received the adjuvant. Furthermore, the early increase

of APRIL+ cells in bone marrow was more profound in mice immunized with vaccine

and adjuvant. Finally, we assessed, for the first time in neonatal mice, accessory cells

of the plasma cell niche in bone marrow and their secretion of APRIL. We found that

LT-K63 enhanced the frequency and APRIL expression of eosinophils, macrophages,

and megakaryocytes, which likely contributed to plasma cell survival, even though

APRIL+ cells showed a fast decline. All this was associated with enhanced, sustained
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vaccine-specific antibody-secreting cells in bone marrow and persisting vaccine-specific

serum antibodies. Our study sheds light on the mechanisms behind the adjuvanticity of

LT-K63 and identifies molecular pathways that should be triggered by vaccine adjuvants

to induce sustained humoral immunity in early life.

Keywords: neonatal vaccination, adjuvant, B cell subsets, BAFF-R, BCMA, plasma cell survival, APRIL (TNFSF13),

BAFF - B-cell activating factor

INTRODUCTION

Despite great advances in medical technology in recent years,
more than 5 million children under 5 years of age die each
year, mostly in developing countries (1). Around half of these
deaths occur in the first month of life (1). Vaccines against
infectious diseases prevent 2–3 million deaths annually (2). Even
though vaccines against many infectious agents are available,
antibody (Ab) immunity to many vaccines, including protein
conjugated polysaccharide vaccines, in young children wanes
over time (3). The low and transient vaccine-induced serum
Ab levels in early life are associated with limited activation
of germinal centers and decreased survival of plasma cells (4,
5). In germinal centers, B cells go through clonal expansion,
affinity maturation and class-switching, and subsequently they
can differentiate into Ab-producing plasmablasts and plasma
cells or memory cells. Tumor necrosis factor receptor (TNF-R)
superfamily members B cell activating factor receptor (BAFF-
R), B cell maturation antigen (BCMA), and activator and
cyclophilin ligand interactor (TACI) and their ligands; B cell
activating factor (BAFF) and a proliferation inducing ligand
(APRIL), have been shown to be important for the initiation
and maintenance of Ab responses. BAFF-R binds BAFF and
is involved in germinal center induction and selection and
survival of B cells (6). The development and maintenance
of follicular and marginal zone B cells is strongly dependent
on BAFF and BAFF-R (7, 8). Both BAFF-R and TACI can
induce class switch recombination in B cells (9, 10). BCMA
binds BAFF and APRIL, yet APRIL with a higher affinity,
and promotes the survival of plasma cells (6, 11). Data on
their expression in relation to vaccine responses in early life is
limited (12, 13).

Immunological memory is one of the key features of
adaptive immunity and the basis of successful vaccination.
Recently, it has become clear that the bone marrow is a
major resting place for immunological memory [reviewed in
(14)]. Memory lymphocytes reside in specialized stromal niches
where they rest in terms of proliferation and DNA synthesis
and receive the necessary cytokine signals for survival and
longevity (15–19). The plasma cell bone marrow survival
niche is formed by both static and dynamic components.
Reticular stromal cells form direct contacts with sessile plasma
cells and are the main organizers of the niche structure
(20) while hematopoietic accessory cells of the niche are
proliferating and accumulate in close proximity of the plasma
cells (21).

Several hematopoietic cell types have been reported to support
plasma cell longevity. In mice, eosinophils, megakaryocytes,
and monocytes have all been reported to support plasma
cell survival by secretion of the survival factors APRIL and
IL-6 (22–24). Furthermore, immunization of adult mice has
been shown to activate eosinophils and trigger secretion of
these survival factors (25). In neonatal mice, Mac1+F4/80+Gr-
1− bone marrow resident macrophages were reported to
increase the survival of TT-specific plasmablasts following
immunization (26). In neonatal mice most of the plasmablasts
differentiated in germinal centers home efficiently to the bone
marrow, but cannot differentiate into long-lived plasma cells
and persist there due to lack of survival signals, such as
APRIL. This is reflected in transient Ab responses in this age
group (26).

Adjuvants are immune stimulating agents that can enhance
both the induction and persistence of immune responses
and may also affect the nature of responses. Alum was the
only adjuvant included in licensed human infant vaccines
until MF59 was included in the H1N1 pandemic influenza
vaccine licensed in 2009 for vaccination from 6 months of
age (27, 28). The adjuvant LT-K63 is a detoxified derivative
of heat labile enterotoxin from E. coli that interacts with
a variety of cells through binding of GM1 ganglioside (29).
LT-K63 was originally developed as a mucosal adjuvant
(30) and has passed a phase I clinical trial where it was
administered mucosally with inactivated influenza vaccine,
demonstrating protective Ab response and a good safety
profile (31). In another study, two individuals experienced
Bell’s palsy, causing reconsideration of intranasal administration
of this family of molecules (32). However, this molecule
also elicits strong adjuvanticity when given parenterally (33,
34). We have reported that LT-K63 enhanced proliferation
of splenocytes in vitro and secretion of IFN-γ, IL-4, and
IL-10 by T cells following immunization of neonatal mice
with pneumococcal conjugate vaccine, Pnc1-TT (35). LT-K63
also increased expression of activation- and co-stimulatory
molecules CD86, CD40, and MHCII on B cells (35) and
dendritic cells (36), which have been shown to be poorly
expressed in neonates (37), that enables enhanced Ag-presenting
capacity and increased interaction of these cells with T
cells. Additionally, we have shown that immunization with
Pnc1-TT with LT-K63 accelerated maturation of follicular
dendritic cells, enhanced migration of marginal metallophilic
macrophages into follicles and overcame limited induction
of germinal center reaction in neonatal mice (38, 39). The
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increase in PPS-1- and TT-specific Ab-secreting cells (ASCs)
in spleen and their long-term survival in bone marrow by
LT-K63 (39) led to persistence of protective Abs in neonatal
mice (33, 34).

The primary aim of this study was to assess through
which factors and mechanisms LT-K63 exerts its effects on
germinal center activation (38, 39) and sustained immune
responses (33, 34, 39), focusing mainly on expression of TNF
superfamily members. We used a pneumococcal conjugate
vaccine that is immunogenic in early life (40), inducing T cell
dependent responses, where induction of germinal center and
their B cells play a critical role. First, we investigated whether
acceleration of vaccine-induced humoral immune responses
could be mediated through its effects on expression of BAFF-
R and BCMA. Secondly, we evaluated for the first time in
neonatal mice, which accessory cells of the neonatal plasma
cell survival niche in the bone marrow secreted the plasma
cell survival factor APRIL and if its secretion was affected
by LT-K63.

MATERIALS AND METHODS

Mice
We purchased adult (5–6 week old) NMRI mice from Taconic
(Skensved, Denmark). After adapting for a week they were mated
and kept in microisolator cages at the facility of ArcticLAS
vivarium (Reykjavík, Iceland) under standardized conditions
with regulated temperature, humidity, and daylight (38). They
had free access to water and commercial food. The cages were
checked daily for new births. Pups were kept with their mothers
until weaning at 4 weeks of age.

Vaccine and Adjuvants
The vaccine used in this study was a pneumococcal conjugate
vaccine (Pnc1-TT) provided by Sanofi Pasteur (Marcy l’Etoile,
France). It consisted of a pneumococcal polysaccharide (PPS) of
serotype 1 (PPS-1) that was conjugated to tetanus toxoid (TT)
(41). The LT-K63 adjuvant was produced as previously described
(42, 43) and provided by Novartis Vaccines and Diagnostics (now
GSK Vaccines, Siena, Italy).

Immunizations
Neonatal (7 day old) mice (8 mice per group) were immunized
once subcutaneously (s.c.) at scapular girdle with 0.5 µg of Pnc1-
TT, with Pnc1-TT mixed with the adjuvant LT-K63 (5 µg per
mouse) in 50 µl of saline or with saline as a control. Vaccine was
mixed 1 h before immunizations.

MACS Cell Separation
Bone marrow was collected 4, 8, 14, 21, and 56 days after
priming. T cells were depleted from the bone marrow cells using
anti-CD3ε-biotin and anti-biotin microbeads, mast cells, and
basophils using anti-FcεRI-biotin and anti-biotin microbeads,
B cells using CD45R (B220) microbeads and dendritic cells
using CD11c (N418) microbeads. Microbeads were purchased
from Miltenyi Biotec (Lund, Sweden), and we followed the
manufacturer’s protocol.

Immunofluorescence Staining and Flow
Cytometry
Spleens and bone marrow were collected 4, 8, 14, 21 and
56 days after immunization for flow cytometry analysis using
the following protocol as described (35). We prepared single-
cell suspensions from spleen and bone marrow (for assessing
accessory cells, the bone marrow cells were depleted of several
cell types as described in section MACS cell separation). Cells
were washed and incubated (30min on ice) in PBS with 0.5%
BSA (Sigma) with 4 mmol/L EDTA (Sigma) with fluorochrome-
labeled antibodies to B220, CD21, CD23, BAFF-R, CD138, F4/80,
CD11b, Gr-1, Siglec-F, and APRIL (all from BD Biosciences) and
BCMA (R&D Systems). Fc block (BD Biosciences), rat serum
and mouse serum (2,7% each) was added to the staining mix
to minimize unspecific binding. The stained cells were analyzed
using FACSCalibur (BD Biosciences) where recorded events were
100,000 cells and Navios cytometer (Beckman Coulter, Brea, CA,
USA) where recorded events were 400,000, and the generated
data were analyzed by Kaluza R© analysis software (version 1.3
from Beckman Coulter) where dead cells and doublets were
excluded prior to analysis.

Immunofluorescence Staining of Tissue
Sections
Spleens collected 8 and 14 days after immunization were
frozen using Tissue-Tek OCT (Sakura, Zouterwoude, the
Netherlands). They were cut into cryosections (7µm) at 2
levels, the first starting 1,750µm into the tissue and the
second level was separated from the first level by 210µm.
The sections were fixed for 10min in acetone, and stored
at −70◦C. For peanut agglutinin (PNA) and BAFF/APRIL
staining, two adjacent sections from each level of the spleen
from each mouse were stained. The prior section from each
level was stained with rabbit-anti-mouse polyclonal BAFF Ab
and the latter with rabbit-anti-mouse polyclonal APRIL Ab
(Invitrogen, Eugene, OR, USA), incubated for 30min at room
temperature as described (39). The sections were washed with
PBS twice for 5min before incubation with secondary Ab,
Alexa FluorTM 488-labeled F(ab′)2 fragment of goat anti-rabbit
IgG (H+L) (Invitrogen) for 30min with blocking solution
(rabbit serum, goat serum, rat serum, and Fc block, 5%
each) at room temperature and then washed as before. The
sections were then stained with biotinylated PNA (Vector
Laboratories, Burlingame, CA) for 30min at room temperature
and washed as before, followed by a 30min incubation with
APC labeled Streptavidin (BD Biosciences). For IgM and PNA
staining (Supplementary Figure 6) one section from each level
for each mouse was stained using fluorescent labeled IgM-
FITC (BD Pharmingen) to visualize follicles, and PNA-bio
(Vector Laboratories, Burlingame, CA) to label dark-zone B
cells identifying active germinal center reaction. The sections
were washed as described above and then incubated with
APC labeled Streptavidin (BD Biosciences) for 30min before
washing. Positive cells in each section were counted by two
individuals, blinded regarding their identity, and photograhps
were taken in a microscope AxioImager (Zeiss) using digital
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camera (AXIOCAM; Zeiss) and analyzed as before (39) by
AxioVision Software (Birkerod, Denmark).

ELISA
Blood samples were collected from the vein of tail 14, 21,
and 56 days after one immunization at 7 days of age and
serum isolated for storage at −20◦C until use. PPS-1- and
TT-specific Abs (IgG) were measured in sera by ELISA, as
described (44). In short, we coated microtiter plates (MaxiSorp;
Nunc AS, Roskilde, Denmark) with 5 µg PPS-1 (American
Type Culture Collection, Rockville, MD) in PBS for 5 h at
37◦C or with 5 µg TT (Statens Serum Institute, Copenhagen,
Denmark) per ml of 0.10M carbonate buffer (pH 9.6) overnight
at 4◦C. The plates were washed and blocked with PBS-Tween
20 containing 1% BSA (Sigma). Serum samples and standard
were neutralized with cell wall polysaccharide (Statens Serum
Institute) for 30min before they were serially diluted in the plate
and incubated for 2 h at room temperature. Plates were washed
and then incubated with HRP-conjugated goat anti-mouse Ab
(Southern Biotechnology Associates, Birmingham, AL). Plates
were washed again and 3,3′,5,5′-tetramethylbenzidine-substrate
(Kirkegaard & Perry Laboratories, Gaithersburg, MD) was used
for development and the reaction stopped with 0.18M H2SO4.
The color density at 450 nm was read in Titertek Multiscan Plus
MK II spectrophotometer (ICN Flow Laboratories, Irvine, UK).
We calculated the results from a standard curve and expressed
them as mean log of ELISA units (EU)/ml as described (44).
The standard for both PPS- and TT-specific Abs was obtained
by isolating sera from adult mice hyper-immunized with the
conjugate vaccine. The titers of the standards (EU/milliliters)
corresponded to the inverse of the serum dilution giving an
optical density of 1.0.

ELISPOT
We enumerated ASCs specific for PPS-1 and TT in spleen 14 and
21 days after immunization and in bone marrow 56 days after
immunization using ELISPOT, as described (39, 45). We coated
MultiScreen High protein binding immobilon-P membrane
plates (Millipore Corporation, Bedford, MA) overnight at 37◦C
with 20 µg PPS-1 per ml or with 10 µg TT per ml. Plates were
then blocked with complete RPMI 1640 (Life Technologies BRL,
Life Technologies, Paisley, U.K.) for 1 h, spleen, or bone marrow
cells (108 cells per ml) were serially diluted in complete RPMI
1640 (39, 45) and incubated at 37◦C for 5 h. The plates were then
washed and incubated at 4◦C overnight with ALP-conjugated
goat anti-mouse IgG (Southern Biotechnology Associates) and
the reaction was developed using AP development substrate
kit (Bio-Rad Labs, Hercules, CA) containing 5-bromo-4-chloro-
3-indolylphosphate (BICIP) and nitroblue tetrazolium (NBT).
We used ELISPOT reader ImmunoSpot R© S6 ULTIMATE to
count the spots and ImmunoSpot R© SOFTWARE (Cellular
Technology Limited (CTL) Europe, Bonn, Germany) for analysis
as described (38).

Statistical Analysis
For comparison of groups we used Mann-Whitney U test,
applying a significance threshold of p < 0.05. Graphpad Prism

8 (GraphPad Software, La Jolla, CA) was used to perform all
statistical analyses.

RESULTS

B Cell Subsets in Spleen and Their
Expression of BAFF-R and BCMA in Early
Life
We first assessed the developmental status of different subsets
of B cells in neonatal and adult mice and their expression
of BAFF-R in spleen. Following gating of B220+ B cells,
newly formed B cells were defined as CD21−CD23−,
follicular B cells as CD21+CD23+ and marginal zone
B cells as CD21highCD23−/low (Figures 1A,B). Compared
to adult mice, neonatal mice had a higher frequency of
newly formed B cells (Figure 1I), but lower frequency of
B220+ B cells (Figure 1C), marginal zone (Figure 1E) and
follicular B cells (Figure 1G). However, when assessing total
number of cells, neonatal mice had fewer cells in all subsets
(Figures 1C,E,G,I). There was no difference in the frequency
of BAFF-R+ cells among B220+ B cells between neonatal and
adult mice (Figure 1D). Newly formed B cells of neonatal
mice had diminished expression of BAFF-R (Figure 1J).
On the contrary, a higher proportion of marginal zone
and follicular B cells was BAFF-R+ in neonatal than adult
mice (Figures 1F,H).

We also assessed the developmental status of plasmablasts and
plasma cells and their expression of BCMA in spleen of neonatal
and adult mice. We observed lower expression of CD138 in
neonates with decreased B220+/−CD138high /B220+CD138int

ratio (0.15 ± 0.04 in neonatal mice and 0.29 ± 0.03 in adult
mice, data not shown), indicating a possible limitation in early
life CD138 expression. Therefore, we assessed B220+CD138int

cells, reported to include pre-plasmablasts and plasmablasts in
neonatal and adult mice (26, 46), from now on referred to
as prePB/PB, and B220+/−CD138high cells recently shown to
contain both plasmablasts and plasma cells in adult mice (46,
47), from now on referred to as PB/PC (Figure 2A). Adult
mice had higher frequencies and total number of both subsets
assessed; prePB/PB and PB/PC (Figures 2B,D). When BCMA
expression of the subsets was assessed, a lower proportion of
prePB/PB expressed BCMA whereas a higher proportion of
PB/PC was BCMA+ in neonatal than adult mice. However,
neonatal mice had lower numbers of BCMA+ prePB/PB and
PB/PC cells (Figures 2C,E).

LT-K63 Enhances BAFF-R Expression in B
Cell Subsets in Spleen
We then assessed the effect of LT-K63 on BAFF-R expression
in the different B cell subsets. Neonatal mice were immunized
s.c. with 0.5 µg of Pnc1-TT alone or mixed with the adjuvant
LT-K63 or with saline only as a control. The adjuvant
LT-K63 enhanced BAFF-R expression, as higher proportion
of B220+ B cells and all subsets assessed; marginal zone,
follicular, and newly formed B cells, was BAFF-R+ in mice
immunized with Pnc1-TT+LT-K63 than Pnc1-TT alone 4, 8,
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FIGURE 1 | Neonatal and adult B cell subsets in spleen and their expression of BAFF-R. Representative histograms and gating of B220+ cells (A) representative dot

plots and gating strategies for the following B220+ cell subsets; marginal zone (MZ; CD21highCD23−/low), follicular (FO; CD21+CD23+) and newly formed (NF; CD21−

CD23−) B cells (B) in neonatal (Neo; 7 days old) and adult mice (AD; 8–10 weeks). Frequency, total number, proportional BAFF-R expression and total number of

B220+BAFF-R+ cells (C,D), marginal zone B cells (E,F), follicular B cells (G,H) and newly formed B cells (I,J) assessed by flow cytometry. For statistical evaluation

Mann–Whitney U-test was used.

and 14 days after immunization (Figure 3A). Immunization
with Pnc1-TT alone also enhanced BAFF-R expression among
the B cell subsets compared to saline, but not to the
same extent as when the adjuvant was included in the
vaccine formulation.

Several cell types, including B cells (48), myeloid cells
[reviewed in (49)] and follicular dendritic cells (50) express the

TNF-R ligand BAFF. Spleen sections obtained 8 and 14 days
after immunization were stained for BAFF and with peanut
agglutinin (PNA), that is a good marker for active germinal
center and also stains endothelium like the marginal sinus.
Immunization of neonatal mice with Pnc1-TT either with or
without LT-K63 enhanced BAFF expression in spleen 8 days after
immunization compared tomice receiving saline (Figures 3B,C).
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FIGURE 2 | Neonatal and adult plasmablasts and plasma cells and their expression of BCMA in spleen. Representative dot plots and gating strategy of prePB/PB

(B220+CD138int cells, containing pre-plasmablasts, and plasmablasts) and PB/PC (B220+/−CD138high, containing plasmablasts, and plasma cells) in neonatal

(7 days old) and adult (8–10 weeks) mice (A). Frequency and total number of prePB/PB (B) and their BCMA expression (C) and frequency and total number PB/PC

(D) and their BCMA expression (E) in neonatal (Neo) and adult (AD) mice. For statistical evaluation Mann–Whitney U-test was used.

The expression was better maintained in mice that received the
adjuvant, as they had significantly higher number of BAFF+ cells
14 days after immunization than mice that received the vaccine
alone (Figures 3D,E). BAFF+ cells were commonly located in
the follicles.

Taken together, these results show that the adjuvant LT-K63,
which restores limited germinal center induction in neonatal
mice (38, 39), also contributes to an increased activation
of neonatal B cells, partly through enhanced expression of
BAFF-R on follicular, marginal zone, and newly formed B
cells and more prolonged expression of its ligand, BAFF, in
the spleen.

LT-K63 Increases Frequency and BCMA
Expression of Splenic Plasmablasts and
Plasma Cells
To explore whether the increased expression of BAFF

and BAFF-R observed after immunization with LT-K63-

adjuvanted Pnc1-TT led to increased differentiation of B
cells to plasmablasts, we assessed the frequency and BCMA

expression of plasmablasts and plasma cells in spleens
4, 8, 14, and 21 days after immunization. The analyzed

populations were defined as above; prePB/PB (B220+CD138int

cells containing pre-plasmablasts and plasmablasts) and
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FIGURE 3 | LT-K63 increases proportional expression of BAFF-R in B220+ B cells, marginal zone, follicular, and newly formed B cells and BAFF+ cells in spleen.

Proportion of BAFF-R expression on B220+, marginal zone (CD21highCD23−/low), follicular (CD21+CD23+) and newly formed (CD21− CD23−) B cells at 4, 8, 14, and

21 days following neonatal immunization with Pnc1-TT (blue), Pnc1-TT+LT-K63 (red), or saline (white) as a control, assessed by flow cytometry (A). Representative

immunofluorescense staining pattern for BAFF+ cells of each group in spleen 8 (B) and 14 days (D) after immunization. Co-staining of peanut agglutinin (PNA, red)

was included to demonstrate localization of positive cells. Original magnification ×40. Scale bar, 10µm. BAFF+ cells were counted per spleen section by two

individuals (blinded regarding the identity of the sections) for each spleen at two levels and results are shown in spleen 8 (C) and 14 days (E) after immunization with

Pnc1-TT (blue), Pnc1-TT+LT-K63 (red), or saline (white). Each symbol represents one mouse and results are shown as means±SD in 8 mice per group per time point.

For statistical evaluation Mann–Whitney U-test was used. P-vaules are shown for the comparison of Pnc1-TT group to Pnc1-TT+LT-K63, stars represent comparisons

of Pnc1-TT or Pnc1-TT+LT-K63 groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

PB/PC (B220+/−CD138high cells containing plasmablasts and
plasma cells).

The adjuvant LT-K63 enhanced frequency and total
number of both prePB/PB and PB/PC compared to Pnc1-
TT alone (Figures 4A,B and Supplementary Figures 2A,B).
It is worth noting that a higher proportion of prePB/PB
expressed BCMA at days 8, 14, and 21 after immunization
with Pnc1-TT+LT-K63 than Pnc1-TT alone (Figure 4A and
Supplementary Figure 2E). The same was observed for BCMA
expression of PB/PC 14 and 21 days after immunization
(Figure 4B and Supplementary Figure 2F).

Since the BCMA receptor binds the cytokine APRIL, that
is an essential survival factor for plasma cells (26), we
performed immunofluorescence staining of APRIL together with

PNA in spleen sections. Although no difference was found
in the number of APRIL+ cells 8 days after immunization
(Figures 4C,D), at day 14 mice immunized with Pnc1-TT+LT-
K63 had a significantly higher number of APRIL+ cells than mice
immunized with Pnc1-TT alone (Figures 4E,F). APRIL+ cells
were preferentially located in extrafollicular focis.

In agreement with what we had previously shown (39),
mice immunized with LT-K63+Pnc1-TT had higher numbers
of both PPS- and TT-specific ASCs in spleen than mice that
only received Pnc1-TT, 14 and 21 days after immunization
(Figures 5A,B). Those mice also had significantly higher levels
of TT-specific serum IgG Abs at both time points but there was
not a significant difference in levels of PPS-specific IgG Abs
(Figures 5C,D). Therefore, increased expression of BAFF-R on
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FIGURE 4 | LT-K63 increases frequency of plasmablasts, plasma cells, their expression of BCMA and prolongs APRIL secretion in spleen. Frequency of prePB/PB

(B220+CD138int cells, containing pre-plasmablasts, and plasmablasts) and their BCMA expression (A), PB/PC (B220+/−CD138high, containing plasmablasts and

plasma cells) and their BCMA expression (B) in spleen 4, 8, 14, and 21 days after neonatal immunization with Pnc1-TT (blue), Pnc1-TT+LT-K63 (red), or saline (white)

as a control, assessed by flow cytometry. Each symbol represents one mouse and results are shown as means ± SD. Data is pooled from two independent

experiments for days 4, 8, and 14 (n = 7–8 for each group per time point each experiment) but data for day 21 represents one experiment (n = 8 per group per time

point). Representative immunofluorescense staining pattern for APRIL+ cells (green) in spleen 8 (C) and 14 days (E) after immunization. Co-staining of peanut

agglutinin (PNA, red) was included to demonstrate localization of positive cells. Original magnification ×40. Scale bar, 10µm. APRIL+ cells per spleen section were

counted by two individuals (blinded regarding the identity of the sections) for each spleen at two levels and results are shown as means ± SD in 8 mice per group in

spleen 8 (D) and 14 days (F) after immunization. For statistical evaluation Mann–Whitney U-test was used. P-vaules are shown for the comparison of Pnc1-TT group

to Pnc1-TT+LT-K63, stars represent comparisons of Pnc1-TT or Pnc1-TT+LT-K63 groups to saline group. *p ≤ 0.05, ***p ≤ 0.001.

B cell subsets leads to a higher proportion of activated B cells
that in turn can lead to differentiation of more plasmablasts and
fully mature ASC that are possibly better able to survive due to
increased expression of BCMA and prolonged secretion of its
ligand, APRIL.

LT-K63 Increases BCMA Expression on
Plasmablasts and Plasma Cells in Bone
Marrow
Plasma cells formed in germinal centers in secondary lymphoid
tissues home to the bone marrow and can differentiate there
into long-lived plasma cells and persist for a long time in

specialized survival niches (51). We next examined whether
the LT-K63-increased BCMA expression on plasmablasts and
plasma cells in spleen led to their enhanced survival in
the bone marrow. Mice immunized with Pnc1-TT+LT-K63
had higher frequencies of prePB/PB (B220+CD138int) and
PB/PC (B220+/−CD138high) cells in bone marrow at all time
point assessed than mice immunized with Pnc1-TT only
(Figures 6A,B and Supplementary Figures 3A,B). Moreover,
LT-K63 enhanced BCMA expression of these cells, as a higher
portion of prePB/PB and PB/PC was BCMA+ in the Pnc1-
TT+LT-K63 group than in Pnc1-TT group (Figures 6A,B and
Supplementary Figures 3C–F). We have previously shown that
LT-K63 increases the survival of ASC in bone marrow (39).
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FIGURE 5 | LT-K63 increases vaccine-specific antibody-secreting cells and antibodies. PPS-specific (A,C) and TT-specific (B,D) antibody-secreting cells in spleen

(A,B) and antibodies in serum (C,D) 14 and 21 days after neonatal immunization with Pnc1-TT (blue) or Pnc1-TT +LT-K63 (red). Each symbol represents one mouse

and results are shown as means ± SD. Data is pooled from two independent experiments (n = 7–8 for each group per time point each experiment) but data for ASC

at day 21 represents one experiment (n = 8 per group per time point). For statistical evaluation Mann–Whitney U-test was used.

Herein, we show that this can at least partly be due to increased
BCMA expression of plasmablasts and plasma cells in spleen and
bone marrow.

LT-K63 Increases Frequency of
Eosinophils, Macrophages, and
Megakaryocytes and Their Secretion of
APRIL in Bone Marrow
To further investigate mechanisms mediating prolonged survival
of plasma cells in the bone marrow, we assessed, for the first time
in neonatal mice, the accessory cells in the plasma cell survival
niche, eosinophils (Gr-1intF4/80+CD11b+Siglec-F+SSChigh),
macrophages (Gr-1intF4/80+CD11b+Siglec-FintSSCint), and
megakaryocytes (CD41+FSChi), and their expression of the
plasma cell survival factor APRIL (Supplementary Figure 4).

Overall, the adjuvant LT-K63 enhanced the frequency
of eosinophils, macrophages, and megakaryocytes in bone
marrow, yet with different kinetics (Figure 7A). It also
induced a major increase in the frequency of APRIL+

cells early after immunization. The frequency of APRIL+

cells was highest 4 days after immunization when over
30% of all analyzed cells (after depletion) were APRIL+ in
the Pnc1-TT+LT-K63 immunized group. By day 8 it had

dropped to 15–20% in this group and by day 14 it was
around 5%. APRIL+ cells reached a maximum of 10% in
the Pnc1-TT group 4 days after immunization (Figure 7B).
Furthermore, eosinophils, macrophages, and megakaryocytes
were more frequently APRIL+ in mice immunized with
Pnc1-TT+LT-K63 than Pnc1-TT 4, 8, and 21 days after
immunization (Figures 7C–E).

Taken together, we can reasonably conclude that that the
increased survival of ASCs induced by LT-K63 is at least partly
due to increased early expression of APRIL by these accessory
cells in the bone marrow survival niches.

LT-K63 Induces Persistent Humoral
Immune Responses
Lastly, we examined if the increased expression of TNF receptors
and their ligands demonstrated in this study associated with
persistent ASC in bone marrow and Ab responses 8 weeks after
immunization. Mice immunized as neonates with Pnc1-TT+LT-
K63 8 weeks earlier still had higher frequency of prePB/PB
(B220+CD138int) (Figure 8A) and PB/PC (B220+/−CD138high)
(Figure 8B and Supplementary Figures 5A,D) in bone marrow
than mice immunized with Pnc1-TT only. A higher fraction of
prePB/PB and PB/PC from those mice were BCMA+ at this time
point (Figures 8E,F and Supplementary Figures 5B,C,E,F).
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FIGURE 6 | LT-K63 increases frequency of plasmablasts and plasma cells and their expression of BCMA in bone marrow. Frequency of prePB/PB (B220+CD138int

cells, containing pre-plasmablasts, and plasmablasts) and their BCMA expression (A), PB/PC (B220+/−CD138high, containing plasmablasts, and plasma cells) and

their BCMA expression (B) in bone marrow 4, 8, 14, and 21 days after neonatal immunization with Pnc1-TT (blue), Pnc1-TT+LT-K63 (red), or saline (white) as a

control, assessed by flow cytometry. Each symbol represents one mouse and results are shown as means ± SD. Data is pooled from two independent experiments

for days 4, 8, and 14 (n = 7–8 for each group per time point each experiment) but data for day 21 represents one experiment (n = 8 per group per time point). For

statistical evaluation Mann–Whitney U-test was used. P-vaules are shown for the comparison of Pnc1-TT group to Pnc1-TT+LT-K63, stars represent comparisons of

Pnc1-TT or Pnc1-TT+LT-K63 groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Mice immunized with Pnc1-TT+LT-K63 also had higher
numbers of PPS- and TT-specific ASCs in bone marrow
(Figures 8C,D) and increased levels of PPS- and TT-specific
serum Abs than mice who received only Pnc1-TT, 8 weeks
after immunization (Figures 8G,H). Thus, LT-K63-enhanced
expression of TNF receptors BAFF-R and BCMA, as well as their
ligands BAFF and APRIL, associated with persistent humoral
immune responses after only one immunization.

DISCUSSION

The data presented here shed light on molecular mechanisms
of adjuvanticity of LT-K63 following parenteral immunization,
how enhanced expression of BAFF-R and BCMA on B cells and
maintained secretion of BAFF and APRIL precedes the induction
of germinal centers (39) and translates into increased survival
of ASC and persistent Ab responses in neonatal mice. We have
herein defined new markers of adjuvanticity that may be used in
future research on other adjuvants for potential use in early life.

As previously reported (12), we found that neonatal mice
had significantly lower proportion of total B220+ B cells
among lymphocytes than adult mice (Figure 1C) explaining low
humoral responses in this age group (52). Additionally, the
composition of different subsets; the follicular, marginal zone,
and newly formed B cells, within the B220+ B cell pool, differs
greatly between neonatal and adult mice (Figures 1E,G,I), with
higher frequencies of newly formed B cells and less follicular and
marginal zone B cells in neonatal mice.

BAFF-R is important for the developmental maturation of B
cells and modulates B cell survival and differentiation during
activation (53, 54). Lower proportion of newly formed B cells,
but higher proportions of B220+ B cells, marginal zone, and
follicular B cells were BAFF-R+ in neonatal than adult mice
(Figures 1D,F,H,J). The low number of follicular and marginal
zone B cells observed in neonates could be explained by

diminished expression of BAFF-R in newly formed B cells, as
BAFF is one of the essential survival factors needed for their
maturation and differentiation into follicular or marginal zone
B cells (55, 56).

Immunization with Pnc1-TT increased BAFF-R (Figure 3A)
and BAFF expression (Figures 3C,E) early after immunization.
However, when LT-K63 was included the increase was more
pronounced and better maintained coinciding with the peak
of germinal center reaction 14 days after immunization
(Supplementary Figure 6) (5, 39). BAFF is required for efficient
selection of high affinity germinal center B cells (57) which
can explain how LT-K63 is able to overcome limited germinal
center induction in neontal mice, as we have previously shown
(38, 39). Poorly maintained BAFF in spleen and low BAFF-
R expression may contribute to transient responses induced
by Pnc1-TT and Pnc1-TT+alum (38). In contrast we have
recently shown that the adjuvants mmCT, MF59, and IC31
all enhanced germinal center induction and induced persistent
immune responses after only one immunization with Pnc1-
TT (38). Additionally, the adjuvant CAF01 has been shown to
induce germinal centers in neonatal mice (58). It is unknown
whether the adjuvanticity of these adjuvants is mediated through
the same mechanisms as those of LT-K63, since their effects
on TNF receptors and their ligands in neonatal mice have not
been reported.

Expression of CD138 was decreased in neonatal compared
to adult mice, thus CD138int cells were included in the
gating of pre-plasmablasts/plasmablasts (prePB/PB) as done
by other groups (26, 46). CD138 expression has been linked
to enhanced survival of ASC by promoting intrinsic survival
cytokine signaling contributing to selection of more mature
ASC in immune responses (59). Furthermore, CD138 was
shown to bind APRIL on the surface of human multiple
myeloma cells forming a survival loop (60). Given the fact
that plasma cell development is impaired in newborns (12)
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FIGURE 7 | LT-K63 increases frequency of eosinophils, macrophages and megakaryocytes and their expression of APRIL in bone marrow. Frequency of eosinophils

(Gr-1intF4/80+CD11b+Siglec-F+SSChigh), macrophages (Gr-1intF4/80+CD11b+Siglec-FintSSCint) and megakaryocytes (CD41+FSChi) (A), APRIL+ cells (B),

proportional APRIL expression and frequency of APRIL+ eosinophils (C), APRIL+ macrophages (D) and APRIL+ megakaryocytes (E) in bone marrow 4, 8, 14, and 21

days after neonatal immunization with Pnc1-TT (blue), Pnc1-TT+LT-K63 (red), or saline (white), assessed by flow cytometry. Bone marrow suspensions were depleted

of B cells, T cells, dendritic cells, mast cells, and basophils before flow cytometry analysis. Each symbol represents one mouse and results are shown as means ± SD

for 8 mice per group per time point except for day 4, 8, and 14 in (A) were two independent experiments are pooled for frequency of eosinophils and macrophages

(7–8 mice per group per time point per experiment). For statistical evaluation Mann–Whitney U-test was used. P-vaules are shown for the comparison of Pnc1-TT

group to Pnc1-TT+LT-K63, stars represent comparisons of Pnc1-TT, or Pnc1-TT+LT-K63 groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Gating strategy

for eosinophils and macrophages is displayed in Supplementary Figure 4.

and their survival is limited (4, 26) it is possible that low
CD138 expression observed in neonatal mice is at least partly to
blame. Additionally, diminished BCMA expression was observed
in the pre-plasmablast/plasmablast population in contrast to
plasmablasts/plasma cells (PB/PC), that had higher proportion
of BCMA+ cells in neonates than adults (Figures 2C,E). This
suggests that the few pre-plasmablasts/plasmablasts that are able
to overcome the threshold of upregulating CD138 to a high
level and differentiate into plasma cells retain their BCMA
expression. LT-K63 enhanced the number and frequency of
splenic plasmablasts, plasma cells and their BCMA expression

(Figures 4A,B). BCMA binds both BAFF and APRIL, yet APRIL
with a higher affinity. BCMA is selectively induced during plasma
cell differentiation and promotes the survival of plasmablasts and
long-lived plasma cells (11, 61). As for BAFF, LT-K63 prolonged
APRIL secretion in spleen (Figure 4F) which is consistent with
enhanced PPS1- and TT-specific ASC in spleen and TT-specific
IgG Abs in serum 14 and 21 days after immunization (Figure 5).
In this study there was only a trend for enhanced PPS-specific
IgG Abs at these early time points (Figure 5C) in contrast to
later time points in this study (Figure 8) and our previous
results (35, 39).
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FIGURE 8 | LT-K63 increases BCMA expression and persistency of vaccine-specific antibody-secreting cells in bone marrow and vaccine-specific serum antibodies.

Frequency of prePB/PB (B220+CD138int cells, containing pre-plasmablasts, and plasmablasts) (A) and their BCMA expression (E), PB/PC (B220+/−CD138high,

containing plasmablasts and plasma cells) (B) and their BCMA expression (F) in bone marrow 8 weeks after neonatal immunization with Pnc1-TT (blue),

Pnc1-TT+LT-K63 (red), or saline (white) as a control, assessed by flow cytometry, PPS-specific antibody-secreting cells in bone marrow (C) and TT-specific

antibody-secreting cells in bone marrow (D) enumerated by ELISPOT and PPS-specific serum antibodies (G) and TT-specific serum antibodies (H) 8 weeks after

immunization of neonatal mice with Pnc1-TT (blue), Pnc1-TT+LT-K63 (red), or saline (white). Each symbol represents one mouse and results are shown as means ±

SD for 6–8 mice per group from one experiment in (A,B,E,F). Data in (C,D,G,H) is pooled from two independent experiments (n = 8 for each group each experiment).

For statistical evaluation Mann–Whitney U-test was used. P-values are shown for the comparison of Pnc1-TT group to Pnc1-TT+LT-K63, stars represent comparisons

of Pnc1-TT or Pnc1-TT+LT-K63 groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

It is crucial to assess various time points since effects of
vaccine and adjuvants on particular cell populations can
have different kinetics. For example, in mice immunized
with Pnc1-TT+LT-K63, BAFF-R expression increased early
(d4-8) (Figure 3A). Subsequently BCMA expression of
pre-plasmablasts/plasmablasts in spleen increased (d8-21)
(Figure 4A), preceding enhanced BCMA expression of
plasmablasts/plasma cells (d14-21) (Figure 4B).

LT-K63 strongly enhances NF-κB expression in peritoneal
macrophages 24 h after i.p. injection of adult mice (62).
NF-κB is important for promoting transcription of Tnfsrf13
(the gene that encodes APRIL) (63) and Tnfsrf13b (the gene
that encodes BAFF) in macrophages (64). It is therefore
possible that enhanced NF-κB translocation induced by LT-K63
directly affects the production of APRIL and BAFF that
contribute to enhanced activation of B cells (Figures 3, 5)
and their prolonged survival (Figure 8). This is in line with
studies demonstrating that both ligands are essential for
plasmablast survival (65).

After differentiation of B cells into plasmablasts/plasma
cells in secondary lymphoid organs, these cells can relocate
to the bone marrow, reside in specialized stromal niches
and receive the necessary cytokine signals for survival and
longevity (15, 17, 18). Most plasmablasts emerging from neonatal

germinal centers home to the bone marrow, but cannot
differentiate into long-lived plasma cells, and persist, due to
lack of survival signals, such as APRIL. Instead they undergo
apoptosis, causing transient Ab responses in early life (4, 5,
26). We demonstrated that LT-K63 increased vaccine-specific
ASC and Abs (Figures 5, 8) as previously shown (33, 39,
45) and herein this increase was associated with enhanced
plasmablasts and plasma cells and their BCMA expression in
bone marrow (Figures 6, 8). Genetic knockout of Tnfsrf17
(the gene that encodes BCMA) was shown to induce dramatic
loss of bone marrow ASC in adult mice 6–8 weeks after
immunization without affecting germinal center responses and
early antigen specific Ab titers (11). This is in agreement
with our results as retained BCMA expression 8 weeks after
immunization with Pnc1-TT+LT-K63 coincided with enhanced
vaccine-specific ASC and Abs in neonatal mice (Figure 8).
Additionally, we have shown that immunization with Pnc1-
TT+LT-K63 induces persistence of vaccine-specific Abs for at
least 12 weeks (33).

We assessed, for the first time in neonates, accessory cells
of the plasma cell survival niche and their APRIL secretion
by flow cytometry. We showed that bone marrow eosinophils,
megakaryocytes, and macrophages are increased by Pnc1-TT
immunization with LT-K63, as well as their APRIL expression
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(Figure 7). This is in agreement with results from adult mice
where eosinophils (25) and megakaryocytes (24) were shown
to produce APRIL. Kinetics of the accessory cell accumulation
following immunization differ; megakaryocyte frequencies in
bone marrow increase early (d4) whereas eosinophil and
macrophage frequencies increase later (d8-d21) (Figure 7).
We note that the effect of LT-K63 on APRIL expression
was very rapid since more than 60% of eosinophils, 40%
of megakaryocytes, and 25% of macrophages were APRIL+

already 4 days after immunization. However, robust LT-K63-
induced APRIL expression in the cells of the bone marrow
niche declines rapidly to lower levels on day 14 than in mice
immunized with Pnc1-TT only. This was unexpected since
B cells need time to differentiate into plasmablasts/plasma cells
and then relocate to the bone marrow. Nonetheless, APRIL
has been shown to be retained in lung tissue by heparan
sulfate proteoglycans (66, 67). It is therefore possible that in
neonates, high levels of APRIL are secreted in the beginning
of the immune response and are retained in the survival
niche. We also note that APRIL expression of eosinophils is
slightly higher in control mice receiving saline than Pnc1-TT
4 and 8 days after immunization, but much lower than in
mice that received Pnc1-TT+LT-K63. Whether this reflects high
constitutive APRIL expression or response to environmental
triggers in this age group is unclear. Data on accessory
cells of the bone marrow survival niche in neonates are
limited where only Mac1+F4/80+Gr-1− bone marrow resident
macrophages were shown, by immunofluorescence staining,
to increase plasmablast survival following immunization (26).
However, it was not confirmed that those were the only
cells with plasmablast-supporting capacity (26). These results
are consistent with our findings, that not only macrophages,
but also eosinophils and megakaryocytes express APRIL and
can enhance early life plasma cell survival (Figure 7). We
also assessed the frequency of monocytes and neutrophils and
found that only a small proportion expressed APRIL (<5%),
therefore they were not studied further. Prior to assessment of
bone marrow accessory cells we depleted B, T, dendritic cells,
basophils, and mast cells to better visualize small populations.
However, T regulatory cells (68), dendritic cells (68, 69),
and basophils (70) have all been shown to support plasma
cell survival in adult mice and their relative contribution
compared to eosinophils, macrophages, and megakaryocytes
remains to be studied in neonatal mice. Two recent publications
stating that eosinophils are not essential for plasma cell
survival strengthen the theory of redundancies of accessory
cells (71, 72).

Taken together, we have shown that the adjuvant LT-K63
enhances expression of BAFF-R on B cells, prolongs BAFF
and APRIL expression in spleen leading to increased
plasmablasts/plasma cells and their enhanced expression of
BCMA. Furthermore, for the first time in neonatal mice,
we found that LT-K63 enhanced the frequency and APRIL
expression of eosinophils, macrophages, and megakaryocytes
in bone marrow which likely promotes enhanced survival
of plasma cells. This was all associated with enhanced,

sustained vaccine-specific ASC in bone marrow and persistent
vaccine-specific serum Abs. We have shed light on molecular
mechanisms that should be triggered by vaccine adjuvants
to induce robust and sustained immune responses to
vaccination in early life. These newly defined markers of
adjuvanticity represent parameters to be investigated in
discovery and evaluation of potential adjuvants for the pediatric
population and thus benefit the field of vaccine research
and development.
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