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Diarrheal diseases are one of the major causes of mortality among children under

five years old and intestinal pathogenic Escherichia coli (InPEC) plays a role as

one of the large causative groups of these infections worldwide. InPECs contribute

significantly to the burden of intestinal diseases, which are a critical issue in low- and

middle-income countries (Asia, Africa and Latin America). Intestinal pathotypes such as

enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC) are mainly endemic

in developing countries, while ETEC strains are the major cause of diarrhea in travelers to

these countries. On the other hand, enterohemorrhagic E. coli (EHEC) are the cause of

large outbreaks around the world, mainly affecting developed countries and responsible

for not only diarrheal disease but also severe clinical complications like hemorrhagic colitis

and hemolytic uremic syndrome (HUS). Overall, the emergence of antibiotic resistant

strains, the annual cost increase in the health care system, the high incidence of

traveler diarrhea and the increased number of HUS episodes have raised the need

for effective preventive treatments. Although the use of antibiotics is still important in

treating such infections, non-antibiotic strategies are either a crucial option to limit the

increase in antibiotic resistant strains or absolutely necessary for diseases such as those

caused by EHEC infections, for which antibiotic therapies are not recommended. Among

non-antibiotic therapies, vaccine development is a strategy of choice but, to date, there is

no effective licensed vaccine against InPEC infections. For several years, there has been

a sustained effort to identify efficacious vaccine candidates able to reduce the burden of

diarrheal disease. The aim of this review is to summarize recent milestones and insights

in vaccine development against InPECs.

Keywords: vaccines, intestinal pathogenic E. coli (InPEC), Enterohemorrhagic E. coli (EHEC), Enterotoxigenic

E. coli, Enteropathogenic E. coli

INTRODUCTION

Escherichia coli is a Gram-negative bacterium commonly found as a commensal in the human
microbiota. However, the plasticity of its genome has led to the evolution of this organism into
pathogenic strains able to cause diseases and syndromes of public health importance in humans
and animals. Pathogenic E. coli are mainly divided into two groups depending on the disease
location: extraintestinal pathogenic E. coli (ExPEC) and intestinal pathogenic E. coli (InPEC).
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While ExPEC strains are associated mainly with neonatal
meningitis (NMEC) and urinary tract infections (UPEC) in
adults, InPEC strains, related to diarrheal disease, are subdivided
into at least 6 well-known pathotypes: enteropathogenic E. coli
(EPEC), enterohemorrhagic E. coli (EHEC), enteroinvasive E.
coli (EIEC), enteroaggregative E. coli (EAEC), diffusely adherent
E. coli (DAEC) and enterotoxigenic E. coli (ETEC). These E.
coli enteropathotypes are classified according to their virulence
factors, mechanisms of infection, interaction with the enterocyte,
tissue tropism, symptoms and syndromes (Kaper et al., 2004;
Croxen and Finlay, 2010). Most recently, adherent-invasive E.
coli (AIEC) have also been described as a disease-associated E. coli
related to Crohn’s disease, but they cannot strictly be considered
as diarrheagenic E. coli and so are classified as a new InPEC
pathotype.

Nowadays, the burden of diarrheal diseases caused by several
etiological agents is one of the major public health problems
around the world in the absence of preventive strategies such as
vaccines to block infections. Besides InPEC, these diarrheagenic
agents include Cryptosporidium, Campylobacter, Shigella and
Salmonella, which are responsible for the vast majority of
diarrheal diseases worldwide (MacLennan and Saul, 2014). In
order to standardize the real estimation of the burden of
diarrheal disease, the etiology and the real number of the
most affected populations, mathematical approaches have been
developed. The Global Burden of Disease (Institute for Health
Metrics and Evaluation, 2013) and Child Health Epidemiology
Reference Group (CHERG by World Health Organization)
indexes have been implemented (Kovacs et al., 2015) to calculate
numbers in the burden of diarrheal disease in children under
5 years old (U5). The main goal of these approaches is the
estimation of cause-specific disease and morbidity-mortality, but
calculations yield different numbers because of the inclusion
of diverse data. In addition, the Global Enteric Multicenter
Study (GEMS), a case-control study still ongoing in Africa
and Asia, is designed to identify the etiology and population-
based burden of pediatric diarrheal disease (Kotloff et al., 2013).
Overall, these approaches will allow us to refine regulations and
therapies, control strategies and estimate the real numbers of
infectious diseases, depending on the specific target (Pires et al.,
2015).

InPECs contribute significantly to the burden of diarrheal
diseases, which represent a critical issue in low- and middle-
income countries (in Asia, Africa and Latin America). For
instance, EPEC and ETEC are mainly endemic in developing
countries and the latter is the main cause of diarrhea in travelers
to these countries (Kaper et al., 2004; Torres, 2017a), whereas
EHEC strains are responsible for large outbreaks around the
world. This pathotype, mainly affecting developed countries,
not only causes diarrheal disease, but is also responsible for
clinical complications like hemorrhagic colitis and hemolytic
uremic syndrome (HUS), which is an increasing problem in
Latin American countries like Argentina (Kaper et al., 2004;
Pianciola et al., 2016; Torres, 2017a). Similarly, EAEC has also
occasionally been involved in diarrheal diseases in developing
and industrialized countries (Foster et al., 2015) and in 2011 a
EHEC-EAEC hybrid caused a large outbreak in Europe with

3,816 reported cases, leading to 845 HUS cases and 54 deaths
(Brzuszkiewicz et al., 2011; Frank et al., 2011).

Overall, (i) an increase in the burden of the disease, because
there is a high incidence of traveler diarrhea (ETEC, EAEC),
(ii) endemic ETEC and EPEC cases in developing countries,
(iii) infections with EHEC and an increasing number of HUS
episodes, (iv) the annual cost for the healthcare system, (v)
the emergence of antibiotic resistant strains arise the need for
effective preventive treatment to reduce the burden of diarrheal
disease. Although the use of antibiotics is still key to the
treatment of such infections, non-antibiotic strategies are either
a crucial option to limit the increase in antibiotic resistant strains
(Torres, 2017a) or the only option for diseases where antibiotic
therapies are not recommended, e.g., EHEC infection (Goldwater
and Bettelheim, 2012; Rivas et al., 2016). Recently, preventive
methods to reduce the risk of ETEC-induced diarrhea have been
proposed. A hyperimmune bovine colostrum (HBC) produced
by immunization of cows during gestation has proven clinically
effective in preventing ETEC diarrhea (Sears et al., 2017). Among
non-antibiotic therapies, vaccine development is a strategy of
choice but, to date, there is no universal or specific licensed
vaccine against InPEC.

For years, vaccine development has included various
platforms and approaches, such as (i) pathogens attenuated by
exposure to different environmental conditions (heat or oxygen)
or by multiple passages in culture media (in vitro), a method
considered as the most ancient and empirical form of vaccine
production; (ii) detoxified toxin forms, like the detoxified
version of the diphtheria and tetanus toxins; (iii) the use of
protein-based vaccines, as hemagglutinin from influenza virus
or the vaccine for Bordetella pertussis; (iv) genetically engineered
vaccines, which have been the most used alternative to vaccine
development, in which antigens can be produced in different
vectors that reduce toxicity or collateral immunoreactions (Mora
et al., 2003; Plotkin, 2014).

However, there are several infectious diseases for which these
traditional approaches have failed and for which vaccines have
not yet been developed. With the advent of whole-genome
sequencing and advances in bioinformatics, the vaccinology field
has changed. Approaches like reverse vaccinology, based on
the scanning of the annotated complete pathogen genome by
bioinformatic prediction of the most likely vaccine candidates,
have enabled identification of promising antigens and the
development of a safe broadly protective vaccine against the
Neisseria meningitidis serogroup B pathogen (Pizza et al., 2000;
Giuliani et al., 2006; Feavers and Maiden, 2017). For other
pathogens such as Streptococcus ssp., and for extraintestinal
pathogenic E. coli (ExPEC), a number of promising antigens have
also been identified (De Gregorio and Rappuoli, 2012; Sjoling
et al., 2015). In particular, for ExPEC the genome sequence
analysis of a neonatal meningitis isolate (NMEC) enabled the
identification of 230 potential antigens. The most protective
antigens revealed by that analysis were a broadly conserved
adhesin (FdeC) and a conserved secreted zinc metallopeptidase
(SslE), which conferred cross-protection in three different
murine models, including intestinal, ascending urinary tract
infection and sepsis models (Moriel et al., 2010; Nesta et al.,
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2012, 2014). Using the reverse vaccinology approach on 1,700
draft and complete genomes, a conserved and protective vaccine
candidate was recently identified. This potential antigen, a seven-
bladed beta-propeller protein (YncE), was found to be present in
and widely expressed by different E. coli strains, including ETEC,
EHEC, EAEC, and UPEC pathotypes (Moriel et al., 2016).

Significant efforts to identify effective vaccines against InPEC
have been made for several years by different research groups
worldwide. To date, the major pathotypes considered for vaccine
development are EHEC and ETEC, because of their major impact
on the public health burden (Table 1), even though EPEC is a
major problem in developing countries, little progress has been
made. The aim of this review is to summarize the advances made
in the development of vaccines against these different InPEC
pathotypes and the perspectives they offer (Figure 1).

DEVELOPMENT OF VACCINES AGAINST
EHEC

As for each of the characterized InPEC, EHEC is primarily
defined by an array of evidence based on clinical manifestations,
i.e., clinical symptoms, and histological and molecular features
(Nataro and Kaper, 1998; Kaper et al., 2004). One of its primary
features is the presence of Shiga-toxin (Stx) genes, so EHEC
belongs to the genotypic group of Shiga-toxin encoding E.
coli (STEC). While there are over 380 distinct serotypes of
STEC (Karmali et al., 2003, 2010), the EHEC serotype O157:H7,
as well as the big six non-O157 serotypes O26:H11, O45:H2,
O103:H2, O111:H8, O121:H19 and O145:H28, are the most
frequently associated with human disease and large outbreaks
around the world (Karmali et al., 2003, 2010). Based on
their incidence, involvement in outbreaks and association with
severe disease, STEC can be classified into 4 classes, namely
(i) class A corresponding to the O157 serogroup with a high
virulence, (ii) class B corresponding to the big six non-O157
serotypes mentioned above with a moderate virulence, (iii)
class C corresponding to serotypes mainly involved in some
sporadic cases with a moderate virulence, and (iv) class D
corresponding to serotypes never reported in human infection
and thus avirulent (Karmali et al., 2003). In this regard, EHEC
clearly is defined as a subset of clinically isolated pathotypes of
InPECs, but STEC isolates do not necessarily refer to a specific
intestinal pathogenic E. coli pathotype (Nataro and Kaper, 1998).
There is currently no simple answer to the question of whether a
STEC strain isolated from the environment or food, for instance,
is truly an EHEC, and whether it is virulent (and to what
degree) and a risk for human health (Messens et al., 2015). In
the United States since 2014, the number of cases per 100,000
population was 690 for EHEC O157 and 445 for EHEC non-
O157, while 16% of outbreaks were accounted for by EHECO157
and 7% by EHEC non-O157 (Crim et al., 2015). The incidence of
EHEC non-O157:H7 has increased and it has become a human
pathogen as important as EHEC O157:H7 (Croxen et al., 2013).
More recently, infection with EHEC strains is rising in Latin
American countries and has become an endemic phenomenon,
as in Argentina (Mejias et al., 2016).

As asymptomatic carriers, cattle are the natural reservoir
of EHEC and, as a zoonosis, infection can occur from direct
(meat, milk) or indirect (vegetables, water) contamination of
food products by animal feces (Rivas et al., 2016). The adhesion
and persistence of the bacteria is an important key feature in
bacterial pathogenesis. EHEC O157:H7 mainly colonizes the
human colon and carries a pathogenic island (PAI) known as
the Locus of Enterocyte Effacement (LEE) (like EPEC), which
encodes a Type III, subtype a, secretion system (T3aSS). T3aSS
would give the capability to produce attaching and effacing (A/E)
lesions in humans, but this phenomenon is mainly observed
in in vitro assays more than in vivo. However, the PAI LEE
is still a determinant factor for colonization and persistence in
other reservoirs (e.g., cattle) and its presence is more associated
with pathogenic strains (Nataro and Kaper, 1998; Coombes
et al., 2011; Lewis et al., 2015). Interestingly, the EHEC non-
O157:H7 strains do not necessarily carry the LEE PAI. Other
colonization factors involved in the attachment, persistence and
tissue tropism from EHEC O157 and non-O157 have been well
described, including Lpf, Ecp, Hcp, F9, curli, Type 1 fimbriae,
Autotransporters (EhaA, EhaB), EspP, Saa, Cah (McWilliams and
Torres, 2014; Monteiro et al., 2016).

Besides the adhesion factors, toxins play a key role in EHEC
pathogenesis and, asmentioned above, Stx is one of the important
virulence factors. This family of AB toxins is divided into Stx1
and Stx2 (with allelic variants); although both toxins or just
one can be produced by the strain, Stx2 is considered one
of the more potent toxins, and thus more related to O157
infections. It has been shown that the use of antibiotics in the
treatment of EHEC infections could lead to cellular damage
by increasing the production of this toxin, activating the SOS
system and by disrupting the bacterial membrane, causing release
of the toxin (Kimmitt et al., 2000). The resulting secretion of
the toxin into the blood stream could lead to worsening of
the disease (Pacheco and Sperandio, 2012). The Stx toxin is
one of the factors involved in development of HUS, which is
characterized by the triad of microangiopathic hemolytic anemia,
thrombocytopenia, and acute renal failure, with a 10% additional
chance of HUS development in children less than 10 years of age.
Besides triggering HUS and later renal failure, Stx toxin is also
responsible for strokes (Tarr et al., 2005).

Due to the involvement of Stx toxin during the course of the
infection and to restrictions in treatment, different preventive
strategies, such as vaccines, have been implemented and are
exemplified in the following sections.

Development of Stx-Based Treatments
Neutralizing the effect of the toxin has been one of the strategies
to reduce its effect. Antibodies cαStx1 and cαStx2 have been
directly engineered against the B subunit of Stx1 and A subunit
of Stx2, respectively (Bitzan et al., 2009). Tolerability and the
pharmacokinetic profile have been investigated using chimeric
anti-Stx1 and anti-Stx2 antibodies. This combination comprises
the variable regions of the murine Stx1-neutralizing or Stx2-
neutralizing monoclonal antibodies (mAbs) 13C4 or 11E10,
respectively, fused to human kappa light chain constant-domain
sequence and human immunoglobulin G1 (IgG1) heavy chain
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TABLE 1 | Summary of the most promising vaccine candidates against EHEC and ETEC.

Type Key component Efficacy outcome References

EHEC

Shiga toxin-based

vaccines

Antibodies cαStx1B and cαStx2A Good tolerance and safety in a human trial single dose

study

Bitzan et al., 2009

Two copies of anti-Stx2B VHH and one anti-serum

albumin VHH

Decreased toxicity in Stx2 lethal mouse model Mejias et al., 2016

Attenuated

bacteria-based

vaccines

EHEC O157:H7 86-24 strain 1ler1stx2 expressing

Stx1A Stx2A detoxified

Reduced EHEC O157:H7 wild-type strain colonization Liu et al., 2009

Attenuated EPEC O126:H6 Reduced mortality in mouse model and cross-reaction of

produced EspB and intimin EPEC antibodies with EspB

and intimin from EHEC

Calderon Toledo et al.,

2011

Attenuated Salmonella typhimurium expressing

recombinant EspA, intimin and Stx2B

Higher titer of specific antibodies, and specific

lymphocyte proliferation

Oliveira et al., 2012

Attenuated Salmonella typhimurium χ3987

(1cya,1crp,1asd and H683 1aro1asd) expressing

γ-intimin variant

Induces systemic and humoral immunity by increased

titers of IgG in serum and IgA in feces. Reduced EHEC

O157:H7 shedding post-challenge

Oliveira et al., 2012

Recombinant bacillus Calmette-Guérin expressing

Stx2B (rBCG-Stx2B)

Increased levels of Stx2 IgG in mice. Higher survival rate

(63%) in immunized mice after EHEC challenge

Fujii et al., 2012

Bacterial ghost-based

vaccines

Bacterial ghosts of O157:H7 unable to cause

infection

Antitoxicity effect on Vero cell culture. Stops shedding of

EHEC O157:H7 wild-type strain and survival rate of 93%

in orally immunized mice and 100% in rectally immunized

mice

Mayr et al., 2012

Bacterial ghosts of O157:H7 exposing Stx chimeric

protein (Stx2Am-Stx1B)

High specific IgG and IgA antibody titers to Stx1A and

Stx2B. Survival rate of 52% in immunized mice

Cai et al., 2015

Protein-based vaccines EspA-Stx1A fusion protein High titers of specific IgG antibodies to EspA-Stx1A and

95% survival in mice after a challenge with crude toxin

Stx2

Cheng et al., 2009

Stx1B-Stx2-truncated intimin fusion protein 100% survival rate in orally immunized mice challenged

with EHEC O157:H7 88321 and anti-toxin and

anti-adhesion effect

Gansheroff et al., 1999

Stx2Am-Stx1B, SAmB fusion protein 93% survival rate of orally immunized mice challenged

with EHEC O157:H7 88321

Gao et al., 2011

Peptide-based

vaccines

C terminal region of intimin Reduces bacterial attachment to Hep-2 cells and

confers protection on immunized mice

Wan et al., 2011

Peptide KT-12 (KASITEIKADKT) conjugated

with KLH

High concentrations of IgG in subcutaneously immunized

mice and high titers of IgA in intranasally immunized mice

Zhang et al., 2011

Plant-based vaccines Nicotiana tabacum (tobacco) NT-1 cell line

expression inactivated Stx1A

High specific IgA anti Stx2 in fecal samples from orally

immunized mice, conferring high protection against

STEC strain B2F1 (75% survival rate)

Wen et al., 2006

Chimeric gene espA-eae-tir Reduction of EHEC O157:H7 shedding, colonization and

histological damage in subcutaneously or orally

immunized mice

Amani et al., 2009

DNA-based vaccines Stx2A1AB DNA vaccine Protection of immunized mice challenged with native

Stx2 and toxin neutralization in Vero cell culture.

Bentancor et al., 2009

C-terminal domain of EscC Reduced bacterial counts in feces, colon and cecum

and increased IgGs in sera and IgA in feces from

intranasally immunized mice

Garcia-Angulo et al.,

2014; Tapia et al., 2016

pVAX-efa1 (efa-1′) High levels of specific mucosal IgA and reduction of

EHEC colonization

Riquelme-Neira et al.,

2015

Polysaccharide-based

vaccines

O-specific polysaccharide of EHEC O157:H7

conjugated with recombinant exotoxin A of P.

aeruginosa (O157-rEPA)

High levels of IgG against LPS in vaccinated children

with non-collateral reactions to the vaccine

Konadu et al., 1994;

Ahmed et al., 2006

(Continued)
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TABLE 1 | Continued

Type Key component Efficacy outcome References

Adjuvant enhanced

vaccines

EspB and/or C-terminal of γ-intimin proteins +

MALP-2 adjuvant

Higher bronchoalveolar titers of IgA Cataldi et al., 2008

Chimeric protein Tir-Stx1B-Stx2B + Zot adjuvant Protection against EHEC. High IgA and IgG response

and reduction of bacterial shedding in feces post-EHEC

wild-type challenge in subcutaneously immunized mice

Zhang et al., 2011

ETEC

Toxin-based vaccines LT toxin using skin patch Increased anti-LT IgG and IgA in 97–100% of human

volunteers

McKenzie et al., 2007

STaP13F-LTR192G toxoid fusion protein Development of IgG specific antibodies for LT and STa

proteins in serum and feces and only IgA in feces in

immunized mice

Liu et al., 2011

Autotransporter-based

vaccines

Recombinant Ag43 and pAT autotransporters Increased fecal IgA and relative protection against

intestinal colonization in immunized mice

Harris et al., 2011

Adhesin-based

vaccines

Recombinant ETEC two-partner secretion protein A

(EtpA)

Inhibition of ETEC colonization in immunized mice Roy et al., 2009

CS21/LngA formulated with cholera toxin Increased specific IgG antibodies in serum and IgA

antibodies in fecal and intestinal lavages and stopped

bacteria shedding in immunized mice

Zhang et al., 2016

Attenuated

bacteria-based

vaccines

ETEC E1392/75-2A 1aroC1ompR and ETEC

E1392/75-2A 1aroC1ompR1ompC

IgA and IgG response and specific antibodies against

CS1 and CS3

Turner et al., 2001;

McKenzie et al., 2006

Etvax (attenuated bacteria expressing CS6 in K12

and CFA/I, CS3, CS5 in ETEC O78 toxin-negative)

+ LCTBA hybrid protein + double mutant LT

High titers of fecal, jejunal and serum IgA and IgG in

orally immunized humans

Norton et al., 2011

Vibrio cholerae strains expressing CFA/I operon

(cfaA-B-C-E)

Increased IgA and IgG titers in serum of immunized mice. Tobias et al., 2008

ETEC strains expressing CFA/I (ACAM2010 str.),

CS2 and CS3 (ACAM2007 str.) and CS1, CS2, and

CS3 (ACAM2017 str.)

Increased IgA against CFA level in orally immunized

human volunteers

Daley et al., 2007

Non-toxigenic E. coli expressing CS2, CS4, CS5, or

CS6 and CFA/I

Induced IgG+IgM antibodies against CS6 in sera and

IgA in fecal samples of immunized mice

Tobias et al., 2010

ACE527 ETEC complex (ACAM2022 (O141:H5,

expressing CS5 and CS6), ACAM2025 (O39:H12,

expressing CFA/I) and ACAM2027 (O71:H-,

expressing CS2, CS3, and CS1)

Helps shorten the duration of diarrhea and reduce

shedding of the wild-type strain, conferring a protection

level ranging from 33% to 98% in human clinical trials

Harro et al., 2011a,b

OMV-based vaccines ETEC OMVs 1msbB1eltA Detoxified OMV yielded higher titers of IgG1, IgM, and

IgA and reduced wild-type colonization in immunized

mice

Leitner et al., 2015

Vibrio cholerae OMV 1msbB1ctxAB1flaA

expressing ETEC FliC and CFA/I

OMV yielded higher titers of IgG1, IgM, and IgA and

reduced wild-type colonization in immunized mice

Leitner et al., 2015

constant-domain sequence. These antibodies were well tolerated
and safe as antitoxins in healthy human volunteers in a single-
dose clinical trial study. Although it has been shown that these

mAbs neutralize the effect of Stx toxins in mice, it remains to

be established whether they are able to avoid the development

of HUS after diarrhea caused by EHEC (Bitzan et al., 2009).
More recently, camelid single antibodies against Stx2 have

been tested for their protective characteristics against Stx2

(Mejias et al., 2016). The anti-single chain antibodies (VHH)

were obtained with two copies of anti-Stx2B VHH and one anti-

serum albumin VHH. This trivalent molecule, administered to
mice, decreased toxicity in a Stx2 lethal mouse model. Because of

the antitoxin effect of VHH, it is proposed as an alternative for
treatment of HUS sequelae (Mejias et al., 2016).

Attenuated Bacteria and Bacterial Ghost
Platform System
Gene regulators (global or specific) are important key players
for the expression or silencing of virulence factors in pathogens.
In fact, deleting those that promote the expression of specific
virulence factors could be useful strategy to attenuate a pathogen.
This approach has been applied to EHEC by deleting the LEE-
encoded regulator (Ler). Ler is an important specific regulator
that positively controls the expression of LEE genes involved in
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FIGURE 1 | Schematic representation of the virulence factors used as vaccine candidates in InPEC. Several InPEC virulence factors have been employed as vaccine

candidates, including outer membrane proteins, toxins, O-polyssaccharides, exported and secreted proteins. T2SS, type II secretion system; T3aSS, type III, subtype

a, secretion system; T3bSS, type III, subtype b, secretion system; T5aSS, type V, subtype a, secretion system; T5bSS, type V, subtype b, secretion system; T7SS,

type VIII secretion system.

the A/E phenotype, as well as genes outside the PAI, including
adhesins and genes in the plasmid pO157. An EHEC O157:H7
86-24 strain deleted in ler and stx2 genes (ler/Stx2) but carrying
a plasmid that expresses a detoxified version of the Stx1A
subunit and Stx2A subunit was used as an attenuated vaccine
candidate. These bacteria with reduced toxicity and safe for
animal administration were used to immunize mice via IP.
Animals were challenged using EHEC O157:H7 wild-type strain
and after 6 days the wild-type strain was not detected in feces,
indicating a capability of the attenuated strain to reduce wild-
type colonization. Also, there was a 70% survival rate in passively
immunized suckling mouse offspring born to dams previously
immunized with this vaccine, after a challenge with wild-type
EHEC bacteria (Liu et al., 2009).

EPEC is the closest pathotype to EHEC: both express a
T3aSS element and cognate secreted proteins such as EPEC-
secreted proteins (Esps) and intimin (important for the A/E
phenotype). It is worth noting that E. coli-secreted protein B
(EspB) is responsible together with E. coli-secreted protein D
(EspD) for forming a pore structure in eukaryotic cells, which
allows the translocation of effector proteins through the needle
formed by homodimers of E. coli-secreted protein A (EspA)
(Garmendia et al., 2005). Using an EPEC as live attenuated
vaccine to assess the cross-protection among the two pathotypes,
only partial protection against EHEC was shown. In fact,
intragastric immunization with a clinical isolate EPEC O126:H6
and challenge using the EHEC O157:H7 wild-type strain yielded
sick mice, but with no dead mice reported. Interestingly, it
was also shown that the EspB and intimin antibodies produced
after the EPEC vaccination were cross-reactive against EspB
(translocated protein and effector that prevents phagocytosis)
and intimin from EHEC (Calderon Toledo et al., 2011).

Using a different delivery system such as attenuated
Salmonella strain, recombinant EspA (300-amino-acid carboxyl-
terminal), intimin and the B subunit of Stx2 proteins were
expressed. Mice either orally immunized only or orally
immunized and subcutaneously boosted were able to raise
specific IgG and IgA antibodies against these three antigens
at similar levels. However, specific anti-intimin antibody levels
were higher in mice orally immunized and subcutaneously
boosted than in mice that were orally immunized only. Yet, IgG
antibodies specific for Stx increased a week after the booster
vaccination; IgA specific for Stx2B antibodies were only detected
in feces and increased even more when boosted (Gu et al., 2011).

Similarly, an attenuated strain of Salmonella enterica serovar
Typhimurium χ3987 (1cya, 1crp, 1asd and H683 1aro 1asd)
expressing heterologous proteins for EHEC such as γ-intimin
variant, encoded by the eae gene, was used as a vaccine. The
vaccination using these attenuated bacteria increased titers of
IgG in serum and IgA in feces, indicating an immune response
from systemic and humoral immunity. The attenuated bacteria
expressing intimin were still detectable in Peyer’s patches and
spleen, while in feces CFUs decreased in number from day
2 to 10 and subsequently were constant. Animals immunized
with the attenuated Salmonella had reduced EHEC O157:H7
shedding post-challenge and increased production of IgA and
IgG (Oliveira et al., 2012).

A delivery antigen mucosal system used for EHEC vaccine
development was based on Bacillus Calmette-Guérin (BCG)
(a live attenuated strain of Mycobacterium bovis), because of
its mucosal humoral immunoreactivity. A recombinant rBCG-
Stx2B, expressing the Stx2 subunit B, was generated and then
used to immunize mice. This recombinant bacillus was able
to increase the levels of Stx2 IgG in serum that were directly
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proportional to the number of CFUs. The protection was
confirmed when after challenge using a wild-type EHEC strain
there was a higher survival rate (63%) in immunized mice with
higher CFU concentrations than in immunized mice with fewer
CFUs of rBCG-Stx2 or null rBCG (Fujii et al., 2012).

Among attenuated bacteria strategies, a delivery system based
on a bacterial ghost (BG) platform for vaccine development
against EHEC has been proposed. Bacterial ghosts of E. coli
O157:H7 have been generated by the controlled expression of
the X174 lysis gene. This gene produces empty bacterial cell
envelopes with the composition of the cell envelope of a living
cell, such as LPS, lipids, peptidoglycans (acting as adjuvants), but
which lack the capability to produce infection. These bacteria
had an antitoxicity effect on cultures of Vero cells and were safe
for administration in mice (Mayr et al., 2005; Cai et al., 2010).
Animals orally immunized twice (days 0 and 28) with BG and
then challenged (at day 55) stopped the shedding of bacteria
after day 3 post-EHEC and showed a survival rate of 93% (Cai
et al., 2010). In addition, rectal immunization showed a 100%
survival rate and reduced bacterial shedding for 3–5 days, thereby
protecting mice against EHEC O157:H7 after challenge (Mayr
et al., 2012).

However, mice that were orally or intragastrically immunized
still showed disease symptoms from days 2 to 7 post-challenge,
including anorexia, slowing of activity, no stimulus reaction, and
convulsions before death (Cai et al., 2010). Data also showed that
surviving mice recovered after 7 days and dead mice developed
glomerulus necrosis and enterocyte effacement. Interestingly,
specific IgA and IgG antibodies titers were raised in serum and
colon from mice immunized twice orally with BG (Cai et al.,
2010). In fact, the vaccination of mice with BG is, per se, able
to trigger the immune response, as observed in Th1/Th2 cell
proliferation and higher interferon gamma (INF-γ) levels in
spleen cells, leading to increased titers of IgG and IgA, in both
serum and colon samples (Mayr et al., 2005, 2012; Cai et al.,
2010).

More recently, a BG (rSOBG) expressing an Stx chimeric
protein composed of the Stx2A and Stx1B subunits (Stx2Am-
Stx1B) has been engineered. This rSOBG showed specific IgG and
IgA antibody titers to StxA1 and StxB2, and the rate of survival
was higher (52%) than with native bacterial ghost-OBGs (12%)
when mice were challenged intragastrically with high doses of
viable E. coli O157:H7. Also, there was no tissue damage in the
liver, kidney or intestine of rSOBG-immunized mice (Cai et al.,
2015).

Protein-Based Vaccines
Among several strategies applied for the development of vaccines
against EHEC, chimeric protein constructions have proved to
be an attractive approach in recent years. In this regard, a
fusion protein of the A1 subunit of Stx2 toxin and the N-
terminus of EspA has been tested for its immunoreactivity. Mice
subcutaneously immunized with EspA-Stx2A1 fusion protein
showed high titers of IgG antibodies specific to EspA-Stx2A1.
This humoral immune response resulted in >95% of survival
after a challenge with crude toxin Stx2. Although in vitro assays
on HeLa cells showed that the anti-EspA-Stx2A1 serum was able

to neutralize the action for Stx2, it did not prevent the adherence
of bacteria to HeLa cells (Cheng et al., 2009).

Another protein fusion constructed with the subunit B from
two Shiga-toxins Stx1/Stx2 and a truncated intimin protein (SSI)
increased specific IgG antibody titers in mice. The immunized
mice orally challenged with EHEC O157:H7 88321 showed a
100% survival rate. However, protection using chimeric vaccines
depends on the number of immunizations and the bacterial
challenge dose (Cai et al., 2011). Immunization with this SSI
chimeric protein avoided pathological damage to colon and
kidney tissues, generating antibodies with anti-toxin and anti-
adhesion effects, which were absent with the vaccines using
single proteins (Gansheroff et al., 1999; Gao et al., 2009). Even
though the toxins could have contributed to an adjuvant and
neutralization effect, the fusion protein was not able to avoid
wild-type adhesion in in vitro assays, as with other subunit
vaccines (Gansheroff et al., 1999). A vaccine composed of an
Stx1B subunit and an enzyme-inactive Stx2A subunit (Stx2Am-
Stx1B, SAmB) induced a Th2-mediated humoral immune
response and its typical cytokines, IL4 and IL 10, but a low
level of INF-γ. Mice immunized with this chimeric protein
and challenged with a lysed EHEC 88321 preparation showed
93% survival, and even higher rates of survival were obtained
challenging mice with the Stx1, Stx2 or Stx1/Stx2. However,
disease manifestations were still evident (Gao et al., 2011).

Specific peptides have been designed for protection against
EHEC. An example is the C terminal region of intimin associated
with A/E lesions. Antibodies obtained from vaccination with this
fragment reduced bacterial attachment to Hep-2 cells cultured in
vitro and were also associated with protection in mice infected
with E. coli O157:H7 (Wan et al., 2011). B-cell epitopes of this
protein were predicted by structural and antigenicity analysis,
and proposed as synthetic vaccine candidates for EHEC (Wan
et al., 2011). A promising peptide, KT-12 (KASITEIKADKT)
conjugated with KLH, was used to immunize mice by either
the subcutaneous (SC) or intranasal (IN) route. Both routes
induced high concentrations of IgG, but levels were higher with
SC immunization. By contrast, the IgA titer was higher with
IN immunization. Although this peptide did not fully protect
mice infected with the bacteria, it triggered the immune response
(Zhang et al., 2011).

Plant-Based Vaccines
In vaccine development, safety is one of the important issues.
One approach to reducing the risk of undesired side effects is
the use of plant-based vaccines targeting mucosal immunity. The
rationale for using plant cells is based on the idea of protecting the
antigens from protease degradation in the gastrointestinal tract
by means of a plant microencapsulation system, safe oral delivery
and at a low production cost (Wen et al., 2006; Amani et al.,
2009). An example was provided by a Stx toxoid generated by
inactivating the toxin subunit A and expressed in the Nicotiana
tabacum (tobacco) NT-1 cell line. Mice immunized either orally,
by feeding them with these cells expressing the toxoid, or by
parenteral immunization and boosted orally, showed elevated
specific anti-Stx2 IgA in fecal samples, but levels were higher
in the orally immunized mice. Furthermore, sera of immunized

Frontiers in Microbiology | www.frontiersin.org 7 March 2018 | Volume 9 | Article 440

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


Rojas-Lopez et al. Intestinal Pathogenic Escherichia coli Vaccine Development

mice neutralized Stx2 toxicity in Vero cell cultured, but with a
higher neutralization titer using the sera from orally immunized
mice (Wen et al., 2006).

Another example of synthetic genes from EHEC was the
chimeric gene composed of espA, eae, and tir antigens (EIT).
This gene was codon optimized for expression in plant cells
and cloned into a plant-expression vector, using CaMV35S
(cauliflower mosaic virus 35S) under the control of FAE
promoters for tobacco and canola plants. The EIT protein was
used to immunize mice either subcutaneously or orally, and
later challenged with E. coli O157:H7, resulting in a significant
reduction of bacterial shedding. These immunized mice had
increased levels of anti-EIT IgG and IgA and reduced bacterial
colonization and histological damage (Amani et al., 2009, 2010,
2011).

DNA Vaccines
DNA vaccines have been used to avoid the use of pathogens or
bacterial traces that could lead to the development of disease
in the vaccine recipient. A DNA vaccine construct encoding the
entire StxB2 subunit plus the last 32 amino acid residues of StxA2
was generated and cloned into the pGMS-CSF plasmid encoding
the gene for murine granulocyte-macrophage colony-stimulating
factor (GMS-CSF). The Stx2A1AB DNA vaccine expressing the
nontoxic Stx2 mutated form increased IgG antibody titers and
also conferred protection in immunized mice challenged with
native Stx2. In addition, antibodies raised inmice conferred toxin
neutralization in Vero cell cultures (Bentancor et al., 2009).

More recently, a selection of prospective DNA vaccine
candidates was performed by bioinformatic analysis of EHEC
O157:H7: EDL933 and Sakai strain genomes. The vaccine
selection included, among others, a putative pilin subunit gene
(Z1538), the gene of a T3aSS structural protein (escC), the C-
terminal side of escC, and the gene encoding an outer membrane
protein (iomW) (Garcia-Angulo et al., 2014; Tapia et al., 2016).
Mice were immunized intranasally, and then challenged with
the wild-type bacteria. In comparison to the entire escC gene,
only its C-terminal portion resulted in a greater reduction of
bacterial counts in feces, colon and cecum and also in triggering
IgG in sera and IgA in feces. The most interesting finding of this
study was that the efficacy and immune protection of a vaccine
candidate depends on its length and how it is presented to the
immune system. In fact, the immune protection against EHEC
was improved when only the C-terminal domain of EscC was
used (Garcia-Angulo et al., 2014; Tapia et al., 2016).

Another DNA vaccine candidate used was the lymphocyte
inhibitory factor A-/EHEC for the adherence-1 gene (lifA/efaA).
This gene encodes a 360 kDa toxin mainly found in non-
O157 EHEC strains and associated with LEE strains. It is
exposed on the surface of EPEC bacteria and may play a role
in colonization and adhesion by mucosal immunity regulation.
This gene was originally found as a truncated form in EHEC
O157:H7 EDL933 and annotated as efa-1′. EHEC carrying the
truncated form showed reduced adhesion to human colon
cells, showing that Efa-1′ protein still has a role in adhesion.
Furthermore, mice vaccinated with this efa-1′ showed IgM, IgG

and IgA antibody titers. Intranasal immunization using pVAX-
efa1 yielded higher levels of antigen-specific mucosal IgA in
nasal and bronchoalveolar lavages and challenge with pVAXefa-
1 reduced EHEC colonization in mice (Riquelme-Neira et al.,
2015).

Polysaccharide-Based Vaccines
Polysaccharides in conjugate vaccine against Haemophilus
influenzae type b, pneumococcal and meningococcal bacteremia
and meningitis have been successfully used for vaccine
development. E. coli isolates produce two serotype-specific
surface polysaccharides, namely lipopolysaccharide (LPS) O
antigen and capsular polysaccharide K antigen. Variations in
structures of these polysaccharides give rise to ∼170 different O
antigens and ∼80K antigens (Whitfield, 2006). Immunization
with an O-specific polysaccharide of E. coli O157:H7, showed
a significant increase of IgG against LPS. E. coli O157:H7 O-
specific polysaccharide conjugated to recombinant exotoxin A
of P. aeruginosa (O157-rEPA) administered to 2- to 5-year-old
children showed that there was a >4-fold increase of IgG in
serum after the first week of immunization. Serum anti-LPS IgG
increased >8-fold at week 6 and 20-fold at week 26, when there
was no difference among groups receiving one dose or two doses,
but levels were >4-fold higher than in the pre-immune sera. The
serum samples had antibacterial activity correlated with the IgG
anti-LPS antibody titer. More importantly, vaccinated children
showed mild to non-collateral reactions to the vaccine. This
prospective vaccine seems to be a good candidate because of its
safety and immune reactivity (Konadu et al., 1994, 1998, 1999;
Ahmed et al., 2006).

Improving the Adjuvant Effect
The suitability of an adjuvant is important in vaccine
development to enhance the immunogenicity and reactivity
of the antigens in the host immune system. Vaccination with
EspB or the C-terminal of γ-intimin (280 amino acids, γ-
IntC280) co-administered with the MALP-2 adjuvant (TLR6
agonist) enhanced IgG specific antibodies after a first intranasal
immunization, whereas vaccination without MALP-2 increased
IgG titers after the second boost (Cataldi et al., 2008). More
recently it has been demonstrated that intranasal immunization
of dams and later passive immunization of their offspring with
either recombinant EspB or γ-intimin C280 plus MALP2 as
adjuvant significantly reduced the intestinal colonization of
bacteria and uremia level in serum (clinical parameter of the
systemic effect of Shiga toxin) in the infant mice. In addition,
both dams and suckling mice produced significant IgG titers and
no renal or intestinal lesions were observed by histopathological
examination (Rabinovitz et al., 2016).

The adjuvant effect has been also implemented by the
combined expression of toxins and antigens at the same time,
as a specific antigen combination. An example of this method
was provided by the generation of a chimeric protein fusing Tir,
Stx1B, Stx2B and the zonula occludens toxin (Zot). Intranasally
immunized mice showed higher IgA and IgG response against
the chimeric protein than subcutaneously immunized mice
and reduced bacterial shedding in feces post-EHEC challenge.
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Comparison of the adjuvant effect of chimeric protein with or
without Zot has showed greater with Zot, even though there were
no IgG specific titers against it (Zhang et al., 2011).

Future of EHEC Vaccine Development
EHEC infections and associated diseases are also related to
other 6 STEC serotypes, O26:H11, O45:H2, O103:H11, O11,
O121:H19, O145, other than the canonical serotypes O113:H21
and O157:H7. Treatment and prevention of infection, like
vaccine development, should target these strains. More recently,
new approaches have been implemented to find new antigens.
For example, in an immunoproteomics analysis a Chilean group
detected antigens with an immune reactive effect in patients
infected with any of these STEC serotypes. They identified
mainly outer membrane proteins, like OmpT and Cah, which
were immune reactive with sera from HUS patients. The genes
encoding these proteins are widely represented among E. coli
pathotypes, but also in commensal strains. Other detected
proteins included FliC, Ag43 (ETEC), NmpC, OmpF, OmpC,
OmpA, Hek, EF-Tu, and L-asparaginase II (Montero et al., 2014).

ETEC, THE MOST STUDIED INPEC FOR
VACCINE DEVELOPMENT

Enterotoxigenic E. coli is responsible for infection with traveler’s
diarrhea around the world and to date has been one of the
most studied InPEC for vaccine targets. Children in developing
countries are the most affected by ETEC infections and diarrheal
diseases. Overall, it has been estimated that ETEC infections are
the cause of 200 million diarrheal cases and between 170,000 and
380,000 deaths annually (Isidean et al., 2011; Chakraborty et al.,
2015).

The symptoms of an ETEC infection include dysentery,
headache, fever and vomiting. The infection can last up to 5
days, without specific treatment or antibiotics, but lethal cases
are associated with children due to lack of immune protection
and dehydration (Vidal et al., 2016). ETEC is transmitted by
consuming contaminated water, food, and person to person
contact, poor sanitation being one of the main factors in the
pervasiveness of this pathogen in developing countries.

The main virulence factors associated with the pathogenesis
of infection are colonization factor antigens (CFA), which are
required for ETEC colonization and establishment in the gut,
and heat-labile (LT) and heat-stable (ST) toxins, which are
responsible for water and electrolyte discharge during infection
(Vidal et al., 2016). Regarding the CF, they are mainly referred
to as E. coli surface antigens (CS) composed by 26 characterized
factors (CFA/I, CFA/III, CS2-CS26). These factors are not present
at the same time in the ETEC strains, but can be carried in
different combinations. Nonetheless, the presence of other non-
fimbrial adhesins as EtpA, Tia, TibA, TleA, and EaeH, expressed
in the prototypic strain H10407, has been described (Vidal
et al., 2016). Concerning ETEC classification, the most common
serotypes associated with ETEC are O6:H16 (LT/ST), O8:H9 (ST
only), O25:NM (LT only), O78:H12 (ST only), O148:H28 (ST
only), O153:H45 (ST only), and O169:H41 (ST only). However,

serotypes isolated from different outbreaks do not necessarily
belong to these serotypes or can differ in their prevalence. To
date, isolated ETEC can be divided into 42 different clonal
groups with a singular combination of CF and toxins (Croxen
et al., 2013). Because ETEC is still a public health problem in
developing countries, there is a big effort to develop a vaccine
to prevent and reduce the incidence of infections caused by this
pathotype.

Toxin-Based Vaccines
The transcutaneous route has been used to immunize human
volunteers with LT toxin delivered in a skin patch, a strategy
designed to avoid the toxic effect of LT and which allows transfer
of antigen from the skin to antigen-presenting Langerhans cells
and then transport to draining lymph nodes. In this double-blind,
placebo-controlled trial, human volunteers were immunized by
applying the patches to the skin on the arms and then challenged
with a LT/ETEC strain (McKenzie et al., 2007; Frech et al., 2008;
Frerichs et al., 2008). As in previous reports, in 97–100% of
cases, anti-LT IgG and IgA increased (4-fold). Although there
was a delay in the onset of disease, this strategy did not prevent
the illness after challenge (McKenzie et al., 2007; Frech et al.,
2008). The later refinement of the scale of disease parameters and
correlation between symptoms and signs after human challenge
enabled classification of specific patch vaccines with no efficacy
(Porter et al., 2016).

The ST subunit A (STa) is known to be poorly immunogenic
as an antigen for vaccine use, however, its immunogenicity can
be enhanced by combination with stronger antigens, like LT or
other adjuvants, and by reducing its toxicity by changing essential
amino acids. Mice immunized with a STaP13F-LTR192G toxoid
fusion protein were able to develop specific IgG antibodies for
LT and STa proteins in serum and feces and only IgA in feces. In
addition, the STa and LT antibodies from fecal samples reduced
cGMP and cAMP, respectively, in T-84 culture cells. This study
indicates that the STaP13F toxoid is immunogenic when fused
to LT toxoid and elicited neutralizing antitoxin antibodies. These
findings will be useful for developing safe and effective toxoid
vaccines linked to ETEC-STa-producing strains (Liu et al., 2011).

Autotransporters
Immunoproteomic analysis has also been employed as a
strategy for the identification of antigens able to generate an
immune response in the host during the process of infection.
For this type of approach, reacting human or mice sera
obtained after ETEC infections enabled identification of immune
reactive molecules in culture supernatant, outer membrane,
and outer membrane vesicle preparations by matrix-assisted
laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS). In this analysis, hypothetical proteins
homologous to other pathovars (UPEC, APEC, Crohn’s disease-
associated isolates) and pathogens (Vibrio cholerae and group
A streptococci) were identified, suggesting their role in the
pathogenesis. In addition, autotransporters (AT) such as EtpA,
Antigen 43 and TibA were also found to be reactive during the
infection process (Roy et al., 2010).
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In silico tools have been used to identify other remarkable
virulence factors as immunogenic molecules. From those studies,
autotransporters, which are important in biofilm formation, such
as pAT, antigen 43 and EatA, have been identified exclusively
in ETEC or other pathotypes, but are absent in commensal
strains. Recombinant Ag43 and pAT autotransporters increased
fecal IgA and provided relative protection against ETEC
intestinal colonization in immunized mice. Interestingly, these
autotransporters are also recognized by sera from patients
with ETEC diarrhea, confirming their expression during ETEC
infections (Harris et al., 2011).

Adhesins
Adhesins have been widely employed as target vaccines as several
of them are considered to be virulence factors with an important
role in colonization and bacterial pathogenesis.

The ETEC two-partner secretion protein A (EtpA) is an
encoded plasmid protein and secreted non-fimbrial adhesin.
When mice were immunized with the recombinant fully
glycosylated form of this protein, EtpA inhibited the colonization
of ETEC wild-type strains. Also, EtpA antibodies present in
the sera of mice immunized with the glycoprotein enhanced by
flagellin inhibited colonization in in vitro assays (Roy et al., 2009).
In addition, a study of EtpA and CexE in flagellin-free OMV
showed that these antigens were able to reduce wild-type ETEC
colonization inmice without the flagellin contribution (Roy et al.,
2011).

Attenuated Bacteria Platforms
Some studies have shown that strain ETEC E1392/75-2A
confers protection in 75% of human volunteers immunized and
challenged with ETEC wild-type strains. However, this strain
induced mild diarrhea in 15% of volunteers. By deleting different
genes in the chromosomes it was possible to attenuate the strain
and also to reduce its reactogenicity. Two different mutant strains
were generated and attenuated by mutating aroC, ompR genes
(PTL-002 mutant) and aroC, ompC and ompF genes (PTL-003
mutant). Note that both of these mutants express CFA/II: CS1,
CS3 and are ST/LT spontaneously mutated. These mutants were
first tested in a mouse model, and further tested in human
volunteers, in whom adverse effects were reduced. Interestingly,
the strain PTL-003 showed higher immunogenicity provided by
increased IgA and IgG levels and antibody response to CS1 and
CS3. However, poor protection in subjects orally immunized
was obtained and only reduced diarrheal manifestations after
challenge with wild-type ETEC E24377A (Turner et al., 2001;
McKenzie et al., 2006, 2008).

The MEV or Etvax vaccine is another cocktail of four
inactivated recombinant bacteria expressing separately different
CFs, in which CS6 is expressed in a K12 strain and CFA/I,
CS3, CS5 in an ETEC O78 toxin-negative strain. Formalin- or
phenol-attenuated bacteria were used in preclinical and clinical
phase I studies (Lundgren et al., 2014) and immunized together
with an LCTBA hybrid protein (which has seven amino acids
in CTB replaced by corresponding amino acids of LTB) and a
double mutant LT (dmLT, which has two replacements in the
A subunit, LTR192G/L211A (Norton et al., 2011), eliminating

the toxic effect and leaving the adjuvant effect of the LT)
(Lundgren et al., 2014). In preclinical studies, they showed
immunoreactivity in mice, resulting in high titers of fecal,
jejunal tissue extracts and serum IgA and IgG, enhanced by
the presence of dmLT (Holmgren et al., 2013). Furthermore,
a double-blind, randomized, placebo-controlled phase I trial
confirmed increasing titers of IgA and IgG in sera and fecal
samples in humans. Volunteers orally immunized with the same
vaccine but different amounts of dmLT (10 or 25 µg) showed
significant increases in intestinal, fecal and serum IgA. Also,
humans immunized with the formulation using 10 µg of dmLT
showed a significant response to all the antigens, but an even
higher response to CS6. Additionally, the vaccine combination
was well tolerated and considered to be safe for human use
(Holmgren et al., 2013; Lundgren et al., 2014).

Attenuated bacterial strategies for vaccine development have
included the use of different bacterial species. Non-pathogenic
and V. cholerae strains were engineered to express CFA/I
operon (cfaA-B-C-E) and killed by formalin to immunize mice
orally with CT as adjuvant. The results showed increased IgA
and IgG+IgM specific antibody titers in serum against CFA/I.
Antigen delivery was thought to be favored by the fact that
V. cholerae can attach to M cells, probably enhancing bacterial
attachment to the intestinal mucosal by the overexpression of
CFA/I. Increasing titers of IgA and IgG+Mwere found againstV.
cholerae O1 LPS after immunization (Tobias et al., 2008). When
CS2 was added to formalin-killed E. coli K12 over-expressing
CFA/I and administered orally, a similar immune response
(increase in IgG+M in sera and IgA in feces) against cfaB from
CFA/I and cotA from CS2 was observed (Tobias et al., 2010).

Following the same strategy as the PTL attenuated vaccines,
mentioned above, three other ETEC strains were attenuated
by the same gene mutations and used as prospective vaccines.
These strains expressed diverse CFA elements including CFA/I
(ACAM2010 strain), CS2 and CS3 (ACAM2007 strain) and
CS1, CS2, and CS3 (ACAM2017 strain). As shown by PTL-003,
mentioned above, there was an immune response against those
CFA elements and the IgA level increased in orally immunized
human volunteers. However, the inflammatory interleukins IL-6
and IL-8 were not detected (Daley et al., 2007).

CS21, an adhesion factor belonging to the Class-B Type 4 pili
as BFP and TCP, was tested as a potential vaccine candidate.
CS21 including its major subunit LngA conferred a certain
immunoreactivity in a mouse model. The immunogenicity of
CS21 and LngA in different adjuvant formulations showed
that CS21/LngA combined with cholera toxin and administered
intraperitoneally increased specific IgG antibodies in serum and
IgA antibody levels in fecal and intestinal lavages. Interestingly,
anti-LngA antibodies were also raised following intraperitoneal
administration of CS21 formulated with incomplete Freund’s
adjuvant and after challenge in mice this formulation stopped
bacterial shedding. By contrast, CS21 plus CT as adjuvant
was more effective when administered intranasally. This study
supports the idea of using CF as a promising antigen and shows
that administration routes play an important role in eliciting
an effective immune response and protection (Zhang et al.,
2016).
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Other colonization factors from different ETEC strains have
been studied as vaccine candidates, mainly because there is a
usual combination of co-expression of these factors in ETEC
strains, making it a hallmark to distinguish the different strains.
To cover a wide range of ETEC strain variability involved in
diarrheal infections, a non-toxigenic E. coli was modified to
express every CS2, CS4, CS5, or CS6 independently or co-
expressed with CFA/I. Immunization of mice with recombinant
bacteria co-expressing CFA/I and CS2 induced IgG+IgM
antibodies in sera and IgA in fecal samples. The antibody
titers for recombinant bacteria were higher than for wild-type
stains. CS6 overexpressed in a non-toxigenic strain, and used
as a killed vaccine, increased IgG+IgM antibodies in sera and
fecal IgA antibodies like the other strains (Tobias et al., 2010,
2011). Although CS6 was previously reported as a weak antigen
in inducing the immune response, this study improved its
properties as a vaccine candidate.

More recently, the generation of three strains in the ACE527
ETEC complex has been the most promising vaccine in phase II
studies. Strains in the ACE527 were attenuated, made antibiotic-
sensitive, and genetically engineered to overexpress different
colonization factors. All of them were attenuated by mutation
in aroC, ompC and ompF, and were safe and immunogenic
in humans as PTL-003 attenuated strain (Turner et al., 2001).
These three strains ACAM2022 (O141:H5, expressing CS5 and
CS6), ACAM2025 (O39:H12, expressing CFA/I) and ACAM2027
(O71:H-, expressing CS2, CS3, and CS1) also express the heat-
labile toxin pentamer B subunits. In particular, the LTB gene
encoding heat-labile toxin pentamer B was inserted in the
ACAM2022 genome to ensure its stability and avoid its loss
during vaccination. In addition, the gene encoding CS1 was
inserted in the ACAM2027 genome by replacing ompC. Although
other CFs, as CS3, CS5m CS6 and CFA/I, were maintained in
their native plasmid, they were stable (Turner et al., 2011).

Human clinical trials, testing two different oral doses 3 weeks
apart of ACE527 (doses of 1011 or 3 × 1010 CFU each strain)
in a CeraVacx buffer, showed that IgA and IgG increased in
serum, for LTB, CFA/I, CS3, CS5, and CS6. After immunization,
subjects were challenged with the ETECH10407 wild-type strain.
As a result, vaccination helped shorten the duration of diarrhea
and reduced shedding of the wild-type strain, which was up to
20-fold less than in control groups 2 days after challenge, and
conferred ranging 33 and 98% protection against the wild-type
strain. Bacterial shedding decreased even more in re-challenged
subjects (Harro et al., 2011a,b). Overall, this ACE527 formulated
in CeraVax reduced diarrhea by 29% and showed 26.5% efficacy
(Harro et al., 2011a; Darsley et al., 2012; Porter et al., 2016).
When the ACE527 vaccine combination was formulated with
LTR192GL211A adjuvant, efficacy increased to 50% (Porter et al.,
2016).

Outer Membrane Vesicles
Outer membrane vesicles have been largely employed as an
antigen delivery system. The expression of heterologous surface
antigens has been applied not only to amplify the protection
against different pathogens, but also to increase the antigenicity
of such antigens. Recently, this system was used in two different

ways. The first one used an ETEC mutated in msbB (lipid A
acyltransferase) and eltA (labile toxin subunit A) to decrease the
OMV toxicity level. The OMV generated from this mutant strain
(E1msbB1eltA) were used to immunize adult mice and test
immunoreactivity. It was shown that the detoxified OMV yielded
higher titers of IgG1, IgM, and IgA, in comparison to the OMV
from a wild-type strain. Later, offspring born to dams immunized
with OMV-E1msbB1eltA, and passively immunized by suckling
and then challenged with ETEC displayed low colonization levels.
In the second part of this approach, ETEC antigens including the
adhesins FliC and CFA/I were expressed as heterologous proteins
in V. cholerae OMV. This strain was engineered by deletion of
msbB, ctxAB (cholera toxin subunits A and B) and flaA (major
flagellin A) (V1msbB1ctxAB1flaA). As in the previous test
with the OMV from ETEC E1msbB1eltA, the immune response
against V1msbB1ctxAB1flaA expressing FliC-CFA/I displayed
the same pattern in adult mice and a similar colonization level
in the neonatal mouse model. While there was an immune
response against both heterologously expressed ETEC antigens
in V. cholerae, none of these approaches resulted in improved
protection (Leitner et al., 2015).

IMMUNE PROTECTION FOR EPEC
INFECTIONS

Enteropathogenic E. coli, non-invasive bacteria colonize the
small intestine, causing moderate to acute diarrhea mainly in
children under 2 years old in developing countries. The peculiar
characteristic of this pathogen and pathotype is the presence
of the LEE pathogenic genomic island that encodes virulence
factors, such as intimin and the translocated intimin receptor
(Tir), associated with the T3aSS necessary to produce A/E
lesions on the intestinal microvilli. A/E lesions consist in the
rearrangement of actin and tight attachment of bacteria to host
cells by translocation of effectors. Tir, which as a receptor for
intimin and promotes actin rearrangement, is one of the main
proteins translocated from the bacterium to the eukaryotic cell
through the T3aSS. In contrast to LEE-positive EHEC, intimin
and Tir are important for the adhesion and establishment of
EPEC in eukaryotic cells. Also, it is well known that EPEC has
a capacity for localized adherence produced by a bundle-forming
pilus (BFP, BfpA being its major subunit). This pilus is encoded
by the plasmid E. coli adherence factor (pEAE) (Ochoa et al.,
2008). Nonetheless, this pathotype has been subcategorized in
either (i) typical EPEC (tEPEC) carrying the EPEC adherence
factor plasmid (pEAF) and LEE island, or (ii) atypical EPEC
(aEPEC), which lack the pEAF (Croxen et al., 2013; Gomes
et al., 2016; Scaletsky and Fagundes-Neto, 2016). In the case of
the aEPEC, which lacks the BFP, it has been shown that they
can produce an LA-like pattern promoted by intimin (subtype
omicron), and in some cases the aggregative or diffuse patterns
(Hernandes et al., 2008; Gomes et al., 2016).

The most common O serogroups for the classic EPEC are:
O26, O39, O55, O86, O88, O103, O111, O114, O119, O125ac,
O126, O127, O128ab, O142, O145, O157, and O158. On the other
hand, even if the most recurrent aEPEC serogroups are O51,
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O145, O26, O55, and O111, many others do not belong to the
same tEPEC serogroups and some are neither O nor H typeable
(Hernandes et al., 2009; Hu and Torres, 2015). tEPEC is most
commonly recovered from humans, while aEPECs are recovered
from farmed and domestic animals and are considered as a
zoonotic pathogen (Hernandes et al., 2009; Gomes et al., 2016).
However, the latest reports have shown an increased emergence
of aEPECs in developed and developing countries (Ochoa and
Contreras, 2011; Ingle et al., 2016).

The incidence and prevalence of EPEC infections vary
according to diagnostic methods. Molecular methods targeting
specific genes (as intimin) seem to show an incidence of 5–
10% of pediatric diarrheal cases in developing countries, whereas
diagnosis by Hep-2 adherence-pattern and serotyping has shown
average prevalence rates of 10–20% (Ochoa et al., 2008). More
recently, it has been shown that aEPECs are more prevalent than
tEPEC in both developing and developed countries (Ochoa et al.,
2008).

Passive Immunization Against EPEC
Natural immune protection after initial EPEC infection has been
observed and antibodies can protect against future infections.
Breast feeding has an important role in natural immune
protection against EPEC infections. Studies in developing
countries have shown that IgA antibodies, mainly against
intimin, EspA, EspB, EspD, EspC, and BFP, can be transmitted
by colostrum frommothers to their infants. These antibodies can
prime and protect the neonates in the first hours of birth against
EPEC (Parissi-Crivelli et al., 2000; Noguera-Obenza et al., 2003;
Durand et al., 2013). In addition, EspA, B, C, and D immune
responses might confer cross-protection against EHEC strains
that carry the LEE locus. IgA antibodies against BfpA and EspB
have been detected in stool specimens from breastfed infants
with acute diarrhea, but are absent in healthy children and non-
breastfed infants (Quintana Flores et al., 2002). The prevalence
of anti-BfpA fecal antibodies has indicated the immunogenicity
of BfpA, but their functionality as blocking or neutralizing
antibodies has not been fully elucidated (de Souza Campos
Fernandes et al., 2003).

Among candidates considered for EPEC vaccine
development, EspB is one of the most important proteins
for EPEC pathogenesis as it contributes to A/E lesions in
epithelial cells, helps Tir phosphorylation and entrance into
host cells, and mediates anti-phagocytosis by inhibiting myosin
function (Taylor et al., 1998; Iizumi et al., 2007). The role of EspB
in virulence has been studied in a human clinical trial comparing
the ability to cause diarrhea of an isogenic EPEC mutant lacking
EspB versus a wild-type strain. Diarrhea developed in 9 of 10
volunteers who ingested the wild-type strain, but in only 1 of 10
volunteers who ingested the EspB mutant strain. In addition, a
biopsy performed in two volunteers infected with the mutant
showed no destruction of the microvillus brush border (Tacket
et al., 2000).

Vaccine development is made trickier by the existence of
three variants of EspB, i.e., α, β, and γ, where the α variant is
subdivided into 1, 2, and 3 but without clear correlation between
an EspB protein subtype and a specific serogroup of EPEC and

EHEC. A recent report describes the production of a hybrid
recombinant EspB toxin that comprises all known variants
of the protein. This recombinant protein has been proposed
as an antigen for the production of antibodies with broad-
range detection of EspB-bearing bacteria (Caetano et al., 2017).
Furthermore, phage display library screening has identified a
synthetic peptide (YFPYSHTSPRQP) able to bind EspB. These
candidates significantly decreased by up to 40% the adherence
of EPEC to cultures of HEp-2 cells (Li et al., 2016). Other
examples of vaccine candidates specific for EPEC and LEE
positive strains have used the translocator protein EspA as
target. Synthetic peptides (CoilA [LTTTVNN][SQLEIQQ]M
and CoilB [MSNTLNL][LTSARSD]M) representing coiled-coil
regions of EspA inhibited EspA and consequently T3SS assembly.
These peptides effectively inhibited T3SS-dependent hemolysis
of red blood cells by the EPEC E2348/69 strain, reduced actin
pedestal formation in HEp-2 cells, and impaired T3SS-mediated
protein translocation into epithelial cells (Larzabal et al., 2010).
Overall, peptide-based strategies could prove effective in blocking
EPEC and EHEC infections, albeit while restricting their use
to the development of vaccines only against LEE positive
strains.

So far we have no vaccine to prevent EPEC infection,
which occurs mainly in developing countries and causes acute
diarrhea, which is still a public health concern. The most
recent information obtained from both genome sequencing and
maternal/passive immunization will enhance the search for novel
antigens to be used for vaccine development (Torres, 2017b).

CONCLUSIONS AND FUTURE
PERSPECTIVES

One of today’s major public health problems is the burden of
diarrheal diseases caused by several etiological agents and for
which preventive strategies such as vaccines to block infections
do not exist. In this scenario, InPECs contribute significantly to
the burden of diseases, especially in low- and middle-income
countries. In the last years many efforts have been made to
identify efficacious vaccines able to prevent diarrheal disease and
reduce the burden worldwide.

Recently, with the advent of new technologies, the field
of vaccinology has changed dramatically. Whole-genome
sequencing together with powerful bioinformatics tools to
analyze the genomes have contributed to the understanding of
the E. coli biology and its high genomic plasticity. E. coli strains
share a common core genome which is highly conserved among
all strains, while the encoding genes related to diverse pathogenic
functions involved in infection, disease development and
host-pathogen interaction vary among pathotypes. Moreover,
the presence of different virulence factors in different E. coli
phylogenetic groups and the different clinical outcomes (severe,
lethal, non-lethal or asymptomatic diarrhea) of the infection,
suggests that the bacterium can use several strategies to cause
disease, with virulence associated genes that can be acquired
and/or lost and many times. The high genome and antigen
diversity of E. coli has been one of the main factors hampering
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the development of effective treatments against the various
diseases caused by E. coli infection. Approaches like Reverse
Vaccinology, based on the scanning of the annotated complete
pathogen genome and bioinformatic prediction of the most
likely vaccines candidates, have enabled the identification of
promising conserved antigen that could be the basis for the
development of safe and broadly protective vaccines against
pathogenic E. coli (Moriel et al., 2016).

Overall, as illustrated in this review, a number of different
strategies have been used for the identification of promising
antigens present and conserved in different InPEC pathotypes.
A new vaccine should be able to prevent diarrheal diseases
caused not only by ETEC or EHEC infections, but also by
other pathotypes that are becoming even more relevant by
the epidemiology and from a public health point of views.
Importantly, treatments and preventive interventions should also
target non-O157 EHEC serotype, and other pathotypes as DAEC,
EIEC, EAEC, for which vaccine development and discovery
studies are scarce or nonexistent (Bouzari et al., 2010).

Recently, it has been proposed that multidisciplinary research,
collaboration and partnerships should adopt the One Health
concept, as done in Latin America (Torres, 2017a). In particular,
this concept states that there is a interdependence between
human health and the environment, animals and human beings.
To achieve this objective, research should be extended to animal
pathogenic strains. Examples of this are E. coli research studies in
animal reservoirs (Etcheverría et al., 2016).

Although the vaccine field is advancing very fast, and new
sophisticated approaches are being applied for the identification

of new and effective antigens, the battle against InPEC infections
is still open and only multidisciplinary research efforts in the field

of microbiology, immunology, epidemiology, medicine, clinical,
veterinary and public health, could allow to understand the
disease in different settings and the design of new preventive
strategies (CDC)1.
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