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Lamb Rotavirus vaccine; WHO, World Health Organization; VLP, virus like particle; IgA, immunoglobulin A; IgG, immunoglobu-
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blood group antibodies; SAES, serious adverse events; VLPs, virus like particles, VRPs, virus replicon particles; CT, cholera toxin; CT-
A cholera toxin A subunit; CT-B cholera toxin B subunit; LB, lower boundary; RecA, recombinase A; ASC, antibody secreting cell;
HA/P, hemaglutinin protease; Ace, accessory cholera enterotoxin; Zot, zonula occludens toxin; LPS, lipopolysaccharide; Cep, core
encoded pilus; VAL.3, vaccine attempt 1.3; ALA, aminolevulenic acid; RITARD; removable intestinal tie-adult rabbit diarrhea; MSH,
mannose-sensitive hemaglutinin pilus; TCP, toxin co-regulated pilus.

Efforts to develop vaccines for prevention of acute diarrhea
have been going on for more than 40 y with partial success. The
myriad of pathogens, more than 20, that have been identified as
a cause of acute diarrhea throughout the years pose a significant
challenge for selecting and further developing the most relevant
vaccine candidates. Based on pathogen distribution as identified
in epidemiological studies performed mostly in low-resource
countries, rotavirus, Cryptosporidium, Shigella, diarrheogenic E. coli
and V. cholerae are predominant, and thus the main targets for
vaccine development and implementation. Vaccination against
norovirus is most relevant in middle/high-income countries and
possibly in resource-deprived countries, pending a more precise
characterization of disease impact. Only a few licensed vaccines
are currently available, of which rotavirus vaccines have been the
most outstanding in demonstrating a significant impact in a short
time period. This is a comprehensive review, divided into 2
articles, of nearly 50 vaccine candidates against the most relevant
viral and bacterial pathogens that cause acute gastroenteritis. In
order to facilitate reading, sections for each pathogen are
organized as follows: i) a discussion of the main epidemiological
and pathogenic features; and ii) a discussion of vaccines based on
their stage of development, moving from current licensed
vaccines to vaccines in advanced stage of development (in phase
llb or lll trials) to vaccines in early stages of clinical development
(in phase I/ll) or preclinical development in animal models. In this
first article we discuss rotavirus, norovirus and Vibrio cholerae. In
the following article we will discuss Shigella, Salmonella (non-
typhoidal), diarrheogenic E. coli (enterotoxigenic and
enterohemorragic), and Campylobacter jejuni.
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Introduction

Efforts to develop vaccines for acute diarrhea have been going
on for more than 40 y with partial success. The need is evident as
acute diarrhea has been one of the 3 leading causes of childhood
mortality in the past decades, and although declining, in part
due to the incremental use of selected enteric vaccines, acute diar-
rhea continues, in 2014, to be a significant cause of morbidity
and mortality. Current estimates suggest that every year nearly
1.7 billion episodes of acute diarrhea occur in children younger
than 5 y of age, of which 36 million are severe, leading to nearly
700,000 deaths.>” Barriers for the development of safe and effec-
tive vaccines suitable for successful introduction into National
Immunization Programs are numerous. The myriad of patho-
gens, more than 20, that have been identified as causes of acute
diarrhea throughout the years has been one of the biggest chal-
lenges to vaccine development. During the past 5 years, several
studies, most of which have been performed in Africa and Asia,
have attempted to identify, among other objectives, the most rel-
evant pathogens associated with acute diarrhea, reviewed in
O’Ryan et al.* The recent Global Enteric Multi-center Study
(GEMS)’ provided highly valuable information that, together
with other studies from resource deprived settings,®™® allows the
following conclusions on enteric pathogens causing moderate to
severe acute diarrhea to be drawn: i) rotavirus is the leading cause
of acute watery diarrhea in children under 2 y of age and the sec-
ond leading cause in children 2 to 5 y of age; ii) Shigella and
Enterotoxigenic Escherichia coli (ETEC) are the leading bacterial
causes for all age groups, and Shigella causes an important pro-
portion of bloody diarrhea episodes; iii) Cryprosporidium is the
second most common cause of moderate-to-severe diarrhea (typi-
cally watery diarrhea) in children under 1 y of age and is the third
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leading cause in children 1 to 2 y of age; iv) Campylobacter causes
moderate-to-severe acute diarrhea, although less frequently than
the above mentioned pathogens it is, in some areas, a common
cause of mild diarrhea cases resulting from significant human-
animal contact; v) V. cholerae is a common cause of moderate-to-
severe acute diarrhea in endemic areas; vi) Giardia, while very
common in children without diarrhea, plays a pathogenic role as
a cause of acute diarrhea in young infants with a primary infec-
tion; vii) Entoameba is an uncommon cause of bloody diarrhea in
most of the regions studied; and viii) the role of norovirus, sec-
ond only to rotavirus as the most studied cause of childhood asso-
ciated acute diarrhea in middle/high-income countries, is less
clear in resource-deprived settings, as current data are conflicting.

It is easy to envision how the implementation of enteric vac-
cines would result in the accomplishment of several desirable
goals, first and foremost, further decreasing diarrhea associated
deaths, mainly in resource-deprived and low-income countries.
Based on the pathogen distributions mentioned above, rotavirus,
Cryptosporidium, Shigella, diartheogenic E. coli and V. cholerae
are the main causes of severe diarrhea and thus the main targets
for vaccine development and implementation. Vaccination
against norovirus is most relevant in middle/high-income coun-
tries and possibly in resource-deprived countries, pending a more
precise characterization of disease impact. According to the age
in which these different pathogens are most prevalent, vaccines
for rotavirus, and possibly norovirus, should target infants, while
vaccines for the other pathogens should target toddlers. However,
preventing diarrhea associated death is not the only goal of vacci-
nation. Implementation of such vaccines should have a signifi-
cant positive impact on healthcare by decreasing diarrhea-
associated hospitalizations, emergency room visits and outpatient
clinic visits, in addition to the potential indirect benefit of reduc-
ing pathogen transmission. The above should result in a positive
cost-effectiveness ratio, which should be the main argument for
incorporation of one or more of these vaccines, once licensed,
into National Immunization Programs globally.

This review will focus on the most relevant viral and bacterial
pathogens causing acute gastroenteritis and will discuss, for each,
the main epidemiological and pathogenic features, current
licensed vaccines, and vaccines in both advanced and early stages
of development. Our intent is to be comprehensive, but not to
exhaustively review each and every vaccine candidate. Vaccines
discussed are presented in the Table 1 including stage of develop-
ment, main comments and critical references. For reviews of spe-
cific vaccines we recommend: for rotavirus refs.”'> for norovirus
refs.'®" for Shigella ref."® for Salmonella ref." for ETEC ref.*
for V. cholerae ret.?' for STEC refs.”>* and for Campylobacter
jejuni vef.** Cryptosporidium vaccines are still far down the road
and will not be discussed here, we refer the reader to Mead.*

Rotavirus
Pathogen and disease overview

Rotavirus is the most common cause of moderate-to-severe
acute diarrhea in children under 5 y of age worldwide, causing
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nearly 40% of diarrhea-associated hospitalizations in this age
group with some country-to-country variations, most likely
related to variations in hospitalization practices and/or differen-
ces in the ages of patients included in various studies. In compari-
son to middle/high-income countries, where moderate-to-severe
episodes of rotavirus tend to only occur during a child’s first
infection episode and predominantly between 6 months and 3 y
of age, in resource-deprived countries rotavirus can cause more
than one moderate to severe symptomatic episode, the first of
which tends to occur at a younger age, shortly after birth and up
to 1y of age.26’27 The most recent estimate, from 2011, is that
rotavirus causes nearly 400,000-500,000 deaths every year;**>’
in 2004 it was estimated that rotavirus accounted for 2.3 million
hospitalizations and 24 million medical visits.?® The progressive
introduction of rotavirus vaccines into National immunization
Programs, currently a universal World Health Organization
(WHO) recommendation, is rapidly changing the above
described scenario.

Rotavirus is a triple-layered, non-encapsulated, double-
stranded RNA virus, and the antigens that have traditionally
been considered most relevant for induction of protective immu-
nity are the outer capsid structural proteins VP7 and VP4, which
protrude through the outer capsid and are critical for virus adhe-
sion and penetration into the intestinal cell where the virus repli-
cates and causes (i::lmzlge.3l‘32 Antibodies against VP7 and VP4
neutralize the virus in tissue culture, neutralization that is specific
to each VP7 and VP4 type (denominated serotype specific neu-
tralization). Twelve VP7 or G types and 11 VP4 or P types have
been detected from infected children worldwide, with over 40
different GP combinations detected at least once in children; in
addition, rotaviruses, mostly with distinct G and P types, also
infect animals. Despite this significant variability, only 5 GP
combinations accounted for over 95% of disease cases over the
past decades (GI1P[8], G2P[4], G3P[8], G4P[8], and GIP
[8]).32°34

Current vaccines licensed worldwide

Several vaccine candidates initiated development in the early
1980s, within a decade after the discovery of rotavirus. These
candidates have included strains obtained from animals, which
do not cause disease in humans (the first candidates were based
on cow and monkey rotaviruses and more recently sheep rotavi-
rus), and later from humans (attenuated both naturally or in the
laboratory) or animal-human reassorted strains constructed in
the laboratory. Vaccine candidates containing only one strain
(animal or human, commonly called “monovalent”) relied on
the possibility of “heterotypic” protection, where one vaccine
strain would protect against several, if not all, different serotypes
affecting children. Vaccine candidates containing several strains
(animal-human reassortants, called “multivalent”), including the
main VP7 and/or VP4 antigenic types, based their development
on the concept that protection was mostly “homotypic” (one vac-
cine strain protects only against this strain in future exposures),
because in vitro tests indicated that neutralizing antibodies con-
ferred by a specific VP7 or VP4 serotype did not cross-neutralize
rotavirus strains harboring a different serotype. The idea that
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Table 1. Licensed vaccines and vaccine candidates designed to prevent gastroenteritis caused by rotavirus, norovirus and Vibrio cholerae.

Pathogen Vaccine (s)

Status*

Comment

Selected references

Rotavirus RotaTeq ®/Rotarix ®

Worldwide License

Eight years post-licensure;
worldwide distribution;
demonstrated effectiveness.
Both prequalified by WHO.

Giaquinto et al., 2011 10, O'Ryan
et al, 2011

Rotashield®

First licensed rotavirus vaccine in
1998 (USA); was withdrawn due
to association with intestinal
intussusception.

Currently in clinical trials using a
2-dose regimen beginning
within the first 30 d of life
demonstrating 64% efficacy
for the first 12 months of life.

Armah et al., 2013*?

LLR®/Rotavin-M1®/Rotavac®

Restricted license

Used only in China/Vietnam/
India respectively; lack of
robust effectiveness data.

Fu et al, 2012;%" Dang et al,, 2012:%2
Bhandari et al., 2014%°

RV3BB/UK reassortant

Early clinical development

Phase | or early phase Il studies.

Danchin et al., 2013;%* Luna et al.,
2013%

Subunit vaccines/Inactivated

rotavirus vaccine

Early clinical development

Immunogenic in the BALB/c
mice model.

Lappalainen et al., 201 3,57 Jiang
et al,, 2008”°

Norovirus Intramuscular vaccine candidate
containing Gl.1 and Gll.4 VLPs

Advanced clinical development

Phase | adult challenge study
completed, moving into
phase lIb/Ill studies.

Treanor et al., 2014'"®

P particle-based vaccines

Preclinical development

Considered as a norovirus
vaccine as well as a delivery
system for other antigens,
such as rotavirus, influenza
and hepatitis E; immunogenic
in the mouse model.

Tan and Jiang, 2014"7

Trivalent vaccine including
norovirus Gll.4 and GI.3 VLPs and

rotavirus rVP6

Preclinical development

Immunogenic in the BALB/c
mouse model.

Tamminen et al,, 2013""®

Multivalent alphavirus replicon

particles (VRPs)

Preclinical development

Considered as a delivery system
or adjuvant; immunogenic in
a BALB/c mouse model.

LoBue et al., 2009'"3

V. cholerae Dukoral®

Worldwide License

Licensed in 65 countries. Short-
term protection and potential
herd effect. Prequalified by
WHO.

Taylor et al,, 2000;'3 Ali et al,,
2005'%°

Shanchol® Worldwide License Prequalified by WHO. Suret al, 2011"3*
Demonstrated effectiveness.

mORCVAX® Restricted License Identical to Shanchol®. Anh et al,, 2007;'3¢2011'3”
Distributed in Vietnam only.

CVD-103HgR Restricted License Production as Orochol®/ Chen et al, 2014'%

Mutacol® stopped in 2004.
New clinical studies are
ongoing.

Peru-15 (CholeraGarde®)

Early clinical development

Safe and immunogenic. Efficacy
evidenced in volunteers in
the USA. A phase Il trial in an
endemic region is ongoing.

Cohen et al, 2002'*"; Qadri et al.,
2007'

V.cholerae 638

Early clinical development

Safe and immunogenic. Efficacy
evidenced in volunteers in

Garcia et al., 2005;'*® Diaz Jidy
et al, 2010'"
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Table 1. Licensed vaccines and vaccine candidates designed to prevent gastroenteritis caused by rotavirus, norovirus and Vibrio cholerae. (Continued)

Pathogen Vaccine (s) Status* Comment Selected references
Cuba. Phase I/l trials in
endemic regions are required.

CVD 112 Early clinical development Safety, immunogenicity and Tacket et al., 19958
efficacy evidenced in phase |l
trials. No information about
further trials.

VA13/14 Early clinical development Safe and immunogenic after Mahalanabis et al., 2009;'*°
phase | trial. Phase Il trials Kanungo et al., 2014'>°
suggested.

IEM 108 Preclinical development Prevent fluid accumulation in Liang et al,, 2003’
rabbit ligated loops

VCUSM2 Preclinical development Prevent fluid accumulation in Ravichandran et al. 2006'>2
rabbit ligated loops and
RITARD model

TLPO1 Preclinical development Safe and immunogenic in rabbits Ledon et al,, 2012'3

and rats

*Status: Worldwide Licensed in an important number of countries in several continents; restricted license in one or few countries; Advanced clinical develop-
ment (phase lIb/Ill); Early clinical development (phase I/11); Preclinical development in animal models

monovalent vaccines could work was supported by several studies
of natural infections in children, which consistently showed that
most children suffered only one moderate to severe rotavirus epi-
sode, regardless of the rotavirus serotypes circulating in the com-
munity in different years.””>> Broad protection conferred by a
GI1P[8] strain, for example, could be based on induction of
humoral and/or cellular mechanisms targeting VP7 (basically
protecting against G1 strains), targeting VP4 (G3, G4 and G9
strains harboring VP4 type P[8]), and possibly targeting other
antigens such as VP06, the most abundant intermediate core anti-
gen shared by most human strains, which despite not eliciting
neutralizing antibodies could elicit other mechanisms of protec-
tion. More recently, other viral proteins, such as the nonstruc-
tural NSP4 protein, which seems to play a pathogenic role
related to viral induced secretion of water and chloride, may also
be antigenically similar among different GP serotype strains,
potentially inducing cross protection; although this is still theo-
retical.’’ Importantly, due to the absence of well-established
immune correlates of protection feasible for use as serological
markers of protection, rotavirus vaccine trials have been, and con-
tinue to be based on clinical efficacy.

Rotashield®

This was the first vaccine licensed against rotavirus (1998),
developed by researchers from the National Institutes of Health
(NIH) in the USA and Wyeth Lederle. It is a quadrivalent vaccine
containing a rotavirus strain obtained from a rhesus monkey (sero-
type G3P[3]) and 3 reassorted strains that use the rhesus strain as
the backbone (10 genes from this strain) covered by a “human”
VP7 protein (reassorted gene) of serotype G1, G2 and G4 homol-
ogy. Thus, the vaccine was intended to protect against the 4 most
common human VP7 serotypes, G1 through G4, assuming that
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the “simian” G3 would protect against “human” G3 strains. G9
strains were not epidemiologically relevant in the 1980s and early
1990s when this vaccine was developed, and therefore were not
included at the time. Five field studies with this candidate on dif-
ferent continents that recruited 6,559 children showed that 3
doses of the vaccine were highly efficacious (ranging from 70 to
90%) in preventing moderate-to-severe rotavirus disease in
infants.>*#° Because G1P[8] was the predominant strain in all
studies, protection against other serotypes was unclear at the time
of licensure. Unfortunately, before the full impact of mass vaccina-
tion could be assessed, such as protection against non-G1 types,
Rotashield® was withdrawn from the market because when used
in the recommended 2, 4 and 6 month regimen, an association
with intestinal intussusception (IS) at an attributable risk-level of
~1:11,000 was reported.41 After several years of abandonment,
the vaccine was re-evaluated in a 2-dose regimen in a placebo-con-
trolled study enrolling nearly 500 neonates per arm from Ghana,
with the first dose administered within the first 30 d of life and the
second dose before 60 d of age. The rationale for this approach is
based on the fact that most IS cases attributed to the vaccine
occurred in older children receiving the first dose after 3 months,
the age at which IS is most common. The overall efficacy of this 2-
dose regimen against rotavirus of any severity during the first 12
months of life per protocol was 64% (95% CI 35-81).> No IS
cases occurred, although the study was not powered to determine
the risk for IS. Potential licensing and use of this vaccine under
this newly proposed schedule would require further evaluation for

efficacy and safety.
Rotateq®

First licensed in 2006 by Merck & Company, this pentavalent
vaccine contains 5 reassorted strains that use a bovine rotavirus
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strain (serotype GOP[5]) as the backbone. The five reassorted
rotavirus strains in the vaccine are of the following serotypes:
G1P[5], G2P[5], G3P[5], G4 P[5] and GGP[8], the latter of
which was included in order to protect against the most common
human VP4 type infecting children. Two phase II and 3 phase
III studies (including the large multicenter REST trial) demon-
strated that 3 doses of the vaccine, in schedules beginning at 6-
12 weeks of age with subsequent doses given 4-10 weeks apart,
was safe and highly efficacious against severe rotavirus infection
using the Clark scale to evaluate disease severity.”*~*® The REST
trial recruited nearly 70,000 infants from Europe and the USA,
with the main goal of addressing the issue of IS, from which a
subgroup of nearly 5,700 children were evaluated for efficacy.*®
IS occurred at a similar rate in vaccine and placebo recipients, 6
and 5 of nearly 34,000 subjects per group evaluated for serious
adverse events developed IS within a 42 day window after any of
the 3 doses (RR: 1.6, 95% CI 0.4—6.4). Vaccine efficacy against
any rotavirus diseases was 74% (95% CI 67-80), against severe
rotavirus disease (98%, 95% CI 88- 100), protection against
rotavirus gastroenteritis requiring emergency room visits was
87% (95% CI 68-90) and against hospitalizations due to rotavi-
rus gastroenteritis (96%, 95% CI 90 - 98). A significant number
of post-licensure studies, using a variety of designs, have demon-
strated high vaccine effectiveness against different outcomes (hos-
pitalizations, emergency room visits and healthcare costs, among
others), predominantly in industrialized countries.'” As for
Rotarix®, discussed further down, vaccine efficacy and effective-
ness has proven to be lower in resource-deprived countries. Effi-
cacy of RotaTeq®, administered at 6, 10 and 14 weeks of age,
against severe rotavirus gastroenteritis in Africa (Ghana, Kenya
and Mali) was 64% (95% CI: 40-79%) during the first year of
life and 20% (95% Cl: -16-44%) during the second year of life.
Similarly, in resource-deprived Asian countries (Vietham and
Bangladesh), efficacy was 51% (95% CI: 13-73%) during the
first year of life and 46% (95% CI: 1-71%) during the second
year of life."**” A comparable protection level (OR: 0.55; 95%
CI 0.41-0.74) was estimated in a post-licensure study in Nicara-
gua.*® Also, similar to Rotarix®, large post-licensure studies have
identified a low risk of IS attributable to the vaccine, which is
currently considered a “class effect” with an estimated 1.5 (95%
CI 0.2-3.2) excess cases of IS per 100,000 vaccinated infants dur-
ing the 21 day window after any vaccine dose.*” The first dose of
Rotateq® can be given as early as 6 weeks of age followed by 2
additional doses, each separated by at least 4 weeks.

Rotarix®

First licensed in 2006 by GlaxoSmithKline Biologicals, this
human attenuated strain, obtained from a child with acute rotavi-
rus gastroenteritis and attenuated through serial passages in cell
cultures, is a G1P[8] strain. Vaccine efficacy in phase III trials
have now been performed on most continents and have demon-
strated protection against moderate-to-severe rotavirus gastroen-
teritis using the Vesikari score (and have lowered rotavirus
associated hospitalizations) over a 2-year period ranging from
96% (94% against hospitalizations) in high-income countries in
Asia, to 91% (96%) in Europe, 85% (85%) in Latin America,

588

Human Vaccines & Immunotherapeutics

72% (81%) in China, 59% (hospitalizations not evaluated) in
South Africa and 38% (hospitalizations not evaluated) in
Malawi.'>**>% Notably, in a large Latin American trial that
enrolled over 63,000 children, it was demonstrated that the risk
of IS within 31 d after vaccination was similar between vaccine
and placebo recipients, RR -0.32/10,000 (95% CI: -2.91/
10,0005 2.18/10,000); 6 IS cases in nearly 31,700 vaccinees and
7 IS cases in nearly 31,600 placebo recipients occurred with the
31 day window after any of the 2 vaccine doses.'">> Post-licen-
sure studies have demonstrated that administration of this vac-
cine has had a significant impact in different regions. In case-
control studies, effectiveness against rotavirus hospitalizations has
ranged between 75% and 85%, with one outlying study, which
was performed in an Australian indigenous population where the
vaccine did not show significant protection.'” In a recent case-
control study in the USA, effectiveness against rotavirus diarrhea
requiring emergency care or hospitalization reached 91% (95%
CIL: 80-95%) for Rotarix® and 92% (95% CI: 70-96%) for
RotzzTeq®; critically for Rotarix®, effectiveness against G2P[4]
strains, the fully heterotypic strain, was 94% (95% CI: 78-
989%).°° Notably, vaccination has been associated with a nearly
40% reduction in all diarrhea-associated hospitalizations, regard-
less of etiological diagnosis.57 In resource-deprived regions
Rotarix® has been demonstrated to confer significant protection
against different serotypes including G2, G3, G8 and G128
The impact of Rotarix® vaccination in the reduction of gastroen-
teritis-associated deaths in children under 5 y of age has been
reported in Mexico, Brazil and Panama with estimates ranging
from 22 to 35% using different analytical methods.'” As for
RotaTeq®, vaccine efficacy and effectiveness is lower in resource-
limited regions and a low-level risk for IS, at a 1:50,000-70,000,
has been calculated based on post-licensure studies in Mexico
and Brazil.”’

In the USA the incidence risk is similar, with a recent estimate
of 1.5 excess cases per 100,000 vaccine recipients after the first
dose (95% CI: 0.2-3.2).%° The first dose of Rotarix® can be given
as early as 6 weeks of age, followed by one additional dose sepa-
rated by at least 4 weeks.

Current vaccines with restricted license

Lanzhou lamb rotavirus vaccine (LLR)

This vaccine was developed by the Chinese Lanzhou Insti-
tute of Biological Products, based on a G10P[12] rotavirus
strain obtained in 1985 from a local lamb with diarrhea and
attenuated through serial passages.®' This vaccine was licensed
in China in 2000, despite lacking studies of clinical efficacy
and safety. Nearly 30 million doses have been distributed to
children under 5 y of age using a schedule that includes one
dose annually for children 2 months to 3 y of age for a total
of 4 doses before 5 y of age.">®" The same researchers have
performed a series of case-control effectiveness studies over
the past years, which have a number of limitations. The latest
study suggests effectiveness against rotavirus hospitalization of
around 6078%- (95% ClIs ranging from 29% to 89%) in
children 2-11 months, 12-23 months and 24-35 months
receiving one vaccine dose within the year prior. Very few
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children received more than one vaccine dose. Widespread
use of this vaccine outside of China seems unlikely due to
the lack of thorough pre-licensure and post-licensure evalua-
tions and the curious vaccine schedule adopted. An additional
candidate using a reassorted lamb strain providing G4 speci-
ficity, strain NF-R7, is also in development by the Shenzhen
Kangtai Biological Products Company, China (although pub-
lished data is not readily available)."

Rotavin-M1®

This vaccine is produced by POLYVAC-Vietnam and is
similar to Rotarix® in that it is a G1P[8] attenuated strain
obtained from a Vietnamese child. There is only one avail-
able published study on this vaccine that includes evaluations
of different virus concentrations and doses in phase I adult-
infant and phase II infant trials, aimed at identifying the best
dose and schedule based on safety and immunogenicity.®*
The authors conclude that the schedule of 2 doses, beginning
at 6 to 12 weeks of age of the higher concentration (only 0.3
logs higher than the lower dose), separated by 2 months pro-
vided the best results when compared to Rotarix®
immunogenicity (similar seroconversion rates) and safety

in terms of

(similar adverse event profiles, non-severe). The third dose
did not significantly increase anti-rotavirus IgG seroconver-
sion rates or geometric mean titers; interestingly vaccine virus
shedding was higher for Rotarix® (65%) than Rotavarin-MI1®
(44% to 48%) after the first dose. According to the authors,
a multi-center study is in progress.

ROTAVAC®

This vaccine is based on the concept of using naturally occur-
ring reassorted strains that infect newborns without causing
symptoms. This approach has been advanced by Indian research-
ers from Bharat Biotech International, leading to ROTAVAC®
being licensed recently in India, and also by Australian research-
ers from the Murdoch Children’s Research Institute, who have a
vaccine candidate that is in earlier stages of development (see
below).®® The fundamental idea behind this strategy is to provide
less expensive vaccines in India, where rotavirus has a very high
disease burden.®® The 116E strain in this vaccine is a naturally
occurring human-bovine reassortant strain of serotype G9P[11],
which demonstrated nearly 90% seroconversion after an 8, 12,
16 week schedule in infants.®® In a recent phase III trial of nearly
7,000 Indian infants, randomized 2:1 to receive vaccine or pla-
cebo at 6-7, 10 and 14 weeks of age, protection against severe
rotavirus gastroenteritis as measured by a Vesikari score was >11
and against rotavirus hospitalizations was 56% (95% CI: 37-
70%) at 12 months of age.65 Protection against rotavirus infec-
tion of any severity was 35% (95% CI: 20-47%). Significant pro-
tection was demonstrated for circulating serotypes G2P[4], 61%
(95% CI: 29-79%), and G12P[6], 69.1% (95% CI: 21-89%).
Six IS cases occurred in nearly 4,500 vaccinees and 2 cases in
nearly 2,300 placebo recipients, all after the third dose, suggest-
ing that if the vaccine triggers cases of IS, it will probably be
within the range of the “class effect” demonstrated for Rozarix®™
and RotaTeq®, but this will require future evaluation in phase IV
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trials. The sponsors of this vaccine are currently applying for
WHO pre-qualification. '’

Vaccine candidates in early stages of clinical development or pre-
clinical development

Live attenuated neonatal strain RV3BB

This is G3P[6] strain recovered from asymptomatic newborns
in Australia, aimed at neonatal immunization. In a recent phase I
study, 5/9 infants showed an IgA or serum neutralizing antibody
serconversion after a single dose, and 7/9 showed evidence of
viral replication in stools. Thus, the vaccine take is high and fur-

ther phase IT studies are expected soon.®

UK reassortants

The Butantan Institute in Brazil is advancing a pentavalent
reassortant vaccine, similar to RomTeq®, with the UK bovine
rotavirus strain as the backbone, reassorted with 5 human strains:
G1, G2, G3, G4 and GY9. In adult volunteers, a similar propor-
tion of complaints and solicited symptoms were reported by vac-
cine and placebo recipients after the first dose (36% versus 30%)
and serconversion rates after 3 doses were close to 60% for each
of the 5 serotypes.®®

Subunit vaccines

As discussed below, this strategy is based on recombinant par-
ticles intended for parenteral use. Researchers from the Vaccine
Research Center at the University of Tampere in Finland have
been leaders in this approach. Recombinant VP6, the most abun-
dant protein component of the virus that structures the interme-
diate viral capsid, which auto assembles in a tubular structure,
and a double-layered virus-like particle (VLP) are being evaluated
in an animal model. These proteins have been shown to induce
humoral, mucosal and cellular immune responses in BALB/c
mice.®” Researchers from Cincinnati Children’s Hospital Medi-
cal Center and Baylor College of Medicine have also been pio-
neers in the subunit vaccine strategy for both rotavirus and
norovirus, as described below. The focus of their current strategy
is to increase immunogenicity and functionality of candidates by
developing a method to structure large polyvalent complexes.®®

Inactivated vaccines

This strategy, which aims to produce a low-cost vaccine that
could possibly circumvent side effects associated with the use of
live oral vaccines, is being developed by the Centers for Disease
Control and Prevention (USA) and others; this vaccine is
intended for intramuscular and/or intradermal use.*” Using
unique thermal conditions, rotavirus was able to be fully inacti-
vated while inducing high titers of neutralizing antibodies in
mice; the adjuvant alum hydroxide further enhanced the immune
response.”® Using micro needles in a skin patch induced a higher
immune response than intramuscular injection in BALB/c mice,
leading the authors to conclude that this may become an alterna-

tive strategy in the future.®®
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Norovirus
Pathogen and disease overview

The Norwalk virus was discovered in 1972 by applying elec-
tron microscopy to stools related to a large gastroenteritis out-
break, which occurred several years earlier in a school in the city
of Norwalk, Ohio.”! Following this breakthrough, numerous
viruses similar in structure, but not antigenically cross reactive
with the available immunologic assays at the time, were identified
and named after the locality were they were first identified (e.g.
Southampton, Hawaii, Lordsdale).”*”? The increasing number
of discovered viruses were grouped either into the so-called “small
round viruses” (SRSV) or caliciviruses due to their cup-shaped
appearance by electron microscopy. Biochemical and genomic
sequencing analysis subsequently confirmed that the SRSVs and
human viruses with typical calicivirus morphologic features
belonged to the family Caliciviridae.”* Within this family, viruses
were categorized as human caliciviruses (viruses infecting mainly
humans, which today include the genera Norovirus and Sapovi-
rus) and animal caliciviruses (infecting mainly animals, which
today include the genera Lagovirus, Vesivirus and Nebovirus). In
contrast to rotavirus, permissive cell lines for culture of human
caliciviruses were not obtained (and have not been obtained to
date), and successful animal models were extremely difficult to
develop and reduced basically to one pig model”” and more
recently a mouse model.”® Nevertheless, studies of virus identifi-
cation using electron microscopy in stools from individuals
affected by water and/or foodborne outbreaks, as well as sero-
prevalence studies using available human caliciviruses and sera
from different populations, hinted that these viruses were an
important cause of gastroenteritis outbreaks worldwide affecting
individuals of all ages.”>””®" A second breakthrough was the
sequencing of the full genome of the Norwalk virus, followed by
the synthesis of virus like particles, which opened the field for
comparative genetic studies between different human calicivi-
ruses as well as for antigenic comparability, antigen detection in
stools and seroprevalence studies due to the possibility of synthe-
sising large quantities of VLPs from human caliciviruses with dif-
fering gene sequences.gz’g3 These advances, which have occurred
over the last 40 years, have allowed us to epidemiologically char-
acterize this infection today.

Norovirus has been the main target for vaccine development,
as it has been associated with over 90% of Calicivirus associated
gastroenteritis episodes. Sapovirus has been a significantly less
common cause, which has been reported mostly in Japan,
although detection in other regions is increasing.84‘86 Norovi-
ruses have been associated with 4 clinical circumstances: food
and/or waterborne gastroenteritis outbreaks, acute endemic gas-
troenteritis in children, acute endemic gastroenteritis in adults,
and gastroenteritis in immunocompromised individuals.®” Noro-
virus is currently recognized as the most common cause of etio-
logically evaluated food and/or water gastroenteritis outbreaks,
accounting for 30-80% of such outbreaks; these outbreaks occur
in diverse settings including ships, hotels, restaurants, schools,
camps and healthcare facilities, among others, and can be associ-
ated with severe outcomes including death.**”® A number of
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studies from industrialized and low/middle- to middle-income
countries identify norovirus as the second leading cause, after
rotavirus, of acute endemic gastroenteritis in children, accounting
for 10-20% of gastroenteritis-associated hospitalization and

9193 and is becoming the leading cause in

emergency room visits
94,95 1
n

countries that have implemented rotavirus vaccination.
adults, norovirus (and also Sapovirus) are gaining recognition as a
significant cause of acute endemic (non-outbreak associated) gas-
troenteritis, especially in the elderly, in whom the disease can
lead to severe dehydration, complications and death.5*7%%
Among immunocompromised individuals, noroviruses can cause
a more severe and/or prolonged gastroenteritis episode.®”-?*"?
Opverall, the most recent disease burden estimates for the USA
(data is not readily available for other regions) suggest that noro-
viruses cause an average of 570-800 deaths, 56,000-71,000 hos-
pitalizations, 400,000 emergency room visits, 1.7-1.9 million
outpatient visits, and 19-21 million total illnesses per year.'*
Norovirus disease burden in resource-deprived countries is less
clear. One recent study reported the presence of norovirus in
14% of hospitalized children under 5 y of age in Tanzania.® The
results of the recent GEMS study conducted in 4 African sites,
Bangladesh, India and Pakistan using an age-stratified, matched
case-control design identified norovirus as a significant pathogen
causing moderate-to-severe acute diarrhea in children under 5 y
of age in some countries (Basse, The Gambia where it was associ-
ated with 9% of severe diarrhea cases in under 12 month olds
and 24-59 month olds, and 5% in 0-11 month old children in
Kolkata, India), but not in the others.” The death toll in the
developing world has been estimated at 200,000 deaths per
year.””

Noroviruses are structurally quite different than rotavirus. At
about half the size, they have a single capsid and are single-
stranded RNA viruses with 3 open reading frames (ORFs). ORF
1 encodes for a polyprotein cleaved into a set of nonstructural
proteins during replication (including the RNA-dependent RNA
polymerase), ORF 2 encodes the main capsid protein VP1, and
OREF 3 encodes a minor structural capsid protein VP2, In con-
trast, rotavirus harbors double-stranded RNA, which encodes for
11 genes located within a triple protein layer. Noroviruses are
genetically and antigenically diverse, due to frequent point muta-

. .o 1101
tions and recombination events,”>

and are currently grouped
into 6 genogroups, which have significant genetic/aminoacidic
differences between each other, and over 25 serotypes which rep-
resent aminoacidic differences within a genogroup; within a sero-
type there are variants with less than 5% genetic/aminoacidic
differences. It is worth noting that the current nomenclature is
under constant revision.*””'%% Similar to rotavirus, only a few
norovirus genogroups have been recognized in humans (G1, GII
and GIV), of which GII, and specifically the GII.4 genotype, has
been predominant over the past few years worldwide.'”® The
original Norwalk virus was a G1 virus.

Vaccine development for noroviruses has been considered dif-
ficult for 2 main reasons. First, immunity to natural norovirus
infections seemed short lived, not surpassing a few years, in adult
volunteers challenged and rechallenged with Norwalk virus.'%*

Second, the significant genetic variability, which was considered
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a proxy for significant antigenic variability, suggested that a vac-
cine against one virus would not be broadly protective; antigenic
cross-reactivity between genogroups was shown to be less than
5% and 5 to 10% between serotypes within the same
serogroup.'®®> The rotavirus experience has taught us that anti-
genic specificities observed at the laboratory level do not necessar-
ily translate to what may happen in real life. The fact that the
virual load used in the adult challenge studies was extremely
high, surpassing by several logs the virus” infectious dose, suggests
that results from these studies may have been misleading.'*® Cur-
rent modeling studies suggest that protective immunity may last
up to 8 y'*” Importantly, despite the broad genetic variability of
noroviruses, only a few genogroups predominate, with type
GIIL.4 causing over 70% of infections, similar to rotavirus, where
5 genotypes cause over 90% of disease cases with a geographic
and temporal predominance of the G1P[8] serotype. An impor-
tant epidemiological observation was obtained from a cohort
study of newborns followed throughout their first 3 y of life with
monthly stool testing for norovirus, just as with rotavirus, most
children had several norovirus infections, mostly asymptomatic,
and only a few had more than one symptomatic infection.'*®
Symptomatic GII infections occurred only as the primary infec-
tion or when preceded by a non-GII infection; no child with a
symptomatic GII infection had a previous GII infection, while
10 children with asymptomatic GII infections had previous GII
infections. These data suggest that similar to rotavirus, a prior
infection could be protective against new symptomatic episodes,
opening an avenue for vaccine development. Because a few chil-
dren with a symptomatic GII infection had a prior GI or non-
typeable norovirus infection, it is probable that cross protection
between genogroups is not complete.'”® Immunologic correlates
of protection for norovirus infections, using inhibition of hem-
maglutination and histo-blood group antigen (HBGA) blocking
assays, are being developed and may prove helpful in evaluating
new vaccine candidates.'®”'"°

Live virus vaccines, which have proven highly successful for
rotavirus, are not available for norovirus, due to the inability to
culture the virus. Vaccine candidates, therefore, rely on the syn-
thesis of VLPs or smaller particles.'®'"""""® Licensed norovirus
vaccines are not yet available.

Vaccines in advanced stages of clinical development

Intramuscular vaccine candidate containing GI.1 and GIL.4
VLPs

VLPs have proven to be highly effective in the prevention of
cervical human papilloma virus infections and can be synthesized
in large quantities, thus providing sufficient antigen for large vac-
cine volumes. The proof of concept that these vaccines provide
protection was obtained from an adult challenge study using
intranasal GI.1 VLP, developed by university investigators and
sponsored by LigoCyte Pharmaceuticals.''" Additional studies of
this vaccine candidate, which includes the adjuvant monophos-
phoryl lipid A (MPL, GlaxoSmithKline), demonstrated that 2
doses elicit a significant B cell response.114’116 LigoCyte Pharma-
ceuticals advanced further with a bivalent vaccine including GI.1
and GII.4 VLPs, the latter was constructed based on a consensus
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of 3 different GIL.4 strains.""” The highest homologous and het-
erologous antibody titers to the bivalent vaccine were elicited fol-
lowing immunization of animals via the intramuscular route.

Further development of this intramuscular vaccine is being
carried on by Takeda Vaccines. Two adult phase I studies on
safety and immunogenicity showed that the vaccine was, in gen-
eral, well tolerated with only mild to moderate pain and tender-
ness and mild headache being slightly more common in vaccine
compared to placebo recipients. The majority of subjects sero-
converted after the first dose of a 2-dose regimen and maintained
antibodies (measured by a norovirus pan antibody assay) for 393
d"'® The serum antibody response to the intramuscular vaccine
was high and peaked at day 7 after the first dose of a 50/50 pg
formulation, with no evidence of boosting when a second dose
was administered 28 d later, suggesting previous priming by nat-
ural exposure to related noroviruses. A recently concluded chal-
lenge study, including 18 to 50 y old healthy adults receiving 2
doses of the vaccine and challenged with a GIL4 strain,''” has
provided promising results. Immunogenicity and safety results
can be summarized as follows: HBGA blocking antibody titers
increased following vaccination and not placebo, and geometric
mean titers for GII.4 were higher following vaccination than after
live virus challenge in placebo subjects, indicating that intramus-
cular injection provides a robust response. Non-attributable seri-
ous adverse events (SAEs) were observed throughout the 30-day
post-challenge observation period. During the inpatient phase of
the study, severe norovirus illness occurred in 0/50 vaccinees vs.
4/48 (8%) placebo recipients (100% reduction, P=0 .054), mod-
erate or severe illness occurred in 6% versus 19% (68% reduc-
tion, P= 0.068) and illness, whether mild, moderate or severe,
occurred in 18% vs. 38% (52% reduction, P=0 .042). In addi-
tion, the severity of illness was significantly reduced in vaccinated
subjects who became symptomatic compared to symptomatic
placebo recipients (P=0 .023). There were also indications of
impact on viral shedding: less vaccine compared to placebo recip-
itents shed virus, at lower amounts and for shorter durations,
which would be a very important feature of the vaccine for-
infection control. Fast track phase IIb/III trials in both adults
and children are expected within the next few years.

Vaccine candidates in preclinical development

P particle-based vaccines

Researchers from the Cincinnati Children’s Hospital Medical
Center are developing these P-particle vaccine candidates. The
main capsid protein VP1 has an S (for shell) domain and P (for
protruding) domain, which plays an important role in the bind-
ing of the virus to HBGAs."*® The P particle is an octahedral
nanoparticle that is being considered as candidate for norovirus
vaccine, as well as a delivery system for other antigens, such as
rotavirus, influenza and hepatitis E.'” This candidate induced
both humoral and cellular immune responses in a mouse model.
Production of P particles in E. coli expression systems, in contrast
to VLPs that use eukaryotic expression systems, may be an advan-
tage for massive antigen production.''?
Vaccine candidates in preclinical development
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Trivalent vaccine includin

norovirus GIL4 and GI.3 VLPs and rotavirus rVP6

This vaccine has been developed by researchers from the Vac-
cine Research Center at the University of Tampere in Finland
and supported by UMN Pharma Inc.., Japan. The intent is to
protect against norovirus infection using VLPs and rotavirus
infection by using a recombinant VP6 particle. Results from a
recent study in BALB/c mice indicate that the vaccine produced
a significant immune response.' 15 Broadly reactive anti-norovirus
IgG antibodies against different viruses within the genogroups
were detected, mucosal antibodies capable of inhibiting rotavirus
infectivity were induced, and cell mediated immunity for both
viruses was also detected. Immunity was sustained for 6 months,
and interference between the vaccine components was not
observed. Studies in humans are expected to follow.

Multivalent alphavirus replicon particles (VRPs)

This system has been developed by researchers from Univer-
sity of North Carolina, USA."*" Tt is based on equine encephalitis
virus plasmids with insertion of Norovirus capsid clones. The
plasmid is used as a delivery system to introduce the capsid genes
into cells that produce norovirus VLPs. More recently, a “null
VRP," which lacks a transgene and does not include norovirus
insertions, has been used as an adjuvant in conjunction with
VLPs, demonstrating an increase in both systemic and mucosal
immune responses in a BALB/c mouse model.'"?

Vibrio cholerae
Pathogen and disease overview

Vibrio cholerae is the causative agent of cholera disease, an ill-
ness characterized by massive aqueous diarrhea that can rapidly
lead to death due to dehydration and electrolyte imbalance.'**
Since 1817, there have been 7 cholera pandemics, the last of
which started in 1961; presently cholera affects an estimated 3-
5 million people per year, causing about 120,000 deaths.'*?
According to the WHO, 129,064 cholera cases and 2,102 deaths
were reported in 2013,'*? reflecting a notable decrease from the
previous year (245,393 cases and 3,034 deaths) however, illness
rates are assumed to be underestimates.

V. cholerae is a Gram-negative curve-shaped bacterium first
isolated in 1884 by Robert Koch.'** It belongs to the Vibriona-
ceae family, which primarily includes water living bacteria along
with at least 2 other species that can cause illness in humans: Vib-
rio parabaemolyticus and Vibrio vulnificus.'** Reactivity of anti-
bodies against lipopolysaccharide O antigen has led to the
identification of about 200 different serogroups of V. cholerae, of
which strains belonging to O1 and O139 serogroups have been
associated with human epidemics. In fact, the 7 cholera pandem-
ics that have occurred since 1817 were all caused by O1 strains;
as a result, they are the most well studied to date. Two main bio-
types of V. cholerae O1, Classical and El Tor, can be distin-
guished according to a set of phenotypic features, including the
capacity to agglutinate the red blood cells of chicken and sheep,
susceptibility to polimixin B, susceptibility to lytic bacterio-
phages and the pattern of growth displayed in Voger Proskauer
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medium.'** The first 6 cholera pandemics have been attributed
to the Classical biotype, whereas the 7™ was attributable to El
Tor. Furthermore, 3 different serotypes of V. cholerae Ol
(Ogawa, Inaba and Hikojima) have been established within bio-
types based on their reactivity to antibodies against other regions
within the lipopolysaccharide.'*’

The main virulence factor of V. cholerae is the cholera toxin
(CT), a secreted holotoxin consisting of one catalytic subunit
(subunit A, CT-A) and 5 repetitions of the receptor-binding sub-
unit (subunit B, CT-B).'?° CT binds to GM1-monoganglioside
molecules present on the apical side of epithelial cells in the small
bowel, inducing a signaling cascade that results in an excessive
release of electrolytes and water toward the lumen.'*® Both CT
subunits are encoded within a mobile genetic element, the liso-
genic CTX¢ bacteriophage, which can be inserted in different
sites on the V. cholerae genome.'**

Control of cholera epidemics in developing countries is
directly related to improvements in hygiene and the availability
of non-contaminated drinking water. As neither of these
improvements will be fully accomplished in the short term, the
WHO has supported the use of oral vaccination as a strategy to
reduce the impact of cholera in low-income countries, in parallel
to progresses in water, sanitation and hygiene interventions.
Although an ideal vaccine has not yet been developed, vaccines
licensed for distribution in some countries are available. In paral-
lel, there is work in-progress related to the development of new
vaccine candidates and improvements to current vaccines.

Three orally administered formulations to prevent cholera are
currently licensed, Dukoral®, Shanchol® and mORCVAX®.
Dukoral® was licensed in 1991 and has been distributed in 65
countries around the globe, whereas Shanchol® was first licensed
in 2009 being only distributed in India.'*” Now, after being pre-
qualified by the WHO in 2001 and 2011, respectively, Dukoral®
and Shanchol® can be distributed globally.'*> The “oral cholera
vaccine stockpile” is a globally available reserve, which attempts
to store and provide cholera vaccines to be used when and where
required, especially in outbreaks and humanitarian crises scenar-
ios, along with other actions to control and prevent the spread of
the disease.'*” This stockpile was created in 2011 and includes
these 2 formulations.

mORCVAX®, another killed whole cell vaccine, is identical to
Shanchol® but is manufactured by another company and is cur-
rently only licensed for distribution in Vietnam.?' Additionally,
a formulation that was licensed in some countries as Orochol®/
Mutacol® halted production in 2004. Recently, results of a phase
I trial of a newly manufactured formulation, starting from master
stock of CVD103-HgR, have been reported and require further
evaluation in order to be licensed in the USA.'*®

Current vaccines licensed worldwide

Dukoral® (Crucell, Switzerland) is a whole cell formulation
that contains a mix of heat and formalin-killed Vibrio cholerae
O1 from Classical and El Tor biotypes, Inaba and Ogawa sero-
types, as well as the purified recombinant CT-B."** Dukoral® is
licensed for administration to individuals starting at 2 y of age,
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and is distributed in packages containing 2 doses with bicarbon-
ate buffer.'” The safety and immunogenicity of Dukoral® was
evaluated in volunteers in the USA, Sweden and Peru, a country
in which cholera emerged in 1991.'% The 2 doses are to be
administered 2 weeks apart. No major post-vaccination side
effects have been observed and vibrocidal antibodies, in addition
to anti-CT IgG and IgA, were induced.

An evaluation of the ability to confer protection was con-
ducted in rural areas of Bangladesh.130 At the time, the purified
CT-B included in the vaccine was not the recombinant form
used in the current formulation. Three doses of this vaccine for-
mulation were administered in 6-week intervals to 21,141 indi-
viduals, while 21,220 received Escherichia coli K12 as a placebo.
A significantly lower number of cholera cases occurred in the vac-
cinated group, indicating that the formulation was efficacious.
Protection was high during the first 6 months (85%, 95% CI:
62-94%), and considered complete (100%, 95% CI lower
boundary (LB): 80%) in children 2-5 y of age."”! Protection was
also clearly evident after the first (62%, 95% CI LB: 50%) and
second years (58%, 95% CI LB: 44%) and declined after the
third year (18%, 95% CI LB: -14%). No protection was
observed during the fourth year. A further evaluation was carried
out in Pampa de San Juan de Miraflores, Peru. This study
included about 35,000 individuals, both children and adults.'*?
Three doses of the formulation containing the recombinant CT-B
were administered. The first 2 doses were given 2 weeks apart, prior
to cholera season, and the third was administered about 11 months
later, prior to the start of the subsequent year’s cholera season. No
protection was observed following the administration of the first 2
doses (-4% protection, 95% CI: -43-87%), whereas 61% protection
(95% CI: 28-79%) was observed after the third dose.

WHO has supported vaccination campaigns with Dukoral®
and currently recommends its use, particularly to contain out-
breaks in high-risk areas and for travelers visiting endemic
regions.'*> The suggested administration is 2 doses for adults
and children over 6 y of age and 3 doses for children under 6 y of
age, with a minimum interval of 1 week between each dose and a
maximum interval of 6 weeks.

Shanchol® (Shantha Biotechnics, India)

This formulation includes whole killed V. cholerae O1 strains
from classical (Inaba and Ogawa serotypes) and El Tor (Inaba)
biotypes. It differs from Dukoral® in that it contains an addi-
tional killed V. cholerae O139 strain, therefore making it a biva-
lent vaccine, and also in that it lacks the recombinant CT-B.'??
Shanchol® is licensed for administration in children 1 y of age
and older (compared to 2 y of age and older for Dukoral®).”!
Safety and immunogenicity of Shanchol® was evaluated in a dou-
ble-blind, placebo-controlled trial, including 101 vaccinated
individuals (50 adults and 51 children 1-17 y of age) and 100
placebos (50 adults and 50 children) in India. Two doses were
administered 14 d apart, and after 28 d vaccination-related side
effects did not differ between vaccinated groups and placebos
receiving Escherichia coli K12. Vibrocidal antibodies against V.
cholerae O1 and O139 were detected in the serum samples of vac-
cinated groups at significantly higher levels than the groups that
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received placebo, although the response to O139 was lower than
that observed against O1."%

Efficacy of Shanchol® was evaluated in a placebo-controlled
trial carried out in Kolkata, India in about 67,000 individuals
(31,932 vaccinees and 34,968 placebos), including adults and
children >1 y of age. Overall, after 3 y of follow up, the vaccine
was shown to confer 66% protection (95% CI LB: 53%) after
administration of 2 doses.'** In children 1-4 y old, an age range
particularly affected by cholera, efficacy after 3 y was 43% (95%
CI LB: 7%), and after 2 y was higher (83%, 95% CI LB: 43%).

Shanchol® is recommended to be administered in 2 doses 2
weeks apart.'*? Recently, administration of Shanchol® following
this scheme proved to be effective (86.6% efficacy, 95% CI:
56.7-95.8%) in a cholera outbreak scenario in Guinea.'*> These
results support the use of Shanchol® and the generation of the
oral cholera vaccine stockpile.

Current vaccines with restricted license

mORCVAX® (VABIOTECH, Vietnam)

As mentioned above, this formulation is identical to
Shanchol®, and the same dosage is recommended, but it is manu-
factured by a different company and it has conducted separate
evaluation trials in Vietnam.'*” The current mORCVAX® con-
tains 5 different V. cholerae strains: 1 V. cholerae serogroup Ol
Inaba El Tor, 1 serogroup O1 Inaba classical, 2 serogroup Ol
Ogawa classical and 1 serogroup 0139."%° Safety and immuno-
genicity of the current formulation was evaluated in a 143 adults
in Vietnam, with 74 receiving 2 doses of the vaccine 2 weeks
apart and 69 receiving killed £. coli K12 as placebo. No adverse
effects were evident in either group while vibrocidal antibodies
were significantly induced after vaccination, even when response
against V. cholerae O139 was scarce compared to that stimulated
against V. cholerae O1."%° Efficacy has been only evaluated for a
similar previous formulation (ORC-Vax), which contained a dif-
ferent V. cholerae serogroup O1 Inaba strain and only 1
serogroup O1 Ogawa strain. The study was carried out in an out-
break scenario in Hanoi, Vietnam, including 54 matched cholera
cases and controls.'”” Vaccination was found to be significantly
higher in controls (16/54) than in cases (8/54), with an efficacy
of 54% (95% CI: -31-84%). By taking into account other factors
that were significantly associated with cholera cases in a univariate
analysis (such as eating dog meat or raw vegetables and not drink-
ing boiled or bottled water most of the time) efficacy was raised

to 76% (95% CI: 4-94%).%7

CVD103-HgR

This formulation was designed at the Center for Vaccine
Development, University of Maryland, Baltimore (Maryland,
USA) and is based on an attenuated V. cholerae O1 classical Inaba
strain (CVD103-HgR). In contrast to the 2 previously mentioned
licensed vaccines, this formulation included live non-toxigenic
bacteria, after knocking out both the CT-A encoding gene and
the hemolysin A (hlyA) gene.128 The last mentioned mutation
was achieved by insertion of a cassette conferring resistance to
mercury, which allowed the identification of the strain by growth
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in culture media containing this heavy metal. The formulation
was licensed as Orochol® in Switzerland, New Zealand, Australia
and other countries, and as Mutacol® in Canada.'”® Results of
safety and immunogenicity assessments of CVD103-HgR in var-
ious geographical regions for both adults and children have been
published in several reports.”’ Despite evident protection against
cholera in volunteer challenges, protection was not significant
after massive evaluation in the endemic region of North Jakarta,
Indonesia (14% protection, 95% CI LB: -249%)."%® The low
number of cholera cases at the time of evaluation may have influ-
enced these results (50 cases occurred in placebo recipients during
the 4-year follow-up period). One hypothesis to explain the low
number of cholera cases in the placebo group is a potential herd
protective effect, as suggested after reanalysis of data obtained
during the evaluation of Dukoral® in Dhaka, Bangladesh.139
Thus, efficacy of the vaccine may be higher than estimated. Nev-
ertheless, production of the vaccine by Crucell (Netherlands) was
halted in 2004. In 2009, the PaxVax Corporation (USA)
acquired the right to restart production of CVD103-HgR, and a
new evaluation was performed in order to assess safety and
immunogenicity.'*® In this study, 66 volunteers were vaccinated
with a single oral dose of approximately 4.4 x10'® colony form-
ing units (CFU), a higher dose than that administered in evalua-
tions performed at earlier stages. Symptoms were significantly
less frequent in vaccinated individuals compared to the placebo
group. Vibrocidal antibodies were significantly induced in 89%
of cases, peaking at 10-14 d after vaccination. Production of
anti-CT serum IgG was induced in 59% of vaccinated individu-
als with the titer peaking at day 28 post-vaccination. Further
human trials aimed at obtaining a cholera vaccine licensed in the
USA for administration predominantly to travelers visiting
endemic zones are in progress.

Vaccines in early stages of clinical development

Four orally administered vaccine formulations, all based on
live attenuated V. cholerae strains, have been shown to be safe
and immunogenic in humans, and/or have demonstrated the
capacity to confer protection to small groups of volunteers.

Peru-15 (CholeraGarde®)

This formulation was developed from a V. cholerae O1 El Tor
Inaba strain. Attenuation was obtained by deleting genes encod-
ing for CT-A, RTX toxin and recombinase A (RecA) (making
the strain unable to recombine homologous genetic material
using this mechanism).”" Safety and immunogenicity was first
evaluated in 2 groups of 12 inpatient and 50 outpatient adult vol-
unteers in the USA.'° Administration of 10° and 10° CFU
caused no major symptoms compared to the groups who received
bicarbonate buffer mixed with milk as placebo (vaccine vehicle)
and induced significant production of vibrocidal antibodies and
anti-toxin IgG. A second evaluation in 59 volunteers showed
similar results after administration of 10% and 10” lyophilized
bacteria.'*" The ability of Peru 15 to confer protection against a
challenge with a pathogenic strain (V. cholerae O1 El Tor Inaba
10’ CFU) was evaluated in a subgroup of 36 subjects. Seven out
of 12 of the individuals who received placebo suffered diarrhea

(5 cholera cases), compared to none of 24 vaccinated subjects."*!
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Two other studies performed in Dhaka, Bangladesh, proved
the safety and immunogenicity of Peru-15. The first included 70
adults who received buffer as placebo, or a single dose of 2 x 10
CFU."*? Vibrocidal and anti-LPS antibody responses were signif-
icantly induced; however, anti-CT response was modest. Only
7% and 27% of vaccinated subjects developed anti-CT IgA or
IgG antibody secreting cells (ASC), respectively, whereas 20%
developed anti-CT IgA in serum. Anti-CT IgG levels in serum
were low and anti-CT IgM levels were not specified. A later study
included a total of 240 Bangladeshi children between 9 months
and 5 y of age."* Doses of 2 x 10" CFU and 2 x 10* CFU of
Peru-15 were given to different groups, including a placebo
group receiving buffer. Neither fever nor diarrhea was reported
in any of the vaccinated groups, and mild symptoms were similar
in vaccine and placebo recipients. Vibrocidal antibodies were
induced after administration of both doses, and specific anti-LPS
IgA and IgG antibodies increased significantly after vaccination.
In contrast, as noted in previous studies of adult Bangladeshi vol-
unteers, anti-CT IgG response after vaccination in children was
low. These results contrast with those obtained after vaccination
of volunteers in the USA, in which Peru-15 stimulated significant
production of anti-toxin antibodies. Nevertheless, overall safety
results and success in inducing production of vibrocidal and anti-
LPS antibodies, in addition to preliminary protection results,
indicate that Peru-15 could be a successful vaccine candidate.

V. cholerae 638

This formulation developed by the Finlay Institute (Havana,
Cuba) was originated from the V. cholerae strain C7258 (El Tor,
Ogawa), first isolated during an outbreak in Peru in 1991. V.
cholerae 638 was obtained after deletion of genes encoding both
subunits of CT (CT-A and CT-B) as well as genes encoding the
accessory cholera enterotoxin (Ace) and the zonula occludens
toxin (Zot).'** Furthermore, the gene encoding for the hemaglu-
tinin protease (HA/P) was inactivated by insertion of the reporter
celA, which encodes the endoglucanase A of Clostridium thermo-
cellum. This property allows for rapid identification of the strain
in carboxymethylcellulose indicator agar stained with Congo
Red. Morphology, biochemical properties, growth rates and colo-
nization capacity of the bacteria were not affected by these muta-
tions."** Safety and immunogenicity of V. cholerae 638 were
preliminarily evaluated in 56 adult volunteers in Havana, Cuba
(42 vaccinees and 14 placebos) who received single doses ranging
from 4 x 107 to 2 x 10” CFU living bacteria, followed by another
study including 36 adult volunteers (24 vaccinees and 12 place-
bos) who received a single dose of 2x10° CFU living bacteria.
Similar results were obtained in both studies. None of the vaccin-
ees developed diarrhea, and V. cholerae 638 induced vibrocidal
antibodies against V. cholerae classical Ogawa and anti-LPS IgG
and IgA.145

The capacity of V. cholerae 638 to confer short-term protec-
tion was first reported in 2005 in a group of 24 Cuban adult vol-
unteers who received the vaccine compared to a matched group
of 21 placebos receiving only bicarbonate buffer.'*® After vacci-
nation, individuals were challenged either with a mutant non-
toxigenic V. cholerae strain, a parent of V. cholerae 638 or a wild-
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type V. cholerae O1 El Tor Ogawa strain. Two of 13 vaccinated
subjects who received the non-toxigenic strain developed diar-
rhea, compared to 5/9 who received placebo. None of 12 vacci-
nated subjects challenged with the virulent strain developed
diarrhea, compared to 7/9 placebo recipients. In 2010, another
similar study was published involving a group of 21 Cuban vol-
unteers who received bicarbonate buffer or V. cholerae 638 and
who were challenged with a virulent strain 28 d later.'¥” Seven
out of 9 individuals who received placebo, but none of the 12
vaccinated subjects, developed diarrhea.

CVD112

This vaccine candidate was developed at the Center for Vac-
cine Development at the University of Maryland, Baltimore
(Maryland, USA) by deleting genes encoding for CTA, the toxins
Ace and Zot, as well as the core-encoded pilus (Cep) in a V. chol-
erae O139 strain.'® CVD112 administered in a dose containing
10° CFU did not cause adverse effects in adult volunteers, while
a higher dose of 108 CFU was associated with increased side
effects. A challenge with the virulent wild-type V. cholerae O139
AlI837 strain was carried out at day 28 post-vaccination in 8
vaccinees (4 vaccinated with the lower dose and 4 with the
higher) and 15 unvaccinated controls. Only 1 vaccinee, who
received the lower dose, developed diarrhea versus 12 of the
unvaccinated controls. No further studies have been published
following this initial report in 1995.'4%

VAL1.3 (Vaccine attempt 1.3)

Based on a non-toxigenic V. cholerae O1 El Tor, this formula-
tion lacks the CTX prophage but carries the gene encoding for
CT-B and is resistant to ampicillin."*’ VA1.3 was designed in
Kolkata, India, where it was evaluated in 304 volunteers, in order
to assess its safety and immunogenicity. In this study, 186 indi-
viduals received a single dose containing 5x10° CFU of VA1.3
and the remaining received bicarbonate buffer as a placebo. Only
two vaccinated subjects developed mild diarrhea not requiring
oral rehydration; none of the placebo recipients developed symp-
toms. Vibrocidal antibodies were significantly induced 15 d post-
vaccination, and anti-CT antibodies determined in a subset of
volunteers also increased.'®® A new version of this formulation,
named VAl.4, was produced with financial support from the
Indian government. This new strain lacks the gene conferring
resistance to ampicillin in an attempt to avoid eventual lateral
transfer of this gene to vaccinated subjects’ resident bacteria.
Results of a phase I trial evaluating VA1.4 were recently pub-
lished.”® No significant adverse effects were observed after
administration of 2 doses of the formulation (14 d apart) to 44
adult volunteers in India, compared to 43 placebos. Seroconver-
sion and a rise in anti-vibrocidal antibody titers were evident and
significant after the first dose. Anti-CT response in the form of
neutralizing antibodies was weak compared to that induced by
VAL1.3. Future trials should evaluate if administration of a second
dose and/or ant-CT neutralizing response are required for
VA1.4 to be an effective vaccine.

Vaccine candidates in preclinical development

www.taylorandfrancis.com

Human Vaccines & Immunotherapeutics

Other vaccine formulations based on both V. cholerae O1 and
O139 strains have been designed and have been shown to be
safe, immunogenic, as well as to have the capacity to confer pro-
tection in animal models.

IEM 108

This candidate is based on a V. cholerae O1 El Tor, Ogawa
strain, lacking the CTX prophage, in which genes encoding for
CT-B and RstR were introduced.’’ RstR is a transcriptional
repressor protein involved in immunity against CTX phage,
which if expressed would avoid potential reversion to a toxigenic
phenotype by lateral transfer of a new phage from another El Tor
strain.'”" Evaluation of TEM108 was performed in rabbits by
administration of a single dose of 10 CFU. This dosage proved
to be safe and to stimulate vibrocidal and anti-CT antibodies,
peaking at 14 and 21 d post-vaccination, respectively. Further-
more, vaccination with IEM prevented fluid accumulation in
rabbit ligated loops after challenge with virulent V. cholerae El
Tor and classical strains, in addition to challenge with purified
CT." " These results suggest that TEM 108 could potentially con-
fer protection against both biotypes.

VCUSM2

This is a metabolic auxotroph, unable to grow in the absence
of aminolevulenic acid (ALA), derived from an O139 Bengal
strain, which was responsible for cholera cases in Bangladesh and
India.'>* This candidate aims to preserve the antigenic repertoire
of the virulent strain while reducing its toxigenic effect by means
other than directly knocking out toxin or other virulence genes.
There have been reports that an ALA-auxotroph V. cholerae O1
El Tor mutant strain had reduced capacity to colonize the bowel,
while preserving its immunogenic potentizll.15 % In order to obtain
a similar phenotype in an O139 Bengal strain, gene hemA encod-
ing the enzyme glutamyl tRNA reductase was inactivated. The
resulting VCUSM2 strain elicited production of vibrocidal, anti-
LPS and ant-CT antibodies in rabbits after 2 doses containing
10'° CFU of live bacteria were administered 2 weeks apart.'>>
Additionally, it conferred protection against challenge with the
wild-type Bengal O139 strain in the ligated ileal loops and the
RITARD model (removable intestinal tie-adult rabbit diarrhea).

TLPO1

Developed in Havana, Cuba, this is a live bacteria formulation
designed from the virulent V. cholerae O139 CRC266 strain,
obtained after deletion of the CTX prophage (knock-out of the
HA/P gene by insertion of the celA reporter gene) and deletion of
mshA, which encodes the major structural subunit of the man-
nose-sensitive haemagglutinin (MSH) pilus.153 The logic behind
this mutation is based on the fact that the MSH pilus is the
receptor for transduction of the VGJ¢ phage, which can eventu-
ally carry and transfer the CTX phage genome into a toxin co-
regulated pilus (TCP) negative strain. Therefore, this mutation
may prevent reversion to a toxigenic phenotype. Administration
of TLPO1 in a single dose of 10° CFU stimulated production of
antivibrocidal antibodies as well as anti-LPS IgG, IgA and IgM
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in rabbits. A similar anti-LPS response was observed in serum
after administration of 3 x 10'° CFU to rats.!>?

Conclusions

In this first of this 2 part series, aimed at reviewing the full
spectrum of vaccine development against viral and bacterial
pathogens causing acute gastroenteritis, we have focused on rota-
virus, norovirus and Vibrio cholerae. Licensed vaccines have
proven, in the case of rotavirus, to be highly efficacious and to
have a significant public health impact. The main challenges for
rotavirus vaccines will be to improve effectiveness in resource-
deprived regions, to further reduce the low risk of inducing IS,
and most importantly, to increase vaccine usage in the world’s
poorest regions. Several new multi- or monovalent vaccines may
achieve licensure in the following years. Vaccines for norovirus
are advancing at a fast pace and are using a radically different
strategy than rotavirus; currently the most advanced candidates
are based on IM inoculation of VLPs. A major challenge to this
strategy, if successful in phase III trials, will be its implementa-
tion in already crowded childhood vaccination schedules, an issue
that is less problematic for potential adult vaccination strategies.
An IM vaccine including both norovirus and rotavirus with high

efficacy rates against different virus groups/types would be an
attractive vaccine over the currently available vaccine options,
especially countries that are resource-deprived or with an absence
of IS risk. Vaccines for cholera have been around for several deca-
des, providing protection ranging from 60 to 70% for up to 5y
The main challenges are to increase vaccine use in endemic areas,
accepting that these protective efficacy rates are an important fac-
tor in reducing cholera morbidity and mortality, and advancing
past the current standard practice of recommending vaccination
only for travelers to endemic areas or for outbreak control.
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