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Abstract

Vibrio cholerae is a bacterial pathogen which causes the severe acute diarrheal disease
cholera. Given that a symptomatic incident of cholera can lead to long term protection, a
thorough understanding of the immune response to this pathogen is needed to identify
parameters critical to the generation and durability of immunity. To approach this, we utilized
a live attenuated cholera vaccine to model the response to V. cholerae infection in 12 naive
subjects. We found that this live attenuated vaccine induced durable vibriocidal antibody
titers that were maintained at least one year after vaccination. Similar to what we previously
reported in infected patients from Bangladesh, we found that vaccination induced plasma-
blast responses were primarily specific to the two immunodominant antigens lipopolysac-
charide (LPS) and cholera toxin (CT). Interestingly, the magnitude of the early plasmablast
response at day 7 predicted the serological outcome of vaccination at day 30. However, this
correlation was no longer present at later timepoints. The acute responses displayed prefer-
ential immunoglobulin isotype usage, with LPS specific cells being largely IgM or IgA pro-
ducing, while cholera toxin responses were predominantly IgG. Finally, CCR9 was highly
expressed on vaccine induced plasmablasts, especially on IgM and IgA producing cells,
suggesting a role in migration to the gastrointestinal tract. Collectively, these findings dem-
onstrate that the use of a live attenuated cholera vaccine is an effective tool to examine the
primary and long-term immune response following V. cholerae exposure. Additionally, it pro-
vides insight into the phenotype and specificity of the cells which likely return to and mediate
immunity at the intestinal mucosa. A thorough understanding of these properties both in
peripheral blood and in the intestinal mucosae will inform future vaccine development
against both cholera and other mucosal pathogens.

Trial Registration: NCT03251495.

Author summary

Cholera is a severe diarrheal illness which affects millions of people annually. Those most
affected reside in developing countries where outbreaks can cause a devastating healthcare
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crisis. Despite this, much is still unknown regarding the longevity of protective immune
responses or how they are generated and maintained. This includes aspects of the mucosal
response where immunity is induced, as well as features of the early immune response
that could predict long-term immunity. To address these issues, we examined primary
humoral immune responses following administration of a live attenuated cholera vaccine
to 12 human participants. This study provides insight into the development of humoral
immunity and information that may prove valuable for improving cholerae vaccines and
treatments.

Introduction

Vibrio cholerae is the bacterial pathogen responsible for causing cholera, a severe diarrheal ill-
ness. There are over three million cases of infection annually resulting in over 95,000 deaths
[1]. Cholera is endemic in over 50 countries and, as outbreaks in Yemen highlight, is a persis-
tent global plight, especially where sanitation and clean water supplies fail [2]. The outbreak in
Yemen alone was responsible for the doubling of the annual cholera cases reported to the
WHO from 2018 to 2019 [3]. Intriguingly, individuals who experience a symptomatic episode
of cholera can be protected against subsequent exposure for up to 10 years following the dis-
ease [4-6]. In contrast, inactivated vaccines have shown more limited durability of immunity
[7]. In this context, the mechanism(s) contributing to durable immunity are not well under-
stood. Consequently, the focus of current research efforts is aimed at understanding the
immune factors responsible for protection, and to aid in the development of vaccines that can
provide durable immunity [7-10].

Humoral responses against V. cholerae are thought to be responsible for protective immu-
nity. In endemic areas, the antibodies generated in response to exposure primarily target the
two immunodominant antigens of the bacteria, lipopolysaccharide (LPS) and cholera toxin
(CT) [11,12]. The LPS specific antibodies play an important role in vibriocidal activity, which
measures the ability of antibodies to bind and induce complement mediated lysis of the bacte-
ria [13]. Serum vibriocidal responses are currently the best-known correlate of immunity to V.
cholerae infection in humans [14]. However, serum vibriocidal responses do not fully explain
cholera protective immunity. Vibriocidal titers wane well before immunity is lost and there is
no absolute threshold which ensures sterilizing immunity [15]. The reason for this discrepancy
is unclear. One possibility is that the concentration of antibodies in the serum may not be
reflective of the concentration in mucosa where protection is mediated. Moreover, the role of
complement mediated lysis as the primary mechanism of immunity within the gut has not
been clearly established [16-18]. While the precise mechanism remain unclear, antibodies tar-
geting the o specific polysaccharide of the LPS molecule are associated with protection [8].

V. cholerae is a non-invasive pathogen and is thus less susceptible to the neutralizing effects
of peripherally circulating antibodies. Therefore, protection is likely mediated by antibodies
which are secreted into the intestinal lumen by tissue resident plasma cells [19]. Due to the dif-
ficulty in examining these tissues in humans, the properties of cholera specific plasma cells at
this location are not well understood [20]. Plasmablasts are antibody secreting cells (ASC) that
are present transiently in circulation shortly after infection or vaccination [21-23]. Following
circulation these cells may die or migrate to sites such as the bone marrow and mucosal tissues
where they transition into long lived plasma cells. Therefore, plasmablasts are a readily accessi-
ble population of antigen specific cells that can provide insight into the immunological
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processes that occur in the mucosa and the properties of cells that may ultimately reside in
these tissues.

CVD 103-HgR, currently sold under the trade name Vaxchora, is a live attenuated V. cho-
lerae strain that is approved in the United States as a traveler’s vaccine [9,24]. It is modified
from the classical Inaba 569B strain [25,26]. While the primary attenuation is the deletion of
94% of the A; toxin subunit, other modifications include the absence of the El tor hemolysin, a
shiga like toxin, and the insertion of a mercury resistance marker. The vaccine has proven to
be very effective in short term studies, with 80% of human volunteers protected from disease
following challenge three months post vaccination [27], and the remaining 20% showing sig-
nificantly reduced shedding. The availability of this vaccine provides the opportunity to safely
examine the humoral response to an intestinal pathogen in a naive cohort [26,28,29]. Under-
standing the induction of plasmablasts, memory B cells, antibody isotype, gut homing poten-
tial, and antigen binding in a naive host and determining of how these factors change
longitudinally is important not only for our understanding of V. cholerae immunity but can
also serve as a model to better understand mucosal immunity. Additionally, the longitudinal
aspect of this study provides the opportunity to identify which characteristics of the early
immune response are predictive of durable immunity. This information will be helpful in
focusing future vaccine improvements. Finally, comparing these responses to natural infection
will provide important information regarding key differences between primary immune
responses and recall responses in highly endemic areas. In accordance with these goals, we
conducted a longitudinal study to examine how components of both the cellular and serologi-
cal humoral response change in vaccinated individuals and evaluated markers that may reflect
the generation and maintenance of mucosal immunity.

Methods
Ethics statement

This study was approved by the institutional review board of Emory University. Informed
written consent was obtained from all participants prior to participation within the study.

Study design

12 study participants were enrolled from the metro Atlanta area in Georgia. Demographics
were 5 female, 6 male, and 1 other with an age range of 22-49 years. 8 participants identified as
white, 3 identified as Black or African American, and 1 identified as both white and American
Indian or Alaska Native. 1 participant was Hispanic, the remaining 9 were non-Hispanic. Par-
ticipants were in good health as determined by medical history and physical exam and had no
history of prior cholera vaccination or disease. Written informed consent was obtained from
subjects prior to any study procedure. Subjects were given a description of the study prior to
enrollment. Exclusion criteria included any acute or chronic medical condition, medication,
or disorder that would make vaccination unsafe, prior history of cholera vaccination or cholera
disease. Each subject made a total of 7 visits to Emory’s Hope Clinic over the course of a year
during which blood samples were collected. In the first visit blood from each subject was col-
lected prior to administration of a single dose of the oral live cholera vaccine (Vaxchora)
according to manufacturer’s instruction. Subjects remained in the clinic for observation for an
additional 20 minutes. In addition, subjects fasted at least one hour prior to and one hour after
vaccination. Vaccination and blood collections were performed at the Hope Clinic, the clinical
arm of the Emory Vaccine Center following good clinical practices. The vaccine was well toler-
ated and reactogenicity in the first week after vaccination was mostly mild and moderate side
effects. Of the mild and moderate side effects, the most common was headache followed by
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fatigue, diarrhea, abdominal pain, and nausea/vomiting. No subjects experienced any grade 3
or higher adverse events. 1 unsolicited adverse event of ecchymosis following blood draw was
noted. No severe adverse reactions occurred. This study was approved by the Emory institu-
tional review board. Further details on this clinical trial are located at clinicaltrials.gov under
NCT03251495.

Blood collection and processing

Blood was collected by venipuncture prior to vaccination, and on days 7, 10, 15, 30, 90 and
365. Approximately 64 mLs of blood were drawn into CPT tubes at each timepoint. Addition-
ally, approximately 3 mLs of blood were drawn into serum tubes. Blood was centrifuged at
1600 rcf for 30 min. The serum fraction was removed and aliquoted for further studies. The
cell layer was harvested and lysed with 5 mLs of ACK lysis buffer (Quality biological #118-156-
101) for 5 minutes. After which cells were washed with PBS + 2% FBS three times after spin-
ning at 1200 rpm for 8 minutes. Cells were then resuspended in the appropriate buffer for
counting and further experiments.

Flow cytometry and single-cell sorting

Immunophenotyping of the B cell subsets was performed on PBMC after staining with the fol-
lowing antibodies: CD27-APC (0323), CD3-AF700 (HIT3a), CD71-FITC (CY1G4),
IgD-PerCPCy5.5 (1A6-2), CCR9-PE (BBC3M4), CD19-PECF594 (HIB19), CD38-PECy7
(HIT2), CD20-V450 (L27), IgA-APC (ISs11-8E10), CD14-AF700 (61D3), CD16-AF700
(CB16), IgG-PECy7 (G18-145), IgM-BV650 (MHM-88), and CD27-BV711 (0323). For each
panel, a total of 2 million PBMC were stained. A minimum of 100,000 events were acquired on
a BD LSR II Flow Cytometer and data was analyzed using Flow]Jo software.

ELISPOT assay

ELISPOT was performed to enumerate cholera toxin and LPS specific plasmablast present in
the PBMC samples. 96-well ELISPOT assay filter plates (Millipore) were coated overnight at
4°C with CTB (List Labs #104), LPS (generously provided by Dr. Edward Ryan’s Laboratory),
or polyvalent goat anti-human Ig (10 ug/mL, Jackson ImmunoResearch) in PBS. Plates were
washed with PBS Tween 0.05% and blocked with R10 (RPMI 1640 + 10% FBS +1% P/S +1% L-
glutamine) at 37°C for 2 hours. Freshly isolated PBMC were added to the plates in a dilution
series starting at 5 x 10° cells and incubated overnight at 37°C. The following day plates were
washed with PBS, followed by PBS Tween 0.05%, and incubated with biotinylated anti-human
IgG, IgA, or IgM antibody (Invitrogen) at room temperature for 90 minutes. After washing
plates were incubated with avidin D-horseradish peroxidase conjugate (Vector laboratories)
and developed using 3-amino-9-ethyl-carbazole substrate (Sigma-Aldrich). Plates were
scanned and analyzed suing an automated ELISPOT counter (CTL, Cellular Technologies).

Memory B cell assay

Antigen-specific memory B cells (MBC) were detected essentially as previously described [30].
Briefly, PBMC were cultured at 1x10° cells per ml of R10 supplemented with 50 uM B-mercap-
toethanol (Sigma-Aldrich) and polyclonally stimulated with pokeweed mitogen extract (1 pg/
mL, Sigma-Aldrich), phosphothiolated CpG ODN-2006 (6 ug/mL, Invivogen), and Staphylo-
coccus aureus Cowan (1:10,000, Sigma-Aldrich) for 6 days. After in vitro stimulation, total and
V. cholerae specific IgM, IgG, and IgA cells were quantified by ELISPOT assay, as described
above.
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ELISA assay

MaxiSorp plates were coated with CTB (List labs #104) at 1ug/mL diluted in 50 mM carbonate
buffer overnight at 4°C. The following day plates were washed with PBS Tween 0.5% then
blocked with PBS 1% BSA for 90 minutes. Plates were washed then incubated with serum
diluted in PBS Tween 0.5% 1% BSA for 90 minutes. Plates were washed then incubated with
peroxidase conjugated goat anti human IgM (109-036-011), IgG (109-036-098), or IgA (109-
036-129) diluted in PBS Tween 0.5% 1% BSA for 90 minutes. Plates were washed with PBS
Tween 0.5% 1% BSA followed by PBS. Wells were developed with OPD substrate solution: 0.4
mg/ml of O-phenylenediamine (Sigma #P8787) dissolved into 50 mM citrate buffer (Sigma
#P4560) with 30% H,O,. Plates were incubated with OPD substrate solution for 5 minutes.
100 ul of 1M HCI was added to stop the reaction and O.D. was recorded at 490 nm using the
Bio-Rad IMark microplate reader. Seroconversion was defined by responses 4-fold higher
than prevaccination samples.

Vibriocidal assay

Vibriocidal titers were detected essentially as previously described[21]. V. cholerae O1 (strain
19479 El Tor Inaba) was cultured to mid log phase for 2 ¥ hours in bovine heart infusion
media at 37°C. Bacteria were pelleted at 3,000xg for 10 min and washed twice with PBS. Prior
to use bacteria were normalized to an O.D. of 0.3. Guinea pig complement (Sigma S1639), bac-
teria, and heat inactivated serum (56°C for 30 minutes) were mixed and added to each well for
a total volume of 50 ul per well in a flat bottom 96 well plate. Plates were incubated on shaker
(50 RPM) at 37°C for one hour. 150 ul of BHI media was added to each well and plates were
incubated at 37°C for approximately 3 hours without shaking until the O.D. at 595 nm of
untreated control wells was between 0.20-0.28. Plates were read with Bio-Rad IMark micro-
plate reader. Seroconversion is defined as titers that are 4-fold higher than day 0 samples. Half-
life estimates of the vibriocidal titers were determined on the average titer of all subjects using
the exponential decay function y = a*e/(kt) where y is the ending vibriocidal titer (90 or 365
days), a is the peak vibriocidal titer (30 or 90 days), t is time in days after peak vibriocidal titer,
and k is the constant rate. Once k has been determined estimated half-life (T%:) was calculated
using the equation T(%2) = (In(1/2))/k.

Agglutination assay

Agglutination titers were detected essentially as previously described [21]. V. cholerae O1
(strain 19479 El Tor Inaba) was cultured to mid log phase for 2% hours in bovine heart infu-
sion media at 37°C. Bacteria were pelleted at 3,000 x g for 10 min and washed twice with PBS.
Prior to use bacteria were normalized to an O.D. of 0.3. Equal amounts of heat inactivated
serum (56°C for 30 minutes) and bacteria were mixed and added to a V-bottom microtiter
plate for a total of 50 ul per well. Each plate was sealed with an adhesive film, centrifuged for

10 seconds, then incubated for 20 hours at 4°C. Plates were imaged using a UV imaging system
(ChemiDoc, BioRad). Agglutination titers were recorded as the last dilution where bacteria
were agglutinated.

Statistical test

Graphs and statistical tests were performed using GraphPad Prism software version 8.0. One-
way or a two-way ANOVA was used to determine statistical significance. Information about
the statistics used for each experiment, including sample size, experimental method, and spe-
cific statistic test employed, can be found in the relevant results section or figure legend.
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Results
Rapid and durable serological responses following primary vaccination

For the current study 12 healthy volunteers were recruited from the Atlanta, Georgia metro-
politan area who had no prior history of V. cholerae infection, V. cholerae vaccination, or travel
to a cholera endemic area within the past five years. Peripheral blood mononuclear cells
(PBMC) and plasma were collected on days 0, 7, 10, 15, 30, 90, and 365 following vaccinations
from whole blood to examine both acute and memory timepoints. The serological analyses
were focused on functional assays and binding assays against the immunodominant antigens
lipopolysaccharide (LPS) and cholera toxin B subunit (CTB).

The functional responses focused on the vibriocidal and agglutination titers generated fol-
lowing vaccination. Due to previous reports showing that elevated levels of vibriocidal titers
are strongly correlated with lower incidence of infection [27], we examined these responses in
our cohort. All vaccinees seroconverted (defined by a four-fold increase from baseline in
vibriocidal activity) by 10 days post vaccination (Fig 1A). The vibriocidal titers of the majority
of our cohort peaked 10 days post vaccination (GMT 4550, range 902-49400), while a smaller
subset of donors peaked on day 15 post vaccination (GMT 3610, range 360-47700). Vibrioci-
dal antibodies were also observed as early as day 7 in 83% of the vaccinees, although at an aver-
age of threefold less than the peak of the response. Vibriocidal titers then declined an average
of 46-fold from peak levels by day 90 post vaccination. Afterwards, the titers remained stable
showing no significant difference between the day 90 and 365 time points (day 90 GMT 125 vs
day 365 GMT 110; p = 0.378).

Agglutination by antibodies specific for proteins and sugars on the bacterial cell surface is
another proposed mechanism of immunity. Vibriocidal assays largely measure IgM and IgG
responses due to the ability of these isotypes to activate the classical complement pathway.
However, agglutination assays can incorporate IgA responses in the measure of bacterial spe-
cific antibodies. This could be particularly relevant if a response generated a strong agglutina-
tion titer but a comparably weak vibriocidal titers. In our analysis, the agglutination titers
largely mimicked the response kinetics of the vibriocidal titers in which the titers rapidly
peaked early in the response. In our cohort, 10 vaccinees reached the peak of the response 10
days after vaccination. Interestingly, while the vibriocidal titers remained relatively stable
between days 90 and 365 post vaccination, the agglutination responses continued to decline.
Only four of the donors examined had detectable agglutination titers at 1-year post vaccination
(Fig 1B). Vibriocidal and agglutination titers correlated positively at every timepoint up to day
30 post vaccination, however, there was not a strong correlation between these two responses
after this timepoint.

Vibriocidal titers are currently the best known immune correlate of protection against chol-
era disease. Therefore, the long-term persistence of these titers following immunization could
be indicative of long-term protective potential of the vaccine. The vibriocidal titers in our
cohort did not suffer a significant decline in magnitude between day 90 and 365 post vaccina-
tion. To estimate the persistence of vibriocidal titers past this time point, we used an exponen-
tial decay model to calculate the estimated half-life of the titers in both the acute and memory
phase of the immune response (Fig 1C). Using this calculation, we estimated the half-life of
the vibriocidal titers to be 860 days. Based on this estimation, we predict that these titers will
be able to persist at least up to two years post vaccination.

Next, we examined the serum binding responses to the two immunodominant antigens of
V. cholerae, LPS and CTB. A significant increase in LPS specific serum antibody responses, as
evidenced by a threefold increase in antibody titers after vaccination, was elicited in 11 out of
12 donors. The LPS specific responses were largely dominated by IgM and IgA antibodies
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Fig 1. V. cholerae specific plasma antibody titers rise rapidly following vaccination and are maintained at least for
one year post vaccination. (A) Vibriocidal and (B) Agglutination titers on day 0, 7, 10, 15, 30, 90, and 365 for each of
the 12 subjects following vaccination. Dotted line in the vibriocidal and agglutination figures indicate the lowest
dilution of serum tested in the assay. (C) Longitudinal vibriocidal titers measured for each of the 12 subjects following
vaccination from day 0 to day 365. Half-life (T?2) estimated by an exponential decay model using the average
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vibriocidal titers for all subjects (Line bolded in red). Half-life estimate has been calculated from day 30-90 (first set of
dashed lines), and from day 90-365 (second set of dashed lines). Dotted line indicates the lowest dilution of serum
used in the assay. (C) Anti lipopolysaccharide and (D) anti cholera toxin B subunit titers for IgM, IgG, and IgA plasma
antibodies on days 0, 7, 10, 15, 30, 90, and 365 for each of the 12 subjects following vaccination. Statistical significance
between bracketed samples was determined using a one-way ANOVA. Significance values are indicated by asterisks
(P < 0.05 (*); P < 0.005 (**); P < 0.0005 (***); P <000.1 (****)).

https://doi.org/10.1371/journal.pntd.0009743.9001

(Fig 1C). These titers followed similar kinetics to the early vibriocidal responses. The IgM and
IgA anti LPS titers peaked on days 10 (mean 85 mOD/min, range 9-272) and 15 post vaccina-
tion (mean 76 mOD/min, range 17-234) respectively. Eight of the vaccinees (66%) had a
three-fold increase over baseline IgM anti LPS titers following vaccination. However, in the
majority of these donors, the LPS specific IgM antibody titers returned to levels less than three-
fold above baseline levels by day 90. In two of the vaccinees, LPS specific antibodies 3-fold
above baseline were still present in plasma at day 90; however, by one year, these titers were
equivalent to baseline levels. In contrast to the IgM titers, only 4 out of the 12 volunteers had
an elevated LPS specific IgA titer following vaccination. The LPS specific IgA titers were more
transient than the IgM response, returning to baseline levels in all donors by day 30 post vacci-
nation. In contrast to the vaccine’s ability to induce an IgM and IgA response, its ability to gen-
erate LPS specific IgG antibodies was poor in contrast to what is observed following infection
[31]. Relative to baseline levels, only one donor had a threefold increase in LPS specific IgG
titers following vaccination.

The vaccine strain CVD-103 HgR produces only the cholera toxin B subunit (CTB) as a
result of an attenuating deletion of the CTA1 subunit [25,26]. Therefore, we focused our toxin
specific serological analyses on responses to CTB (Fig 1D); however, as shown in the (S1 Fig),
similar analysis using the cholera holotoxin found no statistical difference in the kinetics or
magnitude to either protein. Following vaccination, 75% of our cohort had an increase in
plasma antibody titers towards CTB defined as a threefold increase over baseline levels. IgG
titers increased above baseline levels in 7 of the volunteers. These responses peaked 15 days
post vaccination (mean 155 mOD/min, range 10-400) and remained elevated above baseline
in 5 donors 90 days following vaccination (mean 28 mOD/min vs 89 mOD/min; p = 0.0025).
IgG titers in all but one donor returned to baseline by one-year post vaccination. An analysis
of CTB specific IgA serum titers demonstrated that half of the donors had a significant increase
following vaccination. These titers peaked on day 10 (mean 168 mOD/min, range 5-174) and
returned to baseline 30 days post vaccination in all but one donor, who maintained elevated
titers for at least a year post vaccination (Fig 1D). Unlike LPS which generated a robust IgM
response, there was no significant increase in CTB specific IgM titers at any timepoint follow-
ing vaccination. However, it is conceivable that any low affinity CTB specific IgM antibodies
that are present may have been outcompeted by the higher affinity IgG and IgA antibodies, as
has been described in other systems [32,33].

Vaccination induces a potent LPS and CTB specific plasmablast response

Following vaccination there was a significant increase in circulating total plasmablasts
(CD3°CD19"CD27"CD38™ lymphocytes) on day 7 compared to day 0 post vaccination (mean
1.9% vs 6.3%; p = 0.04) (Fig 2A). Seven of the volunteers (58%) showed an increase in the total
plasmablast compartment. Of the vaccinees who mounted an increase, five peaked 7 days post
vaccination while two peaked 10 days post vaccination (Fig 2B). As expected, given the tran-
sient nature of plasmablasts in circulation, their frequency returned to baseline levels in all
donors by 30 days post vaccination. This increase in the vaccine induced plasmablast
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Fig 2. Antigen specific plasmablasts increase following vaccination. (A) Representative flow cytometry plot of the plasmablast population
from one donor on day 0 and 7 post vacation. (B) Summary flow cytometry analysis of the plasmablast population following vaccination for
each of the 12 participants on day 0, 7, 10, 15, and 30 post vaccination. (C) Representative ELISPOT of the total, LPS, and CTB specific IgM,
IgG, and IgA ASC from one subject on day 7 post vaccination. (D) Summary ELISPOT analysis of lipopolysaccharide (LPS) and cholera toxin B
subunit specific IgM, IgG, and IgA antibody secreting cells following vaccination from each of the 12 subjects on day 0, 7, and 30 post
vaccination. Dotted line indicates limit of detection for the ELISPOT assay. (E) Isotype distribution of IgM (black) IgG (grey), and IgA (white)
of all ASC for each of the 12 subjects. Dotted line indicates limit of detection for the ELISPOT assay. Statistical significance between bracketed
samples was determined using a one-way ANOVA. Significance values are indicated by asterisks (P < 0.05 (*); P < 0.005 (**); P < 0.0005 (***);
P <0.0001 (****)).

https://doi.org/10.1371/journal.pntd.0009743.9g002
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population is consistent to our prior studies examining the plasmablast responses in patients
infected with V. cholerae [21].

To define the kinetics and magnitude of antigen specific plasmablast responses following
vaccination we also used the enzyme linked immunospot assay (ELISPOT) (Fig 2C). Nine of
the vaccinees had detectable LPS specific IgM ASC following vaccination. Of these nine
donors, seven had a peak response at day 7 while two peaked at day 10 (S2 Fig). The peak
response had an average of 80 LPS specific IgM ASC/million PBMC (range 0 to 294 ASC/mil-
lion PBMC). Similar to the LPS specific IgM secreting ASC kinetics, a majority of our study
cohort (8 of 12) also had detectable LPS specific IgA ASC. Of these eight donors, five had a
peak response at day 7 while three peaked at day 10. In comparison to the LPS specific peak
IgM response, the peak IgA response was similar (mean 166 LPS specific IgA ASC/million
PBMG; range 0 to 1550). Interestingly, only two donors had detectable LPS specific IgG ASC
responses. These two donors also had the highest levels of LPS specific IgM ASC in our cohort.
Finally, we determined that the antibodies released by the ASC were also cross reactive with
LPS from the Ogawa serotype (S3 Fig).

We next examined the CTB specific ASC responses following vaccination. Similar to the
LPS responses, a majority of our cohort mounted CTB specific ASC. However, in contrast to
the LPS specific responses, only two donors had detectable CTB specific IgM ASC following
vaccination (27 CTB specific IgM/million PBMC). The IgG response was much more robust
with 8 donors having detectable CTB specific IgG ASC. The CTB specific IgG ASC also peaked
7 days post vaccination (mean 67 IgG/million PBMC; range 0 to 324) in 6 participants and
with an additional 2 vaccines who reached their peak on day 10. Eight of the donors also had a
CTB specific IgA ASC response which also peaked on day 7 post vaccination (mean 67 CTB
specific IgG ASC/million PBMC; range 0 to 417).

Intriguingly, while in sum all donors responded to the vaccine, we observed that only half
of the vaccinees had an ASC response to both the CTB and LPS antigens, while the other half
mounted a detectable response directed against only CTB (25%) or only LPS (25%), respec-
tively (Fig 2E). The isotype specificity of the LPS and CTB specific ASCs followed a similar
trend to what was seen in the serological analyses. Specifically, the LPS responses were primar-
ily derived from IgM and IgA ASC while the CTB responses were largely derived from IgG
and IgA ASC (Fig 2E).

Vaccine induced plasmablasts express the gut homing receptor CCR9 in an
isotype dependent manner

As plasmablasts circulate following vaccine exposure, we were interested in the potential of the
cells to travel to the mucosa where they may release antibodies into the intestinal tract and/or
become long lived plasma cells. CCR9 is a chemokine receptor that binds to C-C motif chemo-
kine ligand 25 (CCL25) secreted by intestinal epithelial cells and helps cells traffic to the small
intestine [19,34]. Therefore, using a flow cytometry driven approach we examined the change
in CCR9 expression on plasmablasts following vaccination (Fig 3A). This analysis demon-
strated a substantial increase in the percentage of CCR9 expressing plasmablasts on day 7 in
which an average of 42% percent of the cells expressed the marker, relative to the pre-vaccina-
tion expression of 9% (Fig 3B). In some donors, the percentage of CCR9 expressing plasma-
blasts exceeded 80% (range 8%-82%). As IgA is the principal antibody in mucosal secretions,
we also examined CCRY expression by isotype. On day 7, 59% total IgM+ plasmablasts (range
29% to 89%) had increased expression of CCR9. In contrast, only around 30% of the IgA+ plas-
mablasts (range 7.4% to 71%) and 22% of the IgG+ plasmablasts (range 4.7% to 48%) plasma-
blasts expressed CCR9 (Fig 3D).
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Fig 3. Induction of CCR9 expression on plasmablasts after vaccination. (A) Representative flow cytometry analysis
of the percent of CCR9+ cells of the total plasmablasts population on day 0 and day 7 from one study participant. (B)
Summary flow cytometry analysis of the percentage of the CCR9+ cells from the plasmablasts population from all 12
subjects on days 0, 7, 15, and 30 post vaccination. (C) Summary flow cytometry analysis of the percent of CCR9

+ plasmablasts from the total B cell population from all 12 subjects on days 0, 7, 15, and 30 post vaccination. (D)
Percentage of the IgM, IgG, and IgA expressing plasmablasts which were also CCR9+ on day 7 for each of the 12
subjects. Statistical significance between bracketed samples was determined using a one-way ANOVA. Significance
values are indicated by asterisks (P < 0.05 (*); P < 0.005 (**); P < 0.0005 (***); P <0.0001 (****)).

https://doi.org/10.1371/journal.pntd.0009743.9003

Memory B cell responses to vaccination are dominated by IgA isotype

Previous household contact studies have shown a correlation between antigen specific memory
and a reduced incidence of infection [35,36]. Therefore, we used an ELISPOT based assay to
examine the IgG and IgA MBC responses to LPS and CTB at days 30 and 90 post vaccination.
For the LPS specific IgG MBC, only two donors had detectable antigen specific responses fol-
lowing vaccination. Intriguingly, we observed that one of the donors had LPS specific IgG
MBC prior to vaccination, however, these cells were not detected on day 30 post vaccination
(54 Fig). Similar to the LPS specific MBC response, only 4 of the volunteers had CTB specific
IgG MBC following vaccination. Two of the donors first had detectable responses on day 30,
while 4 were detectable on day 90. The relatively low cholera specific IgG MBC, particularly
when compared to the robust IgA response, could be indicative of poor MBC generation.
Alternatively, it may also indicate that the IgG MBC responses do not circulate systemically
but preferentially home and reside in the intestinal or other lymphoid organs. Tissue resident
memory B cells are known to occur in humans, however the factors that determine the genera-
tion and frequency of these cells following V. cholerae exposure have yet to be determined
[37].

In contrast to the IgG responses, there were a larger number of donors who had detectable
IgA MBC for both antigens. By measuring the LPS specific IgA MBC at days 30 and 90, we
observed that the vaccine induced an antigen specific MBC response in eleven of the donors.
Six of the responders had detectable MBC on both day 30 and 90. The other five donors had
responses on day 30 (2), or day 90 (3), respectively. Additionally, two of the donors had LPS
specific MBC prior to vaccination and maintained detectable antigen specific MBCs through-
out all timepoints tested.

CTB specific IgA MBC were also increased with ten donors displaying specific MBC on
both day 30 and day 90 post vaccination. While we detected CTB specific IgA MBC in six
donors on both days, the remaining four vaccinees had specific cells only on either day 30 (2)
or day 90 (2). The two donors that had detectable CTB specific MBC on day 0 maintained
these responses through day 90. Finally, for those individuals that developed an antigen spe-
cific MBC response post vaccination, we observed that the magnitude of the LPS and CTB IgA
MBC response was similar. Specifically, the LPS specific IgA accounted for approximately
0.2% (range 0 to 0.65) of the total MBC population while the CTB specific IgA MBC accounted
for 0.16% (range 0 to 0.72) of the MBC population.

LPS specific IgM ASC and gut homing IgM plasmablasts correlate with
early vibriocidal activity

The main factor which drives humoral immunity to V. cholerae in humans has not yet been
determined. Although it is not absolute, serum vibriocidal activity strongly correlates with pro-
tection [14]. Furthermore, little is known about the dynamics and durability of immune
responses to a live attenuated cholera vaccine in an immunologically naive setting, and how
early responses may predict the outcome of immune parameters long term. As such, we

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009743  September 3, 2021 12/23


https://doi.org/10.1371/journal.pntd.0009743.g003
https://doi.org/10.1371/journal.pntd.0009743

PLOS NEGLECTED TROPICAL DISEASES

Longitudinal immune response to an attenuated cholera vaccine

Vibriocidal titer

Vibriocidal titer

IgG anti CTB (Day 30)

attempted to correlate different early humoral responses measured at day 7 with the day 30, 90
and 365 vibriocidal titers to assess which parameters were predicative of persistent vibriocidal
responses and thus potential long-term immunity. The antigen specific plasmablast responses
at day 7 were predictive of the serological responses up to day 30 (Fig 4A and 4B), similar to
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Fig 4. Correlations between early and late humoral responses. Linear regression analysis between (A) cholera toxin B subunit
(CTB) specific IgG ASC and IgG CTB plasma titers at day 30 post vaccination. (B) Linear regression analysis between
lipopolysaccharide (LPS) specific IgM ASC and IgM LPS plasma titers on day 30 post vaccination. (C) Representative (left
panel) and summary (right panel) of linear regression analysis between LPS specific IgM ASC and vibriocidal plasma titers on
day 30. Number in box is the r* value and red outline indicates p<0.05. (D) Representative (left panel) and summary (right
panel) linear regression analysis between CCR9+ IgM plasmablast of total lymphocytes and vibriocidal plasma titers. Number in
box is the r* value and red outline indicates p<0.05. ASC response for (C) and (D) is depicted as area under the curve (AUC)
covering days 0, 7, 10, 15, and 30. Correlation analysis performed by log transformation of plasma titers and AUC followed by
linear regression analysis. Dotted line represents the limit of detection for ELISPOT assay.

https://doi.org/10.1371/journal.pntd.0009743.g004
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what we have previously shown for influenza specific responses [38]. Of the early immune
responses we examined, the percentage of [gM CCR9 expressing plasmablasts on day 7 as well
as the amount of LPS specific IgM ASC showed the best correlation with early vibriocidal
activity. Both the CCR9+ IgM plasmablast (r* = 0.46 P = 0.05) and the LPS specific IgM ASC
on day 7 (r* = 0.54 P = 0.006) responses strongly predicted the vibriocidal activity at day 30
post vaccination (Fig 4C and 4D). However, these correlations were no longer significant at
the later day 90 and day 365 time points. In addition to these measures, we assessed additional
parameters including but not limited to LPS specific and CTB specific serum titers, CTB spe-
cific IgM, IgG, and IgA ASC, MBC, total plasmablast magnitude, and agglutination. None of
the aforementioned responses significantly predicted the long-term vibriocidal activity at day
90 or 365.

Discussion

A thorough examination of the humoral immune response to V. cholerae infection is crucial to
better understand protection against cholera. The live attenuated vaccine strain used in this
study, Vaxchora or CVD-103 HgR, has been primarily used to protect individuals traveling to
cholera endemic countries [9,24,26,39]. Thus many previous studies have primarily focused
on clinical outcomes such as immunogenicity [29,40], safety [28], and protective efficacy [41].
In contrast, the current study focused on a detailed examination of the early immune response
and how these early events correlate with long term-immunity. In addition, the study aimed to
define the durability of immunity induced by this vaccine. With an obligate mucosal pathogen,
homing to the intestinal mucosa is essential, and thus we also characterized the vaccine
induced expression of the gut homing marker CCR9. Finally, as most cholera vaccine studies
have been performed in highly endemic areas, much less is known about the primary immune
responses against live bacteria. Taken together, this comprehensive analysis of the primary
immune response after exposure to live bacteria in terms of the induction and durability of
immunity after vaccination provides important insights into the induction of immunity
against V. cholerae and should be valuable for ongoing and future vaccine development efforts.

Vibriocidal titers are a critical immune correlate of protection for cholera. Household con-
tact studies in cholera endemic areas have reported that elevated vibriocidal titers inversely
correlate with the incidence of infection [4,27,42]. Additionally, human challenge studies illus-
trate a positive correlation between vibriocidal titers and protection against severe disease [41].
The development of the peripheral vibriocidal titers reported in the present study are consis-
tent with historical data of the humoral response to V. cholerae exposure. Studies of V. cholerae
infection [43], and vaccination with CVD-103 HgR [44] or whole cell killed cholera vaccines
[45] have all described the rapid increase and early peak of vibriocidal titers around 10 days
post exposure with vibriocidal GMT ranging from of 4096-8192, 4314-4546, and around day
10 post exposure. Similar to those results, all participants in our study seroconverted by day 10
post vaccination. Given previously published findings in human challenge models [27], the
magnitude of seroconversion observed in this study indicates that all participants would likely
be protected against V. cholerae challenge for at least three months post vaccination. The
vibriocidal titers declined from their peak at day 10 until they stabilized around 90 days post
vaccination. Given the duration of these elevated titers, it is likely that many of our subjects
would have some level of protection against challenge at later timepoints. Infection with V.
cholerae is known to generate robust, durable immunity. When infected individuals were
rechallenged 3 years following exposure, none of the subjects developed diarrhea, and only
50% had a detectable increase in vibriocidal titers [46]. It is possible that the response to the
live attenuated vaccinate follows a similar trend. A study which examined the serological
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responses of subjects vaccinated by CVD-103 HgR when challenged 6 months post exposure
showed that none of the subjects developed diarrhea, and approximately 50% - 73% of the par-
ticipants had an increase in vibriocidal titers following challenge [41]. The vibriocidal titers
measured prior to challenge ranged from GMT: 202 ~ 276, which is similar to what we
observed in our cohort at one year post vaccination (GMT: 200) [41]. Given the similarity in
titers, it is possible that our cohort would also remain protected against challenge at least up to
6 months post vaccination. Additionally, we observed that in our cohort the vibriocidal titers
were stable up to one year post vaccination and the estimated half-life indicates that these titers
would be able to persist at least up to two years post vaccination. A recent study supports this
fact, as they were able to measure vibriocidal titers (GMT: 133) at 2 years post vaccination in a
cohort of adolescents who had received the live attenuated vaccine [47]. While we are unable
to predict the protective efficacy of the vaccine at these later timepoints, the persistence of
these titers makes may indicate that these subjects would have some measure of immunity to
exposure of wild type V. cholerae at these late timepoints.

Vibriocidal titers measure the ability of antibodies to bind to and induce complement medi-
ated lysis of the bacteria. In the case of V. cholerae, this effect is primarily thought to be driven
by LPS specific antibodies [21,48]. In concordance with prior infection [49] and CVD-103
HgR vaccine studies [28], we also saw a rapid increase in these titers following vaccination. In
our vaccinees, the LPS specific serum titers and ASC responses primarily consisted of IgM and
IgA antibodies. While LPS specific IgG antibodies have been detected in V. cholerae infected
patients in endemic areas, the induction of these isotype switched antibodies appear to require
either repeated exposure to the pathogen or a more severe infection to generate them
[31,50,51]. Additionally, while IgG responses to LPS can occur their contribution to the overall
vibriocidal activity, particularly in primary exposure, is uncertain. A recent study measured
the contribution of IgM, and IgG, and IgA fractions to vibriocidal titers using serum collected
from patients infected with V. cholerae [48]. Vibriocidal activity only significantly decreased
when IgM was selectively depleted from the serum while no significant decrease in vibriocidal
titers was observed when IgG or IgA was depleted. Those findings highlight the role that IgM
antibodies have in driving peripheral vibriocidal titers. Likewise, the correlations performed in
our study also show a strong link between vibriocidal titers and LPS specific IgM responses as
measured by titers or early ASC. Therefore, due to the low amount of LPS specific IgG and the
reduced ability of IgA antibodies to activate complement, the vibriocidal response in our
cohort is likely predominantly mediated by LPS specific IgM antibodies.

In addition to LPS, a significant portion of the infection induced humoral antibody
response targets the cholera toxin where it plays an important role in toxin neutralization [52-
54]. Following immunization with the vaccine, between 50-80% of subjects will generate a
fourfold or greater increase in anti-CTB titers following vaccination study [55,56]. Similar to
those studies, we observed that our study cohort had seven members that had an increase in
anti-CTB titers that was 4-fold or greater over day 0 titers at 30 days post vaccination. The
total fold increase in anti-CTB IgG titers in our cohort was 4.7. The fold increase among the
highest responders (4-fold or greater) was 6.8. This increase in magnitude is similar to what
has previously reported by other groups following administration of the live attenuated vac-
cine, which ranges from a 4-16-fold increase in anti-CTB titers [57,58]. Additionally, the fold
change in anti-CTB titers to the vaccine, particularly among the CTB responders, is similar to
what has been observed following infection with wild type bacteria with an average increase
between 4-12-fold [26,58,59]. In our study, most of the participants experienced a significant
increase in antitoxin titers one-month post vaccination. However, in contrast to the LPS
response, which was predominantly comprised of IgM and IgA antibodies, the cholera toxin
response was largely derived from IgG and to a lesser extent IgA antibodies. As our cohort is
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primarily cholera naive, it is surprising to see such a strong IgG response to the toxin antigen,
given that isotype switched responses are generally associated with a secondary immune
response. Cholera toxin is closely related to another diarrheal inducing agent, heat labile (LT)
enterotoxin, which is produced by enterotoxigenic E. coli (ETEC). LT, like cholera toxin, is an
ABs toxin, and binds to GM1 to enter target cells. The cholera toxin B subunit shares 83%
homology with the B subunit of heat liable enterotoxin from ETEC [60,61]. Therefore, given
the homology, it should be considered that the IgG class switched response observed in this
study represents an anamnestic response driven by cells originally induced by prior exposure
to LT. Indeed, a prior study from our lab has demonstrated that many of the CTB binding anti-
bodies generated from infected patients are selective for LTB [21]. Finally, while V. cholerae
infection is exceedingly rare within the United States, ETEC infections are far more common,
both from cases of traveler’s diarrhea as well as domestic outbreaks. There were over 300 out-
breaks of ETEC in the US alone between 2003-2012, with an estimated 35,000 cases annually,
although this number is likely underreported [62,63].

When examining the antigen specific ASC responses, we observed that our cohort could be
divided into three groups depending on their response to the cholera antigens. Those which
had ASC responses either to LPS, CTB, or both antigens (S5 Fig). Of these three groups, partic-
ipants which responded to both antigens tended to have the highest overall immune titers. The
reason for this variation is unclear. In the case of the CTB response, individuals who had prior
exposure to LTB may be able to generate higher responses to CTB compared to those who
have not. When we examined this aspect in our cohort, we observed that subjects who had
higher baseline titers to CTB on day 0 generally had a better response following vaccination
(4-fold or greater increase in CTB IgG titers) to CTB compared to those that did not (S6 Fig).
If the higher titers seen on day 0 are indicative to prior exposure to LTB, it could explain why
these particular subjects generated a significant IgG response to CTB. Understanding the
cause of these difference responses would be a key step to better understanding cholera
immunity.

V. cholerae is a noninvasive pathogen and is thus not directly subjected to peripheral
humoral responses. As the bacteria colonizes the small intestine it would primarily be sub-
jected to antibodies that are secreted into the lumen. Therefore, examining the ASC which are
responsible for producing the secreted antibodies is of particular interest. Plasmablasts are
ASC that transiently circulate shortly after infection or vaccination [64]. As these cells repre-
sent an induced response, they are generally enriched for vaccine or pathogen specific ASCs. It
has previously been demonstrated that plasmablasts are induced both by V. cholerae infection
and vaccination [21,34]. Similar to those efforts, this study found that the plasmablast popula-
tion peaked shortly after vaccination between days 7 and 10. In addition to the serological
analysis, we found that many of the ASC in circulation were specific to the two major immu-
nodominant antigens of cholera, LPS and cholera toxin. As V. cholerae is a mucosal pathogen,
it is likely that a portion of the plasmablasts originate from mucosa associated lymphoid tissue
(MALT) such as Peyer’s patches.

CCR9 is well described as a gut homing marker that promotes migration of cells to the
small intestine by binding to CCL25 released from small intestinal epithelial cells [19,65]. Phe-
notypic characterization of the plasmablast population in our donors showed a significant
increase in CCR9 expression following vaccination. Thus, it is likely that these ASC originated
in the gut and have the potential to return there following systemic circulation. This increase
in CCR9 expression was predominantly found on the IgM plasmablasts which were almost
exclusively LPS specific by ELISPOT analysis. In addition to IgM, approximately 30% of the
IgA plasmablasts also expressed CCR9. These two isotypes incorporate the J chain protein,
which allows them to bind to the poly Ig receptor for transcytosis into the lumen by epithelial
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cells. Once in the lumen, the antibodies can mediate their effector functions through a variety
of mechanisms.

In contrast to IgM, there was far less of an increase in CCR9 expression on the IgG secreting
plasmablasts. As the IgG ASC response was almost exclusively CTB specific, it is possible that
CTB does not result in the robust generation of CCR9 expressing IgG plasmablasts. There are
a few possibilities that could account for this discrepancy in CCR9 expression such as the anti-
gen, cytokines, and signals from other cells. Location of antigen uptake could also play a role
given that CTB is secreted and could potentially end up in different anatomical sites that are
more distal from the intestine as compared to the whole cell bacteria. This is particularly
important given the role that location has in influencing the expression of homing receptors.
For example, CCR9 expression on immune cells has been shown to be induced by the retinoic
acid produced by the dendritic cells of gut associated lymphoid tissues (GALT) [66].Studies
using mouse models have demonstrated that CCR9 expression on gut immune cells is heavily
influenced by the draining lymph node the cell is activated in [67,68]. While the site of induc-
tion of immunity against cholera toxin in humans is not clear, a similar mechanism could
explain the lack of CCR9+ IgG cells in our study.

The ability to predict the long-term effectiveness of cholera immunity using early makers of
immunity is of particular interest. As vibriocidal activity is the main correlate of protection, we
compared early makers of immunity such as plasma titers, ASC levels, and the magnitude and
phenotype of responding plasmablasts to vibriocidal titers. Of the parameters examined, only
the early LPS specific IgM titers, LPS specific IgM ASC, and CCR9 expressing IgM plasma-
blasts were all predictive of the with vibriocidal activity later in the immune response (day 30).
However, the predictive value of these measure was no longer present systemically at day 90 or
365 post vaccination. Thus, the generation of long-lived antibody mediated immunity against
cholera is regulated differently than the early responses, or the effector cells induced early in
the response home to mucosal sites and are no longer detectable in circulation. Thus, it is con-
ceivable that the early IgM ASC and CCR9+ plasmablast responses correlate better with long
term immunity in the mucosa [65,69,70]. This is of particular interest given the high level of
CCR9+ expression found on the IgM population, which was largely LPS specific. These issues
are currently being investigated using small intestinal biopsies but are beyond the scope of the
current study.

Our observations on the lack of correlation between the early plasmablast responses and
the peripheral titers at one year post vaccination raises the question of what is responsible for
driving the long-lived peripheral responses we detected in our study. Long-term protection
immunity to V. cholerae is driven by LPS and CT specific antibodies. These long term antibody
responses are thought to be maintained by long lived mucosal plasma cells [20], memory B
cells [35], or a combination of the two. The CCR9+ plasmablasts seen in our cohort indicate
the potential for long term mucosal plasma cell responses. There is also the possibility that the
titers seen at 1 year are generated by bone marrow derived plasma cells. Future studies will
direct efforts to understand the contribution of bone marrow and mucosal plasma cell com-
partments to peripheral titers. The degree to which peripheral immunity reflects mucosal
immunity is the subject of many ongoing studies in the field of immunology. Understanding
the link between the two locations will be critical for a better understanding of cholera immu-
nity and guide ongoing vaccine development efforts.

The current study illustrates the value of the live attenuated V. cholerae vaccine as a model
system to understand immunity against this pathogen in a setting of a primary exposure. Lon-
ger term studies using this system that incorporate repeated vaccination or challenge with vir-
ulent V. cholerae will provide the opportunity to better assess markers that are predictive of
long-term immunity and identify the immunological mechanisms that result in the generation
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and maintenance of long-term protection. To address these questions, we are currently exam-
ining how the systemic response studied here correlates with mucosal responses measured in
small intestinal biopsies. These efforts, in conjunction with comparative studies to recall
responses in cholera endemic areas will provide additional insight into immunity against this
pathogen. In conclusion, this study highlights key factors which may play an important role in
the generation of immunity, such as the correlation between CCR9 and vibriocidal activity.
Mediators of durable protective immunity may be identified through an iterative process of
comparing immune response in both naive and immune patients, which can lead to a better
understanding of the mucosal immune response to both this disease and other mucosal infec-
tions as well as empower ongoing vaccine development strategies.

Supporting information

S1 Fig. Antibodies from vaccinated donors are able to bind to the cholera holotoxin. Sum-
mary ELISPOT analysis of CTB and CTH specific IgM, IgG, and IgA antibody secreting cells
measured on day 7 post vaccination for each of the 12 participants. Dotted line indicates limit
of detection of the ELISPOT assay.

(TIF)

S2 Fig. Kinetic analysis of antigen specific ASC following vaccination. Summary ELISPOT
analysis of lipopolysaccharide (LPS) and cholera toxin B subunit (CTB) specific IgM, IgG, and
IgA antibody secreting cells following vaccination on day 0, 7, 10, 15 and 30 post vaccination
from each of the 12 subjects. Dotted line indicates limit of detection of the ELISPOT assay.
(TTF)

S3 Fig. ASC responses are cross reactive with LPS from V. cholerae serotype Ogawa. Sum-
mary ELISPOT analysis of Inaba and Ogawa LPS specific IgM, IgG, and IgA antibody secret-
ing cells following vaccination from each of the 12 subjects on day 7 post vaccination. Dashed
line indicates limit of detection of the ELISPOT assay.

(TTF)

S4 Fig. Memory B cell responses are modestly elevated post vaccination. (A) Representative
ELISPOT and summary analysis of (B) LPS and (C) CTB specific IgG and IgA memory B cells
on days 0, 30, and 90 post vacation for each of the 12 participants. Dashed line indicates limit
of detection for the memory B cell assay.

(TIF)

S5 Fig. Antigen specific donor responses. All 12 subjects are divided into LPS only, CTB
only, and LPS/CTB double responders based on antibody secreting cell responses to the
immunodominant cholera antigens LPS and CTB. (A) Day 7 ASC responses from each subject
to LPS and CTB as measured by ELISPOT. (B) Percentage of plasmablasts which were CCR9

+ as measured by flow cytometry on 7 days post vaccination for each of the study participants.
(C) Vibriocidal titers as measured on day 0, 10, and 90 for each participant. (D) Agglutination
titer measured on day 0, 10, and 90 for each participant. (E) IgM anti LPS titers measured on
day 0, 10, and 90 for each subject. (F) IgG anti CTB titers measured on day 0, 10, and 90 for
each subject.

(TIF)

S6 Fig. High baseline CTB titers correlate with greater response to CTB. (A) Anti IgG CTB
titers as measured by ELISA on day 0 and 30 post vaccination for each subject. (B) Linear
regression analysis of IgG anti CTB titers as measured by ELISA on day 0 (x axis) and day 30
(y axis) post vaccination. Significance values are indicated by asterisks (P < 0.05 (*); P < 0.005
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(**); P < 0.0005 (***); P <0.0001 (****)).
(TIF)
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