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Abstract

Escherichia coli O157:H7 with its traits such as intestinal colonization and fecal-oral route of transmission demands
mucosal vaccine development. E. coli secreted protein B (EspB) is one of the key type III secretory system (TTSS) targets
for mucosal candidate vaccine due to its indispensable role in the pathogenesis of E. coli O157:H7. However, mucosally
administered recombinant proteins have low immunogenicity which could be overcome by the use of mucosal adjuvants.
The quest for safe, potent mucosal adjuvant has recognized AG fragment of Zonula occludens toxin of Vibrio cholerae with
such properties. AG enhances mucosal permeability via the paracellular route by altering epithelial tight junction structure
in a reversible, ephemeral and non-toxic manner. Therefore, we tested whether recombinant AG intranasally co-administered
with truncated EspB (EspB + AG) could serve as an effective mucosal adjuvant. Results showed that EspB + AG group
induced higher systemic IgG and mucosal IgA than EspB alone. Moreover, EspB alone developed Th2 type response with
IgG1/IgG2aratio (1.64) and IL-4, IL-10 cytokines whereas that of EspB + AG group generated mixed Th1/Th2 type immune
response evident from IgG1/IgG2a ratio (1.17) as well as IL-4, IL-10 and IFN-y cytokine levels compared to control. Sera
of EspB + AG group inhibited TTSS mediated haemolysis of murine RBCs more effectively compared to EspB, control
group and sera of both EspB + AG, EspB group resulted in similar levels of efficacious reduction in E. coli O157:H7 adher-
ence to Caco-2 cells compared to control. Moreover, vaccination with EspB + AG resulted in significant reduction in E.
coli O157:H7 fecal shedding compared to EspB and control group in experimentally challenged streptomycin-treated mice.
These results demonstrate mucosal adjuvanticity of AG co-administered with EspB in enhancing overall immunogenicity
to reduce E. coli O157:H7 shedding.

Keywords E. coli O157 - Ruminants - Immunization - Intranasal administration - Feces - Vaccines

Introduction

Escherichia coli O157:H7 is a common serotype of vero-
cytotoxin-producing E. coli (VTEC) associated with the
majority of human outbreaks and sporadic cases. E. coli
O157:H7 infection is a grave public health concern due to its
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association with a fatal hemolytic uremic syndrome (HUS)
in addition to diarrhoea, haemorrhagic colitis. Human
infections are mainly acquired by contamination of food,
water via direct or indirect contact with ruminant feces [1].
Therefore, vaccination of ruminants to limit colonization and
shedding of E. coli O157:H7 are gaining significant atten-
tion. Recent studies on Type III secretory system protein-
based vaccine have confirmed its positive effect in reducing
fecal shedding in ruminants [2] and preventing human infec-
tion [3]. However, there are paradoxical views regarding the
necessity of the mucosal immune response to confer protec-
tion against E. coli O157:H7. Some vaccine studies have
reported it to be dispensable [4, 5] whereas other studies
have shown enhanced protection in reducing fecal shedding
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in the presence of mucosal immune response [6, 7]. The
latter results coincide with the report of induction of strong
mucosal IgA response against Type III proteins following
infection at the bovine terminal mucosa, which is the pri-
mary site of colonization for E. coli O157:H7 [8]. Despite its
importance, studies attempting to achieve mucosal immunity
with recombinant proteins are relatively scarce. Therefore,
further studies on mucosal vaccine strategies employing
recombinant proteins could progress the development of a
potent vaccine against E. coli O157:H7.

Mucosal immunization is preferred to elicit mucosal
immunity because parenteral immunization typically elicits
poor mucosal immunity. But the poor immunogenicity of
recombinant proteins applied to mucosal surfaces necessi-
tates the use of mucosal adjuvants. However, the lack of safe
and potent mucosal adjuvant with a precisely known mecha-
nism of action seems to dampen the research on recombi-
nant mucosal vaccine development. In this regard, Fasano
et al. have identified a 45 kDa protein from Vibrio cholerae
named Zonula occludens toxin (Zot), which is able to open
epithelial tight junction in a reversible, non-toxic manner to
increase paracellular transport of macromolecules [9-11].
Subsequently, its potential in mucosal antigen delivery via
different routes [12] suggested it to be a promising candidate
mucosal adjuvant. Further study has discerned a 12 kDa AG
fragment of Zot capable of transiently increasing mucosal
permeability [13]. This AG fragment has found its immense
utility in the field of drug delivery [14], with no further
research on its efficacy as a mucosal adjuvant. Another com-
plication to achieve mucosal immunity using recombinant
proteins arises in terms of immunization route. Recombinant
proteins administered via oral route undergoes detrimental
conditions like low gastric pH, digestive enzymes and bile
salts resulting in its deactivation and degradation unless a
suitable delivery vehicle is employed. On the other hand,
intranasal administration is an alternative route for recom-
binant protein delivery because of its properties like lack of
acidity, the dearth of abundantly secreted enzymes and small
mucosal surface area [15].

A rational approach for eliciting mucosal immunity
against E. coli O157:H7 would be to target a key TTSS mul-
tifunctional protein involved in initial stages of attaching and
effacing (A/E) lesion formation which is crucial for efficient
intestinal colonization. It is well known that the type III pro-
tein EspB acts as both translocon protein and translocated
effector during the pathogenesis of E. coli O157:H7 [16].
As a translocon protein, EspB along with EspD of Type III
machinery causes pore formation in the epithelial cell form-
ing a conduit for the delivery of translocated proteins [17].
In fact, EspB is required for the translocation of Tir into the
host cell which is responsible for intimate adherence [18].
Moreover, subsequent to its secretion into the host cell, EspB
also functions as a multifaceted effector by interacting with
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various host proteins [16] to execute key events in the patho-
genesis. The versatile role of EspB in pathogenesis and its
strong immunogenicity [19] make it one of the prime targets
to be co-administered with AG for candidate mucosal subu-
nit vaccine development against E. coli O157:H7. Therefore,
in the present work, we characterized the potentiality of AG
active fragment of Zot co-administered with EspB via the
intranasal route to elicit effective immune responses and its
ability to prevent colonization, shedding of E. coli O157:H7
in mice.

Materials and methods
Media, bacterial strains, plasmids, cell line and mice

All media and supplements for bacterial culture were pro-
cured from Himedia laboratories, India. All the media, rea-
gents, and chemicals related to cell culture were purchased
from Sigma-Aldrich (India). pRSET A, B expression vec-
tors and DH5a, BL21 (DE3) pLysS host strains were pro-
cured from Novagen, USA. The host strains were grown on
Luria Bertani (LB) broth/agar and were supplemented with
appropriate antibiotics such as ampicillin, chloramphenicol
for cloning and expression studies. E. coli O157:H7 USDA
303 was a kind gift from Dr. Indrani Karunasagar, College
of Fisheries, Mangalore and Vibrio cholerae O139 was
obtained from National Institute of Cholera and Enteric
Disease (NICED). These strains were grown on LB broth
or agar without antibiotics. Caco-2 cell line was supplied
by National Centre for Cell Science, Pune, India. Female
BALB/c mice were provided by Central Animal Facility,
Defence Food Research Laboratory, Mysuru, India. Mice
were allowed access to food and water ad libitum. All animal
experiments in this study were performed as per the guide-
lines of Institutional Animal Ethical Committee, DFRL,
Mysuru with the approval of Committee For The Purpose of
Control and Supervision of Experiments on Animals (CPC-
SEA), India (code- IAEC-2016/15).

Cloning, expression and purification procedures

The primers used for amplifying AG, espb genes included
AG-F (5'CGCGGATCCGTTTTGTATTGGTCGGCTT-3');
AG-R (5" CCGCTCGAGAAATATACTATTTAGTCC
TTTTTT-3') and espb-F (5'-CCGCTCGAGGCTTTGGTT
GGCGGGAT-3'); espb-R (5" CCCAAGCTTCCCAGC
TAAGCGACCCG-3"). After PCR amplification from their
respective genomic DNA, amplicons with the incorpo-
rated restriction sites were digested with their appropriate
restriction enzymes (Fermentas, India). Following diges-
tion, the BamHI/Xhol digested AG amplicon, Xhol/HindIIl
digested espb amplicon was ligated into BamHI/Xhol site of
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pRSET B, Xhol/HindlII site of pRSET A vector resulting
in pRSET B-AG and pRSET A-espb, respectively. pPRSET
B-AG, pRSET A-espb plasmids were first transformed into
DH5a followed by confirmation of these recombinant plas-
mid containing clones using a T7 universal primer-based
PCR as well as sequencing as described previously [20].
The extracted recombinant plasmids were transformed into
BL21 (DE3) pLysS and positive colonies were selected on
LB agar with ampicillin (100 pg/mL) and chloramphenicol
(34 pg/mL). Then the BL21 (DE3) pLysS harbouring the
constructed vectors were inoculated in LB broth supple-
mented with suitable antibiotics and grown until the opti-
cal density of the medium at 600 nm was approximately
0.6. Then recombinant protein production was induced
with 0.5 mM isopropyl-f-D-thiogalactopyranoside (Sigma,
India) with further incubation in a shaker incubator for 5 h
at 37 °C. After IPTG induction, both induced, uninduced
cells were lysed and the protein expression was analysed
by 12% SDS-PAGE stained with Coomassie brilliant blue
(Bio-Rad, India). Colonies with the optimal expression
level of recombinant AG, EspB proteins were induced in
500 mL LB broth and these recombinant proteins were puri-
fied from inclusion bodies solubilized using the denaturing
buffer containing 8M urea, 20 mM sodium phosphate and
500 mM sodium chloride. Purification was performed with
Ni?*-NTA slurry (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol employing denaturing buffers of
varying pH for binding (8.0), wash (6.3) and elution (5.4).
During wash step, 50 column volume of PBS containing
0.1% Triton X-114 (Sigma, India) followed by 20 column
volume of wash buffer without detergent at 4 °C was used
to remove endotoxin from recombinant protein preparation
as described previously [21]. Dialysis in decreasing gradi-
ent of urea (6M, 4M, 2M, 0.5M) followed by final dialysis
in PBS (pH-7.4) at 4 °C was done to refold the purified
recombinant proteins and their endotoxin levels were ana-
lysed by Limulus amebocyte lysate (LAL) assay based
E-TOXATE Kit (Sigma, India). The expression, purity
of recombinant His-tagged proteins was assessed by 12%
SDS-PAGE stained with Coomassie brilliant blue (Bio-Rad,
India). The expressed protein was authenticated by Western
blotting using mouse monoclonal anti-histidine antibodies
and polyclonal goat anti-mouse HRP conjugated second-
ary antibodies (Sigma, India) followed by development with
Diaminobenzidene tetrahydrochloride (Sigma, India) along
with 30% H,0, in phosphate buffered saline.

Immunization schedule

Three groups of 9 female BALB/c mice aged 6 week (central
animal facility, DFRL) were intranasally immunized with
30 pg of purified EspB (n=9) or 30 pg of purified EspB
co-administered with 10 pg of purified AG (n=9) or sterile

PBS as a control in overall 20 pL volume on day 0, 7, 21
and 35. Blood and fecal samples were collected one week
after the final immunization. The serum samples were used
for the estimation of antibody titer, IgG1, IgG2a and IgA
isotypes and the fecal samples were used for determination
of IgA levels.

ELISA for assessment of antigen specific antibody
responses

EspB specific serum IgG response was analysed using indi-
rect ELISA as described previously [22]. IgG1, [gG2a titers
were assayed in serially diluted sera obtained 1 week after
the 35th day of immunization from all immunized groups
by mouse isotyping kit (Sigma, Bangalore, India) as per
manufacturer’s instructions. IgG and IgA isotyping assay
were done similar to the ELISA for total serum IgG estima-
tion with the only difference in the use of goat anti-mouse
isotype specific monoclonal antibodies (1:1000 diluted in
PBS) and polyvalent rabbit anti-goat HRP conjugate (Sigma,
India). The absorbance was analysed using ELISA reader
(TECAN Infinite® M200 PRO, Switzerland). IgG and IgA
titers were calculated based on endpoint dilution method as
the last dilution of the sample having a mean O.D. two times
greater than the naive sample. Fecal IgA extraction was done
as described by [23].

Splenocyte proliferation assay and Cytokine ELISA

The spleen was aseptically removed from control and immu-
nized mice (n=3) on the 7th day after final booster. The
splenocytes were homogenized by gently rupturing the
spleen on a wire mesh using rubber plunger of the 5 mL
syringe followed by flushing with sterile Dulbecco’s Modi-
fied Eagle’s medium (DMEM) into centrifuge tube on ice.
Cells were centrifuged and were adjusted to 1 x 10° cells/mL
in DMEM with 10% (v/v) fetal bovine serum (FBS), 50 U/
mL penicillin, 50 pg/mL of streptomycin and 0.2% NaHCOs;.
Wells were seeded with 100 uL of 1x 10° cells in 96 well tis-
sue culture microtiter plate and were re-triggered with 10 pg/
mL of EspB or 10 pg/mL of Concanavalin A (Con A, Sigma,
India) for 72 h. After incubation, the cell culture superna-
tant was collected for cytokine estimation and the cells were
processed for lymphocyte proliferation based on the MTT
assay as described elsewhere [24]. The level of cytokines
in lymphocyte culture supernatant was quantified by mouse
cytokine ELISA kit (Mabtech, Nacka, Sweden) specific for
IL-4, IL-10 and IFN-y as per manufacturer’s instructions.

Haemolysis inhibition assay

The ability of immunized mice sera to inhibit EspB medi-
ated haemolytic activity of E. coli strain was assessed as
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described by [25] with minor modifications. Briefly, EPEC
ATCC 43887 was grown at 37 °C overnight without shaking
followed by 1:100 dilution in DMEM without phenol red.
Then, 2 mL of this suspension was mixed with pooled sera
(complement inactivated at 56 °C for 30 min) from each
group into 6 well plates and incubated for 1 h at 5% CO,
incubator. To this mixture, 2 mL of 5% RBC-DMEM solu-
tion was added followed by further incubation for 4 h at
37 °C (5% CO,) in 6 well plates. After incubation, the sus-
pension was gently removed from the plates and cells were
pelleted at 12,000xg for 1 min. The presence of released
haemoglobin was calculated from the supernatants by meas-
uring the OD at 543 nm (As,;) in the plate reader (TECAN
Infinite® M200 PRO, Switzerland). DH5a strain, which
does not encode TTSS, was used as a negative control. Only
EPEC ATCC 43887 with same incubation conditions except
for the addition of sera served as a positive control. Haemo-
lytic activity was presented as relative haemolysis percent-
age (percentage haemolysis caused by only EPEC ATCC
43887 with same incubation conditions—percentage hae-
molysis of each treatment). The experiment was performed
thrice in triplicates for each group.

Assessment of antibody mediated inhibition of E.
coli 0157:H7 adherence to Caco-2 cells

The assay to determine the ability of anti-EspB antibod-
ies to inhibit E. coli O157:H7 adherence was performed as
described by [26] with minor modifications. In brief, Caco-2
cells were grown to confluence in Dulbecco’s Modified
Eagle’s medium (DMEM) with 10% FBS, 50 units/mL peni-
cillin, and 50 pg/mL streptomycin in 75 mL flask (Greiner).
The cells were maintained at 37 °C in 5% CO,. Prior to
the experiment, Caco-2 cells were seeded to each well of a
12-well tissue culture plate containing DMEM + 10% FBS
without antibiotics and grown to a confluent monolayer with
7% 10° cells per well. E. coli O157:H7 inoculum grown
overnight on BHI agar at 37 °C was picked with a sterile
inoculation loop and were gently re-suspended in sterile
PBS. Hundred microliters of E. coli O157:H7 were incu-
bated on a shaker set at 50 rpm for 1 h at room temperature
with 20 uL serum of each immunization group including
sham group. After incubation, these mixtures were made up
to 300 pL volume with sterile PBS and were seeded to each
well comprising Caco-2 cells in 700 pL cell culture media.
After an additional incubation for 1 h at room temperature,
cells were washed thrice with PBS to remove non-adherent
bacteria followed by mechanical agitation using vigorous
pipetting with PBS to dislodge cells with adherent bacte-
ria. The plating of serial 10 fold dilutions of the suspension
on the LB agar was done and CFU (colony forming unit)
of adherent bacteria from each group was counted. Each
experiment was repeated twice in triplicates.
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E. coli 0157:H7 challenge studies

Two weeks after the last immunization, six immunized mice
per group were orally challenged with 100 pL of 10'° E. coli
O157:H7 suspension after their overnight fasting. Moreover,
mice were given drinking water containing streptomycin sul-
phate (5 mg/mL) 1 day prior to challenge. The animals were
accommodated individually and allowed to consume food
and water ad libitum. The fecal samples from each mouse
were collected at 2 days interval for the period of 2 weeks
from the 14th day after last immunization and fecal shedding
was investigated as described previously [27].

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 5.0 version. All the experiments were performed in
triplicate unless otherwise stated. One way ANOVA with
Tukey’s post hoc test was used to analyse antibody titer,
antibody isotype titer, cytokine and haemolysis, adher-
ence inhibition assay data. All their values were presented
as mean value + standard deviation (SD). Significance (P)
value summary: ns; not significant, *P <0.05, **P <0.01,
**%P <0.001. One way repeated measures ANOVA with
Bonferroni’s post-test was used to analyse the fecal shedding
data among three different immunization groups. Fecal shed-
ding data was presented as Log,;, CFU of E. coli O157:H7
from individual mice in each immunized group.

Results

Cloning, expression and purification of recombinant
AG, EspB

PCR amplified genes AG (333 bp) encoding amino acid
region of 287-398 of zot, amino acid region of 98-312
of espb (643 bp) were directionally cloned in-frame into
pRSET B and pRSET A plasmid, respectively (Fig. la).
Recombinant clones harbouring these plasmids were con-
firmed by PCR using a T7 universal primer and proper
reading frame of inserts was confirmed by sequencing.
Recombinant plasmids pRSET B-AG, pRSET A-espb were
then transformed into E. coli BL21 (DE3) pLysS for pro-
tein expression. The recombinant protein expression with
predominant bands at 18 kDa for AG, 28 kDa for EspB was
detected on the SDS-PAGE gel stained with Coomassie blue
(Fig. 1b). The recombinant proteins purified using nickel
affinity chromatography under denaturing conditions yielded
a single protein band at 18 kDa for AG, 28 kDa for EspB,
respectively (Fig. 1c). The endotoxin levels in the purified
proteins were below 0.1 EU/mL (data not shown) which
is the detection limit of Limulus amebocyte lysate (LAL)
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Fig.1 Cloning, expression and purification of recombinant proteins
AG, EspB. a Agarose gel showing PCR amplification of AG, EspB.
Lane L indicates 100 bp ladder, Lane 1; AG PCR product, Lane 2;
EspB PCR product. Arrow marks indicate the size of the correspond-
ing PCR products. b 12% SDS-PAGE stained with Coomassie bril-
liant blue displaying expression of recombinant proteins. Lane M;
unstained protein marker, Lane 1; cell lysate of IPTG induced pRSET
B-AG containing BL21(DE3) pLysS, Lane 2; un-induced BL21(DE3)
pLysS cell lysate, Lane 3; IPTG induced pRSET A-espb containing
BL21(DE3) pLysS cell lysate. Arrow marks indicate the size of the
expressed recombinant proteins. ¢ Coomassie brilliant blue stained

E-Toxate reaction kit (Sigma, India). Western blot with the
anti-His antibodies displayed immunoreactivity to recombi-
nant AG, EspB (Fig. 1d).

Intranasal co-administration of recombinant AG,
EspB enhances EspB-specific IgG and IgA responses
in serum and feces

In order to evaluate the potentiality of AG as a mucosal
adjuvant, groups of mice were intranasally immunized
with EspB or EspB + AG. 1 week after third booster
dose, EspB-specific antibody responses were evaluated in
serum and fecal samples. The log, endpoint titer in sera
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12% SDS-PAGE showing purification of expressed recombinant
proteins. Lane M; unstained protein marker, Lane 1; purified EspB
recombinant protein, Lane 2; purified AG recombinant protein. d
Western blot using mouse anti-histidine monoclonal antibodies and
polyclonal goat anti-mouse HRP conjugated secondary antibodies
developed with Diaminobenzidine tetrahydrochloride along with 30%
H,0, to analyse expressed recombinant proteins. Lane M; pre-stained
protein marker, Lane 1; purified AG recombinant protein, Lane 2;
purified EspB recombinant protein. Arrow marks indicate immune-
reactivity of purified AG, EspB at ~18 kDa and ~28 kDa, respec-
tively

of EspB + AG group peaked to 15.40+0.49 (p <0.001)
as against sera of EspB group 13.29+0.44 (p <0.001)
compared to control (Fig. 2a). Analysis of antibody iso-
type showed that the IgG1/IgG2a ratio of EspB group
was 1.64 whereas that of EspB + AG group was 1.15
(Fig. 2b). This implies that co-administration of AG with
EspB tend to skew the response to mixed Th1/Th2 type
immune response. EspB intranasally co-administered
with AG elicited significant EspB-specific IgA in both
serum (Fig. 2c) and feces (Fig. 2d) (p <0.001) whereas
that of EspB alone elicited significant EspB-specific [gA
only in serum (p <0.001) but not in feces compared to
control. Serum and fecal IgA levels of EspB + AG group
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Fig.2 Analysis of anti-EspB
antibodies induced by intranasal
administration of recombinant
proteins EspB and EspB + AG
in serum and feces of immu-
nized mice collected 1 week
after the last booster (42 days).
a EspB specific serum IgG
titers determined by ELISA. b
EspB specific antibody isotype
analysis of IgG1, IgG2a and
their ratios. ¢ Anti-EspB-serum
IgA titer elicited by EspB,
EspB + AG immunized groups.
d EspB specific fecal IgA titer
was analysed in all the immu- 0 T
nized groups. IgG and IgA titers
were calculated based on end-
point dilution method as the last o
dilution of the sample having
amean O.D. two times greater
than the naive sample. Data
are representative of one of
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were considerably high compared to EspB alone group
(p<0.001).

Cell mediated immune response and IL-4, IL-10
and IFN-y production

Significant increase in proliferation index (P.I.) was
observed in EspB+ AG (3.842+0.319) (p <0.001) and
EspB (2.752+0.324) (p <0.001) immunized mice spleno-
cytes compared to control mice splenocytes (0.686 +0.303)
after re-triggering with 10 pg/mL of EspB. Moreover, P.I.
of EspB + AG group splenocytes was also significantly high
compared to EspB group splenocytes (p <0.05) (Fig. 3a).
Furthermore, evaluation of cytokine levels revealed that
EspB + AG immunized mice induced significantly high
levels of IL-4 (367 pg/mL), IL-10 (309 pg/mL) whereas
EspB immunized mice yielded 208 pg/mL, 235 pg/mL for
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IL-4 and IL-10, respectively (p <0.001) compared to control
group (Fig. 3b, ¢). However, IFN-y levels enhanced signifi-
cantly in EspB + AG group (290 pg/mL) (p <0.001) while
that of EspB (89 pg/mL) showed no significant increase
compared to control (Fig. 3d).

Effect of antibody on haemolysis

The neutralizing capacity of immunized mice sera to inhibit
haemolysis was assessed as a function of EPEC induced hae-
molysis in 5% mice RBC-DMEM suspension. The percent-
age of haemolysis was measured by determining absorbance
(543 nm) of RBC supernatant incubated at 37 °C for 4 h
which was previously incubated with EPEC for 1 h (with/
without sera). The percentage was expressed relative to that
of a control containing only EPEC without sera. The pooled
sera from EspB + AG immunized group and EspB alone
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immunized group inhibited the lysis of erythrocytes by 77%
and 61%, respectively (Fig. 4). The percentage inhibition of
haemolysis was significantly high for EspB + AG (p <0.001)
as well as EspB (p <0.001) compared to control. Moreover,
the percentage inhibition of haemolysis was significantly
high for EspB + AG compared to EspB group (p <0.001).

Effect of antibody on bacterial adherence to Caco-2
cells

Results of the percentage of adherent bacteria revealed that
E. coli O157:H7 cells pre-treated with sera of EspB + AG,
EspB showed significant inhibition of adherence to

Caco-2 cells, respectively, compared to control group sera
(p <0.001). However, there was no considerable difference
between adherence inhibition mediated by sera of EspB and
EspB + AG group (Table 1).

Protection conferred by EspB, EspB + AG on E. coli
0157:H7 challenge

After an oral challenge with 10'° CFU of E. coli
0157:H7, fecal shedding was monitored in control and
immunized mice for a period of 14 days. The fecal shed-
ding of these bacteria in EspB + AG immunized mice
steadily decreased and ceased completely after 10 days
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Fig.4 Haemolysis inhibition assay. Anti-haemolytic property of anti-
bodies in sera of EspB, EspB+AG and control group. Results were
interpreted as % of haemolysis inhibition caused by sera of immu-
nized groups relative to that of a control containing only EPEC with-
out sera considered to be 100%. Data are represented as mean + SD of
three independent experiments (*p <0.05, **p <0.01, ***p <0.001)

Table 1 E. coli O157:H7 adherence inhibition mediated by anti-EspB
antibodies of EspB, EspB + AG immunized groups

Number of E. coli O157:H7
adherent to Caco-2 (x 10* CFU)

Sera from immunized groups

Sham 1522+2.8
EspB 84.5+5.0 p<0.0001°
EspB+AG 78.1+6.2 p<0.0001%; p>0.05"

p values calculated using one way ANOVA with Tukey’s post hoc
test by comparing number of E. coli O157:H7 adherent to Caco-2
incubated with sera of EspB group with Caco-2 adherent E. coli
O157:H7 pre-treated with sham group sera

°p values from one way ANOVA with Tukey’s post hoc test derived
by comparison of number of Caco-2 adherent E. coli O157:H7 treated
with sera of EspB group with that of number of E. coli O157:H7
adherent to Caco-2 after treatment with sera of EspB + AG group

compared to EspB as well as control group (p <0.001)
which was shedding these bacteria even on the last day of
the observation period (14 days). Moreover, EspB group
shed low levels (2 log,;, CFU) of E. coli O157:H7 on the
last day of observation period but it was 4.5 log units
lesser compared to control group which was shedding 6.5
log,, CFU (p <0.01) (Fig. 5).
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Fig.5 Fecal shedding assay for assessing protection conferred against
E. coli O157:H7 post challenge. Sham group and thrice immu-
nized mice groups (EspB, EspB + AG) were given 1 day streptomy-
cin treatment and were fed with 100 pL of 10'° E. coli O157:H7 2
weeks after last immunization. Data are represented in the form
of grouped scatter plot as Log;, CFU of E. coli O157:H7 of 6 indi-
vidual mice in each group. Significant differences among different
immunization groups were analysed using one way repeated measures
ANOVA using Bonferroni’s post-test assuming *p <0.05, **p <0.01,
*#%p <0.001 significant levels

Discussion

The meta-data analysis of published literature on vaccines
against E. coli O157:H7 have revealed that Type III protein-
based vaccines significantly reduced its fecal shedding in
ruminants [28]. Despite the central role of EspB among Type
III proteins in E. coli O157:H7 colonization, very few vac-
cine studies targeting this molecule are reported [29-31]. In
particular, mucosal vaccine strategies employing EspB are
still scant. A recent study by Ahmed et al. [32] has used L.
Lactis as a delivery vehicle for oral immunization of EspB.
However, issues related to weak expression levels, inability
to measure exact in vivo antigen dose [33] raises the concern
of its varying efficacy as an oral vaccine delivery vehicle. On
the other hand, recombinant proteins targeting TTSS have
shown considerable success as a candidate vaccine against
E. coli O157:H7. Moreover, the safety and efficacy of AG
in terms of mucosal drug delivery [14] is well established,
which could, in turn, be extended for mucosal antigen deliv-
ery. Considering these lacunas and possibilities, the present
study characterized the efficacy of active fragment of Zot
(AG) co-administered with EspB via the intranasal route
to generate the mucosal immune response and its ability to
reduce colonization, shedding of E. coli O157:H7 in mice.
Recombinant AG, EspB was rationally constructed by
selecting amino acid regions of these proteins involved in
crucial functions. Recombinant truncated EspB contained
amino acid region 98-312 of native EspB. The amino acid
99-118 of EspB is responsible for RBC haemolysis as well
as actin accumulation below the bacterial attachment site,
amino acid 118-190 is required for interaction with EspA
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and residues 217-312 is necessary for bacterial adherence
[34]. In addition to this, the latest work on EspB from EPEC
has shown that it selectively induce cell death in immune
cells which could be an immune evasion strategy and the
C-terminal 39 amino acid is probably responsible for this
function [35]. However, it remains to be elucidated whether
the EspB from E. coli O157:H7 possess this trait, as func-
tional dissimilarity between one or more LEE-encoded
effector proteins has been previously suggested between
EPEC and EHEC [36]. In the case of recombinant AG,
amino acid 287-398 of carboxyl-terminal region of Zot of
Vibrio cholerae responsible for tight junction disassembly
[13] was selected.

In our study, co-administration of AG with EspB resulted
in robust systemic, mucosal and cellular immune responses.
In terms of systemic immune response, IgG antibody titer
was significantly high in mice intranasally immunized with
EspB + AG compared to EspB alone. Antibody isotyping
data showed high titers of both IgG1, IgG2a antibody iso-
type in EspB + AG group signifying probable mixed Th1/
Th2 type response. These results were consistent with the
previous report of a similar increase in IgG1, IgG2a lev-
els when Zot (parent molecule of AG) was co-administered
with tetanus toxoid [12]. In case of EspB alone group, the
predominance of IgG1 over IgG2a as implied from the
high value of IgG1/IgG2a ratio indicates a possible Th2
type immune response. A significant increase in serum,
fecal IgA in EspB + AG group as compared to EspB alone
group illustrated effective mucosal immune response. This
could be attributed to the inherent nature of AG to modu-
late epithelial tight junction permeability [13] to efficiently
deliver EspB to underlying lymphoid follicles containing M
cells which are involved in antigen uptake and subsequent
mucosal immune response. Though not precisely elucidated,
the mucosal IgA response in EspB + AG group might be
due to the probable involvement of plasmacytoid dendritic
cells (pDCs) found in the nasal epithelium. The pDCs had
been shown to induce IgA production by expressing B cell
activating factor (BAFF), a proliferation-inducing ligand
(April) in a T cell-independent pathway [37]. Furthermore,
the fecal IgA observed in the present study with intranasal
immunization of EspB + AG also coincides with the recent
work showing that lung CD103 4+ DCs can imprint a47 and
CCR9 gut-homing receptors and induce T cell migration to
the gut where they impart mucosal immune protection [38].

The contribution of cell-mediated immunity was also
assessed using the measurement of cytokine levels elicited
in the immunized groups. Intranasal vaccination of EspB co-
administered with AG generated high levels of both Th1 type
(IFN-y), Th2 type (IL-4, IL-10) cytokines. The observed
cytokine patterns of EspB + AG group correlates with its
antibody isotypes implying mixed Th1/Th2 type immune
response. On the other hand, intranasal vaccination of EspB

alone elicited high levels of Th2 type cytokines (IL-4, IL-10)
without any significant increase in Th1 type cytokine (IFN-
v) indicating a solely Th2 type immune response. This was
also reflected by the predominance of IgG1 over IgG2a iso-
type in the EspB alone group. Despite the fact that Th2 type
cytokines (IL-4, IL-10) were highest in EspB + AG group,
the comparable increase in Thl type cytokine (IFN-y) in
this group emphasizes skewing towards mixed Th1/Th2
type immune response. However, high levels of IL-4, IL-10
especially IL-4 as compared to IFN-y in EspB + AG group
coincides with observed mucosal IgA response, as Th2 type
cytokines are shown to be involved in mucosal immune
response induction [39]. In addition, IFN-y has been shown
to enhance the transport of dimeric IgA through induction
of polymeric immunoglobulin receptor [40] which could be
the reason for the effective fecal IgA response observed in
EspB + AG group and absence of the same in EspB alone
group. Taken together, these results emphasize the ability
of AG to increase overall systemic, mucosal, and cellular
immune response to recombinant EspB. However, further
investigations are required to understand the mechanisms
underlying the observed cellular responses and its link to
mucosal immunity. Moreover, a recent study by Baumann
et al. [35] on different cell lines have shown that the secreted
EspB from EPEC enters the cells autonomously suggesting
that it might qualify as a novel cell-penetrating effector pro-
tein. Given that the Clustal Omega alignment between EspB
of EPEC and E. coli O157:H7 has shown to form a closely
related phylogenetic clade, it is possible to speculate that the
EspB from E. coli O157:H7 could also possess the cell pen-
etrating property. This, in turn, raises the question whether
the EspB, EspB + AG intranasally administered in the pre-
sent study possess the autonomous cell penetrating property
in an in vivo system and definitely needs to be addressed
further. Considering the fact that the delivery efficacy of an
autonomous cell penetrating effector proteins are far less
compared to T3SS-mediated delivery as reported previously
[41], further characterization of EspB in an in vivo system
is required to prove it to be a novel cell-penetrating effector
protein.

The neutralizing property of sera from immunized groups
was assessed by its ability to inhibit haemolysis of murine
RBCs and adherence of bacteria to Caco-2 cells. Compared
to control, EspB + AG group sera exhibited the highest per-
centage inhibition of haemolysis followed by EspB which
correlates with high anti-EspB titers observed in the former
group. The haemolysis inhibition property of antibodies
could be due to binding, neutralization of the region of EspB
responsible for haemolysis as previously reported [25, 31].
EspB, EspB + AG group sera showed significantly higher
percentage inhibition of E. coli O157:H7 to Caco-2 cells
compared to control. However, there was no significant dif-
ference in the adherence inhibition capacity between EspB
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and EspB + AG group. It is not surprising that there was
no corresponding increase in neutralising property with
an increase in anti-EspB antibodies in EspB + AG group
since factors other than EspB has already been shown to
be involved in adherence [42]. The data from fecal shed-
ding assay following E. coli O157:H7 challenge showed
that EspB + AG group shed a significantly low number of
bacteria in the feces and for less duration compared to con-
trol group which shed bacteria throughout the observation
period. EspB group also shed comparatively low levels of
bacteria in the feces than control but were still shedding the
bacteria even on the 14th day. The reduction in fecal shed-
ding observed in the present study with EspB was consistent
with previous studies wherein immunization of calves with
intimin and EspB has been shown to reduce E. coli O157:H7
shedding [30, 43]. Efficient mucosal IgA response observed
in EspB + AG group could be the reason for enhanced pro-
tection conferred by this group as it is shown previously
[44] to reduce bacterial load in the cecum. There are also
reports which suggest that IgA is not absolutely neces-
sary for preventing E. coli O157:H7 colonization [27, 45].
This could be due to the receptor-mediated transcytosis of
IgG across the epithelial barrier [46] to confer protection
against E. coli O157:H7 colonization. But studies involv-
ing delivery of antigens to the mucosal surface along with
mucosal adjuvants to elicit immune response have almost
always been accompanied by IgA production and has shown
better protection compared to those immunized via paren-
teral route [31, 47]. Therefore, it is possible to speculate
that IgA, though not mandatory, plays a crucial role through
its properties such as abundance, competitive inhibition of
pathogen binding and immune exclusion [48] in conferring
protection against the gastrointestinal pathogen such as E.
coli O157:H7. There has been a substantial increase in non-
0157 Shiga toxin-producing Escherichia coli (STEC) infec-
tion in the past decade [49] and among them the “Big Six”
non-O157 EHEC strains have been described by the CDC as
the cause of 71% of non-O157 EHEC disease [50]. There-
fore, it is highly desirable that the candidate vaccine could
provide sufficient cross-protection across the wide array of
non-O157 STEC strains. In this regard, several T3SS pro-
teins have shown high sequence homology and the antibod-
ies raised against them have shown cross-reactivity among
different EHEC serotypes [19]. Similarly, Clustal Omega
analysis of EspB shows high percentage identity among E.
coli O157:H7 and the “Big Six” non-O157 EHEC strains.
Though not characterized in the present study, the high
sequence homology observed among these strains suggests
that the probable cross-protection could be obtained using
EspB used in the present study. However, it has been previ-
ously suggested that cautious interpretation should be made
as antibody cross-reactivity as such may not correspond to
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cross-protection [51]. Further studies are required to sub-
stantiate the cross-protective potential of EspB used in the
present study against non-O157 strains. Taken together, the
results suggest the effective mucosal adjuvanticity of AG in
eliciting systemic, mucosal and cellular immune response
when co-administered with EspB via the intranasal route
to confer protection against E. coli O157:H7 shedding. In
future studies, our group will attempt to fuse AG with multi-
epitope vaccines targeting major TTSS proteins to confer
enhanced protection against E. coli O157:H7 colonization.

Conclusion

In conclusion, our results demonstrated that AG active
fragment of Zot, when co-administered with EspB via
intranasal route, elicited effective systemic, mucosal and
cellular immune response against EspB. Immunization
with EspB alone induced an efficient immune response at
only systemic level whereas that of EspB + AG enhanced
it at both systemic and mucosal level which is vital for
combating gastrointestinal pathogen like E. coli O157:H7.
Sera from EspB + AG group displayed more effective hae-
molysis neutralizing properties compared to EspB alone
immunized group, but the adherence inhibition properties
of both the groups were almost similar. Moreover, mice
immunized with EspB + AG could effectively reduce fecal
shedding of E. coli O157:H7 in experimentally infected
mice compared to mice immunized with EspB alone.
Therefore, AG could find its potential application in mul-
tivalent mucosal vaccine formulation for enhanced protec-
tion against E. coli O157:H7. Besides, it also emphasizes
the mucosal adjuvant potential of AG when co-adminis-
tered with protein antigens delivered via intranasal route.
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