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You and I may not live to see the day, and my name may
be forgotten when it comes; but the time will arrive when
great outbreaks of cholera will be things of the past;

and it is the knowledge of the way in which the disease is
propagated which will cause them to disappear.

John Snow 1855






ABSTRACT.

Cholera, caused by bacterium Vibrio cholerae O1, is a severe diarrheal
disease with an estimated 3-5 million cases and more than 140 ooo deaths
every year particularly affecting children under 5 years of age.

It can be found all over the world and often causes cholera in places
where access to clean water or proper sanitary facilities are limited or
compromised. Typically cholera follows in the wake of natural disasters or
man-made catastrophes but it is also endemic in many countries
including India and Bangladesh.

Today there are two licensed vaccines available on the market in more
than 60 countries. Despite the fact that these vaccines are effective they
are both expensive and complicated to manufacture and there is scope
and motivation for creating a new cheaper and more effective vaccine
against cholera.

First, we have shown that it is possible by genetic manipulation to
generate a single strain vaccine expressing two phenotypically different
phenotypes and shown that the candidate vaccine strains elicit similar
immune responses as the current licensed vaccine Dukoral. This is a huge
benefit since it will significantly simplify manufacture and reduce
production costs.

Further, we have investigated the naturally occurring Inaba serotype
mutants and generated a hypothesis as to why O1 serogroup Vibrio
cholerae maintains a serotype polymorphism. We have conducted a
unique study where we could show that selective pressure on the
circulating strains in the environment is almost certainly what is driving
serotype transition.

Taken together, results from this thesis show how the use of
bioinformatics can be used to target genes and even specific amino acids
for mutagenesis in order to modify the phenotype of a vaccine strain and
understand the unique and fundamental role of serotype with respect to
epidemic and endemic cholera.
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1. INTRODUCTION

Cholera is the most severe of the bacterial diarrheal diseases and has
affected human populations for centuries; since the beginning of the 19™
century it has spread throughout the world. Today there are an estimated
1.4-4.3 million cases of cholera annually world-wide with more than
140 0oo deaths with a case-fatality rate (CFR) up to 5% during 2013. These
numbers however are likely to be heavily under-estimated due to
limitations in surveillance systems, lack of laboratory diagnostics or fear
of a negative impact on travel and trade [1]. It is estimated that 2.5 billion
people are living with the risk of cholera and other diarrhoeal diseases [1].
Cholera is caused by the bacterium Vibrio cholerae and is an acute, often
severe diarrheal disease which can be fatal. It is particularly dangerous for
young children. The bacterium has been studied ever since it was first
isolated in the 19" century [2] but it is only in recent years that tools have
developed that allow the characteristics important for their ability to
cause cholera and to spread on a pandemic scale to be investigated at a
molecular level. The central aim of this thesis was to generate novel
strains of Vibrio cholerae for inclusion in a new generation of killed whole
cell vaccines. In the course of this work however, it has become apparent
that the same genes targeted for the development of the vaccine strains
may well be of pivotal importance in the ability of the bacteria to spread
and cause pandemic disease.

1.1. Cholera

Cholera is a diarrheal disease that has spread throughout the globe and
outbreaks often follow in the wake of natural or man-made disasters [3,
4]. In many parts of the world, particularly in areas with poor access to
fresh water, cholera is endemic meaning that it resides in the local
environment and outbreaks tend to be seasonal. In contrast, epidemic
cholera in non-endemic areas is introduced from elsewhere into a
population and new outbreaks require a re-introduction from outside [5].
Cholera-like symptoms have been described in records from more than
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2000 years ago and cholera-like disease has probably been present in
some places in the world since humans started to live in large cities with
poor sanitary conditions [6, 7].

1.1.1. The Disease - symptoms, diagnosis and treatment

Cholera is caused by the bacteria Vibrio cholerae and is spread via
contaminated water and food and poor sanitation. The incubation period
can be as short as 2 hours and as long as 5 days [3]. About 75% of all cases
are asymptomatic and about 20% of those infected only get mild or
moderate symptoms whereas 5% can get severe diarrhoea with purging of
up to 2 litres of fluid per hour leading to dehydration and in the worse
cases to anuria, acidosis, shock and death [3, 4]. The typical rice water
stool of an infected patient is infested with the bacteria and infected
individuals can shed up to 10® bacteria per day [8] and continue to shed
bacteria for one to two weeks [9]. The severity of cholera is dependent on
several different factors such as size of the inoculum, the presence or
absence of pre-existing immunity or blood group [8]. V. cholerae
primarily affects the small intestine where it colonizes and secretes the
powerful enterotoxin, cholera toxin (CT) which is largely responsible for
the characteristic watery diarrhoea of severe cholera. The disease is
commonly diagnosed by isolating V. cholerae from the stools of infected
individuals and confirmed by agglutination tests with V. cholerae specific
antisera [10]. About 80% of all cases are successfully treated with oral
rehydration therapy (ORT). Severe cases are treated with intravenous
hydration and sometimes with antibiotics [4].

Primary measures for prevention include improving sanitary conditions
and providing clean water as well as education and encouragement of
behavioural changes that reduce the risk of infection [1]. During severe
outbreaks vaccination programs have been shown to limit the spread of V.
cholerae [11-14].



1.1.2. History of cholera

The bacterium responsible for cholera was first discovered and associated
with the disease by the Italian scientist Filippo Pacini in 1854. His findings
were largely ignored owing to the prevalence of the Miasma Theory at the
time and it was not until Louis Pasteur formulated the germ theory in
1862 and Robert Koch could show the correlation between Vibrio cholerae
and cholera in 1883 that Pacini’s finding was finally acknowledged [2, 15-
17].

Even if cholera has a long history, it is believed that it was not until the
industrial revolution and the introduction of fast travel over large
distances (initially in steamships) that cholera could spread and cause
worldwide pandemics. Cholera was originally confined to the Indian
subcontinent, but since 1816 there have been seven documented
pandemics (in which the disease has occurred in populations over a wide
area often on different continents) which have killed tens of millions of
people. The first pandemic (1816-1826) began in the Ganges river Delta in
the region of Bengal [17] and spread across India reaching China,
Indonesia and as far as the Caspian Sea. In the five subsequent pandemics
(1829-1923) cholera outbreaks were also recorded in Europe and in the
Americas [17-19].

These six first pandemics were caused by organisms of the classical
biotype whereas the seventh pandemic which started in the early 1960s
and is ongoing was marked by the emergence of a new type of organism of
the so called El Tor biotype, named after the quarantine station in Sinai,
Egypt where it was first isolated in 1905 from six pilgrims returning from
Mecca [20, 21].

It is thought that El Tor biotype organisms which were first distinguished
due to their haemolytic properties [22], first emerged in Indonesia causing
local outbreaks for a long period before rapidly spreading outwards at the
beginning of the 1960s, so that by the end of 1962 epidemics had affected
South Asia and India [19, 22]. This was the start of the 7th pandemic and
by 1970 it had spread to Europe and Africa and was introduced into South
America during the 1980s [19, 23]. It is uncertain why the transition from
classical to El Tor occurred, but in a matter of a few years classical O1
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Vibrio cholerae had disappeared as a cause of pandemic cholera. As will be
discussed later, the two biotypes of O1 Vibrio cholerae are quite distinct
and genomic analysis indicates that they are only distantly related [23].

Since there was some overlap between the classical 6™ pandemic and El
Tor 7" pandemic at least in Bangladesh (then East Pakistan) several
studies have suggested that the differences between the two biotypes
might favour the emergence of El Tor organisms. They were suggested to
be more adapted to the environment, less virulent causing milder or
asymptomatic infections, and giving less protection against future re-
infection [19, 24]. However, infection with either El Tor or classical
biotype O1 Vibrio cholerae can be equally life-threatening [19] and
protection against reinfection appears to be equally robust.

1.1.3. The father of modern epidemiology

John Snow is widely acknowledged as the father of modern epidemiology
for his work on cholera during the 1850s in England and it was he who
established the connection between cholera and contaminated water.
During his life-time however, Snow gained more recognition from
contemporary physicians for his work on chloroform and other
anaesthetics than for his work on cholera.

He published his first hypothesis “On the Mode of Communication of
Cholera” in 1849 in which he built his arguments on data published by
William Farr during the second outbreak of cholera (1848-1849) in
England. He observed that there were more deaths from cholera in the
southern districts of London than in all the other districts. He attributed
this to poorer water quality due to the fact that their water was taken
from the river Thames further downstream were it was more polluted.
However Farr, the dominant epidemiologist of the time and an advocate
of the Miasma Theory (of disease being caused by bad air) disagreed and
stated ‘while the effect of water of the districts are apparent, they do not,
in this analysis, conceal the effects of elevation’. A modern re-analysis of
William Farr’s data unsurprisingly supports Snows’ contention that
contaminated water sources were the most likely transmission route [25].

Snow however remained undeterred and continued his investigations and
the search for evidence that supported the water transmission theory.
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During the outbreak in 1854 he created a map of all the cases of cholera.
Even if he was not the first to create this kind of map where all the cases
were visualized with bars or numbers he was the first to add a Voronoi
diagram to a map using the thirteen pumps in the neighbourhood as
points with the distance from each pump being calculated based on the
time it took to travel to each one on foot [16]. This helped identify the
Broad street pump as the most likely source of the outbreak and he
managed to convince the committee of health to remove the handle of the
pump and thereby prevent further cases.

With the help of Henry Whitehead, who was originally sceptical towards
Snow’s water based theory, it was possible to identify a possible index case
since faecal excrement from an infant with fatal diarrhoea had been
disposed of in a cesspool that had started to leak into the fresh water
supply of the Broad street pump [16]. Many have argued that removal of
the handle was not what stopped the outbreak since it has already started
to subside. Whereas others argue that the removal of the handle stopped
a second wave since the father of the infant identified as the index case
had fallen ill within hours of the removal and the connecting cesspit was
again contaminated with faeces containing O1 V. cholerae [16].

1.2. Vibrio cholerae and cholera disease

Vibrio cholerae is a ubiquitous slightly curved gram negative rod-shaped
bacterium with a single flagellum and has more than 200 different
serogroups [26, 27]. Although many are pathogenic and can cause
outbreaks of diarrhoea, until 1992 only one, serogroup O1, was
documented to have caused epidemic cholera. In 1992 a new serogroup,
0139, was isolated in India [28] and caused major outbreaks in the
following years in the area of the bay of Bengal [29]. However these clones
rapidly subsided and no cases of O139 serogroup have been reported in
India since 2007 [30] and during 2013 only China reported cases of O139
[1], whereas the O1 serogroup continues to cause seasonal epidemics and
has recently caused major epidemics in different parts of the world
including Zimbabwe and Haiti [31-33].



1.2.1. Mode of action.

After ingestion, V. cholerae colonizes the small intestine, relying on
several features including the colonization factor toxin co-regulated pilus
(TCP), as well as a battery of secreted proteins including hemagglutins,
and other proteases, and it’s single flagellum [34, 35]. With the help of the
flagellum the bacteria travels from the intestinal lumen into the mucus
layer where proteases such as hemagglutin A are secreted which break
down mucin and makes it easier for the bacteria to pass through the
mucus layer. There, in close proximity to the epithelium it secretes
cholera toxin (CT). As the immune system starts to respond, the intestine
will start to secrete IgA antibodies both against CT and lipopolysaccharide
(LPS). These will block CT’s ability to bind to epithelial cells and, as will
be discussed later, help clear the bacteria (Figure 1).

Figure 1 Schematic drawing of V. cholerae close to the epithelial cells in the intestine where it
releases its cholera toxin.



1.2.2. O1 Vibrio cholerae biotypes and serotypes

Epidemic cholera strains can be divided into two biotypes, classical and El
Tor, both of which have the O1 serotype. The classical biotype caused the
first six recorded pandemics and was replaced as the sole agent causing
cholera by the El Tor biotype currently causing the 7 pandemic which
started in 1962.

Several criteria can be used to differentiate between the two biotypes. El
Tor strains are strongly haemolytic, agglutinate with chicken erythrocytes,
are resistance to polymyxin B, and generate a positive result in the Voges-
Proskauer reaction. The test for haemolytic strains is not conclusive and
non-haemolytic El Tor strains have been isolated [36]. The resistance to
polymyxin B is likely to be an effect of the gene msbB that encodes an
acyltransferase that modifies the lipid A in the LPS by incorporation of
positively charged groups which reduce the affinity of antimicrobial
peptides [37]. A Voges-Proskauer test indicates that the bacteria strains
produce 2, 3-butanediol instead of organic acids as their fermentation end
product. El Tor strains yield a positive reaction whereas classical strains
give a negative reaction [38].

There is also only an 81% homology between El Tor and classical TCP
which results in slightly different structures that can be detected by
differentiating monoclonal antibodies [39, 40].

Importantly, the patterns of in vitro expression of important virulence
factors such as CT and TCP require very different growth conditions [41,
42] suggesting that global regulation of virulence in the two biotypes is
fundamentally different even if they appear to share the same regulatory
genes.

People of blood group O are for unknown reasons at higher risk of severe
cholera from V. cholerae of the El Tor biotype than those of other blood
groups. The prevalence of the blood group O is considerably lower in the
Bay of Bengal than in outer parts of the world. Cholera is believed to have
resided in the Bengal area over thousands of years and exerted its
selective pressure on O group individuals [43]. Since this effect is not seen
for classical cholera, the emergence of classical cholera in the 19™ century
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may have been an exceptional event and the prevalent strains in the Bay
of Bengal before that were presumably of the El Tor biotype. The overall
risk of infection is not associated with blood group [44] so that the
sensitivity of O blood group individuals to El Tor strains is not thought to
have contributed to the pandemic spread of the disease in the 19™
century.

Of particular interest is the fact that both biotypes have the same O1
serogroup. The O1 serogroup can be divided into two serologically
distinguishable serotypes, Ogawa and Inaba named after the family name
of those it was first isolated from in Japan [45]. It was found that the
Ogawa serotype differs from the Inaba serotype only in the methylation of
the terminal sugar of the O-antigen of the surface LPS [46]. This
methylation is catalysed by the product of the wheT gene (formerly called
rfbT [47]) If this gene is inactivated by mutation, truncation, insertion or
deletion methylation does not occur resulting in the Inaba phenotype. A
third, Hikojima phenotype (named after the quarantine station in
northern Kyushu in Japan where such strains were first isolated [45]) is
described in the literature as seldom occurring but that expresses both
methylated and non-methylated LPS. However, such cultures often prove
to be a mixture of different strains or an unstable strain in transition from
Ogawa to Inaba [46]. The molecular basis of this phenomenon will be
discussed later at greater length.

1.2.3. Lipopolysaccharides biosynthesis

V. cholerae, in common with all gram negative bacteria, has two distinct
membranes separated by a periplasmic space. The outer membrane of
gram negative bacteria contains LPS which in V. cholerae also coats the
single flagellum [48]. LPS is a heterogeneous group of large molecules
containing a lipid (lipid A) which is an integral part of the outer
membrane, and a polysaccharide. The polysaccharide is composed of an
inner core linking it covalently to the lipid and an outer core situated
between the inner core and the highly variable O-antigen (Figure 2) [49].
LPS is highly immunogenic in animals with antibodies primarily elicited
against the polysaccharide and generally directed against the O-antigen.
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The difference in the different serogroups of V. cholerae is based on
differences in the structure of the O-antigen.

Most of our knowledge of LPS biosynthesis comes from studies in other
organisms, particularly Escherichia coli, but the studies done in V.
cholerae show that there are many similarities with other gram negative
organisms [46].

-O antigen
Outer Core

~ Inner Core
. Lipid A

Figure 2 Schematic drawing of the lipopolysaccharide (LPS) three parts; Lipid A, core, and
O-antigen.

1.2.3.1. Lipid A

The structure of lipid A and the enzymes catalysing its synthesis and
transport are more conserved between different serogroups and even
between different species than the core or O-antigen [49]. From studies
in E. coli it is known that lipid A is responsible for toxicity during
infection since it triggers an innate inflammatory response by interaction
with host Toll-Like Receptors (TLR). It is therefore also known as
endotoxin since it is an integral part of the bacteria as opposed to
exotoxins that are produced and secreted [49].

In E. coli the first step in the biosynthesis of LPS is the generation of lipid
A. This occurs in the cytoplasmic space on the inner surface of the inner
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membrane and is mediated by nine enzymes [49]. Very little is known
about the biosynthesis and transport of the lipid A in V. cholerae since it
has not been extensively investigated, however it is postulated on the
basis of DNA homology, that the pathway and enzymes are similar to
those seen in E. coli [46].

1.2.3.2. Core Polysaccharide

The core consists of two parts, the inner part attached to the lipid A and
the outer part attached to the O-antigen. The inner core is relatively
conserved whereas the outer core shows more structural variation [49]. It
is not known whether the core polysaccharide contributes to virulence in
V. cholerae but in any case there is very little variation between different
isolates of V. cholerae and indeed the core PS is believed to be shared
between serogroups. The high level of conservation of the genes of the
biosynthesis pathway suggests that they have been spread by horizontal
gene transfer [46]. Thus, perhaps not surprisingly, the core structures of
the O1 and O139 serogroups are largely similar [48]. The core
polysaccharide is synthesized and sequentially attached to lipid A when
the lipid A still facing the cytoplasmic space and before the complex is
flipped over in the membrane to end up facing the periplasmic space but
still attached to the inner membrane [49].

1.2.3.3. O-antigen Polysaccharide

The O-antigen is the last and third component of the LPS. In O1 V.
cholerae it is composed of the mannose-derived sugar molecule
perosamine. It is synthesised in the cytoplasm by enzymes that are
associated with the inner membrane. The assembled O-antigen, a chain
of 12-18 perosamine residues [36], is flipped into the periplasmic space
and subsequently linked to the outer part of the core. The entire LPS is
then transported across the periplasmic space to the inner surface of
outer membrane where it is flipped over to face the environment and coat
the outer surface of the bacteria [49]. All enzymes required for the
synthesis, modification, assembly and transfer of the O-antigen are
encoded by the wbe gene cluster (former known as rfb [47]) [46, 49, 50].



The gene cluster, located on the chromosome 1 of the two circular DNA
chromosomes (chromosomes 1 and 2) found in V. cholerae [46], contains
five regions: perosamine synthesis [51], O-antigen transport [52],
tetronate biosynthesis [48, 53], O-antigen modification [54], and other
genes that are required [55] the production of LPS in O1 V. cholerae, but
whose exact function is not known [55].

As already mentioned, the fourth component, responsible for O-antigen
modification, consists of a single gene, wbeT, encoding a methyl-
transferase that methylates the terminal sugar in the LPS [46]. It is not
known if the methyltransferase methylates all the perosamine or if it just
adds a methyl-group to the terminal sugar. It is also not known when this
methylation occurs. It is however known that a functional gene results in
a methylation of the terminal perosamine and an Ogawa serotype and a
mutated wbeT gene results in a non-metyhlated terminal perosamine and
an Inaba serotype. Different kinds of mutation and theirs implications
have been described in Paper IV.

1.2.3.4. The O139 serogroup

Overall, apart from the difference in serotype, strains of the O139 are very
closely related to the El Tor biotype [23] and carry only few minor
differences compared to O1 El Tor strains. Indeed it is believed that they
arose as a result of the acquisition and substitution of the O1 LPS
biosynthetic operon with one encoding O139 O-antigen biosynthesis.

Thus the most important difference is that O139 lacks the O-antigen
synthesis genes from O1 and that instead forms not only an unrelated O-
antigen, but also a polysaccharide capsule. This means that O139 strains
do not agglutinate with antisera raised against O1 antigen and that prior
immunity against O1 is not protective against O139 strains [18, 48, 56].



1.2.4. Vibrio cholerae toxins

V. cholerae has been shown to produce three different toxins; cholera
toxin (CT), zonula occludens toxin (Zot) [57], and accessory cholera
enterotoxin (Ace) [58]. Of these, CT is clearly the most important since it
causes the active secretion of water and electrolytes into the gut lumen.

The existence of CT was first postulated by Robert Koch in 1886. He had
isolated the bacteria 3 years earlier and believed that the symptoms of
cholera were due to a “poison” that was released by the bacteria [59].
However, it was not until De could, more than 70 years later in 1959,
demonstrate that a cell-free supernatant from cultures from different V.
cholerae strains caused accumulation of liquid in rabbit loops similar to
“rice-water” stools seen in humans or reddish coloured water [60]. During
the 1960s Finkelstein and colleagues isolated and purified the holotoxin
CT which they called “choleragen”. They also found a variant that could
be differentiated on the basis of size and charge and was non-toxic, called
“choleragenoid” [61, 62]. Lonnroth and Holmgren were able to
demonstrate that the toxin consisted of two proteins; the toxic A subunit
and the receptor binding B subunit. They furthermore showed that the
holotoxin consisted of a single A subunit (CTA) and five B subunits (CTB)
(now called an ABs5 toxin) and identified the receptor for the toxin as GM1
ganglioside. CTB forms a pentameric ring with which the CTA is non-
covalently associated via the CTA2 part of the molecule from which the
enzymatically active CTA1 portion is eventually cleaved [59]. The three-
dimensional structure of CT was solved by Merritt and colleagues and
largely confirmed the model postulated by Lonnroth and Holmgren [62-
64].

Both subunits are expressed from the ctxAB operon situated in classical
strains at two distinct loci located on each of the two circular DNA
chromosomes (chromosomes 1 and 2) and in El Tor (often as tandem
repeats) only on Chromosome 1 [65]. The holotoxin is assembled from its
subunit components in the periplasmic space of the bacteria and secreted
into the growth milieu via a type II secretion system [66, 67].

As mentioned, the CTB pentamer binds to the ganglioside GM1 [68]
situated on almost all human cells, especially on the epithelial cells in the
small intestine (Figure 1), and CT is endocytosed by the target cell. When
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CT reaches the endoplasmic reticulum (ER) the CTA1 dissociates from
CTB and enters the cytosol. Here the CTA1 is capable of binding NAD and
catalysing the ADP ribosylation of a GTP-binding regulatory protein
associated with adenylate cyclase and enhances its activity resulting in
abnormally high levels of cyclic AMP (cAMP). A high level of cAMP leads
to stimulation of the cells to pump out chloride ions into the intestinal
lumen changing the osmotic pressure and resulting in the transfer of
water and sodium ions also into the intestinal lumen [69].

The gene of the second toxin, zot, is immediately adjacent to the ctxAB
operon and toxin activity is due to alterations in the structure of epithelial
tight junctions in the small intestine [57]. The resulting increased
intestinal permeability may give rise to symptoms such as fever,
abdominal cramps and/or diarrhoea [58]. The third identified toxin, Ace,
is encoded by the gene ace located upstream of zot and ctxAB and is
believed to increase the potential difference over the epithelial membrane
and may cause diarrhoea [58].

The genes ace, zot, and ctxAB comprise a “virulence cassette” [58] or the
core that is situated together with a repeat sequence (RS) region, called
RS2, encoding regulation, replication, and integration functions [7o0, 71]. It
has also been shown that the gene for a colonization factor, core encoded
pilin (cep), is part of the core [58]. All these components constitute the
filamentous bacteriophage designated CTX®. In El Tor strains the CTX®
often is flanked with repetitive RS1 elements. The RS1 element is closely
related to the RS2 region. Both RS regions consist of three open reading
frames (ORFs) rstR, rstA, and rstB and RS1 also contain an additional ORF
named rstC [70]. The RS1 elements have site-specific transposase activity
and can lead to amplification or deletion of the CTX® [58, 72, 73]. The RS2
region of CTX® is required for phage DNA replication and site-specific
integration and may have a function in repressing the transcription of
CTXD [7].

G B) Humm) Hummd- mp-5) @ P )

rstR rStA rstB  cep orfU ace zot ctxA  ctxB  rstR rstA rstB rstC

RS2 Core RS1
CTX®
Figure 3 Pictorial representation of the genetic organization of the RS1 and the CTX®
comprising the RS2 element and the core. Modified from [7o0, 71, 73].




1.2.5. Regulation of virulence

The regulation and expression of the toxin genes has been extensively
studied in both classical and El Tor biotypes. In vitro studies in which
bacteria of the different biotypes are grown under (the highly different)
conditions favourable for toxin expression, has shown that environmental
factors such as temperature, pH and bile salts affect the signal pathways
involved in the expression and secretion of CT.

It is important to note that the different biotypes of O1 V. cholerae do not
express virulence genes in the same way. For example, the differences in
regulation of CT and TCP expression in the two biotypes result in their
expression under completely different conditions in vitro, even if the
regulatory genes involved appear to be the same.

The transcriptional activator ToxT is responsible of activation of the
transcription of several genes among others the ctxAB genes encoding CT
and tcpA that generates TCP essential for colonization of the human small
intestine (Figure 4). It also activates its own transcription together with
two membrane bound transcription factors ToxR and TcpP. ToxR's
activity is enhanced by the helper protein ToxS and directly induces
transcription of ctxAB, toxT and ompU and inhibits transcription of
ompT. Both ompU and ompT encode for outer membrane porins involved
in osmotic regulation. Transcription of toxR is inhibited by adding bile to
the growth medium which is surprising since it is believed that bacteria
produce a lot of toxin in the intestine where bile is an important
constituent. Bile has also been shown to significantly increase the
bacteria’s motility [42]. One can postulate that bile present in the
intestine on the one hand promotes bacterial motility enhancing the
ability to move through the mucus layer to the epithelial surface, but on
the other hand inhibits the production of ToxR and therefore the
production of TCP, known to be required to establish colonization [74].
Premature expression of TCP could immobilize the organisms in the
mucus layer without reaching the epithelial cells [75]. At the epithelial
surface the concentration of bile may be lower allowing increased
transcription of toxR. Temperature (30°C in classical and 37°C in El Tor)
and low pH induce the transcription of tcpP [42, 76] the product of which,
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like ToxR, is induced when the helper protein TcpH is bound to TcpP.
Transcription of the gene tcpP is inhibited by HapR which is a part of the
quorum sensing pathway. It is believed that at low cell density the protein
LuxO is active and can suppress the gene hapR, but at high cell density
the LuxO is inactive and the HapR can suppress transcription of tcpP and
activate transcription of hapA that encodes the hemagglutinin A (HA) an
extracellular protease that promote detachment from the epithelial cells
and facilitates the establishment of new infection sites in the same host or
promotes exit of V. cholerae from the small intestine and thereby the host

(spread) [77-79].

The optimum temperature and pH for production of CT in classical
bacteria grown in vitro is 30°C and a pH of 6.6 respectively. Whereas El
Tor bacteria has an optimum in vitro at 30°C and pH of 7.3, however in the
intestine lumen the temperature is 37°C and has a slightly alkaline pH [41,
42, 80]. The question arises as to whether the studies done in vitro are
really applicable in vivo.

in vitro -
6]

Outer membrane

Inner membrane

Figure 4 Model of regulation of cholera toxin and TCP in Vibrio cholerae grown in vitro.
Modified from [77, 81, 82].



Lee and colleagues has found that the expression pattern of tcpA and ctxA
differ significantly during infection in infant mice versus during growth in
vitro [74]. They suggest that the expression of tcpA is regulated in two
temporally and spatially separated events. One early induction while the
bacteria are still in the lumen of the upper gastrointestinal tract and one
later more pronounced induction occur in bacteria that are retained in
the small intestine. They could also show that small amount of TcpA is
required at a very early stage of infection for a full induction of tcpA
transcription. Most interestingly might be the finding that during growth
in vivo ctxA expression is dependent on the presence of TcpA in contrast
to growth in vitro and that TcpP does not seemed to be required for
induction of ctxA and tcpA during infection [74], see Figure 5.

in vivo

Inner membrane

Figure 5 Model of regulation of cholera toxin and TCP in Vibrio cholerae El Tor biotype,
grown in vivo. Modified from [74].

1.3. Immunity to cholera

Protective immunity to V. cholerae infection in humans is not currently
fully understood [83, 84]. It is known from epidemiology studies and
challenge studies in healthy volunteers that immunity to cholera is
serogroup specific [5, 24, 28, 83, 85] and prior infection of O1 V. cholerae
does not elicit protection against serogroup O139 [10, 86]. Infection with
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V. cholerae of the Inaba serotype protects against both reinfection with
Inaba and Ogawa serotype, whereas infection with Ogawa only protects
against reinfection of V. cholerae of Ogawa serotype [86]. This strongly
suggests that protective immunity following both natural infection and
vaccination is primarily dependent upon immune responses directed
against the LPS. And indeed antibodies formed are mostly directed
against the LPS and CT [83, 87-91]. Young children from two to four years
of age have the highest prevalence of cholera incidence and prevalence
decreases with increasing age presumably due to accumulated immunity
[5, 85]. Levels of serum antibodies including vibriocidal antibodies
increase with age [85]. However, the presence of vibriocidal and/or
agglutinating antibodies does not necessarily correlate with protection
[20, 83, 87]. A person after infection can be protected against reinfection
even when lacking detectable vibriocidal antibodies [20]. Despite this,
vibriocidal antibodies have been used as a measure of immune response
and it is widely believed that higher vibriocidal titres increase the level of
protection [87-89]. It has been stated for example, that a vibriocidal titre
above 160 following natural infection is associated with a 86% lower risk
of infection [83].

In 1947 it was reported by Burrows and colleagues that intestinal
antibodies (which they called “coproantibody”) are responsible for
protection against cholera [92] and that after oral vaccination
approximately three out of four human volunteers had coproantibodies
(secretory IgA antibodies, sIgA [83]) in their faeces [92]. Whether or not
these antibodies confer long lasting protection is still a matter of
conjecture [84, 93].

One problem with generated antibodies is that they cannot be detected
after approximately six to twelve months but protection lasts longer than
that [84, 94]. Even if infection leads to a more durable protection (up to 10
years) upon re-exposure than is afforded by vaccination (2 to 3 years) [10,
24, 86, 95] there are no good techniques to quantify protective immunity.

Much indicates the importance of eliciting a memory response that is
protective after the initial acute response subsides. One explanation for
why vaccines only protects for 2-3 years is that they cannot induce the



same memory response as an infection [83, 94, 96]. However those
memory cells that have been found after an infection are against CTB and
not of the protective kind against LPS [83]. If memory cells were detected
after vaccination it is still not proven if they will be the same as those how
are responsible for later protection.

1.4. Vaccines against cholera

Jaime Ferran, a Spanish physician, is acknowledged as the creator of the
first cholera vaccine. He could demonstrate during a cholera outbreak in
Spain in 1884 that guinea-pigs that survived an inoculation of live
V. cholerae were protected from a lethal dose compared to non-
vaccinated animals. However the technique gave unsatisfactory results in
human with adverse effects due to impure cultures [97]. Some years later,
in 1888, Camaleia could show that a suspension of heat-killed V. cholerae
could generate protection. The technique was further developed by
Haffkine in 1892 and Noble in 1964 [97, 98].

The Haffkine vaccination regime consisted of two subcutaneous (SC)
inoculations. The first dose was a live attenuated strain (a strain that gives
a milder disease) to acclimate the system and a second dose three to five
days later with a live hyper-virulent variant strain [99]. The attenuated
strain was generated by growing bacteria in media that where
continuously aerated with air at a temperature of 39°C until a
subcutaneous inoculation only generated local oedema instead of necrosis
in guinea-pigs. The hyper-virulent variant was generated by passaging 20
to 30 times in guinea-pigs using parental injection [99]. Haffkine and
others had shown that guinea-pigs vaccinated according to this regime
had a tolerance to as much as sixteen times the lethal dose of bacteria for
non-vaccinated control animals [99, 100].

In 1964 Noble suggested an intradermal (ID) route of vaccination since
about ten percent of the humans vaccinated with the subcutaneous route
suffered from adverse reactions. The intradermal inoculations given at
this time consisted of 3-10° heat-killed V. cholerae organisms administered
in a single dose but could be given in such high does as 8-10° without any
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adverse reactions in human volunteers [98]. Noble tried also a carbolised
(phenol preserved) vaccine of 4-10° bacteria of both Ogawa and Inaba
bacteria. This preparation had the great advantage over live vaccines that
it could be stored for a considerable amount of time without loss of

efficacy [97, 99].

It could again be concluded that protection given by the ID route was as
good as the SC route but with fewer adverse reactions [97]. It was also
suggested that ID cholera vaccines could be combined with other vaccine
and administered together rather than separately [97] which is preferable
from a cost and time point of view. However, despite the reduced adverse
effects of the ID vaccine severe side effects have been reported and even
some rare cases of death [101] and so the approach was abandoned.

The scientific community during this time believed in the parental route
of immunization and believed that the a mild infection was necessary to
stimulate the immune system and a inactivated vaccine that were given
by the oral route were most likely to be removed from the body before it
could generate this kind of response [20].

It was later discovered that even if a SC vaccination could boost the
amount of antibodies in blood, milk and saliva, it could not be assumed
that antibodies was produced in the local intestine. This was only likely in
humans that has already been primed and that injectable vaccines only
worked on those that already had a immunologic response to cholera [8,
102, 103].

This together with the high reactogenicity and the fact that they lacked
the ability to interrupt the transmission of V. cholerae in communities
during outbreaks meant that theses vaccines became were soon obsolete
as more effective and safer oral vaccines became available.

The approach of injectable vaccines has not been entirely abandoned as
will be discussed later, a purified lipopolysaccharide vaccine, killed whole
cell vaccines with various adjuvants, and a polysaccharide-cholera toxin
conjugate vaccine [8] are all under development although none are
currently in use [5].



1.4.1. Oral vaccines

Attention shifted from parental to oral vaccines when it was discovered
that protective immunity was primarily a result of local mucosally
secreted antibodies and that the infection, that is most common acquired
through ingestion of contaminated water or food, is limited to the gut and
is not invasive [5, 20]. Even if Russell reported in 1928 that killed V.
cholerae administered orally proved to be as effective as SC
administration [20] it was not until the beginning of the 1980s that
attempts were made to develop an oral cholera vaccine [8].

There are currently two major types of oral cholera vaccines; killed whole
cell vaccines and attenuated live vaccines.

Two licensed killed whole cell oral vaccines are available on the market in
more than 60 countries. The first, Dukoral, is a monovalent (one
serogroup) vaccine against the O1 serogroup and consists of three
different strains, representing classical and El Tor biotypes and both
serotypes (Ogawa and Inaba). The cells are killed by two different
inactivation methods, heat treatment and formalin inactivation. 1 mg of
recombinant cholera B-subunit is also added, thus production involves at
least 5 different fermentations and downstream processes [104-106].

In an attempt to produce a cheaper and locally manufactured vaccine the
Dukoral formulation was modified by omitting the recombinant cholera
toxin B-subunit and substituting one of the strains with, as it turned out,
a strain producing more toxin. This strain substitution proved
counterproductive since traces of toxin caused some of the vaccines to
develop diarrhoea. This vaccine, produced in Vietnam, was called
ORCVAX. In further development of this vaccine the toxin-producing
strain was replaced with its predecessor. Additionally a strain of the new
serotype, O139, was included and production of the new bivalent killed
whole cell oral vaccine was transferred to India where it is produced
under the name Shanchol [105, 106]. Both the Dukoral and Shanchol are
administered in two doses 2 weeks apart [105] and both vaccines have
proved to be well tolerated and effective in humans [107-110]. Although



Dukoral has been approved by the WHO, it has due to its cost to produce
mainly been used as a travellers’ vaccine [5].

Many live attenuated strains have been generated in the laboratory by
different cultivation methods as described before or by isolation of strains
with low pathogenicity but full antigenicity from the environment [20].
More recently strains have been generated by genetic manipulation
methods. One of the most extensively tested live oral vaccine is CVD103-
HgR. This strain is a derivative of the classical O1 Inaba V. cholerae strain
569B where 94% of the ctxA gene has been removed and mercury
resistance gene has been inserted into the hlyA gene thereby inactivating
the haemolysin A locus and acting as a selection and a phenotypic marker
[5, 8 1m]. The vaccine is administrated in a single dose of 510° live
bacteria [8, 11] and has been proven to be very well tolerated with only
few adverse reactions such as diarrhoea, nausea, and vomiting [8, 111, 112].
Due to CVD103-HgR vaccine s safely profile and the protection observed
in human challenge studies it was licensed as a tourist travel vaccine in
1993 as Orochol or Mutacol in Canada [5, 111].

However when the vaccine was tried in an endemic setting it failed to
show protection although a tendency was observed in individuals with
blood group O [8] and in 2004 the manufacturer ceased the production [5,
m].

Today there are no licenced vaccine based on a live attenuated strain
however in 2009 a U.S. manufacturer, PaxVax, got the rights to redevelop
CVD 103-HgR [5, m1] under the name PXVXoz200 and is currently
undergoing phase III trials (ClinicalTrials.gov Identifier: NCT01895855).

A drawback with a live oral vaccine is the risk of spreading bacteria in to
the environment and even infecting other people. It has been shown that
during a trial with CVD103-HgR vaccine that the strain was shed by 1% of
the vaccinees although no transmissions to near household contacts were
detected [111].



1.4.2. Vaccine considerations

Even if there are two licensed vaccine on the market, the need for a new
vaccine is great. The current vaccines are complicated to manufacture and
thereby expensive to produce. They both need at least two doses to give
appropriate protection. The upcoming PXVXo200 vaccine along with
other live attenuated vaccines is an attempt to elicit effective protection
after a single dose. A single dose regime is thought to be more important
for interventions in order to interrupt transmission during an ongoing
cholera outbreak where rapid efficacy and a high level of conformity are
important.

However, it has been shown in several studies that a two dose regime
vaccine is very cost effective (if you disregard the cost of the vaccine).
Studies on mass vaccination with both Dukoral and Shanchol showed that
the cost of vaccination is about 50 U.S. cent per dose [5, 13-118]. In
contrast the Shanchol vaccine cost $1.85 which is beyond the acceptable
price range for mass vaccination programmes in developing countries

[113].

It has been suggested that when vaccinating over half of the population in
an area the incidence of cholera can be reduced as much as 93% due to
indirect or herd protection [5, 19, 120]. However, this should be
considered when designing efficacy vaccine trials since the efficacy will
become insignificant if the non-vaccinated control group is part of this
herd protected group [83].

Mass vaccination of a population with virtually no risk of cholera such as
routine vaccination of travellers is not recommended. A more effective
approach is to vaccinate those people travelling to areas with high rate of
incidence of cholera [121]. The problem of a two dose regime is always for
people to take both doses and studies has showed at approximately 75%
of those who take the first dose also take the second [u3, 16]. An
additional problem with the oral vaccine is the bulkiness and the amount
of buffer solution required. Sometimes even water needs to be
transported to the vaccines sites. The benefit with Dukoral is that it is



considered stable for one month at 37°C otherwise the need for cold chain
can be both logistically difficult and expensive [116].

A new vaccine should be safe, immunogenic, cheap to produce, thermo-
stable, easy to administer, and not require the addition of buffer.

1.4.3. Future vaccines

There are several vaccines under development, these include not only
killed whole cell vaccines that are the focus of this thesis, but also live
attenuated and conjugate vaccines.

CholeraGarde is a live-attenuated Vibrio cholerae O1 of the El Tor biotype
and Inaba serotype also known as Peru-15 and is derived from a clinical
isolate from Peru. The strain is genetically engineered to be non-motile
and non-toxinogenic but ctxB positive. One dose of 2-10° bacteria has
been proven safe and immunogenic in adult volunteers in both North
America and Bangladesh [122, 123].

V. cholerae 638 vaccine is single dose (10° bacteria/dose) oral live
attenuated vaccine that is genetically engineered by removing the CTX®
and introduction of the Clostridium thermocellum endoglucanase A gene
(celA) in the hapA gene in an isolated El Tor Ogawa strain from Peru 1991
[124, 125]. Without hapA there is no hemagglutinin protease production
which is believed to be involved in detaching the bacteria from the
epithelial cells. A bacterium that adheres longer presumably gives a more
effective immune response as suggested by Finkelstein and colleagues
[79]. The celA gene is used as a phenotypic marker allowing colonies to be
easily detected on agar plates [124]. The V. cholerae 638 vaccine has been
shown to be safe and immunogenic in healthy volunteers in Cuba [125].

Recently developed vaccine VA 1.4 is a variant of VA1.3 and is a live
attenuated single dose vaccine based on an El Tor Inaba clinical isolate
that naturally lacked the CTX®. The strain was further genetically
modified by insertion of the ctxB gene at two loci [126]. In the VA 1.4
vaccine an ampicillin gene linked to one of the inserted ctxB genes was
mutated by exposure to a germicidal lamp and strains were screened for
functional ctxB and other attributes identical to VA 1.3. A single dose of



1.910° VA 1.4 bacteria has been demonstrated to be well tolerated and
immunogenic in adults. Furthermore an additional dose did not improve
the observed immune responses seen after a single dose [127].

There have also been some developments of monovalent live attenuated
vaccines against the O139 serotype, such as CVD 12, 0139-ZJ9693, and
VCUSM2 [128-130]. They have all been modified by deleting the ctx® and
addition of the ctxB and proven to elicit immune responses in animal
models.

The OSP:TThc vaccine is a conjugated vaccine based on the O-specific
polysaccharide (O-PS) of LPS from an O1 El Tor Ogawa strain called
X25049 that is conjugated to a recombinant tetanus toxoid heavy chain
fragment (TThc). It has been shown to elicit immune responses in mice
and in a passive infant mouse protection model showed a protective
efficacy of 95% [131].

There have also been improvements in terms of yield and simplicity
where the O-PS + core are conjugated with Bovine serum albumin (BSA),
necessary steps forward if a cheap and functional conjugated vaccine is to
be achieved. If it will work in humans are left to been seen [132].

Transcutaneous immunizations with a synthetic conjugate of Ogawa LPS
to bovine serum albumin as a carrier (CHO-BSA) have been proven safe
in mice. It has been used as a booster on day 117 after immunization with
a live attenuated strain of V. cholerae O1 Ogawa named 0395-NT to
increase serum anti-LPS antibodies. This may be an alternative to prolong
protective immunity achieved by only current oral cholera vaccines [133].

A major problem with all the conjugate vaccines is, as already pointed
out, that serum immune responses whether measured directly or used in
vibriocidal assays or passive protection studies in infant mice do not
necessarily reflect protective efficacy. In the absence of functional animal
infection models for cholera the only way of testing efficacy will be in
phase III clinical trials or human volunteer challenge studies.



1.4.4. Vaccine Adjuvants

Adjuvants, or substances used to improve a vaccine efficacy have been
used from the early 1920s [134, 135]. They can be small molecules or
proteins that interact with the vaccine and either enhance its presentation
to the immune system, control its release over a longer period, or even
modify interactions different components of the immune system. Their
overall effects will usually be a combination of effects. They are all called
adjuvants from the Latin word adjuvare meaning “to help” [136].

Addition of an adjuvant to a vaccine can lower the amount of antigen
required and/or reduce the number of immunizations. Depending on
which adjuvant is chosen it is possible influence the immune system to
induce antibody- or cell- mediated responses [135]. In order obtain the
desired balance of response for a particular vaccine, a combination of
various adjuvant components is not uncommon. One of the best known
adjuvants that combines the prolonged release effect of water in oil
emulsion with the immune activation properties of Mycobacterium
tuberculosis is Freund’s complete adjuvant (CFA) [136]. There is not
always the need for the M. tuberculosis component which can be
excluded. In this case the adjuvant is incomplete (Freund's incomplete
adjuvant, IFA). CFA has the ability to elicit Th1 responses whereas IFA
tends to elicit a more Th2 biased response. However, neither has been
used in human trials since the 1950s due to several safety concerns [135].

The most commonly used adjuvants in humans are the aluminium
compounds which have been widely used for more than 8o years [137].
The basic effect is absorption of the antigen to form a depot from which
the antigen is slowly released. The higher concentration of antigen makes
the uptake by antigen presenting cells more likely [135, 138]. Aluminium
compounds can also affect macrophages directly and induce memory
responses leading to long lasting protection [139]. Even if aluminium often
is used via the parental route it has also been showed to work as an
adjuvant via the oral and nasal route in mice [140, 141]. However, a too
high dose of the adjuvant may interfere and actually weaken immune
responses [142]. Aluminium has also been reported to have potential side
effects such as influence on the incidence of Alzheimer’s disease [143, 144].
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There is a need for additional and safe adjuvants especially for mucosal
vaccination. CT is the most powerful mucosal adjuvant known. Some
reports also suggest that CTB also works as an adjuvant [135]. It has later
been shown that the whole toxin needs to be present for the adjuvanticity.
It is likely that initial reports of adjuvant activity were due to
contamination with holotoxin [145]. Clearly the problem with CT is that it
is far too toxic for use in humans, even if it has been shown tolerated well
in mice and act as a powerful adjuvant when administrated orally [146,
147]. Intranasal administrated has been reported to induce inflammation
in the brain [148] and a detoxified variant of the closely related heat labile
toxin (LT) from E. coli has caused some cases of facial paralysis in humans
[149]. Another variant of LT, double mutant LT (dmLT), has been
extensively tested and shown to be safe and well tolerated during oral
administration during a vaccine trial in humans [150] and could be a good
further adjuvant for mucosal vaccinations. In this laboratory we have
designed a variant of the cholera toxin carrying several mutations , multi-
mutant cholera toxin (mmCT), that effectively elicits immune responses
comparable with dmLT in mice, but is easier and cheaper to produce
(manuscript in preparation, M. Lebens et al).
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2. AIMS OF THE THESIS

The thesis has two distinct branches; on one side there is the concrete aim
of generating a novel vaccine candidate strain that can ultimately replace
the multiple strains in the currently licensed killed whole cell vaccines,
Dukoral and Shanchol. On the other side and arising from the practical
aim developing a novel vaccine was an attempt to use a unique dataset to
understand the importance of the O1 serotype and in particular the wbeT
gene to cholera disease. These branches can be summarized as follows.

A) To develop a new generation of cholera vaccines to
replace currently licensed killed whole cell cholera
vaccines. The new approach aims to considerably simplify
the production of the vaccine and at the same time
significantly reduce the cost. The resulting new vaccines
should thus be easier, safer and cheaper to manufacture.
It should consist of one strain, give rise to protective
antibacterial as well as antitoxic immunity. If successful
the idea can be extended to other killed whole cell
vaccines.

B) To use genomic data to understand the evolution of
cholera in an endemic area and to understand the role of
serotype in the ecology of V. cholerae with respect to
epidemic and endemic cholera.
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3. METHODOLOGICAL CONSIDERATIONS

The different methods described in the included papers will be discussed
regarding the choice of methods with less emphasis on details. For more
information, please refer to the papers themselves.

3.1. Bacteria strains and culture conditions

Vibrio cholerae strains used in this thesis (Table 1) were all maintained on
Luria Bertani (LB) agar plate supplemented when necessary with
appropriate antibiotics, more information is found in respective papers.

Strains were stored at —-70°C in LB broth supplemented with glycerol (17%
final concentration). Strains were grown at 37°C unless otherwise
stipulated and liquid cultures were grown in rotary shakers (180 rpm).

Table 1 Presentation of V. cholerae strains used in this thesis.

Wild-type strains

Description

Paper

VX44945
T19479
X25049
Phil6g73
N16961

Cario 50

El Tor, Ogawa
El Tor, Inaba
El Tor, Ogawa
El Tor, Inaba
El Tor, Inaba

Classical, Ogawa

Genetically modified strains

LIL I & IV
[&II

[&II

II

I

[&II

JS1569
MS1342

MS1356

MS1489
MS1568
MSi571

MSi580

ActxA derivative of classical Inaba strain 569B
Hikojima derivative of JS1569 carrying the pMT-
suicide1 plasmid Cm"®

Ogawa derivative of JSi1569 carrying the pMT-
suicide1 plasmid, Cm®

Inaba derivative of X25049

Hikojima derivative of Phil6g73

Ogawa derivative of Phil6973

Hikojima derivative of JS1569

[&II

[&II

I
II
I
II



3.2.Genetic manipulation and modification

The primary aim of the project from the beginning was to design a single
strain vaccine with dual expression of Ogawa and Inaba antigen. In
Paper I it is described how a native gene without a functional promoter
gives the desired phenotype. Instead of using a commercially available
suicide vector we used one that was constructed in the laboratory. It is
small (is only 1953 base pair (bp) long) (Figure 6), carries the R6K origin of
replication and the origin of transfer oriT from the broad host range
plasmid RP4 used for transferring the plasmid to other bacteria. Its small
size makes it convenient to work with and leaves a relatively small insert
when left in the chromosome as in strains MS1342 and MS1356.

MCS

) /R6Kg origin

pMT —suicidel
1953bp

Figure 6 pMT-suicide1 is a R6K -suicide vector constructed in our laboratory carrying a
chloramphenicol resistance gene and a multi cloning region (MCS). Figure created using
PlasMapper [151].

Although Paper I demonstrated that it was possible to generate artificial
and stable Hikojima strains, these were not suitable for use in a final
vaccine formulation due to the presence of an antibiotic resistance gene
in the chromosome and the fact that tandem repeats of the wbeT gene
meant that the chances for deletion by homologous recombination were
not insignificant and would result in the loss of the phenotype.



Instead it was decided to modify the wbeT gene by random mutation in
order to reduce the activity of the gene product so that it would only
partially methylate surface LPS resulting in a satisfactory ratio of Ogawa
to Inaba antigen. As described in Paper II, this strategy was eventually
abandoned in favour of site directed mutagenesis of a single amino acid at
a locus shown in naturally occurring Inaba strains to be sensitive to
mutation. This required a modification of the suicide plasmid in order to
counter-select clones in which the plasmid had been deleted by
homologous recombination leaving the mutant wbeT. This was achieved
by insertion of the saccharase gene (sacB) from Bacillus subtilis that is
lethal when expressed in gram-negative strains in the presence of sucrose
resulting in the novel new suicide vector pMT-suicidei-SacB. In order to
facilitate selection for the correct clones a kanamycin resistance (Km")
gene was inserted immediately downstream of the mutant wbeT gene. The
resistance gene was flanked by tandem flippase recognition target (FRT)
sequences that would allow its removal from the chromosome when the
gene substitution was complete. The constructed fragment containing the
mutant wbeT gene and the kanamycin resistance gene was then inserted
into the modified suicide vector pMT suicide1-SacB.
MCs

REKg origin

pMT-suicide1-5acB

3634bp

Figure 7 pMT-suicide1-SacB is a R6K -suicide vector constructed in our laboratory carrying
a chloramphenicol resistance gene, a MCS and the sacB gene from B. subtilis. Figure created
using PlasMapper [151].



The addition of the selection markers SacB and Km® made it possible to
easily select colonies with the potential with the desired genotype. The
genotype was confirmed by PCR with sequencing. To confirm that the
mutation conferred the correct phenotype was done using a serotype-
specific agglutination assay.

3.3. Vaccine preparation

When considering the development of a vaccine several aspects need to
be considered. Clearly the development of the antigen is of primary
importance, but following on from this it must be demonstrated in a
suitable model that it can elicit appropriate protective immune responses.
This involves at the preclinical level the following considerations: 1)
stability of antigen, 2) mode of preparation of the vaccine, 3) choice of
animal model, 4) route of administration and 5) analysis of immune
responses.

From the outset the new vaccine was proposed to be delivered orally since
the formulation is based upon its predecessors Dukoral and Shanchol.
These are well tolerated and have few adverse reactions compared to the
parental vaccines. They elicit local IgA antibody responses in the intestine
that are known to be important in protective immunity. The stability and
the ability to store an inactivated vaccine were also aspects the influenced
the decision.

Dukoral and Shanchol are made using two different modes of
inactivation. The rationale for this is not really valid any longer as we
know much more about the antigens that confer protective immunity. It
is not necessary for example to use heat killed cells in order to preserve
protein antigen on the cell surface, since these do not elicit protective
immunity. Thus in a cheap single strain vaccine only one mode of
inactivation is preferred. As shown in Paper I there is no significant
difference between heat-killed and formalin-killed preparations in terms
of immune responses. Formalin inactivation was chosen due to the fact
that it is easier and cheaper to accomplish on a large scale.



3.4. Determination of amount of Ogawa antigen on
Hikojima strains

Inhibition ELISA was used in Paper I to estimate the amount of Ogawa
antigen present on the Hikojima strain MSi342. The method was
optimised to be able to reduce the variability in the assay. Changes made
after Paper I was published were an increase in number of formalin
inactivated cells added in the first step, a reduction in the volume that
was transferred and a decrease in the speed of mixing during titration.
However, it was still found to be too much variation in the results and the
readouts were not sufficiently robust to allow an accurate estimation of
the relative amounts of Inaba and Ogawa antigen. An alternative method
was therefore developed in which an enzyme-linked immunosorbent
assay (ELISA) were constructed where a standard curve was generated
using a plate coated with different mixtures of Ogawa and Inaba LPS as
described in Paper II. Although this was gave much improved results it
required the extraction of LPS from each of the strains rather than using
killed whole cells and still gave results with a large degree of variation.
The best and most reliable estimate was achieved using the mass
spectrometric determination as described in Paper II.

One criticism of the overall approach is that it is difficult to know how the
different antigens are distributed on the bacterial surface. Can one be sure
that every single bacterium has a mixture of Ogawa and Inaba LPS on its
surface? Attempts to determine this with florescent microscopy have been
attempted but the absence of specific monoclonal antibodies against
Ogawa and Inaba LPS made these experiments inconclusive. However, at
the time of printing of this thesis a commercial source of such monoclonal
antibodies has become available and renewed efforts will be made to
demonstrate the presence of both antigens on the surface of every cell.

3.5. Animal models

In Papers I and II three different animal models were used for different
purposes. Mice of were used to demonstrate immune response elicited by
the vaccine candidates and rabbits were used to generate large volumes of



polyclonal antibodies against Ogawa and Inaba respectively. Lastly, an
infant mice model was used to demonstrate protectiveness of serum
antibodies generated by the vaccine candidate strains.

3.5.1. Mice

Female inbred Balb/c or outbred CD1 mice form Charles River
Laboratories or Taconic was used for all immunizations experiments.

The oral immunizations followed the immunization schedule 1 (Figure 8)
except when CD1 mice were used in Paper II. In this case immunization
schedule 2 shown in Figure g was used.

Immunization schedule 1 is a well tried method for eliciting a mixed
antibody response (IgA/IgG/IgM) as well as vibriocidal antibodies, and
thus mimics observed immune responses to killed whole cell vaccines in
humans. Administration of vaccine on three consecutive days rather than
a single administration as in humans is based on common experience in
our and other laboratories that while not changing the overall immune
responses the divide doses reduce the risk of adverse effects in response to
gram-negative whole-cell vaccines in the mice. Furthermore, by giving an
immunization on three rather than two consecutive days the intra-group
immune responses variability was also significantly reduced.

Immunization round 1 Immunization round 2
Sacrifice
. . . .
T o 1 3 14 15 17 28
Pre sample Days

Figure 8 Immunization schedule example 1. Mice were immunized in two rounds 2 weeks
apart on three consecutive days. The mice were sacrificed 11 days after the last
immunization.

Immunization round 1 Immunization round 2 Immunization round 3
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Figure 9 Immunization schedule example 2. Mice were immunized in two or three rounds
2 weeks apart on two consecutive days. The mice were sacrificed 11 days after the last
immunization.



Immunization schedule 2 is often used in order to test the effect of an
adjuvant. The CD1 experiment in Paper II was a pooled experiment in
which one group received a formulation containing an adjuvant; however
data concerning the adjuvant effect is outside the scope of this thesis and
is therefore not reported in the presented papers.

Serum antibody titres are often higher after parenteral than oral
immunizations. Thus parenteral immunizations were performed in order
to further define the specificity of serum vibriocidal and anti-LPS
antibodies and demonstrate that the Hikojima strains could indeed
induce all types of anti-LPS specificities in a similar manner to the
combined Ogawa-Inaba Dukoral vaccine in which the two cell type are
mixed together (Figure 10).

Immunization 1 Immunization 2 Immunization 3

Sacrifice
. . .

[ o 18 25

Pre sample Days

Figure 10 Intra parenteral immunization schedule, could be done with two or three
immunizations.

3.5.2. Rabbits

Subcutaneous immunizations of purified LPS of either Ogawa or Inaba
origin was administered to New Zealand White Rabbits (NZW) from
Lidkopings Kaninfarm (Sweden) to generate large quantities of antiserum
that could be absorbed to generate specific polyclonal anti-Ogawa and
anti-Inaba antibodies (Figure 11).

Immunization 1 Immunization 2 Immunization 3

Sacrifice

. . -

.
| o 1 27 35

Pre sample Days

Figure 11 Subcutaneous immunization schedule for rabbits to generate large amounts of
antibodies.



3.5.3. Infant mice

Although highly useful for demonstrating immunogenicity, mice are a
limited model since V. cholerae does not colonize the mouse intestine in
the same way as the human intestine and there is no adult mouse
infection model that mimics human disease. However it does colonize the
intestine on infant mice and causes lethal diarrhoea. Infant mice lack the
ability to elicit mature immune responses on challenge. Despite this the
infant mouse model is still widely used to test the protective effect of
antisera raised in response to candidate cholera vaccines using passive
protection in which serum is added to infecting inoculums prior to
infecting the mice. It is important to remember in this context that serum
antibodies may not reflect true protective efficacy. Which is primarily
dependent upon local IgA responses in the gut.

3.6. Assay for determination of Immune responses

In Paper I and II both ELISA and vibriocidal essays have been used to
determine the magnitude of immune responses elicited in animals
immunized with various vaccine candidates. These methods are widely
used and are considered to give the best estimations of antibody levels in
different blood and tissue samples. The variation in ELISA is always a
problem and the method relies on good secondary antibodies. The
vibriocidal method is dependent on a reliable and good complement
source. The risk for contamination could sometimes be a problem since it
is based on observation of bacterial growth. We have improved the
method by using an ELISA reader at 600 nm to determine amount of
growth as a support in assigning titres.

It can always been discussed what level of antibody titre translates into a
protective response in humans, if it can at all. These methods illustrate
that the animals reacts to the vaccines and elicit antibodies and compare
results with a control that is known through clinical trials to be effective.
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3.7. Statistics

Statistically analyses for Paper I and II were done using the Prism
software system GraphPad 4.03 or 6.04 (Graphpad Software Inc., San
Diego, CA, USA). Multi group comparisons were performed using one-
way ANOVA with Bonferroni’s post-test. Two-tailed Student’s t test was
used for calculating statistical significance between two groups.

3.8.Predicting phenotype from genotype

The results in Paper IV and somewhat in Paper III both depend on a
geno-serotype based on the sequenced of the strains compared to a
reference strain and previously known Inaba mutations. The likelihood of
false positives in the terms of misclassifying an Inaba strain as Ogawa is
relatively small. However, a strain with an Ogawa genotype must not
necessarily be Ogawa since it can carry additionally mutations. If a
mutation is found for the first time it will be hard to know if it confers the
Inaba phenotype. We have shown both in Paper III and Paper IV that a
single amino acid change alters the phenotype. It is may be that some
mutations will be found that are phenotypically silent even if they have
amino acid changes. Clearly the polymorphisms seen between the
classical and El Tor WbeT proteins demonstrate this.
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4.RESULTS AND DISCUSSION

The results of the included papers will be summarised and discussed in a
rather broad context. The results of Papers I and II, both concern vaccine
development and will be considered first. Papers III and IV, which
discuss epidemiology and importance of the O1 serotype and the wbeT
gene, will then be discussed. For detailed information on all results and a
more in—depth discussion of them, please refer to the included papers.

The first aim for this thesis was to investigate the possibility to develop a
single strain vaccine strain that could elicit immune responses against
both O1 V. cholerae serotypes, Ogawa and Inaba. The first strain, MSi1342,
was constructed and tested in mice. The first thing we could demonstrate
was that it didn’t make any difference if we heat or formalin inactivated
the strain when it came to elicited antibodies (Figure 12). Despite the
slightly higher antibody results of the heat inactivated formulation in
these experiments the formalin inactivation method was chosen. The
practical difficulties of heat killing bacteria on a large scale compensated
for slightly lower immunogenicity. Furthermore, formalin inactivation is
already used the preparation of both Shanchol and Dukoral and known to
be effective.

It was also shown that the first generated Hikojima strain (MS1342)
generated similar antibody responses to Dukoral with extra—ordinary
results when looking at the vibriocidal results. It can clearly be seen that
strain MS1342 generates similar titres as its parental strain JS1569 (Inaba)
but also elicits antibodies specific to Ogawa (Figure 13) which the parental
strain does not. The combination of absorption of sera with Inaba or
Ogawa antigen with vibriocidal assays could be used to demonstrate
specificity in a way that had not been possible before with very clear-cut
results.
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Figure 12 Comparison of immune responses elicited by immunization with Vibrio cholerae
strain MS1342 prepared by different methods of inactivation. (Left) Serum vibriocidal
antibody titres against Ogawa test bacteria and ELISA IgG+IgM antibody titres against
Ogawa LPS; (Right) IgA antibody levels to Ogawa LPS measured by ELISA in faecal extracts
collected 10 days after the last inmunization. Geometric mean levels and SEM from 5
animals per group are shown. All antibody levels shown are significantly (p < o.01) elevated
compared to corresponding samples collected before immunization, whereas post-
immunization values do not differ significantly between the different immunization groups.
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Figure 13 Vibriocidal immune responses elicited by immunization with different vaccine
strains of Vibrio cholerae. Vibriocidal antibody titers against Inaba (left panel) and Ogawa
(right panel) test organisms in group-wise pooled serum samples (filled bars) and after
absorption with formalin-killed cells of the Inaba (open bars) or Ogawa (striped bars)

serotype.



A perplexing finding in these experiments was that it was easier to
generate Ogawa-specific antibody responses than Inaba specific responses
(see Figure 13). This was found to be a function of the immunization route
and the mouse strain used, since similar experiments using sera from
parenterally immunized Cs57/Bl6 mice showed high levels of Inaba-
specific antibodies (results not shown).

Epidemiological evidence suggests that despite this, Inaba infection
(effectively oral immunization) gives rise to cross protection against both
Inaba and Ogawa strains. Analysis of historical human sera (Figure 14)
demonstrates that in the majority of cases the vibriocidal assays after
immunization are similar to those seen in the mice. But we know that
these individuals are protected. It seems that there is a difference in the
nature of the cross-reactive antibodies elicited by Inaba strains and
Ogawa strains. Those produced by Inaba infection are cross protective
whereas those produced by infection with Ogawa strains are not.

The later strains, MS1568 and MS1580, were superior to MS1342. As argued
in Paper II these strains carried only one copy of the wbeT gene and
lacked the antibiotic resistance gene present in MSi1342. In addition,
MS1568 is also of the El Tor biotype which could be considered a benefit
since all cases of epidemic cholera today are of this biotype and tend to
give a somewhat stronger immune response (Figure 15). It should be
noted that in comparison with Figure 13 this experiment was done with
doses based on the same amounts of LPS instead of the same cell density.
In these experiments all three vaccine strains and Dukoral showed a
tendency to elicit Inaba specific antibodies but still not at levels
comparable with levels of Ogawa-specific responses.
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Figure 14 Vibriocidal immune responses elicited by vaccination with Dukoral. Vibriocidal
antibody titres against Inaba (left panel) and Ogawa (right panel) test organisms in serum
samples (filled bars) and after absorption with formalin-killed cells of the Inaba (open bars)
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Figure 15 Vibriocidal immune responses elicited by immunization with different vaccine
strains of Vibrio cholerae. Vibriocidal antibody titres against Inaba (left panel) and Ogawa
(right panel) test organisms in group-wise pooled serum samples (filled bars) and after
absorption with formalin-killed cells of the Inaba (open bars) or Ogawa (striped bars)
serotype after oral immunization with 8 balb/c mice in each group.



As discussed earlier vibriocidal titres may be a good indicator of
protection but a more relevant marker would be whether it can elicit
locally produced IgA antibodies in the intestine. As reported in both
Paper I and II all three vaccine strains were also fully comparable with
Dukoral in this respect (Figure 16).

The approach used to generate the MSi1568 and MSi580 strains by
replacing one amino acid in the wbeT gene aroused a curiosity as to the
mutations that lead to the Inaba phenotype in naturally occurring strains.
In the literature there were many reports that a truncated gene product
due to insertions, deletions and single base changes leading to stop
codons deletions in the wbeT gene were responsible for the Inaba
phenotype, beyond this, mutations were not extensively defined. We
started to screen our own strain collection and later extended this to the
Sanger Institute’s database with over 700 strains in order to find which
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Figure 16 Intestinal-mucosal IgA anti-LPS antibody responses elicited by two rounds of oral
immunizations in Balb/c mice two weeks apart with formalin-killed MS1342, MS1568, and
MS1580 whole cell vaccines as compared to Dukoral vaccines; immunizations. (Left panel)

IgA anti-LPS antibody levels in small intestinal tissue extracts (expressed as units per mg of

total IgA measured by ELISA); and (Right panel) the same in faecal extracts. Bars represent

geometric mean values = SEM. Analyses of data by ANOVA showed that post-immunization
antibody levels did not differ significantly between any of the immunization groups.



mutations were leading to the Inaba phenotype. All sequences were
compared to a reference wbeT gene from the El Tor strain VX44945.

The first observation that was made were that all classical strain carried
three polymorphisms that didn 't affect the phenotype. First presented by
us and then confirmed by Liang and colleagues [152, 153]. Out of all strains
analysed there were 276 unique sequences with the phenotype of Inaba
serotype. In all these mutants only a small number of the possible
mutations that could theoretically lead to the Inaba serotype were
actually found. It should be noted that almost all strains analysed have
been clinical isolates and therefore the discovery may not necessarily
reflect the number of mutations that can be found in the environment.
Nonetheless, it was evident from these findings that the mutations
leading to the Inaba serotype were non-random. All the strains in
question can survive, infect a human host, and cause several diarrhoea.
Notably, the same kinds of mutation were found in both classical and El
Tor strain as well as in strains isolated on different continents and at
different times. This suggested that the same kind of mutations were
arising independently (Paper IV) but also that classical and El Tor strains
were subject to the same selective pressures that were giving rise to the
Inaba serotype. In data presented in Paper III it is again evident that the
number of mutants is relatively low and that the mutations that arise are
the same as have been isolated previously. Importantly however, it is also
evident through the enormous detail of the genetic data, that the
mutations in this case had arisen independently from parental strains that
were circulating at the time and were not related to Inaba strains with the
same mutations that had been cited in previous literature.

The question of why the O1 serotype shows these variants has not
previously been addressed. We have shown that once the wbeT acquires
an inactivation mutation such as an insertion it tends to receive
additional mutations and then disappear as cause of severe cholera. We
have also shown that there seems to something in the environment that
can selectively affect Ogawa or Inaba strains. This is possibly the reason
why Hikojima strains are so seldom isolated. In scenarios that favour one



or the other of the two serotypes Ogawa or Inaba, the Hikojima serotype
will be selected against.

There is obviously something special with the O1 serotype, since of the
over 200 serotypes in V. cholerae it is only this one that can cause
epidemics of cholera today. When one consider the O139 serotype that in
the 1990s caused epidemics it is very similarly to the El Tor biotype but
lacks the O1 synthesis operon. It probably caused so many cases of cholera
due to no prior immunity to the serogroup which caused all age groups to
be infected which enhanced its ability to spread. It also has a capsule that
the O1 bacteria lack which probably help it to spread. However, it has
since then disappeared as a cause of cholera. What is it that makes O1
serogroup so special and why is the Ogawa and Inaba serotype so
important for its survival that the bacteria keeps a gene that seems to so
easily acquire mutations?

One possible explanation for the wbeT gene to stay intact could be that
under normal circumstances the Ogawa serotype has a powerful selective
advantage. WbeT appears to be an S-adenosyl methionine (SAM)-
dependent methyltransferase (Accession number: TIGRoi444) and is
responsible for the methylation of the terminal perosamine in the LPS. If
WhbeT is using SAM as a substrate when methylating every single LPS
molecule and a mutation occurs that inhibits the usage of SAM there will
be a lot of unused substrate. How this could affect the bacteria is
unknown but SAM is known to be a precursor in the biosynthesis
pathway to generate auto inducers for quorum sensing such as
autoinducer 2 (AI-2) [154]. At high cell density of V. cholerae the two
autoinducer, Al-2 and cholera autoinducer 1 (CAl-1) is released. The
surrounding bacteria will on the presence of these molecules inhibit
virulence expression via the lux pathway [78, 155]. One effect in the
normal case will be an increase in protease expression and the possibility
to detach from the epithelial cells and spread to new places or hosts [155].
Interestingly, the strain that expands the most powerfully in the data
presented in Paper III is one in which a mutation oblates methylation
activity and yet still gives rise to a full length protein. Similar mutants
have been noted elsewhere. It is possible that a residual and as yet



unidentified activity in the WbeT protein gives these strains an
advantage over those in which expression of any gene product is
destroyed by insertion or other disrupting mutation? The presented data
suggests that this could indeed be the case. However, this question
requires considerable further work to address. However, could one effect
of an inactive WbeT protein lead to a reduced ability to produce Al-2 and
therefore a reduced ability to detach from the intestine and spread? One
might predict that there will be a difference in the ability of the different
mutants to be shed by their hosts.
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5. CONCLUDING REMARKS

This thesis has not only generated one but three new novel vaccine
strains. They all address the problem of killed whole cell cholera vaccines
that currently contain several different strains to elicit an effective
immune response. By manipulating the three strains to express two
serotype determinants simultaneously each one can potentially replace all
of strains in the currently licensed vaccines and still elicit the same
protective immune response. This is a major step in developing a truly
accessible vaccine for this important disease and illustrates how site
directed mutagenesis can be used for the rational modification of the
phenotype of a vaccine candidate strain of Vibrio cholerae.

In broader terms the thesis demonstrates how the use of bioinformatics
can be used to target genes and even specific amino acids for mutagenesis
in order to modify the phenotype of a vaccine strain. The changes in the
strain do not result in any major changes in the genome that could
potentially cause problems due to release of recombinant DNA into the
environment and yet result in immune responses in immunized mice that
are fully comparable with those of the currently licensed oral cholera
vaccine Dukoral.

The work of this thesis has also shed light on mechanisms driving a
phenomenon that has been known about for many years but has
remained poorly understood. With data that is unique in terms of the size
of the samples, the time over which the study was conducted and the
detailed genomic information obtained. The way in which the data is used
makes it clear that there are almost certainly selective pressures on the
circulating strains in the environment that are driving serotype transition.

The investigation of naturally occurring mutants has generated a
hypothesis as to why Vibrio cholerae have two serotypes of the O1
serogroup. Although we cannot say from the data what the selective
pressures are, we can postulate that the mutations that arise are a
response to a change in conditions favoring one serotype over another
and that different types of mutations give rise to differences in fitness as
measured by the ability to spread and cause cholera outbreaks.



6. POPULARVETENSKAPLIG SAMMANFATTNING

Avhandlingen innehdller i férsta hand utvecklingen av en ny generation
koleravaccin. Detta for att ersdtta nuvarande licensierade koleravacciner
som kraver storskalig odling av tre till fyra virulenta stammar av Vibrio
cholerae, vilka sedan behdover avdodas med kemikalie- eller
varmebehandling. Denna process dr komplicerad vilket gor vaccinerna
dyra att tillverka. Den nya generationens vacciner som beskrivs i denna
avhandling har modifierats med hjilp av genteknik for att skapa en enda
stam av Vibrio cholerae med attribut som gor det mdgjligt att med denna
ersitta de olika stammarna i de nuvarande vaccinerna. Med hjdlp av olika
modifikationer av en gen har tre varianter skapats som alla har visat sig
vara fullt jamforbara med det for ndarvarande licensierade orala
koleravaccinet Dukoral i avseendet att stimulera immunsvar i tva olika
djurmodeller samt pavisandet av potentiellt skydd i en djurmodell.

De nya vaccinerna har dven visat sig sdkra i djurmodeller vilket har
mojliggjort internationella samarbeten for att gora en formulering av
dessa som inom kort kommer att testas i en fas 1 studie i manniskor.

Avhandlingens andra del innehdller en beskrivning av betydelsen for
varfor vissa gener ar viktiga for hur Vibrio cholerae orsakar utbrott av
kolera. I denna del har kolerastammar fran hela varlden analyserats. En
ndrmare studie av kolerautbrott i staden Kolkata under en begransad tid
pa 5 ar har dven gjorts. Analysen utfordes pa mer dn 400 stammar dar
bland annat hel-genom-sekvensering och stammarnas isolationsplats har
spelat en avgorande roll i utformandet av den hypotes som laggs fram.

Aven om vi inte kan siga exakt vad som utgor det selektiva trycket, sd
foreslar vi att de mutationer som uppkommer ar ett resultat av dndrade
forutsattningar i omgivningen. Darfor spelar genen wbeT en viktig roll for
serotyperna och huruvida stammarna av Vibrio cholerae O1 kan orsaka
epidemisk kolera eller inte.

_48_



7. ACKNOWLEDGEMENT

As all good things always come to an end, my time as a PhD student is no
different. Many people have contributed to my work - in the laboratory,
through teaching or by simply improving my well-being and I would
hereby like to express my gratitude to you.

First and foremost I want to thank Michael "Mike" Lebens, my advisor,
who since my first day as a post graduate student (and graduate student)
have supported me in my work. For all encouragement when it was at its
worst, all lunches and unforgettable trips. You are always optimistic and
there are no problems too hard to crack. You have allowed me to take
responsibility for my research and use my ideas to develop them, for
better or worse. This has given me a much-needed confidence for a future
in research. And Jan Holmgren, who could have wished for a better
supervisor than you. For your constructive criticism, generous support,
and your vast knowledge of everything from immunology to history. Both
of you have taught me to think like a scientist, from when I design
experiments, analyse my results and presents them scientifically. THANK
YOU so very much for your support and confidence, both of you.

Susanne Kallgard, vad skulle jag ha gjort utan dig? Allt du har lart mig
och sett till att det blev ratt gjort. Allt fran att du fick mig att forsta
gdngen jag korde gel att ladda samma prov tio ganger, for att se till att det
blev bra till att allt avfall hamnade dar det skulle. Inte att férglomma alla
gamla plattor och din fantastiska honung.

Manuela Terrinoni, for a fantastic addition in the group with all your
knowledge and meticulous methodology. Don't forget to drive safely!

Erik Nygren, for allt uppmuntrande, goda tips och diskussioner, for alla
restips och kanske framforallt med all hjalp med infant mice- modellen.

Annelie Ekman, Margareta Blomquist och Frida Jeverstam, for bland
annat all hjalp med alla vdra djur, inte minst ndr de har bestamt sig for att
bita sig fast i nagelbanden.



Madeleine Lofstrand, for alla de fruktansvarda inhibitions ELISAorna
men framforallt for alla de bra tipsen pa tv-serier.

Gudrun Wiklund, utan dig och Susanne skulle inget fungera i
patogenlabbet och pa vaning 5. Alla omflyttningar av inkubatorer och allt
cetrifug-underhadll for att inte tala om din formdga att hitta gamla prover
och protokoll.

A big thank you to my roomies, Paulina Akeus and Maria Fernandez,
for all the necessary breaks, gossips, lunches, fun, help, motivation,
ventilation and of course for all the scientific discussions. I will miss you
guys as well as Mario, Rosita, and however stole our plant. Tenedor!

A big thank you to all my cookie friends, Enrique Joffre, Cristina
Lebrero, Paulina Akeus, and Maria Fernandez for the nice “fika”-
breaks and cookie dinners.

Till kontorsgrannen Astrid von Mentzer for alla roliga diskussioner om
definitioner, farger, traning, mat och allt annat mellan himmel och jord.
Men inte minst for all hjalp med alla sekvenser frdn Sanger och alla
forslag pa forbattringar av presentationer och posters.

Andreas Kallberg, for ditt kunnande i Mathematica och den hjilp jag
fatt nar jag kort fast med mina simuleringar.

Till “mina” studenter; Dani Zalem, Anna-Karin Ingars, Christina
Hansson Noreke och Elisabeth Ax, det har varit ett sant noje att
utvecklas med er, jag hoppas att ni har lart er lika mycket som jag har
gjort av er. Jag hoppas att vara vagar korsas igen.

Nicholas Thomson, Ankur Mutreja, Gordon Dougan, Munirul Alam,
Tarequl Islam, Farhana Shiuly, Fatema Tuz Johura Mita, and
Christopher Davitt, for all good discussions and collaborations. I hope
we see each other again soon.

Anna Lundgren, Ingrid Bo6lin, Joshua Tobias, Maximilian Larena,
Teresa Lagergard och Asa Sjoling, for all the good advices and tips
along the way. Everything from the interpretation of results to the lending
of serum / antibodies / enzymes and other vital stuff.



Till vdra administratorer, Tinna Carlsson, Andrea Frateschi, Anita
Karp och Eva Lyche, som har lyckats hdlla denna avdelning flytande.

John Benktander, for din hjdlp med MS.

All former and present PhD students and colleagues at department for
the social interaction and initiatives such as pubs, after works and
organization of summer parties as well as the scientific discussions (of
course).

To all my other co-writers - Thomas Connor, Dipika Sur, Mohammad
Ali, and John Clemens - thank you for your contributions to the project
and valuable input on the manuscripts.

En massa karlek till alla er utanfér akademin som hejat pa under min tid
som doktorand, alla vinner och spexare, ni har forgyllt min tillvaro med
gladje och skratt.

Tack mamma och pappa som alltid funnits dar fé6r mig och for all er
uppmuntran. Utan er hade jag inte varit dar jag ar idag. Och Maria sd
klart for all uppmuntring att aka ut och dyka trots att jag egentligen inte
haft tid. Det kanske inte alltid har varit sd tydligt vad jag har sysslat med
de senaste aren men jag hoppas att det klarnat lite nu.

Min fantastiska Jauquline, som stitt ut med sena kvallar och helger pa
labbet. Utan ditt stod och tilamod hade inte denna avhandling varit
mojlig. All min karlek till dig v

An extra big thank you to everyone that should have been mentioned
here. You are not forgotten!

This work was supported by Bill and Melina Gates foundation Grand
Challenges Phase I & II award (OPP1008300) and by grants from the
Swedish Research Council, MSB-SIDA, Swedish Foundation for Strategic
Research, Kungliga och Hyvitfeldtska stiftelsen, Radman och fru Ernst
Collianders stiftelse for valgérande dandamal, and Sahlgrenska Academy.



8. REFERENCES

10.

11.

12.

13.

14.

15.

16.
17.

18.

Weekly epidemiological record, in Cholera. 2014, World Health Organization.
p. 345-356.

Bentivoglio, M. and P. Pacini, Filippo Pacini: a determined observer. Brain
research bulletin, 1995. 38(2): p. 161-5.

Todar, K., Vibrio cholerae and Asiatic Cholera, in Online textbook of
Bacteriology. 2010.

Cholera - fact sheet N107. 2014; Cholera — fact sheet N107]. Available from:
http://who.int/mediacentre/factsheets/fs107/en/.

Shin, S., et al., Oral vaccines against cholera. Clin Infect Dis, 2011. 52(11): p.
1343-9.

Global Epidemics and impact of cholera. 2009, World Health Organization.
Pollitzer, R., Cholera studies. 1. History of the disease. Bulletin of the World
Health Organization, 1954. 10(3): p. 421-61.

Ryan, E.T. and S.B. Calderwood, Cholera vaccines. Clin Infect Dis, 2000.
31(2): p. 561-5.

Kaper, J.B., J.G. Morris, Jr., and M.M. Levine, Cholera. Clin Microbiol Rev,
1995. 8(1): p. 48-86.

Cholera vaccines: WHO position paper., in Weekly epidemiological record.
2010, World Health Organization. p. 117-128.

Clemens, J., et al., New-generation vaccines against cholera. Nat Rev
Gastroenterol Hepatol, 2011. 8(12): p. 701-10.

Clemens, J. and J. Holmgren, When, How, and Where can Oral Cholera
Vaccines be Used to Interrupt Cholera Outbreaks? Curr Top Microbiol
Immunol, 2014. 379: p. 231-58.

Aibana, O., et al., Cholera vaccination campaign contributes to improved
knowledge regarding cholera and improved practice relevant to waterborne
disease in rural Haiti. PLoS Negl Trop Dis, 2013. 7(11): p. €2576.

Luquero, F.J., et al., Use of Vibrio cholerae vaccine in an outbreak in Guinea.
N Engl J Med, 2014. 370(22): p. 2111-20.

Koch, R., An Address on Cholera and its Bacillus. Br Med J, 1884. 2(1236): p.
453-9.

Johnson, S., The Ghost Map. 2006, New York, USA: Penguin Books Ltd.

Pollitzer, R., S. Swaroop, and W. Burrows, Cholera. Monogr Ser World Health
Organ, 1959. 58(43): p. 1001-19.

Karaolis, D.K., R. Lan, and P.R. Reeves, Molecular evolution of the seventh-

pandemic clone of Vibrio cholerae and its relationship to other pandemic and
epidemic V. cholerae isolates. ] Bacteriol, 1994. 176(20): p. 6199-206.



19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Siddique, A.K. and R. Cash, Cholera Outbreaks in the Classical Biotype Era,
in Cholera Outbreaks, G.B. Nair and Y. Takeda, Editors. 2014, Springer: New
York Dordrecht London. p. 1-16.

Mukerjee, S., Preliminary Studies on the Development of a Live Oral Vaccine
for Anti-Cholera Immunization. Bull World Health Organ, 1963. 29: p. 753-66.

Cvjetanovic, B. and D. Barua, The seventh pandemic of cholera. Nature, 1972.
239(5368): p. 137-8.

Mukerjee, S., Problems of Cholera (EI Tor). Am J Trop Med Hyg, 1963. 12: p.
388-92.

Mutreja, A., et al., Evidence for several waves of global transmission in the
seventh cholera pandemic. Nature, 2011. 477(7365): p. 462-5.

Clemens, J.D., et al., Biotype as determinant of natural immunising effect of
cholera. Lancet, 1991. 337(8746): p. 883-4.

Bingham, P., N.Q. Verlander, and M.J. Cheal, John Snow, William Farr and
the 1849 outbreak of cholera that affected London: a reworking of the data
highlights the importance of the water supply. Public Health, 2004. 118(6): p.
387-94.

Morris, J.G., Jr., Cholera and other types of vibriosis: a story of human
pandemics and oysters on the half shell. Clin Infect Dis, 2003. 37(2): p. 272-
80.

Harris, J.B., et al., Cholera. Lancet, 2012. 379(9835): p. 2466-76.

Ramamurthy, T., et al., Emergence of novel strain of Vibrio cholerae with
epidemic potential in southern and eastern India. Lancet, 1993. 341(8846): p.
703-4.

Large epidemic of cholera-like disease in Bangladesh caused by Vibrio
cholerae O139 synonym Bengal. Cholera Working Group, International
Centre for Diarrhoeal Diseases Research, Bangladesh. Lancet, 1993.
342(8868): p. 387-90.

Sarkar, B.L., et al., Phage types of Vibrio cholerae Ol and O139 in the past
decade in India. Jpn J Infect Dis, 2011. 64(4): p. 312-5.

Centers for Disease, Control, and Prevention, Notes from the field:
Identification of Vibrio cholerae serogroup Ol, serotype Inaba, biotype El Tor
strain - Haiti, March 2012. MMWR Morb Mortal Wkly Rep, 2012. 61(17): p.
309.

Lantagne, D., et al., The Cholera Outbreak in Haiti: Where and how did it
begin?, in Cholera Outbreaks, G.B. Nair and Y. Takeda, Editors. 2014,
Springer: New York Dordrecht London. p. 145-164.

Ahmed, S., et al., The 2008 cholera epidemic in Zimbabwe: experience of the
icddr,b team in the field. J Health Popul Nutr, 2011. 29(5): p. 541-6.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Silva, A.J., et al., Contribution of hemagglutinin/protease and motility to the
pathogenesis of El Tor biotype cholera. Infect Immun, 2006. 74(4): p. 2072-9.

Butler, S.M. and A. Camilli, Going against the grain: chemotaxis and infection
in Vibrio cholerae. Nat Rev Microbiol, 2005. 3(8): p. 611-20.

Chatterjee, S.N. and K. Chaudhuri, Lipopolysaccharides of Vibrio cholerae. 1.
Physical and chemical characterization. Biochim Biophys Acta, 2003.
1639(2): p. 65-79.

Matson, J.S., et al., Polymyxin B resistance in El Tor Vibrio cholerae requires
lipid acylation catalyzed by MsbB. J Bacteriol, 2010. 192(8): p. 2044-52.

Mukhopadhyay, A.K., Y. Takeda, and G.B. Nair, Cholera Outbreaks in the EIl
Tor Biotype Era and the Impact of the New El Tor Variants, in Cholera
Outbreaks, G.B. Nair and Y. Takeda, Editors. 2014, Springer: New York
Dordrecht London. p. 17-48.

Lim, M.S., et al., Vibrio cholerae EI Tor TcpA crystal structure and
mechanism for pilus-mediated microcolony formation. Mol Microbiol, 2010.
77(3): p. 755-70.

Sun, D.X., et al., Localization of protective epitopes within the pilin subunit of
the Vibrio cholerae toxin-coregulated pilus. Infect Immun, 1991. 59(1): p. 114-
8.

Iwanaga, M. and K. Yamamoto, New medium for the production of cholera
toxin by Vibrio cholerae Ol biotype El Tor. J Clin Microbiol, 1985. 22(3): p.
405-8.

Gupta, S. and R. Chowdhury, Bile affects production of virulence factors and
motility of Vibrio cholerae. Infect Immun, 1997. 65(3): p. 1131-4.

Glass, R.1, et al., Predisposition for cholera of individuals with O blood group.
Possible evolutionary significance. Am J Epidemiol, 1985. 121(6): p. 791-6.
Harris, J.B., et al., Blood group, immunity, and risk of infection with Vibrio
cholerae in an area of endemicity. Infect Immun, 2005. 73(11): p. 7422-7.
Vella, E.E., Cholera. Journal of the Royal Army Medical Corps, 1975. 121(1):
p- 3-22.

Chatterjee, S.N. and K. Chaudhuri, Lipopolysaccharides of Vibrio cholerae II.
Genetics of biosynthesis. Biochimica et biophysica acta, 2004. 1690(2): p. 93-
109.

Reeves, P.R., et al, Bacterial polysaccharide synthesis and gene
nomenclature. Trends Microbiol, 1996. 4(12): p. 495-503.

Stroeher, U.H., K.E. Jedani, and P.A. Manning, Genetic organization of the
regions associated with surface polysaccharide synthesis in Vibrio cholerae
01, 0139 and Vibrio anguillarum O1 and O2: a review. Gene, 1998. 223(1-2):
p- 269-82.

Wang, X. and P.J. Quinn, Lipopolysaccharide: Biosynthetic pathway and
structure modification. Progress in Lipid Research, 2010. 49(2): p. 97-107.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Seed, K.D., et al., Phase variable O antigen biosynthetic genes control
expression of the major protective antigen and bacteriophage receptor in
Vibrio cholerae O1. PLoS Pathog, 2012. 8(9): p. €1002917.

Stroeher, U.H., et al., 4 putative pathway for perosamine biosynthesis is the
first function encoded within the rfb region of Vibrio cholerae OlI. Gene, 1995.
166(1): p. 33-42.

Manning, P.A., et al., Putative O-antigen transport genes within the rfb region
of Vibrio cholerae Ol are homologous to those for capsule transport. Gene,
1995.158(1): p. 1-7.

Morona, R., et al., A putative pathway for biosynthesis of the O-antigen

component, 3-deoxy-L-glycero-tetronic acid, based on the sequence of the
Vibrio cholerae O1 rfb region. Gene, 1995. 166(1): p. 19-31.

Stroeher, U.H., et al., Serotype conversion in Vibrio cholerae O1. Proceedings
of the National Academy of Sciences of the United States of America, 1992.
89(7): p. 2566-70.

Fallarino, A., et al., Identification of additional genes required for O-antigen
biosynthesis in Vibrio cholerae Ol. J Bacteriol, 1997. 179(7): p. 2147-53.
Johnson, J.A., et al., Vibrio cholerae O139 synonym bengal is closely related
to Vibrio cholerae El Tor but has important differences. Infect Immun, 1994.
62(5): p. 2108-10.

Fasano, A., et al., Vibrio cholerae produces a second enterotoxin, which affects
intestinal tight junctions. Proc Natl Acad Sci U S A, 1991. 88(12): p. 5242-6.
Trucksis, M., et al., Accessory cholera enterotoxin (Ace), the third toxin of a
Vibrio cholerae virulence cassette. Proc Natl Acad Sci U S A, 1993. 90(11): p.
5267-71.

Bharati, K. and N.K. Ganguly, Cholera toxin: a paradigm of a multifunctional
protein. Indian J Med Res, 2011. 133: p. 179-87.

De, S.N., Enterotoxicity of bacteria-free culture-filtrate of Vibrio cholerae.
Nature, 1959. 183(4674): p. 1533-4.

Finkelstein, R.A. and J.J. LoSpalluto, Pathogenesis of experimental cholera.
Preparation and isolation of choleragen and choleragenoid. J Exp Med, 1969.
130(1): p. 185-202.

Lonnroth, I. and J. Holmgren, Subunit structure of cholera toxin. J Gen
Microbiol, 1973. 76(2): p. 417-27.

Merritt, E.A., et al., Crystal structure of cholera toxin B-pentamer bound to
receptor GM1 pentasaccharide. Protein Sci, 1994. 3(2): p. 166-75.

Merritt, E.A., et al., The 1.25 A resolution refinement of the cholera toxin B-
pentamer: evidence of peptide backbone strain at the receptor-binding site. ]
Mol Biol, 1998. 282(5): p. 1043-59.

Son, M.S., et al., Characterization of Vibrio cholerae Ol El Tor biotype
variant clinical isolates from Bangladesh and Haiti, including a molecular
genetic analysis of virulence genes. J Clin Microbiol, 2011. 49(11): p. 3739-49.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sandkvist, M., Type II secretion and pathogenesis. Infect Immun, 2001. 69(6):
p. 3523-35.

Sandkvist, M., et al., General secretion pathway (eps) genes required for toxin
secretion and outer membrane biogenesis in Vibrio cholerae. ] Bacteriol,
1997.179(22): p. 6994-7003.

van Heyningen, S., Cholera Toxin: Interaction of Subunits with Ganglioside
GM1. Science, 1974. 183(4125): p. 656-657.

Holmgren, J. and J.B. Kaper, Oral Cholera Vaccines, in New Generation
Vaccines, Levine MM, et al., Editors. 2010, Informa Healthcare USA, Inc.:
New York. p. 506-515.

Faruque, S.M., et al., RSI! element of Vibrio cholerae can propagate
horizontally as a filamentous phage exploiting the morphogenesis genes of
CTXphi. Infect Immun, 2002. 70(1): p. 163-70.

Waldor, M.K., et al., Regulation, replication, and integration functions of the
Vibrio cholerae CTXphi are encoded by region RS2. Mol Microbiol, 1997.
24(5): p. 917-26.

Goldberg, 1. and J.J. Mekalanos, Effect of a recA mutation on cholera toxin
gene amplification and deletion events. ] Bacteriol, 1986. 165(3): p. 723-31.

Pearson, G.D., et al., CTX genetic element encodes a site-specific
recombination system and an intestinal colonization factor. Proc Natl Acad Sci
U S A, 1993.90(8): p. 3750-4.

Lee, S.H., et al., Regulation and temporal expression patterns of Vibrio
cholerae virulence genes during infection. Cell, 1999. 99(6): p. 625-34.
Schuhmacher, D.A. and K.E. Klose, Environmental signals modulate ToxT-
dependent virulence factor expression in Vibrio cholerae. J Bacteriol, 1999.
181(5): p. 1508-14.

Gardel, C.L. and J.J. Mekalanos, Regulation of cholera toxin by temperature,
pH, and osmolarity. Methods Enzymol, 1994. 235: p. 517-26.

Zhu, J., et al., Quorum-sensing regulators control virulence gene expression in
Vibrio cholerae. Proc Natl Acad Sci U S A, 2002. 99(5): p. 3129-34.

Camara, M., et al., Quorum sensing in Vibrio cholerae. Nat Genet, 2002.
32(2): p. 217-8.

Finkelstein, R.A., et al., Vibrio choleraec hemagglutinin/protease, colonial
variation, virulence, and detachment. Infect Immun, 1992. 60(2): p. 472-8.

Fallingborg, J., Intraluminal pH of the human gastrointestinal tract. Dan Med
Bull, 1999. 46(3): p. 183-96.

DiRita, V.J., Co-ordinate expression of virulence genes by ToxR in Vibrio
cholerae. Mol Microbiol, 1992. 6(4): p. 451-8.

Krukonis, E.S. and V.J. DiRita, From motility to virulence: Sensing and

responding to environmental signals in Vibrio cholerae. Curr Opin Microbiol,
2003. 6(2): p. 186-90.

—56-



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Pasetti, M.F. and M.M. Levine, Insights from natural infection-derived
immunity to cholera instruct vaccine efforts. Clin Vaccine Immunol, 2012.
19(11): p. 1707-11.

Harris, J.B., et al., Susceptibility to Vibrio cholerae infection in a cohort of
household contacts of patients with cholera in Bangladesh. PLoS Negl Trop
Dis, 2008. 2(4): p. e221.

Levine, M.M., et al., Duration of infection-derived immunity to cholera. J
Infect Dis, 1981. 143(6): p. 818-20.

Ali, M., et al., Natural cholera infection-derived immunity in an endemic
setting. J Infect Dis, 2011. 204(6): p. 912-8.

Glass, R.I., et al., Seroepidemiological studies of El Tor cholera in
Bangladesh: association of serum antibody levels with protection. J Infect Dis,
1985. 151(2): p. 236-42.

Mosley, W.H., et al., The relationship of vibriocidal antibody titre to
susceptibility to cholera in family contacts of cholera patients. Bull World
Health Organ, 1968. 38(5): p. 777-85.

Mosley, W.H., et al., Report of the 1966-67 cholera vaccine field trial in rural
East Pakistan. 2. Results of the serological surveys in the study population--the
relationship of case rate to antibody titre and an estimate of the inapparent
infection rate with Vibrio cholerae. Bull World Health Organ, 1969. 40(2): p.
187-97.

Jertborn, M., A.M. Svennerholm, and J. Holmgren, Saliva, breast milk, and
serum antibody responses as indirect measures of intestinal immunity after
oral cholera vaccination or natural disease. J Clin Microbiol, 1986. 24(2): p.
203-9.

Svennerholm, A.M., Experimental studies on cholera immunization. 4. The
antibody response to formalinized Vibrio cholerae and purified endotoxin with
special reference to protective capacity. Int Arch Allergy Appl Immunol,
1975. 49(4): p. 434-52.

Bhattacharya, P. and S. Mukerjee, Production of antibodies after live enteral
cholera vaccination. J Infect Dis, 1968. 118(3): p. 271-7.

Patel, S.M., et al., Memory B cell responses to Vibrio cholerae Ol
lipopolysaccharide are associated with protection against infection from
household contacts of patients with cholera in Bangladesh. Clin Vaccine
Immunol, 2012. 19(6): p. 842-8.

Leung, D.T., et al., Memory B cell and other immune responses in children
receiving two doses of an oral killed cholera vaccine compared to responses

following natural cholera infection in Bangladesh. Clin Vaccine Immunol,
2012. 19(5): p. 690-8.

Cash, R.A., et al., Response of man to infection with Vibrio cholerae. II.
Protection from illness afforded by previous disease and vaccine. J Infect Dis,
1974.130(4): p. 325-33.

_57_



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Jayasekera, C.R., et al., Cholera toxin-specific memory B cell responses are
induced in patients with dehydrating diarrhea caused by Vibrio cholerae O1. ]
Infect Dis, 2008. 198(7): p. 1055-61.

Noble, J.E. and P. Fielding, Combined enteric and cholera vaccination by the
intradermal route. J Hyg (Lond), 1965. 63(3): p. 345-55.

Noble, J.E., Intradermal Cholera Vaccination. J Hyg (Lond), 1964. 62: p. 11-
23.

Wright, A.E. and D. Bruce, On Haffkine's Method of Vaccination against
Asiatic Cholera. Br Med J, 1893. 1(1675): p. 227-31.

Klein, E., The Anti-Cholera Vaccination: An Experimental Critique: Read
before the Pathological Society of London. Br Med J, 1893. 1(1682): p. 632-4.

Pounder, D.J., Sudden, unexpected death following typhoid-cholera
vaccination. Forensic Sci Int, 1984. 24(1): p. 95-8.

Svennerholm, A.M., et al., Different secretory immunoglobulin A antibody
responses to cholera vaccination in Swedish and Pakistani women. Infect
Immun, 1980. 30(2): p. 427-30.

Svennerholm, A.M., et al., Boosting of secretory IgA antibody responses in
man by parenteral cholera vaccination. Scand J Immunol, 1977. 6(12): p.
1345-9.

Scientific discussion for the approval of Dukoral, European Medicines Agency.
2005; Available from:

http://www.ema.europa.eu/docs/en_GB/document library/EPAR_-
_Scientific_Discussion/human/000476/WC500037566.pdf.

Sinclair, D., et al., Oral vaccines for preventing cholera (Review). The
Cochrane Library, 2011(9).

Cholera — fact sheet N107. 2012; Cholera — fact sheet N107]. Available from:
http://www.who.int/mediacentre/factsheets/fs107/en/.

Girard, M.P., et al., 4 review of vaccine research and development: human
enteric infections. Vaccine, 2006. 24(15): p. 2732-50.

Lopez-Gigosos, R., et al., Effectiveness in prevention of travellers' diarrhoea
by an oral cholera vaccine WC/rBS. Travel Med Infect Dis, 2007. 5(6): p. 380-
4,

Peltola, H., et al., Prevention of travellers' diarrhoea by oral B-subunit/whole-
cell cholera vaccine. Lancet, 1991. 338(8778): p. 1285-9.

Bhattacharya, S.K., et al., 5 year efficacy of a bivalent killed whole-cell oral
cholera vaccine in Kolkata, India: a -cluster-randomised, double-blind,
placebo-controlled trial. Lancet Infect Dis, 2013. 13(12): p. 1050-6.

Chen, W.H., et al., Safety and immunogenicity of single-dose live oral cholera
vaccine strain CVD 103-HgR, prepared from new master and working cell
banks. Clin Vaccine Immunol, 2014. 21(1): p. 66-73.

Wiedermann, G., et al., Adverse events after oral vaccination against cholera
with CVDI103-HgR. Wien Klin Wochenschr, 1998. 110(10): p. 376-8.

~58-



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Kar, S.K., et al., Mass vaccination with a new, less expensive oral cholera
vaccine using public health infrastructure in India: the Odisha model. PLoS
Negl Trop Dis, 2014. 8(2): p. €2629.

Schaetti, C., et al., Costs of illness due to cholera, costs of immunization and
cost-effectiveness of an oral cholera mass vaccination campaign in Zanzibar.
PLoS Negl Trop Dis, 2012. 6(10): p. ¢1844.

Jeuland, M. and D. Whittington, Cost-benefit comparisons of investments in
improved water supply and cholera vaccination programs. Vaccine, 2009.
27(23): p. 3109-20.

Legros, D., et al., Mass vaccination with a two-dose oral cholera vaccine in a
refugee camp. Bull World Health Organ, 1999. 77(10): p. 837-42.

Jeuland, M., et al., Cost-effectiveness of new-generation oral cholera vaccines:
a multisite analysis. Value Health, 2009. 12(6): p. 899-908.

Dorlencourt, F., et al., Effectiveness of mass vaccination with WC/rBS cholera
vaccine during an epidemic in Adjumani district, Uganda. Bull World Health
Organ, 1999. 77(11): p. 949-50.

Longini, .M., Jr., et al., Controlling endemic cholera with oral vaccines. PLoS
Med, 2007. 4(11): p. €336.

Ali, M., et al., Herd immunity conferred by killed oral cholera vaccines in
Bangladesh: a reanalysis. Lancet, 2005. 366(9479): p. 44-9.

MacPherson, D.W. and M. Tonkin, Cholera vaccination: a decision analysis.
CMAJ, 1992. 146(11): p. 1947-52.

Qadri, F., et al., Peru-15, a live attenuated oral cholera vaccine, is safe and
immunogenic in Bangladeshi toddlers and infants. Vaccine, 2007. 25(2): p.
231-8.

Chowdhury, M.I,, A. Sheikh, and F. Qadri, Development of Peru-15
(CholeraGarde), a live-attenuated oral cholera vaccine: 1991-2009. Expert
Rev Vaccines, 2009. 8(12): p. 1643-52.

Robert, A., et al., Tagging a Vibrio cholerae El Tor candidate vaccine strain
by disruption of its hemagglutinin/protease gene using a novel reporter
enzyme: Clostridium thermocellum endoglucanase A. Vaccine, 1996. 14(16):
p. 1517-22.

Garcia, L., et al., The vaccine candidate Vibrio cholerae 638 is protective
against cholera in healthy volunteers. Infect Immun, 2005. 73(5): p. 3018-24.

Mahalanabis, D., et al., Randomized placebo controlled human volunteer trial
of a live oral cholera vaccine VA1.3 for safety and immune response. Vaccine,
2009. 27(35): p. 4850-6.

Kanungo, S., et al., Safety and immunogenicity of a live oral recombinant
cholera vaccine VAIl.4: a randomized, placebo controlled trial in healthy
adults in a cholera endemic area in Kolkata, India. PLoS One, 2014. 9(7): p.
€99381.



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Tacket, C.O., et al., Initial clinical studies of CVD 112 Vibrio cholerae O139
live oral vaccine: safety and efficacy against experimental challenge. J Infect
Dis, 1995. 172(3): p. 883-6.

Cheng, C., et al., Construction and characterization of a Vibrio cholerae

serogroup 0139 vaccine candidate by genetic engineering. Mol Med Rep,
2014. 9(6): p. 2239-44.

Ravichandran, M., et al., Construction and evaluation of a O139 Vibrio
cholerae vaccine candidate based on a hemA gene mutation. Vaccine, 2006.
24(18): p. 3750-61.

Alam, M.M., et al., Evaluation in mice of a conjugate vaccine for cholera
made from Vibrio cholerae Ol (Ogawa) O-specific polysaccharide. PLoS Negl
Trop Dis, 2014. 8(2): p. €2683.

Xu, P., et al., Simple, direct conjugation of bacterial O-SP-core antigens to
proteins: development of cholera conjugate vaccines. Bioconjug Chem, 2011.
22(10): p. 2179-85.

Tarique, A.A., et al., Transcutaneous immunization with a Vibrio cholerae Ol
Ogawa synthetic hexasaccharide conjugate following oral whole-cell cholera

vaccination boosts vibriocidal responses and induces protective immunity in
mice. Clin Vaccine Immunol, 2012. 19(4): p. 594-602.
Lewis, P.A. and D. Loomis, Allergic Irritability : The Formation of Anti-Sheep

Hemolytic Amboceptor in the Normal and Tuberculous Guinea Pig. J Exp
Med, 1924. 40(4): p. 503-15.

Brunner, R., E. Jensen-Jarolim, and 1. Pali-Scholl, The ABC of clinical and
experimental adjuvants--a brief overview. Immunol Lett, 2010. 128(1): p. 29-
35.

Cox, J.C. and A.R. Coulter, Adjuvants--a classification and review of their
modes of action. Vaccine, 1997. 15(3): p. 248-56.

Lindblad, E.B., Aluminium adjuvants--in retrospect and prospect. Vaccine,
2004. 22(27-28): p. 3658-68.

HogenEsch, H., Mechanisms of stimulation of the immune response by
aluminum adjuvants. Vaccine, 2002. 20 Suppl 3: p. S34-9.

Rimaniol, A.C., et al., Aluminum hydroxide adjuvant induces macrophage
differentiation towards a specialized antigen-presenting cell type. Vaccine,
2004. 22(23-24): p. 3127-35.

Brunner, R., et al., Aluminium per se and in the anti-acid drug sucralfate
promotes sensitization via the oral route. Allergy, 2009. 64(6): p. 890-7.

Isaka, M., et al., Systemic and mucosal immune responses of mice to
aluminium-adsorbed or aluminium-non-adsorbed tetanus toxoid administered
intranasally with recombinant cholera toxin B subunit. Vaccine, 1998. 16(17):
p. 1620-6.

Hansen, B., et al., Relationship between the strength of antigen adsorption to
an aluminum-containing adjuvant and the immune response. Vaccine, 2007.
25(36): p. 6618-24.

—-60-



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Petrovsky, N. and J.C. Aguilar, Vaccine adjuvants: current state and future
trends. Immunol Cell Biol, 2004. 82(5): p. 488-96.

Martyn, C.N., et al., Geographical relation between Alzheimer's disease and
aluminum in drinking water. Lancet, 1989. 1(8629): p. 59-62.

Blanchard, T.G., et al., Recombinant cholera toxin B subunit is not an effective
mucosal adjuvant for oral immunization of mice against Helicobacter felis.
Immunology, 1998. 94(1): p. 22-7.

Elson, C.O. and W. Ealding, Generalized systemic and mucosal immunity in
mice after mucosal stimulation with cholera toxin. J Immunol, 1984. 132(6): p.
2736-41.

Lycke, N. and J. Holmgren, Strong adjuvant properties of cholera toxin on gut
mucosal immune responses to orally presented antigens. Immunology, 1986.
59(2): p. 301-8.

Armstrong, MLE., et al., Proinflammatory responses in the murine brain after
intranasal delivery of cholera toxin: implications for the use of AB toxins as
adjuvants in intranasal vaccines. J Infect Dis, 2005. 192(9): p. 1628-33.

Lewis, D.J., et al., Transient facial nerve paralysis (Bell's palsy) following
intranasal delivery of a genetically detoxified mutant of Escherichia coli heat
labile toxin. PLoS One, 2009. 4(9): p. €6999.

Holmgren, J., 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(20): p. 2457-64.

Dong, X., et al., PlasMapper: a web server for drawing and auto-annotating
plasmid maps. Nucleic Acids Res, 2004. 32(Web Server issue): p. W660-4.

Karlsson, S. and M. Lebens, Preliminary studies of mechanisms leading to the
switch from the Ogawa to the Inaba serotype in Ol Vibrio cholerae, in United
States-Japan Cooperative Medical Science Program 47th Annual Joint Panel
Meeting on Cholera and Other Bacterial Enteric Infections. 2012: Chiba,
Japan.

Liang, W., et al., Sequence polymorphisms of rfbT among the Vibrio cholerae
Ol strains in the Ogawa and Inaba serotype shifis. BMC Microbiol, 2013. 13:
p. 173.

Wilson, B.A., et al., Bacterial pathogenesis : a molecular approach. Vol.
Third Edition. 2011, Washington: ASM Press.

Duan, F. and J.C. March, Engineered bacterial communication prevents Vibrio

cholerae virulence in an infant mouse model. Proc Natl Acad Sci U S A, 2010.
107(25): p. 11260-4.

—61—



	1. Introduction
	1.1. Cholera
	1.1.1. The Disease – symptoms, diagnosis and treatment
	1.1.2. History of cholera
	1.1.3. The father of modern epidemiology

	1.2. Vibrio cholerae and cholera disease
	1.2.1. Mode of action.
	1.2.2. O1 Vibrio cholerae biotypes and serotypes
	1.2.3. Lipopolysaccharides biosynthesis
	1.2.3.1. Lipid A
	1.2.3.2. Core Polysaccharide
	1.2.3.3. O–antigen Polysaccharide
	1.2.3.4. The O139 serogroup
	1.2.4. Vibrio cholerae toxins
	1.2.5. Regulation of virulence

	1.3. Immunity to cholera
	1.4. Vaccines against cholera
	1.4.1. Oral vaccines
	1.4.2. Vaccine considerations
	1.4.3. Future vaccines
	1.4.4. Vaccine Adjuvants

	2. Aims of the thesis
	3. Methodological Considerations
	3.1. Bacteria strains and culture conditions
	3.2. Genetic manipulation and modification
	3.3. Vaccine preparation
	3.4.  Determination of amount of Ogawa antigen on Hikojima strains
	3.5.  Animal models
	3.5.1. Mice
	3.5.2. Rabbits
	3.5.3. Infant mice

	3.6.  Assay for determination of Immune responses
	3.7.  Statistics
	3.8. Predicting phenotype from genotype
	4. Results and Discussion
	5. Concluding Remarks
	6. Populärvetenskaplig sammanfattning
	7. Acknowledgement
	8. References

