O antigen

The outermost, repeating
oligosaccharide portion of LPS,
which makes up the outer
leaflet of the outer membrane
of Gram-negative bacteria.

Cholera toxin

A protein toxin produced by
V. cholerae that triggers fluid
and electrolyte secretion by
intestinal epithelial cells.
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REVIEWS I

Cholera transmission: the host,
pathogen and bacteriophage dynamic

and Andrew Camilli *

Diarrhoeal diseases, including cholera, are the leading
cause of morbidity and the second most common cause
of death among children under 5 years of age globally'.
It is difficult to gauge the exact morbidity and mortality
of cholera because the surveillance systems in many
developing countries are rudimentary, and many coun-
tries are hesitant to report cholera cases to the WHO
because of the potential negative economic impact
of the disease on trade and tourism. Today, the true
burden of cholera is estimated to reach several million
cases per year, predominantly in Asia and Africa®. With
optimal delivery, oral rehydration therapy can lower
case fatality rates from the >20% seen historically** to
<1%’. Much work remains to be done, as 27 countries
reported case fatality rates above the 1% threshold in
2007 (REF. 8).

The causative agent of cholera, the Gram-negative
bacterium Vibrio cholerae, is a facultative pathogen
that has both human and environmental stages in its
life cycle®'®. V. cholerae is differentiated serologically
on the basis of the O antigen of its lipopolysaccharide
(LPS) (FIC. 1). Cholera toxin-producing (toxigenic) strains
of the O1 and O139 serogroups cause the vast majority of
the disease. The O1 serogroup is subdivided into two
phenotypically distinct biotypes, El Tor and classical, the
second of which is associated with earlier pandemics.
Both biotypes can be further subdivided into two sero-
types, Inaba and Ogawa’. In the past 20 years, El Tor has
replaced the classical biotype'!; however, the legacy of
the classical biotype lingers, as El Tor strains harbour-
ing classical cholera toxin have emerged'>**. The 0139
serogroup first appeared in 1992, as a result of a multi-
gene substitution in the O antigen-coding region of a

Eric J. Nelson*, Jason B. Harris*S, J. Glenn Morris Jr', Stephen B. Calderwood?*$

Abstract | Zimbabwe offers the most recent example of the tragedy that befalls a country
and its people when cholera strikes. The 2008-2009 outbreak rapidly spread across every
province and brought rates of mortality similar to those witnessed as a consequence of
cholera infections a hundred years ago. In this Review we highlight the advances that will
help to unravel how interactions between the host, the bacterial pathogen and the lytic
bacteriophage might propel and quench cholera outbreaks in endemic settings and in
emergent epidemic regions such as Zimbabwe.

progenitor O1 El Tor strain'®. Although the O139 sero-
group caused devastating outbreaks in the 1990s, the El
Tor strain remains the dominant strain globally''®!”.

An extensive body of literature describes the patho-
physiology of cholera. In brief, pathogenic strains har-
bour key virulence factors that include cholera toxin'®
and toxin co-regulated pilus (TCP)"*%, a self-binding
pilus that tethers bacterial cells together?', possibly
to resist shearing forces in the host small intestine.
Cholera toxin is a secreted AB_-subunit toxin. The
B subunit pentamer binds monosialotetrahexosyl-
gangliosides on absorptive epithelial cells, triggering
endocytosis of the enzymatic A subunit, whereupon it
ADP ribosylates a subunit of the G protein that controls
adenylyl cyclase activity. Although virulence is multi-
factorial, cholera toxin is the key factor responsible for
the profuse secretory diarrhoea that occurs in infected
individuals. Transmissible elements, such as the
lysogenic bacteriophage that carries the genes for chol-
era toxin* and the SXT element that harbours anti-
biotic resistance genes*, will continue to shape the
evolution of V. cholerae.

The biological and environmental factors that con-
tribute to the dynamics of cholera outbreaks continue
to be the subject of intense study. Several review articles
covering the importance of environmental drivers in
promoting cholera outbreaks have been published*-*.
In this Review, we focus rather on three biological fac-
tors that are thought to have important roles in leading
to and shaping cholera outbreaks: host susceptibility, the
virulence of V. cholerae and lytic bacteriophages. Below,
we discuss this trinity of factors as they pertain to the
dynamic nature of cholera outbreaks.
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Sheathed i
flagellum |

Cytoplasm
Outer membrane

Toxigenic

Describing a strain that
harbours the genes for toxin
production; in the case of

V. cholerae, these are the genes
for cholera toxin.

Serogroup

A group of strains sharing the
same dominant antigen(s); in
the case of V. cholerae, this
is the lipopolysaccharide O
antigen.

Biotype
A group of strains that share
the same genotype.

Lysogenic

Describing a bacterial strain
that harbours a bacteriophage
genome within its genome.

Rice water stool

Secretory diarrhoea that has
the appearance of water that
rice has been cooked in.

Vibriocidal antibody

An antibody that opsonizes

V. cholerae sufficiently enough
to result in bacterial killing by
serum complement
components.
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Figure 1| Phylogenetic relationship of Vibrio cholerae strains. On the basis of the antigenicity of the O antigen
component of the outer membrane lipopolysaccharide, more than 200 serogroups (O1-0200) of Vibrio cholerae exist in
aquatic environments. Only a subset of O1 and O139 serogroup strains are toxigenic (Tox*) and therefore capable of
causing cholera when ingested; such strains are selected for in the host. Other strains are non-toxigenic (Tox") and are
selected against. Different O antigen types are indicated by the colour of the outer membrane and sheathed flagellum
(the periplasmic space and the inner membrane are not shown). Capsules are present in a subset of strains. Different strain
genotypes are indicated by the colour of the cytoplasm; note that Tox* O1 and O139 have essentially the same genotype,

with the exception of the O antigen genes.

The human host

Clinical spectrum of V. cholerae infection. Infection with
V. cholerae produces a clinical spectrum that ranges from
asymptomatic colonization to cholera gravis, the most
severe form of the disease (TABLE 1). Following host inges-
tion of contaminated food or water, V. cholerae colonizes
the small intestine for 12 to 72 hours before symptoms
appear. Cholera often begins with stomach cramps and
vomiting followed by diarrhoea, which may progress to
fluid losses of up to 1 litre per hour?. These losses result
in severe fluid volume depletion and metabolic acidosis,
which may lead to circulatory collapse and death’. Rice
water stool typically harbours between 10" and 10" vibrios
per litre. Symptomatic patients may shed vibrios before
the onset of illness** and will continue to shed organisms
for 1 to 2 weeks**'. Asymptomatic patients typically shed
vibrios in their stool for only 1 day, at approximately 10°
vibrios per gram of stool*2. Therefore, the distribution of
symptomatic patients influences the quantity of V. cholerae
that is shed for subsequent transmission.

The number of symptomatic cases varies by age and by
the endemic nature of the disease. In an endemic setting,
such as the Ganges River Delta, children are more likely
to be hospitalized with severe illness®. Over the past 20
years, the preponderance of severe cases has been shifting
to younger children, with a peak of severe cases at the age
of 2 years*. By contrast, in epidemic patterns of trans-
mission, such as when V. cholerae is introduced into an
immunologically naive population, all age groups seem
equally susceptible to symptomatic infection'*>-,

Asymptomatic cases might also contribute to the
spread of the organism, albeit at much lower levels than
symptomatic patients, and may reflect an important com-
ponent of the acquired immunity that is seen in some
communities. However, asymptomatic cases are often dif-
ficult to document. A fourfold rise in the serum vibriocidal
antibody titre is a useful measure to identify asymptomatic
individuals who may be infected but from whom it is not
possible to isolate the organism. Using a positive rectal-
swab culture or vibriocidal antibody response to define

infection, it was recently found that Bangladeshi children
under the age of 5 years were 2-3 times as likely to become
symptomatic as those over the age of 5 years®. The symp-
tom rate across all age brackets in this study was 57%%.
This parallels the rates of symptomatic infections that
were found in association with classical strains in older
literature®>**-* but is well above the rates reported for
El Tor infections in the 1970s*. Therefore, asymptomatic
cases may still represent roughly half of all cases. Future
research on the immunology of asymptomatic patients will
help to gauge their contribution to protective immunity
at the population level.

Susceptibility to cholera. Host genetic and nutritional fac-
tors affect susceptibility to cholera. The ABH histo-blood
group antigens are a set of cellular and secreted glycolipids
and glycoproteins that are key determinants of host sus-
ceptibility to a number of gastrointestinal pathogens; they
seem to affect host cell receptor specificity for pathogen
and toxin binding. The O phenotype corresponds to an
unmodified H antigen and is associated with a decreased
risk of infection with V. cholerae. However, once the
host is infected the O phenotype is associated with an
increased risk of severe symptoms; the mechanism for
this remains unknown. The prevalence of the O pheno-
type varies among human populations; its low prevalence
in the Ganges River Delta suggests that there is selection
against this phenotype in a cholera-endemic area’>*"*2.
In populations with a high prevalence of blood group O,
such as those in Latin America, the disease is more severe
and requirements for rehydration and hospitalization of
infected individuals are substantially higher**.
Although the H blood group antigen is the only long
recognized genetic factor associated with susceptibility to
cholera, other genetic polymorphisms are likely to have
been selected for or against, given the historically high
mortality rates of cholera. For example, a recent study
associated severe cholera with a variant in LPLUNCI (long
palate, lung and nasal epithelium carcinoma-associated
protein 1)*, a conserved innate immunity protein. The
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Herd immunity

A form of immunity that occurs
when the vaccination of a large
fraction of a community (or
‘herd’) provides protection to
unvaccinated individuals.
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Table 1| Clinical spectrum of Vibrio cholerae infection

Asymptomatic infection Mild infection

Severe infection

Symptoms None Diarrhoea* Vomiting and profuse diarrhoea
Dehydration None None to mild Moderate to severe (hypovolaemic
shock)
Stool Normal Loose or watery Rice water
characteristics
Vibrios per gram Upto 10° Upto 10® 107 to 107 in stool (and vomitus)
of stool
Treatment None Oral rehydration solution ORS, intravenous fluids and
(ORS) antibiotics*
Mortality None None Untreated: up to 50%

Treated: less than 1%

*Mild symptoms of Vibrio cholerae infection are indistinguishable from those of numerous other infectious causes of gastroenteritis.
*Antibiotics shorten the duration of symptoms and lessen the total fluid requirement but are not strictly necessary.

expression of LPLUNCI is upregulated in the small bowel
epithelium during acute cholera and may influence the
course of V. cholerae infection*.

Malnutrition, as measured by stunted linear growth,
does not seem to be a risk factor for V. cholerae infection®.
However, deficiency of retinol (vitamin A), a micronutri-
ent that contributes to mucosal immunity, is a risk factor
associated with both V. cholerae infection and the develop-
ment of symptomatic illness*. Zinc, another micronutri-
ent that contributes to mucosal immunity, can become
depleted during diarrhoeal illness”. Oral zinc reverses this
deficiency in children, resulting in a substantial reduction
in stool volume and time to cessation of diarrhoea*.

Protective immunity. Several studies demonstrate that
clinically apparent V. cholerae infection induces protective
immunity against subsequent infection (BOX 1). Infection
of North American volunteers with the classical and El Tor
biotypes provided 100% and 90% protection, respectively,
from subsequent challenge**%. Similarly, in an endemic
setting it was found that greater than 90% of patients
with severe disease due to infection by the classical bio-
type were protected from future infection, on the basis of
the observed versus expected rates of hospitalization for
a second episode of cholera in that population®; similar
results were found in a separate study*. The mechanism
behind this protective immunity to V. cholerae infection
and disease is not known.

Several correlates of immunity have been identified.
The best characterized serological marker of immunity
is the serum vibriocidal antibody titre. This antibody is
a complement-dependent bactericidal antibody, the titre
of which increases markedly after disease but declines to
baseline after 6-9 months”. In Bangladesh, vibriocidal
antibodies are detectable in most individuals by the age
of 10-15 years and are associated with a decreased risk of
infection. As V. cholerae is a non-invasive pathogen, these
serum antibodies may not contribute directly to protec-
tion at the level of the intestinal mucosa but they may be
useful in estimating the degree of protective immunity at
the population level. Immunoglobulin A antibodies spe-
cific to TCP, LPS or the B subunit of cholera toxin correlate
with protection from subsequent infection and disease®.

Vaccine field trials provide a controlled assessment
of the durability of adaptive immune responses to
V. cholerae. In the largest controlled trial, 62,285 par-
ticipants in Bangladesh were randomized to receive 3
oral doses (6 weeks apart) of a combination of killed
whole cells (EI Tor and classical) plus the B subunit
of cholera toxin (B-WC vaccine), the whole-cell com-
ponent without the B subunit (WC vaccine) or killed
Escherichia coli K12 as a control. At 3 years of follow-
up, the two vaccines (B-WC and WC) had 50% and
52% protective efficacy, respectively®. For children
<5 years of age the efficacy was 23-26% . At 6 months
of follow-up, the B-WC vaccine gave 85% protection®'.
There is debate over whether these data demonstrate an
efficacy that is sufficient for large-scale dissemination.
New vaccine efforts are underway to produce higher
and more durable responses in recipients as well as to
lower production costs in order to overcome both the
immunological and the production hurdles that limit
the feasibility of current cholera vaccines®->°.

The part that herd immunity plays in slowing cholera
transmission has recently become appreciated. Vaccine
efficacy trials randomize individual patients to ensure
that protective efficacy reflects only the direct effect of
the vaccine®. This means that the licensure of vaccines
does not take into account their benefits at the level of the
population. The B-WC vaccine trial discussed above had
coverage rates that ranged from 4% to 65% across differ-
ent regions®”. When the incidence rates of cholera were
compared with the rates of vaccine coverage in specific
regions, it was found that the incidence among placebo
recipients was inversely correlated with the level of vac-
cine coverage™: where coverage was high, even those that
did not receive the vaccine were still one quarter as likely
to get cholera as unvaccinated individuals in areas of low
coverage. When herd immunity is incorporated into sim-
ulation models of vaccine efficacy, a B-WC vaccination
coverage of 50% in endemic areas yields a 93% reduction
in overall cases™. Taken together, these studies argue that
the B-WC vaccine may provide sufficient protection for
large-scale vaccination in endemic regions and that herd
immunity is likely to play an important part in limiting
the transmission of cholera.
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Silent shedders

An infected but asymptomatic
person who is shedding the
pathogen in high enough
amounts to infect others.

IDBO

The dose of a pathogen that
results in infection of
approximately half of the
individuals that were inoculated
or exposed.

Box 1| The human immune response to Vibrio cholerae

Innate response

Cholera is thought to be a prototypical non-inflammatory
infection. There are often no gross changes to the
intestinal mucosa or the architectural integrity of

the small bowel. However, there is upregulation

of pro-inflammatory cytokines (including interleukin-13
and tumour necrosis factor) the expression of diverse
bactericidal proteins and migration of neutrophils to the
lamina propria during acute cholera. Natural variability in
the innate immune response may affect susceptibility,
suggested by the finding that a polymorphism in the
promoter region of the LPLUNCI1 (long palate, lung and
nasal epithelium carcinoma-associated protein 1) gene
is associated with increased risk of cholera.

Adaptive response

— Antibody-secreting cells
— Serum antibody

Intestinal antibody
— Circulating memory
B cell response

Fold increase
o
|

0 T T T T T T
0 7 14 28 56 12 224

Days after infection

How the adaptive immune response to cholera mediates protection against subsequent disease is unknown. As

Vibrio cholerae is non-invasive, it has been suggested that intestinal secretory immunoglobulin A (sIgA) protects against
colonization of the mucosa. Approximately 8 days after the onset of cholera, there is a peak in circulating V. cholerae
antigen-specific lymphocytes that express gut-homing chemokine-receptors (see the figure)!'?. These lymphocytes soon
become undetectable in the blood, as they return to the intestinal mucosa, where they lead to arise in intestinal sigA
secretion. Serum antibody responses such as the vibriocidal antibody response also peak 1-3 weeks after infection.
Although high serum titres of vibriocidal antibody and cholera toxin-specific IgA are correlated with protection against
infection, these antibodies decrease to baseline levels by a year after infection, long before protective immunity to cholera
wanes. Similarly, in V. cholerae-infected volunteers, mucosal slgA levels decrease to baseline levels in months. However,
when volunteers who no longer have detectable antibodies are re-challenged with V. cholerae antigens, they demonstrate
a persistent ability to mount an anamnestic immune response, developing peak intestinal antibody secretion as rapidly

as within three days. Therefore it is possible that the rapidity of the anamnestic response on re-exposure, rather than
preformed antibodies, may mediate protection against cholera. This is supported by recent evidence that cholera induces

amemory B cell response that is detectable for at least 1 year after cholera infection

Transmission from the perspective of the host. Several
groups have generated mathematical models using both
host and pathogen perspectives to help explain and pre-
dict the nature of cholera outbreaks. The goal of most of
these models is to accurately reflect the steep rise and fall
of cholera cases that is seen biannually in regions around
the Bay of Bengal. A model was constructed to incorpo-
rate transmission rates, a factor for seasonal variation
and a calculation for the number of susceptible individu-
als on the basis of varying protective immunity from past
infection®-*'. These ideas were built on by testing the
hypotheses that a high asymptomatic to symptomatic
case ratio is associated with outbreak resolution and that
a short interval of protective immunity (2-12 weeks)
after infection permits the subsequent outbreaks that
are observed in Bangladesh®. The results suggest that
the combination of many asymptomatic cases and short-
lived immunity, rather than silent shedders, produces a
model that best reflects epidemiological data from West
Bengal. The model has limitations: it assumes an asymp-
tomatic to symptomatic case ratio that is much higher
than those observed in recent years and it was tested
using mortality rates that are attributable to clinically
defined cholera from West Bengal between 1891 and
1940 — an era before the discovery of the rotavirus and
enterotoxigenic E. coli, which are confounding factors.
Despite their drawbacks, these models advance our
understanding of the complex dynamics of outbreaks
and show how powerful the host response can be in lim-
iting transmission. New models for cholera transmission

113

should continue to include factors for seasonal variation,
the ratio of asymptomatic to symptomatic cases and
decay rates of protective immunity.

The pathogen
Infectious doses in animal models. Infecting the human
host is a multistage process: V. cholerae must be ingested
at a dose that is sufficient to overcome innate immune
defences, then express virulence factors to colonize the
small intestine and, finally, coordinate an exit from
the host to facilitate transmission® (FIG. 2). Animal mod-
els of cholera are largely measures of the success of the
first two stages®. Using the infant mouse model of infec-
tion, it was shown that V. cholerae that is shed in human
rice water stool are in a hyperinfectious state, exhibiting
an ID_, of 10-100 cells compared with approximately 500
cells for V. cholerae grown in vitro®-%". Hyperinfectivity
has also been documented in Citrobacter rodentium®,
and hyperinfectious V. cholerae can be reproduced with
passage through a mouse model of infection®*. The defi-
nition and phenotype of hyperinfectivity is controversial
because of complications in choosing the most relevant
culture conditions for the growth of the control strain.
The molecular mechanisms that contribute to hyperin-
fectivity in V. cholerae are multifactorial. Microarray stud-
ies have shown that the global transcriptional profile in
hyperinfectious V. cholerae from rice water stool is differ-
ent from that of V. cholerae grown in vitro or upper small
bowel V. cholerae expelled in vomitus®>’*”! (FIC. 3). The
majority of the known virulence genes, including those
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Figure 2 | Life cycle of pathogenic Vibrio cholerae. Toxigenic strains of Vibrio cholerae persist in aquatic environments
alongside non-toxigenic strains, aided by biofilm formation on biological surfaces and use of chitin as a carbon and
nitrogen source. On ingestion of these aquatic-environment-adapted bacteria in contaminated food or water, toxigenic
strains colonize the smallintestine, multiply, secrete cholera toxin and are shed back into the environment by the host in
secretory diarrhoea. The stool-shed pathogens are in a transient hyperinfectious state that serves to amplify the outbreak

through transmission to subsequent hosts.

for cholera toxin and TCP, are downregulated in rice water
stool, but the mechanism for this downregulation remains
unknown. Another unique signature is the downregula-
tion of chemotaxis genes, which is surprising given that
the planktonic vibrios shed by patients are flagellated and
highly motile. It has been shown that this downregula-
tion of chemotaxis is one component of hyperinfectivity,
because motile but non-chemotaxing V. cholerae mutants
are hyperinfectious®®”>”,

The transcriptome of V. cholerae that is passaged
from animals is also unique and has been highlighted by
two recent studies. First, there is a coordinated ‘escape
response’ that allows the organism to detach from the
intestinal villus in preparation for exit from the host;
this is regulated by the stress and stationary phase RNA
polymerase sigma factor RpoS™. Second, during the later
stages of animal infection, V. cholerae upregulates the
expression of genes that are not required for infection
but that are important for survival on passage into the
aquatic environment”. This pre-induction of environ-
mental survival genes late in the infection may prepare
the organism for the harsh selective pressures in pond
water, therefore facilitating transmission®*%. In most of
the studies described above, the bacterial cells that con-
stituted the infectious dose were planktonic cells, not
aggregates. There has been one volunteer study in which
V. cholerae in a rugose form (that is, aggregative and
exopolysaccharide-producing) was administered to vol-
unteers; the infectious dose was similar to that seen with
planktonic forms, and rugose forms were excreted by the
volunteers’. In addition, humans shed V. cholerae in com-
plex, biofilm-like aggregates””””. The ID,  of V. cholerae
shed in aggregates and the part that these aggregates play
in transmission remain to be determined.

Infectious dose in humans. The infectious dose of
V. cholerae in humans varies greatly depending on the
bacterial strain and the host. Doses of 105-10"" cells were
required to produce consistent colonization in healthy
North American volunteers”*!. The infectious dose
drops to 10*-10® when a bicarbonate buffer is used to

neutralize stomach acid shortly before inoculation; this
method yields infection rates of 90%”**'. In the context
of households, food may act as an acid buffer; in vol-
unteer studies, administration of the bacterium as part
of a ‘meal’ of rice, fish, custard and skimmed milk gave
results that are comparable to those seen with concur-
rent administration of bacterium and bicarbonate™. In
an endemic setting, the infectious dose is unknown.
Enumerating V. cholerae in household and environmen-
tal samples is historically difficult, demanding a rapid
response and the use of fluorescence microscopy to
count those bacteria that may have become difficult
to culture®.

The clinical observation that buffering stomach acid
lowers the infectious dose suggests that bacterial genes
involved in acid resistance might contribute to viru-
lence. Signature-tagged mutagenesis (STM) was used to
find a subset of virulence genes that contribute to acid
resistance in vitro®'. Deleting these genes attenuated
V. cholerae in the infant mouse model of infection, con-
firming their role in virulence. Furthermore, exposing
wild-type V. cholerae to acid just before inoculating
the mice produced a large competitive advantage over
non-acid-adapted bacteria®. These data, along with
others, demonstrate that bacteria grown in vitro can be
induced to be more infectious through stress application.
In addition, these findings may have clinical relevance in
areas of the world where reduced stomach acid produc-
tion (achlorhydria) secondary to Helicobacter pylori

infection is prevalent, such as Bangladesh’.

Transmission from the perspective of the pathogen. The
part that hyperinfectivity plays in the rapid spread of chol-
era throughout a population at the onset of an outbreak
remains untested. V. cholerae remains hyperinfectious
for at least 5 hours after passage from patients into the
aquatic environment, suggesting that hyperinfectivity has
a particular role in transmission in areas of high crowding,
where it is likely that another person will come into con-
tact with the organism in a relatively short time frame®”.
One model for cholera transmission suggests that an
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Figure 3 | Vibrio cholerae gene expression patterns at different stages of the life cycle. Oningestion (bottom right
panel), Vibrio cholerae uses motility and mucinases to penetrate the mucus gel and N-acetylglucosamine-binding protein A
(GbpA) and other factors to colonize the small intestine epithelium. Substantial changes in gene expression accompany this
transition from pond to acute infection including, but not limited to, induction of vieA, which encodes a phosphodiesterase
that hydrolyzes the second messenger cyclic di-GMP, and ToxR-regulated genes, including those for cholera toxin and the
self-aggregative toxin-coregulated pilus (TCP). In addition several genes are repressed, such as those for the chitin-binding
mannose-sensitive hemagglutinin pilus (MSHA) and the stress sigma factor RpoS. At a late stage of infection (bottom left
panel), V. cholerae alters its gene expression again in order to detach from the epithelium — the ‘escape response’—and
to prepare for transmission to another host (for example, household spread) or entry into the aquatic environment. The
late-stage changes include induction of genes for c-di-GMP synthesis (diguanylyl cyclases), nutrient-scavenging systems
(such as the ferric uptake regulation (Fur) regulon) and motility (Fla) as well as repression of genes such as those for
chemotaxis (Che) and the ToxR regulon. The resulting ‘motile but non-chemotactic’ state contributes to hyperinfectivity.
If bacteria shed in stool are not ingested by another host in a short period of time, then one of two fates awaits them (top
panel): establishment in the aquatic environment by finding suitable nutrient sources such as chitin, or decay into an
‘active but non-culturable’ state. Upon exposure to chitin, V. cholerae induces several genes involved in adherence to and
catabolism of chitin (the ChiS regulon), as well as those involved in genetic competence (the TfoX regulon). Biofilm
formation on surfaces is mediated by induction of the Vps regulon, which encodes extracellular polysaccharide. During
transition to the active but non-culturable state, large changes in gene expression occur as V. cholerae attempts to adapt
to nutrient-poor conditions. These include induction of phosphate and nitrogen starvation genes (phoB and glnB-1,
respectively) and repression of translation machinery genes.

outbreak begins when either the already infected index
case migrates and contaminates a new area or V. cholerae
consumed from a natural environmental reservoir cre-
ates a new index case in a resident population. In both
scenarios, it is possible that the acceleration of the out-
break results from hyperinfectious V. cholerae spreading
rapidly from person to person, with only a short period
of time spent in the environment. Transmission models
that allow only stochastic ingestion of V. cholerae
from the environment do not predict the steep rises
in case numbers that are observed at the onset of out-
breaks around the world, including those that occur

on a biannual basis in Bangladesh''. However, models
that incorporate hyperinfectivity® better reflect these
steep rises.

Maintenance of transmission through aquatic reservoirs.
Endemic cholera occurs in regions with natural
aquatic reservoirs of toxigenic and non-toxigenic
V. cholerae, where the bacteria can persist either in
a free-living state or in association with phytoplank-
ton*%, zooplantkon®-* or biotic and abiotic detri-
tus®*°. These interactions can be both beneficial
and antagonistic®»2. The associations are generally
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Box 2 | The Bacteriophage Inquiry

In 1915-1917, Twort'** and d’Hérelle'*® independently discovered bacteriophages.
d’Hérelle went on to determine that bacterial infection in animal models could be
attenuated by bacteriophages, and in 1925 patients with bubonic plague improved
after d’Hérelle injected bacteriophages directly into their buboes (swollen lymph
nodes)''®. These discoveries led to the Bacteriophage Inquiry, which had a mandate
to study cholera bacteriophage therapy in India®*®. Their first therapy trial compared
244 untreated patients with cholera with 219 patients with cholera who were treated
with vibriophages; the untreated group had 20% mortality whereas the treated
group had 6.8% (x% p < 0.01). Other studies showed similar results>***!*”. Despite
several limitations specific to the era, the Inquiry had achieved enough success to
scale up their efforts®.

For the years of 1928, 1929 and 1934, totals of 36,000, 130,823 and 871,316
vibriophage doses were prepared and disseminated by the Inquiry staff at the time that
outbreaks began in specific study communities in India**®. Vibriophages were also
disseminated into community drinking water sources for prophylaxis. The death rates
from cholera were compared with control communities for before and after the
interventions. The triennial death rates from cholera fell from 30 to 2 per 10,000 in
regions that were treated with vibriophages''’. Although these studies had multiple
limitations, they do provide the only available data for the efficacy of vibriophage
therapy. Advances in rehydration and antibiotic therapy in the 1930s and 1940s made
bacteriophage trials based on mortality end points unethical and statistically
challenging*®**%,

not accidental. For example, V. cholerae has evolved
mechanisms for attaching to, degrading and using
chitin as a carbon and nitrogen source®*-* (FIG. 3). For
environmental isolates, DNA typing methods based
on the sequencing of hypervariable short sequence
repeat loci have begun to better define the relation-
ship between non-toxigenic and toxigenic V. cholerae.
Two rural regions separated by 80 kilometres in the
Ganges River Delta were found to contain distinct,
diverse strains from environmental and clinical set-
tings®®. The environmental isolates consisted of both
toxigenic and non-toxigenic O1 El Tor and 0139
strains, against a backdrop of non-toxigenic strains
representing many serogroups. By contrast, the clini-
cal isolates were strictly toxigenic O1 El Tor and O139
but of diverse strain types. These results demonstrate
that, in the host, toxigenic strains have a selective
advantage over non-toxigenic environmental strains.
The relationship between environmental and clinical
strains may be different in other areas of the world and
will probably vary as a function of the environment,

sanitation, infrastructure and population density.

Selective pressures in the aquatic environment. Some
bacterial pathogens, including V. cholerae, lose the abil-
ity to be cultured on standard media after transfer from
the host or laboratory into aquatic environments**®’.
This phenotype was traditionally known as the ‘viable
but non-culturable’ (VBNC) state, because the cells
maintain the capacity for basic metabolic processes
such as protein synthesis, respiration and mainte-
nance of membrane integrity despite their inability to
be cultured®. An alternative, more conservative term
that is applied to this state is ‘active but non-culturable’
(ABNC), because it remains unclear whether
bacteria that have lost culturability on standard

media are still alive®.

REVIEWS

V. cholerae may rapidly become ABNC when it leaves
the human host and enters aquatic environments. Studies
with patient- and in vitro-derived V. cholerae that were
dialysed in pond water demonstrated declines of 60%
and 90% in culturability at 5 hours and 24 hours, respec-
tively®®. Microarray analysis demonstrated that there were
rapid and striking transcriptional changes as the bacteria
entered the ABNC state®. These changes included the
induction of genes for phosphate and fixed-nitrogen
scavenging and the repression of protein synthesis and
energy metabolism genes, consistent with the low levels
of carbon sources, phosphate and fixed nitrogen that are
often found in aquatic environments. It remains to be
tested whether the inclusion of particulate matter, which
was filtered out from the pond water in the above study,
will prolong the culturability of V. cholerae. With such
rapid declines in culturability being possible, investiga-
tors have asked whether the majority of V. cholerae cells
infecting humans from the environment are ABNC or
culturable cells. One hypothesis states that if culturable
cells are more infectious than ABNC cells, then the ID_|
calculated by total cell counts would increase as the per-
cent of culturable cells decreases in a population. This
was borne out in recent experiments, suggesting that the
main contributors to human infection are probably cul-
turable V. cholerae cells®®. Future mathematical models
for the transmission of V. cholerae should incorporate the
possibility of a decay rate in culturability.

V. cholerae lytic bacteriophage

Biology of vibriophages. Eighty years ago, it was pro-
posed that bacteriophages might control natural popu-
lations of pathogens®'®. More recent studies in marine
microbiology have revealed the elegant balance between
bacteriophages and their cyanobacterial prey'”. From
a clinical standpoint, bacteriophages could, in prin-
ciple, be used for prophylaxis or to treat infections.
Indeed, ‘phage therapy’ against cholera and other dis-
eases has been documented (BOX 2). There are at least
200 bacteriophage species that infect V. cholerae, known
as vibriophages'®>!®®. The filamentous, lysogenic CTX®
vibriophage is one of the best characterized because it
carries the genes that encode cholera toxin®. The first
tailed vibriophage genome to be sequenced was that of
k139; this vibriophage can be both lysogenic and lytic.
The main mechanism by which V. cholerae O1 becomes
resistant to k139 and many other vibriophages is muta-
tion of the rfb gene cluster that encodes the enzymes for
the synthesis of LPS'*. In the absence of the LPS O anti-
gen receptor the vibriophage cannot bind or infect the
bacterial cell. All rfb-null mutants of V. cholerae O1 that
have been tested to date are attenuated*>*"'®,

Vibriophages in the environment. It was discovered in
the 1930s that cholera cases were positively correlated
with the isolation of vibriophages in the aquatic environ-
ment'®. In modern times, a delayed positive concord-
ance between a rise in the number of cholera cases and a
subsequent rise of vibriophages in the environment has
been described'”. A model developed by Jensen et al.
predicts that if an outbreak is initiated by an increase in
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Figure 4| A combined model for the transmission

of cholera from the perspective of the host and
microorganisms. The total population (H) feeds the
pool of susceptible hosts (S) that become infectious (1)
after consuming Vibrio cholerae from an environmental
source, with or without lytic bacteriophages (®). Infected
individuals are symptomatic (Isymp) or asymptomatic (Iasymp)
and recover (R) through the actions of their immune
systems and possibly those of lytic bacteriophages, or
succumb to the infection (m). Recovered individuals will
re-enter the susceptible pool at varying rates (//)
depending on the degree of protective immunity. Lytic
phages and hyperinfectious V. cholerae (VC ) are shed by
the symptomatic host in varying concentrations;
asymptomatic hosts shed far fewer bacteria (dashed line).
VC,, cellsrapidly passage to the next host, persist in the
environment as culturable cells with unknown infectivity
(VCC) or decay into an ‘active but non-culturable’ state
(VC 5 ) with reduced infectivity. All three cell types plus
aggregate bacteria (not shown) probably have mixed
roles as environmental reservoirs for future outbreaks.

V. cholerae in the environment, vibriophages will sub-
sequently increase in density, ultimately promoting a
decline in the outbreak'®. At the International Centre for
Diarrhoeal Disease Research, Bangladesh (ICDDRB), an
increase in cholera cases was associated with a concord-
ant but delayed rise in the proportion of cholera patients
with vibriophages in their stools'®”. The vibriophages
identified in this study were lytic vibriophages (JSF4),
although multiple types of vibriophage can be isolated
from patients'”. The titres of vibriophages in rice water
stool ranged from 10” to 10® plaque forming units per
millilitre, which is consistent with other publications®>’.
Despite the presence of the lytic vibriophages, the stools
were all positive for V. cholerae, and V. cholerae typically
outnumbered vibriophages by at least one order of mag-
nitude. Subsequent studies have shown that most bacte-
rial isolates from the stools were still susceptible to the
vibriophages®®. It is not yet clear why vibriophages in
the human intestine fail to clear V. cholerae infection, but
this ‘failure’ may play an important part in propagating
the clonal expansion of phages during outbreaks'®.

Transmission from the perspective of the vibriophage.
Modern experiments have begun to test the hypothesis
that phages can attenuate bacterial transmission. For
example, motility assays using dark-field microscopy
were used to rapidly screen rice water stools for vibri-
ophages; stools that were dark-field negative (contain-
ing no motile vibrios) were more likely to contain lytic
vibriophages and to have low culturable-cell counts but

similar total cell counts”™. By this indirect measure for
phages, it was found that at least half of the patients
with cholera that were seen over a 5-year period at
the ICDDRB harboured vibriophages, and household
contacts of a vibriophage-positive index case were less
likely to be infected with V. cholerae than individu-
als who were in contact with a patient who was not
phage positive”. These results are consistent with the
finding that there is a tenfold drop in the infectious
dose of V. cholerae when the stool of the host harbours
vibriophages®.

V. cholerae typically outnumbers lytic bacteri-
ophages immediately after passage from the host®".
In laboratory experiments using human-shed rice
water stools, bacteriophages have an initial burst in
replication during the first few hours in the aquatic
environment and can reach a bacteriophage to bac-
terium ratio of approximately 1 to 1 by 24 hours®*’.
Although hyperinfectivity can be maintained for
several hours after passage from the host®”, the loss
of culturability (discussed above) and the bloom of
bacteriophages in the aquatic environment probably
combine to block transmission®. Control experiments
with in vitro-derived V. cholerae and bacteriophages
confirm that bacteriophages can limit the burden of
infection®®. However, bacteriophages are never able
to block infection completely, because mutants of
V. cholerae that lack mature LPS escape predation and
colonize mice, albeit at reduced numbers. As men-
tioned, LPS mutants are attenuated and may be lost in
the natural life cycle of V. cholerae®>"1%.

In summary, the dynamic interaction between bac-
teriophage and bacterium in pond water suggests that
a model of cholera transmission should incorporate a
measure for the rapid decay of bacterial culturability
and the predation by bacteriophages. In a closed experi-
mental system, transmission of V. cholerae may be mini-
mized when these two factors combine in the aquatic
environment. Therefore, there is likely to be a fitness
advantage for V. cholerae that makes a rapid transfer to
the next host, when culturability is still high and the con-
centration of bacteriophages is still low. In this Review,
several models have been referenced that offer differ-
ent explanations for the rise and fall of outbreaks, from
the perspective of the host (clinical spectrum and herd
immunity), the bacterium (hyperinfectivity) and the
bacteriophage (predation). We have incorporated sev-
eral of the published models into one working diagram
to provoke thought on how these factors may interact
in the natural environment (FIC. 4). Having a better
sense of how the integrated model functions may reveal
opportunities for public health interventions.

Concluding remarks

A transmission model that accurately predicts the magni-
tude of an emerging outbreak would provide public health
authorities with useful information to appropriately scale
their responses. Interventions that target vital steps in
transmission might be effective for the prevention of
outbreaks. Host immunity, pathogen hyperinfectivity and
phages are all factors that can be leveraged for outbreak
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20.

control. For example, centralized waste management cen-
tres often fail in resource-poor settings. As symptomatic
patients shed more V. cholerae, and the V. cholerae in rice
water stool is hyperinfectious, cholera outbreaks may best
be stopped at the source, by reducing human exposure
to freshly passed, hyperinfectious stool. In other words,
while maintaining centralized management, decentral-
ized efforts for directed waste management at the unit
of the household should be encouraged and tested. This
concept highlights the crucial importance of already
proven but simple household-based interventions, such
as the use of narrow-mouthed jugs, chlorination of stored
water and hand washing, for disease prevention'®'!!.
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