
EDITORIAL

Vaccines for enteric diseases
Dani Cohen and Khitam Muhsen

Department of Epidemiology and Preventive Medicine, School of Public Health, Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel

KEYWORDS Enteric vaccines; correlates of protection; Salmonella vaccines; Shigella vaccines; ETEC vaccines; low and middle income countries; rotavirus vaccines;
norovirus; cholera vaccines
ARTICLE HISTORY Received 21 April 2019; Accepted 22 April 2019

Introduction

Diarrheal diseases remain a leading cause of mortality
globally.1 Recent estimates of the Global Burden Disease
study showed that nearly 1.65 million diarrheal diseases
deaths occurred in 2016 in all ages globally, of which
446,000 deaths occurred among children aged under
5 years. More than 85% of diarrheal diseases deaths
occurred in South Asia and sub-Saharan Africa.1

Rotavirus was the leading cause of diarrheal diseases
deaths, being responsible for 228,000 deaths in all age
groups, followed by Shigella causing 212,000 deaths,
Vibrio cholerae (107,000 deaths), adenovirus (93,000
deaths), non-typhoidal Salmonella (NTS) (87,000 deaths),
Campylobacter (75,000 deaths), Cryptosporidium (57,000
deaths), and enterotoxigenic Escherichia coli (ETEC)
(51,000 deaths).1

There are various reasons that make enteric vaccines rele-
vant globally (Figure 1).

The incidence and mortality rates of enteric diseases are
high in low- and middle-income countries (LMICs), where
access to safe drinking water and sanitation systems is sub-
optimal.2 Hence, improving access to safe drinking water sup-
ply and sanitation is essential for the prevention. Although
progress has been documented in this area, achieving the uni-
versal access to safe drinking water and improved sanitation is
far from being reached in the near future.3 Therefore, using
vaccines can accelerate the reduction in diarrheal disease mor-
bidity and mortality in LMICs.4 Moreover, some enteric patho-
gens cause illness and substantial burden in both industrialized
countries and LMICs. A main example is rotavirus that caused
substantial burden to the health care systems of developed
countries, in terms of hospitalizations and clinic visits,5,6 in
the years that preceded the licensure of the monovalent, vac-
cine, Rotarix™ (GSK Biologicals, Rixensart),7 and pentavalent
vaccine, RotaTeq ™ (Merck & Co., Whitehouse, Pennsylvania)8

about a decade ago.
In industrialized countries, with increasing life expectancy

and aging of the population, the proportion of the elderly
individuals is rising. Additionally, in these settings, there is
growing use in immunosuppressive treatments. The elderly,
immunocompromised persons and patients with complex

health conditions were shown to be vulnerable to enteric
diseases, including NTS causing invasive disease,9,10

Clostridium difficile-associated diarrhea11,12 and norovirus
illness.13,14

Enteric pathogens with low-infectious dose that enables
efficient person-to-person transmission such as Shigella and
noroviruses pose major challenge, especially in crowded con-
ditions, even in industrialized countries. For example, chil-
dren in daycare centers represent a main high-risk group for
shigellosis,15,16 as well as communities characterized by high
household crowding conditions such as the ultraorthodox
Jewish population.15,17

Travelers from industrialized countries to LMICs and
endemic regions and soldiers serving in field conditions,
where sanitation might be sub-optimal, comprise major risk
groups for diarrheal diseases, including ETEC,
Campylobacter- and Shigella-associated diarrhea.18–20

Special consideration in industrialized countries is the
large-mass production, processing and distribution of food.
Contaminated food with enteric pathogens can cause large,
multistate and multicounty food-born outbreaks such as
salmonellosis21,22 and Shiga-toxin Escherichia coli (STEC) of
serotype O104:H4 in the Europe in 2011.23

Following natural disasters, flooding and in areas of
conflict, typically the existing infrastructures collapse,
thus providing an ideal ground for the spread of enteric
infections such as cholera24,25 and typhoid fever.26

Taken together, these points argue for the need to
invest in the development of enteric vaccines and thera-
peutics and advocate for using the already-existing enteric
vaccines. The current Special Issue on enteric vaccines
includes original and review articles summarizing major
achievements and remaining challenges in the field of
enteric vaccines development.

The Special Issue includes articles on current licensed
vaccines, as well as new vaccines in development, against
rotavirus, Vibrio cholerae and Salmonella Typhi. In addi-
tion, novel vaccines against NTS, ETEC, Shigella, and
norovirus in development are described. Challenges to
the development and utilization of global vaccines are
discussed.
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1. Licensed vaccines available and development of
improved generations

Rotavirus vaccines

Two internationally available oral live-attenuated rotavirus vac-
cines were licensed around 13 years ago.7,8 Rotarix™ (GSK
Biologicals, Rixensart), which is a monovalent (G1P8) human
rotavirus strain, is given in a two-dose schedule.7 RotaTeq ™

(Merck & Co., Whitehouse, Pennsylvania), which is
a pentavalent bovine-human reassortant vaccine, carries neutra-
lization epitopes against the common human rotavirus geno-
types (G1, G2, G3, G4 and P8).8 These vaccines showed high
efficacy in preventing severe rotavirus gastroenteritis in clinical
trials conducted among infants from Europe, the US and Latin
America,7,8 as well as acceptable safety profile. Clinical trials
conducted in Africa and Asia showed lower efficacy (up to
65%).27–29 These vaccines have been prequalified by the World
Health Organization (WHO) in 2009; the WHO recommended
the introduction of universal rotavirus immunization globally.30

To date, nearly 100 countries have introduced a rotavirus vac-
cine into their national immunization programs,31 mostly utiliz-
ing Rotarix. This was followed by extensive post-marketing
evaluations assessing impact, effectiveness and safety of rotavirus
vaccines in real world. A monovalent rotavirus vaccine,
ROTAVAC™ (Bharat Biotech, Hyderabad, India), was recently
prequalified by WHO, and will be introduced in India. In this
Special Focus issue, Steele et al.32 provide a comprehensive and
thorough review on the experience with rotavirus vaccines glob-
ally. The authors present the various estimates of the rotavirus-
related deaths worldwide, review the progress of introducing
rotavirus vaccines into national immunization programs, the
substantial impact in terms of decreased burden of rotavirus
gastroenteritis, and discuss in depth the challenges with the
globally available rotavirus vaccines.32 Interestingly, despite cost-
effectiveness assessments supporting the introduction of univer-
sal rotavirus immunization, the approval by Gavi, the Vaccine
Alliance, to support the introduction of these vaccines, many
countries in South Asia, where the burden of rotavirus deaths is
high, has not yet enrolled rotavirus vaccination in their national
immunization programs.32 This review32 underscores the low
efficacy of rotavirus vaccines in developing countries and indi-
cates the advances in research exploring potential explanations

and modalities to improve the impact of these vaccines in
LMICs. Possible methods that may improve the performance
of rotavirus vaccines in infants living in LMICs, include chan-
ging the immunization schedule of Rotarix from 2-dose to 3-
dose schedule, giving a booster at age 9 months, developing
neonatal rotavirus vaccines and micro-supplementation of rota-
virus vaccine with zinc and probiotics.32

Dai et al.33 performed a meta-analysis using data from
three clinical trials that assessed the immunogenicity of
Rotarix administered in three doses given at age 6, 10 and
14 weeks vs. two doses given at age 10 and 14 weeks. The
original trials were conducted in South Africa, Malawi,34

Pakistan35 and Ghana.36 The pooled analysis showed no sig-
nificant difference in the seroconversion of anti-rotavirus IgA
in the two-dose schedule vs. the three-dose schedule. This
study highlights the scarcity of trials that have assessed the
effect of different vaccine schedules on the immunogenicity of
rotavirus vaccines in LMICs.33 Carvalho and Gill in their
review published in this issue37 also underscore the need to
overcome the limited efficacy of rotavirus vaccines in LMICs,
including the need to better understanding of mucosal immu-
nity of rotavirus, exploring alternative vaccine delivery routes
(e.g., intranasal), delivery systems and mucosal adjuvants.37

The introduction of rotavirus vaccines was followed by
impressive reduction in the rotavirus disease burden,32

including reduction in diarrheal disease mortality that was
seen in Mexico.38 Interestingly, Rotarix was used in the
national immunization program in Mexico from 2006 to
2011 and from 2011, RotaTeq is being used. In this issue,
Luna-Casas et al.39 compared the vaccine coverage of Rotarix
among infants of the 2010 birth cohort and RotaTeq among
infants of the 2012 birth cohort in Mexico. Completing the
full vaccine series was higher for Rotarix than RotaTeq.39

Also in this issue, Lopez et al.40 nicely describe the experi-
ence of the Philippines with policy-making regarding the
introduction of rotavirus vaccine into the national immuniza-
tion program and provide essential evidence that could expe-
dite this process in other countries as well. Despite the
progress, enrolment of rotavirus immunization in national
immunization programs remains incomplete in Europe.31,41

Heggie and colleagues describe the cost-impact of rotavirus
immunization in Scotland42 following the introduction of

Figure 1. Risk factors of enteric diseases and target groups for enteric vaccines.
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universal rotavirus immunization in 2013. In Latvia such
a program was introduced only in 2015, a decision that was
strengthened by the substantial disease burden of rotavirus
gastroenteritis in Latvia, as demonstrated in this issue by
Tafalla et al.43

The success of rotavirus vaccines in reducing the burden of
diarrheal diseases opens new era toward the prevention of
diarrheal diseases caused by other enteric viruses, such as
norovirus. Indeed, there are currently several norovirus vac-
cines in clinical testing including an oral monovalent
vaccine44 and a bivalent vaccine given intramuscularly.45

Hallowell et al. in their commentary published in this issue
describes the epidemiologic challenges facing the development
of norovirus vaccines and suggest potential solutions,46 while
focusing on vaccine effectiveness and defining target popula-
tions. We have examined the incidence of norovirus gastro-
enteritis hospitalization in young children before and after the
introduction of universal rotavirus immunization in Israel.47

While no change in the incidence was found between the two
periods, we documented the substantial burden and pointed
to possible norovirus vaccine target groups.47

Cholera vaccines

Cholera remains a major public health problem, with an esti-
mated burden of 2.86 million cases and 95,000 deaths in ende-
mic countries in Asia and Africa.48 Over the past few years, we
witnessed the rapid spread and fatal outcomes of cholera in
areas of conflict such as Yemen,49 and following natural disas-
ters, such as the earthquake in Haiti.50 In this Special Issue,
Wierzba provides51 an overview of oral cholera vaccines and
their impact on the global burden of disease.

There are three licensed and WHO prequalified cholera
vaccines. All inactivated whole-cell vaccines given orally in
multiple doses. The first vaccine was Dukoral that contains
the cholera toxin B-subunit (CTB), given with buffer. The
other two vaccines Shanchol and Euvichol-plus showed good
effectiveness and were prequalified by the WHO in 2011 and
2015, respectively. In the past few years, cholera vaccines have
been available for emergencies through a global stockpile
funded by Gavi.51

In Bangladesh, cholera causes considerable burden. In this
issue. Khan et al.52 assessed the feasibility of using the existing
government infrastructure to provide oral cholera vaccine to
residents in rural communities in Bangladesh. They demon-
strated high vaccine coverage for the first and second vaccine
doses of 90% and 83%, respectively.52

Interestingly, an oral live-attenuated vaccine CVD 103-
HgR (VAXCHORA™) given in a single dose was licensed by
the US FDA for US travelers to areas of ongoing cholera
transmission. The vaccine was well-tolerated and provided
high efficacy (90%) which was evident 10 days post-
vaccination in a human challenge study.53

Salmonella Typhi vaccines

The etiological agent of typhoid fever, Salmonella enterica
serovar Typhi (S. Typhi), is a human-restricted pathogen
transmitted primarily via contaminated food and water.

Salmonella Typhi constitutes a major global health threat
with an estimated 20.6 million cases of typhoid fever annually
resulting in approximately 223,000 deaths worldwide.54

Several licensed vaccines are currently used to prevent
typhoid fever, three injectable (one dose) subunit Vi polysac-
charide-based vaccines Typhim Vi® (Sanofi), Typherix® (GSK),
and Typbar® (Bharat Biotech) and one WHO prequalified
single-dose Vi-conjugate vaccine (Typbar®-TCV (Bharat
Biotech) and the live-attenuated Ty21a strain of S. Typhi,
commercialized as Vivotif (Emergent Biosolutions).

In this Special Issue, Griffin et al.55 described the manu-
facture, release, characterization, and preclinical studies eval-
uating the safety and immunogenicity of Typhax, an
investigational Vi antigen-based typhoid fever vaccine synthe-
sized using Protein Capsular Matrix Vaccine (PCMV) tech-
nology as an alternative construct to the new Vi conjugate
vaccine.56 In Typhax, Vi polysaccharide antigen purified from
S. Typhi is entrapped in a glutaraldehyde-catalyzed matrix of
cross-linked α-poly-L-lysine (α-PLL) and CRM197 protein.
Data of a series of immunogenicity studies in mice, rabbits,
and non-human primates show a robust immunogenicity of
this subunit vaccine platform presented. In the non-human
primate study, 100% seroconversion was attained at both
2.5 µg and 10 µg dose levels after the first injection.55

A phase-I clinical trial of Typhax is planned in view of these
findings and previous successful experience with this the
PCMV.57

2. Enteric vaccines in clinical development and
supportive experimental and observational studies

Shigella vaccines

Shigellosis is common worldwide and hyperendemic in
LMICs, with approximately 250 million cases annually.58

About 13% of all diarrheal diseases deaths are attributed to
Shigella, which translates to 212,438 deaths in all age groups
globally.58 Around 2 million shigellosis cases occur annually
in industrialized countries.58,59 Shigellosis is associated with
impaired linear growth and malnutrition60 and there is an
increasing spread of antibiotic-resistant Shigella. Progress in
Shigella vaccine development has been challenging for various
reasons, such as the lack of suitable animal models, a limited
understanding of the mechanism governing protection and
the prominent capability of Shigella to subvert the host innate
and adaptive immune response.

Shigella pathogenicity is strongly associated with the opera-
tion of a Type III secretion system (T3SS) which injects the
virulence molecules into the host cell leading to promotion of
intracellular bacterial survival and dissemination side by side
with the subversion of host innate and adaptive immune
defenses. Brunner et al.61 reviewed the capabilities of
Shigella to adapt to the intestinal environment of its restricted
human host and to impair the host defensive mechanisms.
This may explain the relatively short-lived immunity con-
ferred by natural Shigella infection and the need of subsequent
protection against homologous serotypes.61

In particular, the authors emphasize the new paradigm of
Shigella pathogenicity by means of invasion-independent
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T3SS effector-mediated targeting of activated human lympho-
cytes. This results in either effector interaction with cell-
surface receptors or effector delivery into the host cells not
followed by cell invasion.

It is hypothesized that the live-attenuated Shigella vaccine
strains with altered metabolic functions or impaired cell to
cell propagation in the colon epithelium maintain their
subversion capabilities of the innate and adaptive B- and
T-cell response immune response. Part of these vaccine
candidates showed satisfactory mucosal and systemic immu-
nogenicity in phase I–II studies, and significant protection
against dysentery in a challenge study conducted among
North American volunteers62 but they did not replicate
and were poorly immunogenic in adults and children in
Bangladesh, a highly endemic country.63 Namely, these trials
assessed the SC602 Shigella flexneri 2a attenuated oral vac-
cine candidate. This strain had deletions in plasmid-borne
virulence gene icsA that mediates intra- and intercellular
spread, and the chromosomal locus iuc, encoding aerobac-
tin. It is assumed that this is the result of a negative syner-
gistic effect of Shigella immuno-suppressive effectors not
knocked down in such vaccine candidates, the host intest-
inal barrier involving gut enteropathy, microbiome compo-
sition and other host factors.

The results of a phase-I study with the WRSS1, a Shigella
sonnei live oral vaccine attenuated by a 212-bp deletion in the
icsA plasmid virulence gene and carried out in adults and
children in Bangladesh, are also reported in this special
issue.64 At the highest dose of the vaccine 3 × 106 colony
forming units (ingested three times on days 0, 28, and 56)
shedding of the vaccine was evident in 50% of the adult
vaccine recipients, but no shedding was seen in children. At
this highest dose, 100% of adults and 40% of children
responded with a ≥ 4-fold increase of S. sonnei LPS-specific
IgA antibody in lymphocyte supernatant (ALS). At the same
dose, 63% of adults and 70% of children seroconverted with
IgA to LPS, while in the placebo groups, 33% of adults and
18% of children seroconverted. Interestingly, a similar
immune response to that observed in adults in this study
was seen in Israeli adult volunteers albeit following just one
oral dose of 2-log lower colony forming units. In view of the
lower rate and short time of vaccine shedding in Bangladeshi
adults and absence of shedding in children, the authors sug-
gest that in an endemic population, with prior exposure to
Shigella, robust colonization of oral live vaccines may not
occur or necessarily influence the elicitation of immune
responses. They also propose employing the ALS assay,
which would circumvent the difficulty in detecting significant
rises in serum antibody titers due to high pre-vaccination
levels.

Besides orally administered, live, rationally attenuated vac-
cine strains, a different approach relies on the development of
parenterally delivered subunit vaccines. This strategy is based
on the notion that specific bacterial surface polysaccharides
such as the O-antigen membrane lipopolysaccharide (LPS) are
the primary targets of the antibody response associated with
serotype-specific protection.

Seroepidemiological studies conducted in Israel among
soldiers serving under field conditions and highly exposed to

Shigella showed that pre-existent serum IgG antibodies to
S. sonnei or S. flexneri 2a LPS were strongly associated with
protection against homologous but not heterologous Shigella
infections.65,66 In view of these findings, other observations
and the successful experience with the development of the
pioneering H. influenza type b conjugate vaccine, injectable
glycoconjugates incorporating detoxified LPS from S. flexneri
2a or S. sonnei and S. dysenteriae type 1 (Shiga), linked to
carrier proteins, were developed at the National Institutes of
Health by John Robbins and Rachel Schneerson.67,68 These
vaccines induced high levels of serum IgG anti-homologous
LPS in phase-1 and -2 studies in healthy volunteers.69,70

Protective efficacy of a S. sonnei conjugate against S. sonnei
shigellosis was demonstrated in young adults (74%)71 and
children older than 3 years of age (71%)72 in field trials.
However, the S. sonnei conjugate was not immunogenic
enough and failed to protect against homologous shigellosis
in children under 3 years of age.72

Based on these promising results, several Shigella vaccine
candidates are now under development with the goal of
attaining good immunogenicity and protection in very
young children and particularly in those living in LMICs
where shigellosis is highly endemic and one of the leading
causes of diarrheal diseases deaths.

In their review, Barel and Mulard73 summarize the different
concepts and strategies toward a carbohydrate-based conjugate
vaccine against Shigella. They encompass the knowledge accu-
mulated on first generation of detoxified LPS based Shigella
glycoconjugates and lessons learnt from the performance of
these conjugates in preclinical and clinical studies. The compre-
hensive review also covers the development of the second gen-
eration of Shigella conjugates including the bioconjugates and
synthetic oligosaccharide protein conjugates.73

ETEC vaccines

Levine et al.74 provide an extensive review on the contribution
of volunteer challenge studies to the development of ETEC
vaccine candidates in a historical detailed perspective.
Although focused on the case of ETEC vaccines, this article
constitutes a paradigm of how the human experimental
approach, currently named Controlled Human Infection
Models, can support the development of other enteric
vaccines.

Pioneering volunteer challenge studies conducted at the
Center for Vaccine Development at University of Maryland
(CVD) established that an initial clinical ETEC infection with
an LT/ST strain confers ~79% protection against the occur-
rence of diarrhea upon subsequent exposure to the homolo-
gous ETEC strain. Studies conducted thereafter at CVD,
University of Texas Medical School and Johns Hopkins
University School of Public Health elucidated key aspects
and virulence factors in the pathogenesis of ETEC, the relative
importance of the heat-labile enterotoxin (LT) and heat-stable
enterotoxin (ST), and fimbriae/colonization factors as protec-
tive antigens, inactivation or attenuation strategies of ETEC
vaccine prototypes and delivery routes. The volunteer chal-
lenge studies provided the means by which a wide range of
immunological parameters at the mucosal site and in
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peripheral blood could be measured in relation to the protec-
tive efficacy of the candidate vaccines supporting the identi-
fication of potential correlates of protection.74

The Global Enteric Multicenter Study (GEMS)75 and the
multisite birth cohort study (MAL-ED)76 found that ETEC
strains producing ST, with or without LT, were strongly
associated with diarrhea among children under 5 years of
age in LMICs, while LT-only ETEC strains contribute only
marginally to diarrhea burden in these pediatric populations.
Research efforts are underway to develop standing alone
ETEC ST toxoid vaccines and to explore further ways to
include them in vaccine formulations to achieve a broad
protection against ETEC.

In their article, Zegeye and colleagues77 mentioned the
barriers that stand in the way of developing ETEC ST-toxoid
vaccines, the poor immunogenicity of ST, its toxicity and the
safety concerns related to potential for immunological cross-
reactivity with the human gastrointestinal peptides (guanylin
and uroguanylin). The authors review the recent efforts to
overcome these obstacles focusing on two strategies for mak-
ing ST immunogenic by coupling it to a protein carrier (either
by ST-protein carrier fusion or ST-carrier protein bioconjuga-
tion), and on abolishing toxicity and reducing the risk for
unwanted immunological cross-reaction by mutation.77 To
induce a good mucosal immune response in main target
populations in LMICs, the authors suggest co-administration
of the ST-toxoid with the dmLT adjuvant, which has the
ability to redirect parenterally administered vaccines to an
immune response in the gut as shown in a previous study.78

Zegeye and colleagues also emphasize the urgent need to
develop a human challenge model for ETEC that only express
STh toward the clinical development stages of this vaccine
prototype.77

Campylobacter vaccines

Campylobacter is a major cause of diarrheal diseases globally.
Campylobacter is a significant diarrheal pathogen in children
under 5 years of age in LMICs.75,79 It is also a leading cause of
foodborne enteric diseases in industrialized countries, some-
times more common than NTS80,81 and ranked second after
ETEC, as traveler’s diarrhea etiologic agent.82,83 There is
growing evidence on the involvement of Campylobacter jejuni
in chronic morbidity of neurological, hematological, and
rheumatological systems.84 The antimicrobial resistance of
C. jejuni is emerging having usually multiresistance to anti-
biotics acquired from animal reservoir level (e.g., poultry).

On the background of the global burden of campylobacter-
iosis, Poly and coauthors85 review the advances in the
research of the pathogenesis and virulence mechanisms of
Campylobacter as basis for vaccine development. They list
the reasons of the process hindering including the lack of
small animal models of disease, presence of lipooligosacchar-
ide ganglioside mimics that can induce autoimmune diseases
such as Gillian Bare Syndrome, the incomplete understanding
of C. jejuni virulence factors, and the lack of known immu-
nological correlates of protection. The authors review the
main vaccine candidates developed and tested in phase-I
studies in the last two decades with mostly disappointing

results, and point out the promising profile of a parenteral
capsular polysaccharide conjugate to be tested shortly in
a CHIM study.85

3. Correlates of protection

The identification of correlates of protection or immunologi-
cal parameters that can predict a reduced risk of homologous
disease are of paramount importance in the development,
licensure, and monitoring of vaccine effectiveness.

Adapting previous definitions for correlates of protection
Cohen et al.86 listed a set of conditions that a correlate of
protection against shigellosis should fulfill. A necessary, but
insufficient condition, is that natural Shigella infection trig-
gers an increase in the level of such immunological marker.
Another necessary condition is that this immunological mar-
ker is associated with protection against shigellosis caused by
the homologous Shigella serotype, under natural conditions of
exposure and by a Shigella candidate vaccine, either in field
efficacy trials or in human challenge studies, while demon-
strating functional capabilities.

The authors bring evidence accumulated over the last four
decades, which indicates that serum IgG antibody level to
Shigella LPS fulfills all these conditions and can be defined
as an immunological correlate of protection against shigello-
sis. Notably, there is a clear correlation between levels of
ELISA-detected IgG to Shigella LPS and bactericidal activity
pointing out that high levels of serum IgG can predict func-
tionabilty of these antibodies.86

In another article of this theme in the Special Issue, Booth
et al.87 used immunization with the oral live-attenuated Ty21a
vaccine as a model for a protective immune response against
typhoid involving CD4+ and CD8+T subsets against S. Typhi,
an invasive organism causing systemic infection. CD4+ and
CD8+T subsets are essential components of the adaptive
immune system, which act in concert. The authors examined
vaccines and non-vaccines undergoing routine colonoscopy.
They found important differences in responses between the
mucosal and systemic CD4+ and CD8+T subsets following
oral Ty21a immunization with good correlation of S. Typhi-
specific memory CD4+ and CD8+T responses in the human
terminal ileum mucosa, the favored invasion site of S. Typhi,
but not in the peripheral blood.87 It is believed that these
findings will contribute to better understanding of the
immune effector and memory responses responsible for pro-
tection against typhoid, which might influence future vaccine
design and development.

4. Vaccines in preclinical development

The Global Burden Disease study estimated that 87,000 of
diarrheal diseases deaths are caused by NTS.1 NTS causes
invasive disease and bacteremia in the elderly and in immu-
nocompromised patients,9,10,88 and hence the burden attribu-
ted to NTS is even higher. Over the past few decades, the
importance of NTS as a leading cause of invasive blood stream
disease has been recognized, especially in sub-Saharan Africa,
where the prevalence of HIV infection and malnutrition is
high.89 In the current issue, Balasubramanian et al.90 presented
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the global burden and epidemiology of invasive NTS infections.
Balasubramanian et al. provided a comprehensive review of the
estimated burden of invasive NTS disease in sub-Saharan
Africa, and main risk groups. They also presented gaps in
knowledge leading to under-recognition of the true burden of
invasive NTS disease in sub-Saharan Africa, as well as in Asia
and Latin America. The most prevalent S. enterica serovars,
Typhimurium, Enteritidis and Dublin as causes of invasive
NTS in sub-Saharan Africa are being targeted in vaccine devel-
opment. Balasubramanian et al. also provided insights regard-
ing antibiotic resistance of NTS.90

Vaccines against S. Typhimurium and S. Enteritidis that
cause the majority of invasive NTS disease are under devel-
opment, including live-attenuated and conjugate vaccines as
well as vaccines employing the Generalized Modules for
Membrane Antigens (GMMA) technology, which presents
surface polysaccharides and outer membrane proteins in
their native conformation, reviewed in.91–93 Little attention
was given to the development of a human vaccine for sero-
group C Salmonella, despite being a leading cause of salmo-
nellosis, for example, in the US.94 In this issue, two articles
described preclinical development of two vaccines to protect
against Salmonella C2–C3 infection using different strategies:
a live-attenuated vaccine strain of S. Newport95 and
a glycoconjugate of S. Newport Core-O polysaccharide
(COPS).96 Fuche et al.95 showed that the S. Newport-based
live-attenuated vaccine candidate CVD 1966 was achieved by
deletions of the genes guaBA and htrA. This vaccine elicited
strong antibody responses against several antigens when
administered intraperitoneally or orally to BALB/c mice and
showed 50% protection following lethal challenge with the
parental virulent strain of S. Newport.95

Schuster et al.96 used the approach of sub-unit vaccines.
They described the development of a candidate serogroup C2

–C3 glycoconjugate vaccine based on COPS and phase-1 fla-
gellin (FliC). S. Newport COPS and FliC were purified from
genetically engineered reagent strains, and conjugated at the
polysaccharide-reducing end to FliC protein. The new vaccine
candidate was immunogenic in mice and conferred protection
against lethal challenge with wild-type S. Newport strain.96

Collectively these articles described substantial progress
toward the development of NTS vaccines to be further tested
in humans.

5. Other interventions against enteric diseases

Cryptosporidium, a highly infectious protozoan that causes diar-
rhea in immunocompetent and immunocompromised
subjects,97,98 was shown to be a leading cause of childhood
diarrhea in LMICs.75,79 It was estimated that 57,000 deaths of
diarrheal diseases deaths are caused by Cryptosporidium.1

Cryptosporidium hominis was detected in 77.8% and C. parvum
in 9.9% among patients with moderate-to-severe diarrhea who
tested positive for Cryptosporidium in the GEMS.99 Currently
there is no licensed vaccine against Cryptosporidium.
Nitazoxanide is an FDA-approved drug for treating
Cryptosporidium disease in persons above 1 year of age; however,
its efficacy is limited in young children and immunocompro-
mised persons (reviewed in97), and therefore development of

Cryptosporidium vaccines and treatments should be highly
prioritized. In their comprehensive review presented in this
issue, Lee et al.100 described their successful experience in using
the gnotobiotic piglet model to study Cryptosporidium, which is
important since the piglet is susceptible to C. hominis and
C. parvum. Their review focused on the usefulness of the gno-
tobiotic piglet model of acute diarrhea for exploring the human
C. hominis species to assess the efficacy of therapeutic
candidates.100 The TU502 C. hominis strain, originally isolated
from an infant with diarrhea in Uganda, and the gnotobiotic
piglet model currently are the only available preclinical tools to
evaluate therapeutics targeting C. hominis. This unique model
can be very helpful in drug discovery and testing vaccine candi-
dates against cryptosporidiosis.100 Interestingly, the piglet model
was also used to study acute and chronicC. difficile illness101 and
the impact of systemic administration of C. difficile IgG anti-
toxin antibodies during infection with C. difficile.102 C. difficile
infection is a major health-care-associated challenge, usually
causing diarrhea following antibiotic use, especially among the
elderly and patients with multi-morbidity and complex health
conditions.103 In their review published in this issue, Eliakim-
Raz and Bishara104 reviewed the latest advances in treating and
preventing C. difficile infection. Currently, there is no licensed
vaccine against C. difficile. Treatment of C. difficile with metro-
nidazole and vancomycin may affect the intestinal microbiota
and recurrence of the infection. New treatments focus on limit-
ing the destruction of the intestinal microbiota or restoring the
microbiota to its pre-destructed state, including new drugs, fecal
microbiota transplantation, competitive inhibition with non-
toxigenic strains of C. difficile, and monoclonal antibodies
against C. difficile toxins.104
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