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In Part Il we discuss the following bacterial pathogens:
Shigella, Salmonella (non-typhoidal), diarrheogenic E. coli
(enterotoxigenic and enterohemorragic) and Campylobacter
jejuni. In contrast to the enteric viruses and Vibrio cholerae
discussed in Part | of this series, for the bacterial pathogens
described here there is only one licensed vaccine, developed
primarily for Vibrio cholerae and which provides moderate
protection against enterotoxigenic E. coli (ETEC) (Dukoral®), as
well as a few additional candidates in advanced stages of
development for ETEC and one candidate for Shigella spp.
Numerous vaccine candidates in earlier stages of
development are discussed.

Introduction

In Part I we introduced the rationale behind the development
of vaccines for enteric pathogens. It is important to add that the
Centers for Disease Control and Prevention (CDC) published on
its website in Global Diarrhea Burden that diarrhea is the second-
leading cause of death in children under 5 years of age, accounting
for 11% of deaths in this age group. Clinically, acute childhood
diarrhea is usually classified into 3 clinical presentations, watery,
bloody and persistent diarrthea. However, for some bacterial infec-
tions, these clinical manifestations overlap. The major bacterial
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pathogens associated with diarrheal illness in humans include: Vib-
rio cholera (discussed in the previous section), enterotoxigenic
Escherichia coli (ETEC), Shigatoxin producing E. coli | enterohe-
morrhagic E. coli (STEC /| EHEC), Campylobacter spp, Shigella
spp. and Salmonella spp Innumerable clinical studies have estab-
lished that ETEC produces non-inflammatory watery diarrhea;
however, other pathogens, such as STEC, Campylobacter, Shigella
and non-typhoidal Salmonella, may produce overlapping clinical
symptoms. It is important to consider that some of the above-
mentioned enteropathogens have exclusively human reservoirs
(ETEC and Shigella spp.), while others are zoonotic pathogens
with known animal reservoirs (cattle and chickens, among others).
Furthermore, it is widely accepted that the use of antimicrobials is
not the best strategy to control of enteric infection; furthermore,
controversy exists regarding the use of antimicrobials for treat-
ment, particularly for STEC. In the case of ETEC, Shigella, Sal-
monella and Campylobacter an increase in antimicrobial resistance
has been observed, due to selection of resistant or multiresistant
strains as a consequence of unregulated antimicrobial use in
human health and animal production. Faced with this epidemio-
logical panorama, the development of vaccines seems like the best
option. The second part of this review aims to give an overview of
existing vaccines and vaccine candidates for Shigella, Salmonella
(non-typhoidal), diarrtheogenic E. coli (enterotoxigenic and entero-
hemorrhagic), and Campylobacter jejuni (Table 1). As in the previ-
ous section, for each pathogen the flow is as follows: i) a
discussion of the main epidemiological and pathogenic features;
and ii) a discussion of vaccines based on their stage of develop-
ment, moving from current licensed vaccines to vaccines in
advanced stage of development (in phase IIb or III trials) to
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vaccines in early stages of clinical development (in phase I/1I) or
preclinical development in animal models. Although this review is
focused on vaccines for use in humans, we also briefly discuss vac-
cines aimed at reducing the burden of zoonotic pathogens in their
main animal reservoirs, with the final goal of reducing disease in
humans.

Shigella spp

Pathogen and disease overview

Shigellosis only affects humans, particularly children under 5y
of age. Infection is caused by bacterial species from the Shigella
genus (S. dysenteriae, S. boydii, S. sonnei and S. ]‘Ze‘xneri).1 Shigella
are Gram-negative bacteria from the family Enterobacteriaceae;
they are non-motile and rod-shaped, and were discovered by Dr.
Kiyoshi Shiga in 1936.> Shigella infections are endemic world-
wide; however, the primary disease burden falls on developing
countries, where it is reported that over 160 million individuals
are infected annually, 60% of whom are children, making a vac-
cine against this pathogen a priority for the WHO.? The signifi-
cant impact of Shigellosis in children from resource-deprived
countries was documented in the recent GEMS study, as
highlighted further in part I of this review.* Shigellosis is charac-
terized by an acute intestinal infection, with a range of symptoms,
from mild, watery diarrhea to severe inflammatory bacillary dys-
entery, with intense abdominal pain, fever and the presence of
blood and mucus in the feces. Shigella spp can invade and dissemi-
nate through the colonic epithelium, inducing the recruitment of
polymorphonuclear cells and generating an inflammatory
response that causes associated symptoms. The molecular patho-
genesis of Shigella is currently well characterized.>®

Severe Shigella infections benefit from antimicrobial treat-
ment, which reduces the duration of symptoms and bacterial
shedding in stools; however, treatment has been hampered by the
significant increase in antimicrobial resistance.” "% Shigella infec-
tion in humans results from the acquisition of a low number of
bacteria, as low as 10-100 colony-forming units (CFU)."" Since
humans are the only reservoir for these bacteria, there are no ani-
mal models that have successfully replicated Shigellosis, making
vaccine development difficult. Nevertheless, researchers have
been using animal models and human volunteers to study the 2
types of Shigella vaccine candidates, whole-cell and conjugate
One recent model is a guinea pig model, capable of
developing Shigellosis within one day post-infection with S. dys-

vaccines.

enteriae or S. flexneri; however, this model also required a cecal
ligation.13 Two nonhuman primate models have been described:,
the rhesus monkey model capable of developing Shigellosis
symptoms after a high dose of bacteria,"* and the Aotus nancy-
maae model, used in a protection study for the vaccine candidate
SC602 with an efficacy of 80%."> Recently a mouse model that
reproduces human-like Shigellosis symptoms after intraperito-
neal inoculation has been developed.'®

To date, there are no commercially licensed vaccines for this
pathogen, despite significant research efforts. Two main strategies
have been pursued: i) whole-cell vaccines, including killed and
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live attenuated strains; and ii) proteins or conjugated antigens.
Killed whole-cell candidates are simple to produce and relatively
inexpensive, although they require controlled temperature during
storage to preserve antigens for recognition by the human-
immune system. These vaccines could be stored at room temper-
ature, which is advantageous for distribution in resource-deprived
countries.'* Live Shigella vaccines are based on genetically modi-
fied bacteria leading to attenuation, while different proteins and
lipopolysaccharides (LPS) present in Shigella spp have been used

as potential immunogens.

Vaccines in advanced stages of clinical development

Conjugate vaccines S. flexneri O-SP-rEPA and S. sonnei
O-SP-rEPA

These vaccine candidates are based on O antigen from S. flexneri
2a and/or S. sonnei conjugated to the recombinant exoprotein A of
Pseudomonas aeruginosa (rEPA) as a carrier protein (O-SP-rEPA).
In a phase I study in army recruit volunteers receiving 2 intramus-
cular doses of either one of these antigens (or a third antigen of Shi-
gella dysenteriae O-SP-TT, discussed below), only 1/116 subjects
had fever, indicating that these antigen preparations were generally
safe while proving immunogenic (IgG, IgM and IgA) against the
LPS of each microorganism.'” Several methods have been used to
couple the O antigen to the carrier protein, in order to increase the
immune response, including binding the O antigen to a succiny-
lated mutant form of rEPA (rEPA,..) or to a native or succinylated
form of Corynebacterium diphtheriae toxin (CRM9 or CRM9,,.0).
These preparations have been successful in terms of safety and
immunogenicity in volunteers, including adults and children in

1.182% Moreover, antibodies obtained from children vaccinated

Israe
with either S. sonnei or S. flexneri O antigen-conjugate prevented
the invasion of Shigella in an in vitro assay.”’ Additionally, in a
recent phase I1I study in children 1 to 4 years of age, O-SP-rEPA-
suce conjugates from S. sonnei or S. flexneri were shown to be safe, as
less than 5% of vaccinated children developed fever or localized
pain. The protective efficacy of these candidates (disease rate of
controls minus disease rate of vaccinees, divided by disease rate of
controls, result expressed as percentage) was 27.5% (95% CI:
-16.9-54.0%) for S. sonnei (including all age groups), reaching
71% (95% CI: -4.43-92.0%) in children older than 3 years of age,
who also presented fewer diarrhea episodes per year post vaccina-
tion. Although, the efficacy for S. flexneri was only 7.9% (95% ClI:
-153.2-66.5).** The main challenge to this vaccine strategy is to
provide broad protection against the most common Shigella strains
with only one vaccine, as immunogenicity tends to be strain and
serotype specific. Given this, synthetic O antigen-derived carbohy-
drates secem to be promising candidates, first, to reduce the
LPS-associated toxicity and second, as a strategy for developing a
multivalent conjugate vaccine, which is still required to confer
broad protection against different Shigella serotypes (see below).

Vaccine candidates in early stages of clinical development

Live attenuated Shigella flexneri 2a SC602
This strain has been constructed by deletion of the 7csA gene,
which encodes a protein involved in the intra- and inter-cellular
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dissemination of Shigella. This strain also includes a deletion of
both iuc-iur genes, which encode proteins involved in synthesis
of siderophores, compounds required for iron capture from the
medium.”® The first vaccination protocol involved a single dose
with 10% cells from this strain and challenge with the virulent
strain S. flexneri 2a (2 % 10° CFU) 8 days after vaccination in 7
volunteers and 7 placebo recipients. Six individuals who did not
receive the vaccine, developed Shigellosis, while none of the vac-
cinated individuals developed Shigellosis and 3 reported mild
diarrhea.** Another study evaluating the safety and immunoge-
nicity of this vaccine in 34 North American volunteers showed
that the vaccine was safe with only 4 vaccinated volunteers devel-
oping mild diarrhea, while inducing an immune response against
LPS from Shigella ﬂexneri.zs However, in Bangladeshi volunteers,
this vaccine strain did not induce production of IgG against LPS
from . flexneri.*® More recently, this vaccine candidate provided
protection in a mouse model for Shigellosis, as described by Yang

et al.!®

This is the most extensively studied vaccine candidate
and may prove promising. However, it may not be protective
worldwide, as it does not show cross-reaction against other spe-
cies of Shigella, indicating that immune response may be LPS
specific.”>*® Further studies are required, specifically those
focused on including additional strains or antigens, deleting
other genes and on using different concentrations of the various

vaccine candidates to obtain a broad range of vaccination.

Live attenuated Shigella dysenteriae 1 SC599

This strain was constructed by deletion of 4 genes: 1) icsA; 2
and 3) ent and fép, both of which encode for synthesis of the side-
rophore enterobactin; and 4) szxA, which encodes the A subunit
of the Shiga toxin. In phase I and phase II trials, this candidate
was immunogenic and well tolerated at 10® CFU, albeit protec-
tive only against homologous strains; *”*® further research is
required.

Live attenuated Shigella sonnei WRSS1

This candidate was generated by deletion of the 7csA gene,
similar to the SC602 strain, and proved immunogenic and pro-
tective in a Sereny assay using a guinea pig model.”” In North
American (27) and Israeli (15) volunteers, the candidate was safe
at low doses (10°-10% CFU) and stimulated the production of
antibodies against S. sonnei LPS. The bacteria did not seem to be

transmissible from volunteers to other people living in their
household.?*"!

Live attenuated Shigella dysenteriae 1 WRSd1

The S. dysenteriae AicsAAstxAAstxB was developed using a
similar strategy to the 2 S. sonnei vaccines. This strain did not
cause damage to guinea pigs’ eyes in the Sereny test, while pro-
tecting against challenge with the pathogenic wild-type S. dysen-
teriae strain in the same test. A combination vaccine, using the
same proportion of this strain (WRSd1) together with SC602
and WRSS1, conferred protection against homologous virulent
Shigella species used in this vaccination protocol.”> McKenzie
et al.* tested the WRSd1 vaccine candidate in a phase I trial,
inoculating 40 volunteers (8 people per study-group) with a

www.taylorandfrancis.com
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single dose of 10° to 10’ CFU. The vaccine was safe, as none of
the vaccinees developed fever or shigellosis, while IgA against S.
dysenteriae LPS was present in almost 2-thirds of the vaccinees.
Further study is required to determine this vaccine candidate’s
potential for conferring protection against future bacterial
infections.

Shigella dysenteriae O-SP-TT and other conjugate vaccines

This candidate, based on the conjugated O antigen of lipid A
of S. dysenteriae 1 to the tetanus toxoid protein, induced an
immune response against the S. dysenteriae LPS in subcutane-
ously immunized mice.** It has been proposed that, for several
pathogens, the use of synthetic carbohydrates based on LPS struc-
ture may be promising in creating vaccine antigens (reviewed by
Pozsgay).”> Using a mouse model, researchers have tested syn-
thetic carbohydrates, whose repeated units have been derived
from the specific Shigella spp. LPS O-antigen. In studies per-
formed with these molecules at NIH and Institute Pasteur in
France, vaccinated animals produced antibodies against the cor-
responding bacterial LPS.%*3? However, these vaccine candidates
have a narrow spectrum of protection, producing an immune
response only directed at the bacterial strain from which the syn-
thetic conjugate was obtained, it is for this reason that they
remain in the development stage. The most advanced conjugate
vaccine candidates, S. flexneri O-SP-rEPA and S. sonnei O-SP-
rEPA, were discussed above.

Type IlI-secreted proteins

Among the molecules that are shared by all 4 species of Shi-
gella are those secreted by the type III secretion system (TTSS),
known as Ipa proteins.”® Invaplex was developed as a possible
vaccine and includes the secreted antigens IpaB, IpaC and IpaD,
as well as LPS. In preclinical studies using monovalent or bivalent
complexes, these candidates produced an immune response in
guinea pigs and mice after intranasal administration. They were
also shown to provide protection against Shigella in studies of
keratoconjunctivitis or lethal lung infection.””*! In a phase I
trial, intranasal application of the Invaplex vaccine candidate in
adult volunteers was safe and well tolerated, while generating a
strong intestinal immune response against the antigens included
in the vaccine.*>*> Furthermore, recent studies using the antigens
IpaB and IpaD, conjugated to the E.coli heat-labile enterotoxin
(dmLT), or both conjugated recombinant antigens in mouse
studies, stimulated immunogenicity against both proteins regard-
less of preparation. Interestingly, in preclinical lethal pulmonary
challenge studies, the fused protein IpaB-IpaD preparation con-
fered protection against S. flexneri and S. sonnei, but was less pro-

tective against S. dyxenteriﬂe.44’45

Killed whole-cell vaccine

This strategy aims to develop a safe vaccine that includes all
bacterial components of the various diarrheal causing Shigella
species. Heat-killed S. dysenteriae type 1 and S. flexneri induced
IgG in serum and IgA in mucosa in guinea pigs, against the LPS
of each microorganism, in addition to protection against homol-
ogous bacteria in a challenge study.'> McKenzie et al.*® obtained
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a whole-cell vaccine by treatment of S. sonnei (grown in rich con-
taining deoxycholate) with formalin, in order to boost the surface
antigens. Two weeks after intranasal vaccination of the guinea
pigs, using 2 X 107 inactivated cells, the animals were challenged
with pathogenic S. sonnei in a Sereny test. None of the 20 animals
showed inflammation of the eye. A phase I trial of this vaccine
candidate demonstrated that it is well tolerated by human volun-
teers, inducing an immunogenic response, as all individuals had
immunoglobulins reacting to at least 1 of the antigens studied.
Moreover, a recent study adjusted the formalin concentrations
and incubation temperatures to obtain a trivalent inactivated Shi-
gella whole-cell vaccine, which includes S. flexneri 2a, 3a and .
sonnei. Intranasal immunization of guinea pigs protected against
the corresponding pathogenic bacterium in a Sereny test.”” More
recently, pregnant mice were inoculated with a cocktail of several
heat-killed Shigella strains, including S. dysenteriae 1, S. flexneri
2a, S. flexneri 3a, S. flexneri 6, S. boydii 4 and S. sonnei, which
induced high titers of IgG and IgA against LPS from homologous
strains. Furthermore, vertical protection was observed in neonatal

mice when challenged with each homologous strain.*®

Vaccine candidates in preclinical development

Live Attenuated Shigella flexneri 2a WRS2G11, WRSf2G12
and WRS2G15

These three strains represent a second generation of vaccine
candidates, in which additional genes have been deleted.
WRSf2G11, icsA, set and senA (the later 2 of which encode 2
enterotoxins, ShET1 and ShET2 respectively) were deleted. In
experimental animals, this attenuated strain showed 88-100%
protection, similar to the SC602 strain however with decreased
levels of reactogenicity.*” The WRSf2G12 strain differs from
WRSf2G11 in the deletion of the senB gene. The WRS2G15
strain also differs from WRSf2G12, because in addition to the
previously deleted gene, it contains the mutated msbB2 gene,
which encodes an enzyme that modifies the lipid A.>° These
strains also demonstrated protection against S. flexneri and

induced an immune response in the Sereny assay and in a mon-
1,52
key model.”"?

Live attenuated Shigella sonnei WRSs2 and WRSs3

Because WRSS1 was reactogenic when a high bacterial dose
was used, the next generation of vaccine candidates required
additional mutations. The WRSs2 strain has deleted the icsA,
senA and senB genes, while the WRSs3 strain also includes the
deletion of the msbB2 gene. Both strains were shown to be safe,
generated an immune response in the guinea pig Sereny test and

. .. 54
were also immunogenic in rhesus monkeys.”>

Outer membrane vesicles (OMVs)

OMVs are normally formed by Gram-negative bacteria and
have proven immunogenic for several pathogens, including Vib-
rio cholerae.”® Recently, Camacho et al.>® obtained OMVs after
treatment of S. flexneri with binary ethylenimine plus formalde-
hyde. The vesicles harbored several Shigella antigens, such as the
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proteins IpaB and IpaC. Nearly 90% of intranasally immunized
mice were protected against challenge with virulent S. flexneri.

Nontyphoidal Salmonella enterica Subspecies
enterica Serotype Enteritidis and Typhimurium

Pathogen and disease overview

The genus Salmonella is divided into 2 species, S. bongori
and S. enterica, which include more than 2,400 serovars.
Warm-blooded animals, including humans, are primarily
affected by S. enterica subspecies enterica, which includes
nearly 1,500 different serovars. The species S. enterica also
contains another 5 subspecies, which are responsible for colo-
nization of cold-blooded animals and are present in the envi-
ronment.”” S. enterica subspecies enterica includes: serotype
Typhimurium (S. Typhimurium), and serotype Enteritidis (S.
Enteritidis), both responsible for the infection of animals and
humans; and serotype Typhi (S. Typhi), which infects only
humans.’® In this review, we will focus only on nontyphoidal
Salmonella: S. Typhimurium and S. Enteritidis.

Nontyphoidal Salmonella are foodborne enteropathogens
capable of causing serious gastroenteritis and fatal invasive disease
in children under 2 years of age and HIV infected individuals.”
The global burden of nontyphoidal Salmonella illness was
recently estimated at nearly 93.8 million cases and 155,000
deaths per year.°® The primary sources of infection are contami-
nated drinking water and food, including poultry products.®’
Salmonella invades intestinal cells, aided by the secretion of sev-
eral effector proteins, through a TTSS encoded in the Salmonella
pathogenicity island-1 (SPI-1). In addition, Salmonella survives
in the intracellular environment of phagocytic and nonphago-
cytic cells in the so-called Salmonella-containing vacuoles, a step
that requires a second TTSS encoded in the Salmonella pathoge-
nicity island 2 (SP1-2).° Vaccine strategies against Salmonella
have focused on the prevention of systemic infection and to a
lesser degree on the prevention of gastroenteritis. There are cur-
rently no licensed vaccines for nontyphoidal Salmonella and cur-
rently all candidates are in the early stages of development.

Vaccines in eatly stages of clinical development

Live attenuated S. Typhimurium WT05

This candidate has deletions in 2 loci: the sszV gene, which
encodes for a structural protein of the SPI-2 TTSS; and the aroC
gene, encoding chorismate synthase involved in the pathway of
aromatic amino acids synthesis required for bacterial growth in
vivo. A total of 9 healthy volunteers tolerated a single dose of
10’-10° CFU of bacteria, reporting no diarrheal episodes; how-
ever, the induction of an immune response against the patho-
genic bacteria was observed only in volunteers who received 10°
CFU. Moreover, the vaccinees suffered prolonged shedding of
Salmonella in stools.®> To date, mutation of these genes has
proven to be safe for human use. Further studies, and possibly
additional mutations, will be required to determine the potential
efficacy of these candidates.

Volume 11 Issue 3



Vaccines in preclinical stages of development

Conjugate vaccines candidates

Several research groups have developed vaccines candidates
using the O antigen linked to carrier proteins.”* One of these
vaccine candidates is a tetanus toxoid (TT) bound to the O anti-
gen.®> This candidate showed an increased immune response
against the corresponding LPS in mice, after subcutaneous inocu-
lation. Moreover, the immunization conferred protection against
an intraperitoneal challenge with S. Typhimurium, by increasing
by 160-fold the lethal dose, 50% (LDsg), compared to controls.
Sera obtained from immunized mice provided protection
Similar results had been
obtained previously by Svenson et al. with conjugation of the O

through passive immunization.®

antigen with porins or BSA.**®” More recently, conjugation of
the O antigen to the carrier protein CRM 97, also produced anti-
bodies against LPS in subcutaneously immunized mice.® In .
Enteritidis, the same strategy was used to obtain a conjugate
between the O antigen and the homologous H antigen from fla-
gellin. This antigen induced the synthesis of antibodies against S.
Enteritidis LPS and its flagellin antigen in mice that were antigen
specific in an opsonophagocytic assay. In this model, conjugates
were 100% protective against an intraperitoneal challenge of
5%x10° CFU of the S. Enteritidis strain, decreasing to 91.7%
when the challenge was increased by 1 log;.% In a recent study,
a dose of 0.025 pg of this conjugate formulation protected up to
90% of vaccinated mice. Importantly, protection was observed in
naive mice, passively immunized with antibodies obtained from

mice immunized with the conjugate.70

Live attenuated vaccine candidates

S. Typhimurium SA186. This attenuated strain involved the
deletion of the Zinc transporter genes znuABC. Oral inoculation
with this strain, protected mice against a challenge with 2 x 10
CFU of pathogenic S, Typhimurium, reducing colonization in
the spleen and cecum and the number of virulent bacteria in the
gut, as well as decreasing intestinal inflammation.”"”?

S. Typhimurium Ahfg STMAhfg. This attenuated strain was
obtained by the deletion of the /4fg gene, encoding a small RNA
chaperone involved in post-transcriptional regulation of gene
expression in enterobacteria. Mice, orally inoculated mice with
10" CFU, had 100-1,000 fold fewer bacteria in the spleen,
mesenteric lymph nodes and liver. Additionally, mice vaccinated
with 3 doses of 10°-10° CFU were protected against oral and
intraperitoneal challenge with 10® CFU of wild-type S. Typhi-
murium. A single dose of 10° CFU of STM AAfg proved to be
effective, providing long-term protection against challenge with

the wild-type strain.””

S. Typhimurium AssaVAfur MTI3. This attenuated strain
was obtained by the deletion of 2 genes: sszV, which encodes for
a structural protein necessary for the efficient functioning of the
SPI-2 TTSS; and fur, encoding for the ferric uptake regulator,
responsible for iron homeostasis. MT13 was safe in immuno-
compromised mice and induced an immune response against the
O-antigen. In addition, vaccinated mice (4) were challenged with
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200 CFU of wild-type S. Typhimurium after ampicillin-treat-
ment in order to eliminate the residual MT13 strain. Under these
conditions, the wild-type strain was unable to colonize the liver,
spleen and mesenteric lymph nodes, indicating protection against
S. yphimurium infections.”*

S. Typhimurium CVDI921, CVDI1923 and S. Enteritidis
CVD1941 and CVDI1943. Several chromosomal genes of S.
Typhimurium and S. Enteritidis have been deleted in an attempt
to obtain live attenuated immunogenic vaccine candidates. The
target genes for deletion have been: i) guaBA, which participates
in guanine synthesis; ii) ¢/pPX, which encodes for a protease
responsible for degradation of the flagellum’s synthesis regulator,
providing mutants producing abundant flagellum; and iii) /D,
which encodes for a protein located at the tip of the flagellum;
absence of this protein allows the bacterium to secrete flagellin
subunits to the supernatant. The following candidates have been
designed based on these chromosomal gene deletions, for S.
Typhimurium strains CVDI1921 (AguaBA, AclpP) and
CVD1923 (AguaBA, AclpP, AfliD) and for S. Enteritidis strains
CVD1941 (AguaBA, AclpP) and CVD1943 (AguaBA, AclpP,
AfliD). These strains have proven attenuated and capable of
inducing antibodies against Salmonella LPS and flagellin in mice
immunized with 10° CFU. In a challenge assay, using 2 x 10°
CFU of S. Typhimurium 177 or S. Enteritidis R11 (both patho-
genic clinical isolates), more than 80% of mice survived after vac-
cination with CVD1921 and CVD1923. For S. Enteritidis,
protection was 79% with CVD1941 and 33% with CVD1943.”

Proteins associated with the membrane as vaccine candidates. An
alternative strategy to using purified proteins has been the use of
outer membrane antigens. Surface antigens were obtained from
LPS-defective strains of S. Enteriditis obtained from clinical iso-
lates treated at 100°C for 15 min in a saline buffer. Mice were
then inoculated intraperitoneally with 1 dose; controls were
injected, in parallel, with extracts of the isogenic wild-type strain.
Both extracts induced an immunogenic response, and in a chal-
lenge experiment showed 80% protection for the wild-type strain
and 60% protection for the LPS mutant strain. However, immu-
nizations with the LPS deficient strain (wea/ mutant) did not
provoke distress in mice. In this experiment, immunized mice
were challenged with 1.4 x 10* CFU of pathogenic bacteria.
There was nearly a 60% survival rate in vaccinated mice, while
all controls died 19 days after challenge.”® Recently, chickens
intramuscularly immunized with a §. Enteritidis ghost, as an
alternative strategy to outer membrane antigens, had an increase
in specific IgG and IgA and a decrease in bacterial colonization
of the liver, spleen and cecum after challenge with a virulent
strain, suggesting that immunization of chickens might be
another vaccine strategy to indirectly protect humans.””

The WTO05 vaccine is the only nontyphoidal Salmonella vac-
cine in clinical trials to date, but it was discontinued after demon-
stration of prolonged shedding of the vaccine strain. Significant
future research is required in order to advance a vaccine for use
in humans, while less effort may be necessary to develop vaccines
for use in animal reservoirs of S. Enteritidis.
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Enterotoxigenic Escherichia coli (ETEC)

Pathogen and disease overview

Among the different E. coli pathotypes, Enterotoxigenic
Escherichia coli (ETEC) is the most common cause of diarrhea,
primarily affecting children in developing countries and travelers
who visit endemic regions. A 2005 review attributed close to 1
billion diarrheal episodes per year to ETEC, resulting in an esti-
mated 300,000 to 400,000 deaths.”®

ETEC are E. coli strains producing heat-labile (LT) and/or
heat-stable (ST) enterotoxins.”® A high number of E. coli sero-
types are considered ETECs according to classification based on
structural antigenic determinants (the somatic O antigen, the fla-
gellar H antigen and the capsular K zlntigen).79 Recently, ETEC
strains producing ST alone or in combination with LT, but not
those that produce only LT, were found to be one of the top 4
causes of acute infectious diarrhea in the GEMS trial, which
included children residing in resource-deprived countries.

ETEC strains colonize the small bowel epithelium and secrete
LT and/or ST, causing an increase in intracellular levels of cAMP
and cGMP (cyclic nucleotides that act as second messengers), fol-
lowed by an opening of membrane integrated channel proteins,
and finally leading to massive efflux of water and electrolytes.””

ETEC adheres to the gut epithelium using a diverse repertoire
of adhesins, including more than 20 multimeric structures
known as colonization factors (CFs) (also called colonization fac-
tor antigens [CFAs] or coli surface-associated antigens [CS]).80
ETEC strains commonly carry up to 3, and occasionally up to 5,
CFs simultaneously. The current nomenclature denominates
CFs as “CS” plus a number that differentiates the various types.
This is true for all the CFs except for CFA/I, the first CF discov-
ered, which maintains its original acronym.®” The most common
adhesins among strains evaluated in epidemiological surveys
worldwide are CFA/I, CS1, CS2, CS3, CS4, CS5, CS6, CS7,
CS12, CS17 and CS21.%!

ETEC vaccine candidates have been developed based on
whole cell formulations and predominant virulence determi-
nants,®* none of which are currently licensed. The main obstacles
to designing a vaccine are: i) the great diversity of ETEC strains
and their virulence repertoire, and ii) the poor immunogenicity
of ST. Given that cholera toxin (CT) is highly similar to LT in
sequence and structure, Dukoral® has been recommended for the
prevention of ETEC associated travelers’ diarrhea. Therefore it is
worth noting, 2 earlier studies of a precursor to Dukoral®,
licensed to prevent cholera and prequalified by the WHO® that
contained killed whole V. cholerae cells and purified non-recom-
binant CT-subunit B (CT-B), evaluated protection against
ETEC associated diarrthea. The first study was performed in
nearly 50,000 individuals, including adults and children in Ban-
gladesh, and reported a protective efficacy of 67% (95% CI LB:
30%) against diarrhea caused by LT-producing ETEC.** In the
second study, 612 Finnish travelers to Morocco were evaluated,
and the formulation was found to confer 60% (95% CI:
52-68%) protection against LT-producing ETEC.*’

Only one study has evaluated the currently licensed Dukoral®
formulation containing the recombinant CT-B for prevention of

608

Human Vaccines & Immunotherapeutics

ETEC associated diarrhea in a group of 502 college students
from the USA traveling to Mexico.®® Upon arrival 252 subjects
received 2 oral doses of Dukoral®, 7 days apart, and 250 received
buffer as a placebo. Among all travelers, 75 suffered an ETEC
associated diarrhea episode, of which 36 received the vaccine and
39 placebo. No differences in enterotoxin repertoires between
ETEC strains were reported. These results suggest that the for-
mulation does not protect against ETEC associated diarrhea in
young adult travelers. However, the authors reported that most
of the diarrhea cases attributed to ETEC (55 cases, 30 vaccinated
subjects versus 25 placebos) occurred before administration of
the second dose, i.e., before day 7. When only cases occurring
after day 6 are considered, the authors reported a protective effi-
cacy of about 50% (12 diarrhea cases in vaccinated subjects and
7 in placebo recipients). In order to prevent travelers’ diarrhea,
administration of 2 doses of Dukoral® is recommended 1-6
weeks apart, with the first dose administered at least 2 weeks prior
to travel.”” However, more evidence is required in order to sup-
port its use for protection against ETEC caused travelers’ diar-
rhea .58 Certainly, inclusion of live or killed whole ETEC cells, or
specific ETEC antigens, is needed to develop an effective vaccine
useful in endemic or outbreak scenarios.

Vaccines in advanced stages of clinical development

Despite the fact that several ETEC vaccine candidates have
undergone clinical protection trials without fully successful
results, these trials have provided important information on the
strategies and antigens to consider in future formulations.

LT patch

This transcutaneous patch releasing LT was proven to be safe
and immunogenic, but not efficacious in a phase IIT trial.*” In a
recent report, it provided 34% (95% ClI: -2.2-58.9%) protection
against ETEC diarrhea in US travelers to Mexico. Consistent
with the conclusions derived from Dukoral® trials, authors con-
cluded that additional ETEC antigens may be needed in order to

. . 8
improve protection levels.®

ACE257

This formulation, based on 3 non-toxigenic ETEC strains
(lacking genes encoding chorismate synthase [270C] and 2 outer
membrane proteins [ompC and ompF]) carrying the CS CFA/I,
CS1, CS2, CS3, CS5 and CS6, plus recombinant L'TB), was
evaluated in 70 adult volunteers (36 vaccinees and 34 placebos)
in Baltimore (Maryland, USA 2% Two doses of 10" CFU were
administered 21 days apart and were generally well tolerated,
even as a few adverse effects, such as vomiting, were noted (7
vaccinees vs. 0 placebos). Humoral response against LT-B, CFA/
I and CS3 was detected; however, humoral response against CS6
was lower. Protective efficacy was 27% (95% CI: -12.8-52.1%),
and the number of mild and severe diarrhea cases after challenge
with ETEC H10407 was not reduced. However, this candidate
reduced fecal shedding of H10407 on day 2 post-challenge. Dif-
ferent vaccine dosages and buffer composition, as well as the use
of adjuvants, are currently being evaluated to reduce adverse
effects and stimulate a better immune response. If a higher
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protective efficacy is reached this formulation may be a promising
candidate, as it contains widely distributed ETEC antigens, par-
ticularly CFs.

Hyperimmune bovine colostrum//passive immunization

Antibodies contained in hyperimmune colostrum confer pas-
sive protection to infants of diverse mammal species. A study
evaluating the capacity of colostrum, obtained from pregnant
cows vaccinated with ETEC proteins, to confer protection
against ETEC caused diarrhea was performed in 90 adult volun-
teers in Warsaw, Poland.”" Extracts obtained from ETEC strains
belonging to 14 different serogroups, commonly associated with
diarrhea, and expressing CFs CFA/I, CS1, CS2, CS3, CS4, CS5,
CS6, CS7, CS12, CS14 and CS17, were injected into pregnant
cows in 5 doses over a period of 10 weeks. Colostrum was
obtained from the first milk after calving. Lyophilized colostrum
mixed with adjuvant was orally administered to volunteers in 2
200 mg tablets, 3 times a day for 1 week. Alternatively, various
combinations of lower doses, with or without bicarbonate buffer,
were also assessed. Regardless of the dose, the colostrum tablets
conferred significant protection against diarrhea after challenge
with the prototype ETEC H10407 strain. It has been suggested
that this formulation and its regimen of administration may
potentially be useful in the prevention of travelers’ diarrhea. No
information regarding patents or ongoing studies was found.

Killed whole cells/CTB

First designed at the University of Gothenburg, Sweden, this
candidate includes a recombinant purified CT-B and 5 different
formalin-killed ETEC strains carrying 7 CFs: CFA/I, CS1, CS2,
CS3, CS4, CS5 and CS6. Despite carriage of CS6 by 2 of the
strains, immunogenicity against this CF was not induced because
formalin treatment destroyed its non-fimbrial structure. Two of
the strains were originally ST producing, but none produced LT.
Studies including 158 children and adults performed in Sweden,
Egypt and Bangladesh concluded that the vaccine was safe and
that immunogenicity was conferred after the administration of 2
doses containing 1mg of CT-B and approximately 5 x 10"
killed bacteria.”*®* A preliminary evaluation of efficacy was per-
formed in 187 Austrian volunteers traveling to various tropical
locations. Five cases of diarrhea attributed to ETEC were
observed in placebo recipients compared to 1 case in vaccinated
subjects.95 However, further evaluation of efficacy in 1,357 vol-
unteers from the USA traveling to Mexico or Guatemala, 2 vac-
cine doses prior to travel marginally reduced the overall number
of diarrhea cases attributed to ETEC strains carrying homologous
CFs and LT (24%, not significant protective efﬁcacy).96 Impor-
tantly, a significant reduction in the number of moderate diar-
rthea episodes (77%, 95% CI: -6-95%) and episodes affecting
normal activities (85%, 95% CI: -20-98%) was reported. Higher
efficacy rates are expected if expression levels of CFs are
increased, a theory that is currently being tested, as development

of new formulations continues.”’
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Vaccine candidates in early stages of clinical development

Several ETEC vaccine candidates have been evaluated in phase
I or II trials, including improved versions of previously designed
formulations.

Killed whole cells vaccines

A new formulation including formalin-killed ETEC over-
expressing CFA/I plus a hybrid CT/LT-B subunit, capable of
inducing a high cross-immune response against LT-B, was
recently evaluated in a phase I clinical trial.”® Approximately
600 pg of CFA/I per dose were detected in this formulation,
compared to 200 pg per dose contained in the previously
tested candidate. Safety and immunogenicity were evaluated
in 60 Swedish adult volunteers receiving 2 doses 2-weeks
apart. Compared to its precursor, which in this case included
only CFA/I-expressing killed ETEC plus the hybrid, the new
vaccine candidate induced an equivalent immune response.”®
Only the serum anti-LT IgA was significantly higher after
administration of the new design. A higher mucosal immune
response against LT and CFA/I was achieved only when the
vaccine was administered in a 4-fold increased dose. There-
fore, even when a higher amount of CFA/I was included in
the formulation, it seems that a stronger immune response
against this CF is still needed.

Live attenuated strains

The non-toxigenic ETEC strain PTL 003 AaroC, AompC,
AompF, carrying CS1 and CS3, was evaluated in its capacity to
protect against infection in 33 adult volunteers (17 vaccinees and
16 placebos). Two doses of the formulation were administered
10 days apart, but they failed in reducing the number of total
and severe cases of diarrhea after challenge with a homologous
CS17CS3™ toxigenic ETEC strain at day 28 post-vaccination,
despite inducing an immune response against these CFs.”” A dif-
ferent schedule including a later dose was suggested by the
authors for further improvement of the protective potential.

Purified CS6

Purified CF subunits have been proposed as potential vac-
cine candidates against ETEC. Safety and immunogenicity of
biodegradable polymer microspheres coated with CS6 were
evaluated in a clinical trial of 60 adult volunteers. However,
a few subjects developed a significant response against CS6,
regardless of whether mutant LT (R192G) was added as an
adjuvant.'® In another study, a similar combination was
administered (the only difference being that it contained
native LT) to 26 volunteers by means of a transcutaneous
patch. Skin rash and inflammation occurred in a few cases,
but no other adverse effects were reported. Vaccination with
CS6-LT induced significant increases in anti-CS6 serum IgG
and IgA in 68% and 53% of vaccinated individuals, respec-
tively. No significant response was noted when CS6 was
administered alone, indicating that the adjuvant is needed to
stimulate production of anti-CF antibodies.'®’ As mentioned
previously, for some ETEC vaccine candidates stimulating a
good response against CS6 seems to be a challenge, as it is
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one of the most common CFs in ETEC diarrhea causing
strains worldwide.

Double mutant LT

Safety and immunogenicity of a double mutant LT (dmLT)
was evaluated in 36 adult volunteers from Baltimore (Maryland,
USA) and Cincinnati (Ohio, USA). For this toxin variant,
2-point substitutions were introduced in order to disrupt ADP-
ribosylation activity, i.e., the toxic effect, and a putative pepsin
cleavage site. After single administration of doses containing 10,
25, 50 or 100 pg of dmLT, diarrhea cases were not reported,
and the formulation was well tolerated.'®* Systemic and mucosal
humoral immune responses against LT were detected, particu-
larly in the group receiving the 50 pg dose. Thus, dmLT is a
suitable candidate for inclusion in multiple-antigen formulations
or as an adjuvant.

Vaccine candidates in preclinical stages of development

Killed whole cells/hybrid CTB-LTB/double mutant LT (dmLT)

An improved version of the previously designed killed
whole cell formulations was generated, containing 4 formalin-
killed ETEC strains expressing recombinant CFA/I, CS3, CS5
and CS6, the hybrid CT-B/LT-B and dmLT as adjuvant.103
This new version includes 1 x 10° inactivated bacteria, con-
taining 10 g CFA/I, 38 pg CS3, 6.4 pg CS5 and 1.5 pg
CS6, plus 13 pg LT/CT and 25 pg dmLT. Vaccination of
BALB/c and C57/BL6 mice elicited immune responses to all
components included in the formulation. Addition of dmLT
significantly increased serum anti-LT IgA and ant-IgG, as
well as anti-CS3 and anti-CS6 IgA. Additionally, mucosal
antibodies, IgG and IgA, against the 4 CFs and LT were sig-
nificantly increased by the addition of dmLT. The adjuvant
effect of dmLT was particularly notable when 3 doses, rather
than 2 doses, were administered to mice. These observations
support the use of dmLT to improve immune response against

CFs.

Shigella/V. cholerae strains

Attenuated Shigella strains have been tested as vectors to
deliver ETEC antigens. Strains attenuated by deletion of the ser
and guaBA loci (responsible for directing toxin production and
synthesis of guanine nucleotides, respectively) and transformed
with loci encoding for CFA/I, CS2, CS3 and C84, elicit humoral
immune response against these factors after intranasal adminis-
tration to guinea pigs. This is a promising strategy that could be
useful in the design of a unique formulation conferring protec-
tion against 2 of the most prevalent enteric pathogens in the
developing world, ETEC and Shigella.'** Peru-15-pCTB, a vari-
ant of the Peru-15 V. cholerae strain, secreting higher levels of
CT-B (30-fold higher than Peru-15) was tested for its capacity to
stimulate anti-LT immunogenicity. Single administration of 1 x
10’ CFU to mice and 2 x 10" CFU to rabbits resulted in, at
least, a 30-fold increase in anti-CT antibodies. The humoral
response induced by Peru-15-pCTB was able to block the toxi-
genic effect of LT according to in vitro assays.'” This
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formulation seems to be another alternative to obtain a vaccine
against 2 of the most important diarrheal pathogens in the devel-
oping world. Improving its efficacy against ETEC would cer-
tainly imply the inclusion of ETEC antigens.

STh-dmLT

ST has not been considered for inclusion in ETEC vaccine
candidates because it is a short and poorly immunogenic pep-
tide and because of its toxic effect. However, single amino
acid substitutions in ST have been shown to reduce its toxi-
genic activity, and conjugation to LT has been promising for
increasing immunogenicity. This is valid for both genetic var-
iants of ST, human ST (STh) and porcine ST (STp), pro-
duced by human ETEC strains. Recently, screening of a
mini-library of STh toxoids (non-toxigenic mutants) conju-
gated to the dmLT was performed to identify immunogenic,
potentially non-toxigenic formulations.'®® Three copies of
each non-toxigenic STh mutant were conjugated to 1 dmLT
molecule and intraperitoneally injected into BALB/6 mice in
3 doses of 200 g, separated by 7 days. All formulations
induced anti-LT antibodies in serum and feces, and one in
particular (3xSTaN12S-dmLT) was effective in stimulating
significant increases in serum anti-STh IgA and IgG and
mucosal IgA. Other conjugations were capable of inducing
some of the responses with variable results. Serum and feces
obtained from vaccinated animals displaying significant
humoral responses blocked the effect of purified STh and CT
over polarized T84 cells in vitro, thus proving the induction
of anti-toxin antibodies.'” Therefore, it now appears to be
feasible to include ST toxoids in the development of future
vaccine candidates targeting ETEC.

Non-CF surface proteins

Three proteins exported by type V secretion systems and
involved in adherence mechanisms of ETEC or other E. coli
strains, have been evaluated for their ability to reduce coloni-
zation of the mouse intestine. They include the non-classical
adhesin EtpA, and the autotransporters Ag43 and pAT; all of
which are recognized by sera obtained from patients who suf-
fered diarrhea caused by ETEC.'"”” EtpA attaches the tip of
the flagellum and, acting as a molecular bridge, it directs
adherence to intestinal epithelial cells."”® Based on detection
of the epA gene, it is widely distributed among diverse
ETEC strains, similar to or even more so than the most com-
mon CFs.'” On the other hand, Ag43 and pAT are auto-
transporters, known to be carried by at least 3 prototype
ETEC strains that are also conserved in non-ETEC patho-
genic E. coli strains.''® Separate intranasal administration of
the purified proteins, significantly reduced colonization of the
intestines after challenge with wild-type ETEC in mice.''®'"!
Therefore, non-CF adhesins may be suitable candidates for
future vaccine development.
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Enterohemorragic Escherichia coli

Pathogen and disease overview

EHEC was first described in 1983 and has been associated
with 2 outbreaks of hemorrhagic diarrhea in 2 cities in the USA;
the commonality between these 2 outbreaks was poorly cooked
hamburger meat in fast food restaurants. The E. coli strain iso-
lated from these outbreaks was of the O157:H7 serotype,''* a
strain that, that same year, had been associated with sporadic
cases of hemolytic uremic syndrome (HUS). This strain pro-
duced cytotoxins (verotoxins or Shiga toxins) that were present
in patients with HUS.""? These cytotoxins were originally identi-
fied by Konawalchuk et al.,"'* who described their cytopathic
activity on Vero and Hela cells.

EHEC is characterized by the production of 2 Shiga toxins
(Stx1 and Stx2), as well as by the presence of the eae gene, located
in the locus enterocyte effacement (LEE) locus, which codes for
the protein intimin. This protein is a non-fimbrial adhesion and
considered the main factor involved in the adherence of EHEC
to epithelial intestinal cells.'’ A lesion, called the attaching/
effacing or A/E phenotype, is produced as a consequence of this
adhesion, characterized by a re-ordering of the cytoskeleton of
the enterocytes, which generates pedestals on the intimin adher-
ence sites of the bacteria and later loss of the microvellosity of the
surface of the intestinal epithelium.”é Due to the production of
Stx, EHEC are considered a subgroup of Shiga toxin-producing
E. coli (STEC), although some of them may not contain the LEE
locus (LEE-negative STEC).

Intestinal infections caused by different pathogenic strains of
E. coli are one of the principal public health problems world-
wide.""” In particular, infections by STEC are the most serious
and are associated with development of HUS,'"® mainly in chil-
dren under 5 years of age.""” Serotype O157:H7 is the serotype
most frequently associated with sporadic outbreaks and severe ill-
ness; however other serogroups such as 026, 0103, O111 and
O113 have also been implicated in these outbreaks.'** Current
clinical treatment for infection includes only support, since the
use of antimicrobial drugs to combat STEC infection increases
the risk of developing HUS."?' In spite of the low incidence of
STEC infections, the economic losses caused by outbreaks, the
hospital costs, the possible consequences and mortality in the
infant population, all underscore the need to develop prevention
and therapeutic strategies to reduce their public health
impacts.'!

Vaccination has been promoted as one of the most efficient
means to decrease the incidence and prevalence of STEC out-
breaks.''”'**%® Two main intervention strategies have been
proposed: i) vaccination of the infant population; and ii) vaccina-
tion of cattle, the main animal reservoir and the primary means
of human contamination, due to the consumption of poorly-
cooked meat."”” It should be noted that cattle colonized by
STEC are generally asymptomatic, thus subsidies for farmers
may be necessary to promote animal vaccination. Hurd and Mal-
ladi'** predicted a 60% decrease in human cases associated with
O157:H7 assuming a bovine vaccination effectiveness of 80%
and an adoption rate of 100%. The study by Matthews et al.,'*
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utilizing a different mathematical model, predicted an 85%
decrease in the incidence of human cases associated with O157:
H7 in Scotland, assuming a decrease of 50% in the bovine/
human transmission risk. However, the impossibility of experi-
mentation in humans, due to the risk of developing HUS, and
the lack of an animal model that reproduces the entire clinical
profile caused by infection in humans have been important bar-
riers for the development of an effective vaccine.'”® Notably,
experimental animal models that partially reproduce the infec-
tion have been developed in mice, rats and rabbits, and have
been important in the evaluation of different therapeutic strate-
gies (reviewed in 129y,

The characterization of STEC antigens using human serum,
naturally and artificially infected cattle and other animal models,
has allowed the identification of different immunogenic proteins
that have been proposed as targets for the development of vac-
cines.'**"%> The antigens best characterized immunologically,
and that have been used systematically in different vaccine candi-
dates, include: the Shiga toxins Stx1 and Stx2, LPS, flagellin
(FIiC — H7) and virulence factors encoded in the LEE and
secreted by a TTSS, such as Tir, intimin, EspA, EspB and EspD.
The use of effectors coded by the LEE has been particularly
attractive, given their importance in STEC pathogenesis and due
to the possibility of generating cross-protection against entero-
pathogenic Escherichia coli (EPEC) [reviewed in 1301, this is
another important pathotype associated with infantile diarrhea
that presents an LEE locus with a high degree of homology.""”
Interestingly, cross-protection against STEC has been reported in
mouse models infected with EPEC,"?” and moderate protection
against virulent strains of EPEC has been reported in rabbits
immunized with intimin.'*® However, more studies are necessary
to identify specific antigens that confer cross protection and to
evaluate their efficacy and clinical viability.

Different strategies of active immunization against STEC have
been evaluated in animal models. These include the use of Stx
toxoids,*”** hybrid Stx toxoids,'*""'*? proteins secreted by
TTSS, 3% chimeric proteins,"**">® DNA vaccines,'”*'>

. . 156-1
live attenuated vaccines'®'*?

and phantom strains of O157:
H7.'°1%? These vaccine candidates have had variable success,
and their results are discussed extensively in 2 recent
reviews. ' 2”1%% However, proteins secreted by the TTSS, whether
used individually, in combination or as conjugated proteins, are
those that have been most commonly evaluated in trials.

These vaccines are fundamentally based on a limited set of
antigens and results have differed considerably; some are promis-
ing candidates, while others did not decrease colonization and/or
STEC loads in stools. Consequently, it is evident that there are
gaps in our understanding of immune response against STEC,
which is relevant in the type of formulation, use of adjuvants,
administration route and the quantity and number of doses uti-
lized. In particular, the possible immunogenic consequences of
polymorphisms and antigen variations among strains must be
evaluated." In fact, polymorphisms have been reported
for almost all the effectors coded in LEE and secreted by
TTSS. 51 Currently only 2 effective control strategies for live-
stock have been described. These 2 vaccines against E. coli O157:
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H7 target TTSS-secreted proteins (Econiche® Bioniche Life Sci-
ences Inc., Belleville, Ontario, Canada), a siderophore receptor
and porin proteins (SRPs) (Epitopz'x®, Epitopix LLC, Wilmar,
MN, USA).'%¢

Econiche® (Bioniche Life Sciences Inc., Belleville, Ontario,
Canada) was announced as the world’s first vaccine designed to
reduce cattle contamination by EHEC. This vaccine, adminis-
tered subcutaneously, was approved and fully licensed by the
Canadian Food Inspection Agency (CFIA) in 2008. The vaccine
has the potential to significantly reduce the amount of E. coli
0157:H7 released into the environment by cattle and, therefore,
to reduce the risk to human health. Vaccines for bovine immuni-
zation are based on TTSS secreted proteins. Several articles sum-
marize clinical vaccine trials including different number of
animals. In 2009, Smith et al.'®” described a large-scale clinical
vaccine trial to test the efficacy of a 2-dose regimen of Econiche®
against TTSS secreted proteins of Escherichia coli O157:H7 and
its effect on the detection of the same organism colonizing the
terminal rectal mucosa (TRM) of cattle. Several studies con-
cluded that vaccination with TTSS-secreted proteins showed effi-
cacy in reducing STEC O157 detection in cattle feces and in
hiding contamination probably associated with lower TRM
colonization,!1>148:169:170

On the other hand, Epitopix® (Epitopix LLC, Willmar Poul-
try Company (WPC), Minnesota, USA), was the first vaccine
against E. coli O157 licensed for use in beef cattle in the USA.
This vaccine was developed by veterinary researchers at Kansas
State University in collaboration with Epitopix LLC. Escherichia
coli Bacterial Extract became the first federally licensed vaccine
against E. coli O157 in February 2009, and the current USDA
license is conditional; at this time sales are limited to licensed vet-
erinarians. Also intended for bovine immunization, this vaccine is
administered subcutaneously and uses an alternative therapeutic
target, which triggers the generation of antibodies against bacte-
rial wall antigens, called SRPs, of O157:H7. As a consequence,
the capture of iron is blocked, inducing a disadvantageous com-
petitive state of O157:H7 compared to other bacteria that nor-
mally colonize the bovine intestine.'”! Several research trials
conducted to quantify the efficacy of SRP protein-based vaccines
in feedlot cattle, demonstrate that the prevalence of E. coli 0157
was lower, with a significant reduction of E. co/i O157 concentra-
tion in fecal samples (98.2%). Furthermore, the number of days
that cattle were culture positive for E. coli O157 and that they
were identified as high shedders, was reduced. Finally, the results
showed that the timing of vaccination in calves and the dose regi-
men of the SRP vaccine reduced the prevalence of E. coli O157:
H7.171-174

Three systematic reviews have analyzed the available lit-
erature on trials performed in domestic ruminants infected natu-

124-126

rally or artificially, and have concluded that both Econiche® and
Epitopix® significantly decrease the colonization and stool load of
0O157:H7. However, these vaccines do not eliminate O157:H7
completely, and it is not known if they generate cross-protection
against other STEC serogroups that represent a highest risk of
severe illness and even death in young children and the elderly

(026, 0103, 045, 0111, 0121 and O145; named “top 6”).'”>

612

Human Vaccines & Immunotherapeutics

Vaccines in early stages of clinical development for humans

O157-rEPA vaccine

The most promising vaccine candidate for humans to-date
is based on the covalent E. coli O157:H7 O-specific polysac-
charide conjugated to recombinant exotoxin A of Pseudomo-
nas aeruginosa (O157-rEPA). A 1997 phase I wial in adults
showed that this formulation was safe and immunogenic.176
A phase II trial was conducted in 49 children 2-5 years of
age, divided randomly into groups receiving 1 or 2 doses of
the vaccine.'”” One week after the first dose, most of the
children (81%) showed a > 4-fold increase in IgG-LPS anti-
body titers in serum, and 6 weeks after the first dose, all chil-
dren responded with a > 8-fold increase in antibody titers. A
second dose did not elicit a booster response. Twenty-six
weeks after the first dose, the geometric mean titer of IgG-
LPS antibodies in serum was approximately 20 times the titer
observed prior to vaccination. High titers of bactericidal
activity correlated with the titers of IgG-LPS antibodies in
serum (r = 0.78). No significant adverse reactions were
observed, leading to the conclusion that the O157-rEPA vac-
cine was safe and immunogenic in young children. To our
knowledge phase III trials were planned but have not been
initiated.

It must be emphasized that the development of candidate vac-
cines has been limited to a reduced number of antigens, focusing
solely on O157:H7. Consequently, these candidates provide
incomplete coverage against STEC strains, especially against
strains that lack LEE, that cause illness in humans. Thus it is nec-
essary to continue the search for antigens and immunogenic pro-
teins that may improve existing vaccines, or to develop new
vaccines that provide complete protection against this pathogen.
Recently, Garcfa-Angulo et al.,'”® using comparative genomics
and immunoinformatic analysis, identified 25 DNA sequences
coded in the genome of O157:H7, which are absent in the com-
mensal E. coli strains K12 and E. coli HS. Evaluation of these
proteins in a mouse model suggested that they are promising
antigens for vaccine development.

Our own group has used an immunoproteomic focus to iden-
tify antigens of the outer membrane present in the strains STEC
026:H11, 0103, O113:H21 and O157:H7. We have identified
7 immunoreactive antigens to serum from patients with HUS.
These antigens are absent in E. coli HS, and their immunogenic
profile suggests that they are potential candidates for the develop-
ment of a vaccine with broad strain coverage.'”” The next steps
include evaluation of these candidates in mouse models.

Campylobacter jejuni

Pathogen and disease overview

Campylobacter jejuni, a spiral-shaped Gram-negative bacte-
ria, is currently one of the most common causes of food-
borne enteric disease in industrialized countries.'® C. jejuni
infections are estimated to occur in 1.3 million Americans
(USA) and 190,000 Europeans per year.'*"'®* C. jejuni was
recently identified as an important cause of moderate-to-
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severe diarrhea in children from resource-deprived countries,
specifically in western Asia (Bangladesh, India and Pakistan).*
Additionally, it is the second leading cause of travelers’ diar-
thea, after ETEC. C. jejuni infection can potentially lead to
Guillian-Barre syndrome, an auto-immune neurodegenerative
disease characterized by damage to the myelin sheath sur-
rounding nerves, with the consequent loss of signal transmis-
sion. '8 Poultry are the main animal reservoir for C. jejuni,
and the majority of infections are caused by consumption of
chicken meat and derived products.'®*

C. jejuni colonizes the lower digestive tract (jejunum, ileum
and colon), and an infectious dose in humans of approximately
500 bacteria is believed to be enough to cause enteritis.'®* Colo-
nization is facilitated by a set of adhesins and by the flagellum,
whereas the only toxin that has been identified to date is the cyto-
lethal distending toxin (CdeB).18° Following attachment to the
mucosa, the bacteria can invade and damage the epithelial bar-
rier, leading in some cases to bloody diarrhea.

Controlling C. jejuni colonization in chickens is believed to be
the best strategy for reducing illness rates in humans. C. jejuni
colonizes a bird’s digestive tract during the first weeks of life, and
appears to become part of the commensal microbiota within the
intestinal lumen, but it does not attach to or penetrate the epithe-
lial barriers.'®® Bacteria are constantly shed in chicken feces,
therefore it is easily spread between birds within a poultry yard.
Thus, isolation of colonized birds, improvements in hygienic
conditions and elimination of C. jejuni by competitive exclusion
(bacterial interference or bacterial antagonism) are some of the
possible strategies to avoid transmission to humans. However, as
these steps have not yet proven effective, development of a safe
and effective vaccine continues to be an important goal. Cur-
rently, there are no licensed vaccines to prevent illness caused by
C. jejuni and all current candidates are in the preclinical stages of
development.

Vaccine candidates in preclinical stages of development
mostly for animal use

Natural proinflammatory immune responses induced by C.
Jjejuni occur in chickens,'® and colonization could be prevented
by inducing a protective immune response during the first days
after hatching or by iz ovo vaccination.'®* Examples of candidate
formulations evaluated for prevention of C. jejuni colonization in
chicks, in addition to a candidate tested in primates, will be dis-
cussed briefly.

Inactivated C. jejuni

Heat and formalin-inactivated strains administered orally to
2-day-old chicks have reduced the number of C. jejuni in the
digestive tract of birds by about 1 log;o, results that could cer-
tainly be improved if shedding and spreading could be avoided.
Inclusion of known adjuvants, such as ETEC labile toxin (LT),
did not improve antibody production or increase protection
against colonization.'®®

In ovo injection of whole-cell heat-inactivated C. jejuni has
been reported.'® Injection of 10% bacteria into amniotic fluid
was performed on day 16 of incubation. Anti-C. jejuni flagellin
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specific IgA, IgM and IgG were detected in significantly higher
concentrations in vaccinated compared to non-vaccinated 14-
day-old chicks. A booster dose given 7 d post-hatching did not
improve results. This strategy seems promising and if proven
effective could become a feasible mode of massive and automated
vaccine administration in hatcheries, similar to strategies cur-
rently in place to prevent transmission of viral illnesses such as
infectious Marek’s and Newcastle

bursal disease, disease,

d- 184
1sease.

Flagellin and capsule

As for most bacterial pathogens, flagellin and capsular polysac-
charides are 2 of the most immunogenic structures of C.
jejuni.'®® Administration of 2 doses of flagellin conjugated to the
ETEC LT-B subunit demonstrated a moderate capacity to pro-
tect chickens against subsequent challenge.'® Forty of the 145
vaccinated chicks (27.6%) were positive for C. jejuni vs. 70 of
142 in the control group (49.3%). As a higher protective efficacy
is necessary, the inclusion of other types of adjuvants should be
evaluated. In addition, an analysis to identify the flagellin epito-
pes recognized by the induced anti-flagellin antibodies has been
suggested, as they seem to recognize non-surface exposed or
hypervariable regions.

It has been demonstrated that capsular polysaccharides con-
fer protection in a non-human primate model, Aotus nancy-
maae (also known as the new world monkey), when
administered chemically conjugated to CRM 97, using alum as
adjuvant.'”® The monkeys were orally challenged with C. jejuni
in a single dose containing 3 x 10? CFU; diarrhea occurred in
7 of 10 unvaccinated monkeys and in none of the 14 vaccinees.
These results are promising, as it might be possible to use this
type of formulation to develop a vaccine suitable for human
use. In order to develop such a vaccine, determination of the
most frequent capsular polysaccharides carried by C. jejuni
strains from different geographical regions would be an impor-
tant first step.

Attenuated Salmonella carrying CjaA

To our knowledge, this is the most promising vaccine for-
mulation against C. jejuni for use in chicks reported to date.
CjaA was identified as one of the most immunogenic antigens
within genomic libraries based on 3 C. jejuni strains. It is an
N-glycosylated inner membrane protein, part of an ABC cys-
teine transport system'’' detected in a high proportion of
clinical Campylobacter isolates.'”* A previously characterized,
attenuated Salmonella enterica serovar Typhimurium x3987
strain was selected to carry the antigen, which was adminis-
tered orally in 2 doses of 10° CFU, 2 weeks apart, to 1-day-
old chicks.'” After challenge with 2 x 10® CFU of a C.
Jjejuni strain, a 6-log;o reduction in bacterial counts recovered
from fecal contents was observed in vaccinated compared to
non-vaccinated chicks. Other vectors expressing CjaA, specifi-
cally attenuated Salmonella enterica serovar Typhimurium
AaroA and an attenuated parasite Eimera tenella, did not
show the same efficacy in preventing colonization, with a

1-log;o reduction detected for both formulations.'**1%°
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Conclusions

In this 2 part series we have reviewed the full spectrum of vac-
cine development against viral and bacterial pathogens causing
acute gastroenteritis. The main challenges are to increase vaccine
usage in endemic areas, accepting that these protective efficacy
rates are important in reducing cholera morbidity and mortality,
and advancing from the current concept of considering vaccina-
tion only for travelers to endemic areas or for outbreak control.
Although research efforts to produce improved vaccines are quite
intense, at this time a new more effective vaccine is unlikely in
the near future. Vaccines for Shigella, one of the “big 5” causes of
childhood diarrhea and mortality, have proven a monumental
challenge. The main hurdle has been the strain specificity of the
various antigens under evaluation, and the significant number of
candidates currently being evaluated reflects the lack of success in
advancing a broad-spectrum, efficacious vaccine. The search for
more broadly immunogenic antigens that may provide protec-
tion against epidemiologically significant S. flexnerii and S. sonnei
strains continues. A vaccine for ETEC is highly desirable, as it is
the main bacterial cause of childhood watery diarrhea, but the
difficulty in obtaining a highly-immunogenic broadly-reactive
antigen has been unsuccessful to date. New generation vaccines,
combining different strategies such as killed strains, live mutated
strains and LT-B in one formulation, may be the way to achieve

this goal in the future. For Salmonella, EHEC and Campylobac-
ter, vaccines for human use will not be available for some time.
The alternative strategy of vaccinating animals, cattle in the case
of EHEC and chicken in the case of Campylobacter, to indirectly
decrease transmission to humans is an attractive approach and is
providing promising preliminary results. The epidemiological
impact of this strategy in reducing disease at the community-level
will require large field trials monitoring animals for pathogen
transmission and humans for disease occurrence.
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