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ABSTRACT One potential advantage of live attenuated bacterial vaccines is the
ability to stimulate responses to antigens which are only expressed during the
course of infection. To determine whether the live attenuated cholera vaccine
CVD 103-HgR (Vaxchora) results in antibody responses to the in vivo-induced
toxin-coregulated pilus antigen TcpA, we measured IgA and IgG responses to
Vibrio cholerae O1 El Tor TcpA in a subset of participants in a recently reported
experimental challenge study. Participants were challenged with V. cholerae O1
El Tor Inaba N16961 either 10 days or 90 days after receiving the vaccine or a
placebo. Neither vaccination nor experimental infection with V. cholerae alone
resulted in a robust TcpA IgG or IgA response, but each did elicit a strong re-
sponse to cholera toxin. However, compared to placebo recipients, vaccinees
had a marked increase in IgG TcpA antibodies following the 90-day challenge,
suggesting that vaccination with CVD 103-HgR resulted in priming for a subse-
quent response to TcpA. No such difference between vaccine and placebo recipi-
ents was observed for volunteers challenged 10 days after vaccination, indicating
that this was insufficient time for vaccine-induced priming of the TcpA response.
The priming of the response to TcpA and potentially other antigens expressed in
vivo by attenuated V. cholerae may have relevance to the maintenance of immu-
nity in areas where cholera is endemic.
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holera continues to be a major public health issue for much of the developing

world. There are an estimated 2.9 million cases of cholera, resulting in 95,000
deaths, worldwide each year (1). Vibrio cholerae O1 is the primary etiologic agent of
cholera, which produces ADP-ribosylating cholera toxin (CT) that causes the intense
secretory diarrhea of cholera. In volunteers, ingestion of as little as 5 ug of CT can mimic
severe cholera (2).

To deliver CT to the mucosal surface, V. cholerae adheres to the small intestine. The
toxin-coregulated pilus (TCP), a type IV pilus, is required for attachment to and
colonization in humans and in animal models of cholera (3-6). Similar to CT, the
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expression of TCP, including its main structural component, TcpA, is dependent on
activation of the ToxR regulon during passage of the bacteria through the small
intestine (5, 7). Once in the intestine, the B subunit (CtxB) pentamer of CT binds the GM,
ganglioside on epithelial cells, where the A subunit of the toxin is translocated
intracellularly (8). The activation of adenylate cyclase by the A subunit ultimately leads
to the secretion of chloride and the fluid loss characteristic of cholera (9).

While the vibriocidal antibody response, a T-cell-independent response which
largely targets the O antigen of V. cholerae lipopolysaccharide (LPS), is the best-
characterized marker of protection against cholera (10-12), there is an interest in
understanding whether responses to T-cell-dependent protein antigens could also
contribute to protective immunity against cholera. While T-cell-dependent anti-CT
antibodies are a sensitive immunologic marker of V. cholerae infection, antitoxin
responses alone do not appear to confer long-lasting protection against disease in
humans. For example, in Bangladesh, where cholera is endemic, approximately 75% of
individuals who develop clinical cholera had a 2-fold or greater rise in serum IgG
antibodies against CT within 20 days of infection (10). In addition, following severe
cholera, IgG memory B cells to CT can be detected up to 1 year following exposure (13).
However, neither baseline levels of anti-CtxB 1gG antibodies nor circulating CtxB-
specific IgG producing memory B cells are associated with protection from cholera in
household contacts of cholera patients (10, 12, 14).

Previous data on the role of CtxB responses in vaccination also support a limited role
of this antigen in protection. For example, North American volunteers immunized with
three monthly doses of 8 mg of enterally administered CtxB toxoid had equivalent
attack rates and similar diarrhea outcomes compared to controls when challenged with
live V. cholerae despite having an increase in antitoxin titers (15). In field trials com-
paring three doses of oral, whole-cell killed cholera vaccine with and without the CtxB
toxoid, the whole-cell vaccine with CtxB had a protective efficacy of 62% compared to
53% for the whole-cell-only vaccine after 1 year (16). However, after 3 years, the
protective efficacy of the whole-cell vaccine with CtxB dropped to 17% compared to
43% for whole-cell-only vaccine (16).

TCP is also required for full pathogenesis of V. cholerae in humans, but the role of
anti-TcpA antibodies in protection remains uncertain. When volunteers ingested a
classical 0395 V. cholerae O1 strain with a tcpA gene deletion, the strain was unable to
colonize the volunteers, no robust vibriocidal antibody responses were detected, and
none of the volunteers who were subsequently challenged with wild-type V. cholerae
were protected against clinical cholera (4). Nonetheless, when North American volun-
teers were experimentally infected with a single dose of V. cholerae 0395, none
demonstrated a serum anti-TCP IgG or IgA response, defined as a 4-fold rise in titer, and
yet when four of these volunteers were rechallenged 9 weeks later, all were protected
against disease (15, 17).

In contrast, in Bangladesh, where cholera is endemic, mucosal or systemic
anti-TcpA responses have been observed in over 90% of cholera patients infected
with V. cholerae O1 El Tor, and memory B-cell responses against TcpA antigen can
be detected up to 1 year after infection (13, 18). Furthermore, in household contacts
of cholera patients, higher baseline levels of circulating anti-TcpA IgA antibodies are
associated with protection against V. cholerae infection, while baseline anti-TcpA
IgG levels are not associated with the risk of V. cholerae infection (12). Given these
observations, it is unclear whether immune responses to TcpA contribute to
long-term protection following natural infection with V. cholerae and whether
including TcpA as a vaccine component enhances the effectiveness of oral cholera
vaccination (18, 19).

CVD 103-HgR is an attenuated classical V. cholerae O1 Inaba 569B strain that has
a 94% gene deletion of the cholera toxin A subunit while the nontoxigenic CtxB
subunit remains intact (20, 21). When CVD 103-HgR was administered as a single-
dose, live oral vaccine, it was well tolerated and immunogenic (22-24). CVD
103-HgR was previously licensed and manufactured as Orochol and was recently
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TABLE 1 Participant demographics

Value for:
10-Day challenge 90-Day challenge
Vaccine Placebo Vaccine Placebo
Characteristic (n = 26) (n = 22) (n = 20) (n = 16)
Mean age, yr (SD) 31.3(5.9) 31.6(7.8) 34.8(8.1) 30.6 (6.4)
Sex, no. (%)
Male 17 (65.4) 11 (50.0) 14 (70.0) 10 (62.5)
Female 9 (34.6) 11 (50.0) 6 (30.0) 6(37.5)
Race, no. (%)
Black/African-American 14 (53.9) 13 (59.1) 14 (70.0) 12 (75.0)
White 8(30.8) 9 (40.9) 6 (30.0) 4(25.0)
Other 4(15.3) 0 0 0
Blood group, no. (%)
(0] 11(42.3) 12 (54.5) 13 (65.0) 6(37.5)
Non-O 15(57.7) 10 (45.5) 7 (35.0) 10 (62.5)

relicensed and manufactured as Vaxchora (PaxVax, USA), which was approved by
the U.S. Food and Drug Administration in 2016 and recommended by the Advisory
Committee on Immunization Practices for the prevention of cholera in travelers to
areas where cholera is endemic.

In a recently reported multicenter clinical trial conducted using a human cholera
challenge model, CVD 103-HgR elicited protection against moderate and severe diar-
rhea (the clinical protocol endpoint of interest) with efficacies of 90% and 80% in North
American vaccinees challenged with wild-type V. cholerae at 10 or 90 days postvacci-
nation, respectively (24). In this study, a 4-fold or greater increase in vibriocidal
antibodies was observed in 90% of vaccinees, and these vibriocidal responses were
strongly associated with protection (24). In another immunogenicity study, Vaxchora
elicited a rise in 1gG anti-cholera toxin antibodies in 57% of recipients 28 days following
vaccination (23). While it is inferred that TcpA remains intact since this strain is capable
of colonizing the small intestine in humans and in animal models of cholera (22, 25), it
has not been previously reported whether vaccination induces a significant immune
response to the TcpA antigen (19).

In this study, we utilized remaining serum samples from the previously reported
human challenge study (24) to address whether Vaxchora induced TcpA IgG and IgA
antibody responses and compared these with responses to a known T-cell-dependent
protein antigen, CtxB, for which responses have been established following both
vaccination and infection (10, 12, 15, 16, 23).

RESULTS

Participants. Samples obtained from 84 of the 134 challenged volunteers enrolled
in the phase 3 clinical trial conducted by PaxVax were used in this immunogenicity
study. The subset of participants selected for this study included all subjects for which
there were remaining serum samples from each time point, and those with missing or
inadequate sample volume were excluded. These subjects had a mean age of 32 years
(standard deviation of 7) comprised of 62% males and 38% females. The proportion of
participants with blood type O, a population more susceptible to severe cholera, was
enriched to 50% as part of the design of the clinical trial, and this enrichment is
reflected in the selected subset as well. Among the subset of participants in the 10-day
challenge cohort, 26 received a single dose of CVD 103-HgR while 22 received placebo.
From the subset of participants in the 90-day challenge cohort, 20 received the vaccine
and 16 received placebo. Age, sex, race, and blood type were recorded for all subjects,
and this information is presented in Table 1 for participants only in the subset of
samples used in this study. There were no significant differences in demographic
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FIG 1 CtxB-specific IgG response for vaccine and placebo recipients before and after cholera challenge. Mean fold change of anti-CtxB
1gG antibodies for placebo and vaccine recipients challenged at day 10 (A) and day 90 (B). To the left of the dashed line are days before
cholera challenge, and to the right are days following challenge. Error bars represent standard errors of the means, and an asterisk
denotes differences between placebo and vaccine recipients with a P value of <0.05.

characteristics or reported adverse events between placebo and vaccine recipients in
either the 10- or 90-day challenge cohort (Table 1).

Prechallenge serum anti-CtxB antibody responses. We evaluated anti-CtxB IgG
antibody responses in serum from participants who received either placebo or a single
dose of V. cholerae CVD 103-HgR and were subsequently challenged with wild-type V.
cholerae at either 10 or 90 days postvaccination. The prechallenge, postvaccination
responses are shown to the left of the dashed lines in Fig. 1A for the 10-day challenge
cohort and Fig. 1B for the 90-day challenge cohort. Following vaccination, significant
increases in anti-CtxB IgG levels were seen by day 7 and remained increased through
day 90, the time point that reflects the longest postvaccination, prechallenge time
interval in the study. As expected, vaccinees had significantly higher CtxB IgG antibody
responses than placebo recipients at all prechallenge time points after day 0. Although
the aggregate responses to CtxB were significant in the vaccinees, there was consid-
erable variation between participants. While 30 of the 46 (65%) had a =50% increase
in CtxB IgG antibody level, some participants from both challenge cohorts had no
significant response following vaccination.

Postchallenge serum anti-CtxB antibody responses. Following challenge with
live V. cholerae 10 or 90 days postvaccination, both vaccine and placebo recipients had
increases in anti-CtxB antibody levels on all days tested (Fig. 1). By 28 days following the
10- and 90-day challenges (day 38 and day 118, respectively), the placebo groups had
a significantly higher average fold change of 11.3 and 11.0 in anti-CtxB I1gG antibody
levels compared to 6.2 and 6.9 for the vaccine group (P = 0.006 and P = 0.034,
respectively). The higher postchallenge CtxB response observed in the placebo recip-
ients persisted through the final assessment on day 180, where the placebo group for
the 10-day challenge cohort had a fold increase of 8.7 compared to 4.2 for vaccinees
(P = 0.002), and the placebo group for the 90-day challenge cohort had an increase of
10.4 compared to 5.2 for vaccinees (P = 0.007).

Prechallenge serum anti-TcpA antibody responses. Serum from the same 84
participants was also tested for IgG and IgA anti-TcpA antibodies. Following vaccination
alone, there was no significant observed difference between vaccine and placebo
recipients in serum TcpA-specific IgG or IgA antibodies for either challenge cohort (Fig.
2). Only 4% of vaccinees in the 10-day challenge group and 20% of vaccinees in the
90-day challenge group (which were evaluated at multiple time points before experi-
mental infection) demonstrated a greater than 50% increase in anti-TcpA IgG antibod-
ies prior to cholera challenge. There were no observed associations between the
participant demographics (Table 1) and their TcpA responses following vaccination.

Postchallenge serum anti-TcpA antibody responses. Following challenge with V.
cholerae, both vaccine and placebo recipients in the 10-day challenge group had an
increase in TcpA IgG antibodies on day 20 relative to the day of challenge (P = 0.045
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FIG 2 TcpA-specific IgG and IgA response for vaccine and placebo recipients before and after cholera challenge. Mean fold change of anti-TcpA
1gG (A and B) and IgA (C and D) antibodies for placebo and vaccine recipients challenged at day 10 (A and C) and day 90 (B and D). To the left
of the dashed line are days before cholera challenge, and to the right are days following challenge. Error bars represent standard errors of the
means, and an asterisk denotes differences between placebo and vaccine recipients with a P value of <0.05.

for vaccinees and 0.040 for placebo recipients). However, these responses were gen-
erally modest, as only 4 of the 26 (15%) vaccinees and 2 of the 22 (9%) placebo
recipients had a greater than 50% increase in anti-TcpA antibodies 10 days following
challenge. Additionally, there was no difference in the TcpA responses between vac-
cinees and placebo recipients following the 10-day challenge (Fig. 2A and C).

Similarly, the vaccine and placebo group in the 90-day challenge cohort had
increased anti-TcpA IgG antibodies 10 days following challenge (P value of 0.007 and
0.018, respectively). However, vaccinees challenged 90 days postvaccination had a
markedly higher-level anti-TcpA IgG response than placebo recipients (P = 0.033) (Fig.
2B). In addition, 10 of the 20 vaccinees (50%) in the 90-day challenge group serocon-
verted on day 100 compared to only 1 of 16 (6%) placebo recipients (P = 0.009).
Comparing vaccinees challenged at 10 versus 90 days postvaccination, the 90-day
challenge cohort had significantly higher IgG responses 10 days after challenge (P =
0.004) (Fig. 3). There was no relation between sex, race, or blood group and IgG TcpA
response after either challenge day for vaccine or placebo recipients. Furthermore, no
significant differences in anti-TcpA IgA responses were seen between vaccinees and
placebo recipients for the 90-day challenge cohort (Fig. 2D).

Correlation of CtxB and TcpA antibody responses and diarrhea after challenge.
To assess the association between CtxB- and TcpA-specific antibodies and protec-
tion against cholera challenge, we evaluated the relationship between antibody
response following vaccination and the volume and severity of diarrhea after
challenge. As previously described, vaccine recipients were protected against mod-
erate (=3.0 liters) and severe (=5.0 liters) diarrhea (MSD) at both day 10 (90%
efficacy) and day 90 (80% efficacy) after challenge (24). In our subset of individuals
derived from the original study, 2 of 26 (8%) vaccinees challenged after day 10
developed MSD, and 3 of 20 (15%) challenged after day 90 developed MSD. There
was no evidence of an association between prechallenge TcpA IgG, TcpA IgA, or
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FIG 3 TcpA-specific IgG response for vaccinees following challenge with V. cholerae. Mean fold change
relative to day 0 for anti-TcpA IgG antibodies for vaccinees challenged either 10 or 90 days following
vaccination. Error bars represent standard errors of the means, and an asterisk denotes differences
between challenge cohorts with a P value of <0.05.

CtxB responses and the severity of diarrhea after challenge when correlating
diarrhea with fold rise in antibody (Fig. 4). In contrast, there was perhaps a modest
association between CtxB IgG responses and diarrhea after challenge by serocon-
version. The 14 vaccinees who seroconverted to CtxB before the 90-day challenge
had an average of 688 ml of diarrhea compared to 3,623 ml for the 6 vaccinees who
did not CtxB seroconvert (P = 0.037). No such difference was seen for TcpA, as the
4 vaccinees who IgG seroconverted to TcpA before the 90-day challenge had an
average of 2,665 ml of diarrhea compared to 1,294 ml for the 16 vaccinees who did
not TcpA seroconvert (P = 0.420).

DISCUSSION

In this study, we demonstrate that oral vaccination with a single dose of Vaxchora,
containing live attenuated CVD 103-HgR, primes an anamnestic response to TcpA that
is induced by challenge with wild-type V. cholerae 90 days after vaccination. This finding
underscores a potential advantage of live attenuated bacterial vaccines, which is the
ability to stimulate responses to antigens that are only expressed during the course of
infection but are not present in killed vaccine. Since TcpA is essential for V. cholerae
attachment to and colonization of the human small intestine (3-6), it is possible that
the priming of a response to TcpA and potentially other in vivo-expressed antigens
following vaccination with CVD 103-HgR could contribute to long-term efficacy of the
vaccine in settings where cholera is endemic.

One potential advantage of vaccine-induced memory against T-cell-dependent
antigens such as CtxB and TcpA is that these responses may persist longer than
responses against T-cell-independent polysaccharide antigens. It has previously
been demonstrated that in Bangladesh, IgG memory B-cell responses to the T-cell-
dependent antigens CtxB and TcpA are detected in circulation for up to 1 year
following natural infection with V. cholerae, while circulating memory B cell re-
sponses to LPS appear to wane more quickly (13). However, while it does not appear
that CtxB memory B cell responses are associated with protection against cholera
(14), it is unknown whether TcpA responses impact protective immunity. In our
study, the fact that vaccine-derived priming of the TcpA response was only ob-
served after the 90-day experimental V. cholerae challenge, but not the 10-day
challenge, suggests that this priming is dependent on the development of an initial
memory B-cell response, as seen in areas where cholera is endemic, to CVD 103-HgR
that takes over 10 days to develop.

It is notable that neither a single dose of vaccine alone nor a single experimental
infection (in the placebo recipients) was sufficient to induce a robust serum IgG
response to TcpA comparable to the response seen in the subjects with vaccination-
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FIG 4 Correlation of maximum fold change before 90-day challenge relative to diarrhea volume
following cholera challenge. Shown are the vaccinee maximum (max) fold changes for anti-TcpA 1gG (A),
anti-TcpA IgA (B), and anti-CtxB IgG (C) antibodies before 90-day challenge relative to cumulative
diarrhea volume following 90-day challenge. The line represents a linear regression with R? and P values
for normalized data.

induced priming followed by experimental infection. The limited TcpA response from
only a single antigenic exposure supports previous results demonstrating the lack of
TcpA response in experimentally challenged North American volunteers (17). Based on
this observation, it is most likely that the high percentage of TcpA responders observed
in cholera patients in Bangladesh is due to natural priming occurring from repeated
exposure in this area where cholera is endemic, and that relative to CtxB, TcpA is
significantly less immunogenic.

Interestingly, the only previous study of anti-TcpA antibody responses to a live,
oral cholera vaccine assessed responses to Peru-15, which is derived from a V.
cholerae El Tor Ogawa strain lacking the cholera toxin A subunit (26). Seven days
after vaccination with Peru-15, only 10% of Bangladeshi vaccinees had demon-
strated a =2-fold increase in TcpA IgA antibodies (26). Unlike Peru-15, the CVD
103-HgR vaccine is derived from a V. cholerae O1 classical strain which expresses a
TcpA antigen that differs by 18% at the amino acid level from the TcpA antigen
present in the N16961 El Tor challenge strain (27, 28). In this study, we specifically
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measured responses using the El Tor TcpA, because this antigen better reflects the
currently circulating V. cholerae strains, and strains producing the classical TcpA
antigen are no longer a cause of cholera (8). While it is possible that antibody
responses to the classical TcpA antigen after vaccination with CVD 103-HgR differ
from our results using the El Tor antigen, it is unlikely that we would have observed
a strong response to classical TcpA after vaccination alone, given our results that
vaccine-based priming was required to induce a robust TcpA response in experi-
mentally infected individuals. This is consistent with the earlier Peru-15 study,
which demonstrated vaccination alone did not induce a strong TcpA response even
to the homologous TcpA antigen. Importantly, the results of our study demonstrate
that vaccinating with a classical V. cholerae biotype still resulted in priming an
antibody response to an El Tor antigen given sufficient time following vaccination.

Given the small number of vaccinees that developed a response to TcpA prior to
challenge, as well as the limited number of challenged individuals who went on to
develop MSD, it is not surprising that we were unable to detect a significant association
between prechallenge TcpA responses and the occurrence of diarrhea after challenge.
We also did not observe a robust association between CtxB responses and protection
against diarrhea. In contrast, previous studies of this cohort demonstrated a very strong
association between a 4-fold increase in the vibriocidal antibody response and protec-
tion against experimental challenge (24).

In summary, our findings suggest that vaccination with CVD 103-HgR results in
priming of subsequent antibody response to the TcpA antigen. While the priming of
the response to TcpA and potentially other antigens expressed in vivo during coloni-
zation by CVD 103-HgR may have relevance to the maintenance of immunity in areas
where cholera is endemic, their potential contribution to protection following immu-
nization will require further evaluation.

MATERIALS AND METHODS

Study subjects and sample collection. Adult volunteers were enrolled in a randomized, double-
blind, placebo-controlled phase 3 clinical trial, which has been described in detail previously (24). In
brief, participants were screened for eligibility, which included exclusion based on abnormal stool
pattern and current or recent antibiotic use, at three study sites (Baltimore, MD, Cincinnati, OH, and
Burlington, VT) before receiving either a single dose of vaccine containing ~5 X 108 CFU of CVD
103-HgR or normal saline as a placebo (24). Subjects were challenged with 1 X 10> CFU of V. cholerae
O1 El Tor Inaba strain N16961 either 10 or 90 days following vaccination. For subjects challenged 10
days postvaccination, serum was collected at days 0, 7, 10, 20, 38, and 180, and for subjects
challenged 90 days postvaccination, it was collected at days 0, 7, 10, 28, 90, 100, 118, and 180. For
the 10 days following challenge, subjects were closely monitored in an inpatient setting, and all
stools were graded according to consistency and for assessment of diarrhea. For diarrhea volumes
over 200 ml, the corresponding severity, number of total stools, and number of total days with
diarrhea were measured.

Antigens used for immunological assays. CtxB from V. cholerae was purchased from List Biological
Laboratories, Inc. (Campbell, CA). TcpA was prepared as described previously (29). In brief, recombinant
histidine-tagged TcpA was generated from V. cholerae O1 El Tor strain C6706, which produces a TcpA
protein identical to that of challenge strain N16961. TcpA-His was ligated into pET-15b (Novagen, San
Diego, CA) at the N terminus and purified using nickel affinity chromatography. The purified product was
concentrated to 1.0 mg/ml. With polyacrylamide gel electrophoresis, protein purity and identity were
assessed with Coomassie staining and Western immunoblotting, respectively, which demonstrated a
single TcpA-His band at 19.7 kDa.

Detection of antibody responses. Antibody responses in all subjects were detected by research
personnel blinded to vaccine or placebo status by an endpoint enzyme-linked immunosorbent assay
(ELISA) as previously described (13). In brief, 96-well polystyrene plates (Nunc, Denmark) were
coated directly with 100 ng per well of purified CtxB or V. cholerae TcpA overnight and blocked with
1% bovine serum albumin. Serum was applied at a 1:100 dilution. Following washing, 100 ul of
1:8,000 diluted secondary anti-human IgG antibodies conjugated to horseradish peroxidase (HRP)
(Jackson ImmunoResearch, West Grove, PA) was applied to CtxB-coated plates, while 1:4,000
anti-human IgG-HRP or IgA-HRP was applied to TcpA-coated plates. Development was performed
with ortho-phenylenediamine (Sigma, St. Louis, MO) in 0.1 M sodium citrate buffer (pH 4.5) with
0.01% hydrogen peroxide and stopped with 100 ul of 1N hydrochloric acid after 5 min. Plates were
read spectrophotometrically at 490 nm.

Statistical analysis. ELISA values for test samples were divided by a standard pool of
convalescent-phase sera from patients who had recovered from cholera as a control sample that was
included with each assay and normalized by log transformation. Immunological responses at various
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time points were compared to baseline measures or between cohorts using paired or unpaired t
tests, respectively. Seroconversion was defined as a 50% rise in endpoint ELISA values relative to day
0 or the day of challenge. Two-tailed P values of <0.05 were considered statistically significant.
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