International Journal of Peptide Research and Therapeutics (2021) 27:1095-1110
https://doi.org/10.1007/510989-020-10153-0

=

Check for
updates

EpiMix Based Novel Vaccine Candidate for Shigella: Evidence
of Prophylactic Immunity in Balb/c Mice

Harish Padh®® . Bhrugu Yagnik' - Drashya Sharma'~ . Priti Desai'"*

Accepted: 21 December 2020 / Published online: 30 January 2021
© The Author(s), under exclusive licence to Springer Nature B.V. part of Springer Nature 2021

Abstract

Multidrug resistant Shigella is one of the leading causes of mortality in children and infants. Availability of vaccine could
prevent the Shigella infection and reduce the mortality. Conventional approaches of vaccine development against shigellosis
have not resulted in desirable vaccine. As shigellosis may be caused by multiple strains and serotypes, there is a need to
develop a multivalent vaccine, capable of providing protection against multiple Shigella strains. To develop broad spectrum
vaccine, we had previously derived a pool of conserved epitopes against Shigella by using multiple immunoinformatic
tools. In this study, the identified conserved epitopes derived from the Outer Membrane Proteins A and C of Shigella were
chemically synthesized, and the EpiMix made up of 5 epitopes coupled to a carrier protein, ovalbumin was developed and
validated for its immunogenicity. The intramuscular immunization with EpiMix in Balb/c mice led to increase in EpiMix
specific serum IgG, and significant increase in fecal IgA as well as in IL-4, IL-2and IFN-y levels. Further, the EpiMix immu-
nized mice showed protection when challenged against S. flexneri ATCC 12022 using the intraperitoneal route. Moreover,
the analysis of cytokine profile and IFN-y/IL4 ratio in post Shigella challenge immunized mice suggested the high levels
of IFN-y levels and possible dominance of Th1l response, playing pivotal role in the elimination of Shigella. Collectively,
the results demonstrate the immunogenic potential and protective efficacy of the EpiMix in the murine shigellosis model.
However, the detailed study and further optimisation of epitopes would substantiate the prospective use of EpiMix as a
prophylactic candidate for vaccination.
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Abbreviations Introduction

OMPs  Outer membrane proteins

MHC  Major histocompatibility complex Shigellosis is a disease of the lower intestine which affects
ELISA Enzyme linked immune sorbent assay millions of people worldwide with an estimated one million

fatalities per annum (Kotloff et al. 2018). The susceptible
population consists mainly children below the age of 5, preg-
nant women and immuno-compromised individuals (Niyogi
2005). Antibiotics are preferred as a first line therapy for the
treatment of shigellosis, however, in the last decade, multiple
strains of Shigella resistant to ampicillin, chloramphenicol,
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and O-polysaccharide-protein conjugates (Phalipon et al.
2008). However, none of these approaches have yet
resulted in an effective vaccine. Most of these vaccines
have also failed to provide cross-protection against mul-
tiple strains of Shigella (Mani et al. 2016). Shigellosis is
caused by 4 major strains; S. flexneri, S. dysenteriae, S.
boydii, S. sonnei and 50 different serotypes. It is conceiv-
able that the protective response against Shigella is sero-
type specific (Pédron and Sansonetti 2008). Considering
this, the development of a multivalent vaccine capable of
providing cross-protection against multiple strains is desir-
able (Phalipon et al. 2008).

Outer membrane proteins (OMPs) have been considered
as potential protective immunogens (Pore and Chakrabarti
2013; McClean 2012; Liu et al. 2012; Mukhopadhaya
et al. 2003). We and others have extensively evaluated the
immunogenic potential of two of the conserved OMPs;
OmpA and OmpC. Our group has previously demonstrated
that oral immunization of BALB/c mice with r-L. lactis
expressing OmpA of S. dysentariae-linduced protective
immune response in BALB/c mice (Yagnik et al. 2017b,
2019). We have also demonstrated that the intramuscular
immunization with purified recombinant OmpA and OmpC
of S. dysentariae-1resulted in induction of cross-strain
protective immune response against S. flexneri ATCC
12022 in a robustly evaluated model of murine shigellosis
(Sharma et al. 2017; Yagnik et al. 2019). Epitope based
vaccine can enhance the specificity and provide desired
immune responses (Toussaint 2011). In this context, we
have previously identified a pool of epitopes derived from
OMPs of Shigella by a rational and systematic deploy-
ment of multiple immunoinformatic tools (Sharma et al.
2016). With the aim to have common epitopes to gener-
ate humoral and cell mediated immunity, we derived T
cell epitopes from a pool of B cell epitopes. The epitopes
were screened through several selection criteria such as
topological surface exposure, binding to maximum Major
Histocompatibility Complex (MHC) alleles and high pop-
ulation coverage (Sharma et al. 2016).

In the present study, we have selected a pool of five high
scoring epitopes derived from OmpA and OmpC identified
previously. These epitopes were then chemically synthesized
and validated immunologically in BALB/c mice model for
Shigella infection. Following validation, these epitopes were
coupled to a carrier protein in order to develop immuno-
logically potent cross-reactive vaccine candidate; “EpiMix”
(vaccine preparation containing multiple epitopes). Further,
the immunogenicity and protective efficacy of EpiMix was
also evaluated and compared to the parental proteins OmpA
and OmpC in a robustly evaluated murine shigellosis model
(Sharma et al. 2017). The findings of the present study pave
the way towards the development of EpiMix based cross
protective and effective Shigella vaccine.
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Materials and Methods
Bacterial Strains and Cultures

Shigella flexneri ATCC 12,022 was obtained from Biocare
Research Pvt. Ltd., Ahmedabad, India. It was grown in nutri-
ent broth under shaking conditions (180 rpm) at 37 °C for
18 h in an orbital shaker (Thermo Fischer Scientific, USA).
Escherichia coli (E. coli) DH5a and BL21 (DE3) strains
were grown in Luria—Bertani (LB) medium at 37 °C with
vigorous shaking. Kanamycin was used at a final concentra-
tion of 30 pg/ml for r-E. coli DH5a and BL21 strains.

Animals

Pathogen free, 6 to 8 week old female, Balb/c mice were
purchased from Mahaveera Enterprises, Hyderabad, India,
and were housed in the animal facility at B. V. Patel PERD
Centre as per Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA) guide-
lines. All animal experiments were performed in accordance
with the institutional animal ethics committee.

Peptide Synthesis and Conjugation

Peptides were synthesized using the method described by
Lella and Mahalakshmi (2013), Briefly, all peptides were
synthesized by standard solid phase synthesis on a Rink
Amide AM resin using Fmoc chemistry. Fmocdeprotection
was achieved using 20% piperidine prepared in dry DMF,
and carboxyl group activation was achieved using a mixture
of HATU and DIPEA (N,N-ethyldiisopropylamine) (Hiinig’s
base) in dry DMF (dimethylformamide). Three equivalents
were used for each coupling and the progress of the reaction
was monitored by Kaiser test. Each coupling was repeated at
least twice to achieve saturation of all reaction sites. Unre-
acted sites were not blocked before proceeding to the next
amino acid. Progress of the reaction was also monitored
using mass spectrometric analysis on a micrOTOF-Q II mass
spectrometer (Bruker Daltonik GmbH) in methanol. After
completion of the synthesis, Fmoc group was deprotected to
generate a free N-terminus. Following, DMF was removed
using diethyl ether washes and the resin was air-dried. The
peptide was simultaneously side-chain deprotected and
cleaved from the resin using the following cleavage cock-
tail: TFA (82.5): water (5.0): phenol (5.0): thioanisole (5.0):
ethanedithiol (2.5). 1 ml of resulting cleavage cocktail was
used to deprotect 1 mg of dried resin. The cleavage reac-
tion was allowed to proceed for at least 12 h at 25 °C. After
completion of the cleavage reaction, the resin was filtered
off and peptide was precipitated using diethyl ether. The
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peptide was repeatedly washed with cold diethyl ether to
remove residual cleavage cocktail reagents. The peptide was
recovered by centrifugation for 30 min at 4 °C at 50,000xg,
and finally air dried. The successful synthesis of all the pep-
tides was finally confirmed by mass spectrometric analysis.
The obtained peptides were conjugated with Ovalbumin as
described previously (Harari et al. 1988).

Immunization with Individual Inmunodominant
Epitopes

Five groups of Balb/c mice (n=>5 in each group) were immu-
nized with 50 pg of the five individual immunodominant
peptides conjugated to Ovalbumin or 50 pg of Ovalbumin or
PBS alone. All the immunogens were emulsified with Com-
plete Freund’s adjuvant for first immunization and Incom-
plete Freund’s adjuvant for subsequent immunizations. Mice
were immunized intramuscularly on days 0, 14, 28 and 42.
Blood was collected from immunized mice by puncturing
retro orbital plexus on days 0, 28, 49 and 56. Subsequently,
serum was separated by centrifugation at 1900xg for 10 min.

lgG Measurement

To determine the epitope/antigen specific IgG titres in the
sera of immunized mice, Enzyme-linkedlmmunosorbent
Assay (ELISA) was performed as previously described
(Yagnik et al. 2017a, b). The sera obtained on the 56M day
from epitope/antigen immunized mice were screened for
peptide/ antigen specific IgG antibodies by ELISA. Each
well of microtiter plates (Nunc, Thermo scientific) was
coated with either 1 XPBS or 1 pg of nonameric peptides
or 1 pg of EpiMix prepared from unconjugated peptides in
equal ratio or 300 ng of purified OmpA or OmpC, and incu-
bated overnight at 4 °C. The uncoated surface was blocked
with 2% Bovine Serum Albumin (BSA) (w/v) prepared in
1 X PBS and incubated at room temperature (RT) for 3 h.
Serially diluted serum samples were added to each well and
incubated at RT for 2 h. Thereafter at each step, plates were
washed thrice with PBS containing 0.02% (v/v) Tween-20
for 2 min. A 100 pl of 1:1000 diluted rabbit anti-mouse
IgG-HRP was added in each well and incubated for 1 h at
RT. Antibodies were detected by adding 100 pl of 1 Xx TMB
(3,3',5,5'-Tetramethylbenzidine) substrate. The plates were
incubated in dark for 15 min and a reaction was stopped by
adding 50 pl of 1 N H,SO,. Absorbance was read at 450 nm
by a plate reader (MULTISKAN GO-Thermo fisher Scien-
tific, USA). To monitor the kinetics of epitope/antigen spe-
cific serum IgG antibodies, serum was collected from immu-
nized mice on days 0, 28, 49 and 56 and antigen specific
IgG levels were estimated as described above. The serum
samples were diluted to their respective titres.

IgA Measurement

To estimate the titres of epitope/antigen specific IgA in fae-
cal samples of immunized mice, a 100 pg of faecal samples
were collected on day 56" post immunization. One ml PBS
containing 1% BSA and 1 mMphenylmethylsulfonyl fluoride
(PMSF) was added per 0.1 g of faecal pellets and incubated
for 16 h at 4 °C. Faecal samples were vortexed thoroughly
followed by centrifugation at 16,000xg for 20 min at 4 °C
for efficient recovery of faecal SIgA and complete disruption
of solid faecal material. A 100 pl of serially diluted superna-
tant was used for ELISA analysis. SIgA was detected using
HRP-conjugated goat anti-mouse IgA.

To determine the kinetics of epitope/antigen specific
SIgA present in faecal samples of immunized mice, faeces-
from the control and immunized group of mice were col-
lected on days 0, 28, 49 and 56. The 100 pg of collected
faeces were processed as described above.

EpiMix Immunization and Shigella Challenge

Following immunological characterization of individual
epitopes/peptides, EpiMix preparation was developed by
mixing these five immunodominant epitopes/peptides in
an equal ratio. Five groups of Balb/c mice(n=10 in each
group) were intramuscularly immunized with either 50 g
of EpiMix or 3 pg of OmpA or 3 ug of OmpC or 50 pg
of Ovalbumin or PBS alone on days 0, 14, 28 and 42. All
the immunogens were emulsified with Complete Freund’s
adjuvant for first immunization and Incomplete Freund’s
adjuvant for the subsequent immunizations. Control group
of mice were immunized with PBS alone. Blood was col-
lected from immunized mice by puncturing retro orbital
plexus on days 0, 28, 49 and 56 and serum was separated by
centrifugation at 1900xg for 10 min. Three mice from each
group were sacrificed for spleen collection and assessment
of cytokine profile.

On day 63 i.e. 2 weeks after the final immunization, seven
mice from each group were challenged intraperitoneally with
5% 108 CFU of §. flexneri ATCC 12022 in 100 ul of PBS
(Sharma et al. 2017). The challenge dose of mice was pre-
pared from a frozen stock of S. flexneriATCC 12022 which
was harvested at the log phase of growth, estimated to be
the optimal time of Shigella invasiveness. Mice were moni-
tored for weight loss, lethargy, fur ruffling and development
of conjunctivitis and diarrhea for 7 days after challenge.
Three mice from each group were sacrificed within 24 h of
a challenge for monitoring colon length and cytokine assay
whereas 4 mice from each group were observed till 7 days
after challenge. Faeces from challenged mice were collected
24 h post challenge and analyzed for the presence of Shigel-
laby dilution plating on Salmonella-Shigella Agar (SS Agar,
Himedia).
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Cytokine Assay

Spleens were harvested and macerated from control and
immunized mice (n=3 animals each on Day 62 and 63) for
isolation of the splenocytes using the protocol described pre-
viously (Gupta et al. 2011). The splenocytes were cultured
in 24-well plate (5 x 10° cells/well) in 1 ml of RPMI 1640
containing 10% heat-inactivated Fetal Bovine Serum (FBS),
1% gentamicin, and 1% L-glutamine. The splenocytes were
primed with either 30 ug/ml of individual peptides/ EpiMix
or 3 pg/ml of OmpA or OmpC or PBS alone and incubated
for 72 h at 37 °C in 5% CO,. The supernatant was then
harvested and stored at — 80 °C until cytokine analysis. The
concentration of selected cytokines (IL-2, IL-4, IL-10 and
IFN-y) was assayed using eBioscience™ Mouse Th1/Th2
ELISA Ready-SET-Go!™ Kit(eBioscience, USA) as per
manufacturer’s instructions and the results were expressed
in pg/ml.

Statistical Analysis

GraphPad Prism (trial ver. 5) was used to perform all the
statistical analyses. Two way ANOVA with Bonferroni’s
multiple comparison post-hoctest was used to determine
the statistical significance of IgG and IgA in control and
vaccinated animals at the different time points and to deter-
mine statistical significance in cytokine levels in control and
vaccinated animals re-challenged with different antigens.
One way ANOVA with Bonferroni’s multiple comparison
tests was used to determine statistical significance in colon
length, faecal CFU and disease parameters among experi-
mental groups. Data are presented as means + standard error
of mean (SEM). P values < 0.05 were considered as signifi-
cant. For analysis of cytokine after intramuscular immunisa-
tion, one way ANOVA with Tukey’s multiple comparison
post-hoc test was used.

Results
Epitope Synthesis

We have previously identified five potent epitopes of OmpA
and OmpC, based on the immunoinformatic analysis and
prediction of their topological position using GLIDE
(Sharma et al. 2016). The amino acid sequences of selected
epitopes have been slightly modified for chemical synthe-
sis in this work (Table 1). Topological positions of selected
epitopes are shown in the diagram underneath. When we
predicted the immunogenicity of modified epitopes using
VaxiJen (Table 1), all the modified epitopes/peptides had
VaxiJen scores above the threshold value (0.4) indicat-
ing their immunogenic potential. After the antigenicity

@ Springer

prediction, the nonameric epitopes were synthesized by
solid phase synthesis. Mass spectroscopic analysis revealed
the single peak of each peptide of desired mass indicating
the successful synthesis of the peptide (data not shown).
To induce the desired immunogenic response, newly syn-
thesized epitopes were conjugated to the carrier protein,
Ovalbumin.

Characterization of Inmune Responses Elicited
by Epitopes

Epitope Specific Humoral Response

In order to ascertain the immunogenic potential of the
epitopes, the peptide specific humoral response was ana-
lysed. The Ovalbumin conjugated epitopes were individu-
ally used for intramuscular immunization of Balb/c mice as
described in Fig. la. Post immunization, epitope-specific
IgG titres were evaluated. Among the five epitopes, P4 dem-
onstrated the highest titre, followed by P3and P2 (Fig. 1b).
Additionally, the analysis of epitope specific IgG levels
over the course of vaccination revealed that the significant
increase in epitope specific IgG following 3rd immunization
in case of P2, P3 and P4. (Fig. 1¢). In contrast, immuniza-
tion with P1 and P5 did not induce epitope specific serum
IgG titres. The data indicated the immunogenic potential of
epitopes P2, P3 and P4.

Epitope Specific Mucosal Response

Selected epitopes were also evaluated for their ability to
generate a mucosal immune response. To address this, we
quantified epitope specific sIgA from faecal samples of
immunized animals. The maximum epitope specific sIgA
were raised against P3, followed by P4, P5, P2 and P1 in
the descending order (Fig. 1d). Interestingly, unlike serum
IgG, the epitope specific sIgA were observed immediately
after the second dose of immunization in case of P3, P4 and
P5 (Fig. le).

Collectively, the humoral responses suggest the epitopes
P3 and P4 can induce systemic as well as mucosal immune
response.

Cytokine Profiling

The potential of the epitopes in producing Thl and Th2
specific cytokines (IFN-y, IL-4, IL-2, and IL-10) was also
evaluated. As shown in Fig. 1f, P3 immunization leads to
significant increase in INF-y level as compared to ovalbumin
immunized animals. Similarly, significant increase of IL-2
was observed in the animals immunized with P3 and P2 and
IL-4 in P3 and P4 as compared to ovalbumin immunized
animals.
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Table 1 VaxiJen scores of potential epitopes and their positions on OmpA and OmpC proteins

Epitope Original Sequence Score Modified Score
Sequence

Pl FKDHDTGVS 1.97 FKDHDTGVS 1.97

P2 YKGDNINGA 1.9671 YKGENIEGA 2.11

P3 YQIQGNSAE 1.88 YQIQGESAE 1.99

P4 LEYQWTNNI 0.8202 LEYQWTNEI 0.818

P5 SQYHDTGFI 0.882 SQYHDTGFI 0.882

The in vivo immune characterization of cellular and
humoral responses elicited by the epitopes reaffirms the
immunogenicity of in silico predicted epitopes. All the
peptides were able to induce immune response, while some
of them successfully induced cellular and humoral arms of
immunity. In order to achieve protection against Shigella,
activation of both the arms of immune system is desired
(Ashida et al. 2015) and since the selected five epitopes gen-
erated a spectrum of cellular and humoral immune response,
we decided to combine these five epitopes and prepare an
EpiMix formulation. The immunogenic and protective
potential of EpiMix along with parental proteins OmpA and
OmpC was further accessed in a murine shigellosis model.

Immunogenicity and Protective Efficacy of EpiMix
Humoral Immune Response
The EpiMix preparation was achieved by conjugating the

selected epitopes in the equal molar ratio to the Ovalbumin
as mentioned above. EpiMix and parental proteins were used

to immunise mice. Immunization protocol and other details
of the study design are represented in the Fig. 2a. The sera,
collected from the group of immunized mice were used to
quantify antigen specific IgG response. As shown in Fig. 2b,
significantly higher level of serum IgG titre was obtained
with EpiMix, OmpA, OmpC and Ovalbumin as compared
to the saline group. The IgG titers of OmpA, OmpC and
Ovalbumin were comparatively higher than that of EpiMix.
This could be due to the small size of the nonameric epitopes
as compared to their parental proteins.

Interestingly, the IgG titre for EpiMix was much higher as
compared to the individual epitopes, indicating the synergis-
tic effect of all five epitopes in boosting humoral response.

As shown in Fig. 2¢, OmpA and OmpC were able to elicit
significantly higher antigen specific IgG antibodies follow-
ing the second dose of immunization. Although immuniza-
tion with EpiMix induced antigen specific immune response,
it was not statistically significant.

In order to evaluate the contribution of individual
epitopes in generating humoral response following EpiMix
immunization, the binding ability of individual epitopes with

@ Springer
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Fig.1 Immune characterisation of individual Ovalbumin conjugated
epitopes. a Schematic representation of study design. b Epitope
specific serum IgG titres obtained after last dose of booster immu-
nization. ¢ Serum IgG levels specific to individual epitopes (P1-P5)
obtained at 0, 28, 49 and 56 days after immunization. d Epitope
specific faecal SIgA titres obtained after last dose of booster immu-
nization. e Faecal SIgA levels specific to individual epitopes (P1-
P5) obtained at 0, 28, 49 and 56 days after immunization. f Cellular
response elicited in response to intramuscular immunization of mice

EpiMix specific serum was analyzed. As shown in Fig. 2d
while all the epitopes bind to the EpiMix serum, epitopes
P3 and P4 were observed to contribute maximally, followed
by P2, P5 and P1.

The antigen specific sIgA was detected in the faecal sam-
ples of all vaccine groups; EpiMix, OmpA, OmpCand Oval-
bumin. As compared to the control group, immunization
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[F]

with individual epitopes. IFN-y, IL-4, IL-10 & IL-2 levels respec-
tively measured in the supernatant of splenocytes of immunized mice
incubated with all five epitopes (P1-P5), ovalbumin and saline. The
*#%p value <0.001, **p value <0.01 and *p value <0.05. *Here, Sera
obtained from mice immunized with saline alone were used as the
control. The readings obtained for the control were subtracted from
all the other samples in the ¢, e and f graphs. For ¢, e and f Two way
ANOVA with Bonferroni Post-tests was performed using GraphPad
Prism (trial ver. 5)

with EpiMix resulted in higher sIgA titre, however, the titre
was lower than that of the parental proteins (Fig. 2e and f).
EpiMix specific sIgA titres were higher than obtained for
individual epitopes except for P4.

Similar to antigen specific IgG response, the antigen spe-
cific sIgA raised significantly after the second immuniza-
tion in case of OmpA, OmpC and Ovalbumin. It took three
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rounds of immunization of EpiMix to observe significant
levels of sIgA (Fig. 2g). Following 3rd dose of immuniza-
tion, there was a decrease in antigen specific sIgA in case of
Ovalbumin immunized mice, while the antigen specific sIgA
continued to increase significantly in the animals immunised
with OmpA, OmpC and EpiMix on day 56. Taken together,
the results indicate the successful induction of mucosal
immune response by OmpA, OmpC and the EpiMix.

Evaluationof Protective Efficacy of EpiMix

In order to evaluate and compare the protective potential of
EpiMix and parental proteins/immunogens, the immunized
mice were intraperitoneally challenged with 5 x 10® CFU of
S. flexneri ATCC 12022 as described previously (Sharma
et al. 2017). Mice immunized with EpiMix, OmpA and
OmpC didn’t develop any disease symptoms, whereas Oval-
bumin and PBS immunized mice developed symptoms simi-
lar to human shigellosis as shown in Fig. 3. Reduction in
physical activity, ruffled fur, loss of mobility with abdominal
swelling, reduction in food intake and severe conjunctivitis
with watery inflamed eyes were observed in Ovalbumin and
PBS immunized mice, whereas EpiMix, OmpA and OmpC
immunized mice were free from all these disease symptoms
(Fig. 3a). Additionally, a significant loss in body weight was
observed after 24 and 96 h of the challenge in Ovalbumin
and PBS immunized mice, while body weight was retained
in rest of the groups (Fig. 3b).

Acute bacillary dysentariae, a hallmark of shigellosis,
was developed in Ovalbumin and PBS immunized mice,
indicated by soiled anus, loose stool with mucous and blood,
whereas EpiMix, OmpA and OmpC immunized mice def-
ecated normal stool (Fig. 3c). Shortening of colon is one of
the major indicators of intestinal tissue destruction (Sharma
et al. 2017) and was measured at 24 and 96 h after Shigella
challenge. In Ovalbumin and PBS immunized mice, length
of the colon was found to be reduced after 24 and 96 h of
challenge, while EpiMix, OmpA and OmpC immunized
group didn’t show reduction even after 96 h of Shigella chal-
lenge (Fig. 3e).

We also evaluated Shigella shedding in faeces of the chal-
lenged mice by the dilution plating on SS agar. The signifi-
cantly high bacterial load was observed in faecal samples of
Ovalbumin and PBS immunized mice while, negligible bac-
terial count was observed in the rest of the groups (Fig. 3d).
These results indicate that immunisation with EpiMix as
well as with parental protein protect the Balb/c mice against
active Shigella infection.

Cytokine Profile in the Immunised Animals

Cellular immune responses are integral to protection against
Shigella (Tangri et al. 2005). In order to understand the

potential and nature of cellular responses elicited by differ-
ent immunogens, we have evaluated the secretion of a set of
Th1 and Th2 cytokines. The splenocytes from the EpiMix
immunized animals when stimulated with the either EpiMix,
P3 or P4, resulted in significantly higher levels of INF-y
as compared to all other vaccine groups (Fig. 4a). Similar
to INF-y, as shown in Fig. 4b, the level of IL-2 found to
be significantly higher in the splenocytes of EpiMix immu-
nised animals when stimulated with P3 as compared to other
vaccine groups, suggesting the dominance of Thl cellular
immune response. Similarly, levels of IL-4 were found to
be the most significantly elevated in the OmpC immunized
animals (whose splenocytes were stimulated with OmpC or
P3) followed by OmpA immunised animals (whose spleno-
cytes were stimulated with OmpA or P4) and then EpiMix
immunised animals (whose splenocytes were stimulated
with EpiMix, P5 or P3) (Fig. 4c). Level of IL-10 is com-
paratively low in all immunised group.

Cytokine Response-Pre vs Post Shigella Challenge

In order to evaluate how Shigella infection influences the
cytokine environment in the control as well as vaccinated
animals, we have compared the cellular responses pre- and
post-Shigella challenge. As shown in Fig. 5, the levels of all
four cytokines (IFN-y, IL-2, IL-10 and IL-4) were increased
after Shigella challenge as compared to pre challenge time
point in all the immunized groups. However, there was no
change in cytokine of the PBS treated mice (Fig. 5).

In addition, as shown in Fig. 5 IFN-y, IL-2 and IL-4 lev-
els were also increased in Ovalbumin immunized group as
compared to control mice. However, these levels are much
lower than that of EpiMix, OmpA, OmpC immunized group,
an indication of the protective potential of EpiMix, OmpA
and OmpC.

Cellular Response

Moreover, to further characterize the type of cellular
response generated by immunization, IFN-y/IL-4 andIL-4/
IFN-y ratios were calculated. Consistent with our previ-
ous findings, immunization with OmpA and OmpC dem-
onstrated the high IL-4/IFN-y ratio, indicating the possible
dominance of Th2 response (Fig. 5e[I]). On the other side,
EpiMix immunization resulted in high (IFN-y/IL-4) indi-
cating the possible dominance of Th1 response (Fig. Se[I]).

After intraperitoneal challenge with S. flexneri ATCC
12022, the dominance of cellular response was found to be
altered in OmpA and OmpC immunized group (Fig. Se[lI]),
i.e. the IFN-y surge (high IFN-y/IL-4 ratio) was observed
which might indicate the possible dominance of Thl
response. While, the IFN-y surge was consistent in EpiMix
immunized group after the Shigella challenge (Fig. 5e[1I]).
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«Fig.2 Humoral and mucosal response elicited after intramuscular
immunization of Balb/c mice with EpiMix, OmpA, OmpC, Ovalbi-
mun and saline. a Schematic representation of study design. b Titre
determination of serum IgG specific to antigens. ¢ Antigen specific
serum IgG levels obtained at 0, 28, 49 and 56 days after immuniza-
tion. d Binding of individual epitopes to EpiMix specific serum IgG.
e Titres of EpiMix specific s faecalSIgA elicited post immuniza-
tion. f Titres of antigen specific faecalSIgA elicited post immuniza-
tion. g Antigen specific faecal IgA levels obtained at 0, 28, 49 and
56 days after immunization. The *** denotes p value <0.001, **p
value <0.01 and *p value <0.05. For d and g Two way ANOVA with
Bonferroni Post hoc tests was performed using GraphPad Prism (trial
ver. 5)

The possible dominance of Th1 response after Shigella chal-
lenge exhibits its requirement in clearance of intracellular
pathogen.

Discussion

Infectious diseases are one of the leading causes of morbid-
ity and mortality and Shigella is one of the major etiological
agentsfor the death of young children under the age of five
(Jennison and Verma 2004).The constant research for the
development of effective prophylactic has not yet resulted
in an effective vaccine, efficacious in lowering the disease
burden and alleviate the morbidity.

With the similar aim, extensive efforts have been directed
in our lab for the development of candidate vaccine against
Shigella infection through the use of conserved antigens and
by designing better antigen delivery strategies (Sharma et al.
2016; Yagnik et al. 2016, 2017a, b). Herein, we developed
epitope- based vaccine candidate against Shigella. As com-
pared to antigen-based vaccine, an epitope-based vaccine
offers several advantages such as increased safety, prospects
to rationally modify the epitopes for higher potency, and to
generate desired immune responses (Sette and Fikes 2003).
Therefore, in the present study five immunologically char-
acterised epitopes derived from antigens OmpA and OmpC
were synthesized, and formulated as EpiMix, and tested as
putative vaccine candidate. The immunogenic and protective
efficacy of EpiMix, along with parent proteins, OmpA and
OmpC was evaluated against shigellosis in an appropriate
animal model. The study clearly demonstrated that intramus-
cular administration of EpiMix, OmpA and OmpC elicited
protective humoral and cellular immune response, required
to prevent the Shigella infection.

The nonameric epitopes in the current work were previ-
ously derived by a sequential use of immunoinformatic tools
(Sharma et al. 2016) and experimentally validated in subse-
quent studies (Data in communication). In the present study,
five of these epitopes were synthesized and their immuno-
genic potential was evaluated. The intramuscular immuniza-
tion of mice with Ovalbumin conjugated epitopes resulted in

the generation of epitope specific humoral, mucosal and cel-
lular immune responses. Among the selected epitopes, P4,
P3and P2 are capable of inducing significant serum IgG level
after 3rd dose of immunisation while significant increase of
secretory IgA level were found in the animals immunised
with P3, P4 and P5. Similarly, significant enhancement of
INF-y, IL-2 and IL-4 level were found with P3 immuni-
sation while P2 immunisation enhance IL-2 level and P4
immunisation enhance IL-4 level significantly compared to
Ovalbumin control. Elicitation of cell mediated immunity
by immunization with epitopes was also reported by other
researchers (Berzofsky 2012; Igbal et al. 2003; Chaitra et al.
2007). Recently, Yang et al., have demonstrated the elicita-
tion of IgG response specific to individual 18 mer epitopes
derived from manganese transport protein C (MntC) of
Staphylococcus aureus (2016). Jarab et al., have also exhib-
ited the binding capacity of epitopes derived from OmpC
protein with umbilical cord serum IgG (2013).

After confirming the immunogenic potential of synthe-
sized epitopes, the EpiMix was developed using five immu-
nologically characterized epitopes. The intramuscular immu-
nization of EpiMix resulted in EpiMix specific titres of IgG
and IgA capable of protecting immunised mice from active
Shigella infection challenge, as none of the vaccinated mice
developed any disease symptom. The serum IgG and faecal
IgA titres specific to EpiMix were lower than that of par-
ent proteins, OmpA and OmpC. Nevertheless, the EpiMix
immunized group exhibited complete protection from Shi-
gella infection when challenged with live pathogen. Jackson
et. al., also demonstrated the protective efficacy of synthetic
peptide vaccine against Listeria monocytogenes (2006).
Similar to the present findings, the protective efficacy of
a multiepitope based vaccine against methicillin-resistant
Staphylococcus aureus (MRSA) was reported by Zhao et al.
(2015).

The successful clearance of pathogen involves the activa-
tion of cellular response; and therefore cytokine levels were
evaluated before and after disease challenge in immunized
mice. Immunization with EpiMix successfully induced the
high levels of IFN-y, IL-4, and IL-2 compare to parental
proteins OmpA and OmpC, indicating the potential of Epi-
Mix to protect mice from shigellosis. Similarly, induction of
IFN-y by synthetic peptides was also reported by Tangriet
et al. (2005). Moreover, Kurtz et al., demonstrated that pep-
tides derived from type III secretion system of Salmonella
also elicited protective levels of IFN-y, IL-2 and TNF-a
(2014).

Furthermore, the comparison of pre- and post-chal-
lenge cytokine levels induced in EpiMix immunized mice
revealed significantly high IFN-vy levels, a possible domi-
nance of Thl response. The IFN-y surge might be respon-
sible for preventing bacterial invasion and recruitment
of macrophages, involved in clearance of intracellular
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Fig.3 Evaluation of protective efficacy of EpiMix, OmpA, OmpC,
Ovalbumin and saline immunized mice against intraperitoneal infec-
tion of S. flexneri. Pathophysiological characteristics of human like
murine shigellosis exhibited by challenged animals such as a Con-

pathogen like Shigella. On the other side, the IL-10 level
was also elevated after disease challenge; probably to
counteract the tissue destruction occurred due to Shigella
infection. In addition, induction of IL-10 would inhibit the
reactive oxygen species generation which is responsible
for damaging tissue (Dokka et al. 2001). In the present
study, we hypothesize that the vaccination with EpiMix
induced the inflammatory and anti-inflammatory cytokines
in balance manner, capable of protecting mice from Shi-
gella infection with minimal tissue destruction. The intes-
tinal tissues of post challenge vaccinated animals were
near to normal which was evident by the retention of colon
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EpiMix 80]. l I. l I
P 40
0

o~ o
Hours post challenge

junctivitis, b Body weight observed at 0, 24, 48 and 96 h after disease
challenge ¢ Soiled anus d Shigella C.F.U. count present in faeces of
challenged mice and e Colon length at 24 and 96 h after challenge.
The ***P value <0.001 **P value <0.01 and *P value <0.05

length supporting protection of tissue from necrosis. The
absence of any blood or mucus in the faeces of EpiMix
immunized animals is another indicator of healthy tissue.
The vaccination of mice with EpiMix elicited protective
mucosal, humoral and cellular responses, essential to pre-
vent the Shigella infection. Further, to achieve significant
rise in the EpiMix specific IgG levels, the design/ length
of epitopes could be optimised accordingly.

The parental proteins OmpA and OmpC also provided
complete protection from Shigella infection which might
question the need to develop EpiMix candidate.OmpA and
OmpC are not fully conserved among all the Shigella spp
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Fig.4 Levels of cytokines elicited after intramuscular immunization Prism-5 trial version. The ***P<0.0001, **P<0.001,*P<0.05.
of Ovalbumin, OmpA, OmpC and EpiMix. a INF-y, b IL-2, ¢ IL-4 Here, supernatant collected from splenocyte culture obtained from
and d IL-10 levels elicited after the splenocytes stimulated with PBS, mice immunized with saline alone were used as the control. The read-
Ovalbumin, OmpC, OmpA, EpiMix and with individual peptides (P1, ings obtained for the control were subtracted from all the other sam-
P2, P3, P4 and P5) in the corresponding groups. Statistical test per- ples

form: One way Anova, post Tukey’s multiple comparison test using
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Fig.4 (continued)

and might not provide complete protection against heterolo-
gous challenge of shigellosis.

Additionally, one of the reasons for the failure of full
antigen vaccine candidates was their inability to provide
protection in geographically distinct population (Oyarzin
and Kobe 2015). But, this limitation could be overcome with
the aid of immunoinformactics, by identifying the epitopes
with population coverage analysis, as deployed in this study.

@ Springer

Therefore, we designed EpiMix, primarily to have a can-
didate with the OmpA and OmpC epitopes which are con-
served in maximum Shigella strains (Sharma et al. 2016).
The inclusion of conserved epitopes would enable EpiMix
to provide protection against maximum and multiple strains
of Shigella spp.

Secondarily, the epitopes included in EpiMix were pre-
dicted to be effective in geographically distinct Southeast
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Fig.5 Comparison of levels

of cytokines elicited after
intramuscular immunization
with Ovalbumin, OmpA, OmpC
and EpiMix before and after
Shigella flexneri challenge. a
INF-y,bIL-2,cIL-4 and d
IL-10 levels elicited after the
splenocytes stimulated with
PBS, Ovalbumin, OmpC,
OmpA, EpiMix and with
individual peptides (P1, P2, P3,
P4 and P5) in the correspond-
ing groups. € Dominance of
Th1 or Th2 response exhibited
by IFN-y/IL-4 and IL-4/IFN-y
ratios. (I) Th1 and Th2 ratios
measured in immunized mice
before Shigella challenge. (II)
Th1 and Th2 ratios measured in
immunized mice after Shigella
challenge. Two way ANOVA
with Bonferroni’s multiple com-
parison post-hoctest was used
for this analysis. ***P <0.001
and **P <0.01
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Conclusions

fore we speculate its effectiveness in multinational popu-

lation. However, further studies are required to analyze
the EpiMix’s protective efficacy with heterologous
Shigella challenge and the epitopes’ binding efficiency
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Fig.5 (continued)

@ Post-Challenge
@ Pre-Challenge

@R Pre-Challenge
1000 @W Post-Challenge 1000
800 800
E E
3 600 3 600
; 400 ” ; 400
200
o

>
® ¥
OVA Mice with
1000 @B Pre-Challenge
@m Post-Challenge
800
B s T = =
3 2
I 400 & - 3
200
o
[
1000 @B Pre-Challenge

=mm Post-Challenge 1000

1L-10 pg/ml

< o
OVA Immunised Mice Stimulated with
@B Pre-Challenge

1000 @ Post-Challenge

IL-10 pg/ml

<

OmpA Immunised Mice Stimulated with

0‘.} oeé. >

ompc Mice ted with

@B Pre-Challenge
@ Post-Challenge

C]

s Pre-Challenge
@m Post-Challenge

800

IL-10 pg/ml
3
{d

0_7-
3
A3
< o“?
OmpC Immunised Mice Stimulated with

15001 @B Pre-Challenge
@m Post-Challenge

ID]
Pre challenge Post challenge
6 3
. |FN-y/IL-4 . FN-y/IL-4
. |L-4/IFN-y . |L-4/IFN-y
8 4 8 2
S 2
s g
g 2
g2 e
0 o
> & \a o o S & \at o o
«° 3 Q SR & & S SIS
& O_‘y"e o & & & o“éoo & & K
Groups Groups
(U] (1)
[E]

the “EpiMix” against shigellosis. The immunization elicited immune responses were effective to protect mice
with EpiMix, OmpA and OmpC resulted in elicitation = from active infection of S. flexneri. The antigen (OmpA,
of antigen specific humoral and mucosal response. The =~ OmpC, and EpiMix) immunized mice did not develop any
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symptoms of shigellosis. Furthermore, the cytokine pro-
file induced by EpiMix immunization in diseased animals
suggested the balance of inflammatory and anti-inflamma-
tory cytokines As the EpiMix was developed with OmpA
and OmpC epitopes, the developed candidate “EpiMix”
is likely to encompass the immunological activities pos-
sessed by both the parental antigens: OmpA and OmpC.
The used epitopes are found to be conserved in Shigella
spp. and some of the enteric pathogens, the “EpiMix” can-
didate could be assessed for protective efficacy against
other Shigella strains and enteric pathogens. Moreover,
the deployed strategy could be used as a platform technol-
ogy for developing protective prophylactics against other
infections.
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