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ABSTRACT

Enterotoxigenic Escherichia coli (ETEC) is one of the leading bacterial causes of diarrhea in
children in low and middle income countries including Bangladesh as well as in travelers. No
effective ETEC vaccine is yet available, but efforts are ongoing to develop such a vaccine
since the burden of ETEC diarrhea is very high. Most oral vaccines induce lower immune
responses in young children in low-resource countries than in developed countries. Several
strategies are currently used to enhance ETEC vaccine immunogenicity, including addition of
the mucosal adjuvant double mutant heat labile toxin (dmLT). The main objectives of this
dissertation were to analyze mucosal immune responses induced by the oral inactivated ETEC
candidate vaccine ETVAX in Bangladeshi adults and the influence of age on vaccine induced
immune responses.

In preparations to test ETVAX in Bangladesh, optimal sampling time points for evaluation of
mucosal immune responses after oral vaccination were determined. Adults, toddlers, young
children and infants were given two doses of the licensed oral cholera vaccine Dukoral.
Cholera toxin B subunit (CTB) and Vibrio cholerae membrane protein specific IgA in
antibodies in lymphocyte supernatant (ALS) specimens, IgA and IgG in plasma and secretory
IgA (SIgA) in fecal samples were evaluated 4/5 and 7 days after each vaccination using
ELISA. After the first dose, most adults and toddlers developed high and comparable anti-
CTB ALS IgA responses on day 5 and 7, while very few young children responded. After the
second dose, highest ALS responses were observed on day 5 in all age groups and the
responses declined on day 7. In contrast, plasma antibody responses were high on both day 5
and day 7 after the second dose. Fecal SIgA responses were increased on day 7 in young
children and infants after the second dose. To evaluate the safety and immunogenicity of
ETVAX in Bangladeshi adults, participants were given two doses of ETVAX+dmLT or
placebo (n=15/group) and samples were collected according to the optimal sampling schedule
previously identified. To facilitate the analysis of ALS responses against multiple vaccine
antigens in small sample volumes for subsequent analyses in younger age groups, a highly
sensitive electrochemiluminescence (ECL) assay was established. Magnitudes of IgA ALS
responses determined by ECL and ELISA correlated very well and ECL was used as a
primary readout method for ALS responses against colonization factors (CFs) and LTB in the
trial. ETVAX+dmLT was safe and well tolerated in adults. After the first dose, IgA ALS
responses against each of the primary antigens were detected in 87-100% and after the second
dose in 100% of vaccinees. Plasma IgA responses against different CFs and LTB, as
determined by ELISA, were observed in 62-93% and 100% of vaccinees, respectively. No
statistically significant adjuvant effect of dmLT on responses was detected but the overall
antigenic breadth of the plasma IgA responses tended to favor the adjuvanted vaccine. The
adjuvant effect of dmLT was also studied in vitro in peripheral blood mononuclear cells from
infants and adults. dmLT enhanced IL-17A responses in both infant and adult cells. Blocking
experiments showed that the IL-17A enhancing effect may at least partly be mediated by IL-
1B in both age groups. dmLT significantly enhanced IL-1B responses to low amounts of
ETVAX vaccine in cells from infants but not from adults.

Collectively, the results and methodological improvements obtained from this dissertation
have facilitated the design and execution of an ongoing trial of the ETVAX vaccine in young
children and infants. The results demonstrate that the ETEC vaccine is safe in adults and
induce strong mucosal and plasma antibody responses. The in vitro results show that dmLT
has potential to enhance IL-17A responses in both infants and adults and may particularly
promote IL-1P responses to low ETVAX doses in infants. These results are important for the
clinical evaluation of ETVAX as well as other mucosal vaccines in adults and infants.

Key words: ETEC, vaccine, adjuvant, ETVAX, dmLT, antibody, T cell, ELISA, ECL
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1. INTRODUCTION

Diarrheal disease is one of the leading causes of mortality and morbidity in children in
developing countries. Recently, an estimated 688 million illnesses and 1.6-2.1 million
deaths were recorded globally among children younger than five years due to diarrhea
[1, 2]. Figure 1 shows the Global distribution of deaths due to diarrhea in children less
than 5 years of age in year 2000. Multiple pathogens are responsible for this suffering
and death, including rotavirus, Vibrio cholerae, enterotoxigenic Escherichia coli
(ETEC), Shigella spp. and Salmonella spp.
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Figure 1. Global distribution of deaths caused by diarrhea in children less than 5 years
of age. An estimate of 1.6-2.1 million global mortality was recorded in 2000 due to diarrhea
and most of these deaths occur in children under the age of 5 years in developing countries.
Adapted from [2].

ETEC is one of the most common causes of diarrhea in developing countries and its
incidence is high, closely following V. cholerae and rotavirus. Children are mainly
affected by ETEC and it is considered as a principal cause of child mortality and
morbidity as well as growth retardation. No effective vaccine is yet available for
ETEC, but candidates are in different development stages and some are currently in
clinical trials [3]. Several efforts have also been taken to enhance vaccine specific
immunogenicity, e.g. addition of mucosal adjuvants [4]. The double mutant heat-
labile toxin (dmLT) derived from heat labile toxin (LT) produced by ETEC bacteria
has been used as a mucosal adjuvant and has been shown to enhance host immune

responses to several different vaccine antigens including an ETEC vaccine [5-8].
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ETEC bacteria are non-invasive and localized in the gut, therefore intestine derived
antibodies, especially secretory IgA (SIgA) antibodies are considered to confer
immune protection after natural infection or vaccination [9, 10]. These antibodies can
be measured directly in fecal and intestinal lavage samples. Another surrogate marker
of the mucosal responses is the measurement of blood antigen-specific antibody
secreting cells (ASCs) which are induced at mucosal sites after infection or
vaccination and transiently migrate to the blood before rehoming to the gut [11-14].
Traditionally, ASC responses have been determined by the enzyme-linked
immunospot (ELISPOT) assay. Alternatively, secretions of ASCs, known as
antibodies in lymphocyte supernatant (ALS), can be determined by ELISA [15, 16].
However, both ELISPOT and ELISA assays need large volumes of blood specimens
and only limited blood volumes can be collected from children and infants. The SIgA
content of fecal specimens may also vary in different age groups. Hence, it is very
important to establish a more optimal and sensitive method requiring small volumes
of blood for measuring intestine-derived immune responses to multiple vaccine

antigens.

In this dissertation, a new oral ETEC vaccine, ETVAX, developed at the University of
Gothenburg, has been tested with and without the mucosal adjuvant dmLT to evaluate
safety and immunogenicity in a Phase | clinical trial in Bangladeshi adults. A novel
sensitive method has been established to determine vaccine specific ALS responses in
small sample volumes using a novel electrochemiluminescence (ECL) assay which
can be used for subsequent analyses in children and infants. To prepare for the
ETVAX trial, optimal sampling time points to measure mucosal as well as systemic
immune responses after oral immunization in different age groups were established in
a kinetic study using the licensed oral cholera vaccine Dukoral to serve as a model
vaccine for optimizing the procedure. In addition, the adjuvant effect of dmLT was
also evaluated in vitro on antigen presenting cells and T cells in infants compared to

adults and the role of IL-1p for mediating the adjuvant activity was investigated.



1.1 Literature review

1.1.1 Epidemiology of enterotoxigenic Escherichia coli (ETEC)

ETEC causes significant global morbidity and mortality, particularly in low-income
countries. Recent global estimates implicate that, annually, ETEC causes 1 billion
cases of diarrhea and more than 500,000 deaths [17-20]. In 2013, around 42,000
deaths of children under 5 years of age and 89,000 deaths over 5 years of age were
reported due to diarrhea caused by ETEC [3, 21]. In addition, ETEC contributes
significantly to the suffering and anticipated loss of human potential in children and
accounts for around 8% of all disability-adjusted life years (DALYSs) caused by
diarrheal diseases [22, 23]. ETEC infection is particularly a major burden in low and
middle-income countries in Africa and South Asia, where water quality and sanitation
are poor [17, 24]. High prevalence of ETEC infection is also found in Bangladesh,
affecting mainly children under five years of age [25]. However, adults are also
commonly infected with this pathogen [25]. Studies in Dhaka, Bangladesh suggest
that during the first two years of life, 20% of all diarrheal cases are due to ETEC

infection with an incidence of 0.5 episode/child/year [25, 26].

ETEC is also a major contributor to traveler’s diarrhea worldwide among travelers to
many parts of Africa, Asia, and Latin America. It accounts for 20-60% of all
traveler’s diarrhea reported and causes approximately 10 million episodes each year
[27, 28].

1.1.2 ETEC bacteriology

ETEC are Gram-negative, rod-shaped bacteria that are not visibly different from E.
coli found in the normal flora of the human large intestine (Figure 2). ETEC
pathogenesis involves colonization of the intestinal mucosa using a number of
colonization factors (CFs) and release of enterotoxins on the epithelial surface, which

causes acute watery diarrhea [29, 30].
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Figure 2. General morphology of ETEC bacteria. ETEC pathogenesis involves the
production of colonization factors and the generation of a heat-labile enterotoxin (LT) and/or
a heat-stable enterotoxin (ST). EtpA is another virulence factor which contributes to the
pathogenesis of ETEC infection by acting as an intermediate adhesin in the adhesion
between ETEC flagella and host cells. Adapted from https://stopenterics.bio-med.ch/. Accessed
on January 10, 2018.

1.1.2.1 Serotypes

ETEC have two different serogroups; the O and H serogroups. The O serogroup is
defined by the O-antigens, which are carbohydrates and are part of the bacterial cell
wall lipopolysaccharide (LPS) and the H serogroup is determined by the flagellar
antigen. Based on an extensive database analysis of ETEC from different countries, it
has been reported that ETEC has 100 different O and 34 different H serogroups. The
most common O groups are 06, 078, 08, 0128, and 0153; these accounted for over
half of the ETEC strains. Considerably fewer H serogroups than O serogroups are
associated with ETEC and among them, five H types accounted for over half of those
strains and these are widespread [17, 31]. Hence the O and H serogroups are not used

for diagnosis and identification of ETEC.

1.1.2.2 Colonization factors

ETEC colonize the small intestinal surface using different CFs, that usually, but not
always, have fimbrial or fibrillar structure. CFs bind with glycoconjugate receptors on
the host cell membrane, which exhibit an enormous diversity in oligosaccharide
sequences [32]. Today over 25 different types of CFs have been identified, which are
mostly encoded by plasmids [3, 33]. Among the wide range of CFs, the most common
are CFA/l and CS1-CS6, and in certain regions, CS7, CS14 and CS17 are also
common [34]. Most studies suggest that around 50-80% of the prevalent ETEC
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isolates express a known CF; however, some isolates may express one, two or three
different CFs. Based on significant amino acid similarity in the N-terminal region,
CFs can be subdivided into three different groups; the CFA/I-like group (includes
CFA/I, CS1, CS2, CS4, CS14 and CS17), the CS5-like group (includes CS5, CS7,
CS18 and CS20) and those that are unique (including CS3, CS6 and CS10-12) [35].
Strains expressing CFs within these groups have been shown to induce substantial
immune responses to homologous CFs with cross-reacting antigenic epitopes [36, 37].

1.1.2.3 Toxins

ETEC strains express one or both of two different enterotoxins, the heat-stable toxins
(STh and STp) and LT, both of which cause fluid secretion from the small intestinal
epithelial cells. LT is a holotoxin (84 KDa), composed of an A subunit (LTA) and
five B subunits (LTB) and is structurally and functionally related to cholera toxin
(CT) produced by Vibrio cholerae [38]. The LTB subunits bind irreversibly to GM1
ganglioside receptors on host epithelial cells and cause endocytosis of the LTA
subunit to activate the adenylate cyclase pathway, leading to an increase in
intracellular cAMP levels in host cells [39]. ST is a non-antigenic, low molecular-
weight, cysteine-rich, small peptide consisting of 18 to 19 amino acids. ST binds
reversibly to guanylate cyclase C at the apical membrane of host intestinal epithelial
cells and activates the guanylate cyclase pathway leading to an increase of
intracellular cGMP levels [40, 41]. Increased levels of cAMP/cGMP cause an
imbalance in electrolyte movement in the epithelial cells and result in watery diarrhea
[4, 33].

1.1.2.4 Other virulence factors

Recent investigations have identified some other novel putative ETEC virulence
factors including flagellin, EtpA, EatA, EaeH, and YghJ [42-44]. EatA, a serine
protease autotransporter, facilitates the delivery of ETEC toxins and EtpA, an
extracellular protease, modulates adhesion and intestinal colonization by ETEC [40].
Recent studies have suggested that these antigens are relatively conserved (~70% of
isolates) among a diverse range of ETEC strains from different geographic locations

and are not constrained to a single CF type or toxin type [45].
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1.1.3 Mechanism of ETEC infection

ETEC are transmitted by fecal-contaminated food or water. A high infectious dose
(108 colony forming units, CFUs) of ETEC bacteria is required to establish illness in
healthy subjects, though this may be lower in very young, elderly or malnourished
persons. The mean incubation time of ETEC diarrhea is 2 days (range 1 to 5 days)
after feeding [46]. Infection is established when the bacteria reach the small intestine
where they attach to the epithelial surface via CFs but do not invade the mucosa. After
attachment and colonization, the bacteria proliferate and produce LT and/or ST and
affect the epithelial cells in that area.

The pathogenesis of disease caused by V. cholerae O1 and ETEC are similar in terms
of their toxin production. CT produced by V. cholerae O1 and LT of ETEC share 80%
identity at the nucleotide level [38]. The LTB subunit binds to GM1 ganglioside on
the epithelial cell surface and causes internalization of the LTA subunit. Subsequent
proteolytic cleavage and disulfide bond reduction splits the A-subunit into two
domains, the enzymatically active Al subunit, and a smaller A2 peptide. The Al
subunit exhibits both NAD-glycohydrolase activity and ADP-ribosyltransferase
activity. Transport of Al into the cytoplasm results in ADP-ribosylation of o subunit
of G protein (Gs,), followed by irreversible activation of adenylate cyclase and
increases in intracellular levels of cAMP (Figure 3). The resulting increase in CAMP
eventually causes dysregulation of cCAMP-sensitive ion transport mechanisms,
inhibiting intracellular salt absorption, increasing electrolyte transport into the gut

lumen, creating an osmotic gradient favoring intestinal water secretion [17, 40].

ST binds to the extracellular portion of the guanylyl cyclase enzyme located on the
surface of intestinal epithelial cells. Binding causes activation of the cyclase enzyme,
which eventually causes accumulation of cGMP in the cell. Similar to the
consequence of increasing CAMP levels in intestinal epithelial cells (by LT), an
increase of cGMP levels promotes secretion of chloride but inhibits absorption of
sodium chloride in host intestinal epithelial cells, which results in fluid hypersecretion
[40, 41]. The fluid volume secreted far exceeds the ability of the gut to reabsorb, and

the excess fluid is passed as watery diarrhea.
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Figure 3. Pathogenesis of ETEC in diarrheal disease. (A) ETEC is transmitted by
contaminated food or water and (B) colonize the mucosal surface of the small intestine. (C)
The enterotoxin LT and ST activate adenylate cyclase and guanylyl cyclase, respectively, and
elevates the intracellular levels of cyclic AMP which ultimately disrupt intestinal fluid
homeostasis and cause hypersecretion of fluid and electrolytes. Adapted from
https://slideplayer.com/slide/5302254/17/images/20/Heatlabile+enterotoxin+%28LT%29+and+heat-
stable+enterotoxin+%28ST%29.jpg. Accessed on March 06, 2018.

1.1.4 Diagnosis of ETEC diarrhea

ETEC can grow on a variety of different media, e.g. MacConkey agar, blood agar etc.
Differentiation of ETEC from other E. coli bacteria is achieved by identifying specific
virulence factors, e.g. LT/ST and CFs [17]. Diagnosis of ETEC infection is not a
regular practice in most laboratories. However, infection with ETEC can be diagnosed
by culturing of stool samples of the infected individuals in specialized laboratories.
Polymerase chain reaction (PCR) is a sensitive and specific method that can be used
in ETEC diagnosis with a variety of primers against LT/ST and CFs genes [47].
ELISA is also used to detect enterotoxins using microtiter GM1 ganglioside methods.
CFs of ETEC can also be detected by a dot-blot assay [17, 32].

1.1.5 Treatment of ETEC diarrhea

The severity of ETEC diarrhea may range from mild to very severe. ETEC infection
is usually self-limiting, lasting 3-4 days. With adequate treatment, including oral
rehydration and improved feeding, disease severity can be minimized [48].
Antimicrobials are useful only when the diagnosis or suspicion of ETEC related
diarrhea is made [17]. Recently, azithromycin has become the preferred antibiotic for
the treatment of acute watery diarrhea [49]. However, ETEC strains are frequently

resistant to common antibiotics, including trimethoprim-sulfamethoxazole and
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ampicillin, which limits their usefulness [48]. Eventually, a long-term solution for
preventing ETEC diarrhea is improvement of water supply and sanitation systems, but
until this is achieved, vaccination is the most practical approach to reduce the public
health burden from ETEC.

1.1.6 Host responses against ETEC infection

Since ETEC infection is non-invasive, immune protection is most likely mediated
mainly by antigen-specific antibodies rather than by immune effector cells. Among
the antibodies, those that are produced locally in the intestine, mostly SIgA, are
considered more critical for protection against ETEC diarrhea [9, 10]. The general
mechanism of induction of mucosal immune responses against non-invasive

pathogens such as ETEC is summarized in Figure 4.

1.1.7 General mechanism of mucosal immune responses

Mucosa-associated lymphoid tissue (MALT) is a highly specialized immune system
which protects mucosal surfaces from a vast number of potential pathogens. The
intestinal mucosa consists of epithelium and lamina propia (LP). LP is a layer of loose
connective tissue just beneath the epithelium and contains innate cells and
lymphocytes [50]. Gut innate immunity is mediated by the epithelial lining and the
innate immune cells dispersed in the intestinal LP. The adaptive immune system in
the intestinal tract includes lymphoid tissues like gut-associated lymphoid tissue
(GALT) which comprises Peyer's patches, LP lymphocytes, and intra-epithelial
lymphocytes. Antigen is taken up from the intestinal luminal sites by the M cells in
the epithelial lining and is transported by the dendritic cells (DCs) to antigen-
presenting cells (APCs) in the GALT, which eventually activate naive T lymphocytes
and subsequently B lymphocytes to proliferate and induce differentiation into effector
T cells and 1gA producing plasma cells, respectively (Figure 4). Effector B and T cells
leave the inductive sites by the lymph, enter the blood circulation and migrate back to

the intestinal LP and surface epithelium to exert their functions [50].
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1.1.7.1 Gut homing of effector cells

Tropism of effector lymphocytes from circulation to intestinal LP is due to the up-
regulated expression of mucosal homing receptors and chemokine receptors (integrin
a4p7 and CCR9) on the lymphocytes induced by retinoic acid. Intestinal DCs and
epithelial cells produce retinaldehyde dehydrogenases (RALDH), the enzyme
required for retinoic acid biosynthesis [51, 52]. a4B7 binds with mucosal addressin
cell adhesion molecule-1 (MadCAM-1) on the intestinal endothelium and CCR9
binds to CCL25 expressed in the intestinal environment [50]. Additionally, CCL28, a
chemokine expressed in the colon but not in the small intestine, acts as a
chemoattractant for circulating IgA plasmablasts expressing CCR10 [50].

1.1.7.2 Humoral immunity

Intestinal surfaces are mainly protected by SIgA antibodies [50]. Generally, plasma
cells in the lamina propia secret dimeric IgA (dIgA), which contains a J-chain. The J
chain regulates polymerization and transportation of polymeric IgA across the
epithelial cells to the luminal site via the poly IgA receptor (pIgR). At the apical
epithelial cell membrane, the external portion of pIgR, also known as the secretory
component (SC), is cleaved off by a specific protease and the cleaved part remains
bound covalently with the digA and the complexes are referred to as SIgA. The SC
protects SIgA from proteolysis by luminal enzymes [50]. SIgA has several effector
functions, including inhibiting bacterial adhesion, neutralizing viruses and blocking
toxins [53-55]. SIgA antibodies mediate protective immunity against ETEC infection

by preventing ETEC adhesion and LT toxin activity.
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Figure 4. Mucosal immunity to non-invasive bacteria such as ETEC. In gut-associated
lymphoid tissue (GALT), antigen is sampled by M cells and delivered to underlying dendritic
cells (DC). Naive lymphocytes that recognize their cognate antigen are activated to proliferate
and differentiate into effector cells. B cells preferentially differentiate into IgA-secreting
plasma cells. Secretory IgA (SIgA) arise from plasma cells that are located in the intestinal
lamina propria and produce dimeric IgA. Dimeric IgA has the ability to bind to an epithelial
cell transport receptor, called polymeric immunoglobulin receptor (pIgR), which is located in
the basolateral cell surface of epithelial cells. During transport from the basolateral to the
apical cell surface of epithelial cells, dimeric IgA acquires a portion of the plgR, called the
secretory piece, and thus become SIgA. SIgA antibodies give protective immunity against
non-invasive pathogen like ETEC by preventing adhesion and toxin activity. Adapted from
https://www.b-cell-design.com/assets/images/7/Immunite-muqueuse-4-bf3b3cf7.jpg.  Accessed  on
March 15, 2018.

1.1.7.3 Tcell-mediated immunity in the gut

LP T cells are dominated by CD4" T helper (Th) cells (~65%), and most of them are
Thl, Th2, Th17 and regulatory T cells (Tegs) [56]. Thl cells produce several
cytokines, among which IFN-y is very important. IFN-y activates macrophages to kill
intracellular microbes, regulates the Thl1/Th2 balance, induces class Il major
histocompatibility complex (MHC) molecule expression, promotes the cytotoxic
activity of other cell types, enhances antigen presentation and stimulates the
recruitment of other immune cells [57]. The Th2 cytokine IL-4 in concert with
transforming growth factor (TGF-B) and IL-10 promote B cell differentiation into
IgA-producing cells. Intestinal LP provides a unique site for the generation of Thl7
cells [58]. The primary function of Th17 cells, which typically produce the cytokines
IL-17A, IL-17F, and IL-22, appears to be the clearance of extracellular pathogens

during infections and maintaining the mucosal epithelial barrier. IL-17A can also
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promote the upregulation of pIgR on the epithelial cells, thus increasing IgA secretion
in the lumen [59]. IL-17A is also required for IgA and IgG1 antibody production, as
demonstrated by a significant impairment of mucosal IgA and systemic IgA and 1gG1
production after oral immunization of IL-17A deficient mice [60]. Moreover, IL-17A
can promote fibroblasts and epithelial cells to secrete proinflammatory mediators,
including G-CSF, GM-CSF, and IL-8, which increase the production and release of
neutrophils from the bone marrow and their recruitment to the tissue [61, 62]. Another
Thl7 cytokine, IL-22, can induce the production of antimicrobial peptides and
promotes barrier function [61, 62]. In addition to Thl, Th2, Th17 cells, another subset
of Th cells is follicular helper T cells (Tth), which have a role in promoting long-
lasting immunity by helping germinal center B cells. The Tfh cytokine IL-21
promotes class-switching and B cell differentiation into plasma cells and memory B
cells [63, 64].

1.1.8 Protective immunity against ETEC infection

Epidemiological studies suggest that the incidence of ETEC causing diarrhea
decreases with age [4, 26]. These observations signify the development of protective
immunity after multiple natural exposures to ETEC during childhood, which
ultimately protects against illness. The current knowledge of immunity against ETEC
derived from the study of immune responses in humans with naturally acquired or

experimentally induced ETEC disease is summarized below.

1.1.8.1 Innate immunity against ETEC infection

Although ETEC infection is commonly considered as non-inflammatory, studies
found that fecal cytokine levels are associated with the duration of diarrheal illness
[65]. The neutrophil chemotactic factor IL-8 significantly increase following ETEC
infection and is considered to play an important role in infection resolution [65]. In
contrast, increased expression of TNF-o and IL-6 are associated with increased
diarrheal duration. Increased levels of lactoferrin, IL-1p, and IL-1 receptor antagonist
(IL-1RA) were also found in fecal samples from travelers to India with ETEC
infection [66]. Anti-inflammatory cytokines such as IL-10 were found to inhibit the
clearance of ETEC infections since high fecal IL-10 levels were shown to be

associated with increased duration of diarrhea [65].
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1.1.8.2 Humoral responses to ETEC infection

Natural ETEC infection elicits substantial intestinal SIgA as well as systemic IgA and
IgG antibody responses against the main virulence factors, i.e. CFs and LT [14, 67-
69]. Multiple lines of evidence indicate that anti-CF immunity is probably the
cornerstone of long-lasting immunity to ETEC [46, 70]. A birth cohort in Bangladesh
studied until 2 years from birth showed that reinfections with homologous CF
expressing ETEC strains are not common in children who had a primary infection
with CFA/I, CS1+CS3, CS2+CS3 or CS5+CS6 expressing ETEC strains [26]. Other
studies show that IgA antibodies in plasma from patients infected with CFA/I and
CS5 expressing ETEC bound to both homologous as well as to heterologous cross-
reacting CF antigens when analyzed by ELISA [37]. This cross-protection to
heterologus antigens depends on the natural priming status in the endemic region,
since Bangladeshi adults, but not North American volunteers, infected with CFA/I
strains, responded to both homologous and heterologous CF antigens [71]. Anti-LT
immunity with high antibody titers was observed in several studies after natural ETEC
infection [67, 72, 73]. Since anti-LT immunity is giving short-term protection in
humans, reinfections with LT expressing ETEC are common [26, 74]. However,
animal studies as well as field studies strongly suggest that immunity against LT can
be protective [75]. ETEC infected patients develop significant intestine-derived IgA
antibodies and ASC responses and it has been found that locally produced SIgA have

role in the clearance of ETEC bacteria [9].

1.1.8.3 Cellular immunity against ETEC infection

Very little is known about the nature and protective role of cellular immunity in
response to ETEC infection. However, CD4+ Th cells promote the development of B
cell memory and high avidity antibodies, thereby playing an important role as
directors of the humoral response [69, 76]. LT triggers T cell responses involving
both Thl and Th2 cytokines in natural ETEC infection [77]. Additionally, studies on
traveler’s diarrhea showed that individuals possessing IFN-y responses to CTB (used
as a surrogate of the ETEC LT immune response) were less likely to develop diarrhea

than individuals without such responses [78].
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1.1.9 ETEC candidate vaccines

Development of an effective ETEC vaccine with broad protection has been identified
as a key prevention strategy for children living in developing countries and for adult
travelers to those regions. However, the extreme antigenic diversity of ETEC strains
makes it a challenging task to develop an effective ETEC vaccine [3, 4]. Most ETEC
vaccine efforts to date have focused on stimulating immunity to the most prevalent
CF antigens (CFA/I and CS1-CS6) and the LT toxoid [79, 80]. Some of the more
advanced ETEC candidate vaccines include an oral killed vaccine, an oral live
attenuated whole-cell vaccine, and subunit vaccines [3]. Killed vaccines are safer and
usually have fewer side effects in comparison to live attenuated vaccines, although the
live attenuated vaccines may produce strong and long-lasting immune responses due
to similarity to natural infection [81]. Most subunit vaccines usually need to be
injected by parenteral routes and are not naturally stable in the gastrointestinal tract.
However, parenteral vaccines normally induce poor mucosal immune responses. In
addition, there are many practical advantages of oral vaccines over the parenteral
vaccines, including being easy to administer and not requiring trained healthcare
professionals, being painless and also having less risk of transmitting infections [81].

ETEC candidate vaccines are discussed in detail below.

1.1.9.1 First generation killed oral ETEC vaccine (rCTB-CF)

The first generation of rCTB-CF ETEC vaccine, developed at the University of
Gothenburg, Sweden, contains 1 mg rCTB and formalin-killed ETEC bacteria of five
strains expressing CFA/I, CFA/Il (CS1 to CS3) and CFA/IV (CS4 and CS5) as well
as some of the most prevalent O-antigens of ETEC. Two or three oral doses of this
vaccine given at a two weeks interval were shown to be safe and immunogenic in
several trials including Swedish, Bangladeshi and Egyptian adults [10, 82-84].
However, in a trial in Egypt, the vaccine was found to be not significantly protective
in infants [85]. Furthermore, giving a full dose of this vaccine to 6-17-months old
children resulted in vomiting in many of them [86]. In another Phase 11 trial in North
American travelers to Mexico or Guatemala rCTB-CF ETEC provided a significant
77% protective efficacy against non-mild ETEC diarrhoeal disease although no

significant protection was seen against mild to severe ETEC diarrhea [87].
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The information gained from studies on the first-generation inactivated whole cell
vaccine suggested that a vaccine capable of conferring broad-based protection against
heterogeneous strains of ETEC should contain increased amounts of CFs per
bacterium, in order to allow lower vaccine dosages to be administrated to children,
and a more LT- like toxoid.

1.1.9.2 Second generation killed oral ETEC vaccine (ETVAX)

To improve the first generation ETEC vaccine, several efforts were undertaken to
produce a second generation killed oral ETEC vaccine (ETVAX) with improved
immunogenicity (Figure 5): (i) the amounts of protective antigens were increased by
constructing recombinant E. coli strains over-expressing CF antigens (4-10 times
higher levels of CFs than in the first generation vaccine), (ii) replacing rCTB with a
more LT-like LTB/CTB hybrid toxoid (LCTBA) able to induce stronger anti-LT
immune responses, (iii) addition of a safe and effective mucosal adjuvant to the
vaccine formulation, and (iv) addition of a strain expressing CS6 in an immunogenic

form even after inactivation [6, 8, 88].

A prototype of the second generation ETEC vaccine, containing only a CFA/I over-
expressing E. coli strain and the LCTBA toxoid, was first tested in Swedish adults to
compare the safety and immunogenicity with the corresponding CFA/I strain of the
first generation rCTB-CF ETEC vaccine [89]. The vaccine was found to be safe and
immunogenic, inducing significant mucosal IgA responses against CFA/lI and LTB
antigens. LCTBA also induced significantly higher systemic IgA responses than CTB
[89].

Based on these results, the next step was to test the complete multivalent ETEC
vaccine ETVAX, containing four different ETEC strains over-expressing prevalent
CFs (CFA/I, CS3, CS5 and CS6) and the LCTBA toxoid in a double-blind, placebo-
controlled Phase | study in 129 Swedish adults. The vaccine was given alone and in
combination with two different dosages of dmLT (10 pg or 25 ug) [6]. This vaccine
alone and with both dosages of dmLT was found to be safe with very few mild
adverse events recorded. This vaccine also induced fecal SIgA as well as ALS IgA
responses to all five primary vaccine antigens. Addition of 10 pg dmLT significantly

increased anti-CS6 ALS IgA responses in comparison to vaccine alone and a similar
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trend was seen for CS5, the two antigens present in lowest amounts in the vaccine.
However, no significant adjuvant effect was seen on the antibody responses specific
to other vaccine antigens [6]. Higher dmLT doses (25 pg) had no positive effect on
the vaccine-induced responses [6]. When analyzing fecal SIgA and ALS IgA
responses together, 74-83% of vaccinees responded to all five primary vaccine
antigens, with little difference between groups receiving the vaccine with or without
dmLT.

The capacity of ETVAX to induce mucosal immunological memory was next
evaluated [90]. A single vaccine dose was administered to naive individuals and to
previously vaccinated volunteers who had participated in the Phase I clinical trial 1-2
years before. Two primary doses of ETVAX induced long-lasting IgA responses,
since it was shown that significantly more frequent IgA ALS responses against all
CFs and LTB were induced by the single late booster vaccine dose in the previously
immunized than in non-immunized volunteers. However, priming with adjuvant did

not influence memory responses [90].

The researchers also investigated if ETVAX could induce cross-reactive antibodies to
related CFs in the CFA/I family (CS1, CS14 and CS17) and CS5 family (CS7) and if
dmLT influenced antibody avidity development [91]. Around 65-90% of volunteers
who had responded to CFA/I also developed cross-reactive antibodies to the tested
CFA/I like antigens and 80% of those responding to CS5 also responded to the closely
related CS7 in both ALS and fecal specimens. Moreover, the avidity of serum and
ALS antibodies to the primary vaccine antigens increased after a late booster dose
compared to after primary vaccinations. However, administration of ETVAX with or
without dmLT during primary vaccinations had no apparent effects on antibody
avidity [91].

Based on these promising safety and immunogenicity results from the Swedish
clinical trials, new trials are ongoing to test this vaccine for safety and
immunogenicity in young children and adults in ETEC endemic countries as well as
in travelers to such countries. In this dissertation, the safety and immunogenicity of
the ETVAX vaccine alone or together with dmLT adjuvant has been evaluated in

Bangladeshi adults.
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Figure 5. The composition of the Dukoral and ETVAX vaccines. (A) Dukoral is an oral
cholera vaccine contains inactivated V. cholerae O1 bacteria and recombinant B-subunits of
CT (rBS-WC) and (B) ETVAX is a candidate oral ETEC vaccine containing inactivated E.
coli bacteria overexpressing the colonization factors CFA/I, CS3, CS5 and CS6 combined
with a hybrid LTB/CTB subunit antigen (LCTBA), tested alone and together with dmLT
adjuvant.

1.1.9.3 The oral cholera vaccine Dukoral

The Dukoral vaccine, which was primarily designed and licensed in over 60 countries
for protection against cholera, has also been shown to prevent diarrhea caused by
ETEC [4]. Dukoral is an oral whole-cell vaccine containing formalin-killed V.
cholerae O1 bacteria and recombinant B-subunits of CT (rBS-WC) (Figure 5).
Because of the antigenic similarity of CT and LT, Dukoral has been found to be
effective in providing immunity against ETEC diarrhea [92]. This vaccine was shown
to induce short-term protection against LT-ETEC in travelers to Morocco and Mexico
[92]. Additionally, in a large field trial including Bangladeshi children and women,
67% fewer episodes of LT-ETEC diarrhea were noted in the group given two or three
doses of Dukoral as compared to the group given the whole cell vaccine without CTB
[74].
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1.1.9.4 Other ETEC vaccines

Several other strategies also exist to develop an effective ETEC vaccine (Table 1).
These include a live vaccine containing attenuated ETEC bacteria expressing CFs and
LTB (ACE527), LT toxoid-based vaccines like dmLT, LT patch vaccine, and CF
subunit vaccines. The oral live attenuated vaccine ACE527 comprises three live
attenuated ETEC strains, expressing CFA/I, CS1, CS2, CS3, CS5, CS6 and LTB,
from which enterotoxin and antibiotic resistance genes have been deleted and
knockout mutations have been made in the aroC, ompC, and ompF genes. This
vaccine was demonstrated to be well tolerated at doses of up to 10** CFUs and also
shown to induce significant immune responses to CFs in a Phase | trial in healthy
adult volunteers [93]. However, in another Phase IIb study, where two doses of 10**
CFUs were tested, only 27% protective efficacy against moderate to severe diarrhea
was observed. This vaccine also induced significantly more vomiting compared to the
placebo [94].

Another approach was to develop a subunit vaccine known as LT patch, where native
LT was delivered transcutaneously via a skin patch [95]. The idea was to stimulate
skin APCs to take up this antigen and to generate anti-LT immune responses without
inducing the enterotoxicity associated with oral administration. In a Phase 11 challenge
study, three doses of the LT patch, given at three-week intervals, were found to be
safe and immunogenic but failed to protect vaccinees against ETEC [95]. However,
the LT patch was found to be protective against travelers’ diarrhea caused by LT+
ETEC but not all ETEC in adult travelers to Mexico/Guatemala [96]. However, this
vaccine is no longer under development. Additional approaches to develop ETEC

candidate vaccines are shown in Table 1.
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Table 1. Approaches for ETEC vaccine development

ETEC vaccine candidate Status References
Recombinant E. coli over-expressing CFs+LCTBA (ETVAX)  Phase I/l [6]

aroC, ompF and ompC-based live attenuated (ACE527) Phase Il [94, 97]
dmLT Phase Il [98]
Anti-adhesin based subunit vaccine Phase Il [99]

LT patch Phase Il [95, 100]
CF tip subunit hybrid protein Phase | [101, 102]
Flagellin; EtpA; EatA; EaeH; YghJ Preclinical [103]
LT-ST fusion/LTB-ST conjugate Preclinical [104]
Recombinant Shigellae expressing LTB and CFs Preclinical [103]

1.1.10 Strategies to improve the immunogenicity of ETEC vaccines

Since most oral vaccines including ETEC vaccines have been shown to induce lower
immune responses in young children in developing countries than in children in
developed countries or in adults, efforts to improve vaccine immunogenicity and
coverage are ongoing. Zinc supplementation is one of the approaches tested to
increase vaccine-specific immune responses. It has been shown that zinc
supplementation three weeks prior to vaccination causes significantly increased
vaccine antibody responses [105]. Zinc treatment has also been shown to significantly
increase CTB-specific CD4+ T cells in children in terms of IFN-y production after
vaccination with Dukoral [106]. Another approach was the short withdrawal of
breastfeeding before vaccination in young children to prevent neutralization of the
vaccine by breast milk antibodies. When breastfeeding was withheld for 3 hours
before Dukoral vaccination, significantly stronger antibacterial antibody responses
were observed in Bangladeshi children [105]. Another recent development is to
include a mucosal adjuvant with oral vaccines [3]. Unfortunately, no licensed mucosal
adjuvant is yet available. However, dmLT is one of the few candidate mucosal
adjuvant currently tested with different oral vaccines [7]. Since dmLT can not only
enhance immune responses to other antigens but also induce immune responses
against itself it may also be used as a stand-alone ETEC vaccine (Table 1). The mode

of action of dmLT as a mucosal adjuvant is summarized in Figure 6.
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1.1.10.1 dmLT adjuvant

LT and CT have been shown to function as mucosal adjuvants capable of enhancing
host immune responses specific to unrelated, co-administered antigens like tetanus
toxoid, inactivated influenza virus, Helicobacter pylori and ETEC vaccine antigens in
animal models [5, 6, 8, 107, 108]. However, the potent toxicity of wild-type LT and
CT in humans has prevented their use as oral adjuvants for vaccines. Hence, to
develop a safe but immunogenic adjuvant, Clements and coworkers have developed
the dmLT molecule [88]. The mucosal adjuvant dmLT is a genetically modified form
of LT (R192G/L211A) in which the arginine at amino acid position 192 has been
replaced with glycine and the leucine at amino acid position 211 has been replaced
with alanine. These two amino acid substitutions are located in known and putative
proteolytic cleavage sites in the LTA subunit protein that are considered to be critical
for activation of the secreted toxin molecules [88, 109].

Preclinical studies reported that dmLT induces significantly less intracellular cAMP
production than native LT but still retains potent adjuvant activity [88]. Feeding up to
250 pg of dmLT did not cause any enterotoxicity in the mouse assay while >5 ug of
native LT caused a lot of intestinal fluid secretion [88]. In addition, dmLT has also
been shown to enhance parenteral and/or mucosal immune responses to bacterial and
viral antigens after administrating dmLT adjuvanted vaccines orally, intradermally or
sublingually in different animal models including vaccination with ETVAX in mice
[5, 8, 110-112].

In Phase 1 and 2b challenge trials of the live-attenuated ETEC vaccine ACE527,
individuals were immunized orally three times with ACE527 alone or with 25 pg of
dmLT [94]. After 6-7 months of last immunization, the same individuals were
challenged orally with ETEC strain H10407 to monitor for moderate to severe
diarrhea (MSD). Interestingly, 66% of the individuals previously immunized with
ACE527 plus dmLT were protected against MSD, which was significantly higher than
the individuals receiving ACE527 alone (20%) [7, 113]. Addition of dmLT also
increased the protective efficacy (58% vs. 3.7%) against diarrhea of any severity and
also reduced the number (1 vs. 13) and volume of stools (30 g vs. 859 g) compared to
individuals receiving ACE527 alone [7, 94, 113].
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Figure 6. Proposed model for the mode of action of dmLT. The mucosal adjuvant dmLT
acts on antigen presenting cells (APCs) and activates the enzyme caspase-l which is
responsible for converting pro-1L-1p to mature IL-1B. IL-1p promotes Th17 differentiation
and IL-17A production from both naive and memory T cells and subsequently
enhances IL-17A responses.

The mechanism by which dmLT function as a mucosal adjuvant is not yet well
understood. However, most evidence suggests that the ability of LT to function as a
mucosal adjuvant is related to its ability to induce CAMP [114]. DCs are the most
potent APCs capable of stimulating naive T cell differentiation and are a key target
for adjuvants. LT has been shown to promote maturation of DCs and upregulation of
the expression of co-stimulatory molecules such as CD80 in macrophages [115, 116].
In addition, LT synergized with LPS to induce IL-1p and IL-23 secretion by DCs,
which in turn promoted antigen-specific IL-17A and IFN-y production by CD4+ T
cells in mice [117]. Several studies indicate that IL-1B, in combination with IL-6
and/or IL-23, is required for human Th17 differentiation [118]. Recently, Leach et al.
investigated the effect of dMLT on adult T cell responses to different bacterial vaccine
antigens [119]. dmLT enhanced the production of IL-17A by peripheral blood
mononuclear cells (PBMCs) in response to the mycobacterial purified protein
derivative (PPD), LTB and Streptococcus pneumoniae whole cell vaccine antigens in
individuals previously vaccinated with Bacille Calmette Guerin (BCG), an oral ETEC
vaccine or naturally exposed to pneumococci, respectively [119]. Based on these
findings Larena et al. showed that dmLT acts on APCs and promotes Th17 responses
via CAMP-dependent protein kinase A and caspase-1/inflammasome—dependent IL-1

signaling [120].
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The immune cells including APCs and lymphocytes in children and infants are not
mature and may function differently in varying degrees compared to cells from adults
[121, 122]. PBMCs from infants may produce higher levels of IL-1f than cells from
adults after stimulation with bacterial antigens [123]. The adjuvant effect of dmLT in
the young age groups may also be different in terms of cCAMP production, caspase-
1/inflammasome—dependent IL-1 signaling pathway or cytokine production [124,
125]. However, no studies have been done yet to evaluate the adjuvant effect of dmLT
in immune cells from children, although children are the main target group for most
mucosal vaccines. Therefore, in this dissertation, the adjuvant effect of dmLT on
immune cells from infants has been evaluated and the responses have been compared

with those recorded in adults.

1.1.11 Available methods to measure the immunogenicity of oral vaccines

To measure vaccine specific immunogenicity, the identification of appropriate
markers that can correlate with mucosal protection is crucial. Most studies of immune
responses to ETEC natural infection and vaccination have also included analysis of
serum/plasma antibody responses, although these do not always appropriately reflect
mucosal responses. More direct evaluation of intestinal immune responses includes
measurement of SIgA responses in fecal specimens or intestinal lavage samples. Since
results from fecal and lavage analysis correlate significantly, fecal extracts have been
considered more practical for assessing intestinal immune responses [10]. However,
even fecal samples are unpractical, since they need extraction and may contain

variable amounts of SIgA.

The most commonly used surrogate maker for intestine-derived responses is
determination of ASCs. After infection or oral vaccination, activated intestinal
lymphocytes transiently migrate to the circulation before homing back to the mucosa
[13, 14, 50, 126]. Therefore, ASCs present among PBMCs about a week after
mucosal vaccination are considered suitable surrogate markers of mucosal immunity.
Furthermore, analyses of vaccine-specific ASCs after Dukoral vaccination show
comparable responses in blood and mucosa [13]. A majority of the ASCs induced by
oral vaccination has been shown to express the mucosal homing receptor integrin
a4P7 [13, 14, 16]
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ASC responses have traditionally been analyzed by the ELISPOT method, where
PBMCs are cultured in antigen-coated wells and specific antibody secreting B-
lymphocytes are detected as “spots” on the nylon membrane [11, 16, 86].
Alternatively, PBMCs can be cultured in vitro in plastic wells without antigen and the
spontaneously secreted antibodies in the culture supernatant can be assayed for
specific antibodies, commonly by an ELISA method. The analysis of antibodies in
culture supernatant is known as the ALS method (antibodies in lymphocyte
supernatants). Several studies have shown that results obtained from ELISPOT and
ALS assays correlate very well after mucosal infection as well as vaccination [15, 89,
127, 128]. The ALS assay has many advantages over ELISPOT, especially in clinical
trials, since it is much less laborious and the samples can be stored and transported,
which makes it convenient to analyze pre- and post-vaccination samples in the same
tests and reanalysis of stored samples is also possible. Moreover, evaluation of ASC
responses by ELISPOT, either done by manual spot counting under a microscope or
by using automated spot counters, are often less robust and objective than an ELISA
readout. The two methods also give slightly different readouts; ELISPOT measures

numbers of ASCs whereas ALS measures total levels of secreted antibodies.

In clinical trials with multivalent vaccines such as ETVAX, ALS responses to several
vaccine antigens are usually evaluated, requiring relatively large volumes of ALS
specimens. Hence, to allow analysis of ALS responses to multiple vaccine antigens in
children, sensitive and specific procedures are required. An electrochemiluminescence
(ECL) assay may be used as an alternative to conventional colorimetric ELISA
methods to detect ALS responses. ECL-based techniques generally have high
sensitivity, good reproducibility, and a wide dynamic analysis range reducing the
need for sample titration, and often require smaller sample volumes than ELISA [129-
131]. In this dissertation, an ECL assay has been established using small ALS
volumes to measure IgA ALS responses against multiple antigens after ETEC

vaccination.
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1.1.12 Importance of measuring immune responses at optimal time points

Kinetics, magnitude, and duration of immune responses induced by vaccines or
natural infection may be influenced by several factors such as age, nutritional status
and previous exposure with the same or related microorganisms. As previously
mentioned, most immune cells in newborn infants including APCs and lymphocytes
are immature or function differently in varying degree compared to adults [121, 122].
Follicular dendritic cells (FDC) develop slowly after birth, which delays germinal
center (GC) formation as well as the development of memory B cells. Since GC-
derived plasma cell responses are also limited, lower antibody titers were observed in
infants after several types of vaccinations [132]. However, it is still unclear how age
and natural exposure to infections may influence the kinetics of ASC responses to oral

vaccines.

Recent studies in adult Swedish volunteers have clearly demonstrated that the kinetics
of circulating IgA as well as 1IgG ASC/ALS responses differs considerably after the
first compared to the second dose or late booster vaccination with the oral cholera
vaccine Dukoral [133]. Similar findings have also been obtained in recent studies of
ETEC vaccines in Sweden [6, 90]. These results suggest that ASC responses may
have been underestimated in several previous studies of oral vaccines in both endemic
and nonendemic countries [12, 83, 84, 134-136]. Hence, it is very important to
optimize the immunoassays and to identify optimal sampling time points to measure
vaccine immunogenicity before initiating ETEC clinical vaccine trials in children and

infants in ETEC endemic areas.

In this dissertation, different sampling time points have been investigated for
evaluating immune responses after oral vaccination in different age groups in
Bangladesh. The time Kinetic study was performed with the licensed cholera vaccine

Dukoral, to prepare for subsequent Phase I/11 trials of ETVAX.
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1.2 Aims

The overall aim of this PhD dissertation was to analyze mucosal immune responses

induced by the oral inactivated ETEC vaccine ETVAX in Bangladeshi adults and the

influence of age on vaccine-induced immune responses.

The specific aims were:

To identify optimal time points for evaluation of ALS and fecal IgA responses
after oral vaccination in adults, children and infants in Bangladesh, using the

licensed oral cholera vaccine Dukoral as a model vaccine.

To establish a sensitive ECL method for analysis of ALS IgA responses
against multiple ETEC antigens in the ETVAX vaccine using small sample

volumes.

To evaluate the safety and immunogenicity of the inactivated oral ETEC
vaccine ETVAX administered with and without dmLT adjuvant in

Bangladeshi adults as a preparation for further studies in children and infants.
To investigate if the dmLT adjuvant can enhance IL-17A production from T

cells in infants and to compare the adjuvant effects on immune cells from

adults and infants.
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2. MATERIALS AND METHODS

2.1 Study site

All studies in this dissertation were carried out in the Mirpur field site in Dhaka,
Bangladesh. The Mirpur site was selected since this area is densely populated with a
high diarrheal disease burden [25]. In addition to that, Mirpur is a very well studied
field site where large numbers of surveillance studies on diarrheal diseases and
vaccination trials have been carried out over the last 20 years. The studies were
approved by the research review and ethical review committees of the International
Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b).

2.2 Vaccines and adjuvant

To determine optimal sampling time points for immunogenicity measurements after
oral vaccination, participants received two oral doses of the cholera vaccine Dukoral®
(Valneva, Sweden) 14 days apart. The vaccine consists of 1.25 x 10 killed V.
cholerae bacteria and 1 mg of recombinant CTB (rCTB). A full dose of the vaccine
was suspended in 150 mL (adults), 75 mL (toddlers) or 15 mL (young children and
infants) carbonate buffer (Recipharm, Sweden) (Figure 7A). In this study Dukoral
was termed as a ‘model’ vaccine since it is a licensed vaccine which is used globally
and also contains the toxoid subunit CTB which is antigenically very similar to the
LTB subunit of ETEC [4]. Dukoral also gives protection to LT+ ETEC infection [92].

To evaluate the safety and immunogenicity of the 2" generation multivalent ETEC
vaccine candidate in adults, two doses of ETVAX (produced for Scandinavian
Biopharma by Biovian Oy, Tykistokatu 6B FI-20520 Turku, Finland, lot BX1003574)
vaccine alone and together with dmLT adjuvant were given orally to study
participants at a two weeks interval. The vaccine consists of 8x10' inactivated E. coli
bacteria of four different strains (ETEX 21-24, 2x10'° bacteria/strain), recombinantly
induced to over-express the major ETEC CFs CFA/I, CS3, CS5, and CS6
respectively, and mixed with 1mg of LCTBA protein (Figure 7B). LCTBA is a
recombinantly produced LTB/CTB hybrid protein [6, 8, 137]. A full vaccine dose was
suspended in 150 mL bicarbonate buffer (Recipharm, Sweden) and given alone or
together with 10 pug of dmLT (lot 1575, Walter Reed Army Institute, Silver Spring,
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MD, USA) [88]. Participants were not allowed to eat or drink one hour before and

after any of the vaccinations.

2.3 Study participants

Healthy adults aged 18-42 years (n=99), toddlers aged 2-5 years (n=19), young
children aged 12-17 months (n=19) and infants aged 6-11 months (n=22) were
enrolled in this study (Table 2). All participants were from similar socio-economic
conditions. Informed written consent was obtained from each adult participant and for
children from their parent/guardian before enrollment. Before enrollment, study
physicians assessed the general health of the participants. Participants were excluded
if there was any history of gastrointestinal disorders, diarrheal illness during the last
two weeks, febrile illness in the preceding week or antibiotic treatment within one
week prior to enrollment. In the clinical trials, participants who had been vaccinated

with any cholera or ETEC vaccine previously were also excluded.

To enable measurement of optimal immune responses after oral vaccination, a time
Kinetic study was performed. In this study, 40 adults, 19 toddlers, 19 young children
and 9 infants were enrolled and divided into 4 groups based on the sampling time
points (Table 2). For the Phase I/11 clinical trial of ETVAX, 135 adult participants
were screened 4 to 7 days prior to enrollment for eligibility based on medical history,
clinical examination and laboratory tests. Participants positive for ETEC, Shigella,
Vibrio cholerae or Salmonella as determined by culture of a fecal sample collected
during the screening period were excluded. From the 135 participants, 45 healthy
volunteers were enrolled and randomized in a double blinded manner into one of the
three cohorts: (A) placebo (n=15, buffer alone), (B) ETVAX vaccine (n=15) or (C)
ETVAX with 10 ug dmLT adjuvant (n=15). To evaluate the in vitro adjuvant effect of

dmLT, 14 adults and 13 infants were enrolled.
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Table 2. Demographic characteristics of participants in different components of the
studies

Type of study Participants Age Gender®
Median Range
Immunogenicity  studies Adults (n=40) 29.5% 18.0-42.0° 29 (72%)
of Dukoral vaccine in
different age  groups: Toddlers (n=19) 3.2% 2.0-4.4* 6 (32%)
open, un-blinded
Young children (n=19) 14.0° 12.0-17.0° 8 (42%)
Infants (n=9) 7.0° 6.0-11.0° 3 (33%)

Clinical trial of ETVAX

in adults: randomized,

double-blinded, Adults (n=45) 29.0° 19.0-44.0° 29 (64%)
placebo-controlled

In vitro study of the Adults (n=14) 28.5° 18.0-35.0° 8 (57%)
effect of dmLT adjuvant
on immune responses in Infants (n=13) 10.0° 6.0-11.0° 7 (54%)

different age groups

®Age in years
®Age in months
“Number and frequencies of females

2.4 Follow-up for adverse reactions

In the kinetics study, participants and parents/guardians were asked verbally if any
adverse events that might be related to vaccination, including loose stools, nausea,
vomiting and fever, had occurred during the study period. For the Phase I/11 clinical
trial, adverse events and serious adverse events were assessed by regular home visits,
clinical chemistry and hematology tests and physical examinations. Participants were

given memory aids to record solicited symptoms.

2.5 Specimen collection and processing

To determine the Kinetics of immune responses after oral cholera vaccination,
heparinized venous blood and fecal specimens were collected from each enrolled
participant at three different time points; before immunization (day 0) and at two
additional time points (day 4 or 5 and day 7), either after the first or the second
vaccine dose (Figure 7A). For the clinical trial of the ETVAX vaccine, heparinized
venous blood and stool specimens were obtained at 7 to 4 days prior to the first
immunization and on day 7(+1) after the first dose and on day 19 (5 days after the 2"
dose, Figure 7B). To evaluate the in vitro effect of dmLT adjuvant, blood samples

were collected once on the day of the enroliment. PBMCs and plasma were separated
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from heparinized venous blood by density-gradient centrifugation using Ficoll-

Isopaque (Pharmacia, Sweden). Plasma was stored at -20 °C. Cells were used for the

ALS assay or different stimulation experiments.

A. Dukoral study

Dose 1 Dose 2
g \ 4) (5 (7
Day 4 5 7 14 18 19 21
Blood Blood
Stool Stool
Group A Group B Group C Group D
(do,d4,d7)  (do,d5, d7) (d0, d18, d21) (d0, d19, d21)
Adults + + + +
Toddlers + +
Younger children + +
Infants +
B. ETVAX study
Screening Dose 1 Dose 2
v v (5) (14)
Day -7 to -4 0 7 14 19 28
Blood Blood Blood Stool
Stool Stool Stool
Immunology
Immunology i : Immunology Immunology
Clinical chemistry Cl"ll_:cal cthflemlstry
Hematology S CaY

Figure 7. Vaccination and specimen collection time points. (A) Vaccination and sampling
time points of participants (group A-D) receiving the Dukoral vaccine. (B) Screening,
vaccination and sampling time points of participants receiving ETVAX with or without dmLT
adjuvant or placebo. Numbers in brackets indicate days after the second immunization.

After collection, fecal specimens were immediately stored at -70 °C. For extractions,
two gram of thawed fecal specimens were mixed with 8 mL of an extraction solution
containing Soybean Trypsin Inhibitor (5 mg/mL; Sigma), EDTA (0.5 M; Sigma),
Pefablock (35 mg/mL; Roche) dissolved in phosphate buffered saline (PBS)
supplemented with 0.05% Tween 20. The mixture was stored at room temperature for
15 min. After centrifugation at 20,000 x g for 30 min, the extracts were collected and
supplemented with bovine serum albumin (BSA) (final concentration, 0.1%, w/v) and
sodium azide (NaNs) (final concentration, 0.02%) and frozen in aliquots at -70 °C

until they were assayed for total and specific SIgA antibody content.
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2.6 Immunological analyses

2.6.1 Antigens, polyclonal stimuli and adjuvant

In this dissertation, different antigens have been used to determine specific antibody
responses in plasma and ALS specimens. In the Kinetics study, recombinant CTB and
a membrane preparation (MP) from a V. cholerae O1 strain were used to measure
antibody titers in plasma, ALS and fecal extracts. In the ETEC vaccine trial, immune
responses were measured in plasma and ALS specimens against the different primary
ETEC vaccine antigens (CFA/I, CS3, CS5, CS6 and LTB). All these antigens were
generous gifts from Professor Ann-Mari Svennerholm, Dept. of Microbiology and
Immunology, University of Gothenburg, Sweden and from Scandinavian Biopharma,
Solna, Sweden as well as National Institute of Health, USA.

To evaluate the dmLT adjuvant effect, PBMCs were stimulated with combinations of
antigens and toxins or toxin derivatives. The following polyclonal stimuli and
antigens were used: Staphylococcal enterotoxin B (SEB; Sigma-Aldrich),
phytohaemagglutinin (PHA, Remel, USA), LPS (Sigma) and a whole cell vaccine
component corresponding to the composition of ETVAX (Scandinavian Biopharma,
Etec970). The toxins/toxin derivatives used were dmLT (Scandinavian Biopharma)
and LTB.

2.6.2 Mucosal immune response measurements
Mucosal immune responses were evaluated by measuring intestine-derived ASCs

responses in ALS specimens and intestinal SIgA responses in fecal extracts.

2.6.2.1 ALS assay

For the ALS assay, PBMCs were resuspended at 10 cellssmL in RPMI complete
medium supplemented with 10% fetal bovine serum (FBS), 1% Na-pyruvate (final
concentration 1mM), 1% L-glutamine (final concentration 2 mM), 1% penicillin-
streptomycin (final concentration 100 1U/mL pencillin and 0.1 mg/mL streptomycin)
and cultured in 96-well flat-bottomed tissue culture plates. Cells were incubated at 37
°C in a 5% CO2 incubator and supernatants were collected after 48 h of incubation. A
protease inhibitor cocktail solution (0.2 uM AEBSF, 1 pg/mL aprotinin, 10 uM
leupeptin hemisulfate, 1 mg/mL Na-azide) was added to the supernatant (10 pL/mL of
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supernatant) and sample aliquots were immediately frozen at -70 °C for specific
antibody detection using ELISA or electrochemiluminescence assays.

2.6.2.2 Determination of ALS IgA responses by ELISA

To measure CTB/LTB specific IgA antibodies in ALS specimens, 96-well ELISA
plates (Nunc F) were coated with GM1 ganglioside (0.3 nmol/mL) overnight at room
temperature followed by recombinant CTB/LTB subunit (1 pug/mL). To determine
cholera MP specific responses, plates (Nunc F) were coated with Vibrio cholerae MP
(3 pg/mL). To determine CF specific IgA antibody responses, high binding 96-well
ELISA plates (Greiner) were coated with CFA/I (0.5 pg/mL), CS3 (0.3 pg/mL), CS5
(0.5 pg/mL) or CS6 (0.5 pg/mL). Eighty pL of ALS specimens were added to each
well (initially diluted in 0.1% BSA in PBS- 0.05% Tween; 1:4 for LTB/CTB and 1:2
for cholera MP and CFs) and a serially 3-fold (LTB/CTB) or 2-fold (CFs) dilution
was performed. The presence of antigen-specific antibodies was detected using
horseradish ~ peroxidase = (HRP)-conjugated  anti-human  IgA  (Jackson
ImmunoResearch; 1:1500 dilution in 0.1% BSA-PBS-Tween) and ortho
phenylenediamine (Sigma) in 0.1 M sodium citrate buffer (pH 4.5) and 30% hydrogen
peroxide (Merck). The reactions were stopped after 20 minutes by adding 1 M H,SO4
and endpoint titers were determined as the reciprocal interpolated dilutions of the

samples at 492 nm that were 0.2 above background.

2.6.2.3 Determination of ALS IgA responses by ECL

IgA antibody levels in ALS specimens were also analyzed by a novel ECL assay,
established at the University of Gothenburg, for all five primary vaccine antigens
(CFA/I, CS3, CS5, CS6 and LTB). Standard binding MULTI ARRAY 96-well plates
(MSD) were coated with 0.5 pug/mL of each antigen in carbonate buffer (pH 9.8) at
+4°C overnight, after 10 minutes shaking at room temperature. Plates were blocked
(1% casein in PBS, Thermo Fisher, 1 h) and ALS samples (diluted 1 to 5 in 1%
casein-PBS) were added (25 pL/well) for 2 h. IgA antibodies were detected using
anti-human/non-human primate (NHP) IgA Sulfo Tag antibodies (1 pg/mL, MSD, 2
h). Plates were washed after each step using 0.05% Tween PBS and incubations were
performed at room temperature with shaking. Finally, buffer (Read Buffer T; 1x
concentration, MSD) was added and reactions were immediately analyzed on a Meso
Quickplex SQ 120 reader (MSD).
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2.6.2.4 Determination of fecal total and specific SIgA responses by ELISA

Total SIgA contents were determined in all fecal extracts using a human colostrum
IgA reference (Sigma) as a standard in an ELISA test. Antigen specific SIgA were
measured from those participants whose fecal specimens contained 10 to 1000 pg/mL
of total SIgA and also when the concentration of total SIgA varied <3-fold between
the different time points. In the kinetics study, ELISA plates were coated with GM1
ganglioside (0.3 nmol/mL) overnight followed by recombinant CTB subunit (1
pmg/mL) or coated with MP (3 pg/mL). Fecal extracts (100 pL/well, initial 1:2
dilution, serially 3-fold diluted) were added and incubated for 90 minutes.
Monoclonal anti-secretory component (100 pL/well, diluted 1:5000; Sigma) was
added followed by 100 pL/well of anti-mouse 1gG1-HRP (diluted 1:2000; Southern
Biotech) and finally plates were developed by adding ortho phenylenediamine in 0.1
M sodium citrate buffer (pH 4.5) and hydrogen peroxide. After 20 minutes, titers were
determined as the reciprocal interpolated dilutions of the samples at 450 nm that were
0.4 above background. Antibody levels were expressed as the specific SIgA titer

divided by the total SIgA concentration of each sample.

2.6.3 Determination of plasma antibody responses by ELISA

Plasma IgA and IgG responses to vaccine antigens were measured to evaluate
systemic immune responses after immunization with Dukoral or ETVAX vaccines.
ELISA plates (Nunc F) were coated with GM1 ganglioside (0.3 nmol/mL) overnight
at room temperature followed by recombinant CTB/LTB subunit (0.5 ug/mL). To
determine Vibrio cholerae MP specific responses, plates (Nunc F) were coated with
cholera MP (3 pg/mL). To determine CF specific IgA antibody responses, high
binding 96-well ELISA plates (Greiner) were coated with CFA/I (0.5 pg/mL), CS3
(0.3 pg/mL), CS5 (0.5 pg/mL) or CS6 (0.5 pg/mL). An aliquot of 100 pL of plasma
specimen was added to each well (initially diluted 1:10 in BSA-PBS- 0.05% Tween
and a serially 3-fold dilution was performed). The presence of antigen-specific
antibodies was detected using HRP-conjugated anti-human IgA (Jackson
ImmunoResearch; 1:1500 dilution in 0.1% BSA-PBS-Tween) and ortho
phenylenediamine in 0.1 M sodium citrate buffer (pH 4.5) and 30% hydrogen
peroxide. The reactions were stopped after 20 minutes by adding 1 M H,SO,4 and
endpoint titers were determined as the reciprocal interpolated dilutions of the samples

at 492 nm that were 0.4 above background.
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2.6.4 Cell stimulation experiments

For analysis of adjuvant effects of dmLT in different age groups, PBMCs were
cultured in DMEM F12 medium (200 pL/well) supplemented with 50 mg/mL
gentamicin and 5% human AB* serum at 37 °C in a 5% CO, incubator. PBMCs (10°
cells/well) were cultured in duplicate wells in U-bottomed 96-well plates. Cells were
left untreated or stimulated alone with SEB (1 ng/mL or 10 ng/mL), PHA (1 pg/mL),
or a whole cell component of ETVAX vaccine alone or in combination with
increasing concentrations (1 pg/mL or 10 pg/mL) of dmLT or LTB. After 72 h of
stimulation, supernatants were collected for cytokine (IL-17A) analysis by ELISA.
For inhibition of IL-1 signaling, 1 pg/mL IL-1RA (R&D Systems) was added daily
for the first 3 days to cell cultures. For determination of IL-1p production, PBMCs
were left untreated or stimulated for 18 h with LPS (0.1-1000 ng/mL), dmLT (1 -50
pug/mL) and whole cell component of the ETVAX vaccine (2000-200,000
bacteria/mL). All supernatants were stored at -70 °C before cytokine analysis.

2.6.5 Analysis of cytokines in culture supernatants
The concentrations of IL-1B (from 18 h culture supernatants) and IL-17A (from 72 h
culture supernatants) were determined using sandwich ELISA (eBioscience)

following the manufacturers’ instructions.

2.7 Statistical analyses

All antibody data were logl0 transformed. Comparisons of pre- and post-
immunization antibody levels within groups were evaluated using a paired t-test and
responses between different groups using an unpaired t-test. Responder frequencies
were evaluated using Fisher exact test. The magnitudes of immune responses (fold
rises) were calculated as the post-immunization divided by pre-immunization
antibody levels and twofold increases were regarded as responses [6]. The Pearson
correlation coefficient was used to measure the correlations. Cytokine responses were
evaluated using a paired t-test or unpaired t-test, as applicable. P-values <0.05 were
considered as significant. All statistical analyses were performed with GraphPad

Prism version 6.0.
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3. RESULTS

3.1 Determination of optimal sampling time points

In this thesis the ETEC vaccine ETVAX has been tested in Bangladeshi adults to
evaluate the safety and immunogenicity of the vaccine. After safety evaluations in
adults, the study was then continued in children and subsequently in infants (Qadri et
al, in manuscript). Before designing this large Phase I/Il ETEC vaccine trial, the
optimal sampling time points for immunogenicity analysis in different age groups
were determined. In this study, the licensed cholera vaccine Dukoral, containing
rCTB and killed V. cholerae O1 bacteria, was used as a model vaccine; two
consecutive doses were given to adults, toddlers, young children and infants. ALS
responses to CTB and a V. cholerae MP were evaluated to investigate the kinetics of
IgA antibodies specific to toxin and bacterial cell antigens, including both protein and
V. cholerae O1 LPS, respectively. The feasibility to measure vaccine specific SIgA
antibody responses in fecal samples collected at different time points from the

different age groups was also investigated.

3.1.1 Kinetics of ALS IgA responses against CTB

In adults, significant ALS responses to CTB were observed both after the first and the
second vaccine dose (Figure 8A). After the first dose, only 10% of the participants
responded on day 4, but on day 5, a majority (80%) had responded and the responses
remained high on day 7. After the second dose, about half of the participants
responded already on day 4 (study day 18). The highest ALS responses were detected
on day 5 after the second dose (study day 19), when almost all participants had
responded. Responses then declined significantly by day 7 (study day 21) after intake
of the second dose. Similar kinetics of ALS IgA responses to CTB were observed in
toddlers (Figure 8B). The majority (70%) of toddlers had responded on day 5-7 after
the first dose and all participants responded on day 5 (study day 19) after the second
dose with a significant decline on day 7 (study day 21).

In contrast to adults and toddlers, only a few young children responded in ALS
specimens after the first vaccine dose (Figure 8C). However, after the second dose at
day 5 (study day 19), all young children had responded. The responses then declined
significantly on day 7 (study day 21). Although the ALS anti-CTB IgA response
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magnitudes were relatively low in infants, a majority of infants responded
significantly on day 5 after the second dose (study day 19, Figure 8D). Similar to the
other age groups, responses tended to decline between day 5 (day19) and 7 (day 21)
after the second dose.

3.1.2 Kinetics of plasma IgA and IgG responses

Adults, toddlers and young children developed significantly higher IgA responses in
plasma 7 days after the first dose compared to on day 4 or 5 (Table 3). After the
second dose, strong responses were observed already on day 4/5 and the responses
were comparable or higher in magnitudes on day 7. Similar numbers of infants
responded on both day 5 and 7 after the second dose though relatively higher
magnitudes of responses were seen on day 7 compared to day 5 (Table 3). Similar
Kinetics was observed for anti-CTB 1gG antibody responses in plasma (Table 4).
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Figure 8. Kinetics of ALS IgA responses to CTB after oral Dukoral vaccination. CTB-
specific IgA titers were analyzed in ALS samples from (A) adults (day 0; n=40, day 4/5;
n=10, day 7; n=20, day 18; n=11, day 19; n=9, day 21; n=20), (B) toddlers (day 0; n=19, day
5; n=10, day 7; n=10, day 19; n=9, day 21; n=8), (C) young children (day 0; n=19, day 5/7;
n=9, day 19/21; n=10) and (D) infants (n=9) before the first immunization (day 0) and at the
indicated time points after the first and second dose. Responder frequencies (RF) on the
different days are shown below the graphs. P < 0.05, "P < 0.01, = P < 0.001, ns; not
significant. Each round symbol indicates data from one participant and bars represent
geometric mean titers.
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Table 3. Magnitudes and responder frequencies of plasma IgA responses to CTB after

vaccination with Dukoral

Dose 1 Dose 2
Day 4 Day 5 Day 7 Day 4 Day 5 Day 7
(day 18) (day 19) (day 21)

Adults 1.2% 15 55 7.2 10.6 135

(2/10, 20%)°  (3/10,30%)  (15/20, 75%) (10/11, 91%)  (8/9, 89%) (19/20, 95%)
Toddlers nd° 34 7.3 Nd 2.9 6.3

(8/10, 80%)  (10/10, 100%) (9/9, 100%)  (8/8, 100%)

Young nd 29 6.3 Nd 22.0 40.0
children (6/9, 67%) (9/9, 100%) (9/10,90%)  (9/10, 90%)
Infants nd nd nd Nd 2.9 6.3

(719, 78%)

(719, 78%)

®Magnitudes of responses were expressed as geometric mean (GM) of fold rises.
PResponse rates are shown in parentheses. Fold rises >2 were considered as responses.

°nd, not done

Table 4. Magnitudes and responder frequencies of plasma IgG responses to CTB after

vaccination with Dukoral

Dose 1 Dose 2
Day 4 Day 5 Day 7 Day 4 Day 5 Day 7
(day 18) (day 19) (day 21)

Adults 1.1° 1.8 4.1 35 3.9 4.8

(1/10, 10%)°  (5/10,50%)  (17/20, 85%) (8/11, 73%)  (7/9, 78%) (16/20, 80%)
Toddlers  nd° 1.8 3.9 Nd 2.9 45

(4/10, 40%)  (7/10, 70%) (719, 78%) (8/8, 100%)

Young nd 14 1.9 Nd 4.5 10.9
children (1/9, 11%) (3/9, 33%) (9/10, 90%)  (9/10, 90%)
Infants nd nd nd Nd 45 4.4

(819, 89%)

(719, 78%)

®Magnitudes of responses were expressed as geometric mean (GM) of fold rises.
PResponse rates are shown in parentheses. Fold rises >2 were considered as responses.

°nd, not done.

3.1.3 Fecal SIgA responses

The presence of vaccine antigen (CTB and V. cholerae MP) specific SIgA antibodies

were also analyzed in fecal samples. Since the majority of stool samples from adults

and toddlers contained low and variable levels of total SIgA level, specific SIgA were

not analyzed further in these age groups. However, the fecal SIgA responses in young

children and infants were evaluated, but only after intake of the second vaccine dose,

since a majority of the total SIgA responses in young children and infants were low

and infrequent after the first vaccine dose. The CTB and MP specific SIgA results

from young children and infants were pooled and are shown in Figure 9.
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After the second vaccine dose, anti-CTB and anti-MP SIgA responses were observed
in about half of the participants on day 5 (study day 19, Figure 9). The responses
increased further on day 7 (study day 21), when responses to CTB and MP were
detected in 82% (9/11) and 58% (6/11) of participants, respectively, and the antibody
levels in the whole group were significantly increased compared to pre-vaccination

levels.
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Figure 9. SIgA antibody responses in fecal extracts after oral Dukoral vaccination. SIgA
responses (specific SlgA/total SIgA) against (A) CTB and (B) Vibrio cholerae MP were
measured in young children (n=6) and infants (n=7) before immunization (day 0) and at the
indicated time points after the second vaccine dose (total n=13). Responder frequencies (RF)
are shown below the graphs. P < 0.05, ~P < 0.01, ns; not significant. Each round symbol
indicates data from one participant and bars represent geometric mean titers.

Taken together, the results from the kinetic study show that the maximal ALS
responses to the oral cholera vaccine can be detected 5 days after the second dose in
all age groups living in a cholera and ETEC endemic country. This time point can also
be used for assessment of plasma IgA and 1gG responses to the vaccine. Moreover,
vaccine specific responses can also be detected in fecal samples from infants and

young children, but samples should be collected at least 7 days after vaccination to
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detect significant responses. The identification of optimal time points for assessment
of mucosal and systemic responses to oral vaccination in different age groups
facilitated the design of the sampling schedule in a subsequent large Phase I/11 trial of
the ETEC vaccine ETVAX.

3.2 Evaluation of the safety and immunogenicity of ETVAX in adults
Based on the excellent safety and immunogenicity profile of the ETVAX vaccine
observed in adult Swedes [6], the safety (primary endpoint) and immunogenicity
(secondary endpoint) of ETVAX with and without dmLT adjuvant was evaluated in
Bangladesh in a large Phase I/l trial in adults and subsequently in descending age
groups (5 years to 6 months). The results in this dissertation describe the first part of
this large clinical trial where the vaccine was tested in adults. In this initial part of the
trial, a sensitive electrochemiluminiscence, ECL, method was established and
optimized for sensitive analysis of ALS responses using small sample volumes of
blood. Since only limited blood volumes as well as limited ALS samples can be
obtained from children and infants, this sensitive ECL assay can facilitate analyses of

ALS responses against multiple antigens in younger age groups in subsequent studies.

3.2.1 Safety analyses

Two oral doses of ETVAX administered alone or in combination with 10 pg dmLT
were safe and well tolerated in all tested 30 Bangladeshi adults. No serious adverse
events were reported at any time point during the study period. No significant
differences in frequency or intensity of adverse events were observed among

participants receiving placebo, vaccine or vaccine+dmLT (Table 5).

Table 5. Adverse events in study participants after receiving one or two doses of
placebo, ETVAX or ETVAX plus dmLT

Adverse events A) Placebo B) ETVAX C) ETVAX+dmLT
(n=15) (n=15) (n=15)

Nausea 0 0 0

Vomiting 0 0 0

Diarrhea 0 0 0

Loose Stools 0 0 0

Abdominal Pain 0 0 0

Fever 1 (6.7%)° 0 1 (6.7%)"

8Mild fever appeared and resolved spontaneously on the same day of receiving placebo.
®Mild fever appeared two days after receiving the first vaccine dose and was resolved on the next day.
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3.2.2 Correlations between the results from ECL and ELISA assays
Vaccine antigen specific IgA levels in ALS samples were measured in parallel by the
traditional ELISA and the new ECL assay. The fold rises in antibody levels in post-
compared to pre-vaccination samples were compared. High correlations (r=0.85 to
0.98, P<0.001) between the magnitudes of ALS responses determined by the ECL and
ELISA assays were found for all five primary antigens (CFA/I, CS3, CS5, CS6 and
LTB) using samples from all participants collected 5 days after the second dose
(Figure 10). Magnitudes of responses to CFA/I and CS5 were 3 to 4-fold higher
determined by ECL compared to ELISA, but still correlated very well, whereas the
magnitudes of responses to CS3, CS6 and LTB were comparable in the two assays.
The majority of placebo recipients had responses to all antigens below the 2-fold cut-
off for positivity in both assays, but discrimination between vaccine and placebo
recipients was slightly more distinct using the ECL assay (Figure 10).

Considering the excellent performance of the ECL assay and the relatively small
volumes of ALS samples available from some participants, the ECL assay was

selected as the primary readout for the ALS responses in the study.

40


User
Typewritten text
Dhaka University Institutional Repository 


CFA/l
1000
;10683001 ooy
% 1007 ’ o 894
@ \’o
- o
g 104 °
o °
O
w1y g AAAA
0.1 T T :
0.1 1 10 100 1000
ELISA (fold rises)
C. CS5
10000
r=0.98
_10004 P<0.0001 °
(%]
: £
Z 100
°
- [ ]
= [ ¥ )
(=]
f 107 ° o .!.. °
3 °
w
s
0.1 T : :
0.1 1 10 100 1000
ELISA (fold rises)
E. LTB
1000 °
r=0.98
P < 0.0001 °
2 1007 .,
2
=l o Q ..
s 10 3 ° 0o ©
-
O
o1 af
0.1 T . . .
0.1 1 10 100 1000 10000

ELISA (fold rises)

Dhaka University Institutional Repository

B. cs3
1000
r=0.85
o
P < 0.0001 e’
21004 L )
] [} [ ]
2
: c &
k=l
S 107 o
S £
o
w14 é A AA A
0.1 T T T
0.1 1 10 100 1000
ELISA (fold rises)
D. CS6
1000
r=0.89 ° o°
P < 0.0001 o
:‘,3‘100- o0 :s
prs [ ]
o .'..
2 103 A b 1 °
3 N
(6] yaY Ix
TR AL A
0.1 T T T
0.1 1 10 100 1000
ELISA (fold rises)
® Vaccinees

A Placebo recipients

Figure 10. Comparison of ALS responses to ETVAX vaccination measured using a novel
ECL and traditional ELISA assays. Magnitudes of responses (fold rises) of specific IgA
antibody levels against (A) CFA/I, (B) CS3, (C) CS5, (D) CS6 and (E) LTB antigens were
analyzed in day 19 ALS specimens (n=30 vaccinees and n=14 placebo recipients). Dashed

lines indicate fold rises >2.
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3.2.3 Immunogenicity analyses

To analyze the immunogenicity of the ETVAX vaccine in Bangladeshi adults,
specific antibody responses were evaluated against vaccine CFs (CFA/I, CS3, CS5
and CS6) and LTB in ALS and plasma specimens using ECL and ELISA assays,
respectively. Analysis of fecal samples for SIgA responses to the vaccine was carried
out. However, consistent with the findings in Kinetic study, a majority of stool
samples from the adults contained low and variable levels of total SIgA, and did not
meet the inclusion criteria for analysis. Therefore, analysis of CF and LTB specific
antibody responses were not evaluated in fecal specimens in the adults.

3.2.3.1 ALS IgA responses to colonization factors

ETVAX alone or with dmLT adjuvant elicited significant increases of specific IgA
responses in ALS against all four vaccine CFs (Figure 11). Analysis of ALS
specimens using the ECL assay (Figure 11 A-D) showed that the magnitudes of
responses were high already 7 days after the first vaccine dose compared to pre-
immunization levels and responses remained at similar levels (anti-CS3, Figure 11B)
or increased further 5 days (study day 19) after the second dose (P<0.001 when
magnitudes of ALS responses on day 7 or day 19 versus pre vaccination levels were
compared). Responder frequencies for antigen specific IgA ALS responses among the
vaccinees were 87-100% already after the first dose and 100% after the second dose
for all CFs (Table 6). In contrast, very few placebo recipients responded to any of the
antigens, and then only to CS3 (4/14 subjects) and CS6 (1/14).
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Figure 11. Colonization factors specific ALS IgA antibody responses measured by the
ECL assay. IgA antibody responses against CFA/I, CS3, CS5 and CS6 antigens in (A-D) in
ALS specimens in participants receiving placebo (n=13-14), ETVAX vaccine (n=13-15) and
ETVAX vaccine plus dmLT (n=14-15). Each round symbol indicates . gata from one

participant and bars represent geometric mean titers. P < 0.05, "P < 0.01, P < 0.001, ns;
not significant.
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3.2.3.2 ALS IgA responses to LTB

The LTB specific IgA responses in ALS were studied using the ECL assay (Figure
12). The vaccine alone or with dmLT adjuvant induced significantly increased levels
of ALS IgA antibodies against LTB. The magnitudes of IgA responses were high
(P<0.001) already 7 days after the first vaccine dose and responses remained at
similar levels 5 days (study day 19) after the second dose (Table 6). Almost 100% of

participants responded against LTB after either dose of the vaccine.
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Figure 12. Toxin specific ALS IgA responses measured by ECL. IgA responses against
LTB antigen in ALS specimens in participants receiving placebo (n=13-14), ETVAX vaccine
(n=13-15) and ETVAX vaccine plus dmLT (n=14-15). Each round symbol indicates data

from one participant and bars represent geometric mean titers. “P < 0.01, P < 0.001, ns; not
significant.
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Table 6. Responder frequencies of ALS and plasma IgA responses against CFA/I,
CS3, CS5, CS6 and LTB and plasma 1gG responses against LTB determined by ECL
(ALS) and ELISA (plasma) assays after administration of one and two treatment
doses

Placebo Vaccine® Vaccine+dmLT"
(n=14) (n=15) (n=15)
Dosel Dose?2 Dose 1 Dose 2 Dose1 Dose?2

ALS
CFA/I 0 0 100 100 93 100
CS3 29 14 100 100 93 100
CS5 0 0 87 100 100 100
CS6 0 7 93 100 87 100
LTB 0 0 100 100 100 100
Plasma
CFA/I 0 0 54 73 73 80
CS3 15 21 87 93 93 86
CS5 0 0 64 50 67 80
CS6 0 0 46 62 67 73
LTB IgA 0 7 100 100 100 100
LTB IgG 7 14 73 93 87 87

®Fold rises >2 were considered as responses [6] and responder frequencies (%) using this cut-off are
indicated.

PResponder frequencies were significantly higher (P<0.001) in the vaccine and vaccine+dmLT groups,
respectively, compared to the placebo group, for all antigens.

3.2.3.3 Plasma IgA responses to colonization factors

The magnitudes of anti-CF IgA responses were lower in plasma than in ALS, when
plasma ELISA titers were compared with ALS ECL units. Significantly increased
plasma responses were found 7 days after the first dose (P<0.001, Figure 13) and the
magnitudes of responses against all vaccine antigens remained at comparable levels 5
days after the second vaccination. Responder frequencies for plasma IgA responses
among the vaccinees were 46-93% against all CFs already after the first dose and 50-
93% after the second dose (Table 6). In contrast, very few placebo recipients

responded to any of the antigens, and then only to CS3 (3/14 subjects).
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Figure 13. Colonizaton factors specific plasma IgA responses measured by ELISA. IgA
antibody responses against CFA/I, CS3, CS5 and CS6 antigens (A-D) in plasma specimens in
participants receiving placebo (n=13-14), ETVAX vaccine (n=13-15) and ETVAX vaccine
plus dmLT (n=14-15). Each round symbol indicates data from one participant and bars
represent geometric mean titers. P < 0.05, "P < 0.01, P < 0.001, ns; not significant.
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3.2.3.4 Plasma IgA and 1gG responses to LTB

The LTB specific IgA and IgG responses in plasma were measured using ELISA
(Figure 14). The vaccine alone or with dmLT adjuvant induced significantly increased
levels of plasma IgA and IgG antibodies against LTB. The magnitudes of IgA
responses were high (P<0.001) already 7 days after the first vaccine dose and
responses remained at similar levels 5 days (day 19) after the second dose.

Anti-LTB 1gG responses in plasma followed the same pattern. Among the vaccinees
73-100% already responded to LTB after the first dose when both IgA and IgG
responses were considered and 100% after the second dose (Table 6). In contrast, only
7-14% placebo recipients responded to LTB in plasma.
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Figure 14. Toxin specific plasma IgA and IgG responses measured by ELISA. IgA and
IgG responses against LTB antigen in plasma specimens in participants receiving placebo
(n=14), ETVAX vaccine (n=15) and ETVAX vaccine plus dmLT (n=15). Each round symbol
indicates data from one participant and bars represent geometric mean titers."P < 0.05, "P <

Kk

0.01, P <0.001, ns; not significant.
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3.2.3.5 Effect of dmLT adjuvant on the ETVAX immunogenicity

Addition of dmLT to the vaccine did not have any significant impact on the antibody
responses in ALS. No significant differences in subjects receiving ETVAX with or
without dmLT were observed in magnitudes or frequencies of IgA antibody responses
against CFs (Figure 11) or LTB (Figure 12) in ALS (P>0.05). The magnitudes and
frequencies of ALS responses were similar on both day 7 and day 19 in the vaccine
compared to the vaccine+dmLT groups (Figure 11, 12 and Table 6).

In plasma, the responder frequencies were not significantly different (P>0.05) in the
vaccine compared to the vaccine + dmLT group. However, there was a trend for
higher (10-30%) responder frequencies against CFA/I (dose 1), CS5 (dose 2) and CS6
(both doses) in participants receiving ETVAX + dmLT compared to ETVAX alone
(Table 6, P>0.05). A trend for higher antibody responses after addition of dmLT was
also seen when plasma responses to all primary antigens were considered together;
57% of subjects immunized with ETVAX + dmLT and 38% with vaccine alone

responded to all five antigens (Table 7).

Table 7. Frequencies of IgA responders against different numbers of primary vaccine
antigens in plasma after one or two doses

Frequency of subjects Placebo Vaccine” Vaccine+dmLT"®
responding to

5 antigens® 0/13 (0%) 5/13 (38%) 8/14 (57%)
>4 antigens 0/13 (0%) 8/13 (62%) 13/14 (93%)
>3 antigens 0/13 (0%) 12/13 (92%) 13/14 (93%)
>2 antigens 1/13 (8%) 12/13 (92%) 13/14 (93%)
>1 antigens 3/13 (20%) 13/13 (100%) 14/14 (100%)

0 antigen 10/13 (77%) 0/13 (0%) 0/14 (0%)

8LTB, CFA/I, CS3, CS5, CS6.

®Responder frequencies against >1 to 5 antigens were significantly higher (P<0.05) in the vaccine and
vaccine+dmLT groups, respectively, compared to the placebo group.

‘Responder frequencies were not significantly different (P>0.05) in the vaccine compared to the
vaccine+dmLT group. However, including dmLT in the vaccine formulation appeared to favor a
broader antigenic response than that achieved with the vaccine alone, particularly when plasma IgA
response frequencies to >4 or 5 antigens were considered.
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Overall, this Phase | trial demonstrated that the oral ETVAX vaccine is safe in
Bangladeshi adults and induces strong mucosal as well as systemic immune responses
against key vaccine antigens. The highly sensitive ECL assay established here
allowed specific analysis of ALS responses to all key vaccine components when
tested in small sample volumes. The mucosal adjuvant dmLT had no significant effect
on ALS responses in adults, although a trend for improved breadth of plasma
responses was observed. These findings provided a base to test this vaccine and dmLT

adjuvant further in descending age groups in children and infants in Bangladesh.

3.3 Adjuvant effects of dmLT on immune cells from adults and

infants

The mucosal adjuvant dmLT was tested with the oral ETVAX vaccine in adults in the
Phase | study and continued studies in children and infants include different
combinations of vaccine and dmLT dosages. It was therefore important to understand
the potential role of the dmLT adjuvant in modulating vaccine specific responses and
whether cells from infants and adults respond differently to dmLT and/or to the
ETVAX vaccine. The immune enhancing effect of the dmLT adjuvant on PBMCs
from both adults and infants in response to polyclonal stimuli (SEB and PHA) and a
whole cell component of ETVAX were evaluated. The analysis of IL-17A responses
were especially interesting, since this cytokine is known to be important for mucosal
immune responses by influencing IgA antibody production and since this cytokine
had previously been shown to be enhanced by dmLT via induction of IL-13 [119,
120].

3.3.1 Effect of dmLT on IL-17A production

To study how dmLT influences T cell responses in infants vs. adults, PBMCs were
stimulated with dmLT in combination with the mitogen PHA or the superantigen
SEB, and IL-17A was analyzed in culture supernatants by ELISA after 72 h of
stimulation. In both adults and infants, SEB or PHA stimulation alone induced IL-
17A responses, but the magnitudes of responses were lower in infants compared to
adults. In contrast, stimulation with dmLT alone did not induce any detectable IL-17A
production at any concentration tested (1-10 pg/mL; Figure 15A and B). Stimulation

of cells with SEB in combination with increasing concentrations of dmLT resulted in
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significant increases in IL-17A production compared to SEB alone in both adults and
infants (Figure 15A and B). In adults, the production of IL-17A increased
significantly in the presence of the lowest dmLT concentration tested (1 pg/mL, 2-
fold mean increase in comparison to SEB alone) and addition of 10 pg/mL resulted in
even higher IL-17A production in comparison to stimulation with SEB+dmLT 1
pug/mL (Figure 15A). PBMCs from adults also showed a similar enhanced IL-17A
production when increasing concentrations of dmLT were added in combination with
PHA (Figure 15A).

Significant IL-17A enhancing effects of dmLT were also observed in PBMCs
obtained from infants when increasing concentrations of dmLT (1 and 10 pg/mL) was
added to the cultures stimulated with SEB. However, in contrast to adults, the two
dmLT concentrations induced comparable IL-17A production when combined with
SEB (Figure 15B). dmLT 10 pg/mL, but not dmLT 1 pg/mL, caused significant IL-
17A enhancement when combined with PHA stimulation in PBMCs from infants;
although there was a trend for increased responses already at 1 pg/mL (Figure 15B).
Although the PBMCs from infants produced lower levels of IL-17A compared to the
adult cells, the relative increase in IL-17A production in cells stimulated with 10
pHg/mL dmLT compared to without dmLT were comparable in both age groups
(Figure 15C, fold rises: SEB 2.6 vs. 2.9, PHA 1.9 vs. 2.2). These results suggest that
infant cells were able to respond to dmLT adjuvant but that the dose-response effect

in infant cells was less robust compared to that seen in adults.
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Figure 15. Effect of dmLT on IL-17A responses induced by SEB and PHA stimulation in
PBMCs. IL-17A concentrations in cultures with cells from (A) adults (n=11) and (B) infants
(n=10). Bars represent mean with SEM of IL-17A conc. in culture supernatants. (C) Fold
changes of IL-17A responses in PBMCs treated with SEB or PHA plus dmLT (10 pg/mL)
versus SEB or PHA treatment alone. Bars represent means of fold-change differences and
each symbol represents data from one participant. Dashed line indicate no enhancement (fold
rise=1).
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3.3.2 Role of IL-1p in promotion of IL-17A responses by the dmLT
adjuvant

To evaluate the role of IL-1f in mediating the dmLT adjuvant effect in both adult and
infant PBMCs, IL-1RA was added to cell culture, which prevented downstream
effects of IL-1B by blocking the IL-1 receptor. IL-1RA was added to the culture
medium together with SEB and dmLT and concentrations of IL-17A was measured in
the culture supernatants. Addition of IL-1RA caused decreased IL-17A production
induced by SEB+dmLT in cells from all tested adults and infants (40% reduction for
adults and 28% reduction for infants, Figure 16).
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Figure 16. Role of IL-1 signaling in dmLT-induced promotion of IL-17A responses.
PBMCs from (A) adults (n=4) and (B) infants (n=4) were treated for 72 h with SEB or
SEB+dmLT 10 pg/mL with or without IL-1 receptor antagonist (IL-1RA) and the resulting
IL-17A production was determined by ELISA.

3.3.3 Production of IL-1p from PBMCs stimulated with dmLT and
ETVAX

To further investigate if dmLT alone could stimulate production of IL-1p in PBMCs
from both adults and infants (Figure 17A). IL-1P responses were measured after
stimulation of PBMCs with increasing concentrations of dmLT (1, 10, 20 and 50
pug/mL) for 18 hours, a time point when mainly innate cells respond to stimulation.
dmLT alone could activate PBMCs from both infants and adults to produce IL-1p in a
dose-dependent manner (Figure 17A). The levels of IL-1B induced by dmLT were
comparable in adults and infants at all dmLT concentrations tested (Figure 17A).
Increased IL-1B production (>2 fold increase compared to stimulation with medium

alone) was seen at the concentration of 10 pug/mL in PBMCs from some participants
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(about 50% of subjects), but strong and consistent responses were only observed at 50
pMg/mL in both adults and infants, when all volunteers except one infant showed
increased (mean 11-fold) IL-1B production. Strong dose-dependent IL-1f production
was also observed in PBMCs stimulated with different concentrations of E. coli LPS
(0.1-1000 ng/mL) in both tested age groups, with similar levels produced in infants

and adults (data not shown).
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Figure 17. IL-1p production from PBMCs from adults and infants stimulated with
dmLT and ETVAX whole cell component, respectively. (A) Production of IL-1B after
stimulating PBMCs (adults; n=6, infants; n=5) with increasing concentrations of dmLT (1-50
pg/mL). (B) Production of IL-1p after stimulating PBMCs (adults; n=5, infants; n=6) with
increasing concentrations of whole cell component of ETVAX. Bars represent means with
SEM of concentrations of IL-1p.
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Next, IL-1pB responses were evaluated after stimulating PBMCs with the whole cell
component of ETVAX. In both adult and infant cell cultures, the whole cell
component induced strong and dose-dependent IL-1p responses and levels of IL-1p

were comparable in the two age groups (Figure 17B).

3.3.4 IL-1p production in PBMCs stimulated with ETVAX+dmLT

To determine if dmLT could further enhance IL-1p responses induced by the whole
cell component in PBMCs from adults and infants, the fold rises of IL-1p responses
were measured after addition of 10 pg/mL of dmLT with a lower dose (2000
bacteria/mL) and 10-fold higher dose (20,000 bacteria/mL) of ETVAX whole cell
antigen (Figure 18). In cultures with cells from adults, IL-1p responses did not
increase further when dmLT was added with any of the tested vaccine doses.
Interestingly, in cells from infants, addition of dmLT with the low dose of ETVAX
vaccine caused significantly enhanced IL-1p responses compared to stimulation with
vaccine alone. However, in combination with a higher dose of vaccine, dmLT did not
enhance the IL-1p production in comparison to vaccine alone (Figure 18). The lack of
enhancement at higher vaccine doses was confirmed when even higher concentrations
of vaccine were tested (0.1-0.2 million bacteria/mL) in combination with dmLT in

both adults and infants (data not shown).
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Figure 18. IL-1p production from PBMCs from adults and infants stimulated with a
whole cell component of ETVAX+ dmLT. Fold changes of IL-1p production after
stimulating PBMCs with a lower concentration (adults; n=8, infants; n=7) and higher
concentration (adults; n=6, infants; n=6) of whole cell component of ETVAX alone or with
10 pg/mL dmLT adjuvant. Bars represent means with SEM of fold-change differences
between PBMCs treated with ETVAX plus dmLT versus ETVAX treatment alone.

Taken together, results from this in vitro study suggest that the dmLT adjuvant can
promote IL-17A production from Th17 cells in both infants and adults. The adjuvant
effect on T cells is at least partially mediated by IL-1 in both age-groups. In addition,
preliminary results suggest that the whole cell component of ETVAX induces strong
and dose-dependent IL-1pB responses in both adults and infants. Furthermore, dmLT
may particularly enhance IL-1p responses induced by low doses of vaccine in infant

cells.
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4. DISCUSSION

4.1 General discussion

In this thesis, the second generation ETEC vaccine ETVAX alone and together with
dmLT adjuvant was shown to be safe and immunogenic in Bangladeshi adults. This
was the first clinical trial of this ETEC vaccine, as well as the dmLT adjuvant,
conducted in an ETEC endemic country. Also based on the promising results obtained
from adults in this trial, the study could proceed to children and infants. ETVAX is
one of the leading candidate vaccines for ETEC diarrhea, since it is an inactivated
vaccine, which makes it safer than live vaccines and is easier to produce. It is also
simple to administer and has a broader antigenic coverage compared to most other
candidate ETEC vaccines [3]. ETVAX is produced by Scandinavian Biopharma in
Sweden and has previously been tested alone and together with dmLT adjuvant in
Swedish adults in a phase | trial [6]. The mucosal adjuvant dmLT is one of the most
well studied non-toxic mucosal adjuvants, which can induce multifaceted immune
responses to mucosally co-delivered antigens in mice [7]. This adjuvant has also

shown promising effects in clinical trials [6, 94].

The clinical evaluation of ETVAX in Bangladesh was preceded by extensive efforts
to improve and optimize the methods used for assessing the immunogenicity of the
vaccine. Firstly, the kinetics of ASC/ALS responses in different age groups were
studied after vaccination with the licensed and WHO prequalified oral cholera vaccine
Dukoral to identify optimal sampling time points. Secondly, it was confirmed that
fecal samples from young children and infants can be used to evaluate vaccine
specific intestinal SIgA responses induced by oral vaccination. Thirdly, a sensitive
chemiluminsence based ECL method was established for analysis of ALS IgA
responses against multiple ETEC antigens present in the ETVAX vaccine. This was
especially important since only small sample volumes of specimens are needed for the
ECL analysis. This facilitated subsequent evaluation of immune responses in children
and infants (in manuscript). Different in vitro experiments were also conducted to
investigate how the dmLT adjuvant and ETVAX vaccine influence immune cells
obtained from adults and infants. Collectively, the studies in this dissertation have

provided both practical methodological tools and scientific insights into how oral
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vaccines and mucosal adjuvants can induce and influence immune responses in

individuals from an ETEC endemic area and in developing country.

In many previous studies of oral cholera and ETEC vaccines, ASC/ALS responses
have traditionally been assessed 7 days after each vaccine dose, without considering
the priming and endemicity or age of the participating individuals [12, 83, 84, 134-
136]. In these studies, decreased levels of vaccine specific ASC responses were
shown after the second compared to the first vaccine dose. For example, in the
previous clinical trial of the first generation rCTB-CF-ETEC vaccine in Bangladesh,
90-100% of the adult participants responded against different CFs and CTB antigens
after the first dose while only 60-80% responded after the second dose [83]. However,
recently Leach et al. and Lundgren et al. reported that repeated immunization with the
Dukoral as well as ETVAX vaccines induced more rapid and transient ALS responses
in naive Swedish adults than the first priming dose [6, 90, 133]. Since Sweden is not
endemic for ETEC or cholera and only adult subjects were studied in Sweden, it was
important to examine how age and natural exposure to cholera and ETEC infections
influence the kinetics of ASC responses to oral vaccines in an endemic and

developing country setting.

In the kinetics study, a clear effect of age on the ASC responses was shown after
vaccination with Dukoral, particularly after the first dose. Most adults and toddlers
developed significant anti-CTB ALS IgA responses after the first dose, while very
few young children developed responses after the first dose. This supports the priming
effect on ASC responses previously seen in Swedish adults [133, 136]. Adults and
toddlers in Bangladesh are more frequently primed by symptomatic or asymptomatic
infections with V. cholerae and/or LT ETEC than younger children; such priming
may have induced CT/LT-reactive memory B cells which could be rapidly reactivated
by a CTB-containing cholera vaccine, resulting in strong ALS responses already after
the first vaccine dose. However, despite these differences in ASC responses after the
first dose in different age groups, maximal responses were observed after the second
dose on day 19 in all vaccinees independent of age. After the second dose a clear age
effect on the magnitude and frequency of ALS responses was also observed; adults,
toddlers and even young children responded strongly while lower responses were

found in infants.
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Interestingly, young children who responded very little after the first dose responded
strongly after the second dose. The result of low ASC responses in infants is
consistent with the recent findings from a study in India where low ASC responses
among gut homing 7+ blood cells were recorded after a second dose of oral rotavirus
vaccine in infants [138]. However, the most important finding of this kinetic study is
that low ASC responses were observed on day 21 compared to day 19 in all age
groups. These results support that in previous studies peak responses may have been
missed due to suboptimal sampling time points, due to late schedule of collection of
samples after the second vaccine dose [12, 83, 84, 134-136]. These results highlight
the importance of collecting blood samples earlier (at day 5) than previously
recommended (at day 7) after the second dose, in all age groups. Thus, identification
of the same optimal time point for sample collection in all age groups greatly
facilitates the planning and logistics of vaccine trials in descending age groups.

Measurements of fecal antibody responses more directly reflect mucosal responses
compared to analysis of blood antibody secreting cells, ASCs. In addition,
determination of fecal immune responses can often be more important in young
children and infants compared to adults since limited blood volumes can be collected
from these age groups and venipuncture is preferably completely avoided due to
ethical reasons. However, analyses of fecal antibody responses are practically
demanding because antibodies in fecal samples need to be extracted before analysis.
This can be time consuming and the samples can also be unpleasant to work with.
There is also a risk of getting varying quality of samples over time from the same
individual. Moreover there is a possibility of non-specific binding of constituents of
the complex fecal sample matrix to the solid phase used for antigen coating in the
readout system. Evaluation of locally produced fecal SIgA antibody responses is
advantageous compared to measurement of fecal IgA as done in previous trials [83,

134] since total IgA may contain transduced serum IgA antibodies [4].

In this dissertation, it was shown that SIgA antibody responses to CTB and V.
cholerae membrane protein MP can be measured in fecal samples in infants and
children after oral cholera vaccination, whereas it was not possible to analyze vaccine
antigen specific SIgA responses in adults and toddlers due to very low and variable

levels of total SIgA content in these age groups. This finding was later confirmed in
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Bangladeshi adults vaccinated with ETVAX. In contrast, fecal samples from Swedish
adults extracted using the same method contained higher SIgA levels and robust SIgA
responses were recorded against all primary vaccine antigens after ETVAX
vaccination [6]. The reason for this inconsistency may be due to several factors,
including different diets and differences in the gut microbiota in people in endemic
and non-endemic areas. Further studies are needed in adults and toddlers to optimize
the extraction methods in order to facilitate measurement of fecal SIgA responses in

endemic settings.

Kinetic analyses showed that fecal responses peaked at a later time point (day 21)
compared to blood ASCs after the second dose. This delayed kinetics of antibody
response in fecal extracts is consistent with mucosal homing of blood ASCs. This is
because after the second vaccination plasma blasts appear transiently in blood on day
5 and then migrate to the intestinal mucosa to mature into plasma cells producing
antibodies which can be detected after a few days in fecal samples. The findings of
late appearance of fecal antibodies compared to ASC responses after the second dose
is also consistent with previous studies in Swedish adults, where fecal responses to
oral ETEC vaccines were detected 7-14 days after the booster dose [6, 89, 139].

A sensitive electrochemiluminiscence, ECL, assay was also established in this thesis
as an alternate to the conventional ELISA methods to measure ALS responses against
the primary ETVAX vaccine antigens using small sample volumes of specimens. The
ALS/ASC responses measured by ELISA require large volumes of samples which
make it difficult to evaluate responses to multivalent vaccines, particularly in pediatric
studies, since only limited blood volumes can only be collected from children and
infants. Furthermore, this is the first study where the ECL technology has been used
to evaluate intestine-derived IgA antibody responses induced by an oral vaccine.
However, ECL assays have previously been established for analysis of serum IgG
antibodies against different infections and parenteral vaccines, especially
pneumococcal vaccines, using both single- and multiplex analysis platforms [140-
143]. The results in this dissertation show that the ALS results obtained using the
novel ECL assay and traditional ELISA correlated very well for all tested antigens

present in the ETVAX vaccine.
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The ECL assay only requires 5 pl of ALS sample compared to a minimum of about
75 ul in ELISA for determination of responses to each antigen. Thus, the ECL assay
is highly useful for assessment of intestine-derived IgA-ALS responses in pediatric
studies of ETVAX, and also in studies of ASC responses to other multivalent vaccines
as well as after natural ETEC infection. Furthermore, the wide dynamic range of the
ECL assay made it possible to use a single sample dilution, while sample titration is
normally used in ELISA, which results in significantly less work and reduced
amounts of antigen used for coating the plates. The ECL assay was also found to be
slightly more specific than ELISA method, since slightly higher rates of weak
antibody responses were seen in the placebo group using ELISA compared to ECL.
Based on these excellent results, the ECL assay was selected as the primary method
for assessing intestine-derived ALS response in adults in this Phase | trial of the
ETVAX vaccine.

The preliminary results from Svennerholm et al. (unpublished data, with permission)
suggest that it is also possible to analyze plasma and fecal antibody responses against
primary ETVAX vaccine antigens using ECL. However, further studies will also need
to be conducted to establish a multiplex ECL method including several ETEC
antigens in the same microtiter well to further reduce sample volumes and working
time. The ECL techniques based on the MSD technology platform potentially allows
analysis of 10 different antigens in separate spots in the same well and such multiplex
assays have been shown to be highly useful for evaluation of plasma responses to
different pneumococcal serotypes present in current multivalent pneumococcal
vaccines [143]. However, the combination of ETEC antigens in a multiplex assay
needs to be selected carefully, considering the cross-reactivity between antibodies
binding to colonization factor antigens of ETEC belonging to the same protein
families [37, 91]. Furthermore, antigen coating of multiplex assay plates must
currently be performed by the company producing the ECL equipment and cannot be

performed in-house.

All the results from the methodological studies in this dissertation were collectively
considered when planning the immunogenicity analyses for the large Phase I/1l
clinical trial of the 2" generation ETEC vaccine ETVAX in descending age groups.

Thus, in this trial i) blood samples were collected day 7 after the first dose and day 5
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(study day 19) after the second dose in all age groups, ii) considering the delayed
kinetics of fecal SIgA responses compared to blood ASCs, fecal samples were
collected at a later time point (day 28) after the second dose in addition to day 19, and
iii) the ECL assay was used as the primary readout method to evaluate ALS responses

against all primary vaccine antigens.

The clinical trial of ETVAX was designed to evaluate the safety and immunogenicity
of the ETVAX vaccine alone and in combination with dmLT adjuvant in Bangladeshi
adults and subsequently in descending age groups (5 years to 6 months). However, in
this dissertation, only results from adults have been included. The results show that
ETVAX vaccine alone and together with dmLT adjuvant is safe and very well
tolerated in Bangladeshi adults, with almost no recorded solicited adverse events at
all. These results confirm previous safety data from studies in Swedish adults who
received ETVAX vaccine alone and together with 10 pg or 20 pug of dmLT [6, 89,
90]. However, in previous trials of the first generation rCTB-CF-ETEC vaccine a few
adverse events were recorded in the Bangladeshi adults including mild abdominal
pain, loose stools etc., which suggest ETVAX is at least as safe and possibly even
better tolerated compared to the rCTB-CF ETEC vaccine [83]. After confirming the
excellent safety of ETVAX in adults, children and subsequently infants have been
vaccinated with different combinations of fractionated doses of ETVAX and dmLT to
determine the highest safe dose of vaccine alone and in combination with dmLT (in

manuscript).

Results from this dissertation further confirmed that ETVAX is highly immunogenic
in Bangladeshi adults. Evaluation of ALS responses using the ECL technique showed
that after the first dose 80-90% of the vaccinees responded to all primary vaccine
antigens (CFs and LTB). In contrast, ALS responses after the first ETVAX dose were
infrequent in Swedish adults who probably have never been exposed to ETEC
previously [6, 90]. The findings of high ASC responses after the first dose further
confirm the priming effect in Bangladeshi adults previously seen in the Kinetics study
after a single Dukoral dose. Importantly, ETVAX induced very high responses after
the second dose when 100% of participants responded to all of the vaccine antigens.
This is in contrast to the findings from studies of the 1% generation ETEC vaccine

where lower ASC responses were found after the second compared to first dose [83].
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The observation of most frequent ALS responses after the second dose confirms that
the optimal time point (day 19) was selected in the ETVAX trial. However, the
modified time points for specimen collection as well as the use of ALS instead of the
PBMC based ELISPOT method in the ETVAX study made it less relevant to directly
compare results from trials with ETVAX and the first generation ETEC vaccine.

Strong plasma antibody responses to CFs and LTB were observed after both doses of
ETVAX in this endemic population. In this study, plasma antibody responses were
measured using traditional ELISA assays, since larger volumes of plasma compared
to ALS samples were available and ECL assays for assessment of plasma responses
had not yet been established when immunogenicity analyses were initiated. Almost
70% of the Bangladeshi adults responded to the CFs in plasma which is in contrast to
the Swedish study where ETVAX induced infrequent anti-CF antibody responses (3-
19%) in naive adults [6]. Similar to the findings of strong plasma anti-LTB responses
in adult Swedes, almost all the Bangladeshi vaccinees responded with plasma anti-

LTB responses after either of the two doses of ETVAX vaccine.

Comparatively high pre-vaccination plasma antibody titers in Bangladeshi volunteers
were observed, which are consistent with the findings in previously recorded ETEC
vaccine trials in Bangladesh [83]. These high pre-antibody titers suggest previous
natural ETEC priming [37, 72]. Plasma antibody kinetics after oral vaccination
showed increased magnitudes of responses but similar responder frequencies on day
21 compared to day 19 in younger children. On the other hand, adults, toddlers and
infants showed comparable magnitudes and frequencies of antibody responses at both
time points. This suggests that results using plasma would have been comparable in
adults if blood samples could have been collected on day 21 instead of day 19 after
ETVAX vaccination.

A few placebo recipients showed increased levels of IgA against CS3, CS6 or LTB in
plasma and/or ALS samples after ETVAX vaccination. However, responses of
placebo recipients were low in magnitudes and mainly below the 2-fold cut-off level
for positivity against most of the antigens except CS3. However, against CS3 some
responses, but not all, were probably due to LPS contamination of the antigen

preparation, which was supported by control experiments using a more pure CS3
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preparation. In general, some responses in placebo recipients are however not
surprising in this endemic setting, since participants may acquire asymptomatic
infection with ETEC, cholera or other bacteria expressing homologous or related
antigens during the study period. It has been shown that during the first two years of
life, 20% of all diarrheal cases at the trial site in Mirpur in urban Dhaka were due to
ETEC infection, with an incidence of 0.5 episode/child/year [26] and ETEC is also an
important diarrheal pathogen in Bangladeshi adults [25]. Analysis of the relative
distribution of CFs in ETEC isolates from diarrhea cases at the icddr,b hospital
suggest that the predominant CFs on ETEC isolated from diarrhea cases are
CS5+CS6, CFA/I, CS7, CS17, CS1+CS3, CS6 and CS14 [144]. Thus, the CFs
included in the ETVAX vaccine are common in Bangladesh.

The mucosal adjuvant dmLT has clear immunostimulatory properties as described in
several preclinical as well as clinical studies [6, 8, 110, 112, 145]. Importantly,
Holmgren et al. have shown enhanced mucosal and serum responses to all vaccine
CFs and LTB in mice when the ETVAX vaccine was co-administered with dmLT [8].
In addition, in that study dmLT showed a dose-sparing effect when different dosages
of vaccine were tested; the adjuvant effect of dmLT appeared especially strong for the
lower vaccine dosages [8]. Interesting observations were also made regarding the
adjuvant effect of dmLT on protection induced by the orally administered live,
attenuated ETEC vaccine ACE527 [145]. Participants immunized with
ACES527+dmLT were significantly protected against subsequent ETEC challenge,
whilst those who had received vaccine alone were not. In addition, an adjuvant effect
of dmLT was also observed in adult Swedes since 10 pg of dmLT with ETVAX
boosted anti-CS6 IgA ALS responses compared to vaccine alone [6]. However,
results from Bangladeshi adults show little or no detectable effect of dmLT on ALS

responses.

The reason why dmLT did not induce a similar enhancement of the ALS responses in
this trial may be explained by extensive natural priming of the Bangladeshis, limiting
the ability of dmLT to further enhance the already strong ALS responses. However, a
trend (not statistically significant) for an adjuvant effect was observed for plasma
responses in the Bangladeshi participants against CS5 and CS6. As CS6 was the

antigen present in the lowest amounts in ETVAX, this supports the previously

63



observed dose-sparing effect of dmLT in ETVAX vaccinated mice [8]. A trend
toward an adjuvant effect was also noted when the antigenic breadth of the plasma
IgA responses were evaluated, particularly when responses to 4 or more or 5 vaccine
antigens were considered. All of these results support that dmLT may have important
adjuvant effects in humans, particularly when co-administered with low vaccine
doses, although the effects may be less evident in humans compared to mice and the
complete mechanisms responsible for the effects are yet to be determined. The
potential effect of dmLT when co-administered with lower doses of ETVAX
evaluated in the continued trial in children and infants will give more information in

this area.

Most studies of how dmLT and related LT- and CT-derived adjuvants mediate their
adjuvant function have been performed in mice in vivo, or in vitro using cell lines or
cultured mouse cells, and only a few studies have been done using human cells.
Importantly, it was shown that dmLT and the related multiple mutant CT (mmCT)
adjuvant can enhance IL-17A cytokine responses in adult T helper cells by activating
CAMP-dependent protein kinase A (PKA) and caspasel/inflammasome—dependent
IL-1 signaling [119, 120]. Nevertheless, immune responses in infants are different in
terms of development and priming and cannot always be predicted from those
observed in human adults or animal models [124, 146]. Immune cells from infants
have been reported to have a higher baseline production of cAMP as well as higher
production of IL-1p in response to some bacterial stimuli compared to adult cells
[123, 125]. However, no studies have been carried out earlier to investigate the
adjuvant function of dmLT in the younger age group. This study took advantage of
previously described in vitro models to compare the dmLT adjuvant function in
PBMCs from infants (6-11 months) and adults in terms of IL-1f and IL-17A

production.

To evaluate the adjuvant effect of dmLT on T cell responses in healthy infants and
adults two different polyclonal T cell activators were used: the plant lectin PHA and
the Staphylococcal enterotoxin B (SEB). PHA can activate almost all types of T cells
by binding to certain sugar residues on cell surface glycoproteins including T cell

receptors (TCR) and CD3 complexes, regardless of antigen specificity [147]. The
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superantigen SEB directly binds to MHC-1I on APCs, bypassing the need for
processing the superantigen into antigenic peptides, and activates ~20% of the T cells
by binding specifically with certain types of TCR B chains [148-150]. SEB is
generally considered to be a more physiological stimuli than PHA, since it crosslinks
and activates both T cells and APCs, and only activates a proportion of the T cells in a
culture [148]. In contrast, PHA mainly targets T cells, activating a majority of T cells
in a culture, although APCs may also be activated by bystander effects [151].
Although SEB may be the preferred stimuli to investigate T cell responses in adults,
age-related differences have been reported in memory T cell responses to SEB [152],
whereas comparable responses to PHA have been recorded in different age groups
[153]. Considering these technical difficulties and since both SEB and PHA have
been used in previous in vitro studies with adult cells, both stimuli were used to

evaluate the dmLT adjuvant effect in infants and adults in the present study.

In line with previous results from studies of PBMCs from adult Swedes [119, 120],
the results of this dissertation showed that dmLT enhanced IL-17A responses in
PBMCs from Bangladeshi adults when stimulated with both SEB and PHA.
Consistent with the data from the Swedish studies, stimulation with dmLT alone did
not give rise to any IL-17A production, which is interesting considering that the
Bangladeshi volunteers are likely to have been primed with LT+ ETEC. Importantly,
dmLT also significantly enhanced IL-17A responses to both SEB and PHA in PBMCs
obtained from infants. However, responses in infants were of lower magnitudes and
showed greater individual variation and less robust dose-dependency compared to
adults. Since IL-17A is produced mainly by memory T cells [154, 155], the findings
of low IL-17A responses in infants compared to adults are likely to at least partly be
due to a lower frequency of memory cells present in infant compared to adult PBMCs
[123].

The lower magnitude of IL-17A production in response to SEB in infants compared to
adults and the relatively weak additive effect of higher doses of dmLT in combination
with SEB in infants may also be related to the age-related differences in the CD4+ T
cell responses to SEB shown previously [156]. In response to SEB stimulation the
frequency of IFN-y producing activated memory CD4+ T cells were lower in infants

compared to adults [156], suggesting that the responsiveness to the activating signals
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provided by SEB may also be partly different in infant cells. However, previous
studies have shown that infant T cells respond to PHA with comparable proliferation
compared to adult cells [153], suggesting that PHA may provide a more robust in
vitro stimulation system when comparing responses in different age groups.
Interestingly, when the relative increase (fold-rise) in IL-17A production were
analyzed in cells stimulated with PHA or SEB plus dmLT compared to polyclonal
stimulation alone, a comparable relative enhancement of IL-17A responses were
observed in both infants and adults. These results suggest that cells from infants have
a similar functional capacity as adult cells to be stimulated by dmLT, although the
general capacity to produce IL-17A in response to polyclonal stimuli is lower in

infants.

IL-17A is particularly interesting in relation to enteric infections because of its
involvement in antibody mediated protection by enhancing germinal center formation,
IgA and 1gG class switching and SIgA formation with increased expression of the
poly-Ig receptor in epithelial cells [157-160]. However, dmLT has also been shown to
influence IFN-y production to certain antigens in vitro, although no effects on
responses to polyclonal stimuli were recorded [119, 120]. In continued studies, the
adjuvant effect of dmLT on a broader range of T cell cytokines after both polyclonal

and antigenic stimulation will need to be compared in both infants and adults.

Several studies demonstrated the potential role of IL-1B, in combination with IL-6
and/or IL-23 for the differentiation of human Th17 cells from naive T cells as well as
promotion of IL-17A production from already differentiated Th17 memory T cells
[118, 161]. APCs, mostly monocytes and DCs, play major role in Th17 differentiation
by producing IL-1p and IL-6 [118, 162, 163]. The capacity of cholera toxin (CT) to
interact with monocytes or DCs was shown as a crucial step for its adjuvant
mechanism [164]. Previous studies also showed that dmLT and related toxin-derived
adjuvants have the potential to stimulate APCs to produce IL-1p and enhance antigen
presentation through up-regulating the expression of the co-stimulatory molecule (B7-
2) and MHC-II on APCs [120, 165, 166]. The role of IL-1p to mediate the adjuvant
function was also evident from earlier experiments showing that inhibition of the
molecules involved in IL-1f production from APCs, e.g. PKA and caspase 1, caused

significantly diminished adjuvant effect of dmLT [120]. Consistently, a similar
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function of IL-1p was observed in the present in vitro study in cells from both infants
and adults; considerably lower IL-17A responses were recorded when IL-1RA was
added to the PBMC cultures stimulated with SEB plus dmLT.

The role of IL-1p in mediating the adjuvant effect was further analyzed in the present
study by measuring IL-1p production in both age groups after stimulating PBMCs
with increasing concentrations of dmLT. A broader range of dmLT concentrations
were tested than done in previous studies (1-50 pg/mL) and the results showed that
immune cells from infants produced IL-1B at levels similar to adults at all
concentrations of dmLT tested. However, the individual variation in responsiveness to
dmLT was relatively large and while increased IL-1p secretion was seen already at 10
Hg/mL in some individuals, the most consistent responses were found at higher
concentrations and particularly at 50ug/mL. This is in contrast to the IL-17A
enhancement which was consistently seen already at lower dmLT concentrations (1-
10 pg/mL). These findings indicate the importance of TCR stimulation, which
activate the T cell and in turn stimulate the APC, in concert with dmLT adjuvant
stimulation of the APC, to get optimum IL-1p production and possibly also enhanced
expression of costimulatory signals. The results of comparable IL-1p but low IL-17A
production in infants could be due to the dominance of naive T cells in infants, since
naive T cells express low levels of the IL-1 receptor compared to memory T cells
[167]. Thus, it might be possible that IL-1p could not drive a strong IL-17A response

in infants due to lack of the receptors on a majority of T cells.

Another key finding in this study is the comparable and strong dose-dependent IL-1f3
production in both adults and children in response to the whole cell component of
ETVAX. This is partly in contrast to a previous study, where PBMCs from infants
were shown to produce higher levels of IL-1B in response to stimulation by a
Helicobacter pylori membrane preparation containing both LPS and proteins [123].
However, H. pylori LPS, and possibly also other toll like receptor ligands expressed
by this bacterium, is known to have different immunostimulatory effects compared to
corresponding substances from E. coli [168], which may partly explain the results.
ETVAX induced production of considerably higher levels of IL-1B than stimulation
with dmLT in both infants and adults. Interestingly, for the first time it was shown

that dmLT significantly enhanced IL-1p responses when combined with the whole
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cell component of ETVAX in infant PBMCs, but only with very low ETVAX doses;
no increase was seen at higher vaccine doses. This finding is consistent with the clear
dose-sparing effect of dmLT observed in vivo on antibody responses in mice
immunized with ETVAX plus dmLT [8]. In contrast, dmLT did not influence IL-1p
responses in PBMCs from adults at any of the tested vaccine doses. In future studies,
higher doses of dmLT will need to be tested in combination with a range of ETVAX
concentrations, to further characterize the difference in responsiveness to dmLT

observed between adult and infant cells.

Although it was tried, but it was not possible to measure IL-17A responses in PBMCs
stimulated with ETVAX alone or in combination with dmLT, possibly due to a lack
of or a very low frequency of memory T cells specific to ETVAX antigens in healthy
adults and infants. Studies are ongoing to measure the dmLT adjuvant effect on IL-
17A responses specific to ETVAX antigens in individuals having a higher proportion
of ETEC specific memory T cells after vaccination or natural ETEC infection.

Collectively, the results from the in vitro experiments suggest that dmLT may have an
important function to promote immune responses to low doses of ETVAX vaccine in
infants. Enhanced production of IL-1B and subsequently IL-17A may lead to
increased production and secretion of SIgA, which in turn may help to protect against
ETEC. Interestingly, preliminary data from the ETVAX vaccine trial in Bangladeshi
infants indicate that the adjuvant function of dmLT on IgA responses may indeed be
most consistently observed in the youngest age group (unpublished data), supporting

the validity of the in vitro observations.
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4.2 Conclusions

The studies presented in this dissertation have addressed several important questions
related to oral vaccination against enteric infections in different age groups. In
conclusion, the assessment of mucosal immune responses (ALS IgA and fecal SIgA)
after oral vaccination can be carried out by analyzing potential sampling time points;
also a sensitive ECL assay was evaluated for measuring vaccine specific IgA
responses in ALS specimens using small sample volumes. In addition, studies in this
thesis also resulted in improved knowledge about how the ETVAX vaccine and dmLT
adjuvant interact with the immune system. The vaccine was found to be safe and to
induce strong immune responses when tested in Bangladeshi adults. However, dmLT
had no apparent effect on ALS responses in Bangladeshi adults, although a trend for

improved response in plasma was observed to multiple vaccine antigens.

These results highlight the importance of ongoing clinical studies on ETVAX together
with dmLT adjuvant in younger age groups. The results from the in vitro study
suggest that dmLT can enhance IL-17A production from T cells in both infants and
adults and that this effect may at least partly be mediated by increased IL-1p
production. These results showing that dmLT may be more efficient at promoting IL-
1B responses to low amounts of ETVAX vaccine in infants compared to adults
possibly reflect the in vivo mechanisms. However, future studies are needed to
investigate the role of the dmLT adjuvant in vivo in a larger number of infants and
adults. Overall, the findings from this dissertation will help design trials of oral
vaccines in infants and to analyze and interpret results regarding the effect of the

mucosal adjuvant, dmLT in future clinical trials.

69



5. REFERENCES

[1] Global, regional, and national incidence, prevalence, and years lived with disability for
310 diseases and injuries, 1990-2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet (London, England). 2016;388:1545-602.

[2] Petri WA, Jr., Miller M, Binder HJ, Levine MM, Dillingham R, Guerrant RL. Enteric
infections, diarrhea, and their impact on function and development. The Journal of
Clinical Investigation. 2008;118:1277-90.

[3] Bourgeois AL, Wierzba TF, Walker RI. Status of vaccine research and development for
enterotoxigenic Escherichia coli. Vaccine. 2016;34:2880-6.

[4] Svennerholm AM, Lundgren A. Recent progress toward an enterotoxigenic Escherichia
coli vaccine. Expert Review of Vaccines. 2012;11:495-507.

[5] Summerton NA, Welch RW, Bondoc L, Yang HH, Pleune B, Ramachandran N, et al.
Toward the development of a stable, freeze-dried formulation of Helicobacter pylori
killed whole cell vaccine adjuvanted with a novel mutant of Escherichia coli heat-labile
toxin. Vaccine. 2010;28:1404-11.

[6] 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 I study. Vaccine. 2014;32:7077-84.

[7] Clements JD, Norton EB. The Mucosal Vaccine Adjuvant LT(R192G/L211A) or dmLT.
mSphere. 2018;3.

[8] Holmgren J, Bourgeois L, Carlin N, Clements J, Gustafsson B, Lundgren A, et al.
Development and preclinical evaluation of safety and immunogenicity of an oral ETEC
vaccine containing inactivated E. coli bacteria overexpressing colonization factors CFA/I,
CS3, CS5 and CS6 combined with a hybrid LT/CT B subunit antigen, administered alone
and together with dmLT adjuvant. Vaccine. 2013;31:2457-64.

[9] Evans DG, de la Cabada FJ, Evans DJ, Jr. Correlation between intestinal immune
response to colonization factor antigen/l and acquired resistance to enterotoxigenic
Escherichia coli diarrhea in an adult rabbit model. European Journal of Clinical
Microbiology. 1982;1:178-85.

[10] Ahren C, Jertborn M, Svennerholm AM. Intestinal immune responses to an inactivated
oral enterotoxigenic Escherichia coli vaccine and associated immunoglobulin A
responses in blood. Infection and Immunity. 1998;66:3311-6.

[11] Czerkinsky CC, Nilsson LA, Nygren H, Ouchterlony O, Tarkowski A. A solid-phase
enzyme-linked immunospot (ELISPOT) assay for enumeration of specific antibody-
secreting cells. J Immunol Methods. 1983;65:109-21.

[12] Wenneras C, Svennerholm AM, Ahren C, Czerkinsky C. Antibody-secreting cells in
human peripheral blood after oral immunization with an inactivated enterotoxigenic
Escherichia coli vaccine. Infection and Immunity. 1992;60:2605-11.

[13] Quiding-Jarbrink M, Nordstrom I, Granstrom G, Kilander A, Jertborn M, Butcher EC, et
al. Differential expression of tissue-specific adhesion molecules on human circulating
antibody-forming cells after systemic, enteric, and nasal immunizations. A molecular
basis for the compartmentalization of effector B cell responses. The Journal of Clinical
Investigation. 1997;99:1281-6.

70



[14] Wenneras C, Qadri F, Bardhan PK, Sack RB, Svennerholm AM. Intestinal immune
responses in patients infected with enterotoxigenic Escherichia coli and in vaccinees.
Infection and Immunity. 1999;67:6234-41.

[15] Carpenter CM, Hall ER, Randall R, McKenzie R, Cassels F, Diaz N, et al. Comparison
of the antibody in lymphocyte supernatant (ALS) and ELISPOT assays for detection of
mucosal immune responses to antigens of enterotoxigenic Escherichia coli in challenged
and vaccinated volunteers. Vaccine. 2006;24:3709-18.

[16] Saletti G, Cuburu N, Yang JS, Dey A, Czerkinsky C. Enzyme-linked immunospot assays
for direct ex vivo measurement of vaccine-induced human humoral immune responses in
blood. Nature Protocol. 2013;8:1073-87.

[17] Qadri F, Svennerholm AM, Faruque AS, Sack RB. Enterotoxigenic Escherichia coli in
developing countries: epidemiology, microbiology, clinical features, treatment, and
prevention. Clinical Microbiology Reviews. 2005;18:465-83.

[18] 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 (London, England). 2013;382:209-22.

[19] Sahl JW, Sistrunk JR. Insights into enterotoxigenic Escherichia coli diversity in
Bangladesh utilizing genomic epidemiology. Scientific Reports. 2017;7:3402.

[20] Khalil 1A, Troeger C, Blacker BF, Rao PC, Brown A, Atherly DE, et al. Morbidity and
mortality due to shigella and enterotoxigenic Escherichia coli diarrhoea: the Global
Burden of Disease Study 1990-2016. The Lancet Infectious Diseases. 2018;18:1229-40.

[21] Lanata CF, Fischer-Walker CL, Olascoaga AC, Torres CX, Aryee MJ, Black RE. Global
causes of diarrheal disease mortality in children <5 years of age: a systematic review.
PloS One. 2013;8:e72788.

[22] Guerrant RL, Schorling JB, McAuliffe JF, de Souza MA. Diarrhea as a cause and an
effect of malnutrition: diarrhea prevents catch-up growth and malnutrition increases
diarrhea frequency and duration. The American Journal of Tropical Medicine and
Hygiene. 1992;47:28-35.

[23] Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, Michaud C, et al. Disability-
adjusted life years (DALYS) for 291 diseases and injuries in 21 regions, 1990-2010: a
systematic analysis for the Global Burden of Disease Study 2010. Lancet (London,
England). 2012;380:2197-223.

[24] Kotloff KL, Platts-Mills JA, Nasrin D, Roose A, Blackwelder WC, Levine MM. Global
burden of diarrheal diseases among children in developing countries: Incidence,
etiology, and insights from new molecular diagnostic techniques. Vaccine.
2017;35:6783-9.

[25] Chowdhury F, Rahman MA, Begum YA, Khan Al, Farugue AS, Saha NC, et al. Impact
of rapid urbanization on the rates of infection by Vibrio cholerae O1 and enterotoxigenic
Escherichia coli in Dhaka, Bangladesh. PL0S Neglected Tropical Diseases.
2011;5:€999.

[26] 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. Infection and Immunity. 2007;75:3961-8.

71



[27] Goldsmid JM, Leggat PA. The returned traveller with diarrhoea. Australian Family
Physician. 2007;36:322-7.

[28] Wang M, Szucs TD, Steffen R. Economic aspects of travelers' diarrhea. Journal of Travel
Medicine. 2008;15:110-8.

[29] Nataro JP, Kaper JB. Diarrheagenic Escherichia coli. Clinical Microbiology Reviews.
1998;11:142-201.

[30] Sanchez J, Holmgren J. Virulence factors, pathogenesis and vaccine protection in cholera
and ETEC diarrhea. Current Opinion in Immunology. 2005;17:388-98.

[31] Wolf MK. Occurrence, distribution, and associations of O and H serogroups,
colonization factor antigens, and toxins of enterotoxigenic Escherichia coli. Clinical
Microbiology Reviews. 1997;10:569-84.

[32] Evans DG, Evans DJ, Jr., Tjoa WS, DuPont HL. Detection and characterization of
colonization factor of enterotoxigenic Escherichia coli isolated from adults with
diarrhea. Infection and Immunity. 1978;19:727-36.

[33] Mirhoseini A, Amani J, Nazarian S. Review on pathogenicity mechanism of
enterotoxigenic Escherichia coli and vaccines against it. Microbial Pathogenesis.
2018;117:162-9.

[34] Isidean SD, Riddle MS, Savarino SJ, Porter CK. A systematic review of ETEC
epidemiology focusing on colonization factor and toxin expression. Vaccine.
2011;29:6167-78.

[35] Gaastra W, Svennerholm AM. Colonization factors of human enterotoxigenic
Escherichia coli (ETEC). Trends in Microbiology. 1996;4:444-52.

[36] Rudin A, Svennerholm AM. Colonization factor antigens (CFAs) of enterotoxigenic
Escherichia coli can prime and boost immune responses against heterologous CFAs.
Microbial Pathogenesis. 1994;16:131-9.

[37] Qadri F, Ahmed F, Ahmed T, Svennerholm AM. Homologous and cross-reactive
immune responses to enterotoxigenic Escherichia coli colonization factors in
Bangladeshi children. Infection and Immunity. 2006;74:4512-8.

[38] Spangler BD. Structure and function of cholera toxin and the related Escherichia coli
heat-labile enterotoxin. Microbiological Reviews. 1992;56:622-47.

[39] Gill DM, Richardson SH. Adenosine diphosphate-ribosylation of adenylate cyclase
catalyzed by heat-labile enterotoxin of Escherichia coli: comparison with cholera toxin.
The Journal of Infectious Diseases. 1980;141:64-70.

[40] Fleckenstein JM, Hardwidge PR, Munson GP, Rasko DA, Sommerfelt H, Steinsland H.
Molecular mechanisms of enterotoxigenic Escherichia coli infection. Microbes and
Infection. 2010;12:89-98.

[41] Sato T, Shimonishi Y. Structural features of Escherichia coli heat-stable enterotoxin that
activates membrane-associated guanylyl cyclase. The journal of peptide research:
Official Journal of the American Peptide Society. 2004;63:200-6.

[42] Fleckenstein JM, Roy K, Fischer JF, Burkitt M. Identification of a two-partner secretion
locus of enterotoxigenic Escherichia coli. Infection and Immunity. 2006;74:2245-58.

[43] Roy K, Hamilton D, Allen KP, Randolph MP, Fleckenstein JM. The EtpA exoprotein of
enterotoxigenic Escherichia coli promotes intestinal colonization and is a protective

72



antigen in an experimental model of murine infection. Infection and Immunity.
2008;76:2106-12.

[44] Fleckenstein JM, Munson GM, Rasko DA. Enterotoxigenic Escherichia coli:
Orchestrated host engagement. Gut Microbes. 2013;4:392-6.

[45] Del Canto F, Valenzuela P, Cantero L, Bronstein J, Blanco JE, Blanco J, et al.
Distribution of classical and nonclassical virulence genes in enterotoxigenic Escherichia
coli isolates from Chilean children and tRNA gene screening for putative insertion sites
for genomic islands. Journal of Clinical Microbiology. 2011;49:3198-203.

[46] Levine MM ND, Hoover DL, Bergquist EJ, Hornick RB, Young CR. Immunity to
enterotoxigenic Escherichia coli. Infection and Immunity. 1979;23:729-36.

[47] Rodas C, Iniguez V, Qadri F, Wiklund G, Svennerholm AM, Sjoling A. Development of
multiplex PCR assays for detection of enterotoxigenic Escherichia coli colonization
factors and toxins. Journal of Clinical Microbiology. 2009;47:1218-20.

[48] Wenneras C, Erling V. Prevalence of enterotoxigenic Escherichia coli-associated
diarrhoea and carrier state in the developing world. Journal of Health, Population and
Nutrition. 2004;22:370-82.

[49] Tribble DR. Antibiotic Therapy for Acute Watery Diarrhea and Dysentery. Military
Medicine. 2017;182:17-25.

[50] Brandtzaeg P. Mucosal immunity: induction, dissemination, and effector functions.
Scandinavian Journal of Immunology. 2009;70:505-15.

[51] Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, Rosemblatt M, et al.
Selective imprinting of gut-homing T cells by Peyer's patch dendritic cells. Nature.
2003;424:88-93.

[52] Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. Retinoic acid
imprints gut-homing specificity on T cells. Immunity. 2004;21:527-38.

[53] Bemark M, Boysen P, Lycke NY. Induction of gut IgA production through T cell-
dependent and T cell-independent pathways. Annals of the New York Academy of
Sciences. 2012;1247:97-116.

[54] Mazanec MB, Kaetzel CS, Lamm ME, Fletcher D, Nedrud JG. Intracellular
neutralization of virus by immunoglobulin A antibodies. Proceedings of the National
Academy of Sciences of the United States of America. 1992;89:6901-5.

[55] Robinson JK, Blanchard TG, Levine AD, Emancipator SN, Lamm ME. A mucosal IgA-
mediated excretory immune system in vivo. Journal of Immunology. 2001;166:3688-92.

[56] Maynard CL, Weaver CT. Intestinal effector T cells in health and disease. Immunity.
2009;31:389-400.

[57] Akdis M, Burgler S, Crameri R, Eiwegger T, Fujita H, Gomez E, et al. Interleukins, from
1 to 37, and interferon-gamma: receptors, functions, and roles in diseases. The Journal of
Allergy and Clinical Immunology. 2011;127:701-21.e1-70.

[58] Kleinschek MA, Boniface K, Sadekova S, Grein J, Murphy EE, Turner SP, et al.
Circulating and gut-resident human Th17 cells express CD161 and promote intestinal
inflammation. The Journal of Experimental Medicine. 2009;206:525-34.

73



[59] Cao AT, Yao S, Gong B, Elson CO, Cong Y. Thl17 cells upregulate polymeric Ig
receptor and intestinal IgA and contribute to intestinal homeostasis. Journal of
Immunology. 2012;189:4666-73.

[60] Datta SK, Sabet M, Nguyen KP, Valdez PA, Gonzalez-Navajas JM, Islam S, et al.
Mucosal adjuvant activity of cholera toxin requires Thl7 cells and protects against
inhalation anthrax. Proceedings of the National Academy of Sciences of the United
States of America. 2010;107:10638-43.

[61] Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annual Review of
Immunology. 2009;27:485-517.

[62] Khader SA, Gaffen SL, Kolls JK. Th17 cells at the crossroads of innate and adaptive
immunity against infectious diseases at the mucosa. Mucosal Immunology. 2009;2:403-
11.

[63] Cardeno A, Magnusson MK, Quiding-Jarbrink M, Lundgren A. Activated T follicular
helper-like cells are released into blood after oral vaccination and correlate with vaccine
specific mucosal B-cell memory. Scientific Reports. 2018;8:2729.

[64] Paulos CM, Carpenito C, Plesa G, Suhoski MM, Varela-Rohena A, Golovina TN, et al.
The inducible costimulator (ICOS) is critical for the development of human T(H)17
cells. Science Translational Medicine. 2010;2:55ra78.

[65] Long KZ, Rosado JL, Santos JI, Haas M, Al Mamun A, DuPont HL, et al. Associations
between mucosal innate and adaptive immune responses and resolution of diarrheal
pathogen infections. Infection and Immunity. 2010;78:1221-8.

[66] Greenberg DE, Jiang ZD, Steffen R, Verenker MP, DuPont HL. Markers of
inflammation in bacterial diarrhea among travelers, with a focus on enteroaggregative
Escherichia coli pathogenicity. The Journal of Infectious Diseases. 2002;185:944-9.

[67] Stoll BJ, Svennerholm AM, Gothefors L, Barua D, Huda S, Holmgren J. Local and
systemic antibody responses to naturally acquired enterotoxigenic Escherichia coli
diarrhea in an endemic area. The Journal of Infectious Diseases. 1986;153:527-34.

[68] Qadri F, Ahmed T, Ahmed F, Bhuiyan MS, Mostofa MG, Cassels FJ, et al. Mucosal and
systemic immune responses in patients with diarrhea due to CS6-expressing
enterotoxigenic Escherichia coli. Infection and Immunity. 2007;75:2269-74.

[69] 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 Neglected Tropical Diseases. 2014;8:62822.

[70] Levine MM RM, Cisneros L, Hughes TP, Nalin DR, Young CR. Lack of person-to-
person transmission of enterotoxigenic Escherichia coli despite close contact. American
Journal of Epidemiology. 1980;111:347-55.

[71] Rudin A, Wiklund G, Wenneras C, Qadri F. Infection with colonization factor antigen |-
expressing enterotoxigenic Escherichia coli boosts antibody responses against
heterologous colonization factors in primed subjects. Epidemiology and Infection.
1997;119:391-3.

[72] 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 Neglected Tropical Diseases. 2014;8:62822.

74



[73] Sack RB, Hirschborn N, Woodward WE, Sack DA, Cash RA. Antibodies to heat-labile
Escherichia coli enterotoxin in Apaches in Whiteriver, Arizona. Infection and Immunity.
1975;12:1475-7.

[74] 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. The Journal of Infectious Diseases. 1988;158:372-7.

[75] Ahren CM, Svennerholm AM. Experimental enterotoxin-induced Escherichia coli
diarrhea and protection induced by previous infection with bacteria of the same adhesin
or enterotoxin type. Infection and Immunity. 1985;50:255-61.

[76] Harris AM, Bhuiyan MS, Chowdhury F, Khan Al, Hossain A, Kendall EA, et al.
Antigen-specific memory B-cell responses to Vibrio cholerae O1 infection in
Bangladesh. Infection and Immunity. 2009;77:3850-6.

[77] Takahashi I, Marinaro M, Kiyono H, Jackson RJ, Nakagawa I, Fujihashi K, et al.
Mechanisms for mucosal immunogenicity and adjuvancy of Escherichia coli labile
enterotoxin. The Journal of Infectious Diseases. 1996;173:627-35.

[78] Flores J, DuPont HL, Paredes-Paredes M, Aguirre-Garcia MM, Rojas A, Gonzalez A, et
al. Pilot study of whole-blood gamma interferon response to the Vibrio cholerae toxin
B subunit and resistance to enterotoxigenic Escherichia coli-associated diarrhea.
Clinical and Vaccine Immunology : CVI. 2010;17:879-81.

[79] Walker RI, Steele D, Aguado T. Analysis of strategies to successfully vaccinate infants
in developing countries against enterotoxigenic E. coli (ETEC) disease. Vaccine.
2007;25:2545-66.

[80] Svennerholm AM, Tobias J. Vaccines against enterotoxigenic Escherichia coli. Expert
Review of Vaccines. 2008;7:795-804.

[81] Czerkinsky C, Holmgren J. Vaccines against enteric infections for the developing world.
Philosophical Transactions of the Royal Society B: Biological Sciences. 2015;370.

[82] Jertborn M, Ahren C, Holmgren J, Svennerholm AM. Safety and immunogenicity of an
oral inactivated enterotoxigenic Escherichia coli vaccine. Vaccine. 1998;16:255-60.

[83] Qadri F, Wenneras C, Ahmed F, Asaduzzaman M, Saha D, Albert MJ, et al. Safety and
immunogenicity of an oral, inactivated enterotoxigenic Escherichia coli plus cholera
toxin B subunit vaccine in Bangladeshi adults and children. Vaccine. 2000;18:2704-12.

[84] Qadri F, Ahmed T, Ahmed F, Bradley Sack R, Sack DA, Svennerholm AM. Safety and
immunogenicity of an oral, inactivated enterotoxigenic Escherichia coli plus cholera
toxin B subunit vaccine in Bangladeshi children 18-36 months of age. Vaccine.
2003;21:2394-403.

[85] Savarino SJ, Hall ER, Bassily S, Brown FM, Youssef F, Wierzba TF, et al. Oral,
inactivated, whole cell enterotoxigenic Escherichia coli plus cholera toxin B subunit
vaccine: results of the initial evaluation in children. PRIDE Study Group. J Infect Dis.
1999;179:107-14.

[86] Qadri F, Ahmed T, Ahmed F, Begum YA, Sack DA, Svennerholm AM. Reduced doses
of oral killed enterotoxigenic Escherichia coli plus cholera toxin B subunit vaccine is
safe and immunogenic in Bangladeshi infants 6-17 months of age: dosing studies in
different age groups. Vaccine. 2006;24:1726-33.

75



[87] Sack DA, Shimko J, Torres O, Bourgeois AL, Francia DS, Gustafsson B, et al.
Randomised, double-blind, safety and efficacy of a killed oral wvaccine for
enterotoxigenic E. Coli diarrhoea of travellers to Guatemala and Mexico. Vaccine.
2007;25:4392-400.

[88] Norton EB, Lawson LB, Freytag LC, Clements JD. Characterization of a mutant
Escherichia coli heat-labile toxin, LT(R192G/L211A), as a safe and effective oral
adjuvant. Clinical and Vaccine Immunology. 2011;18:546-51.

[89] 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;31:1163-70.

[90] Lundgren A, Jertborn M, Svennerholm AM. Induction of long term mucosal
immunological memory in humans by an oral inactivated multivalent enterotoxigenic
Escherichia coli vaccine. Vaccine. 2016;34:3132-40.

[91] Leach S, Lundgren A, Carlin N, Lofstrand M, Svennerholm AM. Cross-reactivity and
avidity of antibody responses induced in humans by the oral inactivated multivalent
enterotoxigenicEscherichia coli (ETEC) vaccine ETVAX. Vaccine. 2017;35:3966-73.

[92] Scerpella EG, Sanchez JL, Mathewson 1J, Torres-Cordero JV, Sadoff JC, Svennerholm
AM, et al. Safety, Immunogenicity, and Protective Efficacy of the Whole-
Cell/Recombinant B Subunit (WC/rBS) Oral Cholera Vaccine Against Travelers'
Diarrhea. Journal of Travel Medicine. 1995;2:22-7.

[93] Harro C, Sack D, Bourgeois AL, Walker R, DeNearing B, Feller A, et al. A combination
vaccine consisting of three live attenuated enterotoxigenic Escherichia coli strains
expressing a range of colonization factors and heat-labile toxin subunit B is well
tolerated and immunogenic in a placebo-controlled double-blind phase I trial in healthy
adults. Clinical and Vaccine Immunology. 2011;18:2118-27.

[94] Darsley MJ, Chakraborty S, DeNearing B, Sack DA, Feller A, Buchwaldt C, et al. The
oral, live attenuated enterotoxigenic Escherichia coli vaccine ACE527 reduces the
incidence and severity of diarrhea in a human challenge model of diarrheal disease.
Clinical and Vaccine Immunology. 2012;19:1921-31.

[95] McKenzie R, Bourgeois AL, Frech SA, Flyer DC, Bloom A, Kazempour K, et al.
Transcutaneous immunization with the heat-labile toxin (LT) of enterotoxigenic
Escherichia coli (ETEC): protective efficacy in a double-blind, placebo-controlled
challenge study. Vaccine. 2007;25:3684-91.

[96] Behrens RH, Cramer JP, Jelinek T, Shaw H, von Sonnenburg F, Wilbraham D, et al.
Efficacy and safety of a patch vaccine containing heat-labile toxin from Escherichia
coli against travellers' diarrhoea: a phase 3, randomised, double-blind, placebo-
controlled field trial in travellers from Europe to Mexico and Guatemala. The Lancet
Infectious Diseases. 2014;14:197-204.

[97] Zzhang W, Sack DA. Progress and hurdles in the development of vaccines against
enterotoxigenic Escherichia coli in humans. Expert Review of Vaccines. 2012;11:677-
94,

[98] El-Kamary SS, Cohen MB, Bourgeois AL, Van De Verg L, Bauers N, Reymann M, et al.
Safety and Immunogenicity of a Single Oral Dose of Recombinant Double-Mutant
Heat-Labile Toxin (dmLT) Derived from Enterotoxigenic Escherichia coli (ETEC).
Clinical and Vaccine Immunology. 2013;20:1764-70.

76



[99] Nandre RM, Ruan X, Duan Q, Sack DA, Zhang W. Antibodies derived from an
enterotoxigenic Escherichia coli (ETEC) adhesin tip MEFA (multiepitope fusion
antigen) against adherence of nine ETEC adhesins: CFA/I, CS1, CS2, CS3, CS4, CS5,
CS6, CS21 and EtpA. Vaccine. 2016;34:3620-5.

[100] Intercell. Intercell provides update on clinical trials for the patch-based Travelers’
Diarrhea vaccine. 2010. www.intercell.com/main/forbeginners/. Accessed March 21,
2018.

[101] Lapa JA, Sincock SA, Ananthakrishnan M, Porter CK, Cassels FJ, Brinkley C, et al.
Randomized clinical trial assessing the safety and immunogenicity of oral
microencapsulated enterotoxigenic Escherichia coli surface antigen 6 with or without
heat-labile enterotoxin with mutation R192G. Clinical and Vaccine Immunology.
2008;15:1222-8.

[102] Sincock SA, Hall ER, Woods CM, O'Dowd A, Poole ST, McVeigh AL, et al.
Immunogenicity of a prototype enterotoxigenic Escherichia coli adhesin vaccine in
mice and nonhuman primates. Vaccine. 2016;34:284-91.

[103] Steele D, Riddle M, van de Verg L, Bourgeois L. Vaccines for enteric diseases: a
meeting summary. Expert Review of Vaccines. 2012;11:407-9.

[104] Ruan X, Robertson DC, Nataro JP, Clements JD, Zhang W. Characterization of heat-
stable (STa) toxoids of enterotoxigenic Escherichia coli fused to double mutant heat-
labile toxin peptide in inducing neutralizing Anti-STa antibodies. Infection and
Immunity. 2014;82:1823-32.

[105] Ahmed T, Svennerholm AM, Al Tarique A, Sultana GN, Qadri F. Enhanced
immunogenicity of an oral inactivated cholera vaccine in infants in Bangladesh
obtained by zinc supplementation and by temporary withholding breast-feeding.
Vaccine. 2009;27:1433-9.

[106] Ahmed T, Arifuzzaman M, Lebens M, Qadri F, Lundgren A. CD4+ T-cell responses to
an oral inactivated cholera vaccine in young children in a cholera endemic country and
the enhancing effect of zinc supplementation. Vaccine. 2009;28:422-9.

[107] Glenn GM, Thomas DN, Poffenberger KL, Flyer DC, Ellingsworth LR, Andersen BH,
et al. Safety and immunogenicity of an influenza vaccine A/H5N1
(A/Vietnam/1194/2004) when coadministered with a heat-labile enterotoxin (LT)
adjuvant patch. Vaccine. 2009;27 Suppl 6:G60-6.

[108] Holmgren J, Nordgvist S, Blomquist M, Jeverstam F, Lebens M, Raghavan S.
Preclinical immunogenicity and protective efficacy of an oral Helicobacter pylori
inactivated whole cell vaccine and multiple mutant cholera toxin: A novel and non-
toxic mucosal adjuvant. Vaccine. 2018;36:6223-30.

[109] Freytag LC, Clements JD. Mucosal adjuvants. Vaccine. 2005;23:1804-13.

[110] Norton EB, Lawson LB, Mahdi Z, Freytag LC, Clements JD. The A subunit of
Escherichia coli heat-labile enterotoxin functions as a mucosal adjuvant and promotes
IgG2a, IgA, and Thl7 responses to vaccine antigens. Infection and Immunity.
2012;80:2426-35.

[111] Novotny LA, Clements JD, Bakaletz LO. Kinetic analysis and evaluation of the
mechanisms involved in the resolution of experimental nontypeable Haemophilus
influenzae-induced otitis media after transcutaneous immunization. Vaccine.
2013;31:3417-26.

77



[112] Lee S, Picking WL, Tzipori S. The immune response of two microbial antigens
delivered intradermally, sublingually, or the combination thereof. Microbes and
Infection. 2014;16:796-803.

[113] Tennant SM, Steele AD, Pasetti MF. Highlights of the 8th International Conference on
Vaccines for Enteric Diseases: the Scottish Encounter To Defeat Diarrheal Diseases.
Clinical and Vaccine Immunology. 2016;23:272-81.

[114] Cheng E, Cardenas-Freytag L, Clements JD. The role of cAMP in mucosal
adjuvanticity of Escherichia coli heat-labile enterotoxin (LT). Vaccine. 1999;18:38-49.

[115] Lavelle EC, Jarnicki A, McNeela E, Armstrong ME, Higgins SC, Leavy O, et al.
Effects of cholera toxin on innate and adaptive immunity and its application as an
immunomodulatory agent. Journal of Leukocyte Biology. 2004;75:756-63.

[116] Ryan EJ, McNeela E, Pizza M, Rappuoli R, O'Neill L, Mills KH. Modulation of innate
and acquired immune responses by Escherichia coli heat-labile toxin: distinct pro- and
anti-inflammatory effects of the nontoxic AB complex and the enzyme activity. Journal
of Immunology. 2000;165:5750-9.

[117] Brereton CF, Sutton CE, Ross PJ, Iwakura Y, Pizza M, Rappuoli R, et al. Escherichia
coli heat-labile enterotoxin promotes protective Th1l7 responses against infection by
driving innate IL-1 and IL-23 production. Journal of Immunology. 2011;186:5896-906.

[118] Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins 1beta
and 6 but not transforming growth factor-beta are essential for the differentiation of
interleukin 17-producing human T helper cells. Nature Immunology. 2007;8:942-9.

[119] 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:e51718.

[120] Larena M, Holmgren J, Lebens M, Terrinoni M, Lundgren A. Cholera toxin, and the
related nontoxic adjuvants mmCT and dmLT, promote human Thl7 responses via
cyclic AMP-protein kinase A and inflammasome-dependent IL-1 signaling. Journal of
Immunology. 2015;194:3829-39.

[121] Upham JW, Rate A, Rowe J, Kusel M, Sly PD, Holt PG. Dendritic cell immaturity
during infancy restricts the capacity to express vaccine-specific T-cell memory.
Infection and Immunity. 2006;74:1106-12.

[122] Mohr E, Siegrist CA. Vaccination in early life: standing up to the challenges. Current
Opinion in Immunology. 2016;41:1-8.

[123] Bhuiyan TR, Islam MM, Uddin T, Chowdhury MlI, Janzon A, Adamsson J, et al. Thl
and Th17 responses to Helicobacter pylori in Bangladeshi infants, children and adults.
PloS One. 2014;9:€93943.

[124] Kercsmar CM, Chung Y, Davis PB. Receptor-mediated cAMP production in adult and
infant ferret tracheal epithelium. Pediatric Research. 1991;30:75-82.

[125] Levy O, Coughlin M, Cronstein BN, Roy RM, Desai A, Wessels MR. The adenosine
system selectively inhibits TLR-mediated TNF-alpha production in the human
newborn. Journal of Immunology. 2006;177:1956-66.

[126] Kantele A, Kantele JM, Savilahti E, Westerholm M, Arvilommi H, Lazarovits A, et al.
Homing potentials of circulating lymphocytes in humans depend on the site of
activation: oral, but not parenteral, typhoid vaccination induces circulating antibody-

78



secreting cells that all bear homing receptors directing them to the gut. Journal of
Immunology. 1997;158:574-9.

[127] Qadri F, Ryan ET, Faruque AS, Ahmed F, Khan Al, Islam MM, et al. Antigen-specific
immunoglobulin A antibodies secreted from circulating B cells are an effective marker
for recent local immune responses in patients with cholera: comparison to antibody-
secreting cell responses and other immunological markers. Infection and Immunity.
2003;71:4808-14.

[128] Lundgren A, Kaim J, Jertborn M. Parallel analysis of mucosally derived B- and T-cell
responses to an oral typhoid vaccine using simplified methods. Vaccine. 2009;27:4529-
36.

[129] Blackburn GF, Shah HP, Kenten JH, Leland J, Kamin RA, Link J, et al.
Electrochemiluminescence detection for development of immunoassays and DNA
probe assays for clinical diagnostics. Clinical Chemistry. 1991;37:1534-9.

[130] Deaver DR. A new non-isotopic detection system for immunoassays. Nature.
1995;377:758-60.

[131] Swanson SJ, Jacobs SJ, Mytych D, Shah C, Indelicato SR, Bordens RW. Applications
for the new electrochemiluminescent (ECL) and biosensor technologies. Developments
in Biological Standardization. 1999;97:135-47.

[132] Pihlgren M, Tougne C, Bozzotti P, Fulurija A, Duchosal MA, Lambert PH, et al.
Unresponsiveness to lymphoid-mediated signals at the neonatal follicular dendritic cell
precursor level contributes to delayed germinal center induction and limitations of
neonatal antibody responses to T-dependent antigens. Journal of Immunology.
2003;170:2824-32.

[133] 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;31:3035-8.

[134] Shamsuzzaman S, Ahmed T, Mannoor K, Begum YA, Bardhan PK, Sack RB, et al.
Robust gut associated vaccine-specific antibody-secreting cell responses are detected at
the mucosal surface of Bangladeshi subjects after immunization with an oral killed
bivalent V. cholerae 01/0139 whole cell cholera vaccine: comparison with other
mucosal and systemic responses. Vaccine. 2009;27:1386-92.

[135] Savarino SJ, Brown FM, Hall E, Bassily S, Youssef F, Wierzba T, et al. Safety and
immunogenicity of an oral, Killed enterotoxigenic Escherichia coli-cholera toxin B
subunit vaccine in Egyptian adults. The Journal of Infectious Diseases. 1998;177:796-9.

[136] Quiding M, Nordstrom I, Kilander A, Andersson G, Hanson LA, Holmgren J, et al.
Intestinal immune responses in humans. Oral cholera vaccination induces strong
intestinal antibody responses and interferon-gamma production and evokes local
immunological memory. The Journal of Clinical Investigation. 1991;88:143-8.

[137] Lebens M, Shahabi V, Backstrom M, Houze T, Lindblad N, Holmgren J. Synthesis of
hybrid molecules between heat-labile enterotoxin and cholera toxin B subunits:
potential for use in a broad-spectrum vaccine. Infection and Immunity. 1996;64:2144-
50.

[138] Sinha A, Kanungo S, Kim DR, Manna B, Song M, Park JY, et al. Antibody secreting B
cells and plasma antibody response to rotavirus vaccination in infants from Kolkata
India. Heliyon. 2018;4:e00519.

79



[139] Kilhamn J, Jertborn M, Svennerholm AM. Kinetics of local and systemic immune
responses to an oral cholera vaccine given alone or together with acetylcysteine.
Clinical and Diagnostic Laboratory Immunology. 1998;5:247-50.

[140] Malkin E, Yogev R, Abughali N, Sliman J, Wang CK, Zuo F, et al. Safety and
immunogenicity of a live attenuated RSV vaccine in healthy RSV-seronegative children
5 to 24 months of age. PloS One. 2013;8:e77104.

[141] Ma X, Niezgoda M, Blanton JD, Recuenco S, Rupprecht CE. Evaluation of a new
serological technique for detecting rabies virus antibodies following vaccination.
Vaccine. 2012;30:5358-62.

[142] Panicker G, Rajbhandari I, Gurbaxani BM, Querec TD, Unger ER. Development and
evaluation of multiplexed immunoassay for detection of antibodies to HPV vaccine
types. Journal of Immunological Methods. 2015;417:107-14.

[143] Marchese RD, Puchalski D, Miller P, Antonello J, Hammond O, Green T, et al.
Optimization and validation of a multiplex, electrochemiluminescence-based detection
assay for the quantitation of immunoglobulin G serotype-specific antipneumococcal
antibodies in human serum. Clinical and Vaccine Immunology. 2009;16:387-96.

[144] Begum YA, Baby NI, Farugue AS, Jahan N, Cravioto A, Svennerholm AM, et al. Shift
in phenotypic characteristics of enterotoxigenic Escherichia coli (ETEC) isolated from
diarrheal patients in Bangladesh. PLoS Neglected Tropical Diseases. 2014;8:€3031.

[145] Harro C CS, Sack D, DeNearing B, Bourgeois AL, Darsley, MJ ea. DmLT adjuvanted
Live Attenuated Enterotoxigenic Escherichia coli (ETEC) Vaccine Candidate Protects
Against Virulent ETEC in a Human ETEC Challenge Model. Vaccines Against Enteric
Disease,. Edinburgh, UK2015.

[146] Sanchez-Schmitz G, Levy O. Development of newborn and infant vaccines. Science
Translational Medicine. 2011;3:90ps27.

[147] Miller K. The stimulation of human B and T lymphocytes by various lectins.
Immunobiology. 1983;165:132-46.

[148] Krakauer T, Stiles BG. The staphylococcal enterotoxin (SE) family: SEB and siblings.
Virulence. 2013;4:759-73.

[149] Bueno C, Criado G, McCormick JK, Madrenas J. T cell signalling induced by bacterial
superantigens. Chemical Immunology and Allergy. 2007;93:161-80.

[150] Janik DK, Lee WT. Staphylococcal Enterotoxin B (SEB) Induces Memory CD4 T Cell
Anergy in vivo and Impairs Recall Immunity to Unrelated Antigens. Journal of Clinical
& Cellular Immunology. 2015;6:1-8.

[151] Perles B, Flanagan MT, Auger J, Crumpton MJ. Mechanism of lymphocyte activation:
the binding of phytohemagglutinin to the lymphocyte surface. European Journal of
Immunology. 1977;7:613-9.

[152] Rudolph ME, McArthur MA, Barnes RS, Magder LS, Chen WH, Sztein MB.
Differences Between Pediatric and Adult T Cell Responses to In Vitro Staphylococcal
Enterotoxin B Stimulation. Frontiers in Immunology. 2018;9:498.

[153] Reen DJ. Activation and functional capacity of human neonatal CD4 T-cells. Vaccine.
1998;16:1401-8.

80



[154] Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A,
et al. Surface phenotype and antigenic specificity of human interleukin 17-producing T
helper memory cells. Nature Immunology. 2007;8:639-46.

[155] Lundgren A, Bhuiyan TR, Novak D, Kaim J, Reske A, Lu YJ, et al. Characterization of
Th17 responses to Streptococcus pneumoniae in humans: comparisons between adults
and children in a developed and a developing country. Vaccine. 2012;30:3897-907.

[156] Hanna-Wakim R, Yasukawa LL, Sung P, Fang M, Sullivan B, Rinki M, et al. Age-
related increase in the frequency of CD4(+) T cells that produce interferon-gamma in
response to staphylococcal enterotoxin B during childhood. The Journal of Infectious
Diseases. 2009;200:1921-7.

[157] Mitsdoerffer M, Lee Y, Jager A, Kim HJ, Korn T, Kolls JK, et al. Proinflammatory T
helper type 17 cells are effective B-cell helpers. Proceedings of the National Academy
of Sciences of the United States of America. 2010;107:14292-7.

[158] Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al.
Phenotypic and functional features of human Th17 cells. The Journal of Experimental
Medicine. 2007;204:1849-61.

[159] Tarlinton D. IL-17 drives germinal center B cells? Nature Immunology. 2008;9:124-6.

[160] Hsu HC, Yang P, Wang J, Wu Q, Myers R, Chen J, et al. Interleukin 17-producing T
helper cells and interleukin 17 orchestrate autoreactive germinal center development in
autoimmune BXD2 mice. Nature Immunology. 2008;9:166-75.

[161] Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM, Mattson JD, et al.
Development, cytokine profile and function of human interleukin 17-producing helper
T cells. Nature Immunology. 2007;8:950-7.

[162] Hsi ED, Remick DG. Monocytes are the major producers of interleukin-1 beta in an ex
vivo model of local cytokine production. Journal of Interferon & Cytokine research :
the Official Journal of the International Society for Interferon and Cytokine Research.
1995;15:89-94,

[163] Lasiglie D, Traggiai E, Federici S, Alessio M, Buoncompagni A, Accogli A, et al. Role
of IL-1 beta in the development of human T(H)17 cells: lesson from NLPR3 mutated
patients. PloS One. 2011;6:€20014.

[164] Veglia F, Sciaraffia E, Riccomi A, Pinto D, Negri DR, De Magistris MT, et al. Cholera
toxin impairs the differentiation of monocytes into dendritic cells, inducing professional
antigen-presenting myeloid cells. Infection and Immunity. 2011;79:1300-10.

[165] Bromander A, Holmgren J, Lycke N. Cholera toxin stimulates IL-1 production and
enhances antigen presentation by macrophages in vitro. Journal of Immunology.
1991;146:2908-14.

[166] Cong Y, Weaver CT, Elson CO. The mucosal adjuvanticity of cholera toxin involves
enhancement of costimulatory activity by selective up-regulation of B7.2 expression.
Journal of Immunology. 1997;159:5301-8.

[167] Lee WW, Kang SW, Choi J, Lee SH, Shah K, Eynon EE, et al. Regulating human Th17
cells via differential expression of IL-1 receptor. Blood. 2010;115:530-40.

[168] Kumar Pachathundikandi S, Brandt S, Madassery J, Backert S. Correction: Induction of
TLR-2 and TLR-5 Expression by Helicobacter pylori Switches cagPAl-Dependent
Signalling Leading to the Secretion of IL-8 and TNF-alpha. PloS One.
2015;10:e0141721.

81



A

O© 00 NOoO Ol b WD P

W W WWWWWWWWMNDNDNDNMNDNDNDNDNDNMNNMDMNNNNNMNPRPRPRPPRPERPERPRERERRRER PR
O© 00O NO Ul WNPFPOOOONNOO O, WONPFP OO NO O wWwDN - O

APPENDIXES

. Reagents

. Sodium heparin tubes, BD vacutainer, 367874

. Falcon tubes, Corning Science, 352096

. Ficoll-Isopaque, Pharmacia, Uppsala, Sweden, 17-1440-03
. Trypan blue, Sigma, T6146

. NaCl, Sigma, 71380

. Potassium phosphate di-basic, Sigma, 04273

. RPMI Medium 1640 (1X), Invitrogen, 11875-119

. Fetal Bovine Serum (FBS), Invitrogen, 16140071

. Na-Pyruvate, Invitrogen, 11360-070

. L-glutamine, Invitrogen, 25030-081

. Penicillin-Streptomycin, Invitrogen, 15140-122

. Bovine Serum Albumin, Sigma, A4503

. Tween 20, Sigma, P-1379

. EDTA, Sigma, E5134

. Soybean Trypsin Inhibitor, Sigma, T9128

. Pefablock, Roche, 11429876001

. Sodium azide, Sigma, S8032

. AEBSF, Calbiochem, 101500

. Aprotinin, USB, 11388

. Leupeptin Hemisulfate, USB, 18413

. 96-well tissue culture plate, Nunc, 167008

. Anti-human IgA-HRP, Jackson Immuno Research, 309-035-011
. Orto-phenylenediamine (OPD), Sigma, P9029

. Hydrogen peroxide, BDH AnalaR, 101284N

. Sulfuric Acid, Merck, 100731

. Sodium citrate, Sigma, S4641

. ELISA plates, Greiner, 655061

. CFA/lgp, produced at SBL, prep. 3

. CS3, produced at SBL, prep.6-98

. CS5, produced at SBL, prep. 2

. CS6, from Fred Cassel, lot 0840

. Ganglioside GML1, from Lars Svennerholm

. Recombinant LTB (rLTB), Etec653.tem (N Carlin), lot 2010-01-08
. Recombinant CTB (rCTB),

. Vibrio cholerae membrane protein (MP),

. IgA reference, Sigma, 11010

. Anti-SIgA monoclonal antibody, Sigma, 16635

. Anti-mouse 1gG1-HRP, Southern Biotech, 1070-05
. Goat anti-human IgA, Jackson Immuno Research, 109 005 011
. IL-17A ELISA kit, eBiosciences, 88-7176-88



40. IL-1beta ELISA Kit, eBiosciences, 88-7010-22

41. DMEM-F12 medium, Gibco, 11320-074

42. ETEC mock vaccine, Scandinavian Biopharma, Etec970.tem
43. SEB, Sigma, S4881

44. PHA, Remel, HA16

45. dmLT, Lot 1575

46. E. coli LPS, Sigma, L8274



B. Published Paper |



Vaccine 35 (2017) 321-328

Contents lists available at ScienceDirect
accine

Vaccine

journal homepage: www.elsevier.com/locate/vaccine N

Kinetics of antibody-secreting cell and fecal IgA responses after oral
cholera vaccination in different age groups in a cholera endemic country

CrossMark

Marjahan Akhtar®, Firdausi Qadri®, Taufiqur R. Bhuiyan®, Sarmin Akter®, Tanzeem A. Rafique ,
Arifuzzaman Khan?, Laila N. Islam”, Amit Saha?, Ann-Mari Svennerholm ¢, Anna Lundgren “*
2icddr,b (International Centre for Diarrhoeal Disease Research, Bangladesh), Dhaka, Bangladesh

b Dept. of Biochemistry and Molecular Biology, University of Dhaka, Bangladesh
€ GUVAX (Gothenburg University Vaccine Research Institute), Dept. of Microbiology and Immunology, Inst. of Biomedicine, University of Gothenburg, Sweden

ARTICLE INFO ABSTRACT

Article history:

Received 29 July 2016

Received in revised form 10 November 2016
Accepted 13 November 2016

Immune responses to oral enteric vaccines in children and infants may be influenced by factors such as
age, previous priming with related microorganisms and breast feeding. In this study, we aimed to deter-
mine optimal time points to assess immune responses to oral enteric vaccines in different clinical spec-
imens. This was done by investigating antibody secreting cell (ASC) and fecal antibody responses on
different days after vaccination using the licensed oral cholera vaccine Dukoral, containing cholera toxin
B-subunit (rCTB) and inactivated Vibrio cholerae bacteria, as a model vaccine.

. . Two vaccine doses were given 2 weeks apart to infants (6-11 months), young children (12-18 months),
Antibody-secreting cell . .
Antibodies in lymphocyte supernatant toddlers (1'9 months-5 ye.ars) 'amd. adults in a cholera endemic country (Bangladesh). IgA ASC responses,
IgA as determined by the antibodies in lymphocyte supernatant (ALS) assay, plasma IgA and IgG responses
and secretory IgA (SIgA) responses in extracts of fecal samples were evaluated 4/5 and 7 days after each
vaccination.

After the first vaccine dose, anti-CTB ALS IgA responses in adults and toddlers were high and compa-
rable on day 5 and 7, while responses were low and infrequent in young children. After the second dose,
highest ALS responses were detected on day 5 among the time points studied in all age groups and the
responses declined until day 7. In contrast, plasma IgA and IgG anti-CTB responses were high both on day
5 and 7 after the second dose. Fecal SIgA responses in young children and infants were highest on day 7
after the second dose.

Our results suggest that ASC/ALS responses to two doses of the oral cholera vaccine Dukoral and related
oral vaccines should be analyzed earlier than previously recommended (day 7) at all ages. Fecal antibody
responses should preferably be analyzed later than ASC/ALS responses to detect the highest antibody
responses.
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1. Introduction

Enteric infections are important global health problems and are
principal causes of morbidity and mortality in children and infants

Abbreviations: AEs, adverse events; ALS, antibodies in lymphocyte supernatant;
ASC, antibody-secreting cell; CFs, colonization factors; CT, cholera toxin; CTB,
cholera toxin B-subunit; ETEC, enterotoxigenic Escherichia coli; LT, heat labile toxin;
LTB, heat labile toxin B-subunit; MP, membrane preparation; PBMCs, peripheral
blood mononuclear cells; RF, responder frequencies; SIgA, secretory IgA.
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in low- and middle-income countries [1]. Since mucosal IgA anti-
bodies are important for protection against most enteric infections
it is essential to measure such responses in both adults and infants
using accurate and sensitive assays suitable for clinical vaccine tri-
als [2]. Some of the most widely used methods for evaluation of
mucosal immune responses induced by oral vaccines include anal-
ysis of specific IgA antibodies in intestinal lavage or fecal speci-
mens [3-5] as well as assessment of specific antibodies produced
by intestine-derived antibody-secreting cells (ASCs), which tran-
siently migrate through peripheral blood in response to oral vacci-
nation [6,7] and can be detected either by ELISPOT or by the
antibodies in lymphocyte supernatant (ALS) assay [8,9]. These
techniques are often initially used in clinical trials of healthy adults
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in non-endemic countries, who are most likely naive in relation to
vaccine related microorganisms and antigens. However, immune
responses to oral vaccines may be very different in infants and chil-
dren in endemic countries due to e.g. natural exposure to infec-
tions, age-related differences in immune function, breast feeding
and nutritional status [2,10]. Hence, optimization of immunoas-
says in these target populations should be undertaken, including
identification of optimal time points for sampling of clinical spec-
imens, before use in clinical vaccine trials.

Recent studies in adult Swedish volunteers have clearly demon-
strated that repeated immunization with the licensed oral cholera
vaccine Dukoral as well as a novel oral inactivated multivalent
enterotoxigenic Escherichia coli (ETEC) vaccine (ETVAX) induce
more rapid and transient ALS responses to toxin and bacterial pro-
tein antigens than previously appreciated [11-13]. These data sug-
gest that such responses may have been underestimated in several
previous studies of oral vaccines in both endemic and nonendemic
countries [5,14-21]. However, it is still unclear how age and natu-
ral exposure to cholera and ETEC infections may influence the
kinetics of ASC responses to oral vaccines.

Peripheral ASC responses induced by oral vaccination are
known to reflect intestinal immunity, as measured by analysis of
antibodies in fecal or lavage samples or intestinal tissue [3,5,21].
In clinical trials of mucosal vaccines, it is often more demanding
to collect, store and/or extract intestinal compared to blood sam-
ples, and many studies of mucosal immunity are therefore mainly
based on proxy markers such as ASC assessment [7]. However, we
and others have shown that it is possible to use fecal samples to
more directly measure the induction of vaccine specific IgA anti-
bodies in adults and children and that such analyses may replace
or complement ASC assessments [3,5,12,22-24]. Determination
of fecal immune responses is particularly attractive in young chil-
dren and infants since only small blood volumes can be collected
from these age groups and venipuncture is preferably completely
avoided. However, fecal specimens from infants in endemic areas
may be contaminated by breast milk containing specific IgA anti-
bodies against enteric pathogens which may obliterate vaccine
immune responses.

The main aim of this study was to potentially improve assess-
ment of immune responses to mucosal vaccines against enteric
infections by identifying optimal sampling time points for determi-
nation of ALS responses after oral vaccination in different age
groups in an endemic area. The study was performed to prepare
for subsequent Phase I/II trials of oral vaccines, e.g. the ETEC vac-
cine ETVAX, containing a heat labile toxin B-subunit/cholera toxin
B-subunit (LTB/CTB) hybrid toxoid and inactivated bacteria over-
expressing common ETEC colonization factors (CFs). The licensed
cholera vaccine Dukoral, containing CTB and killed Vibrio cholerae
bacteria, was used as a model vaccine; two consecutive doses were
given to adults, toddlers, young children and infants in Bangladesh.
The feasibility to measure vaccine specific secretory IgA (SIgA)
antibody responses in fecal samples collected at different time
points from young children and infants was also investigated.

2. Materials and methods
2.1. Study design and vaccinations

The study was conducted in Mirpur, Dhaka, Bangladesh.
Healthy adults (18-45 years, n=40), toddlers (19 months to
5 years, n = 20), young children (12-18 months, n = 20) and infants
(6-11 months, n=10) were recruited to the study. The study
physician assessed the general health of the subjects at enrollment.
Subjects with a history of gastrointestinal disorders, diarrheal ill-
ness during the last two weeks, febrile illness in the preceding

week or antibiotic treatment within one week prior to enrollment
were excluded. Subjects who had been vaccinated with any cholera
or ETEC vaccines previously were also excluded.

Participants received two oral doses of Dukoral® (Crucell,
Sweden) 14 days apart. The vaccine consists of 1.25 x 10'! killed
V. cholerae bacteria and 1 mg of rCTB. A full dose of the vaccine
was suspended in 150 ml (adults), 75 ml (toddlers) or 15 ml
(young children and infants) carbonate buffer (Recip, Sweden).
Participants were not allowed to eat or drink one hour before
and after vaccination.

The study was approved by the Research Review and Ethical
Review Committees of the International Review Board of the icddr,
b (International Centre for Diarrhoeal Disease Research, Bangladesh)
and informed written consent was obtained from each participant
and for children from their parent/guardian before enrollment.

2.2. Specimen collection

From each participant, heparinized venous blood and fecal
specimens were collected at three different time points; before
immunization (day 0) and at two additional time points (day 4
or 5 and day 7), either after the first or the second vaccine dose
(Table 1).

2.3. Evaluation of immune responses

Mucosal immune responses were evaluated by measuring vac-
cine specific antibodies in secretions from intestine-derived ASCs
using the ALS assay and by analysis of SIgA antibodies in fecal
extracts. Systemic immune responses were determined as vaccine
specific IgA and IgG antibodies in plasma.

Peripheral blood mononuclear cells (PBMCs) and plasma were
separated by density-gradient centrifugation on Ficoll-Isopaque
(Pharmacia, Sweden). Plasma was stored at —20 °C. For the ALS
assay, PBMCs were cultured at 107 cells/ml as described [25] and
supernatants were collected after 48 h of incubation and stored
at —70 °C. Fecal extracts were prepared as described and stored
at —70°C [3].

IgA antibodies in ALS samples, SIgA antibodies in fecal extracts
and IgA and IgG antibodies plasma samples were analyzed by
ELISA using plates coated with GM1 ganglioside (0.3 nmol/ml) plus
CTB (1 pg/ml for ALS and fecal samples and 0.5 pg/ml for plasma)
or a membrane preparation (MP) from V. cholerae bacteria
(3 png/ml) [11,12,22]. The MP was purified from a V. cholerae 01
strain cultured in AKI medium followed by sonication and
precipitation with 40% saturated ammonium sulphate [9,26]. The
preparation contained 7.9 mg/ml protein and 6 mg/ml V. cholerae
01 LPS. Endpoint titers were determined as the reciprocal interpo-
lated dilutions giving an absorbance of 0.2 (ALS, faeces) or 0.4
(plasma) above background at 492 nm. The total SIgA level of each
fecal sample was also determined by ELISA, as described [3]. Fecal

Table 1
Sampling schedule in different age groups.

Study groups Before vaccination After dose 1 After dose 2

Adults

A Day 0 Days 4+7 -

B Day 0 Days 5+7 -

C Day O - Days 4+7
D Day 0 - Days 5+7
Toddlers and young children

B Day 0 Days 5+7 -

D Day 0 - Days 5+7
Infants

D Day 0 - Days 5+7
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Demographic characteristics of study participants (per protocol set).
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Adults Toddlers Young children Infants
n=40 n=19 n=19 n=9
Age
Mean (SD) 29.6 (6.4)° 3.1 (0.8)° 13.9 (1.4)° 8.0 (1.9)°
Range 18-42° 2.0-4.4° 12-17° 6-11°
Gender (no and freq. of participants)
Female 9 (72%) 6 (32%) 8 (42%) 3 (33%)
Male 1 (28%) 13 (68%) 11 (58%) 6 (67%)
2 Age in years.
b Age in months.
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Fig. 1. Kinetics of IgA ALS responses to CTB after oral Dukoral vaccination. CTB-specific IgA titers (GM + SEM) were analyzed in ALS samples from (A) adults (sampling group
A;n=10,B;n=10,C; n=11 and D; n =9), (B) toddlers (group B; n =10 and D; n = 9), (C) young children (group B; n =9 and D; n = 10) and (D) infants (group D; n = 9) before
the first immunization (day 0) and at the indicated time points after the first and second dose. Numbers in parentheses indicate day after the first immunization. Responder
frequencies (RF) on the different days are shown below the graphs. *P < 0.05, **P < 0.01, **P < 0.001, ns; not significant.
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antibody levels were given as the specific SIgA titer divided by the
total SIgA concentration of each sample. Specimens containing
<10 pg/ml or >1000 pg/ml total SIgA were excluded from the anal-
ysis as well as samples in which the total sIgA concentration varied
>3-fold between the different time points for each participant [12].

2.4. Safety

Participants and parents/guardians were asked verbally about
whether any adverse events (AEs) that might be related to vaccina-
tion, including loose stools, nausea, vomiting and fever, had
occurred during the study period.

2.5. Statistical analysis

All data were log transformed. Comparisons of pre- and post-
immunization antibody levels within groups were evaluated using
a paired t-test and responses between different groups using an
unpaired t-test. Responder frequencies were evaluated using Fisher
exact test. The magnitudes of immune responses (fold-rises) were
calculated as the post-immunization divided by pre-immunization
antibody levels and twofold increases were regarded as responses
for all sample types. P-values <0.05 were considered as significant.

3. Results
3.1. Study participants

Forty healthy adults, 20 toddlers, 20 young children and 10
infants were enrolled with 9-11 participants per sampling group
(groups A-D; Tables 1 and 2). All except one (one toddler receiving
only one dose) of the 90 enrolled participants received two doses of
the vaccine according to protocol. One infant was lost to follow up
after the second dose. These two participants together with one
young child, who had abnormally high preimmunization serum
titers against CTB (IgA titer >4000) suggesting very recent ETEC
or cholera infection, were excluded from the immunological anal-
yses. Slightly more male than female toddlers, young children and
infants were enrolled, whereas slightly more female than male
adults were included (Table 2). The age and gender distributions
in sampling groups A-D were comparable (not shown).

3.2. Safety

The vaccine was safe and well tolerated in all study groups. The
very few AEs reported were mild in nature. No AEs were recorded
in infants.

3.3. ALS IgA responses

The kinetics of mucosally-derived IgA ASC responses against
CTB was evaluated by the ALS method. In adults, significant ALS
responses to CTB were observed both after the first and the second
vaccine dose (Fig. 1A). Very few participants responded on day 4
after the first dose, but on day 5 a majority had responded and
the responses remained high on day 7. After the second dose, about
half of the participants responded already on day 4. Highest ALS
responses were detected on day 5 after the second dose (among
the time points studied), when almost all participants had
responded. Responses then declined significantly until day 7.

Similar kinetics of ALS IgA responses to CTB were observed in tod-
dlers (day 4 responses were not evaluated in this age group). Highest
responses were detected on day 5-7 after the first dose and on day 5
after the second dose with a significant decline on day 7 (Fig. 1B).

In contrast to adults and toddlers, few young children
responded in ALS after the first vaccine dose (Fig. 1C). However,
5 days after the second dose all young children had responded.
The responses then declined significantly on day 7.

Although the ALS anti-CTB IgA response magnitudes were rela-
tively low in infants, a majority of infant participants responded sig-
nificantly on day 5 after the second dose. Similar to the other age
groups, responses declined between day 5 and 7 after the second
dose.

To investigate ALS responses to bacterial cell antigens, ALS IgA
responses against cholera MP antigen were also evaluated in all
age groups, but significant responses were only detected in adults
(Fig. 2). After the first dose, a majority of participants responded
already on day 5 and responses in about half of the subjects
remained high whereas the rest declined on day 7. After the second
dose, highest responses to MP were detected on day 5 in all partic-
ipants and responses rapidly declined in a majority of participants
on day 7. ALS responses to MP were low 4 days after both the first
and second dose.

3.4. Plasma IgA and IgG responses

In adults, toddlers and young children, significantly higher
responses in plasma were observed 7 days after the first dose com-
pared to on day 4 or 5 (Fig. 3A-C). After the second dose, strong
responses were observed already on day 4/5 and the responses
were comparable or only slightly higher in magnitude on day 7.
A majority of infants responded on day 5 and 7 after the second
dose with comparable magnitudes of responses on the two days
(Fig. 3D). Similar kinetics was observed for anti-CTB IgG antibody
responses in plasma (Fig. 4).

3.5. Fecal SIgA responses

We also analyzed if vaccine specific SIgA antibodies can be
detected in fecal samples from young children and infants. We
attempted to analyze fecal samples from toddlers and adults, but
after extraction, a majority of stool extracts from these participants
contained low levels of total SIgA. In contrast, half of the samples
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Fig. 2. Kinetics of IgA ALS responses to a cholera membrane preparation (MP) in
adults after oral Dukoral vaccination. MP-specific IgA titers (GM +SEM) were
analyzed in ALS samples from adults (sampling group A; n=10,B; n=10,C; n=11
and D; n = 9) before the first immunization (day 0) and at the indicated time points
after the first and second dose. Numbers in parentheses indicate day after the first
immunization. Responder frequencies (RF) on the different days are shown below
the graphs. *P < 0.05, **P < 0.01, ns; not significant.
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Fig. 3. Kinetics of plasma IgA antibody responses to CTB after oral Dukoral vaccination. CTB-specific IgA titers (GM + SEM) were analyzed in plasma samples from (A) adults
(sampling group A; n=10,B; n=10,C; n=11 and D; n=9), (B) toddlers (group B; n =10 and D; n = 9), (C) young children (group B; n =9 and D; n = 10) and (D) infants (group
D; n=9) before the first immunization (day 0) and at the indicated time points after the first and second dose. Numbers in parentheses indicate day after the first
immunization. Responder frequencies (RF) on the different days are shown below the graphs. *P < 0.05, **P < 0.01, ***P < 0.001, ns; not significant.

from young children and infants fulfilled the inclusion criteria and
could be analyzed. Since comparable responses to both CTB and MP
were observed in young children and infants, we combined sam-
ples from these two age groups for this analysis. Responses to
the first vaccine dose were low and infrequent (data not shown),
but after the second dose, anti-CTB and anti-MP SIgA responses
were observed in about half of the participants on day 5 (Fig. 5).
The responses increased further on day 7, when responses to CTB
and MP were detected in 80% and 60% of participants, respectively,
and the antibody levels in the whole group were significantly
increased compared to prevaccination levels.

4. Discussion

In this study we analyzed the kinetics of ASC responses in
peripheral blood after oral cholera vaccination in adults, toddlers,

young children and infants in Bangladesh. We showed that most
adults and toddlers developed significant anti-CTB ALS IgA
responses on day 5 after a first oral cholera vaccine dose and that
the responses remained at similar levels on day 7. In contrast, very
few young children developed responses to the first dose. How-
ever, the second dose induced significant anti-CTB ALS responses
in all age groups with highest responses on day 5 among the time
points studied and lower responses on day 7. Responses in adults
on day 4 after either dose were significantly lower than on day 5.
These results clearly demonstrate that in order to detect significant
responses to the first dose in adults and toddlers, samples for ALS
analysis can be collected on day 5 or 7. However, after the second
dose, samples should be collected earlier (day 5) than previously
recommended, i.e. day 7 [7], in all age groups. The poor responses
detected on day 7 compared to day 5 after the second dose in all
groups suggest that ASC responses to the second dose have
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Fig. 4. Kinetics of plasma IgG antibody responses to CTB after oral Dukoral vaccination. CTB-specific IgA titers (GM + SEM) were analyzed in plasma samples from (A) adults

(sampling group A; n=10,B; n=10,C; n=11 and D; n = 9), (B) toddlers (group B; n =

10 and D; n = 9), (C) young children (group B; n =9 and D; n = 10) and (D) infants (group

D; n=9) before the first immunization (day 0) and at the indicated time points after the first and second dose. Numbers in parentheses indicate day after the first
immunization. Responder frequencies (RF) on the different days are shown below the graphs. *P < 0.05, **P < 0.01, ***P < 0.001, ns; not significant.

probably been underestimated in many previous cholera and ETEC
vaccine studies in children as well as adults, due to too late collec-
tion of samples [5,14-22]. Additional studies may be undertaken to
determine if ALS responses to a second vaccine dose may increase
even further from day 5 to day 6. However, since only a few sam-
ples can be collected from each infant and child due to ethical rea-
sons, more detailed analysis of response kinetics is challenging.
The differences in responsiveness to the first dose at different
ages may at least partly be explained by differences in natural
priming by V. cholerae and ETEC producing LT, which is highly
homologous to CT. Thus, adults and toddlers may have been more
frequently primed by symptomatic or asymptomatic infections
with V. cholerae and/or LT ETEC than younger children; such prim-
ing may have induced CT-reactive memory B cells which could be
rapidly reactivated by a CTB-containing cholera vaccine, resulting
in strong ALS responses already to the first vaccine dose. This is
supported by observations in naive Swedish adults, who similar

to young Bangladeshi children also responded poorly to a first cho-
lera vaccine dose [11,21]. However, priming by vaccination may
differ from that induced by natural infection since responses devel-
oped more rapidly and were more transient after the second com-
pared to the first vaccine dose in Bangladeshi adults and children.
This difference may be a result of exposure to lower levels of CTB or
LTB during natural infections than during vaccinations [27]. It is
also possible that age-related differences in the mucosal immune
system may explain the poor capacity of young children to respond
to a single vaccine dose.

Most Bangladeshi adults also developed significant ALS
responses to a V. cholerae membrane preparation (MP) containing
both proteins and O1 LPS, but the responses to this preparation
was too low in children and infants to allow analysis. The kinetics
of ALS responses to the MP in adults was similar as responses to
CTB with highest responses to dose 2 detected on day 5 among
the time points studied. We have recently described similar
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Fig. 5. SIgA antibody responses in fecal extracts after oral Dukoral vaccination. SIgA
responses (specific SIgA/total SIgA) against (A) CTB and (B) a cholera membrane
preparation (MP) were measured in young children (n = 6) and infants (n = 7) before
immunization (day 0) and at the indicated time points after the second vaccine dose
(total n=13). Numbers in parentheses indicate day after the first immunization.
Responder frequencies (RF) on the different days are shown below the graphs.
*P < 0.05, **P<0.01, ns; not significant.

kinetics of responses to a CTB/LTB toxoid and ETEC CFs after vacci-
nation with the oral ETEC vaccine ETVAX, supporting similar kinet-
ics of ALS responses to toxoid and bacterial cell antigens [12].

In most previous enteric vaccine trials, ASC responses have been
evaluated by the ELISPOT method; however, the ALS method is
more practical and gives comparable results with regard to fre-
quencies and kinetics of responses [8,9,11,13,22]. Blood ASCs
induced by oral cholera and typhoid vaccination express the gut
homing marker 047 integrin, supporting the capacity of such cells
to home to intestinal mucosa [28,29]. Previous studies have also
shown a relation between vaccine specific ASC responses in blood
and in gastrointestinal mucosa as well as with IgA responses in
fecal and lavage samples [3,5,21]. Thus, ASC responses may be used
as good surrogate measures of mucosal immune responses.

In this study, we also show that fecal samples from young chil-
dren and infants can be used to evaluate vaccine specific intestinal
responses induced by oral vaccination. Thus, although antibodies
to cholera and ETEC antigens have been observed in breast milk
from women living in endemic areas [30-33] and about 90% of
Bangladeshi children are breast fed for at least two years [34],
breast milk antibodies do not seem to mask vaccine specific
responses in fecal samples from infants and children to any signif-
icant degree. Similar to the blood ASC responses, fecal responses to
the first dose of Dukoral were infrequent in young children,
whereas significant responses to both CTB and MP were detected
on day 7 after the second dose in a majority of children and infants.
The delayed kinetics of fecal responses, compared to ALS responses
which were detected already 5 days after the second dose, is con-
sistent with mucosal homing of blood ASCs; plasma blasts appear
transiently in blood on day 5 and then migrate to the intestinal
mucosa to mature into plasma cells producing antibodies detect-
able in fecal samples a few days later. Our findings of later appear-
ing fecal compared to ASC responses after the second dose is also
consistent with previous studies in Swedish adults, where fecal
responses to oral ETEC vaccines were detected 7-14 days after
the booster dose [3,12,22,24]. We conclude that the fecal extrac-
tion method followed by assessment of SIgA responses to oral vac-
cines allow determination of fecal responses to oral vaccines in
infants and young children.

The results from these studies are important for the interpretation
of ASC results from previous studies of oral cholera and ETEC vac-
cines as well as for the design of ongoing and planned trials of a
new oral inactivated ETEC vaccine in young children and infants
in Bangladesh.
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Available online xxxx To enable analysis of antibody responses against multiple vaccine antigens for subsequent use in small

sample volumes from children, a sensitive electrochemiluminescence (ECL) assay for analysis of
intestine-derived antibody-secreting cell responses using the antibodies in lymphocyte secretions

lé]e_}é‘gords" (ALS) assay was established using Meso Scale Discovery technology.

Vaccine Three groups of Bangladeshi adults (n =15 per group) received two oral doses of ETVAX with or with-
Antibodies in lymphocyte supernatant out double mutant LT (dmLT) adjuvant or placebo in the initial part of a randomized, double-blind,
Antibody-secreting cell placebo-controlled, age-descending, dose-escalation trial. CF- and LTB-specific ALS and plasma IgA
IgA responses were analyzed by ECL and/or ELISA.

Adult ETVAX was safe and well tolerated in the adults. Magnitudes of IgA ALS responses determined by ECL
ELISA and ELISA correlated well (r = 0.85 to 0.98 for the five primary antigens, P < 0.001) and ECL was selected

Electrochemiluminescence as the ALS readout method. ALS IgA responses against each of the primary antigens were detected in 87-

100% of vaccinees after the first and in 100% after the second vaccine dose. Plasma IgA responses against
different CFs and LTB were observed in 62-93% and 100% of vaccinees, respectively. No statistically sig-
nificant adjuvant effect of dmLT on antibody responses to any antigen was detected, but the overall anti-
genic breadth of the plasma IgA response tended to favor the adjuvanted vaccine when responses to 4 or
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The promising results in adults supported testing ETVAX in descending age groups of children.
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1. Introduction

Enterotoxigenic Escherichia coli (ETEC) remains one of the most
common bacterial pathogens causing diarrhea in children as well
as adults in developing countries [ 1-3]. ETEC colonize the intestinal
mucosa by different colonization factors (CFs) and subsequently
release heat labile (LT) and/or heat stable (ST) enterotoxins causing
diarrhea [4,5]. Since ETEC do not invade intestinal epithelial cells,
immune protection is most likely provided by locally produced
secretory IgA (SIgA) antibodies [6]. To achieve broad protection
against ETEC, immunity against both LT and CFs would be advanta-
geous; anti-ST immunity is difficult to induce in a safe manner due
to the small size of the ST peptide and potential immunological
cross-reactivity with human guanylin and uroguanylin [5-9].

One approach to achieve immunity to ETEC which has been
extensively investigated is to immunize orally with killed bacteria
expressing common CFs and to administer the vaccine with a LT-
like toxoid [6,7]. A first generation whole cell vaccine, consisting
of formalin-inactivated ETEC bacteria expressing CFA/I and CS1 to
CS5, combined with cholera toxin B-subunit (CTB), which is highly
homologous to LT B-subunit (LTB), was shown to be immunogenic
in children and adults in endemic areas and to protect against
moderate/severe diarrhea in adult travellers [10-12]. However, a
full dose of the vaccine caused vomiting in 6-17 months old Ban-
gladeshi children; hence fractionated doses were tested and a
quarter dose was found to be safe [13]. The vaccine did not confer
protection in 6-24 months old Egyptian children, but both vacci-
nated and unvaccinated children experienced mainly mild disease
during the study period and the impact on moderate/severe diar-
rhea could not be evaluated [7]. Based on these results, an
improved second generation multivalent oral ETEC vaccine
(ETVAX) was developed, containing inactivated E. coli strains
over-expressing CFA/I, CS3, CS5 and CS6 antigens at significantly
higher levels than the bacteria in the first generation vaccine
[14]. In contrast to the first generation vaccine, ETVAX includes
the common CF CS6 in an immunogenic form and is administered
together with the more LT-like toxoid LCTBA [15,16]. To further
enhance the immunogenicity of the vaccine, particularly when
given at low dosages, the vaccine may be combined with the dou-
ble mutant LT (dmLT) adjuvant [14,17]. When tested in Swedish
adults, ETVAX with or without dmLT was found to be safe and to
induce significant fecal SIgA responses as well as IgA antibody-
secreting cell (ASC) responses, as determined by analysis of specific
antibodies secreted into the culture supernatants using the anti-
bodies in lymphocyte supernatants (ALS) assay, against all CFs
and LTB [16]. Addition of 10 ug dmLT to the vaccine significantly
enhanced ALS responses to CS6 only [16]. ETVAX also induced
long-lasting immunological memory in Swedish adults [18]. Our
recent results also demonstrated that ETVAX may induce IgA anti-
body responses that cross-react with CFs belonging to the same CF
families, possibly expanding the coverage of the vaccine [19].
These successful results have led to clinical evaluation of ETVAX
in a large phase I/II trial in adults and lower age groups (5 years
to 6 months) in Bangladesh. Since limited blood volumes can be
collected from children and infants, a new assay for analysis of
ALS responses using small sample volumes needed to be estab-
lished and optimized using samples from adults to allow subse-
quent analyses in younger age groups.

After infection or vaccination in the intestinal mucosa, activated
intestinal lymphocytes transiently migrate to the circulation
before homing back to the mucosa. Therefore, ASCs present among
peripheral blood mononuclear cells (PBMCs) are suitable surrogate
markers of mucosal immunity [13,20-24], particularly if blood
samples are collected at optimal time points after lymphocyte acti-
vation [16,18,25,26]. ASC responses can be analyzed using ELISPOT

or by ALS, which is commonly based on ELISA techniques for detec-
tion of secreted antibodies in the culture medium, and results from
the two assays correlate very well with each other [15,24,27,28]. In
clinical trials with multivalent vaccines such as ETVAX, ALS
responses to several vaccine antigens are usually evaluated, requir-
ing relatively large volumes of ALS specimens. Hence, to allow
analysis of ALS responses to multiple vaccine antigens in children,
sensitive and specific procedures are required.

An electrochemiluminescence (ECL) assay may be used as an
alternative to conventional colorimetric ELISA methods. ECL-
based techniques generally have high sensitivity, good repro-
ducibility, and a wide dynamic analysis range reducing the need
for sample titration, and allow smaller sample volumes than ELISA
[29-31]. The Meso Scale Discovery (MSD) technology is an ECL
method utilizing sulfo-tag-labelled detection antibodies, which
emit light upon electrochemical stimulation via electrodes inte-
grated in the bottom of carbon-based microtiter plates. Soluble
antigens bind efficiently to the carbon surface of the wells, without
the need for conjugation or chemical antigen modification. MSD-
based ECL assays have previously been established for analysis of
serum antibodies against different parenteral vaccines and
infections, using both single- and multiplex analysis platforms
[32-35], but have, to our knowledge, not previously been reported
for analysis of serum antibody or ASC/ALS responses after mucosal
vaccination.

The primary objective of the study presented here was to eval-
uate the safety of ETVAX alone or together with dmLT adjuvant in
Bangladeshi adults; the secondary objective was to evaluate the
immunogenicity of ETVAX as a basis for studies in Bangladeshi
children and infants. The study also included establishment of an
ECL assay based on the MSD ECL technology for detection of ALS
responses against multiple ETVAX antigens in small sample vol-
umes for subsequent use in studies in younger age groups.

2. Materials and methods
2.1. Study design

This study was planned as a randomized, double-blinded,
placebo-controlled, dose-escalation and age-descending Phase /I
trial conducted in Mirpur, Dhaka, Bangladesh. Healthy adults
(Phase I) and children (Phase II, including older -children
24-59 months, younger children 12-23 months and infants
6-11 months) were sequentially immunized and safety was con-
firmed at each dosage level in each age group before the study pro-
ceeded to the next stage. The complete study design can be found
at ClinicalTrials.cov (Identifier: NCT02531802). Data from the adult
part were unblinded before the studies in children were com-
pleted, consistent with the study protocol. Data from the adult part
of the study is reported here; results from the younger age groups
will be reported later.

The study was performed in accordance with the Declaration of
Helsinki and approved by the Research Review and Ethical Review
Committees of the International Review Board of the International
Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b) and
the Western Institutional Review Board, USA. The trial was con-
ducted under oversight of the Federal Drug Administration, USA.
Informed written consent was obtained from each participant.

2.2. Vaccine and dmLT adjuvant

Two doses of the 2nd generation multivalent ETEC vaccine
(ETVAX, produced for Scandinavian Biopharma by Biovian Oy, Tyk-
istokatu 6B FI-20520 Turku, Finland, lot BX1003574) was given
orally to study participants at two weeks interval. The vaccine con-
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sists of 8x10'° inactivated E. coli bacteria (strains ETEX 21-24,
2 x 10'° bacteria/strain) recombinantly induced to express high
amounts of CFA/I, CS3, CS5 and CS6 antigens, respectively and mixed
with 1 mg of LCTBA protein, a recombinantly produced LTB/CTB
hybrid protein [14,16,36]. This single dose level was administered
to adults. A vaccine dose was suspended in 150 ml bicarbonate buf-
fer (Recipharm, Sweden) and given alone or together with 10 pg of
the adjuvant dmLT (R192G/L211A, lot 1575, Walter Reed Army Insti-
tute, Silver Spring, MD, USA) [17]. Children and infants received
lower dosages of vaccine (1/8-1/2 adult dosage) alone or combined
with dmLT (2.5-10 pg) or placebo, as described in detail in the Clin-
ical.Trials.gov registry.

2.3. Screening and randomization

Healthy adult participants (18-45 years) were screened 4-
7 days prior to enrollment for eligibility based on medical history,
clinical examination and laboratory tests. Key exclusion criteria
included known significant systemic disorders, congenital abdom-
inal disorders, diarrheal or febrile illnesses in the past 7 days, pos-
itive pregnancy test and use of antibiotics or immunosuppressant
medications within 14 days prior to enrollment. Participants posi-
tive for ETEC, Shigella, Vibrio cholerae or Salmonella, as determined
by culture of a fecal sample collected during the screening period,
were also excluded. All participants were from similar socioeco-
nomic backgrounds. A randomization list with treatment informa-
tion for each participant was generated by the statistical and data
management group at the EMMES Corporation, Rockville, MD, USA
and maintained by a pharmacist, who was not otherwise involved
in the study.

Enrolled participants were randomized in a double blinded
manner into one of three groups (1:1:1): (A) placebo (n = 15, buffer
alone), (B) ETVAX vaccine (n = 15) or (C) ETVAX with 10 pg dmLT
adjuvant (n=15). Participants were not allowed to eat or drink
one hour before and after treatment.

2.4. Follow-up for adverse reactions

Study participants were given memory aids to record solicited
symptoms (e.g. nausea, vomiting, diarrhea, loose stools, abdominal
pain and fever). Both solicited and unsolicited adverse events (AEs)
were assessed by trained study staff by carrying out active surveil-
lance by home visits each day for 7 days after each vaccination and
again on day 28 + 2 and 182 + 14 after the first vaccination. Clinical
chemistry and hematology tests were performed at screening and
on days 7 =1 after the first immunization, physical examinations
were performed at screening and on day 19+ 1 and 42 +4 after
the first immunization. Safety in adults was evaluated until day 3
after the second dose by an independent protocol safety team
and a data safety monitoring committee before vaccinations in
descending age groups of children were initiated.

2.5. Measurement of immune responses

Heparinized venous blood samples were obtained prior to the
first immunization (day —7 to —4), on day 7 = 1 after the first dose
and on day 19 (5 days after the 2nd dose); i.e. optimal time points
for assessment of circulating ASCs after oral vaccination [26].
Mucosal immune responses were evaluated by measuring vaccine
specific IgA antibodies in ALS specimens and systemic immune
responses by measuring IgA and IgG antibodies levels in plasma
[14,15]. PBMCs and plasma were separated from the blood by
density-gradient centrifugation on Ficoll-Isopaque (Pharmacia,
Uppsala, Sweden). Plasma specimens were preserved at —20 °C.
For ALS preparation, 107 PBMCs/ml were cultured in 96-well plates

(200 ul/well) for 48 h at 37 °C with 5% CO,, supernatants were col-
lected and stored at —70 °C [28].

IgA antibody levels in ALS specimens were analyzed by a novel
ECL assay established for all five primary vaccine antigens (CFA/I,
CS3, CS5, CS6 and LTB). The optimization of the new ECL assay
was performed using samples collected from previous trials of
ETVAX in Sweden [16,18] and included titration of antigen coating
concentrations, testing of coating buffer compositions, incubation
times and temperatures. The optimized protocol was then used
to measure IgA responses in ALS specimens from Bangladeshi
adults. Standard binding MULTI ARRAY 96-well plates (MSD) were
coated with 0.5 pg/ml of CF or LTB (without GM1) in carbonate buf-
fer (pH 9.8) at +4 °C overnight, after 10 min shaking at room tem-
perature. Plates were blocked (1% casein in PBS, Thermo Fisher,
1 h) and ALS samples diluted 1 to 5 in 1% casein-PBS were added
(25 pl/well, single wells) for 2 h. IgA antibodies were detected
using anti-Human NHP IgA Sulfo Tag antibodies (1 ug/ml, MSD,
1 h). Read Buffer T (1X concentration, MSD) was added and reac-
tions were immediately analyzed on a Meso Quickplex SQ 120
reader (MSD). Plates were washed after each step using 0.05%
Tween PBS. Incubations were performed at room temperature with
shaking. Plasma and also ALS samples were analyzed by ELISA
using plates coated with CFA/I, CS3, CS5, CS6 and GM1 plus LTB
[15,16]. The recombinant CFA/I antigen used in the ELISA and
ECL assays was prepared from a rough E. coli strain at the Univer-
sity of Gothenburg. The CS3 and CS5 antigens were prepared from
0139 LPS E. coli strains at Scandinavian Biopharma, Sweden. The
CS6 antigen was a kind gift from F. Cassels, USA. LTB was produced
at Scandinavian Biopharma. The CFA/I, CS6 and LTB antigens were
completely LPS free. Silver staining indicated some LPS (approxi-
mately 40 ug LPS per mg protein) in the CS3 but not in the CS5 anti-
gen. For control experiments, a CS3 antigen provided by NIH, USA
(now available through BEI Resources NR-49113), containing only
trace amounts of LPS (1 EU per mg of protein, corresponding to
100 pg LPS per mg of protein), was used. Repeat analyses on about
20% of samples were conducted for control purposes.

Stool samples were collected prior to the first immunization
(day -7 to —4) and day 7, 19, and 28 post immunization and
extracted, stored at —70 °C and analyzed as previously described
[22,26,37,38]. However, a majority of the samples contained low
and variable levels of total SIgA, and did not meet the inclusion cri-
teria for analysis [13,16,38]. Therefore, analysis of CF and LTB
specific antibody responses were not evaluated in fecal specimens
from adults.

2.6. Statistical analysis

The sample size was selected to detect frequent AEs. Given a
sample size of 15 adults, and subsequently the same sample size
in toddlers and younger children each receiving one of varying
dose levels of ETVAX with and without dmLT, the study would
have an approximately 80% and 90% chance of observing at least
one serious AE (SAE) or AE of special interest for events that occur
at a rate of 10.3% and 14.3%, respectively. Additionally, if no SAEs
are observed in 15 participants, the upper bound of the one-
sided 95% confidence interval on the rate of SAE occurrence is
approximately 18%.

All results were log10 transformed. The magnitudes of immune
responses (fold rises) were calculated as the post-immunization
divided by pre-immunization antibody levels and twofold
increases were regarded as responses [16]. Comparisons of pre-
and post-levels within groups were evaluated using a paired
t-test and responses between different groups using an unpaired
t-test. Responder frequencies were evaluated using Fisher exact
test. The Pearson correlation coefficient was used to measure the
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correlations. P-values < 0.05 were considered as significant. All sta-
tistical analyses were performed with GraphPad Prism version 5.0.

3. Results

3.1. Study participants

Forty five healthy adults were enrolled, from 135 participants
screened, and were randomized into the three treatment groups

M. Akhtar et al./Vaccine xxx (XXxx) Xxx

(Table 1).

(groups A-C; Fig. 1). The age distributions were comparable among
the groups but more females than males were enrolled in all groups

3.2. Adverse events and safety

135 participants were
assessed for eligibility

ETVAX administered alone or in combination with 10 ug dmLT
was safe and well tolerated in all adults with only two solicited

Physical examination,
blood and fecal samples

collected for screening and
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at diy 19 L at diy 19 ) at dI/ 19
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follow- up; O lost to follow- up; O lost to follow- up; O lost to
follow-up, 1 excluded follow-up follow-up
from immunogenicity
L analyses @ \_ J N

20ne subject did not meet eligibility criteria for receiving the second vaccine dose due
to antibiotics intake after a wound injury. This subject was excluded from the
immunogenicity analyses.
bBlood samples were collected from one participant in group (C) on day 8 after the first
dose. All other samples were collected on day 7 and 19, respectively.

Fig. 1. Trial profile.
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Table 1
Participant demographics (safety analysis set).
(A) Placebo (B) Vaccine (C) Vaccine + dmLT Total
(n=15) (n=15) (n=15) (n=45)
Age (years)
Mean (SD) 31.5 (5.6) 30.1 (7.0) 294 (7.0) 303 (6.4)
Range 20-40 19-44 20-41 19-44
Gender (no and freq. of participants)
Female 10 (66.7%) 8 (53.3%) 11 (73.3%) 29 (64.4%)
Male 5 (33.3%) 7 (46.7%) 4(26.7%) 16 (35.6%)
Table 2 dose (P<0.001 for comparisons of magnitudes of ALS responses

Solicited AEs in study participants after one or two vaccine doses (safety analysis set).

(A) Placebo
(n=15)

B) Vaccine
n=15)

(C) Vaccine + dmLT
(n=15)

0

Nausea 0
Vomiting 0
Diarrhea 0
Loose Stools 0
Abdominal Pain 0
Fever 1
Total 1

(6.7%)"
(6.7%)

(6.7%)
(6.7%)

[eNeNeNeNoNeNa]

0
0
0
0
1
1

2 Mild fever appeared and resolved spontaneously on the same day of receiving
placebo.

b Mild fever appeared two days after receiving the first vaccine dose and resolved
one day later.

AEs and no SAEs reported at any time point during the study period
(Table 2).

3.3. Immunogenicity

3.3.1. Correlations between results from ECL and ELISA assays

To determine if an ECL assay could be used to measure ASC
responses using low antibody concentrations in small volumes of
lymphocyte secretions, IgA levels in ALS samples were measured
in parallel by ELISA and the novel ECL assay. High correlations
between the magnitudes of ALS responses (fold rises in antibody
levels in post- compared to pre-vaccination samples) determined
by the optimized ECL and the traditional ELISA assays were found
for all five primary antigens using samples collected 7 days after
the first dose (r = 0.88-0.96, P < 0.001, data not shown) as well as
5 days after the second dose (r = 0.85-0.98, P < 0.001, Fig. 2). Mag-
nitudes of responses to CFA/I and CS5 were 3- to 4-fold higher
determined by ECL compared to ELISA, but still correlated very
well, whereas the magnitudes of responses to CS3, CS6 and LTB
were comparable in the two assays. Considering the excellent per-
formance of the ECL assay and the relatively small volumes of ALS
samples available from some participants, the ECL assay was
selected as the primary readout for the ALS responses. Unblinding
of the results revealed that the vast majority of placebo recipients
had responses to all antigens below the 2-fold cut-off for positivity
in both assays (Fig. 2). However, the discrimination between vacci-
nees and placebo recipients was more distinct using the ECL assay,
since a few more placebo recipients showed weak ALS responses to
CFs in ELISA (Fig. 2).

3.3.2. Intestine derived IgA ALS responses

ECL analysis of ALS specimens showed that ETVAX alone or with
dmLT adjuvant elicited significant increases of specific IgA anti-
body responses against all four vaccine CFs and LTB (Fig. 3 and
Table 3). The magnitudes of responses were high already 7 days
after the first vaccine dose compared to pre-immunization levels
and responses remained at similar levels (anti-CS3 and anti-LTB
responses) or increased further 5 days (day 19) after the second

on day 7 or day 19 versus pre-vaccination levels for all antigens).
Responder frequencies among the vaccinees were 90-100% against
all antigens already after the first dose and 100% after the second
dose (Table 3). In contrast, very few placebo recipients responded
to any of the antigens, and then only to CS3 (4/14 subjects) or
CS6 (1/14). Both the magnitudes of responses and frequencies of
responders were significantly higher (P <0.001) in the vaccinated
groups compared to the placebo group on both day 7 and 19
(Table 3).

Addition of dmLT to the vaccine did not have any significant
impact on the ALS responses. Magnitudes and frequencies of
responses were similar both on day 7 and day 19 in the vaccine
compared to the vaccine + dmLT groups (Fig. 3 and Table 3). The
ALS responder frequencies recorded using ELISA and ECL assays
were similar in the vaccine groups, but slightly higher frequencies
of responders were recorded in the placebo group using ELISA
(Table 4).

Since weak CF responses were detected among a few placebo
recipients, all antigens used for the immunological analyses were
tested for possible LPS contamination by sensitive silver staining
techniques. These analyses indicated some LPS contamination in
the CS3 antigen (approximately 40 pg per mg protein), but not in
any of the other antigens. Therefore, control analyses using a CS3
antigen preparation that contained only trace amounts of LPS
(100 pg per mg of protein) provided by NIH were performed. Only
one of the four placebo recipients responding to the original CS3
preparation prepared from an E. coli strain expressing 0139 LPS
showed responses to the low LPS CS3 antigen when tested by
ECL (Table 3). In contrast, when ALS samples from vaccine recipi-
ents were retested using the low LPS CS3, including samples from
all weak CS3 responders and a subset of medium or strong respon-
ders, comparable ALS responses to both CS3 preparations were
recorded.

3.3.3. Plasma antibody responses

CF specific IgA and LTB specific IgA and IgG responses were
measured in plasma using ELISA. Significant plasma responses
were found 7 days after the first dose and the magnitudes of
responses against all vaccine antigens remained at comparable
levels 5 days after the second vaccination (P < 0.001 for compar-
isons of plasma response magnitudes on day 7 or day 19 versus
pre-vaccination IgA levels; Fig. 4 and Table 5). Highest and consis-
tently most frequent IgA responses in all groups were observed
against LTB (100% after both doses) and CS3 (about 90%), whereas
60-93% of subjects responded to CFA/I, CS5 and CS6 (Table 5). In
contrast, very few participants responded in the placebo group to
any of the antigens, except CS3 (3/14 subjects) and LTB (1/14 and
2/14 subjects for IgA and IgG, respectively). Both the magnitudes
and frequencies of responders were significantly higher in the vac-
cine groups compared to the placebo group after both treatment
doses (P<0.001). All weak CS3 plasma responses among both
placebo and vaccine recipients were confirmed using the low LPS
CS3 preparation (Table 5).
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Fig. 2. Comparison of ALS results obtained using the novel ECL and the traditional ELISA assays. Magnitudes of responses (fold rises) of specific IgA antibodies against (A) CFA/
I, (B) CS3, (C) CS5, (D) CS6 and (E) LTB antigens were analyzed in day 19 ALS specimens (n = 30 vaccinees and n = 14 placebo recipients). Dashed lines indicate fold rises >2.

Addition of dmLT to the vaccine did not cause any significant
effect on plasma antibody responses. However, there was a trend
for higher (10-30%) responder frequencies against CFA/I (dose 1),
CS5 (dose 2) and CS6 (both doses) in participants receiving
ETVAX + dmLT compared to ETVAX alone (Table 5, P> 0.05). A sim-
ilar trend was also apparent when responses to multiple antigens
were considered together; 93% of the participants immunized with
ETVAX + dmLT and 62% with the vaccine alone responded to >4
antigens and 57% (ETVAX + dmLT) versus 38% (ETVAX) to all 5 anti-
gens, respectively (Table 6). The breadth of the antigenic response
at less stringent levels (< 3 antigens) were essentially identical
between subjects receiving the vaccine alone or with dmLT.

4. Discussion

This is the first clinical trial of the second generation oral inac-
tivated multivalent ETEC vaccine ETVAX conducted in an ETEC
endemic country. We show that two full doses of ETVAX, both
when administered alone and with 10 ug dmLT adjuvant, were safe

and well tolerated in the healthy Bangladeshi adults tested, con-
firming previous safety data from studies in Swedish adults
[15,16,18]. We further demonstrate that the vaccine is highly
immunogenic in Bangladeshi adults, inducing intestine-derived
ASC responses as detected by the ALS method in all, and plasma
antibody responses in a majority, of the vaccinees to all primary
vaccine antigens (four CFs and LTB). We also show that the ALS
results obtained using a novel ECL assay and traditional ELISA cor-
related very well for all vaccine CFs and LTB. Since the ECL assay
using the MSD platform only requires 5 ul of ALS sample compared
to 75 ul in ELISA for determination of responses to each antigen,
only 150 pul of sample (collected from a single ALS well on a 96-
well plate, containing 2x10% PBMCs derived from 1 to 2 ml blood)
can be used for at least 30 ECL analyses compared to two ELISA
tests. Thus, the ECL assay is highly useful for future assessment
of intestine-derived IgA ALS responses in pediatric studies, and also
in studies of ASC responses to multivalent vaccines. Furthermore,
the wide dynamic range of the ECL assay made it possible to use
a single sample dilution, while sample titration is normally used
in ELISA. Given the favorable results, we selected the ECL assay
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Fig. 3. ALS IgA responses in participants receiving placebo (n = 14), vaccine (n = 15) and vaccine plus dmLT (n = 15). Levels of IgA antibodies specific for (A) CFA/I, (B) CS3, (C)
CS5, (D) CS6 and (E) LTB were analyzed using the ECL assay 4-7 days before administration of the first treatment dose (Pre), 7 days after the first dose (Day 7) and 5 days after
the second dose (Day 19), respectively. Each symbol represents one subject and horizontal lines indicate geometric means.

as the primary method for assessing ALS responses both in adults
and subsequently in children in the trial. Slightly higher rates of
weak antibody responses were seen in the placebo group using
ELISA compared to ECL, indicating that the ECL assay may also be
more specific.

Evaluation of intestine-derived ALS responses using ECL showed
that 90-100% of the vaccinees responded to all primary vaccine
antigens after a single dose and 100% after the second dose, even
in the absence of dmLT adjuvant. These responses were clearly
more frequent than in Swedish vaccinees; ALS responses after
the first dose were infrequent in the Swedes and 60-70%
responded against CFA/I, CS5 and CS6 and 80-100% against LTB
and CS3 after the second dose [16]. Our finding that almost all Ban-
gladeshis responded strongly already after the first dose and that
very few showed enhanced responses after the second dose sup-
port development of anamnestic responses in the Bangladeshi vol-
unteers, since we have previously shown that only primed subjects
respond strongly to a single dose of ETVAX [18]. The results are
also consistent with the high prevalence of ETEC infection in Ban-
gladesh. During the first two years of life, 20% of all diarrheal cases

at the trial site in Mirpur in urban Dhaka have been shown to be
due to ETEC infection, with an incidence of 0.5 episode/child/year
[2] and ETEC is also an important diarrheal pathogen in Banglade-
shi adults [39]. Analysis of the relative distribution of CFs in ETEC
isolates from diarrhea cases at the icddr,b hospital between year
2007 and 2012 suggests that the predominant CFs on ETEC isolated
from diarrhea cases are CS5 + CS6, CFA/I, CS7, CS17, CS1 + CS3, CS6
and CS14 [40]. Thus, since ETEC infection with strains expressing
vaccine CFs and related CFs are common in the study population,
we postulate that almost all Bangladeshi adults have been natu-
rally primed with vaccine related ETEC strains in this study, thus
explaining the high and frequent responses already after the first
vaccine dose.

In this study, comparable or even slightly higher ASC/ALS
responses were found against most vaccine antigens 5 days after
the second compared to 7 days after the first vaccine dose. This
is in contrast to previous studies of ETEC and cholera vaccines,
where lower ASC responses were usually found after the second
dose [10,41,42]. However, in most of these earlier studies blood
samples were collected 7 days after the second immunization,
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Table 3

Magnitudes® and frequencies” of ALS IgA responses against the five primary vaccine antigens determined by ECL after administration of one and two treatment doses (per

protocol analysis set).

Dose 1¢ Dose 2¢

Placebo Vaccine Vaccine + dmLT Placebo Vaccine Vaccine + dmLT
CFA/I
GM 0.9 42.8 234 1.0 52.7 71.1
RF 0/14 (0%) 15/15 (100%) 14/15 (93.3%) 0/14 (0%) 15/15 (100%) 15/15 (100%)
CS3
GM 1.7 719 44.7 1.2 61.8 59.8
RF 4/14 (28.6%)" 15/15 (100%) 14/15 (93.3%) 2/14 (14.3%)¢ 15/15 (100%) 15/15 (100%)
CS5
GM 0.9 19.0 19.4 1.0 314 54.3
RF 0/14 (0%) 13/15 (86.7%) 15/15 (100%) 0/14 (0%) 15/15 (100%) 15/15 (100%)
CcS6
GM 1.1 224 9.9 1.3 49.7 59.1
RF 0/14 (0%) 14/15 (93.3%) 13/15 (86.7%) 1/14 (7.1%) 15/15 (100%) 15/15 (100%)
LTB
GM 1.1 25.3 20.6 1.1 27.3 36.0
RF 0/14 (0%) 15/15 (100%) 15/15 (100%) 0/14 (0%) 15/15 (100%) 15/15 (100%)

2 Magnitudes of responses were expressed as geometric mean (GM) of fold rises.

b Fold rises >2 were considered as responses [16] and responder frequencies (RF) using this cut-off are indicated.

¢ Magnitudes and responder frequencies were significantly higher (P <0.001) in the vaccine and vaccine + dmLT groups, respectively, compared to the placebo group.

4 Only 1/14 placebo recipients (7%) showed responses to CS3 after dose 1 as well as dose 2 when evaluated using a CS3 antigen preparation containing only trace amounts
of LPS (100 pg per mg of protein), whereas vaccinees had comparable responses to both CS3 preparations.

Table 4

Magnitudes® and frequencies” of ALS IgA responses against the five primary vaccine antigens determined by ELISA after administration of one and two treatment doses (per

protocol analysis set).

Dose 1¢ Dose 2¢

Placebo Vaccine Vaccine + dmLT Placebo Vaccine Vaccine + dmLT
CFA/l
GM 1.0 171 10.1 1.6 27.5 23.6
RF 0/14 (0%) 14/15 (93.3%) 13/15 (86.7%) 4/14(28.6%) 15/15 (100%) 15/15 (100%)
CS3
GM 1.5 55.0 17.8 1.9 46.9 27.3
RF 3/14 (21.4%) 15/15 (100%) 12/15 (80%) 5/14 (35.7%) 15/15 (100%) 15/15 (100%)
CS5
GM 1.0 53 5.6 1.1 9.1 15.2
RF 0/14 (0%) 7/13 (53.8%) 11/15 (73.3) 1/14 (7.1%) 12/14 (85.7%) 14/15 (93.3%)
CS6
GM 1.2 19.0 6.2 2.0 65.7 433
RF 1/14 (7.1%) 13/15 (86.7%) 9/15 (60%) 6/14 (42.9%) 15/15 (100%) 15/15 (100%)
LTB
GM 1.0 21.2 23.6 1.0 30.5 38.9
RF 0/11 (0%) 11/12 (91.7%) 11/13 (84.6%) 0/11 (0%) 12/12 (100%) 11/12 (91.7%)

2 Magnitudes of responses were expressed as geometric mean (GM) of fold rises.

b Fold rises >2 were considered as responses [16] and responder frequencies (RF) using this cut-off are indicated.
¢ Magnitudes and responder frequencies were significantly higher (P <0.001) in the vaccine and vaccine + dmLT groups, respectively, compared to the placebo group.

which seems to be too late to capture maximal ASC responses, and
this has most likely resulted in underestimation of ASC responses
in previous trials [11,23,43,44]. We have recently shown, using a
model oral cholera vaccine, Dukoral, that ASC/ALS responses peak
5 rather than 7 days after a second or late booster vaccination both
in children and adults in Bangladesh [26], therefore different and
more optimal time points were selected for sampling in the pre-
sent study.

Plasma antibody responses against CFs and LTB were also found
to be high in this endemic setting. In analogy with findings in adult
Swedes almost all the Bangladeshi vaccinees responded with
plasma IgA (100%) and IgG (73-93%) anti-LTB responses after
either dose of ETVAX whereas anti-CF responses were considerably
more frequent in the Bangladeshi than the Swedish adults (60-90%
vs. 3-19%) [16]. The comparatively high pre-vaccination plasma
titers recorded in several of the Bangladeshi vaccinees is consistent

with previous natural ETEC priming [45,46]. Our results suggest
that numerous ETEC infections may prime the systemic CF-
specific B cells more efficiently than vaccination, since Swedish
adults had weak serum responses to CFs also after receiving a late
booster dose (third dose) of ETVAX [18].

A few placebo recipients responded against CS3 (14-28%), CS6
(0-7%) and LTB (0-14%) in plasma and/or ALS, as assessed by ECL
and ELISA, respectively, but most responses were of low magni-
tudes and responses were mostly recorded against a single antigen
and only in one type of specimen for each subject. The weak
responses may be due to contamination (e.g. by LPS) in the antigen
preparations. This is supported by our observation that only one of
the four placebo recipients showed ALS responses to a low LPS CS3
preparation, whereas all tested vaccinees responded with
comparable magnitudes to this CS3 antigen. The other antigens
used in the ELISA and ECL assays were produced from LPS negative
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Fig. 4. Plasma IgA and IgG responses in participants receiving placebo (n = 13-14), vaccine (n = 13-15) and vaccine plus dmLT (n = 14-15). Titers of IgA antibodies specific for
(A) CFA/I, (B) CS3, (C) CS5, (D) CS6, (E) LTB and (F) IgG antibodies specific for LTB were analyzed using ELISA. Samples were collected 4-7 days before administration of the first
treatment dose (Pre), 7 days after the first dose (Day 7) and 5 days after the second dose (Day 19), respectively. Each symbol represents one subject and horizontal lines
indicate geometric means. Limited sample volumes precluded analysis of plasma responses in a few participants (1-2 per group).

rough strains or purified to a higher degree than the CS3 antigen.
These findings support the importance of using highly purified
antigens for sensitive immunological analyses. However, plasma
responses to CS3 were confirmed in placebo recipients using the
low LPS antigen, suggesting that responses among placebo recipi-
ents may also be due to infection with ETEC, cholera or other bac-
teria expressing homologous or related antigens during the study
period.

The first generation ETEC vaccine induced ASC and plasma
responses against CFs and CTB in a majority of adult Bangladeshi
vaccinees [10]. However, a direct comparison with the present
study could not be done since different methods for monitoring
immune responses have been used, i.e. ALS instead of ELISPOT,
use of optimal time points for assessing ASC/ALS responses and
more pure CF antigen preparations than were previously available.
The only relevant comparison between immune responses induced
by the first and the second generation vaccines is probably of
plasma responses to the toxoid component of the vaccines, since
the methods for evaluation of such responses have changed very

little and time points for assessment of plasma responses are not
as critical. The LCTBA toxoid, which is a hybrid between LTB and
CTB [36], induced strong and frequent (100%) plasma IgA responses
against LTB which were similar or even slightly more frequent than
IgA responses against CTB after vaccination with the first genera-
tion rCTB-CF ETEC vaccine or the CTB-containing Dukoral vaccine
[10,11,26]. Furthermore, a previous study in Sweden has shown
that significantly higher systemic responses to LTB were induced
by vaccination with LCTBA compared to vaccination with CTB in
the same trial and that antibodies induced by LCTBA also react effi-
ciently with CTB [15]. Thus, the LCTBA toxoid may induce protec-
tion against both LT-ETEC and cholera in endemic settings.

The systemic responses were measured by ELISA in the present
study, since larger volumes of plasma compared to ALS samples
were available. However, we have recently shown that plasma
IgA and IgG responses to ETEC CFs and LTB can be efficiently eval-
uated by the ECL method (Svennerholm et al., unpublished data).
MSD ECL assays have previously been used to evaluate serum
IgG antibody responses to licensed parenteral vaccines or vaccine
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Table 5

Magnitudes® and frequencies” of plasma IgA and IgG responses against the five primary vaccine antigens determined by ELISA after administration of one and two treatment

doses (per protocol analysis set).

Dose 1¢ Dose 2¢
Placebo Vaccine Vaccine + dmLT Placebo Vaccine Vaccine + dmLT

CFA/I IgA

GM 1.0 2.1 3.1 1.2 2.9 3.1

RF 0/13 (0%) 7/13 (53.8%) 11/15 (73.3%) 0/14 (0%) 11/15 (73.3%) 12/15 (80.0%)
CS3 IgA

GM 1.1 8.0 7.3 1.6 5.4 4.8

RF 2/13 (15.4%)¢ 13/15 (86.7%) 13/14 (92.9%) 3/14 (21.4%)¢ 14/15 (93.3%) 12/14 (85.7%)
CS5 IgA

GM 0.8 23 2.5 1.0 2.4 3.0

RF 0/13 (0%) 9/14 (64.3%) 10/15 (66.7%) 0/13 (0%) 7/14 (50.0%) 12/15 (80.0%)
CS6 IgA

GM 0.9 2.6 3.1 1.2 2.3 3.1

RF 0/13 (0%) 6/13 (46.2%) 10/15 (66.7%) 0/13 (0%) 8/13 (61.5%) 11/15 (73.3%)
LTB IgA

GM 0.8 16.8 23.1 1.0 139 22.0

RF 0/14 (0%) 15/15 (100%) 15/15 (100%) 1/14 (7.1%) 15/15 (100%) 15/15 (100%)
LTB IgG

GM 1.0 4.2 5.8 1.0 6.1 9.8

RF 1/14 (7.1%) 11/15 (73.3%) 13/15 (86.7%) 2/14 (14.3%) 14/15 (93.3%) 13/15 (86.7%)
4 Magnitudes of responses were expressed as geometric mean (GM) of fold rises.
b Fold rises >2 were considered as responses [16] and responder frequencies (RF) using this cut-off are indicated.

¢ Magnitudes and responder frequencies were significantly higher (P <0.001) in the vaccine and vaccine + dmLT groups, respectively, compared to the placebo group.
d

vaccine recipients.

Table 6
Frequencies of IgA responders against different numbers (1-5) of primary vaccine
antigens in plasma after one or two doses.

Frequency of subjects®  Placebo Vaccine® Vaccine + dmLT%!
responding to

5 antigens” 0/13 (0%) 5/13 (38%) 8/14 (57%)

>4 antigens 0/13 (0%) 8/13 (62%) 13/14 (93%)

>3 antigens 0/13 (0%) 12/13 (92%) 13/14 (93%)

>2 antigens 1/13 (8%) 12/13 (92%) 13/14 (93%)

>1 antigens 3/13 (20%) 13/13 (100%)  14/14 (100%)

0 antigens 10/13 (77%)  0/13 (0%) 0/14 (0%)

@ Subjects from whom plasma specimens were available for analysis of responses
to all five antigens.

b LTB, CFA/I, CS3, CS5, CS6.

€ Responder frequencies against >1-5 antigens were significantly higher
(P<0.05) in the vaccine and vaccine + dmLT groups, respectively, compared to the
placebo group.

d Responder frequencies were not significantly different (P> 0.05) in the vaccine
compared to the vaccine + dmLT group. However, including dmLT in the vaccine
formulation appeared to favor a broader antigenic response than that achieved with
the vaccine alone, particularly when plasma IgA response frequencies to >4 or 5
antigens were considered.

candidates, e.g. vaccines against Streptococcus pneumoniae, human
papilloma virus, respiratory syncytial virus and rabies, utilizing
carbohydrates, proteins or virus like particles for coating in both
single and multiplex assays [32-35,47]. However, to our knowl-
edge, this is the first study where the MSD ECL technology has been
used to successfully evaluate intestine-derived IgA antibody
responses induced by an oral vaccine. In the future, the possibility
of establishing a multiplex ECL method including several ETEC
antigens in the same microtiter well may be considered to further
reduce sample volumes and working time.

We also attempted to measure mucosal IgA responses more
directly, in fecal extracts. However, since fecal extracts from the
Bangladeshi adults contained low and very variable levels of total
SIgA and did not fulfill the assay criteria for specimen inclusion,
such analyses were not meaningful. Similar low and variable SIgA

Comparable CS3 responses were observed using a CS3 antigen preparation containing only trace amounts of LPS (100 pg per mg of protein) among both placebo and

levels were observed in adult Bangladeshis in a recent cholera vac-
cine study [26]. In contrast, fecal samples from Swedish adults
extracted using the same method contained higher SIgA levels
and robust SIgA responses were recorded against all primary vac-
cine antigens after ETVAX vaccination [16]. The reason for this dis-
crepancy may be due to several factors, including different diets
and microbiota. Previous analyses of vaccine induced immune
responses in fecal samples from Bangladeshi adults also resulted
in higher IgA levels [10,22,23], but total IgA rather than total SIgA
was measured in these studies and some IgA transudated from
serum may thus have been detected. Importantly, preliminary data
from infants participating in the ETVAX trial in Bangladesh, as well
as previous data from children vaccinated with ETEC or cholera vac-
cines, support that fecal samples from Bangladeshi infants contain
higher and more stable levels of SIgA than adult samples and there-
fore are more suitable for immunogenicity analyses [10,11,26].
Addition of dmLT adjuvant to the vaccine had no apparent effect
on the ALS responses in the adults in this study. In contrast, in
adult Swedes, 10 pg of dmLT significantly enhanced ASC responses
to CS6, which is the CF present in the lowest amount in the vaccine
[16]. However, a higher dose of dmLT, 25 ug, had no significant
influence on ALS responses, and hence 10 pg dmLT was tested in
the Bangladeshi adults [16]. The reason why dmLT did not induce
a similar enhancement of the ALS responses in this trial may be
explained by extensive natural priming of the Bangladeshis, limit-
ing the ability of dmLT to further enhance the already strong ALS
responses. However, a trend (not statistically significant) for an
adjuvant effect was observed for plasma responses in the Bangla-
deshis against the CFs present in the lowest amounts in the vaccine
(CS5 and CS6), consistent with the dose-sparing effect of dmLT pre-
viously observed in ETVAX vaccinated mice [14]. The potential
effect of dmLT when co-administered with a lower dose of vaccine
will be evaluated in continued studies in children and infants. A
strong trend toward an adjuvant effect was also noted when the
antigenic breadth of the plasma IgA response was evaluated,
particularly when responses to 4 or more or 5 vaccine antigens
were considered. This apparent impact of dmLT on the breadth of

Please cite this article as: M. Akhtar, M. I. Chowdhury, T. R. Bhuiyan et al., Evaluation of the safety and immunogenicity of the oral inactivated multivalent
enterotoxigenic Escherichia coli vaccine ETVAX in Bangladeshi adults in a double-blind, randomized, placebo-controlled Phase I trial using electrochemi-
luminescence and ELISA assays for immunogenicity analyses, Vaccine, https://doi.org/10.1016/j.vaccine.2018.11.040



https://doi.org/10.1016/j.vaccine.2018.11.040

M. Akhtar et al./Vaccine xxx (XXxx) Xxx 11

the vaccine-specific antibody responses will also be evaluated
more fully as lower vaccine doses are given in follow-on studies
in children and infants.

Overall, this trial demonstrates that the oral ETVAX vaccine is
safe in adults and induces strong mucosal as well as systemic
immune responses against key vaccine antigens. These findings
have provided a base for further evaluation of this vaccine in
descending age groups in children and infants. The ECL assay estab-
lished here allows sensitive and specific analysis of ALS responses
to all key vaccine components even in young children and infants.
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