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Abstract. Oral cholera vaccination protects against cholera; however, responses in young children are low and of short
duration. The best current correlates of protection against cholera target Vibrio cholerae O-specific polysaccharide (anti-
OSP), including vibriocidal responses. A cholera conjugate vaccine has been developed that induces anti-OSP immune
responses, including memory B-cell responses. To address whether cholera conjugate vaccine would boost immune
responses following oral cholera vaccination, we immunized mice with oral cholera vaccine Inaba CVD 103-HgR or buffer
only (placebo) on day 0, followed by parenteral boosting immunizations on days 14, 42, and 70 with cholera conjugate
vaccine Inaba OSP: recombinant tetanus toxoid heavy chain fragment or phosphate buffered saline (PBS)/placebo.
Compared with responses in mice immunized with oral vaccine alone or intramuscular cholera conjugate vaccine alone,
mice receiving combination vaccination developed significantly higher vibriocidal, IgMOSP-specific serum responses and
OSP-specific IgM memory B-cell responses. A combined vaccination approach, which includes oral cholera vaccination
followed by parenteral cholera conjugate vaccine boosting, results in increased immune responses that have been asso-
ciated with protection against cholera. These results suggest that such an approach should be evaluated in humans.

INTRODUCTION

Cholera is a severe dehydratingdiarrheal disease causedby
the Gram-negative, motile, bacterium Vibrio cholerae.1 The
WHO estimates that between 1 and 4 million cases of cholera
occur each year, resulting in tens of thousands of deaths
annually.2,3 A global program to reduce cholera and cholera-
related deaths is in progress.4 This program includes the use
of oral cholera vaccines.4 A number of oral cholera vaccines
are available, including killed oral cholera vaccines5 and live
attenuated oral cholera vaccine; the latter is currently only
licensed in the United States.6 In field studies, killed oral
cholera vaccine efficacy approximates 65%, with the highest
efficacy in the first few months following vaccination.7–12

Vaccine efficacy in young children is appreciably lower than
that in adults.5,9,12–15 Vibriocidal and O-specific poly-
saccharide (OSP) responses are the best current correlates of
protection against cholera,16,17 including memory B-cell re-
sponses to OSP that mediate long-term protection.17–19 A
recently developed parenteral cholera conjugate vaccine in-
duces prominent OSP-specific responses, including memory
B-cell responses.20 We were therefore interested in un-
derstanding whether a combination vaccine approach of oral
cholera vaccine priming followed by parenteral cholera con-
jugate vaccine boosting would increase OSP-specific,
vibriocidal, and memory responses compared with immuni-
zationwithoral cholera vaccination aloneor parenteral cholera
vaccination alone.

MATERIALS AND METHODS

Ethics statement. The animal work in this study was per-
formed in accordance with the rules and regulations of relevant
governmental and institutional requirements. All animal proto-
cols were reviewed and approved by the Massachusetts Gen-
eral Hospital Subcommittee on Research Animal Care. The
work abides by the United States Department of Agriculture
Animal Welfare Act, PHS Policy on Humane Care and Use of
Laboratory Animals, and the “Institute for Laboratory Animal
Research Guide for the Care and Use of Laboratory Animals.”
Bacterial strains and media. O-specific polysaccharide

was prepared from V. cholerae O1 El Tor Inaba strain PIC018
as previously described20 and used for conjugate vaccine
preparation, and antigen-specific antibody responses using
ELISA, serum vibriocidal assays, and memory B-cell assays.
Vaccines. CVD 103-HgR is an oral live attenuated cholera

vaccine licensed for human use in the United States under the
trade name Vaxchora (Emergent BioSolutions, Gaithersburg,
MD).21 The vaccine is administered in humans as a single oral
dose following mixing with buffer as per manufacturers’ in-
structions.22 The vaccine strain is derived from the V. cholerae
serogroup O1 serotype Inaba classical biotype wild-type
parent strain 569B (colony-forming units [CFU] approximately
1 × 109 per 100 mL reconstituted for use in humans).21–25

Cholera conjugate vaccine OSP: recombinant tetanus toxoid
heavy chain fragment (rTTHc) contains V. cholerae O1 El Tor
PIC018 Inaba OSP in a 5:1 molar sunburst display on rTTHc,
and was prepared as previously described.20 Cholera conju-
gate vaccine is administered in intramuscular injections con-
taining 10 μg of polysaccharide.
Vaccination and collection of samples.We immunized 42

female Swiss-Webster (3–5 weeks old) germ-free mice to
assess vaccination regimens.26,27 Mice were first rested in
their germ-free shipping container inwhich theywere received
(Taconic Farms,Germantown,NY). The followingday, 30mice
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were orally vaccinated with 100 μL of reconstituted CVD
103-HgR vaccine (dose in mice 106 CFU/100 μL). This dose
optimized volume, thickness, buffer ratio, and CFU per weight
ratio with the human dose. Twelve mice were orally adminis-
tered with 100 μL of buffer alone on day 0. Following oral ad-
ministration of vaccine or buffer, mice were housed in normal
(non–germ-free) conditions. Among the 30 mice receiving CVD
103-HgR, 15 mice were vaccinated intramuscularly on day 14
and then again on days 42 and 70 with cholera conjugate vac-
cine (OSP: rTTHc), and 15 were injected intramuscularly with
PBS on days 14, 42, and 70. The mice that received oral buffer
only on day 0 were vaccinated intramuscularly on days 14, 42,
and 70 with OSP: rTTHc. To assess the kinetics of immune
responses, we collected blood samples via tail bleeding on
days 0, 7, 14, 21, 28, 42, 49, 56, 70, 77, and 84. We collected
stool samples before oral vaccination and on days 1, 2, 3, 4, 5,
6, and7 after oral vaccination to assess sheddingofV. cholerae.
All samples were collected, processed, aliquoted, and stored
as previously described.28,29 To assess memory B-cell re-
sponses, we isolated splenocytes on day 84 and processed
cells for ELISPOT analysis as previously described.30

Bacteriology. To assess for the presence of V. cholerae in
stools of mice receiving live attenuated V. cholerae vaccine
strain CVD 103-HgR, fecal pellets weremashed in 1mL Luria-
Bertani media and inoculated directly onto thiosulfate citrate
bile salts sucrose (TCBS) agar plates (BDTM TCBS Agar) and
kept at 37�C overnight. After overnight incubation at 37�C,
plates were marked as positive or negative through detection
of yellow colonies indicative of V. cholerae.31,32

Antigen-specific antibody responses in serum. We
assessed OSP and TT-specific IgG, IgM, and IgA responses
in serum using standard ELISA protocols as previously
described.28–30 Plates were read in a Vmax microplate kinetic
reader (Molecular Devices Corp., Sunnyvale, CA), and results
were reported as ELISA units as previously described.20,30

Serum vibriocidal responses. We assessed serum
vibriocidal antibody titers against V. cholerae O1 El Tor Inaba
strain PIC018 as previously described.26,27,30 Vibriocidal
titer was calculated as the dilution of serum causing 50% re-
duction in optical density at 595 nm compared with control
wells without serum.33,34

Memory B-cell responses. We assessed memory B-cell
responses 14 days after the final round of immunization as
previously described.30,35 Specifically, we assessed total IgG,
IgM, and IgA-secreting cells, aswell asOSP-specific IgG, IgM,
and IgA-secreting cells by ELISPOT assays as previously
described.20,30,35

Statistics and graphs. We compared data within groups
across timepoints usingWilcoxon signed-rank tests, and across
groups using Mann–Whitney U tests. We compared response
rates using chi-square (χ2) tests. Except for vibriocidal analysis
thatwasone-tailed, all reportedP-valueswith a cutoff ofP<0.05
were two-tailed, and the values considered a threshold for sta-
tistical significance. We performed statistical analyses using
GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA).

RESULTS

Shedding of oral vaccine.Mice that were orally vaccinated
with live attenuated cholera vaccine CVD 103-HgR shed living
V. cholerae in stool for up to 1 week following oral immuniza-
tion (Figure 1).

Vibriocidal responses. Vibriocidal responses were de-
tected in mice following oral vaccination alone, as well as
following parenteral vaccination alone (Figure 2). The most
prominent vibriocidal responses were detected in mice that
were orally primed and then parenterally boosted. Both geo-
metric response rates (P < 0.05) and responder frequency (P <
0.05) (Figure 2; Supplemental Table 1) were highest in this
same group compared with the other cohorts.
Antigen-specific antibody responses in serum. Oral

vaccination alone did not induce IgG (Figure 3A) or IgA
(Supplemental Figure 1) OSP-specific responses; there was a
low level IgM response, but thiswasnot statistically significant
(Figure 3B). Parenteral vaccination induced prominent
IgG OSP-specific responses (Figure 3A), but no IgA or IgM
OSP-specific responses (Supplemental Figure 1; Figure 3B).
Combination vaccination induced IgG OSP-specific re-
sponses comparable to those induced by parenteral vacci-
nation alone (Figure 3A; Supplemental Table 2). Combination
vaccination also induced IgM responses (Figure 3B) and re-
sponder frequencies (Figure 3B; Supplemental Table 3) that
were higher than those induced in mice that were orally vac-
cinated alone (P < 0.05) or parenterally vaccinated alone (P <
0.05). Tetanus toxin-specific IgG responses were detected in
all mice receiving conjugate vaccine (Supplemental Figure 2A
and Table 4). No IgA or IgM responses to TT were detected
(Supplemental Figures 2B and C).
O-specific polysaccharide-specific memory B-cell

responses. We assessed OSP-specific IgG, IgA, and IgM
memory B cells in the spleens of vaccinated animals at the
time of sacrifice (Figure 4). Mice that received combination
vaccination had a higher IgM OSP-specific memory B-cell
responder frequency than mice orally vaccinated alone (P <
0.05; Figure 4C).

DISCUSSION

In this study, we demonstrated that priming with an oral
cholera vaccine followed by parenteral boosting with an OSP
cholera conjugate vaccine can increase vibriocidal responses,

FIGURE 1. Vibrio cholerae intestinal colonization. Percentage of
mice with detectable V. cholerae in stool by day post-oral vaccination
with 106 colony-forming units of live attenuated CVD 103-HgR on day
0. Stool was collected and cultured daily for 7 days after oral
vaccination.
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as well as V. cholerae OSP-specific IgM serum antibody re-
sponses and memory B-cell responses. These responses are
correlates of protection against cholera in humans.16,17,19,36 A
number of oral cholera vaccines are currently available, in-
cluding two doses of oral killed cholera vaccines and a single
dose live attenuated oral cholera vaccine. The oral killed
cholera vaccines have been shown to be safe and effective in
humans; however, their capacity to elicit strong and durable
protection in young children is significantly lower and shorter
than those induced in adults and older children. An oral killed
cholera vaccine that contains supplemental cholera toxin B
subunit requires a three-dose regimen over 3–6 weeks and a
booster every 6 months for children aged 2–6 years.37–39 In
comparison, older children and adults receive a two-dose
regimen, with boosters every 2 years.37–39 Another oral killed
cholera vaccine not supplemented with cholera toxin B sub-
unit is approved for use in children aged 1 year and older, with
a two-dose regimen over 2 weeks.37,38 Protection appears to
also be age dependent with this vaccine as well, with vaccine
efficacy being lowest in children younger than 5 years. Across
all ages, the vaccine was 65% protective over 5 years in a
study in India, with 74% protection for individuals aged 15
years and older, 68% for individuals aged 5–15 years, and
42% in children aged 1–5 years.11 When this vaccine was
evaluated as a single dose, vaccine protective efficacy over 2
years was 57% in individuals aged 5 years and older in

Bangladesh, but no protection was detected in children
younger than 5 years.40 Of note, an oral booster dose 3 years
later was recently shown to be immunogenic in these younger
children.41

A meta-analysis of oral killed cholera vaccines disclosed a
two-dose efficacy of 58% overall, with 64% in individuals
older than 5 years and 30% in children younger than 5 years.42

Overall, vaccine efficacy was approximately 55–60% in the
first 2 years, falling to 39% and 26% in years three and 4
postvaccination, respectively.42

A live attenuatedoral cholera vaccine (CVD103-HgR) is also
available and was approved for use in a number of countries
(currently available in the United States as Vaxchora; Emer-
gent BioSolutions). The vaccine is highly immunogenic and is
approved for use in individuals aged 2–64 years in the United
States.4,22,43,44 The U.S. version of the vaccine has not yet
been evaluated for protection in areas endemic for cholera;
however, the vaccine has been shown to provide at least
short-term protection in North American adult volunteers
challenged 30 days (90% vaccine efficacy) or 90 days (79%
vaccine efficacy) after vaccination.22 No data regarding pro-
tective efficacy in children, or duration of protection beyond
90 days postvaccination, are currently available. The vaccine
is derived from an Inaba serotype V. cholerae O1 organism.
Twomajor serotypesofV. choleraeO1exist: InabaandOgawa
that differ only in the presence of a methyl group on the

FIGURE2. Vibriocidal responses.Micewereorally immunizedonday0withCVD103-HgRorbuffer, andsubsequently vaccinated intramuscularly
(IM) on days 14, 42, and 70 with O-specific polysaccharide (OSP): recombinant tetanus toxoid heavy chain fragment (rTTHc) cholera conjugate
vaccine or PBS. Dots represent responses in individual mice. Single dots may represent more than one mouse with identical values (see
Supplemental Table 1). Horizontal bars indicate geometricmean reciprocal end titers, and error bars represent 95%CIs.We defined responders as
having an increase in vibriocidal titer by 64-fold or greater in titer at day 7 and other time points than day 0 titers. TheP-value indicates a statistically
significant difference among the indicated cohorts. #, statistically significant differences of responder frequency (see Supplemental Table 1) from
the CVD 103-HgR + PBS group comparedwith CVD 103-HgR+OSP: recombinant tetanus toxoid heavy chain fragment (rTTHc) and Buffer + OSP:
rTTHc groups in chi-square (χ2) tests (P < 0.05).
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terminal saccharide.45,46 Immunity against serotypes is cross-
reactive and cross protective.47

In summary, where data are available, currently available
oral cholera vaccines provide limited protection to young
children aged less than 5 years, even in cholera-endemic
resource-limited settings. We hypothesize that one contrib-
uting factor to this lower level and shorter term protection is
the blunted ability of young children to develop robust and
long-term anti-polysaccharide immune responses, whereas a
growing body of evidence suggests that protection against
cholera targets the OSP of V. cholerae. An in vitro functional
assay, the vibriocidal antibody assay, is currently our best
indirect predictor of protection against cholera, but the
vibriocidal response appears to be a surrogatemarker of an as

yet to be identified mucosal antibody response(s).48 We have
previously shown that the vibriocidal response largely targets
the OSP of V. cholerae.49 We have also recently shown that
OSP-specific antibody and memory B-cell responses corre-
late with protection against cholera in household contacts
of cholera index patients in Bangladesh,17 and that OSP-
specific antibody responses correlate with protection against
cholera inNorthAmerican vaccine recipients of anoral cholera
vaccine who are subsequently challenged with wild-type
V. cholerae.16 We hypothesize that young children respond
poorly to OSP because it is a T-cell–independent antigen.
A cholera conjugate vaccine could theoretically induce
more prominent and more durable immune responses in
young children, by inducing T-cell involvement in immune

FIGURE 3. O-specific polysaccharide (OSP) specific serum responses. Vaccine cohorts are as described in Figure 2. Dots represent responses in
individualmice, andhorizontal bars represent geometricmean IgG (A) and IgM (B) responses.Error bars represent 95%CIs.Wedefineda responder
as havingmore than or equal to 100-fold (IgG) and 150-fold (IgM) increase of ELISA units for OSP-specific responses comparedwith baseline levels
(day 0). An asterisk indicates a statistically significant difference from the CVD 103-HgR + PBS group to other vaccine groups (P < 0.05). #,
statistically significant differencesof responder frequency (seeSupplemental Tables 2 and 3) from theCVD103-HgR+PBSgroup toCVD103-HgR
+ OSP: recombinant tetanus toxoid heavy chain fragment (rTTHc) or Buffer + OSP: rTTHc groups in chi-square (χ2) tests (P < 0.05). † indicates
statistically significant difference of responder frequency between the CVD 103-HgR + OSP: rTTHc group to Buffer + OSP: rTTHc group in chi-
square (χ2) tests (P < 0.05).
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processing. We have previously found that cholera conju-
gate vaccines are able to induce OSP-specific immune
responses.20,30

We have also previously reported that boosting trans-
cutaneously with a neoglycoconjugate vaccine following
oral administrationofanattenuatedV.choleraestraincanboost
lipopolysaccharide (LPS)-specific responses in mice,28 and
were interested in assessing the impact of boosting vaccina-
tion on OSP (as opposed to LPS) immune responses. There-
fore, in this current investigation, we assessed OSP-specific
responses in animalsorally primedwitha licensedandavailable
live attenuatedoral cholera vaccineCVD103-HgRandboosted
with acholera conjugate vaccine that containedOSP recovered
from wild-type V. cholerae Inaba O1 conjugated to a recombi-
nant heavy chain fragment of tetanus toxoid.20

We used germ-free mice for initial oral inoculation because
we have previously shown that V. cholerae can colonize the
intestine of such mice, but not non–germ-free mice, pre-
sumably because of the inability to establish an ecologic niche
in an established murine microbiota in the latter.26,27 Once
orally inoculated, thesemice are housed under non–germ-free
conditions, and shed detectableV. cholerae in stool for up to a
week after inoculation. Live attenuated CVD 103-HgR is
thought to colonize the human intestinal surface, allowing it to
be administered as a single-dose oral vaccine.
Mice that received only oral CVD 103-HgR did not develop

IgA or IgG responses, but there was a trend to low-level
OSP-specific IgM and vibriocidal responses. The vibriocidal
response has previously been shown to largely reflect OSP-
specific IgM and IgG responses.49 Mice that received
only parenteral cholera conjugate vaccine developed IgG

OSP-specific serum and low-level vibriocidal responses, but
not IgM or IgA responses. However, mice that weremucosally
primed with CVD 103-HgR then parenterally boosted with
cholera conjugate vaccine markedly increased OSP-specific
IgM and vibriocidal responses. O-specific polysaccharide-
specific IgG responses were equivalent in the combination
cohort compared with the parenteral only cohort, suggesting
that mucosal priming did not blunt the ability of the conjugate
to induce T-cell dependent immune processing. The reason
that IgM responses would be boosted by a conjugate vaccine
is unclear, but has been noted before following oral priming.28

In this experiment, there was no induction of OSP-specific IgA
responses in mice in any cohort, despite the induction of IgA
responses in humans receiving CVD 103-HgR,36 under-
scoring a limitation of this model system.
We also found that combination immunization boosted

OSP-specific IgM memory B-cell responses. O-specific
polysaccharide-specific memory IgA B-cell responses have
been associated with protection against cholera in orally
vaccinated North Americans subsequently challenged with
wild-type V. cholerae, and OSP-specific memory IgG B cell
responses have been associated with protection against
cholera in household contacts of cholera index patients in
Bangladesh.17,19 Whether these memory B-cell isotype dif-
ferences reflect difference in animal species (mouse and hu-
man) and likelihood of previous exposure (North American
volunteers and Bangladeshi residents) is currently unclear.
Previous observations with polio vaccine support our find-

ings: parenteral immunization with inactive polio vaccine in
humans previously primed mucosally with oral polio vaccine
can boost anti-polio immune responses, including at the

FIGURE 4. O-specific polysaccharide (OSP) specific memory B-cell responses. IgG, IgA, and IgM responses in the spleen of mice orally and/or
intramuscularly immunized as described in Figure 2. We defined responders as having ³ 4 OSP-specific IgM, IgG, or IgA cells per 105 splenocytes.
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mucosal surface.50,51 Our results are also consistent with
those of previous studies demonstrating boosting of preex-
isting mucosal immune responses targeting V. cholerae in
humans residing in a cholera-endemic zone who receive a
parenteral cholera whole cell vaccine.52

Our study has limitations. It uses an artificial animal model
with an immature immune system, and used a live attenuated
oral cholera vaccine as opposed to one of the killed oral
vaccine that comprises the global cholera vaccine stockpile.
We used a live attenuated vaccine strain so we could assess
colonization and ensure immune priming with the initial in-
oculation. We also did not assess cross-serotype immune
responses, mucosal laminal proprial responses targeting
OSP, and protection against challenge. Despite this, our re-
sults suggest that parenteral boosting with cholera conjugate
vaccine after previous exposure of intestinal tissue to
V. cholerae can increase a number of immune responses as-
sociated with protection against cholera, and may be of po-
tential benefit as away to improve themagnitude and duration
of immune responses in those most at risk of cholera, espe-
cially young children aged less than 5 years.
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