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Abstract

Introduction: Severe intestinal infections caused\byholerae, ETEC and EHEC have contributed to the
mortality rate in developing countriegibrio Cholera, ETEC and EHEC bacterium with the production
of CT, LT and Stx2 toxins respectively lead to sewwatery and bloody diarrhea. This study aimed to
investigate a trimeric vaccine candidate contaimgwpmbinant chimeric protein, encapsulate theegmot

in chitosan nanoparticles and assess its immunoigeni

Methods: The LSC recombinant gene was used. It is composéd B (L), STXB (S) and CTXB (C)
subunits respectively. The LSC recombinant proteas expressed and purified and confirmed by
western blotting. The purified protein was encag®d in chitosan nanoparticles, and its size was
measured. BalB/c mice were immunized in four grothpeugh oral and injection methods by LSC
protein. The antibody titer was then evaluated biSE, and finally, the challenge test of the toxinem

all three bacteria was done on the immunized mouse.

Results: After expression and purification LSC protein si@ke nanoparticles containing protein was
measured at 104.6 nm. Nanoparticles were abledacen systemic and mucosal immune responses by
generating a useful titer of IgG and IgA. The obadle results with LT, CT and Stx toxins showed that
the LSC protein might partially neutralize the effef toxins.

Conclusion: LSC chimeric protein with the simultaneous threseatial antigens have a protective effect
against the toxins produced by ETEC, EHEC ¥iimtio cholera bacteria and it can be used in vaccines to

prevent Diarrhea caused by these three bacteria.

Keywords: Escherichia coli O157:H7, Chitosan, Nanoparticle, Chimeric prot&HREC, ETEC.



1. Introduction

Diarrhea is still a major cause of mortality in youchildren in developing countries with inadequate
health facilities. AlImost more than 600,000 peagike of infectious diseases annually [¥]. cholerae,
enterotoxigenice. coli (ETEC) and enterohemorrhadic coli (EHEC) are among the most important
factors in the development of severe intestinaahss.

Vibrio Cholera and ETEC are among the most important pathogesduping severe watery diarrhea in
developing countries, which have been the secondecaf mortality in infants[2, 3]. EHEC also causes
many diseases, including bloody diarrhea and Hetsalyemic syndrome (HUS), which is considered as
a concern for public health globally [4]. The megisan of action of these three microorganisms iy ver
structurally and functionally similar, and all ¢feim produce heterohexamer enterotoxin (AB5), result

in diarrhea [5]. The ETEC is attached to the epihsurface of the intestine by the colonizati@ctbr

and produces LT toxin which is heat-sensitive, @sdbinding subunit is LTB [6]. The enterotoxin
produced byv. cholerae is attached to the GML1 receptor at the epithsliaface and enters the host cell
with endocytosis [7]E. coli O157: H7, the most common EHEC serotype, has becmmigh-risk and
pathogenic subtype @&. coli due to the production of Stx enterotoxin [4]. &tent years, the provision
of effective subunit vaccine has been consideredhi® treatment and prevention of infections caused
these bacteria [8]. Hence, various antigens froeseéhbacteria have been a candidate for vaccine
production. Studies have shown that the LTB asnamunogen can produces weakened by attenuated
effect against ETEC and it is an important canéidat vaccine production [9]. On the other handBCT
which is non-toxic subunit of cholera toxin and ras adjuvant effect significant candidate for the
vaccine against Vibrio Cholera is the. It also nsakkgossible that antigen attaches to the GM1ptece
that is present in many cells, such as neurons [L€hould be noted that the combination of twbumits

of CT-B and LT-B has synergistic effect and pragl@cmore effective vaccine for diarrhea caused by
Vibrio cholera and ETEC [11]. STXB is also an essential compoierthe development of the EHEC
vaccine, as it can produce specific and neutrgiaintibodies Stx toxin [12].

Diarrhea is the second leading cause of mortaldgldwide and it is necessary to design and produce
effective vaccine for these diseases. Although weed live vaccines produce strong cellular respgnse
they also present hazards, including uncontrolisdase and inflammation [13, 14]. Inactivated vaesi
produce poorer immunity although they do not haesé risks. Therefore, subunit vaccines that create
more immunogenicity and lower risk have been cared [15]. Since orally-administered protein-based
vaccines are confronted with the problem of enziendégradation, encapsulating of protein into the
nanoparticles protect the protein and the antigem lie transported to Peyer's patches at the egithel

tissue [16, 17]. Chitosan (D-glucosamine and Nyddetglucosamine) are the natural polymer can be
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used for production of nanoparticle which has saheantages such as the ability to adhere to intdsti
epithelium, biocompatibility, non-toxicity, and Ingl antimicrobial [18-20]. Chitosan nanoparticles
improve the permeability of the intestinal epitbheli and induce more immune cellular and humoral
responses by increasing the activity of white blawills [21, 22]. This response is associated with
increased fecal (SIgA) and serum (IgG, IgA) antibedwhich is evaluated using the ELISA test [23].
Since oral vaccines affect mucosal tissue, theyigeo more protection by producing SIgA in the
intestine and prevent bacterial binding to the gstital epithelium. However, the titer level of this
antibody is much lower than that of serum antibsdirit it plays an essential protective effect 253-
Given the fact that currently licensed vaccinesreggahree crucial gastrointestinal pathogens sagVi.
cholerae, S Typhi and rotavirus are available, but there is no vaeegainst other intestinal pathogens,
including ETEC, Shigella and EHEC [26, 27]. Thigdst aimed to investigate the immunogenic effect of
nanoparticles containing a recombinant chimerictginothat includes LT-B (L), STXB (S), and the
CTXB (C) subunits, which correspond to three baatef ETEC, EHEC and/. cholerae, respectively.
By encapsulating this protein into the chitosanapamticles, we expect the protein to be delivecethée
proper site in the gastrointestinal tract withoegihdation and breakdown, and it induces more initgnun

at mucosal surfaces as a proper candidate forawvaccine.

2. Materialsand methods

2.1, Materials

Chemical agents, kits and molecular markers fromckleSinagen, Qiagen, IPTG from Thermo, anti-lgG
and IgA antibodies and Chitosan companies withwvamage molecular weight from Sigma-Aldrich were
prepared.

2.2. Strains of bacteria

E.coli DH50 containing pET28-a-LSC plasmid was prepared fréve National Institute of Genetic
Engineering and Biotechnology (Iran). The LSC gefith accession no. JX866680 (GenBank) was used
[5]. The size of the gene cloned in the pET28-&866bp and it contains the subunits of It-b, staBd
ctxB. The product of this gene is the recombinduimeric protein of LSC.

2.3. Transformation of pET28a-L SC into expression host

Plasmid extraction fronk.coli DH50 contaning pET28a-Isc was performed by GeNet Bio Khe
extracted plasmid was transformedBocoli BI21 (DE3) and transformation was confirmed by @glo
PCR with T7 promoter primer (YAATACGACTCACTATAGGG3') and T7 terminator primer '(5
GCTAGTTATTGCTCAGCGGS3') which these primers were edl@00 bp to thesc gene.



2.4. Expression and purification of the L SC protein

E. coli BL21 (DE3) containing pET28a-LSC were culturedL® growth medium with kanamycin (50
ug/ml) and the expression was induced by 1 mM IPTEBpfopyl B-D-1-thiogalactopyranoside). The
expression was investigated at different time iretksr (2 hours, 14 hours) at 37 ° C and the sohytal

the protein was determined. The recombinant proteia purified with Ni-NTA column and the protein
concentration was estimated by Bradford methodalkinto remove urea and other salts, LSC protein
was dialyzed against PBS buffer (pH of 2.7) [5,.28]

2.5. Immunoblotting of L SC protein

The purified protein was blotted on the PVDF membrat 75 volts for 2 hours and was blocked by skim
milk 5% , and then it was washed three times wiBST (TBS buffer plus the 0.05% Tween). HRP-
conjugated anti-His tag antibody was added witBQQO0 dilution in TBST and it was incubated with for
1 hour at 37 °C. After washing with TBS-T, the d¢iten was carry out with 0.5 mM DAB (Sigma).

2.6. Preparation of nanoparticles containing L SC protein

The LSC protein was encapsulated in the chitosaopwticles by an ionic cross-linking method [29].
The antigen was added gradually into the chitoséution (2 mg/ml) for 10 minutes. Then, the solatio
was completely mixed for 5 minutes, and the pH adjssted to 5.5, and it was kept on the stirrel3for
minutes. Therntripolyphosphate TPP), an ion cross-linker, was added dropwise solation containing
chitosan and an antigen. The sediment of the solwias collected by centrifugation at 13000 rpm (10
min). The supernatant solution was then isolatethfthe sediment containing encapsulated proteith, an
the percentage of antigen loading in the nanopestiwas calculated. The mean size of the nanofestic
was determined using the Malvern Particle Size yael

2.7. Immunogenicity in mice

BALB/c mice (6-7 weeks) were divided into four gpsu(oral, oral-injection, protein injection, and
nanopatrticle injection) and two control groups [(@ad injection). In the oral group, the mice reeei
four doses of nanoparticles containing the recosartirprotein LSC (76g) orally. For oral-injection
mice, three doses of the nanoparticle of recombib&C protein (7Qg) were administered orally, and
one dose of LSC protein (i§) was injected intraperitoneally. In the proteimjection group, the
recombinant (1pg) protein of LSC was injected into the mice inrfaloses (the first three doses were
subcutaneous, and the last one was intraperitgfedil the protein injection group the complete and
incomplete Freund adjuvant was used in the firdedand later doses respectively. In the injection
nanoparticle, the LSC protein encapsulated in narigbes (1ng) was injected in 4 doses (the first three

doses were subcutaneous, and the last one wapadrtaaeally). In the injection control and the lora



control group PBS injection and antigen-free clatosvere administered respectively. Administrations
were done at intervals of two weeks. Then, blood@mg was done from the mice.

2.8. Titration of 1gG and IgA antibody

Indirect ELISA was used to determine the fecal saim antibody titers. Purified LSC was coated with
coating buffer (64 mM Na2CO3, 136 mM NaHCO3, pH)9AI incubations were performed for 1 hour
at 37 ° C. After washing with a PBS-T buffer; tHedking was performed using skim milk 5%. Serum
serial dilution was prepared using PBS-T and waggminto the wells as a primary antibody. Washing
was done, and the HRP-conjugated anti-mouse IgGaddsd. Then, the reaction was performed at room
temperature with the addition of 0.5 mg/ml OPD (@epylene diamine dihydrochloride) substrate. The
reaction was stopped with 2.5 M sulfuric acid anel plate was read at 492 nm. In the case of fggal |
titer, 1.5 gram of fresh feces of mice was well edxwith PBS containing PMSF solution. Then,
supernatant fluid was collected by centrifugati@30q00 rpm, 15 minutes) and the serial dilution was
prepared and added to the wells as a primary aiibo

2.9. Challenge assay

Two weeks after the immunization, three challengese done for all three bacteria of EHEE,
cholerae and ETEC. In the challenge for EHEC,? XOFU E. coli O157:H7 which produced only Stx2
was administered orally to the mice, and then fecesice were collected for two weeks. The fecesawe
well combined with PBS and were cultured in SolbiiacConkey agar, and the plate was incubated for
14 h at 37 ° C. Then, the colonies Ef coli O157: H7 were counted [30]. In the challenges\or
cholerae and ETEC (only LT producer), these bacteria weteuced in LB growth medium. Then, the
supernatant solution was used as a toxin and @gectto the mice peritoneally. Finally, their mditia

rate was evaluated in the immunized and controérfoc 14 days.

2.10. Statistical analysis
Data in each examination demonstrated of threepigmigent experiments and illustrated as the mean *
standard deviation (SD).

3. Results

3.1. Expression and purification of L SC protein

Plasmid extraction fronk.coli DH50 containing pET28a-LSC was performed and the pldsweas
transformed tcE. coli BL21DE3. The colony PCR was performed with T7 @irnand the presence of
LSC gene was confirmed by observing an approxirh2@® bp band on 1% agarose gel (Fig. 1A).



The recombinant LSC gene expression was confirnyeaberving the 39 kDa band on the 12% SDS-
PAGE gel (Fig. 1B). This result showed that the Li8Gtein was expressed mainly as an inclusion body.
Purification was carried out under denaturationditbons with the Ni-NTA column, and the analysis of
12% SDS-PAGE indicated that the protein was pregetiite elution fraction (Fig. 1C). After dialydilse
LSC recombinant protein was observed on the 12%-BRGE gel. The expression of the recombinant
LSC protein was confirmed by Western blotting (Fi@).

3.2. Evaluation of chitosan nanoparticles containing L SC protein

The encapsulation and electron microscopy analgéi$ SC protein in chitosan nanoparticles was
accomplished by ion cross-linking method. The logdiefficiency of this protein in chitosan
nanoparticles was 88% and average size of nanolgantas 10.46 nm with good quality (Fig. 2 A, B).

3.3. Determination of 1gG and IgA antibody titer

The serum ELISA indicated a systemic response tmlu@and increased serum IgG titer in all groups. |
the LSC protein injected group indicated more ra$dgG antibodies than the nanoparticle injected
group (Fig. 3A), followed by oral, and oral-injemti groups respectively (Fig. 3B). The results shibwe
that serum IgA titers of oral group were highemtliae oral- injection and the fecal IgA titer (FRLC).

3.4. Challenges in immunized mice

In a challenge with Ctx and LT, the mice were maatl for 14 days to determine their mortality. Six
days after peritoneal injection of these two toxit30% of the control mice died. In a challengenvtx
toxin in the oral-injection group, 66% of the miservived until the end of day 14 and in the orally
immunized group all of them died (Fig. 4A). In theoup injected by nanoparticles, 33% of the mice
survived, while 100% of the LSC protein injectedp died (Fig. 4B). In a challenge with LT toxim, i
the oral-injection group, 33% of mice survived uttie end of the day 14 while the mice did not stev

in other groups (Fig. 4C). Colony counting in theakkenge with EHEC showed that the immunity
generated against Stx could prevent bacterial bgndio mice gut. Oral administration of these

nanoparticles has had a more significant effeqirenenting bacterial binding than other groups.(big

4. Discussion

Severe intestinal infections caused Wycholerae, ETEC, and EHEC, which lead to diarrhea, have
accounted for a large proportion of the mortalagerin developing countries. Although diarrhea ban
controlled by replacing fluids and electrolytesbgrusing antibiotics, due to resistance to anticsoand
antimicrobials, and the lack of healthy water seargrevention, development and design of a vaccine
can be considered as a more effective solutior313,32]. In recent years, attempts have been nade t

produce orally administered subunit vaccines amyige more protection in the intestine [33]. Toxins
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from these bacteria (CT, LT, and Stx), have a l@#g m pathogenesis. These antigens are among the
most important candidates for vaccine productiod ean induce more immune responses [34, 35]. A
triple vaccine that can prevent these pathogedssgable. In a study was indicated that usingiaehc
protein composed of LTB and CTB could produce amies against both toxins [36]. Khalesi.et.al
(2010), by injection of recombinant LTB protein,mmanized the mice by neutralizing LTB [37]. In other
study immunization of mice with Stx2 toxoid indiedtthat the anti-Stx2 antibody has protective éffec
and decrease colonization of EHEC in the intesfB&]. In this study, the recombinant LSC genes
designed by Kazemi et al. (2016) were used whiaitato the subunit of Itb (I), stxb (s), and ctxb, (c
respectively, belonging to the three bacteria oEET EHEC, andV. cholerae [5]. In recent years,
chitosan as a carrier in the medicinal field inse=athe antigen absorption by mucosal tissue throug
encapsulation of protein vaccines and induces msgstemic and mucosal immunity [39]. Using of
chitosan nanoparticles containing antigens fronrigibholerae [40] and EHEC [41] for immunization of
mice showed appropriate immune response at the salcurfaces [40, 41]. In this study, chitosan
nanoparticles containing LSC proteins were useddrease immunogenicity at mucosal surfaces and to
deliver the vaccine, as a carrier, to the targkircaddition to protect the LSC protein from detien and
degradation. Mucosal vaccines are very appealingchddren because they are administered without
needle, pain, and fear. Also, these vaccines afemped to traditional vaccine with advantages sagh
improvement of immunogenicity and ease of produciib4, 23, 42]. The rate of protein loading in
nanopatrticles is also critical and shows the amafinaccine in the nanoparticles that are supposed
reach the target cells. In this study, the perggtaf loading of LSC protein was 88% which is
appropriate compared with the research by Hosseial. (2018) (89.7%) and Noroozi et al. (2018) and
Mirzaee Tabrizi et al. (2018) (90%) [43-45].

After immunization, the ELISA results showed raigeanti-LSC antibody in all immunized groups. The
IgG titers in the mice immunized with recombinanB@ was higher than group immunized with
nanoparticle containing LSC, followed by oral amdlenjection groups. The IgA antibody titer, which
increases due to delivery of antigens at mucos&haes, was higher in the oral group than in tred-or
injection group. The proper adhesion of nanopasido mucosal surfaces, as well as the reaction
between positively charged nanoparticles and neggtcharged mucosal surfaces, is an apparentmeaso
for high levels of IgA titer in the oral group [3@6]. Based on other studies the 1gG for oral
administration and IgA low in our research titratiof oral administration and IgA in compare to othe
group was low but titration of IgG for injectionayps was high [47, 48]. This data confirmed thailtss
from Kazemi et al. [5]. Also in a study a chimepmtein containing CFA/I, CfaB, CS6, LTB, and STa
was used to immunize mice and the challenge ofitimsunized mice with ETEC showed 30% protective
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effect in oral-injection group [49]. Furthermoresearch on vaccination against EHEC and ETEC
protected immunized mice after 6 days while in megearch the immunized mice decreased shedding
after 10 days[50]. In this study the oral-injectigroup which showed the highest raise of IgA ar@ Ig
could neutralize to some extent, the effect of othand CT toxins. The challenge of Stx toxin shdwe
that the oral group receiving the four doses of lfs@ein encapsulated in the chitosan nanoparticiels
the highest inhibitory effect on the colonizatiori the EHEC bacterium in the intestine.These
nanoparticles by increasing the absorption of anSginduced mucosal immunity and prevented the
bacterial binding to these surfaces and reducedtbpganicity and led to a lower bacteria excretiorhaf
feces in the mice. Similar result reported in otherdy which used Stx2 toxoid for immunization and
Immunization study against chimeric antigen agaitsEC and ETEC [38, 50].

In conclusion, the LSC chimeric protein encapsudlatethe chitosan nanoparticles as a triple vagcine
while simultaneously providing three important nwikes involved in the pathogenesis\ofcholerae,
ETEC, and EHEC, can produce specific anti-LSC adiiés and thus has a proper protective effect
against toxins of CT, LT, and Stx. Hence, its congas can be considered as candidates for thendesig

and development of a vaccine against intestinaladiss caused by these three bacteria.
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Figure Legends:

Figure 1. Analyses of plasmid, expression, purification arebtern blot analysis of recombinant LSC proteih. A
Agarose gel electrophoresis analysis of plasmi@®R with T7 promoter and terminator primer. M, DN&lder;

1, negative control; 2-4, PCR product of differentony ofE. coli BL21 (DE3) containing recombinant Isc gene.
B) Expression and purification of recombinant LS@lgsis on the 12% SDS-PAGE. M, protein laddehefpre
induction sample; 2-6, different colony Bf coli BI21 (DE3) containing pET28lc induced by 1 mM IPTG. C)
Analysis of purified LSC with Ni-NTA column; 1, btarial lysate; 2, flow through; 3, wash; 4-8, ebutiD)
Western blotting analysis with anti-his antibodyl §sate of bacteria containing pET28a-LSC; 2, tiggacontrol,
bacterial lysate before induction; M, protein ladde

Figure2. Zeta sizer A) and electron microscopy B) analg$ishitosan nanoparticle containing the purifiedd.S

Figure 3. Titration of antibody in immunized mice. (A) Titran of IgG antibody in the groups were injectedhwi
recombinant LSC or chitosan nanoparticle contaihi8g. (B) IgG titration in the groups were immurdzerally
with chitosan nanoparticle containing LSC and beodbse with inaction of LSC. (C) IgA titration the serum
and shedding of mice immunized orally and grouphWiboster injection dose.

Figure 4. Challenge assay with toxin of vibrio cholerae &¥EC. (A) Survival of mice immunized orally with
nanoparticle containing LSC after challenge witk @ixin. (B) Survival of injection group in challge with Ctx
toxin. (C) Survival of immunized mice in challengéh LT toxin.
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Figure5. Shedding colony count after challenge of immunizece with10° CFU of E. coli 0157:H7.
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Vibrio cholerae, ETEC, and EHEC are the most important bacteria causing diarrhea.
This study investigated immunogenicity of a chitosan encapsulated chimeric LSC
composed of LtB, StxB and CtxB subunits.

LSC nanoparticles can be used in vaccines to prevent diarrhea caused by these three
bacteria



