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Abstract

An immunological Correlate of Protection (CoP) is an immune response that is statistically
interrelated with protection. Identification of CoPs for enteric vaccines would help design

studies to improve vaccine performance of licensed vaccines in low income settings, and would
facilitate the testing of future vaccines in development that might be more affordable. CoPs are
lacking today for most existing and investigational enteric vaccines. In order to share the latest
information on CoPs for enteric vaccines and to discuss novel approaches to correlate mucosal
immune responses in humans with protection, the Foundation Mérieux organized an international
conference of experts where potential CoPs for vaccines were examined using case-studies for
both bacterial and viral enteric pathogens.

Experts on the panel concluded that to date, all established enteric vaccine CoPs, such as those

for hepatitis A, Vi typhoid and poliovirus vaccines, are based on serological immune responses
even though these may poorly reflect the relevant gut immune responses or predict protective
efficacy. Known CoPs for cholera, norovirus and rotavirus could be considered as acceptable for
comparisons of similarly composed vaccines while more work is still needed to establish CoPs for
the remaining enteric pathogens and their candidate vaccines.

Novel approaches to correlate human mucosal immune responses with protection include the
investigation of gut-originating antibody-secreting cells (ASCs), B memory cells and follicular
helper T cells from samples of peripheral blood during their recirculation.
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1. Introduction

An immunological Correlate of Protection (CoP) is an immune response that is statistically
interrelated with protection and may be either a mechanistic CoP (mCoP) or a non-
mechanistic CoP (nCoP) [1]. There may be more than one CoP for a disease, which are
usually referred to as «co-correlates» [2]. Most currently known CoPs relate to neutralizing
serum or mucosal antibody, but other functions of antibody may be more important in
particular cases. In addition, cellular immune responses often synergize with antibody to
protect.

Vaccines are licensed against some enteric pathogens and several candidate vaccines against
other pathogens are in development or testing. For most both existing and not yet licensed
enteric vaccines, established CoPs are lacking today. To examine correlates of enteric
vaccine-induced protection, the Fondation Mérieux organized a conference from March
21-23 2016 (“Les Pensiéres” Conference Centre, Annecy-France). The purposes of this
workshop that gathered immunologists, epidemiologists, statisticians, infectious disease and
regulatory experts were to provide state of the art information on CoPs for enteric vaccines
and to discuss novel approaches to correlate mucosal immune response with protection in
humans.

Key note introductory lectures by Stanly Plotkin (University of Pennsylvania, USA) and
Jan Holmgren (University of Gothenburg, Sweden) set the scene for the conference by
summarizing current knowledge on “CoPs induced by vaccines with special reference

to enteric vaccines” and “The links between mucosal and systemic immunity: what is
known and what is not known”. Enteric pathogens differ in the way they cause infection
and disease, especially whether they are invasive or not and to which extent they cause
mucosal inflammation. This influences what type of immune responses they elicit, how
vaccination by different routes may protect, and what immune CoPs there may be. Second
generation enteric vaccines that could be cheaper, more protective and possibly need only
a single dose are under development. Evaluation of these new generations of vaccines
which might be preferred to the existing vaccines may encounter ethical objections to
future placebo-controlled efficacy trials in endemic populations. Identification of a CoP
could facilitate a non-inferiority study to support licensure. It would also help design lower
sample size studies to better understand the sometimes large variation in vaccine efficacy
in different settings and the effect of interventions to improve vaccine performance in low
income settings. The finding of a CoP would also facilitate the testing and licensure of
future vaccines that might then be faster, more affordable and could help increase the
global vaccine supply especially in developing countries. Some of these aspects were also
addressed by Nicholas Grassly (Imperial College of London, the UK) who discussed how
experiences from use of CoPs in polio vaccination might apply to other enteric vaccines.
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The prioritization of enteric vaccine candidates requires a better understanding of the
incidence, etiology, and adverse clinical consequences of the most life-threatening and
disabling episodes of diarrhea among young children. Karen Kotloff (University of
Maryland, USA) reviewed the main findings of the Global Enteric Multicenter study
(GEMS), a prospective, age-stratified, matched case/control study of moderate-to-severe
diarrhea (MSD) in children aged 0-59 months in Africa and Asia [3]. This study found

that most attributable cases of MSD were due to five pathogens: rotavirus, Cryptosporidium,
Shigella, heat-stable enterotoxin (ST)-producing Enterotoxigenic Escherichia coli (ETEC),
and to a lesser extent Adenovirus 40/41. Campylobacter jejuni, Aeromonas and Vibrio
cholerae O1 had regional importance (and it should be noted that especially V/ cholerae
continues to be an important pathogen responsible for many deaths in children above age

5 years and adults). Reanalysis of original samples by quantitative molecular diagnostic
approach based on real-time PCR, led to revised estimates of the most important causes

of MSD which were now in descending order, Shigella spp, rotavirus, adenovirus 40/41, ST-
producing ETEC, Cryptosporidium spp, and Campylobacter spp [4]. These results suggest
that targeted interventions for a limited number of pathogens, e.g. in the form of vaccines,
might have a substantial impact.

2. Case studies of correlates of protection

Established and/or possible new CoPs for a number of existing or in-pipeline vaccines
against important enteric infections/-pathogens were specifically addressed.

2.1. Bacterial pathogens

2.1.1. Cholera—The causative agent of cholera, V/ cholerae, is a non-invasive pathogen
causing severe and often life-threatening diarrhea through the action on the small intestinal
epithelium of the cholera enterotoxin released by the bacteria during their extensive
multiplication in the intestine [5,6]. Of >200 V/ cholerae serogroups, serogroup O1 (with
two major serotypes, Inaba and Ogawa) currently causes >99% of all cholera cases globally.

Knowledge gained by challenged volunteer model studies regarding immune protection in
cholera and immune response to oral cholera vaccines (OCVs) were reviewed by Myron
Levine (University of Maryland, USA). Such studies were successful in predicting the
substantial protection afforded by killed whole cell OCVs in phase 3 clinical trials [8,9]
suggesting that this challenge model could serve as surrogate for field evaluation. However,
the protective efficacy induced by a single-dose live, attenuated OCV (CVD-103HgR)
observed in human challenge studies [10-12] was not reproduced in a placebo-controlled
large field trial [13]. This discrepancy may reflect differences in microbiota and preexisting
immune exposure between cholera endemic and non-endemic populations, both factors
being likely to have a greater impact on the immunogenicity of a live as compared to a killed
OCV. Further work, ideally also evaluating the model in a cholera endemic setting, is needed
before the challenged human volunteer model can be used as a reliable surrogate for field
evaluation of OCVs.

Serological studies have shown an inverse relationship between naturally acquired serum
vibriocidal antibody titer and susceptibility to cholera infection [14,15]. In human challenge
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studies, almost 100% of challenged volunteers who developed clinical illness mounted
strong serum vibriocidal antibody responses which were largely IgM. The titers peaked
very early and fell towards baseline between one and 6 months post-challenge but
remained above pre-challenge levels [16]. The usefulness of serum vibriocidal antibody
seroconversion as a CoP has been recently investigated in a human cholera challenge
model that showed strong correlation between serum vibriocidal antibody seroconversion
and protection against severe and mild cholera in vaccinees challenged at 10 days or 3
months post-vaccination [10]. However, as mentioned the protective effect of a single dose
of live oral cholera vaccine (CVD-103 HgR) observed in human challenge studies [10-12]
was not confirmed in a placebo-controlled field efficacy trial [13]. Hence, the utility of
serum vibriocidal antibody as a proxy in assessing the protective efficacy of cholera vaccines
is not demonstrated at a trial aggregate level and may need separate evaluation in cholera
endemic settings.

John Clemens (International Centre for Diarrheal Disease Research, Bangladesh) discussed
CoPs based on knowledge of the immune response induced by cholera vaccines and

he also suggested novel types of studies for licensure of new OCVs. Parenteral cholera
whole cell vaccines were developed soon after the isolation of the pathogen but were
withdrawn in the 1970s due to their reactogenicity and limited and transient protection.

Oral ingestion of antigens has been found to be the most effective method of eliciting
mucosal immunity and immune protection. The latter is mediated by mucosal secretory IgA
(SIgA) antibodies produced locally in the intestine that are primarily directed against the cell
wall lipopolysaccharide (LPS) and/or the binding (B subunit) part of cholera toxin (for a
recent review see [6]). In accordance with this, the incidence of cholera in breast-fed infants
and children in Bangladesh was inversely correlated to the levels of SIgA anti-LPS and
anti-cholera toxin B subunit antibodies (both independently and when they were combined
synergistically) in their mothers’ breast-milk [7]. Since intestinal SIgA levels induced by
OCVs vane within the first year after cholera infection or OCV immunization but significant
protection lasts for several years, the development of immunologic memory that can be
activated into renewed protective SIgA production upon exposure to cholera pathogen is
pivotal; consistent with this Swedish volunteers who received initial immunization with

two doses of OCV displayed a strong anamnestic SIgA response when exposed to a single
low-dose booster immunization as late as >10 years after the initial immunizations [17].
Currently, three WHO-prequalified OCVs are available, all of which are based on killed V/
cholerae O1 Inaba and Ogawa cholera bacteria and one of which in addition contains cholera
toxin B subunit [7].

For licensure of second-generation killed OCVs a potential attractive alternative to large and
expensive (and, given the proven efficacy of similar licensed OCVs, arguably unethical)
placebo-controlled field efficacy trials might include randomized non-inferiority trials

to compare serum vibriocidal antibody response and safety of new candidates against

the existing WHO prequalified vaccines followed by large-scale, non-placebo controlled
demonstration projects in targeted settings assessing protective effectiveness. These
demonstration projects will also provide opportunities for identification and evaluation of
improved immune CoP(s) for use in evaluating future cholera vaccines.
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2.1.2. Typhoid—Salmonella enterica serovar Typhi (S. Typhi) causes significant
morbidity and mortality, particularly in developing countries. Currently available vaccines,
the oral live-attenuated Ty21a and the Typhoid Vi Polysaccharide vaccines, have moderate
efficacy. A new conjugate typhoid vaccine (based on tetanus toxoid (Typbar TCV) is
licensed and widely used in India. Other conjugate vaccines are under development.

Information on the relative importance of mucosal and humoral immunity to S. 7yphi

based on the results of challenge studies in humans was provided by Marcelo Sztein
(University of Maryland, USA). Immunity to S. 7yph/is associated with a complex immune
response comprising in addition to serum and intestinal-mucosal antibodies, mucosal and
systemic memory B cells and cell-mediated immunity components. However, their relative
contribution in inducing protection is unknown. Antibodies to S. 7yp#hi antigens are likely

to play an important role in defense against extracellular typhoid bacilli. However, as S.
Typhi also persists intracellularly in macrophages and other cells, the cell mediated immune
response is expected to be essential for eliminating S. 7yphi from the infected cells. Analysis
of lymphocytes from volunteers immunized orally with Ty21a vaccine or attenuated typhoid
vaccine candidates demonstrated the induction of S. 7Typhi-specific CD4+ and CD8+ effector
T cells, particularly T effector/memory (TEM) cells, which persist for extended periods of
time and have the potential to home both to the gut and peripheral lymphoid tissues [18].
The importance of these immune responses was investigated in several human oral challenge
studies with S. 7yphi wild-type by comparing volunteers who developed typhoid fever and
those who did not. These studies found a direct association between the baseline levels

of multifunctional S. 7Typhi-specific CD8+ T cells and protection against typhoid disease
and delayed disease onset [19]. Moreover, following challenge, development of typhoid
fever was accompanied by decreases in circulating S. 7yphi-specific CD8+ TEM cells with
gut and peripheral lymphoid tissue homing potential and upregulation of S. 7yphi-specific
regulatory T (Treg) cells [20]. These results suggest that the tissue distribution of activated
Treg cells, their characteristics and activation status may play a pivotal role in typhoid

fever, possibly through suppression of S. 7yphi-specific effector T cell responses. Challenge
studies have helped to elucidate the immune events, but CoP is likely multi-factorial. In line
with what was mentioned for cholera, in the absence of a clear CoP, non-inferiority trials
could be a basis for the evaluation of second generation typhoid vaccines.

2.1.3. Shigella—There is no vaccine for Shigellosis, which is an important public health
problem in developing countries particularly in over-crowded urban or peri-urban areas
[3,21,22].

The immune response and the usefulness as CoPs of different serological or other immune
parameters following exposure to natural infection and candidate vaccines were evaluated by
Daniel Cohen (Tel Aviv University, Israel). Serum IgG, IgA, and IgM antibodies, intestinal
SIgA antibodies, urinary SIgA antibodies, antibody secreting cells (ASCs), B memory cells
and T cell responses are the major components of the immune response to Shigella LPS
antigens following natural infection and could be considered as potential CoPs for Shigella.
Sero-epidemiological and vaccine efficacy studies of Shigella LPS/polysaccharide-carrier
protein conjugate vaccines have shown that high levels of serum IgG antibodies to Shigella
LPS correlated with protection against shigellosis caused by the homologous serogroup
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[23-26]. The magnitude of 1gG response following vaccination was significantly higher
than what is observed after natural infection. The association between serum IgG antibody
to S. sonner LPS and protection was also confirmed in double-blinded vaccine-controlled
randomized efficacy trials in young adults and children 3—4 years old [27,28]. Furthermore,
significant correlations between the IgA B memory cell response and IgA as well as 19G
serum responses to homologous LPS were found in children with S. sonneiand S. flexneri
2a shigellosis [29]. These findings suggest that in addition to serum IgG antibodies to
Shigella LPS that emerged as a CoP with mechanistic capabilities, the B memory cell
response may be another CoP candidate.

2.1.4. Enterotoxigenic Escherichia coli—Enterotoxigenic £scherichia coli (ETEC)
is among the top 3 pathogens causing diarrhea-associated deaths in children <5 years

old and is also the most common cause of travelers’ diarrhea. ETEC immune responses
induced following infection as well as findings from vaccine studies were reviewed by Ann-
Mari Svennerholm (University of Gothenburg, Sweden) and Firdusi Quadri (International
Centre for Diarrheal Disease Research, Bangladesh). The main virulence factors of human
ETEC are the heat-labile enterotoxin (LT), the heat-stable enterotoxin ST (STh and also
STp) and different colonization factors (CFs). Oral immunization with the Dukoral cholera
vaccine containing cholera toxin B subunit, which immunologically cross-reacts with LT,
has provided significant but short duration of protection against ETEC diarrhea caused by
LT producing strains, both in endemic population and in travelers [30,31]. There is also
evidence of CF-specific immune protection both in animal models and in humans after
natural infection. Thus, in a birth cohort study of 321 children in Bangladesh followed
during their first 2 years of life, those with symptomatic or asymptomatic infections by
CFA/I, CS1 plus CS3, CS2 plus CS3, or CS5 plus CS6 strains, were found be protected
against a repeat episode of ETEC diarrhea or infection by the homologous CF type [32].

In Bangladeshi adults, clinical ETEC infection induced LT and CF specific memory B cell
responses with a peak at day 7 (compared to days 2 and 30) after onset of the illness
[33,34]. These patients also developed IgA and 1gG antibodies to LTB and CFs at day

7 that remained significantly elevated at day 30 and were of higher avidity than that of
corresponding antibodies at the acute stage of infection, i.e. day 2 [33,34]. There was a
significant positive correlation between LTB and CF specific memory B cell responses and
the increase in avidity of the corresponding antibodies. Increased levels of gut homing total
and antigen-specific IgA and IgG antibody-secreting cells (ASCs) were observed at day 7
after onset of ETEC diarrhea. Thus, natural infection with ETEC induces ASCs, memory
B cells and high avidity antibodies to LTB and CF antigens. On re-exposure to ETEC with
a shared antigen, the infection-induced memory can elicit a rapid anamnestic response.
Assessment of functional immunologic memory or specific memory cells may therefore
alongside with (appropriately time-collected) intestine-derived IgA ASCs be important as
potential CoPs in the design and evaluation of candidate ETEC vaccines.

Efforts to develop an effective ETEC vaccine have been focused on candidate vaccines
containing CF and LT antigens and administered orally to induce good intestinal immune
responses. The most promising human ETEC candidate vaccines are oral inactivated or live
E. colistrains expressing the most prevalent ETEC CF antigens, i.e. CFA/I, CS3, CS5 and
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CS6, together with LTB antigen. Such vaccines may have the potential to protect against

up to 80% of all clinical ETEC infections [35]. Possible CoPs might be identified through
studies of the relations between vaccine-induced antibody levels in serum and/or mucosal
specimens against LT/LTB and/or CF antigens, antigen-specific ASCs in peripheral blood
samples, or B and T memory cells and protection [36]; such correlation studies may be

done both in vaccine trials in endemic populations and in travelers, and in the challenged
volunteer model. Induction of anti-CFA/I IgG titers at or above a certain level was associated
with significantly reduced incidence of ETEC diarrhea in Egyptian children [37], suggesting
that in endemic settings serological anti-CF antibody responses should also be evaluated as a
possible CoP for homologous CF ETEC diarrhea.

2.1.5. Campylobacter—Campylobacter species, mainly C. jejuni, are among the most
common causes of bacterial food and water-borne gastroenteritis in children and adults
especially in the developing world [38,39]. In addition to the acute disease, infection by
Campylobacter may lead to long-term post-infection nutritional consequences and other
sequelae such as reactive arthritis and Guillain-Barre’s syndrome. Patients with AIDS have
almost 40-fold increased rate of Campylobacterinfection [40].

Epidemiologic studies of children, human challenge models and early phase 1 vaccine

trials that allowed a better understanding of Campy/lobacter CoPs were revised by Beth

D. Kirkpatrick (University of Vermont, USA). Evidence for acquired immunity has been
obtained from early epidemiological observational studies in developing countries that
reported seroconversion in young children due to endemic exposure and documented a
correlation between the level of Campylobacter-specific antibodies and protection [41]. The
presence of more severe and protracted disease in individuals with hypogammaglobulinemia
suggests the role of 1gG in protective immunity. Human challenge studies using C. jejuni
CG8421 strain showed that immune responses after primary infection included serum

IgA, 1gG, ASC, and IFN-vy production [42-44]. In these studies, IgA and IFN-y levels
were associated with resistance to clinical disease, suggesting that they might be used as
CoPs against Campylobacter infection. Re-challenged subjects showed 100% homologous
protection at 4-6 weeks which decreased to 43% in 12 weeks in one study [43] while a
complete absence of protection was reported by another study [42], indicating that immune-
mediated protection from disease may be short-lived and strain-specific.

Currently, vaccine development is hampered by an incomplete understanding of
pathogenesis and development of immunity. In the absence of an appropriate animal model,
CoPs could be assessed by developing an effective vaccine and determining correlates of
vaccine-induced efficacy or by investigation of mechanisms of immune protection from
natural disease. The first approach cannot work currently because different vaccines in the
pipeline have not been usefully immunogenic. Human challenge models and early phase

1 vaccine trials have clarified the gaps in knowledge (the “known unknowns”) needed for
vaccine development and evaluation of protective immunity. The pending questions are how
to design a vaccine to extend the duration of clinical protection and if an empiric vaccine
(and a CoP) can be developed in the absence of a better understanding of the development of
protective immunity.
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2.2. Viral pathogens

2.2.1. Rotavirus—Two orally administrated live-attenuated rotavirus vaccines licensed
in 2006 showed good efficacy against severe rotavirus disease in large clinical trials [45,46].
Umesh D. Parashar (Centre for Disease Control, USA), Gagandeep Kang (Christian Medical
College, India) and Manuel Antonio Franco (Pontificia Universidad Javeriana, Colombia)
discussed the immune response and protection against rotavirus, and lessons learned from
rotavirus vaccine studies and birth cohort studies, respectively. Following rotavirus vaccine
implementation, large decreases in childhood diarrhea-related hospitalization and death
were reported in different countries [47,48]. Vaccine efficacy ranges from 84% to 98%

in high income countries [49,50] to 50% or below in low income settings [51-53] but

even at modest efficacy the benefits of vaccination for reducing childhood diarrhea-related
hospitalization rates remain high [54].

Serum antibodies play an important role in natural protection from rotavirus infection

and disease and could be a potential CoP candidate. Total serum rotavirus IgA (RV-IgA)
reflects the duodenal RV-I1gA levels four months after natural infection and correlates with
protection. In a birth cohort of Mexican children, those with an IgA titer higher than

1:800 had significantly lower risk of both rotavirus infection and disease [55]. An IgG titer
higher than 1:6400 was associated with 49% reduction against any rotavirus infection [55].
Similarly, higher levels of 1gG and IgA were independently associated with reduced risk

of rotavirus infection after adjustment for age as well as the number of rotavirus infections

in a birth cohort study in \Vellore, India [56]. Total serum RV-IgA has also been correlated
with protection [57] and vaccine efficacy in different vaccine settings [58]. However, IgA
seems to be a non-mechanistic CoP as vaccinees without RV-IgA also have significantly

less rotavirus gastroenteritis than placebo recipients [59], suggesting that factors other than
serum RV-IgA play a role in protection. The presence of RV-IgA is “reasonably likely to
predict clinical benefit” classifying it as a level 3 endpoint surrogate of protection [59].
Validating RV-IgA as a level 2 endpoint surrogate marker (i.e. validated surrogate for a
specific disease setting and class of interventions) for clinical evaluation will be of great help
in regulatory approval of the next generation of RV vaccines. Serum RV-Secretory Ig (SIgA
and SIgM retro-transcytosed from intestine to serum) may be complementary to RV-IgA as a
CoP in vaccine trials [59].

2.2.2. Hepatitis A—Hepatitis A virus (HAV) is the cause of the most common form of
self-limited, acute viral hepatitis infection. One of the major target populations for HAV

is children who are usually asymptomatic. Pre- or post-exposure immunization by several
licensed vaccines available throughout the world appears to be very effective in prevention
of disease and spread of the infection [60].

Mechanisms of protective immunity to HAV were reviewed by Stephen Feinstone (George
Washington University School of Medicine, USA). HAV cellular receptor 1 (HAVCR1), also
known as T-cell immunoglobulin and mucin domain 1 (TIM-1), is expressed in liver, kidney,
lung, T helper 2, and NKT cells and is important in immune regulation.

Structural phylogenetic analysis revealed that HAV diverged from picornavirus [61].
However, during acute infection, this non-enveloped virus circulates in the blood in a
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membrane enveloped form (eHAV) by high-jacking cellular membrane, thereby evading
neutralizing antibodies and facilitating its spread within infected hosts [62]. At the same
time, virus shed from the host into feces lacks the envelope, increasing opportunities for
inter-host transmission [63]. Bile salts presumably strip the envelope from the stool excreted
HAV [63]. The detection of CD8+ T cells in patients with acute hepatitis A provided an
early conceptual framework for both acute liver injury and immune control of HAV, but
more recent work suggests that cytotoxic CD8+ T cell activity is variable in hepatitis A and
that CD4+ effector T cells and possibly also CD4+ Treg cells and their released cytokines
may be more important determinants of both pathogenesis and infection control [64].

A very robust IgM response is seen early after infection, suggesting that antibody response
can be considered as a CoP. Follow-up studies in vaccinees have provided evidence of
antibody persistence up to 20 years after the initial vaccination in 97% of subjects [65].

2.2.3. Norovirus—Noroviruses (NoV) belonging to Caliciviridae family are divided into
6 genogroups GI-GVI1 [66]. Viruses in genogroup Il and in particular GI14 NoV strains are
a leading cause of epidemic and sporadic outbreaks of gastroenteritis worldwide [67], and
the most important cause of foodborne illness [68]. NoV have become the leading cause

of acute gastroenteritis in US young children after the introduction of rotavirus vaccination
[69]. Expression of the major capsid protein i.e. VP1 lead to spontaneous formation of
virus-like particles (VLP) that serves as the basis of vaccines being developed.

Robert Atmar (Baylor College of Medicine, USA) and Lisa Lindesmith (University of
North Carolina, USA) provided a summary of data on immune responses to NoV in human
experiment human infection challenge studies and clinical trials using VLPs as vaccines.
Human challenge studies back to 1977 found that immunity to NoV was not due to previous
exposure, suggesting that genetic factors may determine susceptibility or resistance to NoV
[70]. Higher pre-infection serum ELISA antibody titers were associated with lower rate of
infection in Panamanian children [71] while other studies failed to demonstrate a correlation
between serum antibody levels and protection from NoV disease [72-74]. However, recent
studies reported a correlation between titers of serum antibody that blocks binding of NoV
VLPs to histo-blood group antigens (HBGA) and protection against clinical NoV induced
gastroenteritis, suggesting that such antibodies could be considered as a CoP [72,73]. Gll4
strain has a broad HGBA binding profile compared to non Gl14 strains [75]. Pre-challenge
levels of NoV-specific salivary IgA antibody and circulating NoV-specific IgG memory

B cells were also recently identified as potential new CoPs against NoV gastroenteritis

[76]. Notably, 2 of the potential CoPs, i.e. HBGA blocking antibody and NoV-specific
salivary IgA have been shown to be correlated [76]. The identification of several CoPs raise
the question on the relative importance of each of them, and whether they work together

or are all of them surrogates of protection. Understanding the relative importance of the
different CoPs is essential to inform decisions on vaccine strategies, including the route of
immunization and the use of specific adjuvants.

Absence of validated small animal models, unclear effect of host genetics and pre-exposure
history, and strain diversity (>40 genotypes infect humans) are major challenges to
successful vaccine design. But the primary obstacle to the development of an efficacious
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NoV vaccine may be to design a vaccine that elicits an immune response broad enough

to accommodate G114 antigenic drift. This can be overcome by the use of a multivalent
VLP vaccine engineered to contain neutralizing antibody-inducing epitopes from multiple
Gl14 strains. Volunteers vaccinated simultaneously with GI1 and GI14 VVLPs generated
broad cross-genotype blockade antibody responses, a surrogate measurement for protective
immunity [75]. Importantly, breadth of “blockade antibody” response extended to novel
G114 VLPs that had not circulated prior to sample collection, indicating that vaccination
may provide protection from emergent strains and suggesting that immunization primarily
activated a memory antibody response to multiple G114 strains [75]. Finally, few studies
have been conducted in children [77-79] and it remains to be determined whether the
immune markers found in adults also correlate with protection in this age group.

3. Novel approaches to correlate mucosal immune responses with

protection in humans

Mucosal antibody and cellular immune responses such as antigen-specific ASCs and T cells
that are currently under investigation for their use as potential CoPs and novel approaches
to study these responses were discussed during the meeting and are summarized in the
following section.

3.1. Mucosally derived antibody-secreting B cells

The mucosal immune system exhibits a fair degree of anatomical compartmentalization [80].
As such, immunity induced or expressed in a given tissue may not be reflected in distant
mucosal tissues and secretions. This compartmentalization calls for tissue-targeted vaccine
formulations and for reliable techniques to measure corresponding immune responses.

Following active immunization, naive B as well as T lymphocytes are activated at local
priming sites, whereupon the cells circulate to local lymph nodes and further, via lymphatic
and blood, back to the mucosa [80]. After oral immunization, with particular attention

to optimal timing, such circulating B cells/plasmablasts recently activated in the intestine
can be captured from the peripheral blood and identified as ASCs. ASCs are found

in the circulation following either systemic or mucosal infection and after vaccination
regardless of the route of administration. The characteristics of a mucosa-derived ASC
response and challenges in exploring ASCs in vaccination studies were evaluated by Cecil
Czerkinsky (University of Nice-Sophia Antipolis, France) and Anu Kantele (University
of Helsinki, Finland). Capturing mucosa-originating ASCs during their transit in blood

- the most accessible lymphoid compartment in humans — may offer an opportunity to
evaluate mucosal antibody responses to vaccines. The challenges in using blood ASCs or
other mucosal immune cells as surrogate of tissue-specific protection in relation to enteric
infections include: (i) their validation in human challenge studies or field-based vaccine
trials (rotavirus, cholera, ETEC, Shigella, typhoid vaccines); (ii) pheno-typic definition
and homing properties of mucosal "memory” B cells; (iii) the same for various mucosal
effector T cells such as Thl, Th17, CTL, NKT, and Treg cells; and (iv) identification of
mucosal innate immune markers. Furthermore, due to the transient nature of the response,
the kinetics of the different immune parameters needs investigation.
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The value of ASCs as a potential non-mechanistic CoP in blood was reported following oral
and inactivated poliovirus (OPV and IPV) recall vaccination in previously OPV-immunized
individuals. Results showed stimulation of gut memory B cell response by boost either with
IPV or with OPV that correlated with protection from subsequent challenge (with OPV)
[81].

Applying the oral S. Typhi Ty21a typhoid vaccine as a model, ASCs appeared in the

blood a few days after antigen encounter, peaked around day 7, and then declined within

the following week, the magnitude depending on the dose, type of antigen and vaccine
formulation [82,83]. A stronger response was achieved after booster but only if the booster
dose was not administrated too early [84]. Persisting antigen exposure prolonged the
response, IgA- or IgM-ASCs representing the dominating Ig isotypes, followed by 1gG-
ASCs [85]. One should note that the ASC response after intestinal antigen encounter is

not equal to or even correlating with serum antibodies. ASCs showed a distinct homing
profile determined by the site of antigen encounter and oral boosting was more efficient
than parenteral boosting in up-regulating the gut-homing receptors [86]. The site of S. Typhi
Ty21a typhoid vaccine elicited cross-reactivity against S. paratyphi A and B [87] and some
non-typhoid salmonella strains (i.e. S. enteritidisand S. typhimurium) [85]. The Vi capsular
polysaccharide vaccine has also been shown to elicit cross-reactivity to S. paratyphi C and
non-typhoid salmonella strains [87,88], probably due to the persistence of minor amounts of
contaminating LPS (O-Antigen) in the Vi vaccine.

3.2. Thl, Th17 and T follicular helper cell responses to oral vaccination

T helper (Th) cells can play important roles in the generation of mucosal IgA responses.
Thus, T follicular helper (Tfh) cells provide essential support for antibody affinity
maturation and generation of memory B cells in germinal centers and Th17 cells may
promote production and secretion of mucosal SIgA. To advance the knowledge about how
mucosal antibody responses to oral vaccines are generated, and to identify biomarkers
related to mucosal immunological memory, peripheral blood Th cell responses to an oral
multivalent ETEC vaccine, ETVAX comprising inactivated CF-expressing £. coliand a
hybrid LT/CT B subunit, have been investigated in adult volunteers. The results, as presented
by Anna Lundgren (University of Gothenburg, Sweden), showed that the multivalent ETEC
vaccine was highly immunogenic and induced ASC and fecal antibody responses to all 4 CF
antigens as well as the B subunit in the vaccine [36,89]. The vaccine also induced a potent

T cell response (with production of INF-T and IL-17A) to LT B subunit [89], and when a
double-mutant heat-labile toxin (dmLT) mucosal adjuvant was co-administered this further
enhanced T cell INF-T and IL-17A responses [90].

Notably, vaccination also resulted in increased proportions of activated Tfh-like (CD4 +
CXCR5+) cells expressing the gut homing marker B7-integrin in peripheral blood. Tfh
cells, but not Tfh-depleted peripheral blood cells, promoted total and vaccine specific IgA
production from co-cultured B cells /n vitro. Importantly, magnitudes of Tfh responses
after primary vaccination correlated significantly with vaccine specific IgA ASC memory
responses to a single oral booster dose given 1-2 years after the primary two-dose
immunization. The gut homing phenotype of activated blood Tth cells and the correlation
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with vaccine specific antibody-in-lym phocyte-supernatant (ALS) responses suggest that
blood Tth cells may reflect ongoing mucosal germinal center responses and that Tth
responses in blood may be used as a surrogate for mucosal memory B cell development and
possibly as a CoP (Unpublished data, Anna Lundgren, University of Gothenburg, Sweden).

4. Discussion and conclusions

The expert group stressed that identification and validation of accurate CoPs are needed in
order to (i) enable correct choice of vaccine antigens; (ii) ascertain consistency of potency;
(iii) monitor consistency of vaccine production; (iv) study the susceptibilities of individuals
and populations after vaccination; (v) validate vaccines for which placebo-controlled
efficacy trials are no more ethical, as when a prior generation vaccine is already licensed
(e.g. rotavirus vaccines); (vi) bridge from first-generation vaccine to second generation; and
(vii) enable the licensure of combination vaccines.

They emphasized the fact that to date, all established CoPs are based on humoral immune
response parameters that measure functional or total 1gG antibody in serum. Examples of
well-established CoPs for vaccines discussed during the meeting include those for hepatitis
A, Vi typhoid and poliovirus. Known CoPs for cholera, norovirus and rotavirus vaccines
could be considered as acceptable for comparing similar types of vaccine while more work
is still needed to establish CoPs for the remaining candidate enteric vaccines.

Rotavirus vaccination arguably provides the most complex and controversial puzzle with
respect to definition of CoP in current vaccinology. Neutralizing antibodies, non-neutralizing
antibodies, secretory antibodies, and cellular immune responses have all been proposed as
CoPs, and indeed, it may be that all of these play a role, depending on the situation [91].

For cholera, serum vibriocidal antibodies are traditionally used as a marker of appropriate
immune stimulation by cholera vaccines although it should be kept in mind that these
antibodies neither represent a surrogate nor a CoP [92]. Standardization, harmonization
and validation of vibriocidal measurement methods and development of reference and
standardized reagents would increase the usefulness of this potential CoP and would enable
to compare candidates.

The case of ETEC is very complex because similar to what was discussed for cholera, serum
antibody responses may at best confirm vaccine take and reflect the protective intestinal-
mucosal SIgA antibody responses. The ALS assay measuring antibodies in super-natants
from cultured peripheral blood lymphocytes is better reflective and more sensitive than
serum titers to CF antigens but is laborious and difficult to do in large scale vaccine trials
and in infants. Measuring SIgA antibodies in fecal extracts has shown promise also in young
children and infants in ongoing ETEC vaccine studies in Bangladesh.

Several types of Shigellavaccines, i.e. oral live attenuated, oral killed and injectable
conjugate vaccines, are under development [64]. As the induced immune mechanism will
depend on the vaccine type, identification of CoPs will depend on correlation with efficacy
for each type of vaccine.
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Campylobactervaccines are even more complicated and have shown conflicting findings
both with regard to immune response and efficacy [42,43]. Furthermore, the association
of Campylobacter infection with Guillain-Barre’s syndrome limits the ability to carry out
challenge studies with a variety of strains.

As illustrated by different case studies in this paper, only a few vaccine-induced CoPs are
currently available. The reasons for the paucity of established CoPs are multiple. First,
immune protection is usually complex, often not well understood, and influenced by many
factors such as age and previous exposure, nature of the vaccine (e.g. live or killed; subunit
or whole organism), time to exposure (dependence on acute response or memory), and
nutritional status. Second, there is a general lack of good animal models and the challenged
volunteer method is underused and only available in a few places. Finally, immunological
methods are rarely functional. Mucosal immunity is even more complex and less understood
than systemic immunity because it is more tightly regulated in both magnitude and kinetics
and more difficult to measure.

Since the mid-80s, much effort has focused on capturing gut-derived antigen-specific
immune cells from peripheral blood, and then enumerating ASCs (mainly IgA) or cytokine-
secreting T cells by ELISPOT or measuring antibodies or cytokines in ALS fluid by ELISA.
Recent method miniaturizations now allow automatized analyses from “pediatric” blood
volumes. The ASC or ALS antibody response is a reflection of the immune response to

an infection or vaccination that has occurred recently and is useful in optimizing responses
and searching for cross-reactivity. Thus, investigation of gut-originating ASCs from samples
of peripheral blood during their recirculation could serve as a valuable and a less invasive
(compared to tissue biopsy) measure for studying mucosal immune response in humans. In
addition, even though the acute ASC responses after enteric infection or oral vaccination

are transient and absent after a few weeks, mucosal immunologic memory seems to be

very long-lasting; e.g. a strong anamnestic ASC response to an oral cholera vaccine

recall immunization was seen in Swedish volunteers as late as 9-14 years after primary
vaccination [17]. At the cohort level IgA ASCs have largely correlated with intestinal
immune responses to different oral vaccines and regimens, but correlation of individual ASC
numbers with individual protection remains to be demonstrated. ASC responses may also be
used to develop a new generation of diagnostic tools, for example by testing ALS samples to
multiple antigens in microspot assays to detect recent infections.

The measurement of shedding of live vaccines could also be considered as a CoP and should
be more investigated. In addition to its potential use as a CoP at individual level, shedding
level is also probably an important mechanism by which herd immunity occurs.

In conclusion, CoPs are a subject of continued interest for both theoretical and practical
reasons. The availability and quality of CoPs are key parameters for vaccine development,
licensure and effectiveness measurement. However, different aspects of this topic (e.g.
laboratory methods, statistical tools, study design, etc.) require further clarification. The
WHO has released a document on this issue in order to facilitate communication and to
encourage the development of a broad research agenda on this topic [93]. Understanding the
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relative importance of different CoPs is important to form decisions on vaccine strategies for
disease prevention, including the route of immunization and use of specific adjuvants.

Acknowledgments

Funding

The authors express their gratitude to all speakers who shared their findings. Thanks are also due to Cindy Grasso
(meeting coordinator) and the staff of the Mérieux Foundation conference center for outstanding local organization.

The organization of this meeting was made possible through support to the Fondation Mérieux from Sanofi Pasteur.

The Fondation Mérieux compensated MSE, as a consultant, to compose the initial draft and to coordinate the
co-authors’ reviews and approvals of this manuscript.

JL and VP are employees of the Fondation Mérieux, but received no additional compensation for their contributions
to the conference or to this manuscript. All of the other co-authors, along with JL and VP, served on the conference
steering committee, but received no compensation for that service or in their roles as co-authors.

References

[1]. Plotkin SA, Gilbert PB. Nomenclature for immune correlates of protection after vaccination. Clin
Infect Dis 2012;54(11):1615-7. 10.1093/cid/cis238. [PubMed: 22437237]

[2]. Plotkin SA. Vaccines: correlates of vaccine-induced immunity. Clin Infect Dis 2008;47(3):401-9.
10.1086/589862. [PubMed: 18558875]

[3]. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam S, et al. Burden
and aetiology of diarrhoeal disease in infants and young children in developing countries
(the Global Enteric Multicenter Study, GEMS): a prospective, case-control study. Lancet
2013;382(9888):209-22. 10.1016/S0140-6736(13)60844-2. [PubMed: 23680352]

[4]. Liu J, Platts-Mills JA, Juma J, Kabir F, Nkeze J, Okoi C, et al. Use of quantitative molecular
diagnostic methads to identify causes of diarrhoea in children: a reanalysis of the GEMS case-
control study. Lancet 2016;388 (10051):1291-301. 10.1016/S0140-6736(16)31529-X. [PubMed:
27673470]

[5]. Silva AJ, Benitez JA. Vibrio cholerae biofilms and cholera pathogenesis. PLoS Negl Trop Dis
2016;10(2):e0004330. 10.1371/journal.pntd.0004330. [PubMed: 26845681]

[6]. Clemens JD, Nair GB, Ahmed T, Qadri F, Holmgren J. Cholera. Lancet. 2017 Mar 10. . pii:
S0140-6736(17)30559-7[Epub ahead of print, Review].

[7]. Glass RI, Svennerholm AM, Stoll BJ, Khan MR, Hossain KM, Hug M, et al. Protection against
cholera in breast-fed children by antibodies in breast milk. N Engl J Med 1983;308(23):1389-92.
[PubMed: 6843632]

[8]. Black RE, Levine MM, Clements ML, Young CR, Svennerholm AM, Holmgren J. Protective
efficacy in humans of killed whole-vibrio oral cholera vaccine with and without the B subunit of
cholera toxin. Infect Immun 1987;55(5):1116-20. [PubMed: 3552989]

[9]. Clemens JD, Sack DA, Harris JR, Van Loon F, Chakraborty J, Ahmed F, et al. Field trial of oral
cholera vaccines in Bangladesh: results from three-year follow-up. Lancet 1990;335(8684):270—
3. [PubMed: 1967730]

[10]. Chen WH, Cohen MB, Kirkpatrick BD, Brady RC, Galloway D, Gurwith M, et al. Single-dose
live oral cholera vaccine CVD 103-HgR protects against human experimental infection with
vibrio cholera O1 El Tor. Clin Infect Dis 2016. pii: ciw145 [Epub ahead of print].

[11]. Tacket CO, Losonsky G, Nataro JP, Cryz SJ, Edelman R, Kaper JB, et al. Onset and duration
of protective immunity in challenged volunteers after vaccination with live oral cholera vaccine
CVD 103-HgR. J Infect Dis 1992;166(4):837-41. [PubMed: 1527420]

[12]. Tacket CO, Cohen MB, Wasserman SS, Losonsky G, Livio S, Kotloff K, et al. Randomized,
double-blind, placebo-controlled, multicentered trial of the efficacy of a single dose of live oral
cholera vaccine CVD 103-HgR in preventing cholera following challenge with Vibrio cholerae

Vaccine. Author manuscript; available in PMC 2024 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holmgren et al.

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

Page 15

O1 El tor inaba three months after vaccination. Infect Immun 1999;67(12):6341-5. [PubMed:
10569747]

Richie EE, Punjabi NH, Sidharta Y, Peetosutan KK, Sukandar MM, Wasserman SS, et al.
Efficacy trial of single-dose live oral cholera vaccine CVD 103-HgR in North Jakarta, Indonesia,
a cholera-endemic area. Vaccine 2000;18(22):2399-410. [PubMed: 10738097]

Mosley WH, Ahmad S, Benenson AS, Ahmed A. The relationship of vibriocidal antibody titre
to susceptibility to cholera in family contacts of cholera patients. Bull World Health Organ
1968;38(5):777-85. [PubMed: 5303331]

Harris JB, LaRocque RC, Chowdhury F, Khan Al, Logvinenko T, Farugue AS, et al.
Susceptibility to Vibrio cholerae infection in a cohort of household contacts of patients with
cholera in Bangladesh. PLoS Negl Trop Dis 2008;2(4):e221. 10.1371/journal.pntd.0000221.
[PubMed: 18398491]

Clements ML, Levine MM, Young CR, Black RE, Lim YL, Robins-Browne RM, et al.
Magnitude, kinetics, and duration of vibriocidal antibody responses in North Americans after
ingestion of Vibrio cholera. J Infect Dis 1982;145(4):465-73. [PubMed: 7069227]

Leach S, Lundgren A, Svennerholm AM. Different kinetics of circulating antibody-secreting
cell responses after primary and booster oral immunizations: a tool for assessing immunological
memory. Vaccine 2013;31(30):3035-8. 10.1016/j.vaccine.2013.04.066. [PubMed: 23664997]
Sztein MB, Salerno-Goncalves R, McArthur MA. Complex adaptive immunity to enteric

fevers in humans: lessons learned and the path forward. Front Immunol 2014;5:516. 10.3389/
fimmu.2014.00516. [PubMed: 25386175]

Fresnay S, McArthur MA, Magder L, Darton TC, Jones C, Waddington CS, et al. Salmonella
Typhi-specific multifunctional CD8+ T cells play a dominant role in protection from typhoid
fever in humans. J Transl Med 2016;14:62. 10.1186/s12967-016-0819-7. [PubMed: 26928826]
McArthur MA, Fresnay S, Magder LS, Darton TC, Jones C, Waddington CS, et al. Activation of
Salmonella Typhi-specific regulatory T cells in typhoid disease in a wild-type S Typhi challenge
model. PLoS Pathog 2015;11(5):e1004914. 10.1371/journal.ppat.1004914. [PubMed: 26001081]
Qiu S, Xu X, Yang C, Wang J, Liang B, Li P, et al. Clin Microbiol Infect 2015;21(3). 10.1016/
j.cmi.2014.10.019. 252.e5-8.

Ud-Din Al, Wahid SU, Latif HA, Shahnaij M, Akter M, Azmi 1J, et al. Changing trends in the
prevalence of Shigella species: emergence of multi-drug resistant Shigella sonnei biotype g in
Bangladesh. PLoS One 2013;8(12):e82601. 10.1371/journal.pone.0082601. [PubMed: 24367527]
Cohen D, Ashkenazi S, Green M, Lerman Y, Slepon R, Robin G, et al. Safety and
immunogenicity of investigational Shigella conjugate vaccines in Israeli volunteers. Infect
Immun 1996;64(10):4074-7. [PubMed: 8926071]

Robbins JB, Chu C, Schneerson R. Hypothesis for vaccine development: protective immunity to
enteric diseases caused by nontyphoidal salmonellae and shigellae may be conferred by serum
1gG antibodies to the O-specific polysaccharide of their lipopolysaccharides. Clin Infect Dis
1992;15(2):346-61. [PubMed: 1381621]

Cohen D, Green MS, Block C, Slepon R, Ofek I. Prospective study of the association between
serum antibodies to lipopolysaccharide O antigen and the attack rate of shigellosis. J Clin
Microbiol 1991;29(2):386-9. [PubMed: 1706731]

Cohen D, Green MS, Block C, Rouach T, Ofek I. Serum antibodies to lipopolysaccharide and
natural immunity to shigellosis in an Israeli military population. J Infect Dis 1988;157(5):1068—
71. [PubMed: 3283258]

Cohen D, Ashkenazi S, Green MS, Gdalevich M, Robin G, Slepon R, et al. Double-blind
vaccine-controlled randomised efficacy trial of an investigational Shigella sonnei conjugate
vaccine in young adults. Lancet 1997;349 (9046):155-9. [PubMed: 9111538]

Passwell JH, Ashkenzi S, Banet-Levi Y, Ramon-Saraf R, Farzam N, et al. Age-related efficacy
of Shigella O-specific polysaccharide conjugates in 1-4-year-old Israeli children. Vaccine
2010;28(10):2231-5. 10.1016/j.vaccine.2009.12.050. [PubMed: 20056180]

Wahid R, Simon JK, Picking WL, Kotloff KL, Levine MM, Sztein MB. Shigella antigen-specific
B memory cells are associated with decreased disease severity in subjects challenged with

Vaccine. Author manuscript; available in PMC 2024 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holmgren et al.

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

Page 16

wild-type Shigella flexneri 2a. Clin Immunol. 2013;148(1):35-43. 10.1016/j.clim.2013.03.009.
[PubMed: 23649043]

Clemens JD, Sack DA, Harris JR, Chakraborty J, Neogy PK, Stanton B, et al. Cross-protection
by B subunit-whole cell cholera vaccine against diarrhea associated with heat-labile toxin-
producing enterotoxigenic Escherichia coli: results of a large-scale field trial. J Infect Dis
1988;158(2):372—7. [PubMed: 3042876]

Peltola H, Siitonen A, Kyronseppé H, Simula I, Mattila L, Oksanen P, et al. Prevention of
travellers’ diarrhoea by oral B-subunit/whole-cell cholera vaccine. Lancet 1991;338(8778):1285-
9. [PubMed: 1682684]

Qadri F, Saha A, Ahmed T, Al Tarique A, Begum YA, Svennerholm AM. Disease burden due to
enterotoxigenic Escherichia coli in the first 2 years of life in an urban community in Bangladesh.
Infect Immun 2007;75(8):3961-8. [PubMed: 17548483]

Alam MM, Aktar A, Afrin S, Rahman MA, Aktar S, Uddin T, et al. Antigen-specific memory
B-cell responses to enterotoxigenic Escherichia coli infection in Bangladeshi adults. PLoS Negl
Trop Dis 2014;8(4):e2822. 10.1371/journal.pntd.0002822. [PubMed: 24762744]

Bhuiyan TR, Hog MR, Nishat NS, Al Mahbuba D, Rashu R, Islam K, et al. Enumeration

of Gut-Homing b7-Positive, pathogen-specific antibody-secreting cells in whole blood from
enterotoxigenic escherichia coli- and vibrio cholerae-infected patients, determined using an
enzyme-linked immunosorbent spot assay technique. Clin Vaccine Immunol 2015;23(1):27-36.
10.1128/CV1.00526-15. [PubMed: 26512047]

Svennerholm AM, Lundgren A. Recent progress toward an enterotoxigenic Escherichia coli
vaccine. Expert Rev Vaccines 2012;11(4):495-507. 10.1586/erv.12.12. [PubMed: 22551034]

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

and immunogenicity of an improved oral inactivated multivalent enterotoxigenic Escherichia
coli (ETEC) vaccine administered alone and together with dmLT adjuvant in a double-

blind, randomized, placebo-controlled Phase | study. Vaccine 2014;32(52):7077-84. 10.1016/
j.vaccine.2014.10.069. [PubMed: 25444830]

Rao MR, Wierzba TF, Savarino SJ, Abu-Elyazeed R, EI-Ghoreb N, Hall ER, et al.

Serologic correlates of protection against enterotoxigenic Escherichia coli diarrhea. J Infect Dis
2005;191(4):562-70. [PubMed: 15655780]

Kaakoush NO, Castafio-Rodriguez N, Mitchell HM, Man SM. Global Epidemiology of
Campylobacter Infection. Clin Microbiol Rev 2015;28(3):687-720. 10.1128/CMR.00006-15.
[PubMed: 26062576]

Platts-Mills JA, Babji S, Bodhidatta L, Gratz J, Haque R, Havt A, et al. Pathogen-specific
burdens of community diarrhoea in developing countries: a multisite birth cohort study (MAL-
ED). Lancet Glob Health 2015;3(9):e564-75. 10.1016/S2214-109X(15)00151-5. [PubMed:
26202075]

Janssen R, Krogfelt KA, Cawthraw SA, van Pelt W, Wagenaar JA, Owen RJ. Host-

pathogen interactions in Campylobacter infections: the host perspective. Clin Microbiol Rev
2008;21(3):505-18. 10.1128/CMR.00055-07. [PubMed: 18625685]

Taylor DN, Perlman DM, Echeverria PD, Lexomboon U, Blaser MJ. Campylobacter immunity
and quantitative excretion rates in Thai children. J Infect Dis 1993;168(3):754—-8. [PubMed:
8354916]

Kirkpatrick BD, Lyon CE, Porter CK, Maue AC, Guerry P, Pierce KK, et al. Lack of homologous
protection against Campylobacter jejuni CG8421 in a human challenge model. Clin Infect Dis
2013;57(8):1106-13. 10.1093/cid/cit454. [PubMed: 23840001]

Tribble DR, Bagar S, Scott DA, Oplinger ML, Trespalacios F, Rollins D, et al. Assessment of the
duration of protection in Campylobacter jejuni experimental infection in humans. Infect Immun
2010;78(4):1750-9. 10.1128/1A1.01021-09. [PubMed: 20086085]

Tribble DR, Bagar S, Carmolli MP, Porter C, Pierce KK, Sadigh K, et al. Campylobacter

jejuni strain CG8421: a refined model for the study of Campylobacteriosis and evaluation

of Campylobacter vaccines in human subjects. Clin Infect Dis 2009;49(10):1512-9.
10.1086/644622. [PubMed: 19842970]

Vaccine. Author manuscript; available in PMC 2024 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holmgren et al.

Page 17

[45]. Vesikari T, Matson DO, Dennehy P, Van Damme P, Santosham M, Rodriguez Z, et al. Safety

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

and efficacy of a pentavalent human-bovine (WC3) reassortant rotavirus vaccine. N Engl J Med
2006;354(1):23-33. [PubMed: 16394299]

Ruiz-Palacios GM, Pérez-Schael I, Velazquez FR, Abate H, Breuer T, Clemens SC, et al. Safety
and efficacy of an attenuated vaccine against severe rotavirus gastroenteritis. N Engl J Med
2006;354(1):11-22. [PubMed: 16394298]

de Palma O, Cruz L, Ramos H, de Baires A, Villatoro N, Pastor D, et al. Effectiveness

of rotavirus vaccination against childhood diarrhoea in El Salvador: case-control study. BMJ
2010;340:¢2825. 10.1136/bmj.c2825. [PubMed: 20551120]

Richardson V, Hernandez-Pichardo J, Quintanar-Solares M, Esparza-Aguilar M, Johnson B,
Gomez-Altamirano CM, et al. Effect of rotavirus vaccination on death from childhood diarrhea in
Mexico. N Engl J Med 2010;362(4):299-305. 10.1056/NEJM0a0905211. [PubMed: 20107215]

Boom JA, Tate JE, Sahni LC, Rench MA, Hull JJ, Gentsch JR, et al. Effectiveness ofpentavalent
rotavirus vaccine in a large urban population in the United States. Pediatrics 2010;125(2):e199-
207. 10.1542/peds.2009-1021. [PubMed: 20083525]

Vesikari T, Karvonen A, Prymula R, Schuster V, Tejedor JC, Cohen R, et al. Efficacyof human
rotavirus vaccine against rotavirus gastroenteritis during the first 2 years of life in European
infants: randomised, double-blind controlled study. Lancet 2007;370(9601):1757-63. [PubMed:
18037080]

Armah GE, Sow SO, Breiman RF, Dallas MJ, Tapia MD, Feikin DR, et al. Efficacy of
pentavalent rotavirus vaccine against severe rotavirus gastroenteritis in infants in developing
countries in sub-Saharan Africa: a randomised, double-blind, placebo-controlled trial. Lancet
2010;376(9741):606-14. 10.1016/S0140-6736(10)60889-6. [PubMed: 20692030]

Zaman K, Dang DA, Victor JC, Shin S, Yunus M, Dallas MJ, et al. Efficacy of pentavalent
rotavirus vaccine against severe rotavirus gastroenteritis in infants in developing countries

in Asia: a randomised, double-blind, placebo-controlled trial. Lancet 2010;376(9741):615-23.
10.1016/S0140-6736(10)60755-6. [PubMed: 20692031]

Madhi SA, Cunliffe NA, Steele D, Witte D, Kirsten M, Louw C, et al. Effect of human
rotavirus vaccine on severe diarrhea in African infants. N Engl J Med 2010;362(4):289-98.
10.1056/NEJM0a0904797. [PubMed: 20107214]

Ngabo F, Tate JE, Gatera M, Rugambwa C, Donnen P, Lepage P, et al. Effect of

pentavalent rotavirus vaccine introduction on hospital admissions for diarrhoea and rotavirus

in children in Rwanda: a time-series analysis. Lancet Glob Health 2016;4(2):e129-36. 10.1016/
$2214-109X(15)00270-3. [PubMed: 26823214]

Velazquez FR, Matson DO, Guerrero ML, Shults J, Calva JJ, Morrow AL, et al. Serum
antibody as a marker of protection against natural rotavirus infection and disease. J Infect Dis
2000;182(6):1602—-9. [PubMed: 11069230]

Premkumar P, Lopman B, Ramani S, Paul A, Gladstone B, Muliyil J, et al. Association of
serum antibodies with protection against rotavirus infection and disease in South Indian children.
Vaccine 2014;32(Suppl 1):A55-61. 10.1016/j.vaccine.2014.04.077. [PubMed: 25091682]
Cheuvart B, Neuzil KM, Steele AD, Cunliffe N, Madhi SA, Karkada N, et al. Association of
serum anti-rotavirus immunoglobulin A antibody seropositivity and protection against severe
rotavirus gastroenteritis: analysis of clinical trials of human rotavirus vaccine. Hum Vaccin
Immunother 2014;10(2):505-11. 10.4161/hv.27097. [PubMed: 24240068]

Patel M, Glass R, Jiang B, Santosham M, Lopman B, Parashar U. A systematic review of
anti-rotavirus serum IgA antibody titer as a potential correlate of rotavirus vaccine efficacy. J
Infect Dis 2013;208(2):284-94. 10.1093/infdis/jit166. [PubMed: 23596320]

Angel J, Steele AD, Franco MA. Correlates of protection for rotavirus vaccines:

Possible alternative trial endpoints, opportunities, and challenges. Hum Vaccin Immunother
2014;10(12):3659-71. 10.4161/hv.34361. [PubMed: 25483685]

Vacchino MN. Incidence of Hepatitis A in Argentina after vaccination. J Viral Hepat
2008;15(Suppl 2):47-50. 10.1111/j.1365-2893.2008.01029.x. [PubMed: 18837834]

Wang X, Ren J, Gao Q, Hu Z, Sun Y, Li X, et al. Hepatitis A virus and the origins of
picornaviruses. Nature 2015;517(7532):85-8. 10.1038/nature13806. [PubMed: 25327248]

Vaccine. Author manuscript; available in PMC 2024 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holmgren et al.

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

Page 18

Feng Z, Lemon SM. Peek-a-boo: membrane hijacking and the pathogenesis of viral hepatitis.
Trends Microbiol 2014;22(2):59-64. 10.1016/j.tim.2013.10.005. [PubMed: 24268716]

Feng Z, Hensley L, McKnight KL, Hu F, Madden V, Ping L, et al. A pathogenic picornavirus
acquires an envelope by hijacking cellular membranes. Nature 2013;496(7445):367-71. 10.1038/
nature12029. [PubMed: 23542590]

Walker CM, Feng Z, Lemon SM. Reassessing immune control of hepatitis A virus. Curr Opin
Virol 2015;11:7-13. 10.1016/j.coviro.2015.01.003.E. [PubMed: 25617494]

Theeten H, Van Herck K, Van Der Meeren O, Crasta P, Van Damme P, et al. Long-term antibody
persistence after vaccination with a 2-dose Havrix (inactivated hepatitis A vaccine): 20 years

of observed data, and long-term model-based predictions. Vaccine 2015;33(42):5723-7. 10.1016/
j.vaccine.2015.07.008. [PubMed: 26190091]

Ramani S, Atmar RL, Estes MK. Epidemiology of human noroviruses and updates onvaccine
development. Curr Opin Gastroenterol 2014;30(1):25-33. 10.1097/MOG.0000000000000022.
[PubMed: 24232370]

Glass RI, Parashar UD, Estes MK. Norovirus gastroenteritis. N Engl J Med 2009 Oct
29;361(18):1776-85. 10.1056/NEJMra0804575. [PubMed: 19864676]

Ahmed SM, Hall AJ, Robinson AE, Verhoef L, Premkumar P, Parashar UD, et al. Global
prevalence of norovirus in cases of gastroenteritis: asystematic review and meta-analysis. Lancet
Infect Dis 2014;14(8):725-30. 10.1016/S1473-3099(14)70767-4. [PubMed: 24981041]

Payne DC, Vinjé J, Szilagyi PG, Edwards KM, Staat MA, Weinberg GA, et al. Norovirus

and medically attended gastroenteritis in U.S. children. N Engl J Med 2013;368(12):1121-30.
10.1056/NEJMsal206589. [PubMed: 23514289]

Parrino TA, Schreiber DS, Trier JS, Kapikian AZ, Blacklow NR. Clinical immunity in acute
gastroenteritis caused by Norwalk agent. N Engl J Med 1977;297(2):86-9. [PubMed: 405590]

Ryder RW, Singh N, Reeves WC, Kapikian AZ, Greenberg HB, Sack RB. Evidence of immunity
induced by naturally acquired rotavirus and Norwalk virus infection on two remote Panamanian
islands. J Infect Dis 1985;151(1):99-105. [PubMed: 2981278]

Atmar RL, Bernstein DI, Lyon GM, Treanor JJ, Al-lbrahim MS, Graham DY, et al. Serological
Correlates of Protection against a G11.4 Norovirus. Clin Vaccine Immunol 2015;22(8):923-9.
10.1128/CV1.00196-15. [PubMed: 26041041]

Reeck A, Kavanagh O, Estes MK, Opekun AR, Gilger MA, Graham DY, et al. Serological
correlate of protection against norovirus-induced gastroenteritis. J Infect Dis 2010;202(8):1212—
8. 10.1086/656364. [PubMed: 20815703]

Johnson PC, Mathewson JJ, DuPont HL, Greenberg HB. Multiple-challenge study ofhost
susceptibility to Norwalk gastroenteritis in US adults. J Infect Dis 1990;161(1):18-21. [PubMed:
2153184]

Lindesmith LC, Ferris MT, Mullan CW, Ferreira J, Debbink K, Swanstrom J, et al. Broad
blockade antibody responses in human volunteers after immunization with a multivalent
norovirus VLP candidate vaccine: immunological analyses from a phase | clinical trial. PLoS
Med 2015;12(3):€1001807. 10.1371/journal.pmed.1001807. [PubMed: 25803642]

Ramani S, Neill FH, Opekun AR, Gilger MA, Graham DY, Estes MK, Atmar RL. Mucosal and
cellular immune responses to Norwalk virus. J Infect Dis 2015;212(3):397-405. 10.1093/infdis/
jiv053. [PubMed: 25635121]

Malm M, Uusi-Kerttula H, Vesikari T, Blazevic V. High serum levels of norovirus genotype-
specific blocking antibodies correlate with protection from infection in children. J Infect Dis
2014;210(11):1755-62. 10.1093/infdis/jiu361. [PubMed: 24970849]

Parra Gl, Green KY. Sequential gastroenteritis episodes caused by 2 norovirus genotypes. Emerg
Infect Dis 2014;20(6):1016-8. 10.3201/eid2006.131627. [PubMed: 24857806]

Saito M, Goel-Apaza S, Espetia S, Velasquez D, Cabrera L, Loli S, et al. Multiple norovirus
infections in a birth cohort in a Peruvian Periurban community. Clin Infect Dis 2014;58(4):483-
91. 10.1093/cid/cit763. [PubMed: 24300042]

Habtezion A, Nguyen LP, Hadeiba H, Butcher EC. Leukocyte trafficking to the small intestine
and colon. Gastroenterology 2016;150(2):340-54. 10.1053/j.gastr0.2015.10.046. [PubMed:
26551552]

Vaccine. Author manuscript; available in PMC 2024 August 23.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Holmgren et al.

[81].

[82].

[83].

[84].

[85].

[36].

[87].

[88].

[89].

[90].

[91].

[92].
[93].

Page 19

Dey A, Molodecky NA, Verma H, Sharma P, Yang JS, Saletti G, et al. Human circulating
antibody-producing B cell as a predictive measure of mucosal immunity to poliovirus. PLoS One
2016;11(1):e0146010. 10.1371/journal.pone.0146010. [PubMed: 26730586]

Kantele A, Arvilommi H, Jokinen 1. Specific immunoglobulin-secreting human blood cells
after peroral vaccination against Salmonella typhi. J Infect Dis 1986;153(6):1126-31. [PubMed:
3701119]

Kantele A Antibody-secreting cells in the evaluation of the immunogenicity of an oral vaccine.
Vaccine 1990;8(4):321-6. [PubMed: 2396471]

Kantele A, Mékel& PH. Different profiles of the human immune response to primary and
secondary immunization with an oral Salmonella typhi Ty21a vaccine. Vaccine 1991;9(6):423-7.
[PubMed: 1887673]

Kantele A, Pakkanen SH, Siitonen A, Karttunen R, Kantele JM. Live oral typhoid vaccine
Salmonella Typhi Ty21a — a surrogate vaccine against non-typhoid salmonella? Vaccine
2012;30(50):7238-45. 10.1016/j.vaccine.2012.10.002. [PubMed: 23084770]

Kantele A, Arvilommi H, likkanen K, Savilahti E, Makel& HP, Herzog C, et al. Unique
characteristics of the intestinal immune system as an inductive site after antigen reencounter.

J Infect Dis 2005;191(2):312-7. [PubMed: 15609243]

Pakkanen SH, Kantele JM, Kantele A. Cross-reactive gut-directed immune response against
Salmonella enterica serovar Paratyphi A and B in typhoid fever and after oral Ty21a

typhoid vaccination. Vaccine 2012;30(42):6047-53. 10.1016/j.vaccine.2012.07.051. [PubMed:
22858557]

Pakkanen SH, Kantele JM, Kantele A. Cross-reactive immune response induced by the Vi
capsular polysaccharide typhoid vaccine against Salmonella Paratyphi strains. Scand J Immunol
2014;79(3):222-9. 10.1111/sji.12151. [PubMed: 24383914]

Lundgren A, Leach S, Tobias J, Carlin N, Gustafsson B, Jertborn M, et al. Clinical trial

to evaluate safety and immunogenicity of an oral inactivated enterotoxigenic Escherichia

coli prototype vaccine containing CFA/I overexpressing bacteria and recombinantly produced
LTB/CTB hybrid protein. Vaccine 2013;31(8):1163-70. 10.1016/j.vaccine.2012.12.063.
[PubMed: 23306362]

Leach S, Clements JD, Kaim J, Lundgren A. The adjuvant double mutant Escherichia coli heat
labile toxin enhances IL-17A production in human T cells specific for bacterial vaccine antigens.
PLoS One 2012;7(12):e51718. 10.1371/journal.pone.0051718. [PubMed: 23284753]

Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine Immunol
2010;17(7):1055-65. 10.1128/CV1.00131-10. [PubMed: 20463105]

Clemens JD et al. Cholera vaccines. 6th ed. USA: Saunders Elsevier. Inc.; 2012. p. 141-233.

Correlates of vaccine-induced protection: methods and implication. WHO/1VB/13.01
<http://www.who.int/iris/bitstream/10665/84288/1/WHO_IVB_13.01_eng.pdf> [accessed on
12.09.2016].

Vaccine. Author manuscript; available in PMC 2024 August 23.


http://www.who.int/iris/bitstream/10665/84288/1/WHO_IVB_13.01_eng.pdf

	Abstract
	Introduction
	Case studies of correlates of protection
	Bacterial pathogens
	Cholera
	Typhoid
	Shigella
	Enterotoxigenic Escherichia coli
	Campylobacter

	Viral pathogens
	Rotavirus
	Hepatitis A
	Norovirus


	Novel approaches to correlate mucosal immune responses with protection in humans
	Mucosally derived antibody-secreting B cells
	Th1, Th17 and T follicular helper cell responses to oral vaccination

	Discussion and conclusions
	References

