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Abstract 

Vibrio cholerae, the cause of the diarrheal disease cholera, remains a major threat to 

global public health with approximately 3 million cases reported annually. V. cholerae colonize 

the human small intestine and possess a range of virulence factors that enable robust colonization 

of susceptible populations. Cholera vaccines are emerging as important tools for cholera 

prevention, but different vaccines (depending on their formulations) provide varying levels of 

protection against the major Ogawa and Inaba serotypes of V. cholerae. Here we describe how 

we used our knowledge of V. cholerae serotypes to optimize the immunogenicity and cross-

protective efficacy of a novel live-attenuated cholera vaccine, refine a murine model of V. 

cholerae intestinal colonization for evaluating cholera vaccine efficacy, imagine a new paradigm 

for global cholera challenge studies, and investigate the role that O-antigen modification plays in 

defining both host and pathogen responses to infection. In summary, we characterize critical 

translational aspects of cholera vaccine development and elucidate the implications of V. 

cholerae serotypes on infection outcomes. 
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Introduction 

Diarrheal diseases are the second leading cause of mortality of infants worldwide (1), accounted 

for 8% of all children <5-years-old deaths in 2017, and result in roughly half a million child deaths per 

year (2). The global distribution of these diseases is not uniform as low and middle income countries 

(LMICs) form the majority of reported cases of childhood diarrhea: together Nigeria and India accounted 

for 42% of the half-million <5-years-old mortality from diarrheal diseases in 2015 (3). Combined, Sub-

Saharan Africa and South Asia bear the brunt of the human costs of these diarrheal diseases and <3-years-

old children experience, on average, three diarrheal episodes per year (4). These exacerbate a devastating 

cycle of malnutrition which further predisposes children to future diarrhea episodes.  

Cholera, an acute dehydrating diarrheal disease, accounted for ~6% of the gross global mortality 

from diarrheal diseases in 2015 (3). Choleric diarrhea (so called ‘rice-water’ stool) can result in the loss of 

up to 1 liter of fluid per hour and may, without treatment, cause death within 24 hours of symptoms 

presenting (5). Recent estimates suggest there are up to 4 million new cases and 150,000 deaths globally 

per year with roughly 1.3 billion people at risk of contracting cholera (6). These values are likely 

underestimates due to incomplete surveillance in cholera endemic countries and because many cholera 

deaths occur before patients reach healthcare facilities for treatment (7). Cholera is considered endemic in 

approximately 70 countries and, as a pandemic disease, affects geographically disparate countries through 

long-range transmission events (6, 8). Since the first reports of cholera, the world has experienced 6 

spatiotemporally defined cholera pandemics and is currently undergoing a 7th pandemic which began on 

the Indonesian island of Sulawesi in 1961 and spread to Africa and the Americas between 1970-1990 (9). 

From the earliest recorded cases of choleric diarrhea (from 6th century BCE Sanskrit texts), cholera has 

plagued emerging civilizations, caused extreme devastation and mortality, and shaped the course of 

human history (10, 11). 
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As a fecal-orally transmitted disease, cholera is caused by the ingestion of food/water 

contaminated with the bacterium Vibrio cholerae. Infected people spread the pathogen by contaminating 

food and water supplies through poor hygiene practices though fragile sanitation infrastructure and 

inadequate access to clean drinking water play major roles in cholera transmission (12). Most infected 

people in endemic regions remain asymptomatic yet shed high doses of pathogenic V. cholerae into water 

sources, increasing opportunities for outbreaks (10). Cholera remains a severe public health threat to 

populations with fragile healthcare and sanitation infrastructure systems and those experiencing 

natural/social crises. As such, curbing cholera has become a major goal of multinational organizations and 

national governments (13). Since inception these efforts have demonstrated varied levels of success and 

relied on multisectoral approaches that harness the best-practices from complementary public health 

interventions.  

This thesis presents four independent projects, unified by their overarching goals of better 

understanding the V. cholerae pathogen (especially with regards to infection), interrogating how 

immunity to cholera is stimulated and defined, and evaluating strategies to optimize cholera vaccine 

development. The first chapter contains an overview of the pathogenesis of cholera, known factors that 

influence V. cholerae pathogenicity and immunogenicity, and pre-clinical models used to interrogate 

cholera pathogenesis and vaccine efficacy. The second chapter, published in 2021, describes how we used 

our knowledge of V. cholerae immunodominant antigens to optimize the immunogenicity and cross-

protective efficacy of a novel cholera vaccine, HaitiV/PanChol. The third chapter, published in 2020, 

focuses on a murine model of V. cholerae intestinal colonization and investigates its utility for cholera 

vaccine evaluation. The fourth chapter, currently in press, engages a modern understanding of the 

landscape of human immunity to V. cholerae to imagine a new paradigm for global cholera challenge 

studies. This approach should reveal new insights into the worldwide landscape of cholera immunity and 

illuminate mechanisms of cholera immunity. The fifth chapter, currently still under investigation, 

discusses the immunodominant antigen of V. cholerae, the O-antigen of LPS. This chapter characterizes 

how modification of this moiety influences pathogen metabolic states, competitive dynamics, and defines 
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infection outcomes. I conclude this dissertation with a perspective of how this work fits into the matrix of 

global cholera research and prevention, and potential future directions from the implications of this 

research. For clarity each research chapter begins with a project-specific overview.  
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Chapter 1  – V. cholerae, cholera vaccines, and preclinical testing 

models. 
 

This chapter has been adapted from two previously published works:  

Sit B, Fakoya B, Waldor MK. Emerging concepts in cholera vaccine design. Annual Reviews of 

Microbiology (2021) (Manuscript in press). 

Author Contributions: BS, BF, and MKW conceived of this review with input from all authors. BS, BF, 

and MKW performed literature review. BS, BF, and MKW wrote the manuscript. All authors contributed 

to review and editing of the final manuscript.  

Sit B, Fakoya B, Waldor MK. Animal models for dissecting Vibrio cholerae intestinal pathogenesis and 

immunity. Current Opinion in Microbiology (2021). PMID: 34695646 

Author Contributions: BS, BF, and MKW conceived of this review with input from all authors. BS, BF, 

and MKW performed literature review. BS, BF, and MKW wrote the manuscript. All authors contributed 

to review and editing of the final manuscript.  

Vibrio cholerae and cholera 

Cholera is a severe and potentially fatal diarrheal disease caused by the Gram-negative bacterial 

pathogen V. cholerae (14). Cholera is transmitted by the fecal-oral route and through contaminated food 

or water. The explosive “rice-water” diarrhea characteristic of severe cholera can lead to lethal 

dehydration in less than a day. The disease frequently spreads in ‘explosive’ epidemics that often follow 

natural or social disasters where public health and sanitation infrastructure become compromised. There 

have been 6 recognized cholera pandemics in history and the 7th cholera pandemic, which began in 1961, 

is ongoing (Figure 1.1) (14). An estimated 4 million clinical cases occur globally per year, and under-

reporting remains a major concern (6). Major cholera outbreaks in recent history, including those in Haiti 

(2010-2019, >820,000 cases and almost 10,000 deaths) and Yemen (2016-present, >2.5 million cases) 
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Cholera epidemiology and pathogenesis (top of each arrow) and the development of cholera vaccines (bottom of 

each arrow).  

 

highlight the devastating effects of cholera on fragile healthcare systems (3). 

 

Figure 1.1 Key events in cholera epidemiology and pathogenesis.  

 

V. cholerae is unusual among microbial pathogens for its capacity to robustly colonize the host small 

intestine (SI). The most critical V. cholerae intestinal colonization factor is the toxin co-regulated pilus 

(TCP), a surface-exposed bundle-forming pilus that promotes formation of V. cholerae microcolonies and 

may promote pathogen adherence to the host intestinal epithelium (Figure 1.2.A)(15, 16). More recent 

transposon-insertion sequencing studies have comprehensively identified the many genes, pathways, and 

processes that are required for V. cholerae intestinal colonization in animals (17–19). Within the SI, the 

pathogen secretes its hallmark virulence factor, cholera toxin (CT). CT is an AB5-type toxin composed of 

a catalytic A subunit (CT-A) and receptor-binding B subunit (CT-B) (20). CT is not strictly required for 

intestinal colonization but is almost solely responsible for the induction of the secretory diarrhea 

characteristic of cholera. CT is endocytosed by intestinal epithelial cells, where it disrupts cAMP 

signaling, causes ion release out of cells through mis-activation of CFTR, and induces massive H2O 

efflux into the intestinal lumen leading to diarrhea (Figure 1.2.A). Interestingly, CT is encoded on an 
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A) Pandemic V. cholerae, once ingested, colonize the human small intestine in a TCP-dependent manner, 

penetrating the mucus layer (green) and releasing cholera toxin (CT). CT intoxicates host cells by leading to 

elevations in intracellular cAMP concentrations, leading to the massive efflux of water and ions into the 

intestinal lumen. B) Current pandemic V. cholerae are classified by both genetic and phenotypic characteristics. 

Serotype differences are important for cholera vaccine development as developed immunity against V. cholerae. 

is known to be serotype-biased. C) Formulations of selected oral cholera vaccines including key findings from 

critical field trials. Shanchol and Euvichol are currently stockpiled by the WHO. 

 

integrative filamentous bacteriophage (CTXΦ) whose receptor is TCP, suggesting that in the evolution of 

pandemic V. cholerae, non-toxigenic ancestral strains first acquired the pathogenicity island containing 

the operon encoding TCP biosynthesis and were subsequently lysogenized by CTXΦ (21). 

 

Figure 1.2 Pandemic V. cholerae infection, classification, and currently approved vaccine 

formulations.  

V. cholerae are classified according to several genetic and phenotypic schemes (Figure 1.2.B). V. 

cholerae serogroups are determined by the structure of the O-antigen polysaccharide of 

lipopolysaccharide (LPS) that coats the bacterial surface. While there are >200 recognized V. cholerae 

serogroups, only the O1 and O139 serogroups have caused large and sustained cholera outbreaks (14) and 

the O1 serogroup has caused all 7 cholera pandemics. The O139 serogroup led to a relatively brief but 

large cholera epidemic in Southeast Asia in the early 1990s and is currently rarely isolated. O1 serogroup 

strains are further classified into two principal serotypes, Ogawa and Inaba, based on the methylation 
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status of the terminal perosamine of the O-antigen. Ogawa (methylated) and Inaba (unmethylated) 

serotype strains both cause severe disease and can co-circulate and interconvert during epidemics (22). A 

rare third O1 serotype, Hikojima, expresses both methylated and unmethylated O-antigens. 

A biotyping scheme has also been used to classify V. cholerae O1 strains based on several phenotypic 

traits (Figure 1.2.B). O1 V. cholerae strains belonging to the classical biotype caused the first 6 cholera 

pandemics but were ultimately replaced by strains of the El Tor biotype; classical V. cholerae is now 

considered extinct (14). With the emergence of next generation DNA sequencing, whole genome 

sequencing has become a new standard for classifying 7th pandemic El Tor (7PET) isolates. Comparative 

genomic studies suggest that three genetically distinct waves of El Tor strains have successively emerged 

since the onset of the seventh pandemic in 1961 (23). Wave 3 7PET strains emerged during 1990-2000 

and are now the dominant cause of cholera globally (8, 24). Importantly, Wave 3 strains have acquired 

distinguishable genetic features such as the ctxB7 and tcpAN89S alleles in their virulence genes, with 

implications for the clinical presentation of cholera and the pathogen’s antigenic profile (25). 

In 2017, the WHO created the Global Task Force on Cholera Control (GTFCC) and outlined a 

roadmap to eliminate endemic cholera in 20 countries and reduce cholera deaths by 90% by 2030 (Figure 

1.1) (13). This approach includes steps to augment public health systems and infrastructures as well as 

deployment of oral cholera vaccines (OCVs), the critical (and only) biotherapeutic piece of the roadmap. 

Vaccines 

Vaccines are among the most used and effective tools in global efforts to combat infectious 

diseases. Although the technology underlying successive generations of vaccines has evolved, the guiding 

principle of immunization - to provoke protective adaptive immunity before exposure to a virulent 

pathogen - has remained unchanged (26). Contemporary vaccine development has been guided by ever-

increasing efforts to understand the basic biology of pathogens and the human immune system. Both 

domains of investigation have been propelled by the adoption of emerging high-throughput methods and 
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refinement of non-human platforms for streamlined preclinical studies (27, 28). Nevertheless, vaccine 

development remains a highly iterative and largely empiric process. In the case of cholera, more than a 

century of research has led to deep understanding of cholera pathogenesis, but a single-dose, highly 

effective vaccine for all age groups remains elusive.  

Protective immunity to cholera 

Studies from volunteers and convalescent cholera patients have yielded important insights about 

human immunity to cholera (29). Repeated observations that infection with V. cholerae confers strong 

immunity to future exposure underscore the feasibility of cholera vaccines as a potent approach to combat 

this pathogen (30). As the exact mechanism(s) of immune-mediated protection against cholera remain 

unknown, correlates of protection (CoPs) are often invoked to describe the immune response to cholera. 

CoPs are immune metrics that correlate with, but do not necessarily account for protection against disease 

(31). The best-characterized cholera CoP is the vibriocidal antibody titer (VAT), a measure of serum 

antibodies that kill V. cholerae in vitro. VATs can be easily measured from blood samples and are well-

suited for large-scale clinical and field trials. High VATs correlate well with short-term protection in 

adults but are less useful in children and wane after infection and immunization by 6-12 months, 

rendering them inappropriate as a long-term surrogate measure of vaccine efficacy (31–33). There is also 

no known VAT threshold at which protection is absolute – populations in endemic regions often have 

higher VAT baselines likely due to repeated subclinical exposures to V. cholerae that boost immunity (34, 

35). 

Early epidemiological and clinical studies suggested that immune responses to the V. cholerae O-

antigen (“antibacterial”) play a dominant role compared to those against CT (“antitoxic”) in protective 

immunity against cholera (36–38). This was further demonstrated by observations that O1 and O139 V. 

cholerae infections were not cross-protective, strongly suggesting that immune responses to the O-antigen 

are protective (22, 39, 40). This concept has been experimentally tested by recent studies of one CoP, 

antibodies against the O-specific polysaccharide (OSP, essentially the O-antigen). Several studies have 
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now shown that anti-OSP antibodies may function in protection by blocking V. cholerae motility in vivo, 

potentially blocking the pathogen from accessing its preferred niche in the intestine(41–43). It remains an 

open question how serum derived antibodies that target OSP access the intestinal lumen, although it 

seems likely that mucosal anti-OSP sIgA also contributes to protection. As additional CoPs are found and 

investigated in human settings, a more complete model of immunity to cholera, as well as methods to 

more effectively track cholera incidence in endemic regions and outbreaks, are likely to emerge (34, 44). 

The landscape and limitations of current cholera vaccines 

The first recognized cholera vaccination campaign was conducted in 1885 by Jaime Ferrán y 

Clúa, just two years after the isolation of V. cholerae by Robert Koch (45) (Figure 1.1). Ferrán’s vaccine 

consisted of intramuscularly injected live virulent V. cholerae, a formulation that resulted in an apparent 

protective efficacy (PE) of >80%, but was accompanied by high frequencies of systemic adverse effects 

(45). Like this vaccine, the first widely-used cholera vaccines were injected (parenteral) formulations that 

consisted of killed or live whole-cell V. cholerae. These vaccines conferred some protection against 

cholera, but were thought to have modest and short-lived PE and unfavorable safety profiles. Although 

retrospective meta-analysis has suggested their drawbacks may have been overestimated, by the 1980s 

parenteral cholera vaccines had been superseded by killed oral cholera vaccines (OCVs) (46). Compared 

to injected vaccines, OCVs have the key advantage of being mucosal vaccines, and can induce immune 

responses at the intestinal surface, the primary colonization site of V. cholerae.  

The first major killed OCV to be developed was Dukoral, a mixture of three heat- or formalin-

inactivated O1 pre-Wave 3 7PET V. cholerae strains (classical Inaba Cairo 48, classical Ogawa Cairo 50, 

and El Tor Inaba Phil 6973) and recombinantly produced CT-B. Large, placebo-controlled field trials of 

Dukoral in Bangladesh beginning in 1985 were instrumental in demonstrating the utility of OCVs in an 

endemic region (Figure 1.1, 1.2.C) (47). At 6 months post-immunization, the PE of triple doses of 

Dukoral with and without CT-B was 85% and 53%, respectively, indicating that adding CT-B to a killed 

OCV provides a protective benefit (47). However, at 1- and 3-year timepoints, while moderate PE (~40- 
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50%) was maintained, the benefit of CT-B addition was lost (47, 48). A 5-year follow-up study revealed 

that PE of both formulations was lost after 3 years (49). However, despite their demonstrated efficacy in 

the field, killed OCVs have important shortcomings and field trials of both Dukoral and Shanchol, a 

related killed whole-cell vaccine that lacks CT-B, have consistently reported low immunogenicity and 

minimal PE in children (49–52). 

Live-attenuated OCVs, which mimic natural infection with V. cholerae, have the potential to 

circumvent many of the limitations of killed OCVs. Attempts to create live-attenuated vaccines began in 

the late 1970s and were propelled forward with the advent of genetic engineering technologies that 

enabled site-directed alterations to the V. cholerae genome, particularly deletion of ctxA (53, 54). In 

contrast to killed OCVs, live-attenuated OCVs express TCP and colonize the SI, where they express the 

suite of in vivo-expressed V. cholerae antigens, and therefore provoke immune responses to a wide range 

of antigens as a result (55, 56). Only one live OCV, Vaxchora, a ΔctxA derivative of a classical O1 Inaba 

V. cholerae strain, has been approved in the USA for travelers to cholera-endemic regions (Figure 1.2.C) 

(51). Vaxchora had a single dose PE of >90% at 6 months in human volunteer studies, provoked 

promising immune responses in the field, and a Phase 2 trial comparing it to Shanchol suggested it 

exhibited higher immunogenicity (57–59). However, the vaccine is not WHO pre-qualified due in part to 

its poor performance in a large-scale field efficacy study in Indonesia, a trial likely confounded by a low 

incidence of cholera (60). The wide usage of Vaxchora may be precluded by other limitations, including 

potential adverse consequences of reintroducing classical V. cholerae genetic content to the environment 

and possible toxigenic reversion of the vaccine by CTXΦ infection (61). Despite the utility of currently 

available OCVs, their biological and practical limitations suggest that improved cholera vaccines could 

play a role in global cholera control and potentially as vaccine platforms (Figure 1.2.C).  

Live oral cholera vaccines for single dose, long-lasting immunity  

Compared to killed OCVs, development of live OCV candidates and formulations has been more 

wide-ranging and with more focus on pre-clinical and basic studies. Given that initial cholera infection is 
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associated with long-lasting protection, live OCVs are also likely to be more conducive to single-dose 

immunization schema. Underlying live OCV development is the idea that V. cholerae can be sufficiently 

attenuated without substantial loss of immunogenicity. In contrast to killed OCVs, which have proven 

safe, attenuation of V. cholerae through deletion of ctxA does not guarantee sufficient reduction of 

reactogenicity (62, 63). Furthermore, live OCVs have biosafety issues beyond their safety for individual 

vaccinees. As living organisms, these vaccines have the potential for toxigenic reversion and for exchange 

of genetic material with other organisms. 

The most recently described live OCV candidate is HaitiV (PanChol), an attenuated vaccine 

derived by our lab from the wave 3 El Tor V. cholerae strain responsible for the Haiti cholera epidemic 

(64). HaitiV contains a suite of targeted mutations that attenuate its pathogenicity, retain its capacity to 

colonize the SI, and provide additional biosafety safeguards (65). HaitiV contains a deletion of the CTXΦ 

prophage including its chromosomal attachment site and surrounding virulence-associated sequences such 

as the accessory toxin rtxA, a heterologously-expressed ctxB cassette at a neutral genomic site, and a 

deletion in recA to prevent homologous recombination with genetic material in the environment (65). 

HaitiV also carries several key alterations that distinguish it from other live OCVs. These include an 

active Cas9 along with a ctxA-targeting sgRNA, to prevent toxigenic reversion by any mechanism of 

horizontal gene transfer, deletion of antibiotic resistance loci in the SXT ICE, and deletion of all five V. 

cholerae flagellins to minimize reactogenicity. It is also the only live vaccine candidate that is derived 

from a virulent Wave 3 7PET strain and thus is antigenically matched to the currently circulating 

pandemic V. cholerae clone (65). 

Future perspectives on cholera vaccines 

The development and use of cholera vaccines has been instructive for creation of other similar 

prophylactic interventions and these vaccines are reducing the burden of cholera. However, there are clear 

limitations to current killed OCVs, and there is a need to develop new cholera vaccine candidates. Next-

generation cholera vaccines will benefit from emerging knowledge about V. cholerae infection and 
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immunity to specifically address shortcomings of previous vaccines, such as their weak immunogenicity 

in young children and improved cross-protective effects. Expanded longitudinal studies of the human 

immune response to cholera will be impactful for our understanding of the immune landscape during 

different stages of the disease.  

Animal models for understanding V. cholerae infection and immunity. 

Given the empiric nature of cholera vaccine development and some risks associated with clinical 

trials of live cholera vaccines, efforts in the field have recently focused on defining animal models of V. 

cholerae colonization and infection that enable the in vivo study of this pathogen. Historically, many 

different medium and large mammalian species ranging from guinea pigs (66) to non-human primates 

(67) have been used, but these suffer limitations associated with cost and feasibility of large-scale studies. 

The field is now largely driven by small mammal and non-mammalian/invertebrate models.  

The utility of any given animal model can be gauged by the extent to which it recapitulates human 

disease. Often currently used cholera models are stratified (Table 1.1) by how well they reflect two 

critical aspects of human cholera pathogenesis: TCP-dependent SI colonization and CT-dependent 

diarrheal illness. Although models that lack either or both criteria can yield important information, the 

direct applicability of this knowledge to understanding cholera and vaccine-elicited immunity to cholera 

remains unclear.  
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*CT-dependent mortality; flies do not exhibit traditional signs of diarrhea 

**SI as the primary site of pathogen colonization 

***Applications are not unique to models and indicate a representative use of the species 

Scale: - (lowest) to +++ (highest) (columns with only +/- indicate binary designations) 

 

 
TCP-

dependent 
colonization 

CT-
dependent 

diarrhea 

SI 
colonization** 

Genetic host 
manipulation 

Throughput/
accessibility 

Application(s)*** 

Mammalian 

M. musculus 
(infant mice) 

+ + + ++ ++ 
Investigation of putative 

colonization factors 

M. musculus 
(germfree/antibi
otic-treated adult 

mice) 

- - - ++ ++ 

Adaptive 
immunity/vaccination, 
commensal-pathogen 

interactions 

O. cuniculus 
(infant rabbits) 

+ + + + (rare) + 
High-throughput and 
"omics" approaches 

H. sapiens 
(human 

volunteers) 
+ + + - - 

Clinical-stage 
investigations 

Table 1:1 Major non-surgical oral infection animal models for V. cholerae. 

 

Insights into V. cholerae pathogenesis from animal models  

The dominant model of V. cholerae pathogenesis is the 3–5-day-old infant mouse, where oral 

gavage of V. cholerae leads to TCP-dependent SI colonization and in some variations, CT-dependent 

diarrheal illness within ~16 hours (68, 69). Infant mice are a logistically simple system for addressing 

many targeted questions about the pathogen. This model has enabled limited-throughput studies of 

within-host virulence regulation, such as the use of engineered V. cholerae to identify in vivo-activated 

and -repressed loci, and the use of clinical V. cholerae isolates to understand how ongoing genetic 

variation in 7th pandemic strains impacts pathogenicity (69–72). The most common use of this model has 

been to validate suspected colonization factors with competitive index studies, where a mutant strain is 

competed against a WT strain in vivo (68). Competition studies have recently highlighted the 

contributions of fatty acid and carbon metabolism, cell wall maintenance and V. cholerae LPS 

modifications to intestinal colonization (73–77).  
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A key limitation of infant mice is the relative scarcity of biological material for high-throughput, 

hypothesis-generating studies such as transcriptomics and whole-genome functional genetic screens of the 

pathogen. The infant rabbit (Oryctolagus cuniculus) model of cholera, which exhibits rapid CT-dependent 

lethal diarrheal illness along with TCP-dependent SI colonization, has filled this niche in V. cholerae 

animal studies (63) (Table 1.1). Up to 1010 in vivo V. cholerae can be rapidly collected from the ~1 mL of 

diarrheal fluid that accumulates in the infant rabbit cecum, providing a valuable reagent for high-

throughput analyses. The chemical composition of this fluid is highly similar to that of human choleric 

diarrhea (63). Infant rabbit studies have revealed the genetic landscape of colonization factors in V. 

cholerae through transposon-insertion sequencing screens, which are largely limited by bottlenecks in 

infant mice (17–19, 65). Infant rabbits have enabled the acquisition of high-resolution in vivo V. cholerae 

RNA-seq, metabolomic, and proteomic datasets, as well as insights into V. cholerae  population dynamics 

during infection (78–80). A recent transcriptomic study in infant rabbits revealed novel roles for CT in the 

shaping of the pathogen’s nutritional microenvironment (81). This and other studies have illustrated the 

value of combining animal models for complementary purposes - discovery experiments in infant rabbits 

and targeted competition assays in infant mice. Combined approaches offer considerable practical 

advantages, as infant rabbits are relatively expensive and large-scale experiments with these animals are 

technically challenging. 

Investigations in infant and adult murine models with altered gut microbiota have been 

complemented by efforts to identify microbiome changes in humans exposed to V. cholerae (82–84). 

Intestinal microbes that can promote or inhibit V. cholerae intestinal colonization in mice have been 

identified, and reconstitution of germ-free (GF) mice with these microbes offers an in vivo system in 

which to investigate interbacterial interactions (recently reviewed in (85)). The mechanisms underlying 

these phenotypes remain to be extensively characterized, but several appear to involve regulation of V. 

cholerae virulence programs by commensal-derived metabolites like secondary bile acids (84, 86, 87). An 

important caveat to these findings is that V. cholerae intestinal colonization occurs primarily in the colon 
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in GF mice. V. cholerae’s intricate relationship with intestinal microbes has also been hinted at by studies 

in infant rabbits that demonstrated V. cholerae is conjugation-competent in the intestine, and that pre-

colonization with an avirulent V. cholerae live vaccine strain or V. cholerae-targeting phages can limit 

subsequent infection (65, 88, 89).  

Insights into immunity to V. cholerae from animal models  

Samples from cholera patients and volunteers in challenge studies have been instrumental in the 

investigation of immune responses to V. cholerae. Most questions in OCV development and immunity to 

cholera concern long-term adaptive immunity, but infant mammals and invertebrates have immature (or 

absent) adaptive immune systems. As such, adult mice have become the model of choice for studies of 

adaptive immunity to V. cholerae (Table 1.1).  

Although adult mice have well-characterized and easily manipulated immune systems, mimicking 

OCV vaccination or natural infection by the oral route in this model is constrained by several critical 

limitations described above. These models exhibit no discernable illness, TCP-independent colonization, 

and colonic-biased pathogen localization, and GF mice are additionally confounded by sustained 

(months-years) V. cholerae colonization (90, 91) (Table 1.1). Cholera human challenge studies have 

shown that TCP-dependent intestinal colonization is critical for immunogenicity of live V. cholerae (15), 

and interpretation of immune responses observed in adult mice is complicated since the colon lacks 

immune features of the SI such as Peyer’s patches. Despite these shortcomings, viable alternatives to 

adult mice for studies of adaptive immune responses to V. cholerae are currently lacking.  

Orally-inoculated adult mice can be used to profile diverse immune responses to V. cholerae. 

Many assays used in humans that report on known CoPs against cholera, such as antigen-specific ELISAs 

for CT and TCP, and VATs, can be directly applied to murine samples. Immunological metrics can be 

read out from serum and fecal samples over time from the same mouse, enabling kinetics of immunity to 
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be dissected (92).  Genetically modified adult mice could be used to explore the necessity and sufficiency 

of host factors in the development of immunity to V. cholerae, but these investigations have been rare 

(93).  

The sustained V. cholerae colonization in GF adult mice intestines (months to years) precludes 

their rechallenge with virulent V. cholerae, a critical measure of vaccine efficacy. While pulmonary 

inoculation of V. cholerae to circumvent obstacles associated with oral infection has been described, the 

translational significance of observations with this route of infection are unclear (94). It is instead possible 

to use suckling infant mice as proxy hosts to interrogate immunity in vaccinated dams (92, 95), as well as 

to use V. cholerae pre-mixed with serum from immunized mice as an infant mouse challenge inoculum. 

These approaches, combined with readouts of immunogenicity, have collectively proven useful to test the 

protective efficacy of cutting-edge cholera vaccine candidates, including new live OCV strains, outer 

membrane vesicle-based formulations, and transcutaneous conjugate vaccines (77, 92, 95, 96). These 

studies underscore the importance of combining appropriate models (adult immunization with infant 

challenge) in the investigation of cholera vaccines and immunity.  

The throughput and ease of host manipulation in mouse models makes them well-suited for targeted 

investigations of hypotheses derived from observations of human immune responses. For example, 

clinical investigations have suggested that immune responses to the V. cholerae O-antigen are a critical 

protective factor against reinfection (27). Infant mice have been used by multiple groups to test and 

ultimately support this hypothesis with a variety of strategies, including direct isolation and in vivo testing 

of human-derived monoclonal antibodies (42, 43). A transgenic mouse line expressing a V. cholerae 

core/lipid A-targeted monoclonal antibody was developed to evaluate the sufficiency of this target for 

protection from intestinal colonization (97). These examples demonstrate how hypotheses from human 

studies can be mechanistically evaluated using engineered animals. Similarly, the emerging concept that 

the intestinal microbiome shapes human immune responses to V. cholerae (98) is starting to be addressed 

using defined human microbial communities in GF mice. For example, prebiotic and microbial treatments 
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in a GF model of CT-based vaccination were recently shown to enhance immune responses to this V. 

cholerae antigen (99). Insights from mouse models may not only provide explanations for observations 

regarding human immunity but offer useful platforms to test interventions for future translation back to 

the clinic. 
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Chapter 2 – Dissecting serotype-specific contributions to live oral 

cholera vaccine efficacy 

Overview 

V. cholerae is outer-membrane coated with lipopolysaccharide (LPS), a conjugate molecule 

comprised of a membrane embedded lipid-A, an inner and outer core polysaccharide, and the O-antigen 

which extends beyond the cell and interacts with the pathogen’s external environment. LPS enhances the 

structural integrity of the outer cell membrane and girds the cells from external biotic and abiotic 

pressures including bacteriophages, and biophysical charge interactions. LPS is the most abundant and 

exposed molecule on the outer cell membrane of V. cholerae and is one of the first pathogen factors that 

the host encounters.  

Pandemic serogroup O1 V. cholerae is classified into two major serotypes: Ogawa and Inaba, 

based on the methylation status of the O-antigen. In Inaba strains the terminal O-antigen perosamine is 

unmodified whereas Ogawa strains are methylated by WbeT; an inactivated wbeT results in Inaba V. 

cholerae. Both serotypes can cause severe clinical cholera. Serotype is a key component of adaptive 

immunity to V. cholerae; as discussed in Chapter 1, anti-O-antigen antibodies are protective. Ogawa V. 

cholerae contain A and B type antigens and Inaba V. cholerae have B and C type antigens. A third O1 

serotype, Hikojima, contains all three A, B, and C antigens. It is a typically unstable, rare serotype and 

has not caused any recorded cholera outbreaks. It is thought to be a transitory serotype resulting from 

mutations and truncations of wbeT that do not fully deactivate the enzyme.  

In this study we evaluated the ability of a stable Hikojima live OCV to engender functional and 

protective immunity to both Ogawa and Inaba infections. We orally vaccinated germ-free (GF) mice with 

Ogawa, Inaba, and Hikojima variants of a novel live OCV candidate (HaitiV/PanChol) and interrogated 

the protective and immunogenic efficacy of these vaccine serotypes focusing on both verified CoPs as 

well as functional measures of immunity to cholera-like disease. We verified that there are indeed 
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serotype-specific determinants of adaptive immunity to V. cholerae and, using the infant mouse model of 

infection, identified the Hikojima serotype as the most cross protective variant of the live OCV.  

This chapter has been adapted from previously published work: Sit B*, Fakoya B*, Zhang T, Billings G, 

Waldor MK. Dissecting serotype-specific contributions to live oral cholera vaccine efficacy. Proceedings of the 

National Academy of Sciences of the United States of America. (2021). PMID: 33558237 

Author contributions: BF and BS contributed equally to this work (*). BF and BS conceived of the 

study with input from MKW. BF and BS performed all in vivo experiments and data analysis with 

technical input from TZ. GB cloned certain strains used in this study. BF performed all vibriocidal assays 

and serotype agglutination studies. BS maintained CFU and in vivo colony data. BF, BS, and MKW wrote 

the manuscript. All authors contributed to review and editing of the final manuscript.  
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Abstract 

The O1 serogroup of Vibrio cholerae causes pandemic cholera and is divided into Ogawa and 

Inaba serotypes. The O-antigen is V. cholerae’s immunodominant antigen, and the two serotypes, which 

differ by the presence or absence of a terminally methylated O-antigen, likely influence development of 

immunity to cholera and oral cholera vaccines (OCVs). However, there is no consensus regarding the 

relative immunological potency of each serotype, in part because previous studies relied on genetically 

heterogenous strains. Here, we engineered matched serotype variants of a live OCV candidate, HaitiV, 

and used a germ-free mouse model to evaluate the immunogenicity and protective efficacy of each 

vaccine serotype. By combining vibriocidal antibody quantification with single and mixed strain infection 

assays, we found that all three HaitiV variants - InabaV, OgawaV, and HikoV (bivalent Inaba/Ogawa) - 

were immunogenic and protective. None of the vaccine serotypes were superior across both of these 

vaccine metrics, suggesting that the impact of O1 serotype variation in OCV design, although detectable, 

is subtle. However, all three live vaccines significantly outperformed formalin-killed HikoV , supporting 

the idea that live OCV usage will bolster current cholera control practices. The potency of OCVs was 

found to be challenge strain-dependent, emphasizing the importance of appropriate strain selection for 

cholera challenge studies. Our findings and experimental approaches will be valuable for guiding the 

development of live OCVs and oral vaccines for additional pathogens.  

Significance Statement 

Two major serotypes of Vibrio cholerae circulate globally and cause pandemic cholera, but how 

infection or vaccination with each serotype impacts immune responses and subsequent protection against 

future infection by the pathogen is not well known. We engineered matched serotype variants of a new 

oral cholera vaccine candidate, HaitiV to investigate the effect of serotype variation on vaccine 

immunogenicity and protective efficacy. Our results provide a rigorous framework for oral bacterial 

vaccine evaluation in vivo and illuminate how serotype influences oral cholera vaccine potency, a finding 

of significant translational interest. 
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Introduction 

The human bacterial pathogen Vibrio cholerae causes cholera, a severe and potentially fatal 

diarrheal disease. In the small intestine, V. cholerae produces cholera toxin (CT), an AB5 toxin that 

induces ion imbalances and a secretory response that largely accounts for the massive fluid loss 

associated with cholera (14). Although effectively treated with rehydration therapy, cholera remains a 

threat to public health. The disease is endemic in over 50 countries, and is especially dangerous where 

access to clean water and sanitation remains limited (14). There are an estimated 3,000,000 cases and 

~100,000 deaths due to cholera worldwide each year (6). The magnitude of this threat has propelled 

interest in understanding V. cholerae-host immune system interactions for the refinement of oral cholera 

vaccines (OCVs), an important frontline intervention to reduce both cholera incidence and transmission 

(100). 

Both killed (inactivated) and live OCV formulations have been developed. Killed whole-cell 

OCVs (e.g. Shanchol), which consist of a mixture of heat or formalin-inactivated V. cholerae strains, have 

been generally efficacious in both endemic and epidemic settings (101). However, inactivated vaccines 

have limited efficacy in young children (<5 years old), who are most susceptible to severe cholera, and 

require multi-dose immunization regimens for long-lived immunity, although recent studies suggest that 

single or higher dose schedules may still offer shorter term protection (102–105). In contrast to killed 

OCVs, live OCVs are likely to be more effective after a single dose and in young children, since such 

vaccines more closely mimic authentic infection. During their in vivo replication in the intestine, live 

OCVs produce intact antigens, including infection-induced colonization factors, such as the toxin co-

regulated pilus, that are targets for protective immunity (106–108). However, to date, no live OCV is 

approved for use in cholera endemic countries, highlighting the need for development of new live OCVs 

for global public health. There is a live OCV (Vaxchora) that is commercially available in the USA, but 

its indication is limited to travel-related use (51). 
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Although there are >200 known V. cholerae serogroups, all pandemic cholera has been caused by 

O1 serogroup V. cholerae (10). Continued evolution of this dominant V. cholerae pandemic serogroup 

has given rise to several genetically and phenotypically distinct V. cholerae lineages (i.e. biotypes). 

Classical biotype V. cholerae, now thought to be extinct, likely caused the 1st-6th cholera pandemics. The 

ongoing 7th cholera pandemic, which began in 1961, is caused by the 7th pandemic El Tor (7PET) biotype 

of O1 V. cholerae. Extensive genomic analyses of 7PET V. cholerae have demonstrated additional 

changes acquired by more recent clinical isolates, including the ctxB7 allele of CT and the SXT antibiotic 

resistance element (8, 23, 24). These “Wave 3” 7PET strains are now the primary cause of cholera 

worldwide, and have caused dramatic outbreaks in Haiti (2010-2019) and Yemen (2017-present) (64, 

109).  

The O-antigen moiety of lipopolysaccharide (LPS) is thought to be the primary antigenic 

determinant of protective immunity resulting either from O1 V. cholerae infection or vaccination (27). 

The O1 serogroup includes two serotypes, Ogawa and Inaba, which differ by the presence or absence, 

respectively, of a methyl group on the terminal sugar of the LPS O-antigen (Figure 2.1.A)(14, 110–112). 

Both Ogawa and Inaba strains cause epidemic cholera and circulate globally, often replacing each other in 

cyclical outbreaks in the same region (113–115). Studies of natural infection indicate that immune 

responses and subsequent protection against future infection are strongest against the homologous (initial) 

serotype (116). However, the relative potency of the cross-protectiveness of these responses, particularly 

whether one serotype confers greater cross-protectivity, remains unclear. Studies on this topic have not 

used matched isogenic strains to investigate the impact of variation in this immunodominant antigen in 

isolation from the complex suite of V. cholerae virulence and colonization factors. Similarly, while the 

serotype/biotype landscape of current OCVs is varied, ranging from monovalent (Vaxchora, classical 

Inaba) to trivalent (Shanchol, classical and El Tor Ogawa/Inaba/O139) formulations, evidence for their 

cross-serotype protective capacity from controlled comparisons of vaccines of varying serotypes is 
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lacking. Understanding these concepts could guide design of a more potent O1 OCV against both 

serotypes.  

O1 serotypes are determined by the activity of the O-antigen methyltransferase WbeT (previously 

known as RfbT), and loss-of-function mutations in this enzyme produce Inaba strains (117). In rare cases 

where WbeT function is impaired, but not eliminated, Hikojima strains, which simultaneously produce 

methylated (Ogawa) and un-methylated (Inaba) LPS, can arise (117, 118). Although Hikojima is thought 

to be an unstable phenotype, Hikojima strains have historically and recently been isolated in the clinic 

(119–121), and stable Hikojima-generating point mutations in WbeT have recently been identified (122, 

123), raising the idea that an OCV bearing this bivalent O1 serotype could elicit superior cross-serotype 

protection while retaining the manufacturing advantages of a single strain vaccine. To this end, an 

inactivated Hikojima vaccine (Hillchol) has been produced, with promising early clinical results 

suggesting non-inferior immunogenicity when compared to Shanchol (124, 125).  

We recently described a new live-attenuated OCV candidate, HaitiV, an engineered derivative of 

a toxigenic Wave 3 7PET O1 Ogawa V. cholerae clinical isolate (HaitiWT) from the 2010 Haiti cholera 

epidemic. HaitiV contains a set of genetic modifications that reduce its potential reactogenicity and 

enhance its biosafety, and allow it to over-produce the non-toxic B subunit of CT to boost 

immunogenicity (126). In two mouse models, we showed that HaitiV is immunogenic and elicits robust 

protective adaptive immune responses (92, 127). In addition to its function as a conventional live OCV, 

HaitiV also has an unprecedented, rapid-acting function that protects animals against lethal V. cholerae 

challenge within 24 hours post-immunization. Thus, HaitiV could be an OCV with both short- and long-

term protective functions (126). Here, to understand how vaccine serotype influences the generation of 

serotype-specific vibriocidal antibodies and protective immunity, we engineered isogenic Inaba, Ogawa, 

and Hikojima variants of HaitiV. The protective capacities of these vaccines were tested in a germ-free 

(GF) mouse OCV immunization model using isogenic Inaba and Ogawa challenge strains. All three 

serotype vaccines functioned as excellent OCVs, with subtle but detectable differences in 
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immunogenicity and protective efficacy. Our study provides insight into the in vivo biology of V. 

cholerae serotypes, demonstrates the utility of the GF mouse platform for rapidly assessing OCV 

candidates, and offers guidance for design of future OCV trials. 

Results 

Generation of genetically matched HaitiV serotype variant strains 

Among the suite of genetic modifications in HaitiV is a deletion of the recombinase recA 

(VC0543), which limits the vaccine’s capacity to acquire new genetic material, but is required for 

engineering mutations by homologous recombination. To further modify HaitiV, we restored a precursor 

of HaitiV to recA+. Subsequently, the hemolysin hlyA (VCA0219) was deleted, since HlyA is a suspected 

V. cholerae virulence factor (128). We then introduced the following reported point mutants of WbeT 

(VC0255) at Ser158 in the original Ogawa variant of HaitiV: S158F (Hikojima), and S158P (Inaba)(122). 

Finally, recA was deleted from each strain to yield three HaitiV-derived isogenic ΔhlyA/ΔrecA strains: 

OgawaV (WbeTS158), HikoV (WbeTS158F), and InabaV (WbeTS158P) (Figure 2.1.A). Each vaccine strain’s 

serotype was confirmed by slide agglutination (Figure 2.1.B).  
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(A): Schematic of the three known O1 V. cholerae serotypes. Internal and terminal perosamine residues are 

indicated by blue or otherwise colored diamonds, respectively, with the approximate degree of methylation 

of the terminal perosamine shown. (B): Representative slide agglutination of the three HaitiV vaccine 

serotypes. (C): Oral immunization and sampling regime for adult mouse phase of this study. V – oral 

vaccination, F – fecal pellet collection, B – blood sample collection, M – mating. (D) Fecal shedding and 

(E) bodyweight of mice orally immunized with a single dose of the indicated inactivated or live vaccine 

strain at Day 1.  

 

Figure 2.1 Vaccine shedding and bodyweights of adult germ-free mice orally immunized with 

isogenic vaccine serotype variants. 
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Vaccine serotype influences the specificity of vibriocidal responses  

We used the GF adult mouse oral immunization model to compare the relative potency of the 

immune responses elicited by these three HaitiV serotype variants in adult female mice (92, 129, 130). 3-

6-week-old female GF mice (n=5/group) were immunized with a single oral dose of 109 CFU of live 

OgawaV, InabaV, HikoV or formalin-inactivated HikoV (FKV) (Figure 2.1.C). All three live variants were 

shed in feces (i.e. colonized) at equivalent levels with comparable kinetics over the course of the study 

(Figure 2.1.D). Although there was some variance in mean initial weights of each group due to mouse 

availability, mice weights remained stable or increased over the course of the study, indicating that 

prolonged colonization by all 3 vaccine serotypes is safe (Figure 2.1.E). 

We next gauged immune responses to the vaccine variants by measuring vibriocidal antibody 

titers (VATs) in serum samples from the mice. VATs are a strong clinical correlate of protection in 

human V. cholerae infections and report on serotype-specific antibody responses against Ogawa and 

Inaba target strains (27). All but two (28/30) mice immunized with live vaccines seroconverted (>4x from 

baseline VAT) against at least one O1 serotype within 14 days post-immunization, with the remaining 

two seroconverting by Day 28 (Figure 2.2). Anti-Ogawa responses were comparable between the three 

vaccine variants and ≥80% of animals responded to vaccination (Figure 2.2.A). In contrast, anti-Inaba 

responses in OgawaV-immunized mice were of lower titer than those in InabaV- or HikoV-immunized 

mice and were not detected in some animals 14 and 28 days post-vaccination (Figure 2.2.B), suggesting 

that vaccine strain serotype biases the potency of serotype-specific vibriocidal immune responses. Only 

one FKV-immunized mouse seroconverted, demonstrating that the inactivated vaccine is markedly less 

immunogenic in this model. 
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Anti-Ogawa (A) and -Inaba (B) titers are plotted as geometric means of each group with individual values 

for each mouse shown. Individual values correspond to the highest dilution at which vibriocidal activity 

was observed. The lower dotted line represents the lower limit of detection (1:25 serum dilution), with the 

upper dotted line indicating the seroconversion threshold (4-fold increase over the baseline limit of 

detection). 

 

Figure 2.2 Vibriocidal antibody titers in adult germ-free mice orally immunized with isogenic 

vaccine serotype variants. 
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(A): Fecal shedding of hlyA+/recA+ (+/+) or ΔhlyA/ΔrecA Ogawa HaitiV. (B) Anti-Ogawa and (C) anti-

Inaba vibriocidal antibody titers in serum samples from the indicated timepoints in each vaccine group. 

Data for the ΔhlyA/ΔrecA OgawaV mice is replicated from Figure 1 and 2 in the main text to allow 

comparison with mice immunized with the +/+ OgawaV strain. 

 In a separate GF mouse cohort, we observed similar responses to hlyA+ OgawaV as the hlyA 

mutant, indicating that deletion of this locus did not broadly impact immunogenicity Figure 2.3).  

 

Figure 2.3 Effect of hlyA deletion on immunogenicity of HaitiV in adult germ-free mice. 

 

Vaccine serotype influences vaccine protective efficacy  

VATs are not a direct measure of vaccine protective efficacy, and adult mice are refractory to 

cholera-like illness. To assess whether the immune responses in the vaccinated female adults were 

protective, and whether protection was biased by the serotype of the vaccine strain, we tested the 

susceptibility of their neonatal progeny to lethal challenge with either HaitiWT Ogawa (OgawaWT) or 

Inaba (InabaWT) isogenic challenge strains (Figure 2.4).  
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Representative images are shown. 

 

Figure 2.4 Slide agglutination of wild-type V. cholerae strains used in this study. 

To control for litter-to-litter variations in maternal care and immune responses, which could affect 

comparisons, each litter was randomly split into two groups of pups, which received either a lethal 

OgawaWT or InabaWT challenge (Figure 2.5). Pups in all three live vaccine groups were significantly 

protected from both death and diarrhea caused by challenge with either serotype compared with pups in 

the FKV group that exhibited similar kinetics of mortality as pups of unvaccinated dams, indicating that 

the presence of VATs (i.e. seroconversion) is tightly correlated with protection in this model (Figure 

2.5.B and C)(92, 127). However, the protective efficacy of the three vaccine serotypes differed depending 



30 
 

on the serotype of the challenge strain. All three live vaccines provided similar protection against InabaWT 

challenge (Figure 2.5.B), but pups from OgawaV-immunized dams were protected from death and 

diarrhea to a greater extent than pups from the other two groups against OgawaWT challenge (Figure 

2.5.C, p = 0.0033 and 0.0026 for diarrhea incidence in pups from OgawaV dams versus HikoV and InabaV 

dams, respectively). These findings suggest that OgawaV elicits more potent protective immune responses 

to homologous challenge and that vaccine serotype modifies the protective capacity of OCVs. In contrast 

to their differential protective capacities, all three vaccines conferred similar levels of colonization 

suppression (Figure2.5.B and C), illustrating that suppression of colonization is not strictly equivalent to 

protection against disease. 
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(A) Timeline of challenge experiments depicted in Figures 3, 4 and 6. For Figure 3 and 4, P3-4 pups in 

each litter were randomly assigned to receive a lethal dose of either InabaWT (B) or OgawaWT (C). Panels 

on the left depict survival kinetics for challenged pups from the indicated vaccine groups, with associated 

median survival times and sample sizes. P-values were determined by the Mantel-Cox test. Panels on the 

right show small intestinal (SI) V. cholerae burden in the same pups at the time of death (open circles) or at 

assay endpoint (48 hpi, closed circles). Burden is plotted as CFU/SI and pups with visible signs of diarrhea 

at the time of sacrifice are marked with an asterisk. The dotted line marks the limit of detection (50 

CFU/SI). P-values were determined by the Mann-Whitney U test.  

 

 

Figure 2.5 Protective efficacy of isogenic vaccine serotype variants using isogenic single strain 

challenges in pups from immunized dams 
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We also analyzed the expansion of InabaWT or OgawaWT within each litter to counter potential 

confounding effects of variations in maternal care between litters. The in vivo expansion of the challenge 

strains was estimated by dividing the number of CFU recovered from the intestine by the CFU in the 

inocula, yielding a fold replication over inoculum (FROI) index. FROI comparisons revealed that litters 

from FKV, OgawaV and HikoV immunized dams did not display differential expansion of either the Inaba 

or Ogawa challenge strain (Figure 2.6); in each group, litters showed comparable replication of either 

serotype. In contrast, in pups from all six litters from InabaV immunized dams, OgawaWT expanded to a 

greater extent than InabaWT, suggesting that InabaV-induced immune responses have diminished capacity 

to suppress the expansion of virulent Ogawa versus Inaba V. cholerae in the intestine. There was a 

statistically significant, but modest negative correlation between both peak or post-challenge mean dam 

VAT and FROI in the associated litters (Figure 2.6.B and C), suggesting that these metrics of vaccine 

potency are related in GF mice.  
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(A): Fold replication over inoculum (FROI) for the indicated challenge strain (In: InabaWT, Og: OgawaWT) 

using colonization data from right panels in Figure 3. Solid lines connect FROI values for In- or Og-

challenged pups in the same litter. P-values were calculated by the Wilcoxon matched-pairs signed rank 

test. (B): Correlation of litter-specific FROI with the post-challenge mean vibriocidal antibody titer (VAT) 

in the dam. Mean post-challenge VAT was determined by averaging the anti-Inaba and -Ogawa VAT 

values from the blood sample taken at the time the dam’s litter was euthanized. (C): Correlation of litter-

specific FROI with the peak mean vibriocidal antibody titer (VAT) in the dam. Mean peak VAT was 

determined by averaging the highest measured anti-Inaba and -Ogawa VAT values from the mouse at any 

point during the study. The p-value of the fitted linear regression was calculated with the F-test.  

 

Figure 2.6 Replication of WT challenge strains in pups from dams immunized with isogenic 

serotype variants of OCV. 
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Analysis was performed as in Figure 2.6 but without combining Inaba and Ogawa challenge FROI and VAT 

data. Shown are matched serotype FROI and VAT analysis for post-litter (A and B) or peak (C and D) VATs. 

To test the specificity of these relationships, mean litter FROI (combined across serotypes) was plotted 

against the assumed unrelated metric of dam bodyweight at Day 1 (E) or Day 35 (F) post-immunization. 

Significant correlations between serotype-specific VAT and serotype-specific expansion were not 

detected in all groups, possibly due to insufficient statistical power (Figure 2.7.A-D). Importantly, other 

metrics such as dam bodyweight were not correlated to FROI, indicating the specificity of VAT 

correlations with pathogen replication in the GF mouse OCV model (Figure 2.7.E and F).   

 

Figure 2.7  Correlation of fold replication values with dam anti-V. cholerae antibody responses or 

bodyweight 
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To further probe the serotype-specific protective efficacy of a bivalent vaccine strain such as 

HikoV, we carried out within-pup comparisons using competitive infections, thus controlling for pup-to-

pup variations in maternal care. These experiments used a lower challenge inoculum (105 CFU) 

composed of a 1:1 mixture of OgawaWT and InabaWT to robustly assay colonization in the absence of signs 

of disease (Figure 2.8.A). Consistent with the single infection data, the total CFU burden of WT V. 

cholerae in pups from HikoV dams was significantly reduced (~100x) compared to pups from 

unimmunized dams (Figure 2.8.B). Unexpectedly, in pups from unimmunized dams, the baseline 

competitive index (CI) was not 1, suggesting that OgawaWT has a modest competitive advantage in the 

infant mouse SI relative to InabaWT (Figure 2.8.C). CIs in pups from HikoV-immunized dams were 

significantly higher than in the controls, suggesting that HikoV vaccination elicits immune responses that 

are less potent at impeding OgawaWT expansion and/or more potent at impairing InabaWT replication 

(Figure 2.8.C). These observations provide additional evidence that OCV serotype exerts serotype-

specific impacts on V. cholerae fitness, even within a single animal. 
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A): Timeline of mixed strain challenge experiments. (B): Colonization burdens in P6 pups from 

unimmunized and HikoV vaccinated adults challenged with a 1:1 mixture of InabaWT and OgawaWT. The 

dotted line indicates the limit of detection. (C): Competitive index (CI) values from pups in Panel B. Open 

circles denote pups where the denominator was 0 in the CI calculation, forcing an imputed 1 and hence 

representing the upper limit of detection. The dotted line indicates the line of parity (CI = 1). Pups with a 

total colonization burden of less than 5x103 CFU in Panel B were excluded from Panel C. P-values were 

determined by the Mann-Whitney U test. 

 

 

Figure 2.8 Mixed-strain challenges in pups from dams immunized with HikoV. 

 

Serotype-independent challenge strain properties impact the protective efficacy of HikoV 

To further explore the protective scope of the bivalent HikoV strain against diverse V. cholerae 

challenges, we immunized an additional cohort of GF mice with formalin-inactivated or live HikoV. 

HikoV stably colonized the mice and the vaccinated animals gained weight and developed similar serum 

VATs as described above (Figure 2.9). We challenged litters from these vaccinated dams with 7PET 

clinical strains from the last several decades to capture the evolutionary spectrum of the 7th cholera 

pandemic. These included N16961, an Inaba Bangladeshi isolate from 1971 (131), PIC018, an Inaba 
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Mice were immunized with buffer only (NaHCO3), inactivated (FKV) or live (HikoV) vaccine at Day 0. 

Fecal shedding (A), bodyweight (B) and anti-Ogawa (C) and anti-Inaba (D) vibriocidal antibody titers were 

measured according to a similar sampling scheme to that described in Figure 2.1 in the main text 

Bangladeshi isolate from 2007 (96) along with the HaitiWT (isolated in 2010) derived strains OgawaWT 

and InabaWT, used above (Figure 2.9). 

 

Figure 2.9 Overview of adult germ-free mice immunized with formalin-inactivated or live HaitiV-

Hikojima.  

 Consistent with data from the previous cohort (Figure 2.5), pups from FKV-vaccinated dams 

were not protected against disease or colonization (Figure 2.10). In contrast, pups from live HikoV-

immunized dams were completely protected against the three contemporary isolates (PIC018, OgawaWT 

and InabaWT) (Figure 2.10.A). None of these animals developed any signs of illness (such as diarrhea) or 

died. Despite the equivalent clinical protection from these three challenge strains, HikoV vaccination 

suppressed colonization by PIC018, an Inaba strain, more potently than either HaitiWT serotype (Figure 

2.10.B). Conversely, pups from HikoV-immunized dams displayed significantly lower levels of clinical 

protection (7/17 with diarrhea/died, p=0.0087 vs. InabaWT) and colonization suppression when challenged 



38 
 

A) Survival kinetics in P3-4 pups from dams immunized with formalin-killed (FKV) or live HikoV 

challenged with the indicated WT V. cholerae strain. The sample size and median survival times, where 

calculable, are indicated. (B) Intestinal V. cholerae burden in the pups from Panel A at the time of death 

(open circles) or at assay endpoint (48 hpi, closed circles). Burden is plotted as CFU/SI and pups with 

visible signs of diarrhea at the time of sacrifice are marked with an asterisk. The dotted line marks the limit 

of detection (50 CFU/SI). P-values were determined by the Mann-Whitney U test. 

with the early 7PET strain N16961 (Figure 2.10). These findings strongly suggest that strain-specific 

factors in addition to serotype-specific immune responses determine the protective efficacy of OCVs.  

 

Figure 2.10 Diverse single strain challenges in pups from dams immunized with HikoV. 
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Discussion 

The Inaba and Ogawa serotypes of O1 serogroup V. cholerae, which were initially described over 

a century ago, continue to cause virtually all pandemic cholera (132). Based on knowledge that the O1 O-

antigen is a critical target of protective immunity against cholera and that the methylation that 

distinguishes Ogawa from Inaba strains can impact anti-V. cholerae immune responses, we engineered 

genetically matched serotype variants of a live OCV candidate, HaitiV, as well as isogenic Ogawa and 

Inaba WT challenge strains, to determine which, if any, O1 serotype would be the most immunogenic and 

protective. We hypothesized that the bivalent Hikojima serotype would be the most effective OCV 

formulation, as it presents both Inaba and Ogawa antigens. We found that all three HaitiV variants - 

InabaV, OgawaV, and HikoV - were both immunogenic and protective in the GF mouse model. Given that 

we observed relatively minor differences between the vaccines, we suggest that the impact of O1 serotype 

variation in OCV design is subtle, and our data did not consistently identify a single superior vaccine 

serotype across both the immunogenicity and protection assays. However, a striking result from this study 

was that all three live vaccines were far more immunogenic than a formalin killed version of HikoV, 

strongly supporting the idea that a live OCV has great potential for control of cholera.   

In the challenge assays, all three live vaccines protected nearly all pups from InabaWT challenge, 

but OgawaV was superior to either InabaV or HikoV in the animals challenged with OgawaWT, even though 

the latter two vaccines elicited nearly equal anti-Ogawa VATs as OgawaV. Despite protecting as well as 

InabaV and HikoV against InabaWT challenge, OgawaV induced lower anti-Inaba VATs than the other two 

vaccines, underscoring the complexities of experimental markers of protective immunity and suggesting 

that finer-scale metrics to evaluate vaccine efficacy would be valuable. This is especially important since 

immune and protection metrics both report on vaccine potency, but the translational insight imparted by 

these assays in relation to each other is not entirely clear. Given the tight range of protective efficacy of 

all three vaccines (85-100%), it was not possible to correlate VAT level and protection in the animals in 

our studies, as had been done in humans, beyond the observation that seroconversion was tightly 
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associated with protection (133, 134). The split-litter challenges showed that a surrogate measure of 

efficacy, the FROI bacterial replication value, correlated with the level of circulating vibriocidal 

antibodies in the dam. This is consistent with knowledge that immunity to cholera is primarily driven by 

anti-bacterial effects (135). Similarly, our use of mixed isogenic challenge strains allowed us to directly 

measure the relative replication (CI) of Inaba and Ogawa V. cholerae strains against each other in the 

same intestinal environment. This experimental format revealed that immunization with HikoV  elicited 

immune responses that skewed the relative expansion of the Ogawa and Inaba challenge strains. In 

conjunction with the observation of serotype-bias in FROI, these data support the idea that anti-O-antigen 

antibodies are the direct effectors responsible for vaccine-mediated suppression of colonization (43, 102) 

and suggest that determination of the molecular bases of serotype-biased V. cholerae intestinal replication 

is warranted.  

An important caveat underlying our findings is that GF mice lack commensal gut microbes and 

could have altered immune responses to immunization, especially considering recent studies that have 

highlighted how V. cholerae-microbiota interactions can influence colonization, disease, and development 

of anti-V. cholerae immunity (83, 86, 87, 99, 136). Furthermore, the context of human cholera is even 

more complex, because the pathogen must interface with a multitude of factors such as pre-existing anti-

V. cholerae immunity, co-infection with similar pathogens such as enterotoxigenic E. coli, and host 

nutritional state. However, the strong association of VAT induction with protection and superior efficacy 

of live over inactivated vaccine strains in this model, and our similar findings of OCV function in mice 

with transiently disrupted microbiomes reinforces the idea that the GF mouse live OCV model holds 

substantial translational promise (92, 127). 

Investigations of the influence of the O1 serotypes on natural V. cholerae infection or OCV 

function in the literature are sparse, and sometimes conflicting. Surveillance-based natural infection 

studies conducted in Bangladesh, where cholera is endemic, have suggested that Inaba cholera infections 

confer stronger protection against future exposure to Ogawa V. cholerae than the reverse heterologous re-
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infection (115, 116). Conversely, an early volunteer challenge study with WT V. cholerae suggested that 

Ogawa-stimulated immunity against both homologous and heterologous serotype re-challenge was non-

inferior to that conferred by Inaba (131). In addition, recent analyses of immune responses during cholera 

suggest that Ogawa infections may elicit stronger cross-serotype reactive immune responses than Inaba 

infections (137). There are several reasons that may explain why these studies have yielded disparate 

conclusions. First, the relatively small numbers of re-infected subjects in both challenge and surveillance 

studies limit their robustness. Additionally, serotype dynamics during cholera epidemics can range from 

clonal domination to co-circulation of Inaba and Ogawa strains, with local outbreaks often “switching” 

from Ogawa to Inaba and back again, complicating the interpretation of serotype-specific disease 

incidence in surveillance studies by impacting serotype-specific re-infection frequencies (113–115, 138–

140). This is further confounded by the knowledge that serotype switching can be driven by selective 

pressure from serotype-specific antibodies, sometimes within the same host, making it likely that changes 

in population-level serotype-specific immunity drive serotype switching during outbreaks (119, 141, 

142). Lastly, no study has directly compared the immunogenicity or protective efficacy of Inaba and 

Ogawa OCVs with otherwise identical genetic backgrounds, a crucial control in the context of a 

continuously evolving pathogen such as V. cholerae. Our findings thus augment epidemiological 

observations and provide a needed framework to benchmark the performance of all three known O1 V. 

cholerae serotypes as OCVs. 

Since we cannot predict a priori which serotype will cause an outbreak, and given that the reports 

described above conflict on whether Ogawa or Inaba vaccines are preferable, our data suggest that the 

development of a live Hikojima OCV would be the most risk-averse approach to next-generation OCV 

design. HikoV was largely non-inferior to InabaV and OgawaV in our study, presents both Ogawa and 

Inaba antigens, and, as a single strain formulation, could simplify the live OCV manufacturing process. It 

will be of interest to investigate how different Hikojima-generating alleles of wbeT that give rise to 
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skewed (not 1:1) Inaba:Ogawa O-antigen ratios influence serotype switching, immunogenicity and OCV 

efficacy. 

Finally, the controls and experimental schemes we used should be valuable for the design of 

future investigations of OCVs, not only in GF mice, but potentially also in humans, as cholera is one of 

the few infectious diseases for which there is a human challenge model (143). For example, using mixed-

challenge inocula (e.g. Inaba and Ogawa V. cholerae) could enable assessment of the within-host relative 

fitness of the two major V. cholerae serotypes in immunized human volunteers. Our observation that the 

apparent potency of OCVs is challenge strain-dependent (Figure 2.10) also emphasizes the need for 

careful selection of relevant strains in animal and human investigations of OCVs. Similar considerations 

were taken when the early 7PET isolate N16961 was introduced as an updated challenge in 1980 (131). 

This isolate has since been used as the predominant human challenge strain, including the most recently 

reported volunteer challenge OCV trial (134). Recent 7PET evolution over the last three decades has led 

to strains with altered virulence traits, and potentially immunogenicity (144–147). Our data suggest that 

currently circulating late 7PET V. cholerae, which have never been used as challenge strains, may interact 

differently with OCV-induced immunity than early 7PET and 6th pandemic isolates, and thus should be 

considered for use not only as next-generation live OCVs, but as challenge strains in future human 

volunteer studies. This change may advance the development of efficacious OCV candidates as well as 

yield mechanistic insights into immune responses to contemporary pandemic V. cholerae.  

 

 

 



43 
 

Materials and Methods 

Bacterial strains and growth conditions 

Bacteria were grown in lysogeny broth (LB) supplemented with the indicated 

antibiotics/compounds at the following concentrations: streptomycin (Sm, 200µg/mL), kanamycin 

(200µg/mL), carbenicillin (Cb, 50µg/mL), chloramphenicol (Cm, 0.75µg/mL) 

sulfamethoxazole/trimethoprim (SXT, 80 and 16µg/mL) and 5-bromo-4-chloro-3-indolyl-β-d-

galactopyranoside (X-gal, 60µg/mL). For growth on plates, LB + 1.5% agar was used. Unless otherwise 

noted, strains were grown in liquid media at 37ºC shaking at 200rpm. All V. cholerae strains in this study 

were spontaneous SmR derivatives of the wild-type. Bacterial stocks were stored at -80ºC in LB with 

35% glycerol. Strains and plasmids used in this study are listed in the SI Appendix (Tables S1 and S2). 

Serotype agglutination assay 

To serotype vaccine and WT strains, triplicate 10µL drops of saturated overnight single colony 

cultures of each strain were spotted onto a glass slide and mixed with 5µL of anti-Inaba or anti-Ogawa 

sera (BD Difco) or a vehicle control (0.85% NaCl). Drops were then mixed with a sterile pipette tip and 

gently rocked for 30 seconds. Anti-Inaba serum strongly agglutinates Inaba and Hikojima V. cholerae.  

Anti-Ogawa serum strongly agglutinates Ogawa and Hikojima V. cholerae. Bacteria were imaged with a 

Nikon Eclipse TS100 inverted microscope at 100x magnification.  

Engineering HaitiV and HaitiWT derivatives 

HaitiV and HaitiWT variants were created by conventional allelic exchange techniques as 

previously described (126). Briefly, the HaitiV or HaitiWT V. cholerae derivative of interest was 

conjugated with SM10lpir E. coli bearing the suicide plasmid pCVD442 or pDS132 carrying the allele to 

be exchanged as well as 700bp of up- and downstream homology to the targeted genomic region. 

Conjugations were performed at a 1:1 donor:recipient ratio for 4 hours at 37°C and single crossovers were 

isolated by plating reactions on LB + Sm/Cb (pCVD442) or LB + Cm (pDS132) agar plates. To select for 
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double crossovers, single crossover colonies were re-streaked on LB + 10% overnight at 30ºC or were 

grown in LB + Sm/Cb for 4 hours at 37°C and then sub-cultured 1:100 statically in LB + 10% sucrose 

overnight at room temperature, followed by plating on LB + Sm. Colonies were then checked for Cb 

resistance by duplicate patching. SmR/CbS colonies were screened by colony PCR (for hlyA, lacZ and 

recA) or Sanger sequencing (for wbeT) to identify colonies with the correct double crossover.  

GF mouse oral immunization scheme and sample collection 

3-6-week old GF female C57BL/6 mice were obtained from the Massachusetts Host-Microbiome 

Center and housed in autoclaved cages with food and water given ad libitum in a non-gnotobiotic BL-2 

facility on a 12-hour light/dark cycle for the duration of the study. On Day 0, mice were anesthetized with 

isoflurane and orally gavaged with 109 CFU of overnight culture of one of the three serotype variants of 

live or formalin-killed (inactivated, FKV) HaitiV in 100uL 2.5% NaHCO3. Formalin inactivation was 

performed as previously described (126). Immunized mice were monitored daily and weighed weekly. At 

the indicated timepoints in Figure 2.1, a blood sample was collected by submandibular puncture for 

immunological assays and a fresh fecal pellet was collected from each mouse for plating on LB + Sm to 

enumerate HaitiV shedding. Blood samples were clotted at room temperature for 1 hour, centrifuged at 

20000 x g for 5 minutes and supernatant (serum) stored at -20°C for subsequent analyses. Mice were co-

housed according to vaccine group until Day 42, when mice designated for mating were re-housed with 

age-matched GF C57BL/6 males to initiate the mating and infant challenge study phase. 

Quantification of vibriocidal antibody titers 

A complement-mediated cell lysis assay was performed to quantify vibriocidal responses in 

serum samples as previously described (130). The clinical isolates PIC018 and PIC158 were used as the 

Inaba or Ogawa V. cholerae target, respectively. Seroconversion was defined as ≥4x increase in titer 

relative to the first measurement. The characterized mouse monoclonal antibody 432A.1G8.G1.H12 

targeting V. cholerae O1 O-specific polysaccharide was used as a positive control for the vibriocidal 
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assay(92). Titers are reported as the dilution of serum causing a 50% reduction in target optical density 

compared to control wells with no serum added. 

Infant mouse single strain lethal challenge assay 

Lethal dose single strain challenge assays were performed as previously described(92). Pregnant 

dams were singly housed at E17-20 for delivery. At P3 (third day of life), pups were orally inoculated 

with 107 CFU of the indicated WT V. cholerae strain in 50µL LB and returned to their dam. In split litters 

receiving InabaWT or OgawaWT, pups were randomly assigned to each inoculum. Infected pups were 

monitored every 4-6 hours for onset of diarrhea, reduced activity levels and reduced body temperature. 

Once signs of disease were observed, monitoring was increased to 30-minute intervals until moribundity 

was reached, at which point pups were removed from the nest and euthanized for dissection, 

homogenization and plating of the small intestine (SI) on LB + Sm/X-gal for CFU enumeration. Pups that 

were alive at 48 hours post inoculation (hpi) were deemed protected from the challenge. Upon removal of 

the final pup in each litter, a submandibular blood sample was collected from the dam for vibriocidal 

antibody titer quantification. Fold replication over inoculum (FROI) values were calculated by dividing 

the total V. cholerae SI CFU burden at time of sacrifice by the inoculum. Mean FROI values were 

calculated by averaging FROIs from both surviving and succumbed pups in a given subgroup (i.e. Inaba 

or Ogawa-inoculated pups in a given litter or all pups in the litter). We excluded pups rejected by their 

dams from analyses due to our inability to attribute mortality to infection alone. 

Infant mouse mixed strain non-lethal competitive index assay 

For non-lethal, competitive index (CI) infections, P5 (fifth day of life) pups were separated from 

their dams and orally inoculated with a 1:1 mix (total 105 CFU) of HaitiWT Ogawa lacZ- and HaitiWT 

Inaba lacZ+ V. cholerae, a dose insufficient to cause disease or mortality but sufficient for robust 

intestinal colonization (69). At 20 hpi, pups were euthanized for dissection and CFU plating of the SI on 

LB+Sm/X-gal for blue/white colony counting. CIs were obtained by dividing the ratio of white:blue 

(Ogawa:Inaba) colonies in the SI to the ratio of white:blue colonies in the inoculum.  
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Statistical analysis 

Statistical analyses were performed with Prism 8 (Graphpad). Survival curves were analyzed with 

the log-rank (Mantel-Cox) test and CFU burdens and CIs were compared with the Mann Whitney U test. 

Correlations between fold replication and VATs were generated by linear regression and statistically 

tested with the F-test. Bacterial replication within the same litter (FROI) was analyzed with the Wilcoxon 

signed-rank matched pair test. Differential incidence of diarrhea in challenged pups was analyzed with 

two-tailed Fisher’s exact tests. A p-value <0.05 was considered statistically significant. 

Animal use statement 

This study was performed in accordance with the NIH Guide for Use and Care of Laboratory 

animals and was approved by the Brigham and Women’s Hospital IACUC (Protocol 2016N000416). 

Infant (P14 or younger) mice were euthanized by isoflurane inhalation followed by decapitation. Adult 

mice were euthanized at the end of the study by isoflurane inhalation followed by cervical dislocation. 
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Chapter 3 – Transient intestinal colonization by a live-attenuated oral 

cholera vaccine induces protective immune responses in streptomycin-

treated mice 

Overview 

Preclinical studies of cholera vaccines have relied heavily on small animal models to evaluate 

immunogenicity and determine scopes of protection. However, as discussed in Chapter 1, V. cholerae 

does not ordinarily colonize conventional adult mice. As such the germ-free (GF) adult model has become 

a mainstay for evaluating live-OCV immunogenicity, such as in Chapter 2. The GF mouse model does 

come with some important limitations: with the lack of resident microbiota to confer colonization 

resistance, these mice remain colonized with V. cholerae for extended periods of time (sometimes for 

>100 days) which does not recapitulate the kinetics of live OCV colonization of people (>14 days of 

colonization). Moreover, the immune systems of GF mice are known to be immature and can confound 

metrics of developed adaptive immunity to enteric infections. 

Previous work has shown that oral treatment of adult mice with antibiotics is sufficient to deplete 

the native specific-pathogen free (SPF) murine microbiota and enable V. cholerae intestinal colonization. 

In this study we adapted the streptomycin-treated mouse model of V. cholerae adult mouse infection to 

evaluate the protection conferred by live and killed OCVs and the immunological potency of a transiently 

colonized live OCV, HaitiV. We tracked the colonization kinetics of HaitiV in streptomycin treated mice 

and demonstrated colonization kinetics that closely mimicked V. cholerae colonization kinetics in 

humans. We evaluated the ability of this model to report on development of VATs, and assayed 

functional protection with coupled infant mouse challenges. We demonstrated that transient colonization 

by a live OCV in the murine model is sufficient to study the immunological efficacy of OCV 

formulations.  



48 
 

This chapter has been adapted from previously published work: Fakoya B, Sit B, Waldor MK. 

Transient intestinal colonization by a live-attenuated oral cholera vaccine induces protective immune 

responses in streptomycin-treated mice. Journal of Bacteriology. (2021). PMID: 32540930 

Author contributions: BF conceived of the study with input from MKW. BF performed all in vivo 

experiments, VAT assays, and data analysis with technical input from BS. BF wrote the manuscript with 

input from BS and MKW. All authors contributed to review and editing of the final manuscript.  

 

  



49 
 

Abstract 
  Current mouse models for evaluating the efficacy of live oral cholera vaccines (OCVs) have 

important limitations. Conventionally raised adult mice are resistant to intestinal colonization by Vibrio 

cholerae, but germ-free mice can be colonized and have been used to study OCV immunogenicity. 

However, germ free animals have impaired immune systems and intestinal physiology; also, live OCVs 

colonize germ free mice for many months, which does not mimic the clearance kinetics of live OCVs in 

humans. Here, we leverage antibiotic-treated, conventionally raised adult mice to study the effects of 

transient intestinal colonization by a live OCV V. cholerae strain. In a single dose vaccination regimen, 

we found that HaitiV, a live-attenuated OCV candidate, was cleared by streptomycin treated adult mice 

within a week after oral inoculation. This transient colonization elicited far stronger adaptive immune 

correlates of protection against cholera than did inactivated whole-cell HaitiV. Infant mice from HaitiV 

vaccinated dams were also significantly more protected from choleric disease than pups from inactivated-

HaitiV dams. Our findings establish the benefits of antibiotic treated mice for live OCV studies as well as 

its limitations and underscore the immunogenicity of HaitiV.  

Importance 

 Oral cholera vaccines (OCVs) are being deployed to combat cholera but current killed OCVs 

require multiple doses and show little efficacy in young children. Live OCVs have the potential to 

overcome these limitations but small animal models for testing OCVs have shortcomings. We used an 

antibiotic treatment protocol for conventional adult mice to study the effects of short-term colonization by 

a single dose of HaitiV, a live OCV candidate. Vaccinated mice developed vibriocidal antibodies against 

V. cholerae and delivered pups that were resistant to cholera, whereas mice vaccinated with inactivated 

HaitiV did not. These findings demonstrate HaitiV’s immunogenicity and suggest that this antibiotic 

treatment protocol will be useful for evaluating the efficacy of live OCVs.   
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Introduction 
Vibrio cholerae is the cause of cholera and, following ingestion of water or food contaminated 

with this Gram-negative rod, humans can develop the severe and sometimes lethal dehydrating diarrhea 

that characterizes cholera. Cholera remains a major threat to global public health, with approximately 4 

million cases and hundreds of thousands of deaths reported annually (6). Serologic classification of V. 

cholerae is based on the structure and chemistry of the abundant LPS O-antigen and the O1 serogroup of 

V. cholerae has given rise to all cholera pandemics. The O1 serogroup is further subdivided into Ogawa 

and Inaba serotypes that differ by the presence or absence of methylation of the terminal perosamine on 

their respective O-antigens (111). Current pandemic cholera is predominantly caused by an O1 ‘variant’ 

El Tor biotype strain, such as the strain responsible for the Haitian epidemic in 2010 (64).  

Prior exposure to V. cholerae can elicit long-lived protective O-antigen-specific responses against 

V. cholerae (39, 148), suggesting that vaccination has the potential to elicit protective immunity if 

vaccines can safely mimic elements of natural infection. As such, several vaccination strategies for 

cholera have been developed over the decades. Among these, oral cholera vaccines (OCV) are attractive 

options as they stimulate immunity at the intestinal mucosal surface, the site of infection, and because of 

their ease of administration. Killed whole-cell OCVs, such as Shanchol, are being increasingly adopted as 

frontline public health tools both in endemic regions (101) as well as to limit outbreaks (149). Live-

attenuated OCVs have also been developed and have theoretical advantages over killed OCVs including 

in vivo replication which enables continuous presentation of in vivo-induced antigens at the intestinal 

mucosal surface (150). In contrast to killed OCVs, live vaccines will likely offer single dose efficacy, a 

particularly important feature for reactive vaccination campaigns during epidemics. Furthermore, live 

OCVs appear to be more effective in children less than 5 years of age (151, 152), a group that is highly 

susceptible to death from cholera and that is not adequately protected by killed OCVs. In volunteer 

studies, live vaccines have shown great promise (102, 153), but none are approved for use in cholera 

endemic regions.  
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The development of both inactivated and live OCVs has been hampered by the lack of a small 

animal model that closely recapitulates cholera pathogenesis in the setting of normal immune reactivity. 

V. cholerae readily colonizes the intestines of infant mice and infant rabbits, reviewed in (68), where 

cholera-like disease can be observed, but these models lack mature immune systems. Conventionally 

raised adult mice cannot be orally colonized by V. cholerae, likely due to their resident gut microbiota 

(154). Germ free (GF) adult mice, which lack a microbiota, can be colonized by V. cholerae and have 

been used to profile OCV immunogenicity, but immune and intestinal physiological development is 

aberrant in these animals (155). Nonetheless, vaccinated GF mice develop immune correlates of clinical 

protection against toxigenic V. cholerae, including circulating vibriocidal antibodies and antigen specific 

antibody responses (92, 130, 154). Another limitation of the GF adult mouse model is that following oral 

administration of a live OCV, they remain consistently colonized by V. cholerae for periods exceeding 3 

months (92, 154), making single-dose live OCV regimens difficult to interpret; moreover, the prolonged 

colonization in this model precludes challenging vaccinated animals with virulent V. cholerae. The 

consequence and significance of long-term monocolonization with a live OCV in GF mice also remains 

unknown.  

Studies have shown that oral administration of broad-spectrum antibiotics to mice depletes the 

gut microbiota and enables intestinal colonization by diverse bacteria (156). This is beneficial as 

antibiotic treated mice are conventionally raised and do not display the immunological and developmental 

defects that characterize GF mice. Antibiotic treatments can enable wild-type V. cholerae intestinal 

colonization for similar durations, typically 5-7 days, that humans are colonized by live OCVs (90, 157). 

We sought to leverage this model to profile HaitiV, a live-attenuated OCV derived from HaitiWT, a 

virulent V. cholerae O1 Ogawa clinical strain isolated during the Haitian cholera outbreak (65). HaitiV is 

non-toxigenic and highly engineered to address biosafety concerns. In infant rabbits HaitiV provides 

unprecedented rapid protection against virulent V. cholerae within 24 hours of administration (65); 

furthermore, we showed that this vaccine is immunogenic in GF mice (92).  



52 
 

 Here, we adopted a streptomycin treated adult mouse model of V. cholerae (158) to profile 

HaitiV‘s immunogenicity. Furthermore, we modified this model to assess the protective efficacy of 

immune responses in immunized female mice, by challenging their pups with HaitiWT. Our findings 

demonstrate the ease and utility of this approach for studies of live-attenuated OCVs. 

Results 

Vaccine inoculation protocol and colonization kinetics. 

We modified the protocol presented in Bueno et al (158) and orally treated two cohorts of 4-

week-old C57BL/6 female mice with streptomycin (Sm) to deplete their intestinal microbiota to enable a 

longitudinal study of HaitiV intestinal colonization and immunogenicity (Figure 3.1.A). Three days after 

initiating Sm treatment, mice were orally gavaged with either a single dose of 109 CFU of HaitiV, an 

equivalent dose of formalin-inactivated HaitiV (FI-HaitiV) to mimic oral vaccination with an inactivated 

OCV, or sodium bicarbonate as a vehicle control. All mice across gained weight over the duration of all 

experiments (Figure 3.1.B), and did not display any adverse effects from the antibiotic treatment or 

HaitiV colonization.  

 Plating of fresh fecal pellets (FP) from all animals inoculated with HaitiV revealed ~108 CFU/g 

FP for 5-7 days post inoculation (dpi), suggesting that initially the vaccine robustly colonized the 

intestines of Sm treated adult mice. However, HaitiV was no longer detectable in FPs by 8-12 dpi (Figure 

3.1.C), indicating clearance of the vaccine strain. No CFUs of HaitiV were recovered from Sm treated 

mice that had been orally inoculated with FI-HaitiV or buffer control. The clearance kinetics of HaitiV 

from these mice resembles that previously charted by Nygren et al (90) for wild type cholera toxin-

producing V. cholerae isolates, suggesting that cholera toxin does not play a substantial role in intestinal 

colonization in this model. 
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A) Schematic of streptomycin treatment and single oral inoculation with HaitiV. Black arrowheads indicate 

peroral treatment with either streptomycin in sodium bicarbonate, or oral gavage with bacteria. Three 

groups of female C57BL/6 mice (n=5) were inoculated with either 109 CFU of HaitiV, 109 CFU of 

formalin-inactivated HaitiV, or vehicle (sodium bicarbonate) control and kept under conventional housing 

with streptomycin supplemented drinking water for the indicated time. Fresh fecal pellets were collected 

daily from all mice and blood draws were conducted weekly from day of inoculation. B) Bodyweight of 

mice from cohort one over the course of this study. C) Fecal shedding of HaitiV from mice inoculated with 

HaitiV; open symbols depict CFU levels below the limit of detection. No CFUs of HaitiV could be 

recovered from fecal pellets from mice inoculated with formalin-inactivated HaitiV or sodium bicarbonate. 

 

Figure 3.1 Transient intestinal colonization of HaitiV in Sm-treated adult mice. 

 

 

Transient HaitiV colonization elicits antibodies targeting multiple V. cholerae serotypes. 
 

 Sera from all mice were individually assayed to quantify the circulating vibriocidal antibody titers 

(VATs) targeting Ogawa and Inaba V. cholerae strains. By 7dpi most mice did not have detectable VATs 

but by 14dpi, when HaitiV was no longer detectable in FPs, most (3/5 mice) from cohort one 

seroconverted and developed high circulating VATs against both serotyped matched (Ogawa) and 

serotype mismatched (Inaba) V. cholerae (Figure 3.2.A), though highest geometric mean VATs were 

directed against serotype matched (Ogawa) isolates (Figure 3.2.A). Only one mouse in the FI-HaitiV 
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Serum vibriocidal antibody titers detected in cohort one streptomycin mice immunized with (A): HaitiV 

(n=5) or (B): formalin-inactivated HaitiV (n=5). Blood was obtained weekly from all mice and assayed to 

quantify circulating vibriocidal antibodies as a measure of HaitiV mediated seroconversion. Circles 

indicate the lowest dilutions at which specific vibriocidal activity was detected, and the height of the bars 

represent geometric mean titers in each group. Ogawa V. cholerae PIC158 was used to measure Ogawa 

serotype-specific antibodies (black) and Inaba V. cholerae PIC018 was used to measure Inaba serotype-

specific antibodies (red). Circulating serum antibodies below the limit of detection are indicated by open 

symbols. No vibriocidal antibody titers were detected in mice inoculated with sodium bicarbonate vehicle.  

group developed circulating VATs against Ogawa serotype V. cholerae, and no mice in this group 

developed vibriocidal antibodies against Inaba V. cholerae in this group (Figure 3.2.B). Mice from cohort 

two (used for mating and subsequent infant mouse studies) displayed similar trends with 4/5 HaitiV mice 

developing VATs against Ogawa V. cholerae and 2/5 HaitiV mice developing VATs against Inaba V. 

cholerae by 14dpi. None of the Sm treated mice that received sodium bicarbonate developed detectable 

vibriocidal antibodies. Thus, transient colonization by HaitiV is sufficient to elicit the generation of V. 

cholerae specific circulating markers of immunity. 

 

 

Figure 3.2 Serum vibriocidal antibody titers in Sm-treated mice immunized with HaitiV. 
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Streptomycin treated adult mice resist recolonization by V. cholerae.  
 

Administration of live-OCVs to GF mice leads to long term intestinal colonization (92, 154), 

precluding the possibility of challenge studies with wild-type V. cholerae. Since the Sm-treated mice 

cleared HaitiV, we investigated whether animals immunized with this OCV could be successfully 

challenged with HaitiWT. At 28dpi, when all mice had stopped shedding HaitiV, they (live HaitiV, FI-

HaitiV, and vehicle control) were orally treated with sulfamethoxazole and trimethoprim (SXT) to reduce 

the intestinal microbiota (Figure 3.3.A); unlike HaitiV, HaitiWT is resistant to SXT. All three groups of 

mice from above and another group, specific pathogen free (SPF) mice that had not been Sm-treated or 

exposed to HaitiV, were included in this experiment. All 4 groups of mice were then orally gavaged with 

109 CFU of HaitiWT, and their FPs monitored for HaitiWT colonization. Unexpectedly, the three groups 

of mice (HaitiV, FI-HaitiV, and sodium bicarbonate) that had been previously treated with Sm failed to be 

colonized by HaitiWT (Figure 3.3.B). In contrast, the SXT-treated SPF mice were robustly colonized by 

HaitiWT (~108 CFU/g FP) (Figure 3.3.B), indicating that although SXT treatment does susceptibilize 

mice to V. cholerae colonization, the prior Sm treatment of the vaccinated animals rendered them 

resistant to recolonization with V. cholerae.  
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SPF C57BL/6 female mice (n=5), and the cohort one mice inoculated with HaitiV, formalin-inactivated 

HaitiV, and sodium bicarbonate, were treated with sulfamethoxazole and trimethoprim (SXT) by oral 

gavage and in their drinking water for three days to enable colonization with HaitiWT, the virulent parent 

strain HaitiV was derived from. All mice were dosed with 109 CFU of HaitiWT on day 0, and fecal pellets 

collected daily. Open symbols represent fecal pellets from which no CFUs of HaitiWT could be detected. 

An asterisk denotes differences with a P value of <0.05 as determined by a Mann Whitney U test. 

 

Figure 3.3 SXT treatment and re-colonization of Sm-treated adult mice by V. cholerae. 

 

 

Although the FPs of the previously Sm treated and HaitiWT challenged mice lacked detectable 

HaitiWT on the Sm agar plates used to detect V. cholerae, these plates contained high numbers of 

colonies of non-V. cholerae bacteria. 16s rRNA sequencing of Sm resistant small colonies showed that 

these colonies corresponded to either Escherichia coli or SXT resistant Lactobacillus murinus, which 

together were present at ~108 CFU/g FP. These observations suggest that a bloom of Sm-resistant 

organisms and other changes in the gut microbiota associated with prior oral Sm treatment render mice 

resistant to V. cholerae colonization.  
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Offspring of vaccinated dams are protected from virulent V. cholerae. 

 

As challenge studies could not be performed in Sm treated adult mice, we turned to the suckling 

mouse model of cholera to assess the protective efficacy of the immune response that was elicited by the 

transient HaitiV intestinal colonization. We recently found that the survival of suckling mice in this lethal 

challenge model can be used to gauge OCV efficacy (92). As such, animals from HaitiV, FI-HaitiV, and 

sodium bicarbonate groups were mated with SPF males and their neonatal pups infected with a lethal dose 

of HaitiWT (Figure 3.4.A).  

Pups from HaitiV immunized dams survived significantly longer (median 30hpi) than pups from 

dams treated with FI-HaitiV or sodium bicarbonate control (median ~25hpi) (Figure 3.4.B). Despite the 

increased survival in the offspring of HaitiV immunized dams, at time of death, there were no differences 

in the burden of HaitiWT CFU recovered from the small intestines of the 3 groups (Figure 3.4.C). Thus, 

oral immunization and transient colonization of Sm-treated mice with HaitiV induces immune responses 

that significantly protect against choleric disease in mice.  

 



58 
 

A) Monitoring schematic for infant mouse studies of pups born from dams (cohort two) immunized with a 

single dose of HaitiV, formalin-inactivated HaitiV (FI-HaitiV) or vehicle control. Infant mice were infected 

approximately 72hrs post birth (P3) and monitored closely. B) P3 pups born to and suckled by dams 

transiently colonized by HaitiV (n=15) are protected from a lethal HaitiWT challenge and FI-HaitiV 

(n=24) does not provide this protection (p=0.0013 by the Mantel-Cox test) neither does vehicle buffer 

(n=16). C) HaitiWT CFUs recovered from the small intestines of the neonatal mice at the time they were 

moribund. Differences in the survival curves were determined by a log rank (Mantel Cox) test and 

differences in CFU burdens were determined by a Mann Whitney U test. 

 

Figure 3.4 Transient colonization by HaitiV is protective in an infant mouse model of cholera 

 

Discussion 
 

The wide availability of diverse mutant mice and reagents for their study make mice a preferred 

model mammal for studies of human disease and therapeutics. However, adult mice are not susceptible to 

intestinal colonization with V. cholerae, confounding evaluation of OCVs. Here, we found that Sm-

treated adult mice can be used to investigate the immunogenicity as well as the protective efficacy of live-

attenuated OCVs. Sm-treated adult mice orally inoculated with HaitiV were colonized by this live-

attenuated vaccine for 5-7days and this transient colonization was sufficient to elicit vibriocidal 

antibodies against both V. cholerae serotypes. Furthermore, pups born to HaitiV immunized Sm-treated 
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mice exhibited prolonged survival following lethal challenge with HaitiWT compared to pups born to 

dams immunized with FI-HaitiV or dams treated with vehicle control. Together, these findings suggest 

that this model should be valuable for further studies of the efficacy and protective mechanisms of live 

OCVs. 

Antibiotic treatment of adult mice limits the role that the resident intestinal microbiota plays in 

inhibiting live OCV colonization. Unexpectedly, we found that oral Sm treatment enables the expansion 

of Sm and SXT-resistant microbes that also inhibit V. cholerae colonization (Figure 3.3) by mechanisms 

unknown to us. Detailed analyses of the composition of the microbiota that are initially killed by oral Sm 

administration, and those that bloom after the antibiotic is withdrawn would offer valuable clues into 

which bacteria inhibit V. cholerae colonization. These studies would also need to incorporate anaerobic 

and aerobic culture conditions for microbes from FPs to fully characterize the changes caused by oral Sm 

treatment. Though SXT treatment did not enable HaitiWT colonization of previously Sm treated animals 

(Figure 3.3), it is possible that different antibiotic cocktails would facilitate re-challenge studies; for 

example, clindamycin was recently found to enable V. cholerae intestinal colonization of adult mice (87). 

Establishing conditions for re-challenge studies would simplify the model, bypassing the requirement for 

challenge studies in the offspring of immunized mice; however, only intestinal colonization resistance 

could be assayed in adult re-challenge studies since unlike suckling mice, adult mice are resistant to 

choleric diarrhea. 

Although pups from HaitiV immunized Sm-treated dams survived longer than control animals, 

there was no difference in the CFU burden of HaitiWT in pups from immunized or control dams at the 

time they became moribund (Figure 3.4). It is possible that vaccination partially delayed the replication of 

HaitiWT or, in addition, vaccination may elicit antibodies that antagonize toxic factors, such as cholera 

toxin, that promote disease, but do not directly modulate bacterial colonization. HaitiV ectopically 

expresses the GM1-binding B subunit of cholera toxin and immune responses to this non-toxic 

component of cholera toxin are linked to short term protection against cholera and enterotoxigenic E. coli 
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(159), suggesting that the delayed lethal response to HaitiWT cholera toxin could be explained by this 

antigen overexpression system but future experiments will be needed to confirm this.  

In contrast to GF mice, which were colonized by HaitiV for many months in our previous study 

(92), Sm-treated mice were only colonized by HaitiV for several days (Figure 3.1). This is similar to the 

duration that live OCVs colonize the human intestine (57, 157, 160) meaning that Sm treated mice may 

provide a more physiologically relevant model to gauge OCV immunogenicity. However, it is important 

to note that although Sm-treated mice display HaitiV clearance kinetics that mimic human OCV 

clearance, mice are not natural hosts for V. cholerae. V. cholerae intestinal colonization in susceptible 

adult mice occurs primarily in the colon and does not rely on TCP, a critical factor for colonization of the 

small intestine in humans as well in infant mice and rabbits (68, 90). Nonetheless, since adaptive 

protective immune responses are stimulated by HaitiV in both Sm treated and GF mice, these models 

have value for testing vaccine immunogenicity.  

We adopted the strategy that Sit et al (92) used for studying the protective efficacy of OCVs in 

immunized GF mice and coupled the suckling mouse model of cholera with the Sm-treated adult model of 

OCV immunogenicity. However, in contrast to the GF model, when the offspring of HaitiV immunized 

Sm-treated mice were inoculated with HaitiWT, their dams had undetectable HaitiV CFUs in their feces 

and VATs in their sera (Figure 3.1, Figure 3.4); these conditions more closely mimic those that will be 

present when immunized humans are exposed to V. cholerae. Despite the absence of circulating VATs, 

which are known to be relatively short-lived (161) , the offspring of HaitiV-immunized dams exhibited 

significantly delayed death due to cholera-like disease, but all succumbed (Figure 3.4). In contrast, the 

offspring of HaitiV-immunized GF dams were completely protected from challenge with HaitiWT (17), 

demonstrating the increased potency of HaitiV immunization in GF mice. The greater effectiveness of 

HaitiV vaccination in GF mice is likely attributable to the constant stimulation of the intestinal mucosa by 

HaitiV in the persistently mono-colonized GF animals and could be consistent with multiple-dose live 

OCV regimens. Thus, even though GF mice have immune defects, they may overestimate the potency of 

HaitiV and other live OCVs.  
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Killed whole cell vaccines like Shanchol have ~50% efficacy in single dose trials (29). Notably, 

in marked contrast to HaitiV, we found in the Sm-treated mice model that a single dose of FI-HaitiV, 

which is similar to current killed whole cell vaccines, did not elicit protective immunity, consistent with 

the idea that live-attenuated HaitiV is far more immunogenic than killed vaccines, at least when 

administered as a single dose. It remains possible that greater seroconversion and protective antibodies 

could be observed in adult mice given multiple doses of HaitiV or FI-HaitiV, but those require further 

modifications of this adult mouse model.  

In summary, we have described an adult mouse model for the investigation of the protective 

efficacy of live OCVs. Using this model, we found that a single oral dose of HaitiV and transient 

colonization by the vaccine can elicit vibriocidal antibody titers and protective immune responses. Future 

work should enable refinement of this model to allow re-challenge of immunized animals and further 

characterization of these protective immune responses. Furthermore, given the availability of genetically 

defined mutant C57BL/6 mice, the model described here should be a valuable approach for unraveling the 

molecular determinants of live vaccine-mediated protection against cholera and other mucosal pathogens. 

 

Materials and Methods  
 

Bacterial Strains and culture conditions 
Vibrio cholerae strains were grown in Luria-Bertani (LB) broth supplemented with relevant 

antibiotics: streptomycin (Sm) at 200μg/ml and sulfamethoxazole trimethoprim (SXT) at 80μg/mL and 

16μg/mL respectively at 37oC with continuous shaking at 220rpm. For LB agar plates 1.5% agar was used 

and was supplemented with 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-Gal) at 60μg/mL. 

Bacteria were kept as -80oC stocks in LB with 40% glycerol.  

Oral immunization scheme 
4-week-old C57BL/6 female mice were purchased (Charles River) and housed in a BL-2 facility 

under conventional rearing conditions for the duration of the studies. On day 0, all mice were briefly 



62 
 

anesthetized with isoflurane and orally gavaged with 20mg of streptomycin in 100uL of sterilized water. 

Mice were then provided drinking water supplemented with 5mg/mL Sm for 72 hours (158). After this, 

mice were then gavaged with 109 CFU of an overnight culture of either HaitiV (n=5), or HaitiV 

inactivated by 10% formalin (FI-HaitiV) for 15 minutes (n=5), and then resuspended in 2.5% Na2CO3. 

Control mice were also gavaged with 100uL of 2.5% Na2CO3 alone (n=5). Mice were then provided 

drinking water supplemented with 200μg/ml Sm for 14 days before being returned to unsupplemented 

water. All mice were weighed weekly and blood samples were retrieved from each mouse by tail vein 

incision at each weighing. Blood samples were clotted for 45 minutes at room temperature, centrifuged at 

20000xg for 10 minutes, and the serum stored at -20oC for future analysis. A second cohort of mice was 

then established with the same antibiotic treatment protocol and immunization regimen except these mice 

were used for future mating and infant mouse studies.  

Fresh fecal pellets were collected daily from each mouse, weighed, and plated in serial dilutions 

on LB+Sm+X-Gal agar to determine the colonization of each mouse by HaitiV. HaitiV colonies are white 

due to a disrupted lacZ. The limit of detection of this assay represents the lowest CFU count that could be 

detected for a fecal pellet of that weight.  

Quantification of vibriocidal antibody titers 
Circulating titers of vibriocidal antibodies were quantified by determining the minimal serum 

dilution required to lyse PIC158 (Ogawa) or PIC018 (Inaba) V. cholerae as described previously (96, 

163) with minor modifications. Briefly, serial dilutions of serum were incubated with guinea-pig 

complement (Sigma) and the target strain, and then allowed to grow in BHI media. Reported titers are the 

dilution of serum that caused more than 50% reduction in target strain optical density when compared to 

normal saline control wells. A mouse monoclonal antibody 432A.1G8.G1.H12 targeting V. cholerae O1 

OSP was a positive control for the assay. The limit of detection of this assay represents the lowest serum 

dilution at which no inhibition of growth could be detected. 
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Colonization of immunized mice with toxigenic V. cholerae 
Mice from all three groups (HaitiV, FI-HaitiV, and vehicle control) as well as 6 week old female 

SPF mice (Charles River) were anesthetized with isoflurane and gavaged with 16mg of sulfamethoxazole 

and 3.2mg trimethoprim (SXT) in 100uL of water and provided drinking water supplemented with 

4mg/mL SX and 0.8mg/mL T for 72 hours. All mice were then gavaged with 109 CFU of an overnight 

culture of HaitiWT and switched to 0.16mg/mL SX and 0.032mg/mL T in their drinking water. Fecal 

pellets were collected daily and plated on both SXT agar and Sm agar under aerobic conditions. Non-V. 

cholerae colonies were isolated by streaking on fresh Sm plates, and 16s V1/V2 DNA sequences were 

amplified by colony PCR using primers F341 (TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA 

CAG CCT ACG GGN GGC WGC AG) and R805 (GTC TCG TGG GCT CGG AGA TGT GTA TAA 

GAG ACA GGA CTA CHV GGG TAT CTA ATC C) to generate a ~500bp amplicon that was sequenced 

by Sanger sequencing. Identification of the bacteria was performed using BLAST (NCBI). Only results 

with >95% ID matched to >90% query cover were considered.  

Infant mouse survival assay 
The infant mouse survival assay was adapted from a previous report (92). Female mice were 

mated with age matched SPF male mice (Charles River) and singly housed at E18 for delivery. At the 

third day of life (P3) pups were orally gavaged with 107 CFU of HaitiWT and returned to their dams. Pups 

were monitored every 6 hours until the first signs, typically including diarrhea and dehydration, were 

evident. At this point, monitoring was performed every 30 minutes until pups were moribund. Pups were 

then removed from the nest, euthanized with isoflurane, and decapitated and dissected. The small 

intestines of each pup were excised, homogenized, and plated on LB agar with Sm and X-Gal.  

Statistical analysis  
All statistical analyses were performed with Prism 8 (Graphpad). Infant mouse survival curves 

were analyzed with a log rank (Mantel Cox) test and CFU data were analyzed with a Mann Whitney U 

test. 
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Chapter 4 - Non-toxigenic Vibrio cholerae challenge strains for 

evaluating vaccine efficacy and inferring mechanisms of protection  

 
 

Overview:  
 

Vibrio cholerae is a uniquely human pathogen that has co-evolved alongside humanity and 

expresses a suite of virulence and colonization factors that make it exquisitely adapted for infections of 

susceptible humans. This results in multiple caveats when using small animal models to study V. cholerae 

infections as discussed in Chapter 1 and, for the purposes of this study, developed immunity to V. 

cholerae. The most definitive measure of whether a person is protected from future infection is to re-

expose them to V. cholerae and measure whether the challenge results in V. cholerae colonization (as 

measured by fecal CFU shedding) and disease. For this reason, the controlled human infection model 

(CHIM) remains the gold standard for evaluating susceptibility to V. cholerae infection.  

In a standard cholera CHIM study inpatient volunteers are administered a known infectious dose 

of a challenge strain and then closely monitored for both clinical signs of disease and shedding of the 

bacteria. CHIMs have been used to profile the potency of various vaccine formulations and aided in 

refining vaccine dosing regimens. However current cholera CHIM studies come with their limitations. 

These CHIMs are expensive, inpatient studies that expose the volunteers to the potentially lethal effects 

cholera toxin and severe adverse effects. Overall cholera CHIM study designs have remained largely the 

same since their earliest implementations and still present biosafety concerns to study volunteers. 

In this study we sought to develop V. cholerae reagents for use in a new generation of cholera 

CHIM studies. Cholera toxin is not required for V. cholerae robust intestinal colonization and immunity 

to cholera is largely driven by anti-O-antigen antibodies. We leveraged this knowledge to genetically 
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detoxify a recent V. cholerae clinical isolate from a 2016 outbreak in Lusaka, Zambia, dubbed ZTox. We 

generated isogenic Ogawa and Inaba variants of this detoxified strain, ZChol strains, and evaluated their 

biosafety profiles and colonization capacities in the infant mouse model of V. cholerae infection. These 

ZChol strains did not cause choleric diarrhea or disease in suckling mice.  We then employed a germ-free 

model of V. cholerae immunization and showed that the biosafe ZChol strains robustly assayed developed 

immunity across vaccine formulations by measuring how well ZChol strains colonized the small 

intestines of protected and unprotected mice. Finally, in a novel use of isogenic barcoding technology, we 

used the ZChol strains to infer mechanisms of cholera vaccine protection in mice. Overall, we 

demonstrated the broad utility of these potential CHIM strains and profiled how they could be used to 

uncover novel mechanisms of biology in V. cholerae immunity.  

This chapter has been adapted from previously published work: Fakoya B., Hullahalli K, Rubin 

DHF, Leitner D, Chilengi R, Sack DA, Waldor MK. Non-toxigenic Vibrio cholerae challenge strains for 

evaluating vaccine efficacy and inferring mechanisms of protection. mBio (2022) PMID: 35389261 

Author contributions: BF, RC, DA, and MKW. BF performed all in vivo experiments with technical 

input from DL. BF conducted all vibriocidal assays. KH created the barcoded libraries and performed 

data analysis barcode sequencing. DHFR created the genomic phylogeny analysis pipeline and curated 

data for Figure 4.1. BF wrote the manuscript with input from MKW. All authors contributed to review 

and editing of the final manuscript.  
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Abstract  
Human challenge studies are instrumental for testing cholera vaccines, but these studies use 

outdated strains and require inpatient facilities. Here, we created next-generation isogenic Ogawa and 

Inaba V. cholerae challenge strains (ZChol strains) derived from a contemporary Zambian clinical isolate 

representative of current dominant pandemic V. cholerae. Since the primary mechanism of immune 

protection against cholera is thought to be antibody responses that limit V. cholerae colonization and not 

the diarrheagenic actions of cholera toxin, these strains were rendered non-toxigenic. In infant mice, the 

ZChol strains did not cause diarrhea and proved to accurately gauge reduction in intestinal colonization 

mediated by effective vaccination. ZChol strains were also valuable as targets for measuring vibriocidal 

antibody responses. Using barcoded ZChol strains, we discovered that vaccination and passive immunity 

in the infant mouse model tightens the infection bottleneck without restricting pathogen expansion during 

intestinal infection. Collectively, our findings suggest that ZChol strains have the potential to enhance the 

safety, relevance, and scope of future cholera vaccine challenge studies and be valuable reagents for 

studies of immunity to cholera. 

 

Importance  
Human challenge studies are a valuable method for testing the efficacy of cholera vaccines. 

However, challenge studies cannot be performed in cholera endemic countries due to safety concerns; 

also, contemporary pandemic Vibrio cholerae strains are not used in current challenge studies. To 

facilitate cholera research, we derived non-toxigenic challenge strains of both V. cholerae serotypes from 

a 2016 clinical isolate from Zambia and demonstrated how they can be used to gauge cholera immunity 

accurately and safely. These strains were also genetically barcoded, adding the potential for analyses of V. 

cholerae population dynamics to challenge studies. Pre-clinical analyses presented here suggest that these 

strains have the potential to enhance the safety, relevance, and scope of future cholera vaccine challenge 

studies and be valuable reagents for studies of immunity to cholera. 
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Introduction 
Diarrheal diseases remain one of the leading causes of infectious disease death globally and 

cholera, caused by the human bacterial pathogen Vibrio cholerae, accounts for approximately 100,000 

deaths each year (6, 164). Cholera is endemic in over 50 countries, and often spreads explosively during 

epidemics (6) by the fecal-oral route and/or through ingestion of contaminated food or water. V. cholerae 

replicate in the human small intestine (SI) and secrete cholera toxin (CT), an AB5 type exotoxin that 

causes profuse secretory diarrhea, the clinical hallmark of cholera (14). Rehydration therapy is the 

mainstay of cholera treatment with antibiotics being used in severe clinical cases. Several vaccine 

formulations have been developed to prevent cholera and three killed whole cell oral vaccine preparations 

are WHO prequalified, two of which, Euvichol and Shanchol, are distributed through a global stockpile 

(28, 165). It is thought that eradicating cholera globally will require multi-sectoral public health 

approaches, including vaccines, enhanced surveillance, as well as global water, sanitation, and hygiene 

initiatives (13).  

Though there are over 200 serogroups of V. cholerae only serogroup O1 has given rise to cholera 

pandemics (14). Serogroup O1 V. cholerae are further classified into Ogawa and Inaba serotypes that 

differ in the methylation of the terminal perosamine of the O-antigen of V. cholerae lipopolysaccharide 

(LPS); Ogawa strains are methylated and Inaba strains are unmethylated (111). Biotype is another key 

classifier of pandemic V. cholerae; the first six pandemics were caused by the now extinct classical 

biotype (166), whereas the ongoing 7th pandemic is caused by the El Tor biotype (14). Molecular 

epidemiology has identified 3 distinct clades (waves) of pandemic V. cholerae within the 7th pandemic 

that have emerged and disseminated from south Asia to other continents. Wave 3 7th pandemic El Tor 

(7PET) strains are responsible for the dominant circulating V. cholerae globally and have caused 

devastating outbreaks in Haiti, Yemen and in South Asia (23, 167, 168). Currently, Sub-Saharan Africa 

carries the dominant burden of cholera cases reported to the WHO (169).  
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Both animal and human studies suggest that immune responses targeting the O-antigen of V. 

cholerae LPS are critical for immune protection from cholera, but responses to other antigens, including 

CT may also contribute to protection. Studies of cholera patients as well as healthy volunteers challenged 

with wild type V. cholerae revealed that infected persons develop serum and intestinal antibody responses 

to LPS and CT and were protected from future episodes of cholera (116, 148, 170). These observations 

motivated development of vaccines designed to stimulate immune responses similar to those stimulated 

by the disease (171) and led to the development of killed whole cell oral vaccines (14) as well as a live 

attenuated oral vaccine (55).  Serologic correlates of protection are often useful to predict whether disease 

or vaccination induces protection (172, 173).  For cholera, the vibriocidal antibody titer (VAT) response 

following vaccination does suggest protection, but is not an effective correlate of long-term immunity 

because VAT titers fall within a few months after vaccination, but protection lasts for several years (52, 

116, 148). Thus, proof of vaccine efficacy has depended on testing of vaccines using human volunteers or 

in controlled field trials.  

Following a controlled human infection model (CHIM) that demonstrated that a killed whole cell 

oral cholera vaccine provides protection (174), large, double-blind, placebo-controlled field trials further 

demonstrated their efficacies in India (52) and Bangladesh (48), and subsequent case control studies 

confirmed effectiveness in Africa (101).  A live attenuated vaccine was licensed for travelers based on 

results from a CHIM study that demonstrated protection for at least 3 months(57), showcasing how 

CHIM studies have played a crucial role in cholera vaccine development. In these studies, the rate and 

severity of diarrheal illness in vaccinated and naïve volunteers who orally consume virulent V. cholerae is 

compared (57, 175). Typically, most of the unvaccinated, naïve volunteers develop diarrhea and/or 

vomiting for one to three days and require rehydration. Because of the risk of illness, cholera CHIMs are 

only carried out in specialized inpatient facilities where healthy volunteers are cared for by experienced 

physicians. CHIM studies for cholera were initially carried out by Cash et. al. to determine V. cholerae 

infectious doses and evaluate vaccine efficacy (170). CHIM studies have also revealed that antibacterial 
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immune responses lead to reductions in fecal excretion of challenge strains which generally correlate with 

vaccine efficacy (175).  

Currently, the V. cholerae strain used in most CHIMs is N16961, a 1971 7PET wave 1  Inaba 

isolate (57, 175–177). Although N16961 has been widely used for CHIM studies there are several 

compelling reasons why a new challenge strain would be valuable for cholera CHIM studies. First, 

N16961 is a wave 1 V. cholerae strain that differs considerably from currently circulating wave 3 V. 

cholerae, including in virulence associated loci such as tcpA and ctxB (167). Second, N16961 strain 

exhibits hypervirulence in animal models of infection (178). Third, since many of the volunteers develop 

severe diarrhea and vomiting, a CHIM strain that does not cause severe illness and without the need for a 

specialized center would be preferable if it provides evidence for vaccine protection. Given the potential 

risks to volunteers and biosafety concerns associated with toxigenic V. cholerae, cholera CHIM studies 

have not been carried out in cholera endemic regions (179, 180). 

CHIMs have played a vital role in guiding cholera vaccine development, and since N16961 has 

significant limitations, we engineered V. cholerae strains, as potential next generation V. cholerae strains 

for volunteer challenge studies. These ZChol strains are derived from a 2016 7PET wave 3 clinical isolate 

from Zambia. To reduce the risk for volunteers and to potentially enable their conduct in cholera endemic 

countries, we rendered the strains non-toxigenic through deletion of ctxAB (CT). An isogenic Inaba 

version of ZChol was also generated and both ZChol strains colonized the intestine of infant mice to 

similar levels as the wild type toxigenic parent strain (ZTox). We show that these strains robustly report 

on vaccine mediated protection both by colony-forming unit (CFU) reduction and as VAT detection 

reagents. Finally, using ZChol strains barcoded with thousands of genomic sequence tags, we 

demonstrate the utility of barcoded and non-toxigenic challenge strains to decipher mechanisms of 

vaccine protection. Together these results indicate that the ZChol strains will facilitate an expanded range 

of safer V. cholerae CHIMs as well as laboratory studies of immunity to V. cholerae. 
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Results 

ZTox is a wave 3 seventh pandemic El Tor V. cholerae strain 
The V. cholerae strain that is most frequently used in challenge studies for testing vaccine 

efficacy, N16961, was isolated five decades ago and is no longer representative of the dominant globally 

circulating V. cholerae. We chose a 2016 V. cholerae O1 Ogawa clinical isolate from Zambia for 

development as a new challenge strain, reasoning that this isolate would be representative of 

contemporary pandemic V. cholerae. A combination of long and short read next generation sequencing 

(nanopore and Illumina, respectively) was used to compile this strain’s genome and determine where it 

falls within a representative phylogeny of toxigenic V. cholerae that was created using ~1200 clinical V. 

cholerae isolates (181), including a substantial collection of contemporary African isolates. Comparison 

of ZTox with known toxigenic V. cholerae clinical isolates revealed that it clusters with 7PET wave 3 

strains (Figure 4.1), the dominant cause of cholera worldwide today. Genomic analyses of clinical V. 

cholerae isolates from Africa have revealed multiple re-introduction events of V. cholerae onto the 

continent via long-range transmission from South Asia (8). The most recent of these events, which gave 

rise to the T13 sublineage, originates from the same clade that was introduced from Nepal to Haiti and 

gave rise to the Haitian cholera epidemic that began in late 2010 (182). ZTox is found within this T13 

sublineage and clusters with recent outbreak strains from Southern and East Africa (183). ZTox is also 

closely related to the V. cholerae strains that originated the devastating outbreak in Yemen throughout 

late 2016 (182). These analyses suggest that this isolate is typical of present-day clinically relevant wave 

3 El Tor V. cholerae. 
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A maximum-likelihood phylogenetic tree from ~1200 toxigenic clinical isolates of V. cholerae with overrepresentation of 

contemporary clinical isolates from outbreaks in Sub-Saharan Africa (light blue). The pre-seventh pandemic strain A631 was 

used as an outgroup. Scale bar represents the mean number of nucleotide substitutions per site. ZTox clusters with 7PET wave 

three strains, particularly with isolates from nearby African countries (sublineage T13) and South Asian V. cholerae endemic 

regions that seed long-range transmission events. The PIC018 Inaba strain used for vibriocidal assays is also depicted. 

 

Analyses of important mobile elements within the ZTox genome also confirmed it is 

representative of contemporary wave 3 El Tor V. cholerae. The CTXΦ prophage in ZTox contains a 

single CTXΦ prophage and an adjacent RS1 satellite prophage (184). Both elements encode the El Tor 

CTX phage repressor (rstRET) (Figure 4.2.A). Like other wave 3 T13 strains, the ZTox CTX prophage 

harbors the ctxB7 allele that has been associated with elevated secretion of cholera toxin (Figure 4.2.A). 

The SXT integrative conjugative element (ICE) commonly confers resistance to several antibiotics 

including sulfamethoxazole and low levels of chloramphenicol and streptomycin, and has been linked to 

evolution of both wave 2 and 3 7PET V. cholerae (168). However, like many other recent African T13 

strains, ZTox is sensitive to these antibiotics. Notably, the ZTox-SXT lacks sul2, and floR and aph3, and 

aph6 that confer resistance to these agents (Figure 4.2.B) and is nearly identical to the SXT/R391 

Figure 4.1 Position of ZTox in the phylogeny of pandemic V. cholerae. 
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A) Genomic organization of ZChol CTXΦ prophage as well as the RS1 satellite phage. The cholera toxin genes are 

indicated in red and were deleted from ZTox to generate ZCholO. B) Comparison of SXT ICEs found in ZTox and 

7PET H1 V. cholerae. The annotated ZTox-SXT has almost complete consensus homology with the H1-SXT ICE 

(green consensus bar) by nucleotide alignment with MUSCLE. Like the ICEVchInd5 originally described in a V. 

cholerae strain isolated in 1994 India, the ZTox-SXT lacks a 12.49kb region that codes for multiple antibiotic 

resistance genes as well as two previously unannotated predicted proteins. The borders of the missing region are 

flanked by predicted transposases. 

ICEVchInd5 that was first described in a 2009 study characterizing a V. cholerae SXT ICE isolated from 

India in 1994 (185). These observations are consistent with the idea that a recent ancestor of ZTox was 

derived from a V. cholerae strain from South Asia.  

 

 

Generation of isogenic non-toxigenic Ogawa and Inaba derivatives of ZTox 
We reasoned that deletion of ctxAB (CT) could potentially expand the utility of ZTox derivatives 

for use both as a challenge strain and as targets for vibriocidal assays, by removing the major 

diarrhoeagenic component, CT, of V. cholerae. The resulting strain, ZCholO (Ogawa), had growth kinetics 

in standard laboratory conditions (LB media) that were indistinguishable from ZTox (Figure 4.3.A) and as 

expected did not produce CT when grown in laboratory ‘AKI’ conditions that induce CT synthesis in V. 

Figure 4.2 Genomic organization of ZTox CTXΦ and SXT ICE. 
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A) Neither the rpsL K88R streptomycin resistance mutation nor deletion of ctxAB influences the growth rate of 

ZCholO strains under standard laboratory conditions. B) Western blot analysis of CT production under standard 

laboratory growth conditions as well as ‘AKI’ virulence gene induction conditions. Immunoblots were loaded with 

equal amounts of sterile-filtered supernatants of AKI grown ZTox (lane 1) and ZCholO (lane 2) as well as with 

sterile-filtered supernatants of LB grown ZTox (lane 3) and ZCholO (lane 4) and incubated with an anti-CT 

polyclonal antibody. The sizes of the A and A1- subunit (A and A1) as well as the B-subunit (B) of CT are indicated 

by arrows on the right. Lines to the left indicate the molecular masses of the protein standards in kDa. C) Slide 

agglutination analysis demonstrates that ZCholO and ZCholI are Ogawa and Inaba serotypes, respectively. D) Both 

ZCholO and ZCholI are sensitive to antibiotics commonly used to treat V. cholerae. S, sensitive; R, resistant; N, 

indeterminate 

cholerae (Figure 4.3.B). The wbeT gene encoding the perosamine methyltransferase was deleted from 

ZCholO to yield ZCholI, an Inaba version of this non-toxigenic strain (Figure 4.3.C). We anticipate that 

the non-toxigenic isogenic ZCholO ZCholI pair should be valuable to gauge serotype-specific responses to 

cholera and cholera vaccines. Both strains are susceptible to antibiotics such as azithromycin, tetracycline, 

combinations of sulfamethoxazole and trimethoprim, and ciprofloxacin (Figure 4.3.D) that are often used 

to treat cholera; these agents could be used if these ZChol strains prove diarrheagenic in human studies.  

 

Figure 4.3 in vitro characteristics of modified ZTox and ZChol strains. 

d 



75 
 

ZCholO and ZCholI colonize the infant mouse intestine but do not cause morbidity 
         We used the infant mouse model of cholera to compare the lethality as well as the intestinal 

colonization of ZCholO and ZCholI with the toxigenic ZTox parent strain. In this model, diarrhea and 

morbidity are dependent on CT activity (92). A 107 CFU oral dose routinely leads to diarrheal disease and 

death/moribundity within 48 hours with toxigenic V. cholerae strains (92, 127, 178). All pups given ZTox 

developed diarrhea and became moribund by 35 hours post inoculation with a median time to death of 31 

hours across 3 independent litters (Figure 4.4.A). In marked contrast, none of the animals inoculated with 

ZChol strains developed diarrhea or illness and all 6/6 and 6/6 of ZCholO and ZCholI respectively were 

alive 48 post-inoculation (Figure 4.4.A). Small intestinal CFU burdens were determined when animals 

became moribund (in the case of ZTox) or at 48 hours for ZChol strains. Despite the pronounced 

differences in the morbidity elicited by these strains, they all colonized the small intestine to a similar 

extent (Figure 4.4.B).  

In a complementary experiment, a lower dose of 105 CFU was used to directly compare the 

capacities of ZTox and ZCholO and ZCholI to colonize the SI at 20 hours post-inoculation, a point where 

less diarrheal disease was apparent. The small intestinal CFU burdens in infected mice were also similar 

using this protocol, though the ZCholI burden was modestly lower than that of ZTox (Figure 4.4.C). 

Together, these data suggest that the engineered ZChol strains pose reduced risk of inducing cholera-like 

disease in human challenge studies, but nevertheless would be useful indicators of V. cholerae intestinal 

colonization.  
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A) Kaplan-Meier plot of P3 infant mice orally infected with a lethal dose of 107 CFU of the indicated 

strains, n=6 per group. Median time to moribundity was 31 hours post infection for infant mice infected 

with the toxigenic parent strain. Differences in the survival curves were assessed with a log rank (Mantel 

Cox) test. B) V. cholerae burden in the small intestine (SI) of challenged mice at time of moribundity 

(ZTox) or at 48 hours post infection (ZChol strains). C) CFUs per SI for P5 infant mice orally infected with 

a nonlethal 105 CFUs of indicated strains and sacrificed at 20 hours post inoculation. Differences in CFU 

burdens were assessed with a Mann-Whitney U test. Horizontal bars indicate geometric means of each 

group. 

 

Figure 4.4 ZCholO and ZCholI robustly colonize the small intestine but do not cause death in infant 

mice. 

 

Utility of ZChol strains as challenge strains for vaccine studies 
To model how ZChol strains could be used in human challenge studies, we measured how 

colonization with these strains could be used to determine vaccine efficacy (Figure 4.5.A). We 

immunized adult germ-free (GF) mice with killed and live formulations of the PanChol oral cholera 

vaccine (OCV)(65, 178), a highly engineered live-attenuated OCV derived from the V. cholerae strain 

that caused the 2010 cholera outbreak in Haiti, and then challenged the pups of the immunized dams with 

either ZTox, ZCholO, or ZCholI (Figure 4.5.A). In the GF model, live oral cholera vaccines are far more 

potent immunogens than killed whole cell cholera vaccines, which have minimal efficacy in this model as 

single dose agents (178). In this model, the colonized dams do not transmit PanChol to their pups; 

protection is passive due to the transfer of antibodies in milk to the nursing pups (92). Half of the pups 

from dams immunized with the killed vaccine exhibited diarrhea and inactivity upon ZTox challenge, 
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A) Schematic overview of GF vaccination regimen and experimental protocol. B) P5 pups born to germ-

free female mice orally immunized with either a live (n=5 GF dams) or killed oral cholera vaccine (OCV) 

(n=5 GF dams) were orally inoculated with ZTox or ZCholO or ZCholI. CFU per SI in these pups were 

determined at 20 hours post inoculation (105 CFU per infant mouse inoculum) with the indicated strains. 

Asterisks denote mice with visible diarrhea. Differences in CFU burdens were determined by a Mann-

Whitney U test. Horizontal bars indicate geometric means of each group 

whereas none of the 34 mice challenged with ZCholO or ZCholI developed signs of disease (Figure 4.5.B). 

Independent of challenge strain, the neonatal mice born to and suckled by dams that had received the live 

vaccine had significantly lower SI V. cholerae burdens than the mice from the killed vaccine group. This 

observation reflects the greater potency of the live vaccine and suggests that ZChol colonization can be 

used to gauge vaccine protection while reducing the risk inherent in challenge with toxigenic V. cholerae. 

In the killed PanChol vaccine group, the intestinal burden of ZChol strains was modestly lower in animals 

challenged with these non-toxigenic strains compared to ZTox (Figure 4.5.B). However, there were no 

significant differences in intestinal burdens of ZTox, ZCholO, or ZCholI in animals in the live vaccine 

group. Together these data demonstrate the potential for ZChol strains to be used in de-risked human 

CHIM studies.  

 

 

 

 

 

 

 

 

 Figure 4.5 ZCholO and ZCholI provide a similar gauge of vaccine mediated protection as ZTox 

without causing diarrheal disease in mice. 



78 
 

ZChol strains are advantageous reagents for measuring vibriocidal antibody titers 
         The closest correlate of protective immunity against cholera are circulating vibriocidal antibody 

titers (VATs). Vibriocidal assays use Ogawa and Inaba strains, such as PIC158 and PIC018 respectively 

(34), which are toxigenic and non-isogenic, as targets along with exogenous complement to measure the 

titer of complement fixing anti-Ogawa and anti-Inaba antibodies in serum samples. PIC018 was isolated 

from Bangladesh in 2007 and is relatively genetically distant from many currently circulating strains 

(Figure 4.6); thus, using a more contemporary target strain may allow for greater sensitivity to 

contemporary V. cholerae antigens. We reasoned that ZChol strains, which are genetically identical 

except for the wbeT deletion, could be useful as target strains for measurements of serotype-specific 

vibriocidal antibodies, because they only differ in the methylation of the V. cholerae O1 O-antigen and 

not in other potential targets of vibriocidal antibodies. Furthermore, these strains pose lower biosafety risk 

to laboratory workers because they lack the CT genes. 

         We tested the ZChol pair as target strains in vibriocidal assays using murine serum obtained from 

a previous cholera vaccine study (178), with the identical protocol used to measure serotype specific 

VATs in the previous study where PIC018 and PIC158 were used as the target strains. The correlation (r2 

value) between the VATs reported using the PIC strains and those determined using the ZChol strains 

was 0.87 (Figure 4.6.A). In one sample, there was a detectable anti-Inaba VAT using ZCholI that was not 

detected by the Inaba PIC018 strain (Figure 4.6.A), suggesting that ZCholI may be a more sensitive 

indicator strain than PIC018. 

         Similar experiments were carried out to quantify VATs from serum obtained from a human 

volunteer vaccinated with CVD103-HgR, a live-attenuated Inaba oral cholera vaccine (OCV). Again, 

ZChol strains, PIC158, and PIC018 were used as targets in parallel VAT assays (Figure 4.6.B). Both sets 

of reporter strains revealed the kinetics of the vibriocidal responses to a single dose of this live-attenuated 

vaccine, as well as the greater titer of anti-Inaba responses, which peaked 14 days post vaccination 

(Figure 4.6.B). Though these serum samples are from a single vaccinated individual, the data are 
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A) ZChol strains were used to determine the vibriocidal antibody titers (VATs) of live Ogawa OCV 

immunized GF mouse serum (n=10) from a previous study and compared to previously reported VAT 

values from non-isogenic PIC reporter strains. Red circles represent VATs determined by ZCholO and PIC-

158 (Ogawa) reporter strains, and the blue squares represent VATs determined by ZCholI and PIC-018 

(Inaba) reporter strains. VATs below the limit of detection were set to 1 for statistical analysis. The r2 linear 

correlation value between the PIC and ZChol strains was 0.87. Asterisks denote overlapping data points. B) 

ZChol strains and PIC strains were both used to determine the VATs from human serum obtained pre and 

post vaccination with CVD 103-HgR (Inaba live OCV). Dashed line represents the limit of detection 

(LOD) of this assay 

concordant with previously published VAT data and support the utility of the ZChol strains (173). We 

conclude that the ZChol matched strains are useful reagents for safely and accurately evaluating 

protection against cholera in this most widely used clinical assay.  

 

Barcoded challenge strains enable new insights into the mechanisms of vaccine protection  
Reflecting the greater potency of live OCVs, mouse pups nursed by GF dams vaccinated with the 

live OCV had much lower intestinal V. cholerae burdens than those vaccinated with the killed OCV 

(178). Two mechanisms could account for the greater passive protection (presumably mediated by 

maternal antibodies (92)) observed in the live OCV group. This reduction in V. cholerae burden could be 

explained by antibodies restricting the number of bacteria capable of initiating colonization (the founding 

Figure 4.6 Measurement of vibriocidal antibody titers in both murine and human convalescent serum using 

ZCholO or ZCholI as targets. 
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population) and/or by impeding bacterial expansion, which represents bacterial replication minus death 

and loss through defecation. We introduced ~60,000 genomic barcodes into the genomes of ZTox, 

ZCholO, and ZCholI and used our STAMPR analytic framework to distinguish between these possibilities 

(186). STAMPR quantifies the founding population in a metric, Ns, that reflects the number of unique 

cells from an inoculum that give rise to the observed population in the host at the time of sampling. If 

passive immunity reduces bacterial expansion in the suckling pups, we expect Ns to remain unchanged 

while overall bacterial burden decreases. In contrast, if vaccination tightens host bottlenecks (thereby 

reducing the founding population size), we expect a decrease in Ns of the same magnitude as the decrease 

in CFU (Figure 4.7, model 2). If vaccination reduces both the founding population and bacterial 

expansion, we expect a decrease in Ns that is smaller in magnitude than the decrease in CFU (Figure 4.7, 

model 4). 
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A) Schematic of experimental protocol as well as interpretations of the potential outcomes of the barcode-based analyses 

of bacterial population composition. Infant mice from live or killed OCV vaccinated dams were challenged with 

genetically barcoded ZTox or ZCholO or ZCholI at a 105 dose. Mice were sacrificed 20 hours post inoculation. B) CFU 

per SI from each mouse orally inoculated with the barcoded libraries. Purple circles are CFU per SI values below the 

limit of detection of this assay i.e., no recoverable CFUs from the inoculated infant mice. C) Ns values indicate the size 

of the V. cholerae founding populations, i.e., the number of bacteria from the 105 CFU inoculum that successfully 

initiated colonization and expansion. Purple circles are Ns values below the limit of detection from deep sequencing. D) 

CFU/Ns values determined by the dividing the values in B by the values in C. Purple circles are CFU/Ns imputed from 

values below the limit of detection. Statistical differences were determined by Mann-Whitney U tests. Color-coded 

horizontal bars indicate geometric means of each group. 

 

As a control, Ns was first calculated across a wide range of known artificially created bottlenecks 

(Figure 4.8), confirming that this metric accurately quantifies bottlenecks for these libraries across 5 

orders of magnitude.  

Figure 4.7 Barcoded ZChol strains can reveal the impact of vaccination on V. cholerae population dynamics during 

infection. 
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Barcoded ZTox and ZChol strains were serially diluted and plated for CFU and then enumerated. 

Sequencing of these libraries showed that the Ns:CFU relationship correlated well and that Ns is a good 

predictor of known CFU values 

 

Figure 4.8 in vitro testing of barcoded ZTox and ZChol strains for validation. 

 

Then, P5 (day 5 post birth) suckling infant mice from GF dams vaccinated with either the killed 

or live OCV as above were orally inoculated with the barcoded libraries of ZTox, ZCholO, or ZCholI 

(Figure 4.7.A). As observed above (Figure 4.5.B), the burden of V. cholerae in pups nursed by dams 

vaccinated with the live vaccine were lower than those nursed by dams vaccinated with the killed OCV 

(Figure 4.7.B). The lower magnitude of difference in CFU per SI between the live and killed OCV groups 

(~1.5 log10fold reduction) compared to those observed above (Figure 4.5.B) is consistent with waning 

immunity in the vaccinated dams. Independent of the challenge strain, the live vaccine uniformly 

restricted the Ns values detected compared to the killed PanChol OCV (Figure 4.7.C). These data are 

consistent with the model (Figure 4.7.A, model 2) that passively transferred antibodies elicited by OCVs 

restrict the pathogen’s bottleneck but has little impact on bacterial expansion in the host. Indeed, there is 

no significant difference in the CFU/Ns ratio (a gauge of expansion) between pups nursed by live 

PanChol OCV vaccinated or killed PanChol OCV vaccinated animals (Figure 4.7.D). Together, these 

findings reveal that antibodies elicited by vaccination almost exclusively influence host bottlenecks and 

suggest that maternal antibodies within milk limit the number of bacterial cells capable of initiating 
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infection in the suckled infant mice. However, these antibodies appear to have little influence on the 

capacity of the V. cholerae cells that have passed through the bottleneck and reached suitable intestinal 

niches to expand. Thus, vaccination in this model creates a more restrictive bottleneck without impacting 

the expansion of the founding population. 

 

Discussion 
Knowledge of V. cholerae pathogenesis and immunity has greatly benefitted from controlled 

human infection studies (CHIM) and CHIMs using toxigenic V. cholerae challenge strains have been 

instrumental for testing the protective efficacy of several cholera vaccine formulations. Here, we created 

ZCholO and ZCholI, isogenic Ogawa and Inaba strains, respectively, as potential next generation V. 

cholerae challenge strains. These ZChol strains, which are derived from a contemporary V. cholerae 

isolate from Zambia, were rendered non-toxigenic to ameliorate safety concerns arising from CT-induced 

diarrhea. Potentially, these non-toxigenic strains might be used in outpatient studies, including in endemic 

countries, without the need for special facilities as are needed with wild type virulent challenge strains. 

Finally, thousands of barcodes were introduced into a neutral genetic locus in these strains, adding the 

potential for analyses of V. cholerae population dynamics to CHIM studies. Our pre-clinical analyses 

presented here suggest that these strains have the potential to enhance the safety, relevance, and scope of 

future CHIM studies.  

 We chose a recent Zambian V. cholerae isolate to create the ZChol Ogawa and Inaba pair 

because the highest burden of reported cholera cases is now in Sub-Saharan Africa. The strains have a set 

of genomic features that distinguish them from wave 1 strains such N16961 which is commonly used for 

CHIM studies. Genomic analyses (Figure 4.1) show that ZTox is representative of modern pandemic 

cholera, including the strains that have given rise to extensive cholera outbreaks in the past 10-12 years in 

Haiti, Yemen, and multiple African countries (8, 182, 183) 
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Immune responses to CT are not the principal target of long-lasting protective immunity to 

cholera(135). Instead, antibody responses targeting the O1 O-antigen strongly correlate with protective 

immunity to cholera. Such antibodies, which can be elicited by infection or cholera vaccines, prevent V. 

cholerae colonization and lead to marked reductions in V. cholerae shedding in CHIM studies of 

immunity to cholera(57). Given the reductions in V. cholerae shedding in stool in the setting of protective 

immunity, we reasoned that creation of non-toxigenic challenge strains may create a path to markedly de-

risk future CHIM challenge studies. In the infant mouse model, the ZChol strains colonized the small 

intestine at comparable levels to ZTox, but in contrast to the latter strain, were well-tolerated (Figure 

4.4.B). Furthermore, using a GF mouse model of vaccination and infant mouse challenge, we found that 

challenge with ZChol strains provided a similar measure of vaccine-elicited reduction of colonization of 

the challenge strain compared to ZTox (Figure 4.5.B). Since deletion of ctxAB does not always eliminate 

the diarrheagenicity of V. cholerae strains (62) it will be important to test whether the ZChol strains are 

minimally reactogenic prior to their adoption for human challenge studies.  

While successful vaccination reduces the capacity of V. cholerae to colonize the intestine, the 

mechanisms that account for such reductions are not well-understood. We hypothesized that vaccine-

associated reductions in V. cholerae colonization could be explained by immune response-mediated 

narrowing of the host bottleneck(s) to infection, limiting the size of the V. cholerae founding population 

and/or by immunity blocking of intestinal V. cholerae expansion (Figure 4.7.A, models). To distinguish 

between these possibilities, ZChol strains were barcoded with ~60,000 genomic sequence tags and we 

used STAMPR(186) to quantify and compare the sizes of ZChol FPs in vaccinated animal models. 

Surprisingly, vaccination in the GF mouse model, which reflects passive immunity, appeared to only 

narrow the host bottleneck to infection, reducing the number of successful V. cholerae founders, but did 

little to alter the ability of these founders to expand in the intestine. Thus, vaccine-elicited protective 

antibodies, which are thought to account for protection in this model, appear to largely limit the ability of 
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V. cholerae to occupy its replicative niche in the small intestine. It will be highly informative to carry out 

similar experiments in the volunteer CHIM setting.  

We propose that ZChol strains have the potential to dramatically alter the landscape of cholera 

CHIM studies and enable outpatient vaccine challenge studies in cholera endemic countries. Such studies 

could address pressing translational questions in the appropriate epidemiological settings, including 

optimization of dosing regimens for killed whole-cell vaccines like Shancol and Euvichol (187) and 

testing of new cholera vaccine candidates such as HillChol (125), PanChol (178), and conjugate vaccines 

(96), at far lower costs in critical settings in Africa and Asia. Beyond optimization of cholera vaccines, 

these new barcoded non-toxigenic strains should be valuable for studies of V. cholerae population 

dynamics in vaccinated and unvaccinated people across a broad set of circumstances, including studies of 

infectious doses in diverse settings where recipient nutritional status, prior exposure to the pathogen, and 

microbiota might influence mechanisms of immunity (86, 188, 189). Finally, ZChol strains should also be 

valuable as safe and otherwise isogenic target strains for vibriocidal and immunologic assays of the host 

response to cholera.  
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Materials and Methods  

Strains and growth conditions  
A V. cholerae O1 2016 clinical isolate from Zambia (EDVRU/ZM/2016), named here ZTox, was 

serotyped by slide agglutination using Ogawa and Inaba specific antisera (BD Difco). Unless otherwise 

indicated all V. cholerae and E. coli strains were grown in LB medium and stored in 25% glycerol v/v at -

80°C. For optimal induction of CT, V. cholerae was grown in AKI broth (0.5% sodium chloride, 0.3% 

sodium bicarbonate, 0.4% yeast extract, 1.5% Bacto peptone) for 4h without shaking, followed by 4h 

with aeration at 37oC(190, 191). 

Whole genome sequencing and phylogenetic analysis 
Genomic DNA was extracted from ZTox with the Genejet Genomic DNA purification kit 

(Fisher) and prepared for whole-genome sequencing. DNA for short reads were prepared using the 

Illumina Nextera kit (Illumina) and sequenced using a NextSeq 550 (Illumina) at the Microbial Genome 

Sequencing Center (MIGS, Pittsburgh, PA). Long reads were generated using the Nanopore platform 

(Oxford) at MIGS. Adapter trimming and quality control standards were performed with bcl2fastq and a 

hybrid genome assembly was generated with Unicycler. The closed genome was then annotated using 

Prokka (MIGS, Pittsburgh). Raw fasta files were uploaded to Vicpred for further analyses(192). 

Raw sequence files and assembled genomes were analyzed as in(181). Briefly, raw sequence files 

were downloaded from the European Nucleotide Archive, while 100 bp overlapping simulated reads were 

generated from the assembled genomes by using fasta_to_fastq.pl (https://github.com/ekg/fastato-

fastq/blob/master/fasta_to_fastq.pl) or wgsim (https://github.com/lh3/wgsim). Simulated paired-end reads 

and paired-end reads were then mapped to the reference genome of 7PET wave 1 isolate N16961 

(Genbank accession LT907989 and LT907990) with Snippy v4.6.0 (https://github.com/tseemann/snippy) 

using freebayes v1.3.5 (https://github.com/freebayes/freebayes) with requirements for a mapping quality 

of 60, minimum base quality of 13, minimum read coverage of 4, and a 75% read concordance at a locus 

required for reporting. Alignments from(181) were kindly provided by D. Domman (University of New 

Mexico). The recombinogenic VSP-II region, as well as the repetitive TLC-RS1-CTX region were then 
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masked from the alignment using Geneious (Biomatters). Further recombinogenic sites were masked 

using Gubbins v3.1.2(193).  A maximum-likelihood phylogenetic tree was generated from ~10,800 

genomic SNPs using RAxML v.8.2.12 (194) with the GTR model and 100 bootstraps. The tree was 

rooted on the pre-seventh pandemic A6 genome and visualized in iTOL v5(195). 

The SXT flanking sequence “ATCATCTCGCACCCTGA'' was chosen from a previous 

comparative SXT ICE study (196) and identified in the ZTox genome. The other flank of the SXT region 

was then defined as the 5’ end of the prfC gene (197). The resulting ZTox-SXT was identified and 

aligned to the H1-SXT (64) from in Geneious (Biomatters) using MUSCLE alignment. 

Creation of ZCholO and ZCholI strains 
 A streptomycin resistant variant of ZTox was isolated by plating a concentrated overnight ZTox 

culture onto streptomycin (Sm) LB agar plates (1 ng/mL) and grown for 24 hours at 30°C. A 

streptomycin resistant (SmR) colony was picked, grown in LB Sm (200 μg/mL), and frozen as a glycerol 

stock. Whole genome sequencing identified the resistance mutation as rpsL A263G (K88R), a common 

allele conferring resistance to Sm (198).  

 A nontoxigenic (ΔctxAB) derivative of ZTox, ZCholO, was generated by allelic exchange. 

Initially, pBF31, a derivative of the allele exchange vector pCVD442 (Carbenicillin resistance, Carb) 

containing the kanamycin (Kan) resistance cassette from pKD4(199) flanked by FRT sites sandwiched by 

1kb homology arms targeting the ctxAB operon was created. BF31 was conjugated from SM10λpir E. coli 

into SmR ZTox and single crossover mutants were selected on LB+Sm200μg/Carb50μg/Kan50μg/mL 

agar plates. Colonies were then grown in liquid LB+Carb50/Kan50 at 37oC for 6 hours and then 

inoculated into static LB+10% sucrose for 24 hours at room temperature. Sucrose resistant (sacB-

negative), CarbS, and KanR colonies were isolated and checked by colony PCR using internal and flanking 

primers to demonstrate the loss of ctxAB and the insertion of the FRT flanked kanamycin resistance 

cassette. The FRT flanked KanR cassette was removed by introducing pCP20 (199), which encodes the 

Flp recombinase. To accomplish this, a single colony of ZToxΔctxAB-FRT-KanR was grown in 50mL LB 
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with Sm200+Kan50 μg/mL ON at 37oC shaking at 220rpm and then pelleted. Pellets were washed 2X 

with ice-cold water and then 2X with ice-cold 10% glycerol to render them electrocompetent. 50μL of 

electrocompetent ZToxΔctxAB-FRT-KanR were electro-transformed with 50ng of pCP20, recovered in 

1mL SOB for 3 hours, and then plated on LB agar+Sm200+Carb50 and grown ON at 30oC. Individual 

SmRCarbR colonies were inoculated into LB and grown at 42oC for 10 hours and then serially diluted onto 

LB agar+Sm200 ON at 37oC. Individual colonies were replica struck onto LB agar+Sm200μg/mL, LB 

Sm200/Kan50μg/mL agar, and LB Sm200/Kan50/Carb50μg/mL agar. SmRKanSCarbS colonies were 

tested by colony PCR to verify the loss of the FRT-KanR yielding ZToxΔctxAB (ZCholO). The growth of 

ZTox and ZCholO in LB were compared in a 96 well plate format and OD600 was determined by a plate 

reader to generate growth curves.  

ZCholO was mated with SM10λpir E. coli carrying pBF32 (pCVD442-WbeT), which contains 1 

kb homology arms targeting the wbeT locus, and allelic exchange was carried out as described above 

using pCVD442 and sacB counterselection to isolate ΔwbeT strains. Colony PCR was used to confirm the 

resultant strain was ZCholOΔwbeT (ZCholI). Short read whole genome sequencing (Illumina, MIGS) was 

performed on both ZChol strains to verify the intended mutations. Slide agglutination with V. cholerae 

serotype specific antisera (BD Difco) was performed using glass slides to confirm serotypes. Antibiotic 

susceptibility assays were performed using E-test strips (Biomeriux) and the results interpreted using the 

CLSI M45-A3 2016 guidelines. 

Western blot analysis 
Proteins were separated by SDS-PAGE using 4-12% NuPAGE Bis/Tris precast gels (Life 

Technologies) and transferred to nitrocellulose using an iBlot gel transfer device (Life Technologies). The 

pre-stained protein marker, SeeBlue (Invitrogen) was used as molecular mass standards. Rabbit anti-CT 

polyclonal antibody (Abcam ab123129) and horseradish peroxidase (HRP)-linked anti-rabbit IgG were 

used as primary and secondary antibodies, respectively. Blots were developed with the SuperSignal West 
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Pico PLUS Chemiluminescence substrate (ThermoFisher) and exposed in a Chemidoc system (Bio-Rad 

Laboratories). 

Infant mouse lethal dose challenge assay 
 Infant mouse lethal dose challenges were performed as previously described (92, 127). Five 

female C57BL/6 dams with 2–3-day old litters (P2-3) (Charles River) were singly housed with their pups. 

At P3-4, the pups within each litter were randomly assigned to three groups, orally inoculated with 107 

CFU in 50μL LB of the indicated V. cholerae strain and returned to their dams for maternal care. Inocula 

were serially diluted and plated in triplicate for CFU enumeration to confirm infection dose. Infected pups 

were closely monitored every 2-4 hours for onset of diarrhea and diminished activity levels. At this point, 

monitoring was increased to 30-minute intervals until pups reached moribundity. When pups became 

moribund or at the 48-hour time-point, pups were euthanized for necropsy, SI weighing, homogenization, 

and plating on LB Sm200 agar to enumerate the CFU per SI of the challenged mice was as described 

previously(92, 178). 

Infant mouse colonization assay 
Three litters of 4–5-day old C57BL/6 infant mice (Charles River) were separated from their dams 

upon receipt and placed into isolation incubators with padding and nesting material. Inocula were 

prepared by making 1:1000 dilutions of 37°C overnight LB cultures of the indicated strains (roughly 105 

CFU/50 µL inocula). The infant mice were randomly split into three groups and each mouse was orally 

inoculated with the indicated strain and returned to the incubation chambers for 20 hours. After 20 hours, 

the mice were euthanized and necropsied and CFU/SI, were enumerated as described above. 

Germ-free immunization study 
Ten 4-week-old C57BL/6 female germ-free (GF) mice (Massachusetts Host-Microbiome Center) 

were maintained in a BL2 facility with autoclave-sterilized cages, food, and water. On day 0 of the 

experiment, half (five) of the mice were anesthetized and orally inoculated with 109 CFU of an overnight 

culture of live PanChol oral cholera vaccine (OCV) in 100µL sodium bicarbonate (178). The other half of 

the mice were anesthetized and given the same dose (109 CFU) of formalin-killed PanChol in sodium 
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bicarbonate (Figure 4.5.A). Mice were co-housed according to their vaccine group. 4 weeks post-

vaccination, the female mice were mated with age matched GF C57BL/6 male mice and monitored 

closely for signs of pregnancy. Pregnant dams were singly housed in sterilized cages beginning at ~E-18 

(three days before delivery) for delivery. Randomly assigned suckling P3 pups from each litter were 

challenged with typically lethal doses (107 CFU) of the indicated strains as described and returned to their 

respective dams for care. CFU per SI enumeration after 48 hours of infection of the pups was carried out 

as previously described. 

Vibriocidal antibody titers assays 
Murine and human vibriocidal antibodies were quantified by finding the highest serum dilution 

required to lyse isogenic ZChol strains or PIC158 (Ogawa) or PIC018 (Inaba) V. cholerae as described 

previously (178, 200). Heat inactivated 2-fold serial dilutions of serum were incubated with guinea pig 

complement (Sigma) and the target strain, and then allowed to grow in brain heart infusion (BHI) medium 

in a 96-well plate. The serum dilution that caused more than 50% reduction in target strain OD595 

compared to saline negative control wells was recorded as the antibody titer. A mouse monoclonal 

antibody, 432A.1G8.G1.H12(178), targeting V. cholerae O1 OSP was a positive control for the assay. 

The limit of detection represents the lowest serum dilution at which no inhibition of growth could be 

detected. The r2 value was determined using a linear regression model in Prism 9 (Graphpad) and the data 

were represented on a log10 scale for ease of interpretation.  

Barcode analysis of population bottlenecks  
To create a donor plasmid containing ~60,000 barcodes, a fragment containing the Tn7 

transposon and necessary conjugation/replication machinery from pJMP1339(201) was generated. In 

addition, we amplified a kanamycin resistance cassette from pDS132-STAMPR (186) with primers 

containing 25 ‘N’ nucleotides, representing ~1 x 1015 possible barcodes. These fragments were assembled 

with the NEB HiFi DNA Master Mix to create pSM1. The assembly was then electroporated at scale into 

MFDλpir and ~60,000 colonies were pooled and frozen into several aliquots. 
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To introduce barcodes into recipient V. cholerae strains, 30µL of thawed donor culture 

(MFDλpir+pSM1) was inoculated in 3mL of LB Kan50/Carb50/DAP300μg/mL, grown overnight and 

mixed with overnight cultures of recipient V. cholerae strains at equal ratios (total volume of 1.2mL) 

along with the donor containing the helper transposase (MFDλpir+pJMP1039). Cells were pelleted, 

resuspended in 100µL of LB and spotted on a 0.45µm HAWP filter (Millipore). This procedure was 

scaled 6x to create the final library. After incubation for 4 hours at 37oC, cells were washed from the filter 

and plated on LB Kan50μg/mL agar. The absence of DAP counterselects against the donor strain. The 

resulting transconjugant colonies were then pooled and frozen and used for future infant mouse 

inoculations. 

STAMPR library preparation was performed as previously described(186). Briefly, 2ul of 

bacterial suspension was diluted in 100ul of water and boiled for 15 min at 95oC. PCR to amplify the 

barcode region was performed in 2ul of boiled cells using Phusion DNA polymerase (New England 

Biolabs). The presence of the correct PCR product was verified on an agarose gel and samples were 

pooled, purified, and sequenced on a MiSeq (Illumina) for 78 cycles. Sequence analysis was performed 

using the CLC genomics workbench (Qiagen). To create the reference list of barcodes, we first sequenced 

the MFD donor library as done previously(186). After trimming the reads, sequences were deduplicated 

in Geneious (Biomatters) using the dedupe plugin with default settings. This resulted in a preliminary list 

of ~100,000 barcodes (reference list RL1). We then deep sequenced the V. cholerae transconjugants and 

mapped the reads onto RL1. Consensus sequences for barcodes with at least one read were obtained to 

create RL2. The mapping procedure was repeated and consensus sequences for barcodes containing more 

than one read were collected, creating RL3. RL3 was deduplicated in Geneious as above to create RL4. 

Reads were then mapped again to RL4 and consensus sequences for barcodes containing more than 1 read 

were obtained, to create the final reference list containing 63209 barcodes. 

  Reads from all samples were mapped to this reference list of barcodes and exported as a table of 

read counts. From these counts, we calculated Ns as done previously (186), with several modifications to 
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bolster the initial correction for sequencing noise. Since the number of barcodes (~60,000) is close to the 

sequencing depth (~100,000-200,00), many barcodes have only one read mapping to them. We define m 

as the number of barcodes with greater than 1 read mapping and n as the number of barcodes with only 1 

read mapping. The m/n ratio is used to define a noise correction factor proportional to the sequencing 

depth (ss). A noise correction factor C is then defined as: 

𝐶 =  𝑠𝑠 (10
𝑚

𝑛 )  if  
𝑚

𝑛
< 10 

𝐶 =  𝑠𝑠 (10
−√

𝑚

𝑛 )  if  
𝑚

𝑛
> 1 

 

We then sampled the distribution of the entire sequencing run (which represents the noise 

distribution that arises by index hopping) via multinomial resampling C times and subtracted these reads 

from the output samples. One read was subtracted from all barcodes if m/n < 0.83 after this initial noise 

correction. In practice, these corrections remove reads from samples that are overrepresented by barcodes 

with only one read mapping to them, as these are likely to be noise. The remaining noise is identified by 

local minima in the Resiliency algorithm (186). 

In addition, we also used the read depth of the output sample to simulate a bottleneck on the 

input, prior to Ns determination. This correction adjusts for the case when more barcodes would have 

been detected had the sample been sequenced more deeply. The full code used to analyze these data is 

provided in https://github.com/hullahalli/stampr_rtisan.   

Statistical analysis 
Statistical analyses were performed with Prism 9 (GraphPad). Specific statistical tests used for 

analysis are defined in the Figure legends.  
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Chapter 5 - V. cholerae serotype modifies host colonization capacity and 

pathogen transcription profiles during infection.  
 

Overview  
 

Pandemic O1 V. cholerae are either serotype Ogawa (methylated) or Inaba (unmethylated) 

representing the methylation status of the terminal perosamine of the O-antigen of LPS. The O-antigen is 

the immunodominant antigen of V. cholerae and it is known that immune pressures drive switching 

between the two serotypes. Serotype in V. cholerae is determined by the protein WbeT which catalyzes 

this methylation reaction.  

During our study in Chapter 2 we recognized that V. cholerae serotype played a role in infection 

outcomes and we suspected that there were other characteristics of the pathogen that could be modified by 

serotype. We generated isogenic Ogawa and Inaba pairs of diverse V. cholerae isolates and determined 

what this serotype change had on V. cholerae. We used functional genomics approaches, and competition 

experiments in mouse models of V. cholerae colonization and discovered that serotype affected the ability 

of a V. cholerae strain to establish infection as well as modified the pathogen’s transcriptional programs.   

This chapter has been adapted from a manuscript in preparation: Fakoya B, Waldor MK. V. 

cholerae serotype modifies host colonization capacity and pathogen transcription profiles during 

infection. 2022. 

Author contributions: BF conceived of the study with input from MKW. BF performed all experiments. 

BF wrote the preliminary manuscript for this thesis with input from MKW.  
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Abstract 
 

Human immunity to V. cholerae is recognized to be serotype-biased and is thought to underlie the 

cyclical emergence and disappearance of the two serotypes during V. cholerae epidemics. However, little 

is known about the influence of O-antigen methylation on the pathogenicity of V. cholerae. We 

constructed isogenic Ogawa and Inaba derivatives of V. cholerae strains to investigate these questions. 

Using transposon mutagenesis-based screens we found ~20 loci that are significantly differentially 

genetically essential during in vitro growth between the serotypes. Using in vivo competition assays, we 

identified that Ogawa serotypes significantly outcompeted Inaba V. cholerae during infant mouse 

infections. In long-term coinfection studies using germ-free adult mice we found that Ogawa consistently 

outcompeted Inaba, especially at the onset of adaptive immunity. Finally, using pathogen transcriptional 

profiling of RNA derived from infected infant rabbits, we identified ~200 differentially expressed genes 

that point to differential utilization of sugars and host derived metabolites between the serotypes. 

Together these observations point to differential effects of O-antigen methylation, especially during 

infection, and highlight potential roles for O-antigen modification beyond immune evasion. 
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Introduction 
 

V. cholerae, as with many Gram-negative bacterial pathogens, is outer-membrane coated with 

lipopolysaccharide (LPS) (14). LPS is a conjugate molecule comprised of a membrane attached lipid-A, 

an inner and outer core polysaccharide, and the O-antigen which extends beyond the cell and interacts 

with the pathogen’s external environment (14). The LPS macromolecule serves multiple roles for the 

pathogen, chiefly to enhance the structural integrity of the outer cell membrane and gird the cells from 

external biotic and abiotic pressures including bacteriophage sensitivity, surface adhesion, and 

biophysical charge interactions (202). LPS is the most abundant component and embedded molecule on 

the outer cell membrane of V. cholerae (203, 204). As such, V. cholerae LPS and the O-antigen are some 

of the most abundant elements of the pathogen that the host encounters.  

The O-antigen of Gram-negative bacteria is heat-stable and highly modified between otherwise 

similar isolates (205, 206). V. cholerae strains without O-antigens are classified as “rough” but all 

cataloged pandemic V. cholerae have intact O-antigens and are “smooth” (207). V. cholerae O-antigens 

differ in length, chemical composition, and other modifications (14), and over 200 V. cholerae O-antigens 

(serogroups) have been identified but only the O1 serogroup of V. cholerae has caused pandemic cholera 

(14). Though the O139 serogroup caused numerous outbreaks in South Asia in the early 1990s (208), it 

did not emerge as a pandemic serogroup. Across V. cholerae, O-antigen compositions (and thus 

serogroup) is determined by the wbe gene cluster (202). 

Pandemic O1 serogroup V. cholerae is further classified into two major serotypes, Ogawa and 

Inaba. In Inaba V. cholerae the O-antigen terminal perosamine is unmodified whereas Ogawa V. cholerae 

terminal perosamines are methylated. wbeT (VC0258, formerly called rfbT) is the only known enzyme 

that performs this reaction; an inactivated wbeT results in Inaba V. cholerae. WbeT expression has been 

linked to cAMP levels and the global regulator CRP (209) but no other regulators have been 
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characterized. wbeT is found outside the wbe gene cluster but evidence does not suggest that it is from a 

horizontal-gene transfer event (202). 

Ogawa and Inaba V. cholerae equally cause outbreaks of cholera (113) and there has been no data 

linking a particular serotype to differential clinical cholera severity (137). Serotype is a key factor in 

adaptive immunity to V. cholerae; the presence of O-antigen specific antibodies are indicators of 

protection against future infection with V. cholerae (31) (42). As such the presence of O-antigen 

antibodies can likely drive the evolution of a V. cholerae outbreak (113). A thought in the field is that, 

following population exposure to V. cholerae, immunity is developed against the dominant outbreak 

serotype (22). This perhaps drives mutation of wbeT causing a serotype switch that increases chances of 

reinfection, though this is not the only factor that could influence serotype-switching (114). The 2010 V. 

cholerae outbreak in Haiti started out as Ogawa and switched to Inaba after a five year period (210), and 

seasonal outbreaks in Bangladesh followed a similar pattern over a three year timeframe (114). Inaba 

strains can be derived from Ogawa strains through mutations, transposition events, and frameshifts of the 

wbeT locus (139). It is thought to be more difficult, but not impossible, for V. cholerae to mutate from 

Inaba to Ogawa. Serotype switching can happen in populations, during individual infections (119), and in 

animal models of V. cholerae colonization (142).  

 Recent efforts have elucidated how the O-antigen affects the cell’s biophysical interactions (211, 

212). Because O-antigen serotype influences immunity to V. cholerae, work has also focused on 

understanding the functions of these O-antigen directed immune responses (42), and informing vaccine 

development through serotype-engineering (122, 178). A recent pre-print described that Ogawa and Inaba 

V. cholerae have different transcriptomes during in vitro growth and implicated a flux of purine 

biosynthesis in Inaba strains (213). From our work in Chapter 2, we recognized that matched isogenic 

Ogawa:Inaba pairs displayed different virulence during infant mouse infections. We sought to better 

understand how the roles serotype play in V. cholerae biology beyond directing the adaptive immune 

response to the pathogen.  
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Results and Discussion 
 

V. cholerae O-antigen serotype is a critical target of the human immune system’s protective 

response against future cholera infections. Large-scale vaccine field trials and natural infection studies 

have underscored how the two main V. cholerae serotypes, Ogawa and Inaba  ̧drive adaptive immunity to 

the diarrheal disease. Beyond the implications on adaptive immunity to cholera, we sought to investigate 

whether V. cholerae serotypes play a role during acute infection, influencing pathogen-host interactions 

during infection.  

Ogawa V. cholerae is fitter in vivo than Inaba V. cholerae 
 We chose an Ogawa V. cholerae strain, HaitiWT, which caused the 2010 Haiti cholera epidemic, 

because it represents contemporary circulating pandemic V. cholerae for this study. We created an 

isogenic Inaba variant of this strain, which contains an inactivated S158P substitution in WbeT (122), to 

compare phenotypes that may be attributable to serotype. Neither Ogawa nor Inaba V. cholerae displayed 

a competitive advantage during laboratory growth conditions in LB broth (Figure 5.1). However, in the 

infant mouse model, co-inoculation of a 1:1 ratio of Ogawa:Inaba HaitiWT revealed that the Ogawa 

serotype displays a significant competitive colonization advantage over the Inaba serotype after 20 hours 

of in vivo growth. The mean competitive advantage was ~4 but there was some litter-to-litter variation 

even though we attempted to account for this by using a split litter method (Figure 5.1). Our analysis later 

showed that it was the InabaΔlacZ strains that were highly outcompeted (~mean CI of 15) by OgawaWT 

strains whereas the OgawaΔlacZ:InabaWT comparison had a more modest mean CI of ~2. Another 

isogenic Inaba derivative was created by generating a clean in-frame deletion of wbeT, to exclude 

potential dominant negative effects of the inactive WbeT (S158P) methylase. This deletion mutant also 

exhibited a significant in-vivo competitive disadvantage vs the Ogawa strain with a mean CI of 10 (Figure 

5.1).  
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Isogenic Ogawa/inaba V. cholerae pairs representing three spatiotemporally defined outbreaks (Haiti 

2010, Zambia 2016, and Peru 1991) were competed in the infant mouse model of infection to determine 

the competitive fitness of the two serotypes. During 1:1 in vitro competition in rich media neither 

serotype (Haiti 2010) significantly outcompeted the other, but two Inaba derivates of HaitiWT were 

significantly outcompeted by the Ogawa parent strain after 20 hours of in vivo infection of the infant 

mouse with competitive indices (CIs) ranging from ~2 to 40X. A similar trend was observed when the 

Zambia (2016) Ogawa strain and Inaba derivate were tested in the infant mouse as well as when an Inaba 

strain (C6706, Peru 1961) was genetically converted to Ogawa and the two otherwise isogenic strains 

were again competed in the infant mouse. Horizontal lines represent geometric means of the depicted 

groups and P-values were determined by the Mann-Whitney U test. * = p<0.05. ** = p<0.05 

 

Figure 5.1 Ogawa V. cholerae outcompete Inaba strains during competitive co-infection in the 

infant mouse. 
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To begin to assess the generalizability of this unexpected phenotype, we competed a recent 2016 

Zambia V. cholerae Ogawa clinical isolate and an isogenic ΔwbeT Inaba strain. Once again, we observed 

that the Ogawa strain significantly outcompeted the isogenic Inaba variant in growth in the infant mouse 

intestine with a ~2 fold mean competitive fitness advantage (Figure 5.1). Finally, we modified a wave 1 

clinical V. cholerae Inaba strain (C6706) that gave rise to an epidemic in 1991 in Peru to Ogawa. The 

Ogawa version of C6706 outcompeted the wild-type Inaba C6706, demonstrating that Ogawa strains are 

fitter in vivo regardless of the starting serotype of the cholera outbreak (Figure 5.1). This suggests that the 

Ogawa in vivo fitness advantage spans at least the first three waves of modern 7th pandemic V. cholerae 

evolution. In this time (~30 years) ongoing pandemic V. cholerae evolution has included new alleles of 

ctxB and tcpA (23), both important elements of the pathogen’s colonization and virulence arsenal. We 

accounted for these by using isogenic pairs for the in vivo colonization experiments, but it would be 

enlightening to identify if the fitness advantage is affected during temporally disparate comparisons.  

Differential in vitro growth requirements of Ogawa and Inaba V. cholerae 
Tn-Seq was used to investigate if there were differential genetic requirements for the two V. 

cholerae serotypes for growth in rich medium. Dense transposon libraries in Ogawa and Inaba (S158P) 

HaitiWT were created (Figure 5.2.A). Unexpectedly, when the libraries were outgrown on solid LB agar 

plates under optimal conditions (37oC for 18 hours), we discovered that the two serotypes depend on 

different genes for growth in rich media. There were ~20 genes differentially inactivated by a transposon 

between the two serotypes (Figure 5.2.B). Notably the genes that are required for in vitro growth on rich 

media in the HaitiWT Ogawa background included methyltransferase rlmG (VC2297), and cell division 

protein ftsB (VC0527). The wzt O-antigen transporter (VC 0247) appears to be more important for growth 

the Inaba background (Figure 5.2.B).  
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A) Distribution of percentage TA site disruptions by mariner transposon across all genes in the V. cholerae 

genome with Ogawa gene disruptions in blue and Inaba gene disruptions in red. Hit fraction refers to the 

proportion of available TA sites disrupted in each gene. B) Differences in TA site insertion frequency 

between an isogenic Ogawa and Inaba pair. Genes in the top right quadrant are statistically significantly 

more disrupted by the transposon in the Ogawa strain and the top right, the Inaba strain. The horizontal 

dotted line represents an inverse p value of 20 (1/0.05) and the vertical lines depict fold changes of more 

than 2 in the TA disruptions per gene in each tested library. 

 

 

Figure 5.2 Ogawa and Inaba V. cholerae have differential genetic requirements for growth in vitro. 

A 

B 
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Ogawa and Inaba V. cholerae exhibit distinct in vivo gene expression profiles 
 As discussed in Chapter 1, infant mice are not optimal for studying V. cholerae gene expression 

during infection due to the relatively small amounts biological material that can be obtained from infected 

animals.  To investigate whether the serotypes differ in their in vivo gene expression patterns, we turned 

to the infant rabbit model of cholera (63). RNA-seq of infection derived Ogawa and Inaba V. cholerae 

showed that there were ~200 differentially expressed genes (DEGs) during infection between the two 

serotypes (Figure 5.3.A). KEGG gene set enrichment analysis (GSEA) of the statistically significant hits 

from the RNA-seq was useful to highlight the transcriptomic differences between the isogenic Ogawa and 

Inaba variants of HaitiWT during infection (Figure 5.3.B). Expression of genes associated with the 

phosphotransferase system and fructose/mannose metabolism was higher in Inaba V. cholerae, whereas 

the Ogawa strain had markedly upregulated genes in pathways associated with nitrogen metabolism, 

propanoate metabolism, pyruvate metabolism, and dicarboxylate metabolism (Figure 5.3.B). The entire 

NarP regulon (NapA, NapB, NapC, NapD, and NapF) was significantly more expressed in the Ogawa 

strain during infection and all subunits of the PTS fructose transporter II (Figure 5.3.B) were relatively 

overexpressed in the Inaba strain.  
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A) Average expression level depicted on an MA plot with relative gene expression based on transcript 

reads per million portrayed on the Y axis. Genes above the dotted line were relatively overexpressed in 

the Ogawa strain during peak infection and genes below the dotted line are relatively overexpressed in 

the Inaba strain, and red dots indicate genes that are statistically significantly differentially regulated (p < 

0.05 using the Benjamini-Hochberg correction with DESeq2. B) V. cholerae KEGG gene pathways 

associated with the differentially expressed genes during infection by the two serotypes with the 

statistically different (p < 0.05) gene sets represented. Gene sets with positive normalized enrichment 

scores were overexpressed in the Ogawa strain in vivo and those with negative scores, the Inaba. 

 

Figure 5.3 Ogawa and Inaba V. cholerae have different transcriptomes during peak infection of the 

infant rabbit. 

 

 

 

Ogawa V. cholerae is fitter than Inaba in long term colonization of germ-free mice 
 We reasoned that the differences we detected during acute infection might also affect the ability 

`of the two serotypes to sustain long-term colonization in vivo in adult germ-free mice. In this model, the 

Ogawa HaitiWT significantly outcompeted the isogenic Inaba HaitiWT (Figure 5.4.A). The marked 

difference in fitness was not observed 2-7 days post infection but by 14 days post infection, we saw that 

A B 
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A) Competitive fitness advantage (determined by CFU/fresh fecal pellet counts) of Ogawa HaitiWT over 

the Inaba HaitiWT (purple triangles) over a time-course in 1:1 co-inoculated germ-free mice. The Ogawa 

strain did not show any colonization fitness advantages over the Inaba for the first 7 days of intestinal 

infection but by 14 days post-infection there was a ~10000 - 100000X competitive advantage over the 

Inaba strain across both independent groups of mice. This advantage continued for 14 days more. The 

total colonization (CFU/g feces) remained the same across all groups. Importantly the mono-serotype 

colonized germ-free mice (Ogawa black circles, Inaba green squares) did not show any lacZ dependent CI 

phenotypes in the same germ-free animal model. B) Ogawa (black) and Inaba (red) VATs from the two co-

inoculation groups (purple triangles, A) did not differ appreciably, especially at day 14, indicating no 

greater anti-Inaba circulating antibodies in these mice. C) Ogawa and Inaba VATS from the mono-serotype 

colonized groups showed that each serotype can elicit strong cross-reactive VATs from the mice and that 

the Ogawa serotype engendered the highest circulating antibody titers against both serotypes. 

the Ogawa V. cholerae vastly outcompeted Inaba strain with CIs indicating a 10,000 to 100,000 fold 

competitive advantage for the Ogawa strain (Figure 5.4.A).  

We also set up two other separate germ-free mouse cohorts, one in which we competed an Ogawa 

strain against another Ogawa strain, and in the other an Inaba:Inaba comparison (Figure 5.4.A). In these 

complementary mono-serotype cohorts we did not see any significant deviation in the competitive fitness 

Figure 5.4 The Ogawa V. cholerae serotype significantly outcompetes the Inaba during long-term co-infection 
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advantage of either serotype. Because we controlled for within-serotype competition we also know that 

this Ogawa:Inaba competitive advantage is dependent on the presence of a functional WbeT.  

The vibriocidal antibody titers (VATs) of the GF mice in this experiment did not yield significant 

insights into the cause of the extreme competitive advantage of the Ogawa vs the Inaba strain, i.e., anti-

Inaba vibriocidal titers were not significantly higher than anti-Ogawa titers in the mice where the Inaba 

strains were outcompeted (Figure 5.4.B). The mono-serotype inoculated groups of GF mice also 

demonstrated that both the Ogawa and Inaba strains elicited similar strong immune responses to the 

pathogen (Figure 5.4.C) and, given that these strains differ by only a single amino acid mutation, further 

suggest that the colonization differences are inherent to pathogen-side of host-pathogen interactions.  

 In summary, we showed that isogenic Ogawa and Inaba V. cholerae strains that only differ by a 

single amino acid substitution in the WbeT methyltransferase differ in their capacity to colonize the small 

intestine. This unexpected fitness difference between the two serotypes is likely correlated with 

differences in their in vivo transcriptional and gene essentiality profiles. Furthermore, the serotypes differ 

markedly in their capacities for long-term intestinal colonization. Additional studies are clearly warranted 

to uncover the mechanistic underpinnings of these fascinating and largely unexpected phenotypes. 
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Materials and Methods 
 

Strains and growth conditions 
 The H1 Ogawa V. cholerae clinical isolate (HaitiWT) was used as the major strain for this study. 

The Ogawa serotype was confirmed by slide agglutination using Ogawa and Inaba specific antisera (BD 

DIfco). The wbeT S158P Inaba HaitiWT was cloned using pCVD442 with homology arms that 

introduced the in-frame proline amino acid mutation into HaitiWT Ogawa (pBF60). The ΔwbeT HaitiWT 

strain was cloned using similar techniques where an in-frame deletion of the locus was performed using a 

similar pCVD442 derived plasmid (pBF62). The 2016 Zambia Ogawa clinical isolate was rendered Inaba 

using the same ΔwbeT pBF62 deletion plasmid. C6706 (Inaba) was converted to the Ogawa serotype 

using a pCVD442 derived plasmid (pBF63) that inserts a full functional copy of wbeT into a neutral locus 

of the V. cholerae genome under the constitutively active pTac promoter. Unless otherwise indicated all 

V. cholerae strains were grown in LB medium with streptomycin (200ug/mL) and stored in -80ºC in LB 

with 35% glycerol 

 In vitro and in vivo competition assays 
 Ogawa and Inaba V. cholerae were competed against each other in the C57BL/6 infant mouse (5 

days post birth, P5) small intestine as previously described (178). For these assays ΔlacZ derivates of all 

strains were made and pairwise comparisons (OgawaΔlacZ vs Inaba and Ogawa vs InabaΔlacZ) were 

performed for all V. cholerae pairs. Infant mice were randomized upon receipt to account for between 

litter variation. Serotype colony counts were determined by the ratio of blue:white colonies on LB+X-gal 

plates of both infection inocula as well as from plated small intestinal homogenates of P5 mice 20 hours 

post-infection. 10-fold serial dilution was used to increase the resolution power of the colony counts. 

Competitive ratios came from dividing the number of Ogawa and Inaba colonies as previously described 

(126). The starting inoculum was a 1:1 ratio of each serotype and 37ºC overnight cultures were used to 

prepare the infection inocula. An infectious dose of 105 CFU was used for the in vivo experiments and a 
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1:10000 dilution of overnight 37ºC cultures was used for in vitro experiments. Each in vivo competition 

experiment included infant mice from at least two independent litters.   

Transposon sequencing and analysis (TnSeq) 
 Dense, saturated transposon mutagenesis libraries were created in both the HaitiWT Ogawa and 

Inaba (S158P) backgrounds as previously described. Briefly, each strain was independently mated with 

MFDLPir carrying the Tn insertion plasmid pSC189 (214) and then plated on LB+Sm+Kan (Kanamycin, 

50ug/mL) plates to select for successful transconjugants for 37ºC overnight. Each library consisted of 

approximately 200,000 colonies and was stored at -80ºC in 35% glycerol. For the in vitro TnSeq the 

libraries were individually replated on LB+Sm+Kan plates and then scraped for gDNA extraction after 18 

hours of growth at 37ºC. gDNA was extracted from each replated library using the Genejet kit 

(ThermoFisher) and libraries were prepared as previously described (186) and sequenced on a MiSeq 

platform. Reads were processed, mapped, and analysed using the ARTISAN (186) platform using the H1 

reference genome.  

RNAseq of V. cholerae in vitro and during peak infection 
 P2-3 infant rabbits (Charles River) were ordered and co-housed with their dams for care. 6 hours 

post receival, the kits were randomly assigned to receive 109 CFU of either Ogawa or Inaba (S158P) 

HaitiWT from a mid-log culture (prepared from a single colony). The V. cholerae had been washed and 

resuspended in sodium bicarbonate as previously described (126). Each rabbit was orally infected with 

either the Ogawa or Inaba (S158P) HaitiWT (n=3 per serotype) and monitored closely for signs of 

infection. At ~16 hours post infection, when the kits were close to moribundity, each kit was sacrificed, 

and their intestinal contents collected as previously described (215). Their cecal fluid, ~roughly 500uL, 

were collected with insulin needles and kept in separate Eppendorf tubes for analysis. Each tube was 

centrifuged (5 minutes at 13000 rpm, room temperature) to isolate the V. cholerae and the remaining 

cecal fluid aspirated off the pelleted bacteria. RNA was then extracted from the pellets using the TRIzol 

reagent (Sigma) according to the manufacturer’s instructions. RNA samples were checked using both a 

Nanodrop as well as the appropriate QuBit kit (ThermoFisher) and then sent for sequencing at the 
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Microbial Genome Sequencing Center (Pittsburgh, USA). Complete RNAseq analysis was performed as 

described with sequenced reads mapped to the H1 genome with RNA-STAR and then a read matrix was 

created using featureCounts. These matrices were analyzed with DESeq2 in RStudio to identify 

differentially expressed genes (DEGs) and data shrinkage was necessary and performed with apeglm. Fast 

gene expression analysis was performed with KEGG V. cholerae datasets and the fGSEA package in 

RStudio. For in vitro analysis the same protocol was applied except the analyzed bacteria were derived 

from LB cultures grown shaking at 37oC for 6 hours from a single colony.  

Germ free mouse long-term colonization studies 
 As described earlier, 1:1 Ogawa:Inaba(S158P) HaitiWT infection inocula (109 CFU per dose) 

were prepared from colonies with all pairwise comparisons of ΔlacZ V. cholerae accounted for. Two 

groups of three four-week old germfree (GF) C57BL/6 mice were obtained from the Massachusetts Host-

Microbiome) were received and maintained in autoclaved cages with autoclaved food and water. These 

groups of mice were orally infected with 1:1 Ogawa HaitiWT: HaitiWTΔlacZ, and 1:1 Inaba (S158P) 

HaitiWT:Inaba (S158P) HaitiWTΔlacZ each. Two separate groups of three four-week old GF mice were 

infected with either 1:1 Ogawa HaitiWT:Inaba(S158P) HaitiWTΔlacZ or 1:1 OgawaΔlacZ:Inaba (S158P) 

HaitiWT V. cholerae. The GF mice were only cohoused according to their infection groups to minimize 

cross contamination. Following initial inoculation, fresh fecal pellets were collected daily from each 

mouse, homogenized with a toothpick in Eppendorf tubes with 1mL PBS, and then serially diluted and 

plated on LB+Sm+XGal plates as described earlier in the in vivo competition experiments section. A 

competitive index (CI) was determined for each mouse at each time point and the data for the co-

inoculated Ogawa:Inaba groups were merged for data analysis.  

Once per week each individual mouse was also bled by submandibular laceration as previously 

described and the blood analyzed for serotype-specific vibriocidal antibodies as previously described 

(178). For the vibriocidal assays used in this study the target strains were the HaitiWT Ogawa and 

HaitiWT Inaba (S158P) to minimize variation between strain backgrounds.  
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Statistical Analyses  
 All data were gathered and analyzed with GraphPad Prism 9.0 with each relevant statistical test 

applied indicated in the appropriate figure legend.  

Animal use statement 
All experiments in this study were performed as approved by the Brigham and Women’s Hospital 

IACUC (protocol 2016N000416) and in compliance with the Guide for the Care and Use of Laboratory 

Animals. 
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Chapter 6 - Discussion and Conclusions 
 

Diarrheal diseases remain one the leading causes of childhood mortality in disproportionately 

low- and middle-income countries (LMICs) and continue to cause underestimated costs both human and 

economic. Cholera, as a hallmark diarrheal disease, is particularly severe given how quickly a susceptible 

person can progress from symptoms presenting to death from dehydrating diarrhea. Oral rehydration 

therapies, improved sanitation, and increased access to clean food and water have all been extremely 

impactful in reducing the incidence and mortality rates of cholera across the world. However, given the 

persistent outbreaks in many areas of Sub-Saharan Africa and South Asia, much remains to be done.  

Much is known about the bacterium that causes cholera, V. cholerae, and close to 150 years of 

work on the pathogen have led to critical insights into virulence and colonization factors, genetic 

determinants of the pathogen’s biology and, as is the focus of much of this thesis, biotherapeutic 

approaches to prevent cholera and assay immunity. Immense bodies of work have also contributed to 

making V. cholerae a genetically tractable organism to perform microbiological studies in as well as 

defined numerous host animals to elucidate specific host-pathogen interactions. Together these advances 

have made it possible to reimagine how we consider the development and optimization of cholera 

vaccines (as presented in the first three research chapters of this thesis), and elements of cholera biology 

that have remained uninvestigated (the final research chapter on WbeT).  

Oral cholera vaccines as potent therapeutics  
 

The early development of cholera vaccines in many ways influenced the thought processes that 

guided development of other bacterial vaccines and strategies to combat diarrheal diseases. The Global 

Task Force on Cholera Control’s roadmap 2030 highlights the need for cholera vaccines to contribute to 

the prevention of cholera especially in places where conditions are primed for cholera outbreaks. Between 

when cholera devastatingly first appeared in Haiti in 2010 until it was considered eradicated nearly a 

decade later, the use of cholera vaccines was an important public health tool engaged to control the 
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disease on the island. In recent outbreaks in Yemen refugee camps following the civil crisis and, in Sub-

Saharan Africa, reactive vaccination campaigns by the WHO and other agencies have shown great 

promise about the utility of OCVs in crisis zones. But there is still more that can be done.  

 The inability for existing OCVs to provide full protection in children under five is a reminder that 

there is perhaps biological space for the development of even more immunostimulatory cholera vaccines, 

refined dosing and immunization schemes, and a better understanding of the infant immune response to 

cholera vaccination. A key takeaway from the second and third chapters on our study of HaitiV/PanChol 

is that live OCVs seem to be vastly more immunostimulatory than killed formulations, at least in germ-

free mice. This supports the idea that live vaccines better mimic natural infection and could be expressing 

in vivo antigens that killed formulations do not. A killed OCV candidate (216) was modified to express 

TcpA during in vitro growth before inactivation, but this does add more steps to the vaccine formulation 

pipeline. A potential solution is to increase the adjuvant proportion of killed OCVs but this further 

complicates the development pipeline. We designed and optimized HaitiV/PanChol to attempt to 

circumvent some of these issues and the pre-clinical data presented in Chapters 2 and 3 seem promising. 

As a live vaccine it should undergo antigen amplification through colonization of the intestine, provide 

many of its own adjuvants (like CT-B and increased amounts of LPS) and, importantly, HaitiV/PanCHol 

has been engineered to resist toxigenic reversion. This last addition is important as HaitiV does represent 

currently circulating pandemic V. cholerae and a non-engineered version could regain the cholera toxin 

through environmental exposure and initiate new outbreaks.  

The Hikojima serotype engineering that we implemented in Chapter 2 represents an axis of 

vaccine development that we hope will further guide not only future OCV development but also the 

optimization of other bacterial vaccines. By circumventing the need to create both Ogawa and Inaba lots 

of an OCV and then ensuring the combined formulation retains its composition, we hope that Hikojima 

PanChol will succeed at engendering cross-protective immunity in ways that other vaccine formulations 

have striven to. This also bolsters our initial hypothesis that dynamic engineering of live OCVs could 
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increase their potential utility and it will be exciting to see how PanChol is further engineered to serve as 

an antigen-presentation platform for other recognized immunostimulatory epitopes. Though it is known 

that CT-B directed antibodies also protect against ETEC’s heat-labile toxin (217), one can imagine further 

modifying PanChol to express a whole library of diarrheal pathogen epitopes especially those from 

diarrheal pathogens (e.g. Shigella spp, ETEC, and rotavirus). With the immense immune capacity of the 

intestinal mucosal immune system, we can imagine targeting non-intestinal pathogens including 

pulmonary bacteria such as (Streptococcus spp and Mycobacterium spp.). With these in mind, PanChol 

(Hikojima) could not only protect against cholera but also a broad range of pathogens. A Phase 1 safety 

and immunogenicity clinical trial in humans for PanChol is currently being planned. 

Relevance of animal models for V. cholerae studies of infection and immunity. 
 

Though there is a defined human challenge model for V. cholerae these studies are costly, clinic-

dependent, and not experimentally optimally tractable. CHIM studies have been critical for evaluating 

cholera vaccine efficacies but much of the insights we have about the adaptive immune response to 

cholera has come from studies of convalescent human samples or studies performed in endemic regions. 

For these reasons, amongst others, animal models have been widely used to characterize elements of V. 

cholerae pathogenesis and immunity to the pathogen. 

 Though this thesis focused on mammalian models of V. cholerae infection and colonization, 

many translational insights have been gleaned from studying V. cholerae in Drosophila, Zebrafish, and C. 

elegans. One outstanding benefit of using mammalian models is the similarities between their immune 

systems and those of humans. These similarities require a critical approach, though, as they can obscure 

or even confound interpretations of experimental findings. The germ-free (GF) mouse model used in 

Chapter 2 comes with many drawbacks including an immature immune system from lack of microbiota 

training as well as an inability to clear intestinally colonized V. cholerae which is dissimilar to human 

cholera. Though this likely increased our limit of resolution of subtle differences between the 
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complimentary vaccine serotypes, it also likely over-exaggerated the immunostimulatory effects of the 

vaccine as well as the scope of protection of the developed response. Persistently colonized 

HaitiV/PanChol were perhaps restimulating the GF mice and the pups of the dams may have been 

exposed to higher titers of antibodies than would reflect the true biology of a vaccination study. The 

failure to clear HaitiV/PanChol is likely due to the lack of intestinal microbiota of the GF mice. 

 We needed the streptomycin-treated mouse study (Chapter 3) to determine whether transient 

exposure to HaitiV was immunogenic in a readily translatable murine colonization model. Chapter 3 was 

performed and published before Chapter 2, as the preclinical information we had regarding 

HaitiV/PanChol came from the infant rabbit model of acute infection and a GF mouse study of the 

original HaitiV Ogawa serotype (92). The transient exposure model allowed us to gauge whether the GF 

mouse model overestimated the potency of our live vaccine, compared to a conventional killed 

counterpart, and allowed us to think about other metrics of developed immunity including a re-challenge 

study. Though we saw that the developed VATs and infant mouse challenge protection were diminished 

in the antibiotic-treated mouse model compared to the GF mouse model, this further bolstered our resolve 

to begin further serotype engineering HaitiV/PanChol given the immunity signals we detected. The less 

prevalent and protective immune responses in the antibiotic treated mice most likely represent the 

dampened immune response to a transiently colonized live OCV but still demonstrate non-inferiority to a 

single dose regimen of the killed-vaccine, which is an attractive goal for currently in-development live 

cholera vaccine candidates.  

 Chapter 3’s use of the antibiotic treated adult mouse model also raises new questions about how 

best we can engage animal models to best recapitulate how vaccines will perform in humans. With the 

transient colonization of HaitiV established we can further consider multiple dosing regimens with the 

same or complimentary live oral cholera vaccines or, quite attractively, explore prime and boost strategies 

in which the first vaccine candidate is a widely administered live OCV that also transiently colonizes the 

host and then the boost is an intranasally or subcutaneously delivered cholera vaccine. With VATs as a 
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verified correlate of protection this model can be adapted to better understand the vaccination elements 

essential for eliciting the strongest and most robust immune response to a subsequent pathogen challenge. 

Designing live vaccines with engineered “kill-switches” to ensure vaccine clearance is also attractive in 

both this model and the GF mouse model. With the available reagents of genetically modified mice, these 

models lend themselves to investigating host-genetic interactions with the V. cholerae and cholera 

vaccines.  

 A recurring thread throughout the chapters of this thesis is the appropriateness of animal models 

used to query the hypothesis in question. In Chapter 5 we engaged mostly acute models of V. cholerae 

infection (the infant mouse and infant rabbit) as we were interested in understanding how serotype 

modified the immediate infectivity and pathogenesis of the pathogen, as these models do not suit 

themselves to long-term studies of V. cholerae infection and immunity. For Chapters 2-4 we worked with 

the adult mouse model of colonization (coupled with the suckling infant mouse) which better enabled 

long-term surveillance of developed immunity and antibody-dependent mechanisms of protection from 

disease. This highlights the need to query what elements of infection and immunity that preclinical 

models of infection provide, and compromise accordingly especially as more murine models are used as 

pre-clinical validation of cholera vaccine candidates. 

Safer human challenge models for vaccine development and insights into developed 

immunity 
 

The CHIM for cholera has been well established and used to pre-qualify numerous cholera 

vaccine candidates. N16961, the typical strain used in these studies, has been well characterized and, 

though dwindling, a standardized stockpile exists to perform CHIM studies under carefully controlled 

conditions. There is no more applicable model for studying V. cholerae infection and immunity than the 

human volunteer. But the challenges surrounding these studies are large, and in some cases, 

insurmountable. Cholera CHIM studies are limited to a handful of countries that they can be performed 

in, vastly limiting the translatability of findings to the cholera endemic and infrastructurally unstable 
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regions where cholera is likely to cause outbreaks again. As the GTFCC seeks to curb cholera globally, a 

task which will require an expanded understanding of the landscape of immunity to cholera, we sought to 

translate the knowledge that anti-cholera immunity is largely anti-bacterial and not antitoxic.  

 Three main findings from this study have immediate translational implications for the design and 

execution of CHIM studies not only for cholera but other pathogens. The first, that the paradigm that the 

challenge study must directly reflect natural infection need not be the only way to evaluate immune 

responses to a pathogen. Our studies in mice demonstrate the applicability of attenuated strains for human 

challenges, a feat that was also recently applied with Salmonella typhi (218). For pathogens that 

predominantly affect regions where in-patient virulent challenge studies are permissible, we can imagine 

engaging the broad knowledge of virulence factors coupled with basic knowledge of immunity to these 

pathogens to develop new challenge models that still reflect the critical immune responses required to 

claim developed immunity. Detoxifying pathogens for use as challenge strains does not completely de-

risk CHIM studies but does enable a broader set of questions to be asked about factors contributing to 

protective immunity including previous exposure to the pathogen in endemic regions and human host 

nutritional status. 

 Another key finding comes from our use of genetically barcoded strains to infer mechanisms of 

protection in the vaccinated mouse model. Though preliminary, this level of resolution could reveal key 

systems through which immunity to a pathogen is realized. This could potentially broaden the scope of 

CHIM studies which, as discussed earlier, are experimentally constrained due to biosafety and 

infrastructure concerns. If deployed in an endemic region as part of an out-patient CHIM study our 

barcoded CHIM strains could potentially report on the direct role that host nutritional status, age, and 

previous exposure influence the response to vaccination. In the case of children under five who do not 

respond as robustly to current cholera vaccines, these barcoded strains would increase the resolution of 

the recorded outcomes of a challenge study and elucidate whether the key limitation of cholera vaccines 

in young children is a question of pathogenic V. cholerae replication rates in the infant small intestine or 
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an inability to fully constrain the bacterial founding population size. Other models would need to be 

considered but the range of conclusions from a CHIM study would be greatly expanded. 

 A third key takeaway is the widespread use of lab-safe strains for effective community 

surveillance of cholera immunity. Toxigenic V. cholerae in the US are considered biosafety level 2 

(BSL2) organisms and in the UK are classified as a Group 2 Hazard which requires a special notification 

to the Health and Safety Executive. In many parts of the world, such as Zambia where the original ZTox 

strain was isolated, toxigenic V. cholerae for research uses is heavily limited. We hope that these strains, 

and future derivatives for other bacterial pathogens, can increase confidence in using detoxified strains to 

measure community correlates of protection like VATs and other serologic correlates of protection. In the 

future these could bolster community surveillance efforts especially in predicting if certain communities 

are at higher risk of outbreaks.  

Coupled multi-omics studies and traditional studies of V. cholerae to reveal new biology 
 

 The findings in Chapter 5 on WbeT were made possible by approaching the protein and the 

phenotype from both a genomics/multi-omics perspective and a traditional bacterial genetics and animal 

model’s approach. We were able to glean insights into the multiple modifying roles of V. cholerae 

serotype by combining approaches and using insights from each to guide the questions asked by the other. 

The work here is ongoing and will hopefully unveil a new axis of thinking about V. cholerae serotype 

beyond immune evasion. As O-antigens are common to a broad range of Gram-negative bacterial 

pathogens it would be interesting to explore what other effects O-antigen modifications have on the 

virulence and both genetic and phenotypic differences between otherwise similar bacteria.  

 V. cholerae is an ancient pathogen and has shaped the course of human civilizations. In the past 

150 years our knowledge of the cholera pathogen, and of cholera prevention have been instrumental in 

realizing multiple global public health successes. In my thesis work I combined vaccine optimization, 

development of new tools for immune surveillance, and refined animal models of cholera to deepen our 
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knowledge of infection and immunity to this pathogen. Ultimately, my deep hope is that these studies will 

bolster the global efforts to curb cholera.  
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