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Abstract

Cholera infections caused by the gamma-proteobacterium Vibrio cholerae
have ravaged human populations for centuries, and cholera pandemics
have afflicted every corner of the globe. Fortunately, interventions such as
oral rehydration therapy, antibiotics/antimicrobials, and vaccines have
saved countless people afflicted with cholera, and new interventions such
as probiotics and phage therapy are being developed as promising
approaches to treat even more cholera infections. Although current
therapies are mostly effective and can reduce disease transmission,
cholera outbreaks remain deadly, as was seen during recent outbreaks in
Haiti, Ethiopia, and Yemen. This is due to significant underlying political and
socioeconomic complications, including shortages of vaccines and clean
food and water and a lack of health surveillance. In this review, we highlight
the strengths and weaknesses of current cholera therapies, discuss
emerging technologies, and argue that a multi-pronged, flexible approach is
needed to continue to reduce the worldwide burden of cholera.
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Introduction

For centuries, cholera has wreaked havoc on developing
countries with poor infrastructure, sanitation, and access to
clean drinking water. Cholera also flourishes when normal
societal function is disrupted, such as during natural disasters
like the 2010 earthquake in Haiti' or the current refugee crisis
in Yemen’. Vibrio cholerae, the etiological agent of cholera, is a
Gram-negative, rod-shaped pathogen that can cycle between
two distinct environments—persistence in brackish-water ponds
and infection of the human gut—and it transmits from the
environmental reservoirs to the human host via contami-
nated food or water. V. cholerae is highly sensitive to the
low pH of the stomach and thus the infectious dose for this
bacterium is high at greater than 10® organisms’. Those cells
that survive the stomach acid eventually colonize the intestinal
tract. The toxin co-regulated pilus (TCP) aids in coloniza-
tion by promoting bacterial microcolony formation. V. cholerae
then secretes cholera toxin (CT), which disrupts normal ion
transport of the gut epithelium, inducing the massive water
efflux into the intestine which leads to debilitating diarrhea
and vomiting*. Transitioning between biofilm formation and
motility during infection is also a key component of V. cholerae
colonization’.

Out of more than 200 serogroups of V. cholerae, only the
serogroups Ol and O139 have been the causative agent of
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current epidemics, and O1 V. cholerae is the major infectious
agent’. Overall, owing to a lack of TCP or CT, non-Ol/non-
0139 biotypes do not cause cholera, but there are cases where
they do instigate diarrheal symptoms®. The O1 and O139 strains
are prevalent in several endemic regions, including Yemen,
parts of Africa, Southeast Asia, and Haiti*'~">. Serogroups are
subclassified into two major biotypes. The first six pandemics
of V. cholerae from the years 1817 to 1921 were caused
by the classical biotype, whereas the seventh and current
pandemic that started in 1961 was caused by the El Tor
biotype'’. Virtually all modern-day cholera is caused by El Tor,
and environmental sampling identifies only El Tor, suggesting
that classical biotypes are no longer prevalent. The El Tor
biotype can be grouped into the serotypes Ogawa and Inaba,
which are the most prevalent serotypes that are causing the
pandemics>'*"", and these are used in contemporary vaccines
like Shanchol and Euvichol®. Even with modern-day
treatments, it is estimated that there are over 3 million cases of
cholera with more than 100,000 deaths annually'®"'*. The World
Health Organization (WHO) public database of annual epidemic
cholera cases provides outbreak updates and a summary of

worldwide infections'.

The objective of this review is to describe the current strategies
of oral rehydration therapy (ORT), antibiotics, and vaccination
which are used to treat and prevent cholera. (See Figure 1 for

Oral Rehydration Therapy

Strengths:

e Safe

e Effective

¢ Ease of use

Weaknesses:

* Not accessible to everyone
* Need improved composition

Vaccine Cholera-Infected Antibiotics/Antimicrobials
) . Strengths:
Strengths: Patients . Effective

* Preventive measurements
¢ Herd immunity
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¢ Multiple doses to be effective
¢ Cold-chain distribution

Multiple options for different

.
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‘ ¢ Ease of use
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Probiotics
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% ¢ Prophylactic treatment
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* *  Require more clinical trials
5
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Phage Therapy

Strengths:

* Limited effect on the host

*  Kill antibiotic-resistant bacteria
*  Limit person-to-person spread

Weaknesses:

*  Require more clinical trials

*  Host adaptive immunity

*  Host specificity limits mass production

Figure 1. The five strategies to treat cholera. This diagram summarizes the strengths and weaknesses of five different cholera treatments
discussed in this review. By considering the strengths and weaknesses of the current therapies and leveraging the diversity of resources
and new technologies, a multi-pronged approach could well improve the chances of success in combating cholera infections worldwide and
potentially establish cost-effective, pre-emptive solutions more quickly than conventional methods of treatment.

Page 2 of 8



an overview.) We also highlight novel emerging approaches
to treat and prevent cholera—such as probiotic treatment and
phage therapy—that have shown success in laboratory conditions
but are not yet used in human populations. Because cholera
outbreaks often are linked to poor infrastructure, lack of
access to clean water, or societal disruptions, our view is that a
multi-pronged, flexible strategy is needed to combat these
infections, and each of these treatment strategies can meet a
specific need to reduce the burden of cholera (Figure 1).

Oral rehydration therapy

ORT has a long and interesting history in the field of medicine
as a therapeutic to treat acute diarrheal infection. Based on prior
knowledge that glucose was essential to facilitate absorption of
water from the gut"”’, the idea of ORT was first attempted in 1964,
when US Navy Capt. Robert Phillips used oral glucose saline to
successfully treat cholera in two patients in the Philippines’'.
ORT has since become the most widely used quintessential
cholera treatment. Prior to ORT, cholera infections had a
mortality rate of more than 50%. However, ORT has treated
infection in millions of individuals and saved millions of lives
by replacing lost fluids and electrolytes during infection’”.
This treatment strategy relies on the fact that cholera is a self-
limiting infection. Thus, if the patient can survive the massive
fluid loss elicited by CT, the infection ultimately will resolve
within a few days. ORT has reduced the mortality rate of
cholera by more than 97%, and more than 99% of patients on
ORT survive V. cholerae infections'*””. Because V. cholerae
infections cause the intestinal epithelial cells to lose copious
amounts of essential electrolytes, conventional ORT prescribed
by the WHO contains several vital ions (sodium, chloride, and
potassium) and a carbon source (glucose).

Though effective, the constituents of ORT have been studied
and modified since its inception. Glucose, one of the com-
ponents of ORT, can increase the production of CT, the main
cause of the severe symptoms associated with the disease’.
Kiihn et al. established that a rice- or starch-based ORT would
circumvent this dilemma’. Glucose stimulates Na* absorption
faster than rice starch in the small intestine, so it was possible
that a glucose-based ORT would be shorter and more cost-
effective. However, even with the slower Na* absorption rate, the
rice-based ORT reduced stool volumes by 36% compared with
glucose ORT*. Recently, the rice-based ORT was successfully
field-tested to treat cholera in Haiti’. Concomitantly, starch-
based ORT is resistant to metabolic degradation in the small
intestine, persisting longer than glucose’”, and it does not
significantly induce CT production’. A starch-based ORT has
the additional benefit of stimulating the synthesis of short-chain
fatty acids (SCFAs) that can lessen the occurrences of diarrhea
by activating the retention of ions by colonic epithelial cells.
These SCFAs are produced from starch through fermentation
of carbohydrates which are not rapidly absorbed or degraded in
the small intestine by the colonic microbiome”. Moreover,
since glucose increases ion absorption in the small intestine,
these two additives could have a synergistic effect at lessening
cholera symptoms®. Though not yet endorsed by the WHO,
these alternative carbon-based ORTSs exhibit potential benefits to
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treat cholera and could supplant glucose-based ORT as the major
treatment for cholera.

Although modifying the ORT ingredients to achieve optimal
Na* and water absorption in the intestines reduces symptoms,
there remain cases where ORT could not keep the cholera
symptoms in check. For instance, severe dehydration requires
intravenous rehydration. Because ORT is not 100% effective,
concurrent treatments such as antibiotics/antimicrobials™ >
and vaccination’ may be necessary to sustain the reductions in
cholera symptoms, as will be discussed in the next two sections.

Antibiotics/Antimicrobials

The objective of antibiotics to treat cholera infections is to
reduce both (1) the time and severity of the illness and (2) the
transmission to other individuals. Acute infection with severe
dehydration is treated with ORT and antibiotics to produce
synergistic efficacy'’~'>'. Effective antibiotics to treat cholera
are doxycycline, azithromycin, and tetracycline. Administration
of multiple doses of 12.5 mg tetracycline for 3 days can
reduce the duration of symptoms in adults from 4 to 2 days
and average stool volume from 21 L to 8 L*. A single dose of
doxycycline (300 mg for adults and 6 mg for children) is as
effective as multiple doses of tetracycline®”. On the other
hand, an analysis of significantly more trials with indirect
comparisons of tetracycline to doxycycline found that patients
who received tetracycline had a shorter duration of diarrhea
(by 1 day) while the stool volume reduction was significantly
higher'’. Likewise, a single dose of 20 mg azithromycin can
stop diarrheal symptoms in less than 48 hours—?24 hours earlier
than with ciprofloxacin”—and decrease vomiting frequency
while allowing passage of an average of 36 stools with volumes
averaging about 5 L**. Azithromycin is recommended for
pregnant women and young children whereas tetracycline is
suitable for adults. They are both more advantageous than
ciprofloxacin and erythromycin"'"-'%.

One drawback to antibiotic therapy is that V. cholerae O1 and
0139 strains have developed resistance to most of the antibi-
otics that are used. For example, ciprofloxacin, a type of fluo-
roquinolone that was commonly used in the early 1990s because
of its long half-life and high in vifro activity, was ineffective in
multiple countries with a high burden of cholera infection, such
as Haiti and Bangladesh’*”’. This is because Ol and O139 are
also resistant to nalidixic acid, which has a mechanism similar
to that of ciprofloxacin, and this mechanism confers cross-
resistance to ciprofloxacin®*’. Strains resistant to tetracycline
were isolated in several developing countries like Bangladesh,
India, Thailand, and Northern Vietnam”'*>, and based on
sequencing analysis, the resistance to tetracycline is plasmid-
mediated, suggesting that it could continue to rapidly spread
in V. cholerae populations®-’. To avoid the development of resist-
ance to these agents, Khan er al. recommended taking these
medications only when the resistant strains are not prevalent’.
Furthermore, V. cholerae is evolving new genetic mechanisms
to confer resistance to these drugs. Models that predict the
emergence of new pandemic strains in heavy-burden, developing
countries may be useful for planning future antibiotic treatment
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strategies, including proper drug allocation, and for elucidating the
epidemiology of drug-resistant outbreak strains'’.

Although these classes of antibiotics can achieve positive
therapeutic effects, it is important to consider the adverse side
effects of these treatments. Hypersensitivity reactions are the
most common life-threatening side effect of antibiotic treatment
of cholera, whereas the irregular cardiac rhythm condition is
common only in ciprofloxacin and azithromycin®. ORT and
antibiotic therapy function to treat cholera infections but do not
prevent patients from acquiring cholera. Therefore, the next
intervention that we will discuss that has the potential to limit
cholera infections in susceptible populations is vaccines.

Vaccines

The WHO advocates the use of oral cholera vaccines (OCVs),
including both live-attenuated and inactivated oral whole cell
(WC) vaccines, in endemic areas or during outbreaks as a
transient protection since they have been shown to be effec-
tive in combination with other correlative treatments, including
antibiotics, ORT, and health management'’**. OCVs princi-
pally stimulate mucosal immunity mediated by antibodies,
particularly IgA, against the pathogen. These antibodies are
directed against antigens such as Ol-specific polysaccha-
ride and CT”. Although IgA has limited systemic circulation
(~6 months), the memory B cells that are responsible for
preventing cholera infection persist and can quickly expand and
differentiate into plasmablasts and eventually the plasma cells,
which can reseed protective antibodies upon antigen-contact
activation’®. Moreover, OCVs could provide herd immunity to
unvaccinated adults, but the effect in unvaccinated children
requires further study”.

One widely used WC strain vaccine is Dukoral (CTB-WC),
which contains inactivated/dead V. cholerae O1 (El Tor and
classical biotypes) with the addition of recombinant B subunits
of CT (CTB)'»!%3! The effectiveness of Dukoral is between
55% and 88%'’, and it is intended for travelers but—owing
to its short period of usability, high cost, and its requirements
for cold-chain circulation—not for populations in endemic
regions””. Dukoral can provide protection from infection for
2 years in vaccinated individuals above the age of 5, but it is
effective for only 6 months between the ages of 2 and 5 and
requires at least two doses to be effective'®. Unlike Dukoral,
Shanchol and Euvichol are WC vaccines composed of inac-
tivated O1 Inaba, O1 Ogawa, and O139 strains, but these
vaccines do not contain CTB'®*. The efficacy of Shanchol is
about 65% protection based on a 5-year study'’. In clinical
studies in the Philippines, Euvichol was effective in adults and
children'®*>. Shanchol and Euvichol are intended for all patients
who are at least 1 year old but not for pregnant women'®'®.
Furthermore, there are two variations of Euvichol (with or
without the preservative thimerosal), both of which show no
significant difference in protection””. These WHO prequalified
inactivated vaccines can provide protection against cholera
for at least 3 years and are not available in the US".

Aside from the inactivated V. cholerae vaccines, the oral
live-attenuated vaccine Vaxchora (CVD 103-HgR) is a US Food
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and Drug Administration—approved, single-dose vaccine that
protects against either the Inaba or Ogawa serotype and con-
tains CTB from both classical and El Tor biotype™*. Owing
to the robust, rapid cell-mediated protection of Vaxchora, its
efficacy against cholera is estimated to be around 90% post-
vaccination and 80% 3 months post-vaccination in travel-
ers to high-risk cholera areas™"*. The next steps for Vaxchora
development are to evaluate its safety and effectiveness in
cholera-endemic populations and to optimize the preparation
of the vaccine since it relies on cold-chain shipping and water
mixing, which are problematic for distribution in some endemic or
disrupted regions™.

Several alternative forms of vaccines are being developed and
these include a combined outer membrane vesicle (OMV)
vaccine against V. cholerae and Escherichia coli that has been
shown to induce a strong immunogenic response'”’, a genetically
manipulated form of live V. cholerae without the diarrhea-
genic factors to mediate probiotic-like protection from cholera™,
and antimicrobial glycoconjugates, particularly the lipopoly-
saccharide epitopes across different serotypes (Ogawa and
Inaba)®”. These alternative forms of vaccines are not yet in
clinical trials.

Effectively using vaccines to prevent or curtail cholera outbreaks
relies heavily on epidemiological research as different endemic
regions need distinguishing vaccines to target the divergent
circulating strains. Moreover, ideal cholera vaccines will not be
dependent on cold-chain shipping. In addition to these three
treatments, which are currently used, new approaches to prevent
or treat cholera infections are emerging.

Probiotics

An emerging concept in microbiology is the ability of the host
microbiome to prevent or limit infections. A relatively new
concept for V. cholerae, this idea is beginning to be explored
as a treatment or prevention for cholera infections. Owing to
the excessive fluid accumulation, V. cholerae elicits severe
disruption to the gut microbiome during infection such that
the majority of bacteria found in the characteristic rice-water
stools are V. cholerae®. Furthermore, the type VI secretion
system of V. cholerae can deliver effector toxins to the gut
microbiome or modulate host cells themselves, both of which
alter the gut microbiota to facilitate colonization’*. For these
reasons, restoration of the gut microbiome or prevention of
colonization through probiotic treatment is a promising new
approach to treat cholera infections.

Several bacterial species have been shown to dispel or suppress
cholera infections. Ruminococcus obeum increases in its
relative abundance after V. cholerae infection of mice and
restricts V. cholerae colonization by disrupting its quorum-
sensing system®. Interestingly, R. obeum is one of the species
in the human gut microbiome whose abundance positively
correlates with recovery from cholera®. Co-culture of V. cholerae
with Lactobacillus rhamnosus GG or Bifidobacterium longum
46 decreases CT production in vitro”. One study engineered a
probiotic strain of Lactococcus lactis that increases the produc-
tion of lactic acid upon detecting the quorum-sensing signals
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of V. cholerae, thus decreasing the pH of the surrounding
medium to reduce V. cholerae during co-culture’’. Another
experiment engineered an E. coli strain to mimic the CT binding
ganglioside on its surface and this strain reduced the symp-
toms of a V. cholerae infection by decreasing the free CT*. The
culture supernatant of a fecal Lactobacilli strain was exploited
to disturb a V. cholerae biofilm by increasing the pH to
potentially reduce stress in the gut”. Lastly, E. coli was
demonstrated to decrease the colonization of V. cholerae when
co-cultured with glucose in a zebrafish infection model by
lowering the pH*. This finding is intriguing as it suggests a
possible synergistic effect between probiotics and glucose-based
ORT™.

Probiotics often are taken with antibiotics and various other
drugs, including anti-inflammatory adjuvants, but the adverse
side effect of the drugs on the probiotics warrants further
testing”. Nevertheless, probiotics that reduce cholera may limit
antibiotic-resistant V. cholerae strains by reducing the quantity
of antibiotics used**”. Moreover, probiotics could serve as a
better treatment in regions where cold-chain vaccine preparation

is not feasible and clean water supply is not available®.

Phage therapy

Another novel treatment for cholera involves the therapeu-
tic use of lytic bacteriophages. Phage therapy has been used for
decades in Eastern Europe and Russia and, with the emergence
of antibiotic-resistant bacteria, has been developed and used
to treat infections caused by Pseudomonas, Salmonella, and
Staphylococcus®. Phage therapy has many advantages over
antibiotics. For example, phages are able to kill antibiotic-
resistant bacteria, the amount of phages increases proportion-
ally to the number of infecting bacteria, and the phages exert a
minimal impact on the resident microbiome®. This treatment
strategy is inspired by the natural life cycle of V. cholerae in
which blooms of the bacteria during outbreaks are followed by
the expansion of lytic bacteriophages, primarily ICP1, ICP2,
and ICP3, which ultimately reduce the population of viable
bacteria’**’.

A study in an infant mouse model has shown that a cocktail of
the three ICP virulent bacteriophages could effectively reduce
the V. cholerae load after challenge in a dose-dependent manner
because of the phage’s fast replication and ability to kill
the bacteria®. Although it shows promising results in animal
models, phage therapy for cholera requires more optimization
for its effectiveness and timing to be advanced to clinical
trials”®. Phage therapy could also be used to limit person-to-
person spread as even small numbers of these lytic phages could
rapidly expand during V. cholerae infections.

Although phage therapy has many promising characteris-
tics, it also has potential drawbacks. During phage therapy, the
host’s adaptive immune system can generate phage-neutralizing
antibodies that could inhibit their ability to lyse the targeted
bacteria in vivo or prevent subsequent treatments”. As with
antibiotics, V. cholerae will evolve resistance to phage infection
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and thus the most likely application of phages would require a
lytic phage cocktail that would necessitate multiple independent
mutations for resistance. Because of the intricate connection
between V. cholerae and lytic phages, this bacterium encodes
molecular defense mechanisms to limit phage infection®.
Owing to host specificity, which has a significant impact
on treatment development and testing, mass production and
distribution of phage therapy, are not yet practical. Before
phage therapy is validated as a cholera therapeutic, there must
be an assessment of the immunological response to phages and
efficacy during cholera outbreaks.

Conclusions

The biggest challenges to treat V. cholerae are the inherent
complications in endemic or disrupted regions, including
economics, natural disasters, wars, national security, and poor
infrastructure. Because of these challenges, a multi-pronged
approach that is flexible to the specific demands of a current
outbreak is needed to treat cholera. ORT has been and will
continue to be a front-line defense to save patients already
infected with V. cholerae because it is cost-effective and easy
to use and combining antibiotics with ORT clearly reduces the
severity of disease. Additionally, the WHO has prequalified
Dukoral, Shanchol, and Euvichol as current cholera vaccines,
although there is a worldwide deficiency of these vaccines’.
Increasing the availability of these vaccines could have a
significant impact in reducing infections during an outbreak.
Whether probiotics or phage therapy can work synergistically
with ORT, antibiotics, or vaccines to treat or—preferably—to
prevent cholera infections remains to be tested in the field.
Another approach to control cholera is the development
of anti-virulence compounds that inhibit the expression of
virulence factors, thereby protecting the host from colonization
by V. cholerae. Such compounds include virstatin’', a conjugated
form of linoleic acid®, and synthetic compounds that resemble
folded fatty acids™. Further development of these anti-virulence
therapeutics requires testing these compounds during human
infections and assessing their practicality to treat cholera
outbreaks. Ultimately, health surveillance plays a critical role
in preventing outbreaks by directing proactive countermeasures
during emergencies. A global commitment to reduce pandemic
cholera requires devising better methods to quickly identify
outbreak strains, recognizing the best treatment option for the
given strain, and developing new therapies that are not depend-
ent on cold-chain systems or clean water. The combination of
current treatments with new therapies has significant potential
to further combat the centuries-old human scourge of cholera.

Grant information

This work was supported by National Institutes of Health grants
GM109259 and AI130554 and National Science Foundation grant
MCB1714612 to CMW.

The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Page 5 of 8



References

F1000Research 2019, 8(F1000 Faculty Rev):589 Last updated: 17 JUL 2019

F1000 recommended

20.

21.

22.

23.

Orata FD, Keim PS, Boucher Y: The 2010 cholera outbreak in Haiti: how science
solved a controversy. PLoS Pathog. 2014; 10(4): e1003967.
PubMed Abstract | Publisher Full Text | Free Full Text

Rabaan AA: Cholera: an overview with reference to the Yemen epidemic.
Front Med. 2019; 13(2): 213-228.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Nelson EJ, Harris JB, Morris JG Jr, et al.: Cholera transmission: the host,
pathogen and bacteriophage dynamic. Nat Rev Microbiol. 2009; 7(10): 693-702.
PubMed Abstract | Publisher Full Text | Free Full Text

Somboonwit C, Menezes LJ, Holt DA, et al.: Current views and challenges on
clinical cholera. Bioinformation. 2017; 13(12): 405-409.
PubMed Abstract | Publisher Full Text | Free Full Text

Silva AJ, Benitez JA: Vibrio cholerae Biofilms and Cholera Pathogenesis. PLoS
Negl Trop Dis. 2016; 10(2): e0004330.

PubMed Abstract | Publisher Full Text | Free Full Text

Hasan NA, Rezayat T, Blatz PJ, et al.: Nontoxigenic Vibrio cholerae non-0O1/
0139 isolate from a case of human gastroenteritis in the U.S. Gulf Coast. J Clin
Microbiol. 2015; 53(1): 9-14.

PubMed Abstract | Publisher Full Text | Free Full Text

Kuhn J, Finger F, Bertuzzo E, et al.: Glucose- but not rice-based oral rehydration
therapy enhances the production of virulence determinants in the human
pathogen Vibrio cholerae. PLoS Negl Trop Dis. 2014; 8(12): e3347.

PubMed Abstract | Publisher Full Text | Free Full Text

Balakrishnan VS: Cholera in Yemen. Lancet Infect Dis. 2017; 17(7): 700-701.
PubMed Abstract | Publisher Full Text

Kirigia JM, Sambo LG, Yokouide A, et al.: Economic burden of cholera in the
WHO African region. BMC Int Health Hum Rights. 2009; 9: 8.

PubMed Abstract | Publisher Full Text | Free Full Text

Hossain ZZ, Leekitcharoenphon P, Dalsgaard A, et al.: Comparative
genomics of Vibrio cholerae O1 isolated from cholera patients in Bangladesh.
Lett Appl Microbiol. 2018; 67(4): 329-336.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Khan Al, Levin A, Chao DL, et al.: The impact and cost-effectiveness

of controlling cholera through the use of oral cholera vaccines in urban
Bangladesh: A disease modeling and economic analysis. PLoS Negl! Trop Dis.
2018; 12(10): e0006652.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Leitner DR, Lichtenegger S, Temel P, et al.: A combined vaccine approach
against Vibrio cholerae and ETEC based on outer membrane vesicles. Front
Microbiol. 2015; 6: 823.

PubMed Abstract | Publisher Full Text | Free Full Text

Zhang P, Li F, Liang W, et al.: The seventh pandemic Vibrio cholerae O1 El Tor
isolate in China has undergone genetic shifts. J Clin Microbiol. 2014; 52(3):
964-7.

PubMed Abstract | Publisher Full Text | Free Full Text

Weil AA, Ryan ET: Cholera: recent updates. Curr Opin Infect Dis. 2018; 31(5):
455-461.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Lekshmi N, Joseph |, Ramamurthy T, et al.: Changing facades of Vibrio
cholerae: An enigma in the epidemiology of cholera. Indian J Med Res. 2018;
147(2): 133-141.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Wierzba TF: Oral cholera and their i
disease. Hum Vaccin Immunother. 2018; 1-8.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

pact on the global burden of

Hsiao A, Hall AH, Mogasale V, et al.: The health economics of cholera: A
systematic review. Vaccine. 2018; 36(30): 4404—-4424.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

E Russo P, Ligsay AD, Olveda R, et al.: A randomized, observer-blinded,
equivalence trial comparing two variations of Euvichol®, a bivalent killed
whole-cell oral cholera vaccine, in healthy adults and children in the
Philippines. Vaccine. 2018; 36(29): 4317-4324.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Weekly epidemiological record: cholera articles. [Internet]. World Health
Organization. 2016.
Reference Source

Binder HJ, Brown |, Ramakrishna BS, et al.: Oral rehydration therapy in the
second decade of the twenty-first century. Curr Gastroenterol Rep. 2014; 16(3):
376.

PubMed Abstract | Publisher Full Text | Free Full Text

Bhattacharya SK: History of development of oral rehydration therapy. Indian J
Public Health. 1994; 38(2): 39-43.

PubMed Abstract

Milner SM, Greenough WB 3rd, Asuku ME, et al.: From cholera to burns: a role
for oral rehydration therapy. J Health Popul Nutr. 2011; 29(6): 648-51.

PubMed Abstract | Publisher Full Text | Free Full Text

Butler T: Treatment of severe cholera: a review of strategies to reduce stool
output and volumes of rehydration fluid. Trans R Soc Trop Med Hyg. 2017;

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

111(5): 204-210.
PubMed Abstract | Publisher Full Text

Williams PCM, Berkley JA: Guidelines for the management of paediatric
cholera infection: a systematic review of the evidence. Paediatr Int Child Health.
2018; 38(sup1): S16-S31.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Leibovici-Weissman Y, Neuberger A, Bitterman R, et al.: Antimicrobial drugs for
treating cholera. Cochrane Database Syst Rev. 2014; (6): CD008625.
PubMed Abstract | Publisher Full Text | Free Full Text

E M'bangombe M, Pezzoli L, Reeder B, et al.: Oral cholera vaccine in cholera
prevention and control, Malawi. Bull World Health Organ. 2018; 96(6): 428—435.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Khan WA, Saha D, Ahmed S, et al.: Efficacy of Ciprofloxacin for Treatment of
Cholera Associated with Diminished Susceptibility to Ciprofloxacin to Vibrio
cholerae O1. PLoS One. 2015; 10(8): e0134921.

PubMed Abstract | Publisher Full Text | Free Full Text

Harris JB: Cholera: Immunity and Prospects in Vaccine Development.
J Infect Dis. 2018; 218(suppl_3): S141-S146.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Ali M, Kim P, Zaman K, et al.: Herd protection of unvaccinated adults by oral
cholera vaccines in rural Bangladesh. Int Health. 2018; 11(3): 229-234.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Chen WH, Cohen MB, Kirkpatrick BD, et al.: Single-dose Live Oral Cholera
Vaccine CVD 103-HgR Protects Against Human Experimental Infection With
Vibrio cholerae O1 El Tor. Clin Infect Dis. 2016; 62(11): 1329-1335.

PubMed Abstract | Publisher Full Text | Free Full Text

Cabrera A, Lepage JE, Sullivan KM, et al.: Vaxchora: A Single-Dose Oral Cholera
Vaccine. Ann Pharmacother. 2017; 51(7): 584-589.
PubMed Abstract | Publisher Full Text

Lee EY, Lee S, Rho S, et al.: Immunogenicity of a bivalent killed thimerosal-
free oral cholera vaccine, Euvichol, in an animal model. Clin Exp Vaccine Res.
2018; 7(2): 104-110.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Levine MM, Chen WH, Kaper JB, et al.: PaxVax CVD 103-HgR single-dose live
oral cholera vaccine. Expert Rev Vaccines. 2017; 16(3): 197-213.
PubMed Abstract | Publisher Full Text

Hubbard TP, Billings G, Dorr T, et al.: A live vaccine rapidly protects against
cholera in an infant rabbit model. Sci Trans/ Med. 2018; 10(445): pii: eaap8423.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Micoli F, Costantino P, Adamo R: Potential targets for next generation
antimicrobial glycoconjugate vaccines. FEMS Microbiol Rev. 2018; 42(3):
388-423.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Hay AJ, Zhu J: Microbiota talks cholera out of the gut. Cell Host Microbe. 2014;
16(5): 549-50.
PubMed Abstract | Publisher Full Text

Zhao W, Caro F, Robins W, et al.: Antagonism toward the intestinal
microbiota and its effect on Vibrio cholerae virulence. Science. 2018;
359(6372): 210-213.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Logan SL, Thomas J, Yan J, et al.: The Vibrio cholerae type VI secretion
system can modulate host intestinal mechanics to displace gut bacterial
symbionts. Proc Natl Acad Sci U S A. 2018; 115(16): E3779-E3787.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Hsiao A, Ahmed AM, Subramanian S, et al.: Members of the human gut
microbiota involved in recovery from Vibrio cholerae infection. Nature. 2014;
515(7527): 423-6.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Heikkila JE, Nybom SM, Salminen SJ, et al.: Removal of cholera toxin from
aqueous solution by probiotic bacteria. Pharmaceuticals (Basel). 2012; 5(6):
665-73.

PubMed Abstract | Publisher Full Text | Free Full Text

Mao N, Cubillos-Ruiz A, Cameron DE, et al.: Probiotic strains detect and
suppress cholera in mice. Sci Trans/ Med. 2018; 10(445): pii: eaa02586.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Focareta A, Paton JC, Morona R, et al.: A recombinant probiotic for treatment
and prevention of cholera. Gastroenterology. 2006; 130(6): 1688-95.

PubMed Abstract | Publisher Full Text

Kaur S, Sharma P, Kalia N, et al.: Anti-biofilm Properties of the Fecal
Probiotic Lactobacilli Against Vibrio spp. Front Cell Infect Microbiol. 2018; 8: 120.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Nag D, Breen P, Raychaudhuri S, et al.: Glucose metabolism by Escherichia
coli inhibits Vibrio cholerae intestinal colonization of zebrafish. Infect Immun.
2018; 86(12): pii: €00486-18.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Cisek AA, Dabrowska |, Gregorczyk KP, et al.: Phage Therapy in Bacterial

Page 6 of 8


http://www.ncbi.nlm.nih.gov/pubmed/24699938
http://dx.doi.org/10.1371/journal.ppat.1003967
http://www.ncbi.nlm.nih.gov/pmc/articles/3974815
https://f1000.com/prime/733499377
http://www.ncbi.nlm.nih.gov/pubmed/29934743
http://dx.doi.org/10.1007/s11684-018-0631-2
https://f1000.com/prime/733499377
http://www.ncbi.nlm.nih.gov/pubmed/19756008
http://dx.doi.org/10.1038/nrmicro2204
http://www.ncbi.nlm.nih.gov/pmc/articles/3842031
http://www.ncbi.nlm.nih.gov/pubmed/29379258
http://dx.doi.org/10.6026/97320630013405
http://www.ncbi.nlm.nih.gov/pmc/articles/5767916
http://www.ncbi.nlm.nih.gov/pubmed/26845681
http://dx.doi.org/10.1371/journal.pntd.0004330
http://www.ncbi.nlm.nih.gov/pmc/articles/4741415
http://www.ncbi.nlm.nih.gov/pubmed/25339398
http://dx.doi.org/10.1128/JCM.02187-14
http://www.ncbi.nlm.nih.gov/pmc/articles/4290964
http://www.ncbi.nlm.nih.gov/pubmed/25474211
http://dx.doi.org/10.1371/journal.pntd.0003347
http://www.ncbi.nlm.nih.gov/pmc/articles/4256474
http://www.ncbi.nlm.nih.gov/pubmed/28737493
http://dx.doi.org/10.1016/S1473-3099(17)30352-3
http://www.ncbi.nlm.nih.gov/pubmed/19405948
http://dx.doi.org/10.1186/1472-698X-9-8
http://www.ncbi.nlm.nih.gov/pmc/articles/2691726
https://f1000.com/prime/733668159
http://www.ncbi.nlm.nih.gov/pubmed/29981154
http://dx.doi.org/10.1111/lam.13046
https://f1000.com/prime/733668159
https://f1000.com/prime/734201607
http://www.ncbi.nlm.nih.gov/pubmed/30300420
http://dx.doi.org/10.1371/journal.pntd.0006652
http://www.ncbi.nlm.nih.gov/pmc/articles/6177119
https://f1000.com/prime/734201607
http://www.ncbi.nlm.nih.gov/pubmed/26322032
http://dx.doi.org/10.3389/fmicb.2015.00823
http://www.ncbi.nlm.nih.gov/pmc/articles/4531250
http://www.ncbi.nlm.nih.gov/pubmed/24353005
http://dx.doi.org/10.1128/JCM.03121-13
http://www.ncbi.nlm.nih.gov/pmc/articles/3957781
https://f1000.com/prime/733700315
http://www.ncbi.nlm.nih.gov/pubmed/30048254
http://dx.doi.org/10.1097/QCO.0000000000000474
https://f1000.com/prime/733700315
https://f1000.com/prime/733381766
http://www.ncbi.nlm.nih.gov/pubmed/29806601
http://dx.doi.org/10.4103/ijmr.IJMR_280_17
http://www.ncbi.nlm.nih.gov/pmc/articles/5991131
https://f1000.com/prime/733381766
https://f1000.com/prime/733952179
http://www.ncbi.nlm.nih.gov/pubmed/30183486
http://dx.doi.org/10.1080/21645515.2018.1504155
https://f1000.com/prime/733952179
https://f1000.com/prime/733458916
http://www.ncbi.nlm.nih.gov/pubmed/29907482
http://dx.doi.org/10.1016/j.vaccine.2018.05.120
https://f1000.com/prime/733458916
https://f1000.com/prime/733478303
http://www.ncbi.nlm.nih.gov/pubmed/29895500
http://dx.doi.org/10.1016/j.vaccine.2018.05.102
http://www.ncbi.nlm.nih.gov/pmc/articles/6026293
https://f1000.com/prime/733478303
https://www.who.int/cholera/statistics/en/
http://www.ncbi.nlm.nih.gov/pubmed/24562469
http://dx.doi.org/10.1007/s11894-014-0376-2
http://www.ncbi.nlm.nih.gov/pmc/articles/3950600
http://www.ncbi.nlm.nih.gov/pubmed/7530695
http://www.ncbi.nlm.nih.gov/pubmed/22283039
http://dx.doi.org/10.3329/jhpn.v29i6.9902
http://www.ncbi.nlm.nih.gov/pmc/articles/3259728
http://www.ncbi.nlm.nih.gov/pubmed/28957470
http://dx.doi.org/10.1093/trstmh/trx041
https://f1000.com/prime/733297849
http://www.ncbi.nlm.nih.gov/pubmed/29790841
http://dx.doi.org/10.1080/20469047.2017.1409452
http://www.ncbi.nlm.nih.gov/pmc/articles/5972638
https://f1000.com/prime/733297849
http://www.ncbi.nlm.nih.gov/pubmed/24944120
http://dx.doi.org/10.1002/14651858.CD008625.pub2
http://www.ncbi.nlm.nih.gov/pmc/articles/4468928
https://f1000.com/prime/733479039
http://www.ncbi.nlm.nih.gov/pubmed/29904226
http://dx.doi.org/10.2471/BLT.17.207175
http://www.ncbi.nlm.nih.gov/pmc/articles/5996210
https://f1000.com/prime/733479039
http://www.ncbi.nlm.nih.gov/pubmed/26271050
http://dx.doi.org/10.1371/journal.pone.0134921
http://www.ncbi.nlm.nih.gov/pmc/articles/4536225
https://f1000.com/prime/733951530
http://www.ncbi.nlm.nih.gov/pubmed/30184117
http://dx.doi.org/10.1093/infdis/jiy414
http://www.ncbi.nlm.nih.gov/pmc/articles/6188552
https://f1000.com/prime/733951530
https://f1000.com/prime/734542293
http://www.ncbi.nlm.nih.gov/pubmed/30496408
http://dx.doi.org/10.1093/inthealth/ihy085
https://f1000.com/prime/734542293
http://www.ncbi.nlm.nih.gov/pubmed/27001804
http://dx.doi.org/10.1093/cid/ciw145
http://www.ncbi.nlm.nih.gov/pmc/articles/4872293
http://www.ncbi.nlm.nih.gov/pubmed/28622736
http://dx.doi.org/10.1177/1060028017698162
https://f1000.com/prime/735530215
http://www.ncbi.nlm.nih.gov/pubmed/30112349
http://dx.doi.org/10.7774/cevr.2018.7.2.104
http://www.ncbi.nlm.nih.gov/pmc/articles/6082675
https://f1000.com/prime/735530215
http://www.ncbi.nlm.nih.gov/pubmed/28165831
http://dx.doi.org/10.1080/14760584.2017.1291348
https://f1000.com/prime/733447316
http://www.ncbi.nlm.nih.gov/pubmed/29899024
http://dx.doi.org/10.1126/scitranslmed.aap8423
https://f1000.com/prime/733447316
https://f1000.com/prime/732855781
http://www.ncbi.nlm.nih.gov/pubmed/29547971
http://dx.doi.org/10.1093/femsre/fuy011
http://www.ncbi.nlm.nih.gov/pmc/articles/5995208
https://f1000.com/prime/732855781
http://www.ncbi.nlm.nih.gov/pubmed/25525783
http://dx.doi.org/10.1016/j.chom.2014.10.011
https://f1000.com/prime/732449549
http://www.ncbi.nlm.nih.gov/pubmed/29326272
http://dx.doi.org/10.1126/science.aap8775
https://f1000.com/prime/732449549
https://f1000.com/prime/732949524
http://www.ncbi.nlm.nih.gov/pubmed/29610339
http://dx.doi.org/10.1073/pnas.1720133115
http://www.ncbi.nlm.nih.gov/pmc/articles/5910850
https://f1000.com/prime/732949524
https://f1000.com/prime/718880359
http://www.ncbi.nlm.nih.gov/pubmed/25231861
http://dx.doi.org/10.1038/nature13738
http://www.ncbi.nlm.nih.gov/pmc/articles/4353411
https://f1000.com/prime/718880359
http://www.ncbi.nlm.nih.gov/pubmed/24281668
http://dx.doi.org/10.3390/ph5060665
http://www.ncbi.nlm.nih.gov/pmc/articles/3763660
https://f1000.com/prime/733447847
http://www.ncbi.nlm.nih.gov/pubmed/29899022
http://dx.doi.org/10.1126/scitranslmed.aao2586
https://f1000.com/prime/733447847
http://www.ncbi.nlm.nih.gov/pubmed/16697733
http://dx.doi.org/10.1053/j.gastro.2006.02.005
https://f1000.com/prime/733206464
http://www.ncbi.nlm.nih.gov/pubmed/29740541
http://dx.doi.org/10.3389/fcimb.2018.00120
http://www.ncbi.nlm.nih.gov/pmc/articles/5928150
https://f1000.com/prime/733206464
https://f1000.com/prime/734075874
http://www.ncbi.nlm.nih.gov/pubmed/30249745
http://dx.doi.org/10.1128/IAI.00486-18
http://www.ncbi.nlm.nih.gov/pmc/articles/6246912
https://f1000.com/prime/734075874

46.

47.

48.

49.

Infections Treatment: One Hundred Years After the Discovery of
Bacteriophages. Curr Microbiol. 2017; 74(2): 277-283.
PubMed Abstract | Publisher Full Text | Free Full Text

Reyes-Robles T, Dillard RS, Cairns LS, et al.: Vibrio cholerae Outer
Membrane Vesicles Inhibit Bacteriophage Infection. J Bacteriol. 2018; 200(15):
pii: €00792-17.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Silva-Valenzuela CA, Camilli A: Niche adaptation limits bacteriophage
predation of Vibrio cholerae in a nutrient-poor aquatic environment. Proc Nat/
Acad Sci U S A. 2019; 116(5): 1627-1632.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Yen M, Cairns LS, Camilli A: A cocktail of three virulent bacteriophages
prevents Vibrio cholerae infection in animal models. Nat Commun. 2017; 8:
14187.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

O'Hara BJ, Barth ZK, McKitterick AC, et al.: A highly specific phage defense

F1000Research 2019, 8(F1000 Faculty Rev):589 Last updated: 17 JUL 2019

50.

51.

52.

53.

system is a conserved feature of the Vibrio cholerae mobilome. PLoS Genet.
2017; 13(6): e1006838.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Lin DM, Koskella B, Lin HC: Phage therapy: An alternative to antibiotics in the
age of multi-drug resistance. World J Gastrointest Pharmacol Ther. 2017; 8(3):
162-173.

PubMed Abstract | Publisher Full Text | Free Full Text

Hung DT, Shakhnovich EA, Pierson E, et al.: Small-molecule inhibitor of
Vibrio cholerae virulence and intestinal colonization. Science. 2005; 310(5748):
670-4.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Withey JH, Nag D, Plecha SC, et al.: Conjugated Linoleic Acid Reduces Cholera
Toxin Production In Vitro and In Vivo by Inhibiting Vibrio cholerae ToxT Activity.
Antimicrob Agents Chemother. 2015; 59(12): 7471-6.

PubMed Abstract | Publisher Full Text | Free Full Text

Woodbrey AK, Onyango EO, Pellegrini M, et al.: A new class of inhibitors of the
AraC family virulence regulator Vibrio cholerae ToxT. Sci Rep. 2017; 7: 45011.
PubMed Abstract | Publisher Full Text | Free Full Text

Page 7 of 8


http://www.ncbi.nlm.nih.gov/pubmed/27896482
http://dx.doi.org/10.1007/s00284-016-1166-x
http://www.ncbi.nlm.nih.gov/pmc/articles/5243869
https://f1000.com/prime/733061186
http://www.ncbi.nlm.nih.gov/pubmed/29661863
http://dx.doi.org/10.1128/JB.00792-17
http://www.ncbi.nlm.nih.gov/pmc/articles/6040182
https://f1000.com/prime/733061186
https://f1000.com/prime/734849355
http://www.ncbi.nlm.nih.gov/pubmed/30635420
http://dx.doi.org/10.1073/pnas.1810138116
http://www.ncbi.nlm.nih.gov/pmc/articles/6358685
https://f1000.com/prime/734849355
https://f1000.com/prime/727254009
http://www.ncbi.nlm.nih.gov/pubmed/28146150
http://dx.doi.org/10.1038/ncomms14187
http://www.ncbi.nlm.nih.gov/pmc/articles/5296635
https://f1000.com/prime/727254009
https://f1000.com/prime/727695797
http://www.ncbi.nlm.nih.gov/pubmed/28594826
http://dx.doi.org/10.1371/journal.pgen.1006838
http://www.ncbi.nlm.nih.gov/pmc/articles/5481146
https://f1000.com/prime/727695797
http://www.ncbi.nlm.nih.gov/pubmed/28828194
http://dx.doi.org/10.4292/wjgpt.v8.i3.162
http://www.ncbi.nlm.nih.gov/pmc/articles/5547374
https://f1000.com/prime/1028508
http://www.ncbi.nlm.nih.gov/pubmed/16223984
http://dx.doi.org/10.1126/science.1116739
https://f1000.com/prime/1028508
http://www.ncbi.nlm.nih.gov/pubmed/26392502
http://dx.doi.org/10.1128/AAC.01029-15
http://www.ncbi.nlm.nih.gov/pmc/articles/4649248
http://www.ncbi.nlm.nih.gov/pubmed/28332578
http://dx.doi.org/10.1038/srep45011
http://www.ncbi.nlm.nih.gov/pmc/articles/5362913

F]mResearCh F1000Research 2019, 8(F1000 Faculty Rev):589 Last updated: 17 JUL 2019

Open Peer Review

Current Peer Review Status: ¥

Editorial Note on the Review Process

F1000 Faculty Reviews are written by members of the prestigious F1000 Faculty. They are commissioned and
are peer reviewed before publication to ensure that the final, published version is comprehensive and accessible.
The reviewers who approved the final version are listed with their names and affiliations.

The reviewers who approved this article are:

1 Jeffrey Withey
Department of Biochemistry, Microbiology and Immunology, Wayne State University School of Medicine,
Detroit, Michigan, USA
Competing Interests: No competing interests were disclosed.

2 Jyl Matson
Department of Immunology and Microbiology, Wayne State University School of Medicine, Detroit, Michigan,
USA
Competing Interests: No competing interests were disclosed.

The benefits of publishing with F1000Research:

®  Your article is published within days, with no editorial bias

®  You can publish traditional articles, null/negative results, case reports, data notes and more
®  The peer review process is transparent and collaborative

®  Your article is indexed in PubMed after passing peer review

® Dedicated customer support at every stage

For pre-submission enquiries, contact research@f1000.com F]m Resea rCh

Page 8 of 8


https://f1000research.com/browse/f1000-faculty-reviews
http://f1000.com/prime/thefaculty

