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ABSTRACT 
 
Background: Caused by bacterial, viral, and parasitic pathogens, diarrhea is the second 

leading cause of death among children under five. Two strains of E. coli, namely 

Enterotoxigenic, ETEC and Enterohemorrhagic EHEC are the most important causes of 

this disease in developing countries. EHEC is a major causative agent of bloody 

diarrhea and hemorrhagic uremic syndrome, while ETEC is the most important cause of 

diarrhea in neonates and travelers. Objective: To evaluate the immunologic properties 

of a subunit vaccine candidate comprising the main immunogenic epitopes from these 

two bacterial strains. Methods: The construct comprised of LTB and CfaB antigens 

from ETEC, and Intimin and Stx2B antigens from EHEC, was designed, analyzed and 

synthesized using bioinformatics methods. The chimeric gene was sub-cloned in the 

expression vector and expressed in E. coli host. The purified chimera protein was 

injected subcutaneously into the experimental animals. The production of specific 

antibodies was confirmed by immunological methods, and the protection capacity was 

evaluated by the challenge of immunized mice with the pathogenic bacteria. Results: 

Chimeric recombinant protein was able to increase IgG titer. Neutralization assay 

indicated that the antibodies generated against LtB moiety were able to neutralize ETEC 

toxin. In animal challenge study, all non-immune mice died within 3 days after the 

injection of toxin, but all immunized mice survived from Stx toxin. Conclusion: The 

immunity to both ETEC and EHEC bacteria is significant, and this structure can be 

considered as a candidate for vaccine production against these bacterial strains. 
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INTRODUCTION 
 
Diarrhea is a common disease around the world which not only threaten the health of 

humans but also influenced significantly on society and the economy (1). In April 2013, 

WHO, along with UNICEF, implemented a comprehensive global action plan for the 

prevention and control of the two common diseases (pneumonia and diarrhea) in 

childhood (2,3). E.coli diarrheagenic strains are classified in at least 6 separate groups 

based on the mechanism of disease development and pathogenicity (4,5). E. coli 

O157H:7 is one of the most important bacteria that causes bloody diarrhea and fever, 

which in the absence of treatment, sometimes leads to hemolytic uremic syndrome 

(HUS) syndrome (6). Vaccines made against EHEC contained one of its important 

antigens either the recombinant subunits or the killed bacteria, which could not 

significantly prevent colonization of the bacteria (7). Proteins that play a major role in 

binding to the intestinal epithelial surface are including Intimin, Tir, and EspA. Given 

that these proteins play an essential role in the bacterial binding and colonization, 

preventing their function could prevent the onset of the disease. According to studies, 

these proteins are believed to be suitable candidates for the production of immunogenic 

agents against the bacterium. The EspA protein, which is a component of type III 

secretion system, formed a channel at the bacterial surfaces and transferred the Tir 

protein to the host cell. This protein can act as a receptor for Intimin, a membrane 

protein which localizes in the surface of the bacterium (8). Regarding the importance of 

this molecular interaction for preventing the bacterial binding to the host cell surface, it 

could efficiently inhibit bacterial pathogenicity in the early stages. Furthermore the 

Shiga-like toxin (Stx) plays an important role in the pathogenesis of enterohemorrhagic 

E. coli strains (EHEC) and leads to hemorrhagic colitis, damage to the central nervous 

system and hemolytic uremic syndrome (HUS) (9). The Stx toxin consists of two 

subunits, StxA and StxB, which together create a pentameric donut structure and are 

responsible for connecting the toxin to the receptors (10). Stx specific receptor is a 

neutralized sphingolipid called globotriaosylceramide (Gb3), which is highly expressed 

at some eukaryotic cell surfaces, such as endothelial cells of the kidneys and arteries 

(11). ETEC is a major cause of diarrhea in travelers (12,13). The pathogenic strains of 

ETEC are different in humans and animals and it can be entered into the small intestine 

through contaminated water and food (14). More than 22 colonization factors mainly 

Fimbriae (Pilli) or fibrous proteins are known in human ETEC strains (15,16). In vivo 

and in vitro studies have shown that the bacteria with different types of colonization 

factors can cause diarrhea, while their isogenic mutants that deplete these factors are not 

capable of causing diarrhea (17). Among all discovered colonization factors, CFA/I, 

CS1, CS2, CS3, CS4, CS5, CS6, CS7, CS14, CS17, and CS21 are more commonly 

reported in ETEC diarrhea strains (18). CFA/I is a fimbrial colonization factor 

consisting of about 1000 structural subunits of CfaB, and at least one CfaE as end 

connectors. The CfaB is a 147 amino acid protein and binds to specific receptors on the 

surface of the intestinal epithelial cells. Structural studies have shown that the last 36 N-

terminal residues of the CfaB protein, in spite of having conserved sequence among 

Class 5 Fimbrial members), is not a good antigen candidate (19). It is due to the fact that 

upon the assembly of the CFA/I structure, this domain is buried in the internal part of 

Fimbria and is not actually exposed to the immune system (20). ETEC can produce two 

toxins, a heat-labile enterotoxin (LT) which is structurally and functionally similar to 

Vibrio cholera toxin, along with a heat-stable enterotoxin (ST). LT toxin belongs to 
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AB5 toxin family and consists of 2 subunits A and B. The single unit A is responsible 

for the catalytic activity of the toxin and the subunit B, through the formation of a 

homopentamer, recognizes its receptors on the intestinal cells. Heat-stable enterotoxin 

(ST), which is produced by a human strain of the ETEC, is made of a 72 amino acid 

precursor which becomes mature with 19 amino acids after the maturation process. ST 

toxin is very weak in terms of immunogenicity and has a specific receptor on the 

surface of the intestinal epithelial cells (21). So far, many types of researches and 

studies have been conducted to control the infection of ETEC and EHEC using subunit 

vaccines; to this end, the candidate immunogenic agents have been used either in 

combination or after genetic binding. However, there has been no report for the 

genetically binding of more than three immunogenic agents for human ETEC and 

EHEC. In the present study, we are going to achieve a more effective and integrated 

immunogenic agent through combining an increased number of these factors which 

have been chosen more accurately, while in the immunization and protection studies. 

 

 

MATERIALS AND METHODS  
 
Sequence Analysis and Construct Design. The sequences encoding for four proteins, 

consist of CfaB, LtB, Intimin, and Stx2B ,namely SICL, were connected and linkers 

were placed among them and bioinformatics analysis was performed as described 

previously (22). The synthetic genes were provided by Biomatik Company from 

Canada. 

Preparation of Chimeric Gene and Confirmation. The synthetic gene was cloned 

into the pUC57 plasmid with blunt ends and delivered in a lyophilized state. Samples 

were dissolved in 50 μl of distilled water and 5 μl was transferred to the DH5α strain of 

the E. coli competent cells. After overnight incubation at 37°C, colonies containing the 

recombinant plasmid appear on ampicillin (80 μg/ml) LB media. After ensuring the 

presence of the plasmid in bacteria (enzymatic digestion) and gene confirmation by the 

sequencing method, the glycerol stokes were prepared and stored at -70°C for future 

application. 

Cloning and Expression of Recombinant Chimeric SICL Gene. The synthetic 

chimeric construct was subcloned to pET28a expression vector. For this purpose 

chimeric gene and pET28 vector were digested with EcoRI and HindIII restriction 

enzymes for 5 hours at 37°C, and then purified by purification kit (iNtRON, Korea). 

Ligation reaction between the insert and the linear vector was performed using T4 ligase 

for 10 hours at 12°C. The ligation product was transformed into competent E. coli BL21 

DE3 and confirm by PCR and restriction enzyme analysis. Corrected colonies were 

cultured in LB broth containing 50 μg/ml kanamycin at 37°C, when the culture was 

reached to OD600nm: 0.6, the bacteria induced by 1mM IPTG and incubated for further 5 

h at 37°C. Each sample was evaluated on 10% SDS-PAGE. For optimization of 

expression the chimeric gene, factors such as IPTG concentration and incubation 

temperature were analyzed.  

Solubility Evaluation and Purification of SICL Protein. To determine the solubility 

of the recombinant protein, expression was performed in 50 ml culture medium after 

precipitation the cells by centrifugation (13000 rpm, 4°C). The liquid phase containing 

soluble proteins was collected. The cell pellet was dissolved in a denaturant buffer 

(100mM NaH2PO4, 10mM Tris HCl, and 8M Urea). Both samples were analyzed by 
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12% SDS-PAGE. For purification the supernatant was transferred to Ni-NTA column. 

Washing and elution were performed according to the standard methods and the 

samples from the column were analyzed on a 10% SDS-PAGE. In order to remove the 

urea from the protein solution, an equivalent volume of denaturing buffer containing 

glycerol stabilizer (100 mM Glycine, 100 mM NaCl, 100 mM Tris pH 8.5, 2-

mercaptoethanol 140 mM, 2.5% Glycerol) was mixed with protein solution and then 

dialyzed against PBS solution for 12 hours. The protein was then stored at -70°C. 

Western Blotting Analysis. Induced and un-induced samples were separated by 

electrophoresis on 12% SDS-PAGE and then transferred to PVDF membranes and 

floated in blocking buffer (3% Skim milk). The membrane was incubated with anti His-

tag antibody (1/1500 dilution) conjugated with HRP with shaking for one hour at R/T. 

Membranes were subsequently washed three times with PBST buffer. Finally DAB 

solution was used to stain the bands. The reaction was terminated by the addition of 

distilled water upon appearance of the bands. 

Immunization of BALB/c Mice with SICL Protein. A total of 20 BALB/c female 

mice at the age of 6-7 weeks were divided into test and control groups. In the first 

injection, 10 µg of antigen were subcutaneously injected with complete Freund's 

adjuvant. The second and third injections were performed with the incomplete Freund's 

adjuvant. The control group received PBS buffer with complete and incomplete 

adjuvant. Blood samples were taken from mice one week after each injection. 

Antibody Titration by ELISA Method. ELISA was used to measure the antibody 

titration. One microgram of recombinant antigen was coated at the bottom of each well 

(Nunc Denmark) with 100 µl of coating buffer (0.015 M Na2CO3, 0.035 M NaHCO3, 

pH 9.6, 4°C, O/N). The plate was blocked with 100 µl of 3% (w/v) nonfat milk in PBST 

for 1h at 37°C. The plate was incubated with 1/100 to 1/204800 dilutions of the serum 

from immunized mice for 45 min at 37°C. Diluted (1/5000) HRP goat anti-mouse IgG 

(Sigma) were added to the each well (45 min at 37°C). After each step plate was washed 

with PBST (PBS with 0.05% (v/v) Tween 20). The substrate (OPD, Sigma) was added 

and the reaction was stopped with 100 µl of 2 M H2SO4 and the OD492 was read on a 

microplate reader (Bio-Rad).  

In vitro Neutralization of Toxin with the Immunized Mice Serum. The 

neutralization capacity of immunized sera was assayed by Hela cell toxicity test. In brief 

the CD50 of Stx2 on the Hela cells was measured (24). Serial dilutions of Stx2 toxin 

were prepared in EMEM medium and added to Hela cells (16000 cells/well) in a 96-

well plate. After 18 to 20 hours of incubation (37°C and 5% CO2) the culture medium 

containing dead cells were discarded and the remaining live cells were fixed with 2% 

formalin and staining with 0.13% crystal violet for 20 min. Ethanol (50% V/V) was 

added to each well and the OD595nm was measured. To check the neutralization of Stx 

based on above procedure, the 50% cytotoxic dose (CD50) of toxin was defined as the 

dilution that killed 50% of the Hela cells, as compared to the untreated control cells. To 

investigate the effect of neutralizing serum of immune mice on LT toxin (23) a CHO 

elongation test was used and cell deformation was investigated (24).  

Immunized Mice Challenge Analyses. 100, 150 and 200 μL of supernatant from E. 

coli O157:H7 medium (25,26) were used as a source for Stx2 toxin and was injected to 

peritoneal of animal model. The amount of 150 μL of crud toxin results in the death of 

100% of mice at most after 3 days. To evaluate the protective effect in immunized mice, 

two weeks after the last dose of recombinant protein, 150 μL of Stx2 toxin was injected 

intraperitoneally. The mortality rate was investigated for up to 10 days after injections. 
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Statistical Analysis. The data were presented of three experiments separately. SPSS 

15.0 was used for all statistical analysis. Student t-test was performed to analyze the 

antibody response in immunized and non-immunized animal groups. A value of p<0.05 

was considered statistically significant. Mice survival differences were studied by one-

sided Fisher's exact test. 

 
 
RESULTS 
 
Construction of synthetic SICL gene and confirmation by enzyme digestion.  

Based on our  previous study (22), the molecular weight of construct  in the 

recombinant cloning plasmid was calculated near 4700 bp which was analyzed on 1% 

agarose gel. The 1998 bp synthetic fragment was digested by HindIII/EcoRI restriction 

enzymes and subcloned to pET28a (Figure 1a). The recombinant expression plasmids 

were analyzed by with HindIII and EcoRI restriction enzyme digestion (Figure 1b). 

 

 

 

Figure 1. Agarose 1% gel electrophoresis of enzymatic digestion of pUC57 and pET28a 
containing SICL gene (1998bp) with EcoRI and HindIII. A) Lane1, DNA ladder. lane 2, pUC57 
vector containing SICL gene (1998bp) digested with EcoRI and HindIII. B) Lane1, DNA ladder. 
Lane 2,3, pET28a vector containing SICL gene (1998bp) digested with EcoRI and HindIII. 

 

 

Expression of recombinant SICL gene. 

After induction of authentic expression clones with IPTG, the expressed protein was 

separated using denatured and native condition which was examined using 10% SDS-

PAGE. As it has been shown in Figure 2a, the molecular weight of recombinant protein 

was near 70 kDa. 

Optimization of recombinant SICL gene expression. 

In order to optimize the expression condition, the different factors such as initial cell 

density for induction, IPTG concentration, incubation temperature and time of induction 

were optimized. The optimized expression condition was found at induction at 

OD600=0.5 with 1 mM IPTG and 16 hours of induction at 18°C (Figure 2 b,c). 
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Figure 2. Expression and optimization of E.coli BL21 DE3 containing pET28a-SICL on the 
SDS-PAGE 10%. a) Lanes 1, protein ladder. Lane 2,3,4,5, expression of recombinant SICL 
induced by IPTG. Lanes 6, uninduced sicl as control. b) Lanes 1, protein ladder. Lane 2,3,4, 
expression of recombinant SICL induced by concentration 0.25, 0.5, 1 mM IPTG. Lanes 5, 
uninduced sicl as control at 37°C, c) at 18°C. 

 

 

Recombinant protein purification and western blot analysis.  

The chimeric SICL protein was purified under denaturant condition. The purified 

protein was analyzed on 10% SDS-PAGE (Figure 3a). The concentration of SICL 

recombinant protein was calculated near 400 µg/ml. The western blotting with anti His-

tag was used to confirm the integrity of recombinant protein (Figure 3b).  

 

 

 

Figure 3. Purification and western blot analysis of recombinant SICL. A) Purification of 
recombinant SICL protein with His-tag. Lane 1, protein ladder. Lane 2, flow. Lane 3, wash 
column with 20 mM imidazole, Lanes 4-6, purified protein with elution buffer containing 250 mM 
imidazole. B) Lanes 1, protein ladder. Lanes 2, recombinant SICL protein, Lanes 3, uninduced 
SICL as control. 
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Quantification of antibody titration. 

IgG antibody titers against SICL were evaluated in the serum of immunized mice. 

Compared to the control group, a significant increase in the antibody titer was observed 

following each injection (Figure 4). 

 

 

 
 
Figure 4. Titration of serum IgG after subcutaneous immunization which was determined by 
ELISA method. Serum from no immunized mice was used as control. 

 

 

In vitro neutralization assay for Lt toxin. 

The result from CHO cells assay showed that antibodies generated against recombinant 

LtB was able to neutralize the secreted Lt toxin, effectively (Figure 5).  

Stx2 toxin protection and animal challenge. 

The animal challenge was done by LD50 of Stx toxin two weeks after the last dose of 

recombinant SICL protein injection. All non-immune mice died at most 3 days after the 

injection of toxin. In the immunized group mice however, 100% survived after toxin 

injection. 

 

 

DISCUSSION 
 

Enterohemorrhagic E. coli (EHEC) and Enterotoxigenic E. coli (ETEC) are endemic 

pathogens in developing countries. ETEC are the main reason of diarrhea in travelers to 

these countries and EHEC are the main factor of large outbreaks in the world, 

specifically in developed countries (27). Until now, many approaches have offered to 

control EHEC and ETEC infection but vaccination are still best way (28,29). Many 

studies worked on vaccination against EHEC. In a study the fusion protein containing 

the A1 subunit of Stx2 toxin and the N-terminus of EspA was assayed for its 

immunogenicity. The Immunized mice with EspA-Stx2A1 shows the high titers of IgG 

antibodies and over >95% mice survived in challenge with Stx2 toxin (28). Another 

research focused on two types of Shiga-toxins, Stx1/Stx2, and a shortened intimin 
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protein which was increased IgG antibody titers in mice. The immunized mice orally 

challenged with EHEC O157:H7  and demonstrated 100% survival rate (30). 

 

 

 
 
Figure 5. Neutralization effect of mice immunized sera on the elongation of CHO cells. 
Mice immunized sera with SICL blocked the effect of Lt toxin, whereas sera of control mice 
showed no inhibitory effect on elongation of CHO cells. 

 
 
Immunization with Stx and intimin fusion protein produced antibodies against both 

antigens (31) and mice immunized with this chimeric protein challenged with a lysed 

EHEC showed more than 90% survival. Specific peptide which was designed by Wan 

and coworker could create protection against EHEC. The C terminal region of intimin 

which related to A/E lesions protected immunized mice against E. coli O157:H7 

challenges (32). Amani J. and his colleague evaluated chimeric construct contain 

truncated Intimin, EspA and Tir protein, namely EIT, in a synthetic construct. The 

challenge of immunized mice with E.coli O157:H7 shows %100 surveillance (33,34). In 

another study which conducted in Iran the research results show that the production of 

immunogenic parts of the EspA (E), Intimin (I), and Tir (T) proteins in unique structure, 

its expression in transgenic canola plants and finally the antigen administration through 

oral delivery can induce the humoral and mucosal immunity in mice model (35). The 

major and main virulence factors in ETEC are colonization factor A (CFA), heat-labile 

(LT) and heat-stable (ST) toxins, which are responsible for water and electrolyte 

discharge during infection (36). For example the transcutaneous injection used to 

immunize human volunteers with LT toxin raised anti-LT IgG and IgA but did not 

prevent the illness after challenge (37). The ST subunit A (STa) is known to be low 

immunogenic property although its immunogenicity can accelerate by conjugated with 

stronger antigens, like LT or other adhesion factor, and reducing toxicity by mutation in 

major essential amino acids. Mice immunized with a STaP13F-LTR192G toxoid fusion 

protein produced specific IgG antibodies for LT and STa proteins in serum and feces 

and IgA in feces (38). Another research is the MEV or Etvax vaccine which contain 

cocktail of four inactivated bacteria which expressing separately different CFs, in which 
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CS6 is expressed in a K12 strain and CFA/I, CS3, CS5 in an ETEC O78 toxin-negative 

strain. This four inactivated bacteria by formalin were applied in clinical phase I studies 

(39). This  studies was carried out based on our previous research (22). The main 

research was production of a multivalent construct composed of immunogenic proteins 

of EHEC and ETEC. These factors (CfaB, Intimin, Stx and LtB), including adhesins 

and toxin, are the most important pathogenesis factor in these bacteria and it is believed 

that production antibody against these factors can provide protection. It is expected that 

by expressing the immunogenic regions of these bacteria in the E.coli and presenting 

them to the immune system of animal model can make a significant immune responses 

against two important bacterial based diarrhea diseases. In the first step optimize 

expression of recombinant chimeric SICL was carried out and the results showed that 

two main modifications conditions such as decreasing the temperature in culture media 

and concentration of IPTG can significantly increase the solubility of recombinant 

protein (Figure 2). Recombinant SICL protein was purified by metal based Ni-NTA 

column and confirmed by western blotting analysis (Figure 3). The ELISA results using 

serum of immunized mice showed that after each injection, the amount of IgG antibody 

in mice was increased which representing the efficacy of immune system to induce the 

B cell molecules which lead to increase the titer of the IgG and IgA antibodies (Figure 

4). Neutralization assay by immunized mice sera was showed that the toxin could not 

activity against immunized sera (Figure 5), this result confirmed the result from Cheng 

et al. which the anti-EspA-Stx2A1 serum was able to neutralize the action for Stx2 on 

the in vitro assays on HeLa cells (28). Furthermore this data compatible with result from 

Lu Liu et al. study (40). The survival rates for challenging the immunized mice with Stx 

100%, it showed that the construct can protect mice against toxin, the data similar to 

result of Xue Qin Ran, Cai kun et al., and Xiang Gao et al. (29-31). Based on the 

results, SICL chimeric protein could provide an effective immune response and 

effective protection against toxins produced either by ETEC and EHEC furthermore 

could be used as a vaccine candidate to prevent diarrhea. On the other hand, the SICL 

multi-component could be used as an effective part of a vaccine candidate to prevent 

bacterial diarrhea originated by ETEC and EHEC. 

 
 
ACKNOWLEDGEMENTS 
 
This research is a part of the PhD thesis of the Biotechnology that approved by 

Department of Plant Biotechnology with project code NIGEB III-450, National Institute 

of Genetic Engineering and Biotechnology (NIGEB), Tehran, Iran. 

 
 
REFERENCES 
 

1. Saeedi P, Yazdanparast M, Behzadi E, Salmanian AH, Mousavi SL, Nazarian S, 

et al. A review on strategies for decreasing E. coli O157: H7 risk in animals. 

Microb Pathog. 2017; 103:186-195. 

2. Navaneethan U, Giannella RA. Mechanisms of infectious diarrhea. Nat Clin 

Pract Gastroenterol Hepatol. 2008; 5:637-47. 

3. Amani J, Mirhosseini SA, Fooladi AAI. A review approaches to identify enteric 

bacterial pathogens. Jundishapur J Microbiol. 2015; 8: e17473. 



Bivalent vaccine against Enterohemorrhagic and Enterotoxigenic Escherichia coli 

Iran.J.Immunol. VOL.16 NO.3 September 2019                                                                                                             209 

4. Doavi T, Mousavi SL, Kamali M, Amani J, Ramandi MF. Chitosan-based 

intranasal vaccine against Escherichia coli O157: H7. Iran Biomed J. 2016; 

20:97-108. 

5. Croxen MA, Law RJ, Scholz R, Keeney KM, Wlodarska M, Finlay BB. Recent 

advances in understanding enteric pathogenic Escherichia coli. Clin Microbiol 

Rev. 2013; 26:822-80. 

6. Stevens MP, Van Diemen PM, Dziva F, Jones PW, Wallis TS. Options for the 

control of enterohaemorrhagic Escherichia coli in ruminants. Microbiology. 

2002; 148:3767-78. 

7. Murphy M, Buckley J, Whyte P, O’Mahony M, Anderson W, Wall P, et al. 

Surveillance of dairy production holdings supplying raw milk to the farmhouse 

cheese sector for Escherichia coli O157, O26 and O111. Zoonoses Public 

Health. 2007; 54:358-65. 

8. Shekarforoush S, Tahamtan Y, Pourbakhsh A. Detection and frequency of Stx2 

gene in Escherichia coli O157 and O157: H7 strains isolated from sheep 

carcasses in Shiraz-Iran. Pak J Biol Sci. 2008; 11:1085-92. 

9. Melton-Celsa A, Mohawk K, Teel L, O’Brien A. Pathogenesis of Shiga-toxin 

producing Escherichia coli. Ricin and Shiga Toxins: Springer; 2011. p.67-103. 

10. Johannes L, Römer W. Shiga toxins from cell biology to biomedical 

applications. Nat Rev Microbiol. 2010; 8:105-16. 

11. Obrig TG. Escherichia coli Shiga toxin mechanisms of action in renal disease. 

Toxins. 2010; 2:2769-94. 

12. Svennerholm A-M, Tobias J. Vaccines against enterotoxigenic Escherichia coli. 

Expert Rev Vaccines. 2008; 7:795-804. 

13. Wenneras C, Erling V. Prevalence of enterotoxigenic Escherichia coli-associated 

diarrhoea and carrier state in the developing world. J Health Popul Nutr. 2004; 

22:370-82. 

14. Qadri F, Svennerholm A-M, Faruque A, Sack RB. Enterotoxigenic Escherichia 

coli in developing countries: epidemiology, microbiology, clinical features, 

treatment, and prevention. Clin Microbiol Rev. 2005; 18:465–483. 

15. Gaastra W, De Graaf FK. Host-specific fimbrial adhesins of noninvasive 

enterotoxigenic Escherichia coli strains. Microbiol Rev. 1982; 46:129-61. 

16. Faruque AS, Malek MA, Khan AI, Huq S, Salam MA, Sack DA. Diarrhoea in 

elderly people: aetiology, and clinical characteristics. Scand J Infect Dis. 2004; 

36:204-8. 

17. Svennerholm A, Wennerås C, Holmgren J, McConnell M, Rowe B. Roles of 

different coli surface antigens of colonization factor antigen II in colonization by 

and protective immunogenicity of enterotoxigenic Escherichia coli in rabbits. 

Infect Immun. 1990; 58:341-6. 

18. Gaastra W, Svennerholm A-M. Colonization factors of human enterotoxigenic 

Escherichia coli (ETEC). Trends in microbiol. 1996; 4:444-52. 

19. Zeinalzadeh N, Salmanian AH, Ahangari G, Sadeghi M, Amani J, Bathaie SZ, et 

al. Design and characterization of a chimeric multiepitope construct containing 

CfaB, heat‐ stable toxoid, CssA, CssB, and heat‐ labile toxin subunit B of 

enterotoxigenic Escherichia coli: a bioinformatic approach. Biotechnol Appl 

Biochem. 2014; 61:517-27. 



Karimi Rahjerdi A, et al. 

Iran.J.Immunol. VOL.16 NO.3 September 2019                                                                                                             210 

20. Li Y-F, Poole S, Nishio K, Jang K, Rasulova F, McVeigh A, et al. Structure of 

CFA/I fimbriae from enterotoxigenic Escherichia coli. Proc Natl Acad Sci U S 

A. 2009; 106:10793-8. 

21. Yoshimura S, Ikemura H, Watanabe H, Aimoto S, Shimonishi Y, Hara S, et al. 

Essential structure for full enterotoxigenic activity of heat‐ stable enterotoxin 

produced by enterotoxigenic Escherichia coli. FEBS letters. 1985; 181:138-42. 

22. Shojaei jeshvaghani F, Karimi Rahjerdi A, Amani J, Rad I, Jafari M, Salmanian 

AH. Designing and structure evaluation of multi-epitope vaccine against ETEC 

and EHEC, an in silico approach. Protein Pept Lett. 2016; 23:33-42. 

23. Kazemi R, Akhavian A, Amani J, Salimian J, Motamedi M-J, Mousavi A, et al. 

Immunogenic properties of trivalent recombinant protein composed of B-

subunits of LT, STX-2, and CT toxins. Microbes Infect. 2016; 18:421-429. 

24. Wen SX, Teel LD, Judge NA, O’Brien AD. Genetic toxoids of Shiga toxin types 

1 and 2 protect mice against homologous but not heterologous toxin challenge. 

Vaccine. 2006; 24:1142-8. 

25. Sheoran AS, Chapman S, Singh P, Donohue-Rolfe A, Tzipori S. Stx2-specific 

human monoclonal antibodies protect mice against lethal infection with 

Escherichia coli expressing Stx2 variants. Infect Immun. 2003; 71:3125-30. 

26. Kazemi R, Tehrani AA, Jafari M, Amani J, Mousavi A, Salmanian AH. Cloning 

and Expression of the Binding Subunit of Shiga-Like Toxin Type 2 Gene and 

Immunization Study in an Animal Model. Pathobiology Reaearch. 2016; 18:45-

60. 

27. Rojas-Lopez M, Monterio R, Pizza M, Desvaux M, Rosini R. Intestinal 

Pathogenic Escherichia coli: Insights for Vaccine Development. Front 

Microbiol. 2018; 9:440. 

28. Cheng Y, Feng Y, Luo P, Gu J, Yu S, Zhang W-j, et al. Fusion expression and 

immunogenicity of EHEC EspA-Stx2Al protein: implications for the vaccine 

development. J Microbiol. 2009; 47:498-505. 

29. Ran XQ, Wang HZ, Liu JJ, Li S, Wang JF. The immunogenicity of fusion 

protein linking the carboxyl terminus of the B subunit of Shiga toxin 2 to the B 

subunit of E. coli heat-labile enterotoxin. Vet Microbiol. 2008; 127:209-15. 

30. Cai K, Gao X, Li T, Wang Q, Hou X, Tu W, et al. Enhanced immunogenicity of 

a novel Stx2Am-Stx1B fusion protein in a mice model of enterohemorrhagic 

Escherichia coli O157: H7 infection. Vaccine. 2011; 29:946-52. 

31. Gao X, Cai K, Shi J, Liu H, Hou X, Tu W, et al. Immunogenicity of a novel 

Stx2B–Stx1B fusion protein in a mice model of Enterohemorrhagic Escherichia 

coli O157: H7 infection. Vaccine. 2009; 27:2070-6. 

32. Wan Cs, Zhou Y, Yu Y, Peng LJ, Zhao W, Zheng Xl. B‐ cell epitope KT‐ 12 of 

enterohemorrhagic Escherichia coli O157: H7: a novel peptide vaccine 

candidate. Microbiol Immunol. 2011; 55:247-53. 

33. Amani J, Mousavi SL, Rafati S, Salmanian AH. In silico analysis of chimeric 

espA, eae and tir fragments of Escherichia coli O157: H7 for oral immunogenic 

applications. Theor Biol Med Model. 2009; 6:28. 

34. Amani J, Salmanian AH, Rafati S, Mousavi SL. Immunogenic properties of 

chimeric protein from espA, eae and tir genes of Escherichia coli O157: H7. 

Vaccine. 2010; 28:6923-9. 



Bivalent vaccine against Enterohemorrhagic and Enterotoxigenic Escherichia coli 

Iran.J.Immunol. VOL.16 NO.3 September 2019                                                                                                             211 

35. Amani J, Mousavi SL, Rafati S, Salmanian AH. Immunogenicity of a plant-

derived edible chimeric EspA, Intimin and Tir of Escherichia coli O157:H7 in 

mice. Plant Sci. 2011; 180:620-7. 

36. Vidal RM, Chamorro NL, Girón JA. Enterotoxigenic Escherichia coli.  

Escherichia coli in the Americas: Springer; 2016. p.1-26. 

37. McKenzie R, Bourgeois AL, Frech SA, Flyer DC, Bloom A, Kazempour K, et 

al. Transcutaneous immunization with the heat-labile toxin (LT) of 

enterotoxigenic Escherichia coli (ETEC): protective efficacy in a double-blind, 

placebo-controlled challenge study. Vaccine. 2007; 25:3684-91. 

38. Liu M, Ruan X, Zhang C, Lawson SR, Knudsen DE, Nataro JP, et al. Heat-

labile-and heat-stable-toxoid fusions (LTR192G-STaP13F) of human 

enterotoxigenic Escherichia coli elicit neutralizing antitoxin antibodies. Infect 

Immun. 2011; 79: 4002–4009. 

39. Lundgren A, Bourgeois L, Carlin N, Clements J, Gustafsson B, Hartford M, et 

al. Safety and immunogenicity of an improved oral inactivated multivalent 

enterotoxigenic Escherichia coli (ETEC) vaccine administered alone and 

together with dmLT adjuvant in a double-blind, randomized, placebo-controlled 

phase I study. Vaccine. 2014; 32:7077-84. 

40. Liu L, Zeng H, Luo P, Wu J, Chen H, Shi Y, et al. Cloning a Truncated 

Fragment (stx2a 1) of the Shiga-Like Toxin 2A 1 Subunit of EHEC O157: H7: 

Candidate Immunogen for a Subunit Vaccine. Mol Biotechnol. 2009; 43:8-14. 

 


