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ABSTRACT Cholera caused by Vibrio cholerae O139 could reemerge, and proactive
development of an effective O139 vaccine would be prudent. To define immunore-
active and potentially immunogenic carbohydrate targets of Vibrio cholerae O139,
we assessed immunoreactivities of various O-specific polysaccharide (OSP)-related
saccharides with plasma from humans hospitalized with cholera caused by O139,
comparing responses to those induced in recipients of a commercial oral whole-cell
killed bivalent (O1 and O139) cholera vaccine (WC-O1/O139). We also assessed con-
jugate vaccines containing selected subsets of these saccharides for their ability to
induce protective immunity using a mouse model of cholera. We found that patients
with wild-type O139 cholera develop IgM, IgA, and IgG immune responses against
O139 OSP and many of its fragments, but we were able to detect only a moderate
IgM response to purified O139 OSP-core, and none to its fragments, in immunologi-
cally naive recipients of WC-O1/O139. We found that immunoreactivity of O139-spe-
cific polysaccharides with antibodies elicited by wild-type infection markedly increase
when saccharides contain colitose and phosphate residues, that a synthetic terminal
tetrasaccharide fragment of OSP is more immunoreactive and protectively immuno-
genic than complete OSP, that native OSP-core is a better protective immunogen
than the synthetic OSP lacking core, and that functional vibriocidal activity of anti-
bodies predicts in vivo protection in our model but depends on capsule thickness.
Our results suggest that O139 OSP-specific responses are not prominent following
vaccination with a currently available oral cholera vaccine in immunologically naive
humans and that vaccines targeting V. cholerae O139 should be based on native
OSP-core or terminal tetrasaccharide.

IMPORTANCE Cholera is a severe dehydrating illness of humans caused by Vibrio chol-
erae serogroup O1 or O139. Protection against cholera is serogroup specific, and
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serogroup specificity is defined by O-specific polysaccharide (OSP). Little is known
about immunity to O139 OSP. In this study, we used synthetic fragments of the O139
OSP to define immune responses to OSP in humans recovering from cholera caused
by V. cholerae O139, compared these responses to those induced by the available
O139 vaccine, and evaluated O139 fragments in next-generation conjugate vaccines.
We found that the terminal tetrasaccharide of O139 is a primary immune target but
that the currently available bivalent cholera vaccine poorly induces an anti-O139 OSP
response in immunologically naive individuals.

KEYWORDS Vibrio cholerae O139, O-specific polysaccharide, synthetic saccharides,
conjugate vaccine, immune response, immunity

Cholera is a severe dehydrating diarrheal disease of humans that can be caused by
Vibrio cholerae serogroup O1 or O139 organisms (1–3). Although O139 has at pres-

ent disappeared as a cause of cholera globally (4, 5), epidemic cholera caused by O139
could reemerge (6) and proactive development of vaccines protective against O139
would be prudent. At present, the only commercially available cholera vaccine against
V. cholerae O139 is a bivalent oral cholera vaccine (WC-O1/O139) that contains killed V.
cholerae O1 and killed O139 organisms (7, 8). The bivalent vaccine induces significantly
lower immune responses to the O139 component of the vaccine than to the O1 com-
ponent (9), and although the vaccine has been shown to be protective against cholera
caused by V. cholerae O1, it has never been evaluated for protective efficacy against V.
cholerae O139 (8). Protection against cholera is serogroup specific, the specificity being
defined by the O-specific polysaccharide (OSP) of V. cholerae (10, 11). Previous infection
with V. cholerae O1 does not provide protection against O139, and vice versa (10). The
OSPs of V. cholerae O1 and O139 are distinct, although core oligosaccharides are identi-
cal (12–15). V. cholerae O139 is also encapsulated, while V. cholerae O1 is not (16). The
capsule of O139, which is not directly attached to the bacterium, is a polysaccharide
whose repeating unit is the same as that of V. cholerae O139 OSP (13, 16). Capsule
thickness varies by V. cholerae O139 strain (17). O139 capsule surrounds lipopolysac-
charide (LPS), which includes O139 OSP (a hexasaccharide) as its upstream terminal
epitope. The structure of that hexasaccharide and the mode of its attachment to the
core oligosaccharide, to form OSP-core (OSPc), as well as structural details in the core
oligosaccharide have recently been confirmed (18). Unfortunately, little is known about
polysaccharide-specific immune responses to V. cholerae O139, despite the potential
significance of such information since protection against cholera is serogroup specific.

Our objective in this study, therefore, was to define the polysaccharide immune tar-
gets against V. cholerae O139 in humans recovering from cholera caused by V. cholerae
O139, to compare these responses to those in WC-O1/O139 recipients, and to evaluate
potential next-generation carbohydrate-based conjugate vaccines against O139. To do
this, we made conjugates from OSP-core isolated from wild-type V. cholerae O139, a
synthetic V. cholerae O139 OSP (hexasaccharide), and fragments and derivatives of the
latter, using bovine serum albumin (BSA) or a recombinant protein (rTTHc) as the car-
rier. rTTHc is a nontoxic 52-kDa recombinant tetanus toxoid heavy chain fragment (19,
20). We assessed immunoreactivity of BSA-based conjugates using convalescent-phase
plasma from humans who recovered from O139 cholera, comparing responses to those
in matched WC-O1/O139 recipients, and evaluated, in mice, a selected subset of rTTHc-
based conjugates as potential vaccine candidates against disease caused by Vibrio
cholerae O139.

RESULTS
Immunoreactivity of BSA conjugates with plasma from humans recovering

from O139 cholera and recipients of WC-O1/O139. We assessed immunoreactivities
of different native V. cholerae O139–OSP-core conjugates (conjugates 1a to 3a
[Table 1]), analyzing IgM, IgA, and IgG isotype responses in humans recovering from
cholera caused by V. cholerae O139 in Bangladesh (conjugates 1a, 2a, and 3a [Fig. 1]).
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We found the lowest baseline immunoreactivity, as defined by responses in acute-
phase blood, with the pure preparation of native OSP-core (conjugate 3a). However,
fold changes of immunoreactivity from day 7 to day 2 of crude (conjugate 1a), interme-
diate (conjugate 2a), and pure OSP-core preparation (conjugate 3a) were comparable.
In comparison, we found no increase in any O139 OSP-specific IgA or IgG response in

TABLE 1 Structures of V. cholerae O139 antigens and conjugates used in this studya

(Continued on next page)
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human recipients of WC-O1/O139, either 7 days after the first dose or 7 days after the
second dose (Fig. 2A and B). We did detect a small increase in IgM immunoreactivity to
pure OSP-core (conjugate 3a; P , 0.05 [Fig. 2C]) on day 21 following two doses of WC-
O1/O139 compared to day 0 and a trend for increased IgM immunoreactivity on day
21 to crude OSP-core (conjugate 1a; P = 0.08 [Fig. 2C]). Since we found that humans
surviving O139 cholera developed significant IgM, IgA, and IgG responses to all three
native OSP-core preparations, we focused subsequent evaluations on native OSP-core
using either the crude or pure preparations.

TABLE 1 (Continued)

(Continued on next page)
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We also assessed immunoreactivities to conjugates of the synthetic OSP and its
fragments and derivatives (conjugates 4a to 18a [Table 1]) of sera from patients surviv-
ing naturally acquired O139 cholera and WC-O1/O139 vaccine recipients (Fig. 1 and 2).
In surviving patients, we found an increase in immunoreactivity in convalescence com-
pared to acute phase of infection for all evaluated fragments and derivatives when
assessing across all three antibody isotype responses. Increases in IgM and IgA

TABLE 1 (Continued)

aNumbers in lower right outside parentheses reflect the molar ratio of sugar to carrier protein in a conjugate. For preparation of the conjugates, see the supplemental
material.
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FIG 1 Immunoreactivity of plasma from humans with O139 cholera in Bangladesh against O139
OSPc and synthetic fragments conjugated to BSA. Immunoreactivities (IgG [A], IgA [B], and IgM [C]) of
different preparations of native OSP-core and synthetic O139 OSP and fragments conjugated to BSA
were measured in acute-phase (day 2) and convalescent-phase (day 7) plasma of patients with O139

(Continued on next page)
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responses were detectable against all saccharide preparations, with significant IgG
responses detectable against a subset of preparations. Analysis of immunoreactivity of
each sized fragment disclosed that removal of either one or both colitose (Col) units or
the phosphate significantly decreased immunoreactivity. As opposed to IgM responses
that demonstrated broad reactivity to the various preparations, more prominent IgA
and IgG fold change responses were present for certain antigens, especially tetrasac-
charide (conjugate 13a [Fig. 1A and B]; IgA P , 0.001; IgG P , 0.001). In comparison,
we found no increase in immunoreactivity to any saccharide preparation other than
native OSP-core IgM responses in vaccine recipients of WC-O1/O139 (Fig. 2).

Assessing antigen-specific O139 conjugate vaccine candidates in mice. To fur-
ther judge immune responses to O139 antigens, we assessed immunogenicity to a
subset of O139 saccharides conjugated to protein carrier rTTHc. We assessed conju-
gates containing synthetic OSP (hexasaccharide), its pentasaccharide and tetrasacchar-
ide fragments, or native OSP-core (conjugates 1b, 3b, 4b, 5b, 7b, 8b, and 13b [Table 1]).
As assessed by their ability to induce LPS-specific IgG responses (Fig. 3), all conjugates
were immunogenic following vaccination equalized by mass of total saccharide.
Boosting of immune responses was observed following the 2nd and 3rd vaccinations,
and then there was a subsequent increase in late convalescent-phase samples (day 56)
without additional boosting. There was no significant difference in immunogenicity of
crude versus pure OSP-core conjugate, although vaccination with crude OSP-core con-
jugate resulted in more prominent day 56 immune responses than immunization with
conjugate from synthetic hexasaccharide lacking core (P , 0.05 [Fig. 3A]). There was
also a trend toward more prominent immune responses following vaccination with
conjugate containing tetrasaccharide versus hexasaccharide (P = 0.09). To assess
whether these results correlated with total mass of saccharide used in vaccination, we
also assessed immunogenicity following vaccination equalized by mass of “active”
sugar (not including core oligosaccharide or any linkers) (Fig. 3B), as well as equalized
by total moles of saccharide (Fig. 3C). Due to limited availability of reagents, for these
analyses we assessed only conjugates containing native, pure OSP-core (conjugate 3b),
synthetic OSP (conjugate 4b), and tetrasaccharide (conjugate 13b). Immune responses
to native OSP-core and tetrasaccharide were comparable and significantly more promi-
nent than responses to conjugate containing synthetic OSP (hexasaccharide lacking
core; P# 0.05 [Fig. 3B and C]). We performed similar analyses by judging immune
responses not against LPS but against native, pure OSP-core (Fig. 4A), synthetic OSP
(see Fig. S1 in the supplemental material), and synthetic tetrasaccharide (Fig. S2).
Regarding OSP responses following vaccination with total saccharide mass-equalized
vaccine, once again, we found that immune responses following vaccination of mice
with conjugates containing crude or pure native OSP-core were comparable and were
significantly higher than those induced by vaccination with hexasaccharide conjugate
(P , 0.05 [Fig. 4A]). We also found that tetrasaccharide was more immunogenic than
hexasaccharide in inducing OSP responses (P , 0.05 [Fig. 4A]). These relationships
were still evident when we equalized for mass of active sugar or by mole of sugar per
vaccination (Fig. 4B and C). Immune responses were more prominent when assessed
against homologous antigen (Fig. S1 and S2).

Vibriocidal assays. To assess antibody functionality, we assessed vibriocidal anti-
body titers in serum of vaccinated mice. When assessing with a thinly encapsulated V.
cholerae O139 strain (CIRS134B), we were unable to detect induction of vibriocidal
responses in mice immunized with unconjugated native pure OSP-core lacking protein
carrier (preparation 3 [Fig. 5A]). In comparison, mice immunized with conjugate vaccine

FIG 1 Legend (Continued)
cholera in Dhaka, Bangladesh. *, statistically significant difference (P# 0.05) from the baseline (day 2)
response; **, P# 0.01; ***, P# 0.001. Conjugate 1a is O139 OSP-core (crude):BSA, conjugate 2a is
O139 OSP-core (intermediate):BSA, conjugate 3a is O139 OSP-core (pure):BSA, and conjugates 4a to
18a are synthetic BSA conjugates (see Table 1 for details). mAbs, milli-absorbance units.
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FIG 2 Immunoreactivity of plasma from humans vaccinated with WC-O1/O139 in Haiti against
O139 OSPc and synthetic fragments conjugated to BSA. Immunoreactivities (IgG [A], IgA [B], and
IgM [C]) of different preparations of native OSP-core and synthetic O139 OSP and fragments
conjugated to BSA were measured in the acute phase (day 0) versus 7 days after day 0 dose (day
7) versus 7 days after day 14 vaccine dose (day 21) in Haitian vaccine recipients matched by age,
sex, and blood group to the Bangladeshi patients depicted in Fig. 1. *, statistically significant
difference (P# 0.05) from the baseline (day 2) response. For conjugate descriptions, see the legend
to Fig. 1. mAbs, milli-absorbance units.
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FIG 3 LPS-specific serum anti-O139 IgG responses in mice intramuscularly immunized with different
fragments of OSP conjugated with rTTHc and unconjugated native pure OSP (preparation 3)
equalized to total micrograms of saccharide (A), native OSPc (pure):rTTHc (conjugate 3b), synthetic

(Continued on next page)
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containing crude or pure OSP-core developed significant vibriocidal responses (re-
sponder frequency increase, P , 0.05), and these responses were equivalent. Similar
vibriocidal responses were induced by vaccination with tetrasaccharide conjugate 13b,
with less prominent responses induced by vaccination with hexasaccharide conjugate
4b (P , 0.05). When the vibriocidal assay was repeated with the same serum samples
but using thickly encapsulated strain of V. cholerae O139 CIRS245, we were unable to dis-
cern any vibriocidal activity (Fig. 5B).

Protection in mouse neonatal challenge assay. Serum from mice vaccinated with
conjugate vaccines containing OSP-core or synthetic tetrasaccharide protected mice
from challenge with virulent thinly encapsulated V. cholerae strain CIRS134B (37% sur-
vival in control mice challenged with virulent V. cholerae strain CIRS134B versus 83%
survival in the presence of sera from mice previously vaccinated with pure OSPc:rTTHc
[conjugate 3b; P = 0.008] versus 94% survival in the presence of sera of mice previously
vaccinated with tetrasaccharide:rTTHc [conjugate 13b; P = 0.001] [Table 2]). We were,
however, unable to discern protection from challenge using sera from mice previously
vaccinated with conjugate 4b (59% survival; P = nonsignificant [NS]). When the assay
included challenge with thickly encapsulated virulent V. cholerae O139 strain CIRS245
as opposed to thinly encapsulated strain CIRS134B, we were unable to discern protec-
tion using sera from any vaccine cohort, although serum from mice vaccinated with a
conjugate from the synthetic tetrasaccharide approached statistical significance (44%
survival with vaccine samples versus 16% for mice that were not vaccinated; conjugate
13b; P = 0.07).

DISCUSSION

V. cholerae O139 emerged as a cause of cholera in the early 1990s, rapidly spreading
through 11 Asian counties before all but disappearing as a clinically important cause of
cholera by 2005 (6, 21). V. cholerae O139 is still isolated from individuals in areas where
cholera was previously endemic, but the organism has not led to explosive outbreaks
for over two decades (6). The reasons for this are not clear. It is possible that V. cholerae
O139 may have a survival disadvantage compared to V. cholerae O1 in the aquatic
environmental reservoir where V. cholerae largely resides or that the presence of cap-
sule may somehow affect human-to-human spread. When ingested by humans, both
V. cholerae O139 and O1 can cause severe watery diarrhea, and the clinical presenta-
tions of the two types of cholera are indistinguishable (1, 3). V. cholerae O139 is highly
similar to O1 and is thought to have evolved from a V. cholerae O1 El Tor strain (22).

The two serogroups have very high homology, including for cholera toxin. The primary
difference between the two serogroups is in the rfb genes encoding the O-specific polysac-
charide and the presence of a capsule in V. cholerae O139 that is absent from V. cholerae O1
(16, 23, 24). The OSP of V. cholerae O1 is a repetitive structure containing approximately
10 to 20 units of (1!2)-a-linked (4-N-3-deoxy-L-glycero-tetronyl)-perosamine, with or
without a methyl group at O-2 on the terminal perosamine, distinguishing the Ogawa
and Inaba serotypes, respectively. In comparison, the OSP of V. cholerae O139 is a single
hexasaccharide whose structure was identified more than two decades ago (12, 13, 18).
The fact that the latter OSP is a relatively simple molecule (a hexasaccharide) amenable
to chemical synthesis and is not a polymer of an oligosaccharide repeating unit consti-
tutes a unique situation among bacterial O-specific polysaccharides. Complex structure
and polymolecularity make such substances unattached to the core virtually inac-
cessible in pure form either by regulated chemical synthesis or by isolation from
bacteria. Availability of specimens of synthetic OSP of Vibrio cholerae O139, its fragments

FIG 3 Legend (Continued)
OSP:rTTHc (conjugate 4b), and synthetic tetrasaccharide:rTTHc (conjugate 13b) equalized to mass of
active sugar component in micrograms (lacking core and linker) (B), and conjugates 3b, 4b, and 13b
equalized to moles of saccharide (C). Means and standard errors of the means are reported for each
group. *, statistically significant difference (P , 0.05) from baseline (day 0) titer; **, P# 0.01.
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FIG 4 OSPc:BSA-specific serum anti-O139 IgG responses in mice intramuscularly immunized with (A)
different fragments of OSP conjugated with rTTHc and unconjugated native pure OSP (preparation 3)
equalized to total micrograms of saccharide (A), native OSPc (pure):rTTHc (conjugate 3b), synthetic OSP:
rTTHc (conjugate 4b), and synthetic tetrasaccharide:rTTHc (conjugate 13b) equalized to mass of active
sugar component in micrograms (lacking core and linker) (B), and conjugates 3b, 4b, and 13b equalized
to moles of saccharide (C). Means and standard errors of the means are reported for each group.
*, statistically significant difference (P , 0.05) from baseline (day 0) titer; **, P# 0.01.
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(25–30), and homogeneous native OSP-core (18) provided us with an unprecedented
opportunity to subject these LPS-related antigens to the immunological studies pre-
sented here.

The OSP of both V. cholerae O1 and O139 serogroups is attached to lipid A via a
core oligosaccharide that is the same in both V. cholerae O1 and O139. V. cholerae
O139 also has a capsule, which is comprised of a polymer of O139 OSP not directly
linked to lipid A and the bacterium. The thickness of the capsule of V. cholerae O139

FIG 5 Vibriocidal antibody responses on day 56 in mice intramuscularly immunized with native OSPc:rTTHc
(crude, conjugate 1b), native OSPc:rTTHc (pure, conjugate 3b), native pure OSPc unconjugated (preparation
3), synthetic OSP:rTTHc (conjugate 4b), or synthetic tetrasaccharide:rTTHc (conjugate 13b) against O139 strain
CIRS134B (thinly encapsulated) (A) or against O139 strain CIRS245 (thickly encapsulated) (B). Responder
frequency reflects a$4-fold increase in titer over the baseline (day 0) response. *, P# 0.05 for increase
(significant) in responder frequency compared to cohort receiving unconjugated vaccine; **, P# 0.01 for
increase (significant) in responder frequency compared to cohort receiving unconjugated vaccine;
†, P# 0.01 for increase (significant) in responder frequency compared to cohort receiving hexasaccharide
vaccine.
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varies by strain (21). As is the case with other encapsulated bacteria, it is hypothesized
that the presence of capsule provides a survival advantage within infected hosts by
blocking the ability of antibodies to bind to the bacterial cell surface and prevent or
clear infection (31, 32). Importantly, despite the fact that V. cholerae O1 and O139 are
highly homologous at the genomic level and produce essentially identical cholera
toxin molecules, protection against cholera is serogroup specific, with serogroup speci-
ficity being defined by the OSP moiety (10). Previous infection with V. cholerae O139
provides protection against subsequent disease in human volunteer rechallenge mod-
els (33, 34). Protection of humans against O139 cholera is also afforded by previous
ingestion of live attenuated strains of V. cholerae O139 lacking cholera holotoxin
(33–35). Previous infection with V. cholerae O139, however, does not provide protec-
tion against infection with V. cholerae O1, and vice versa (10, 11). It is possible that V.
cholerae O139 could reemerge as a cause of globally significant cholera or that other
serogroups of V. cholerae with pandemic potential could emerge. For these reasons,
we undertook this study to contribute to a better understanding of the immunoreac-
tivity and immunogenicity of the various carbohydrate epitopes that comprise the OSP
of V. cholerae O139 and related saccharides.

The OSP of V. cholerae O139 is a hexasaccharide containing N-acetyl-D-quinovos-
amine (QuiNAc), D-galacturonic acid (GalA), N-acetyl-D-glucosamine (GlcNAc), D-galac-
tose (Gal) and two colitose (Col) residues. It contains two negatively charged groups,
including a carboxyl group of D-galacturonic acid and a cyclic phosphate bound to O-4
and O-6 of the D-galactose (14, 15, 36). The capsule of V. cholerae O139 contains a flexi-
ble complex, branched polymer of this hexasaccharide (14, 15, 36). In our current anal-
ysis, we found marked reduction of immunoreactivity of convalescent-phase plasma
when either one or both colitose residues and/or the cyclic phosphate were absent in
O139 OSP fragments. We also found that the upstream terminal tetrasaccharide frag-
ment was particularly immunoreactive with convalescent-phase human plasma and
that a vaccine made from this determinant was particularly protective in mice.
Previous analysis has disclosed that the terminal tetrasaccharide of V. cholerae O139
forms a very compact epitope with a relatively rigid conformation (37). Our observa-
tion of higher immunoreactivity of the tetrasaccharide than of both native OSP-core
and synthetic OSP (full hexasaccharide) is consistent with the recognition of the OSP
terminus by a cavity antibody-antigen interaction, as opposed to a groove-type inter-
action. The former type of interaction has previously been identified for V. cholerae O1
OSP (38) as well as some other bacterial surface polysaccharide interactions (39–42).
Cavity antigen-antibody-type interactions can accommodate up to five sugar residues,
while groove-type interactions can accommodate up to eight sugar residues (42).
Cavity-type interactions have higher binding and complementarity and result in higher
affinity and avidity than groove-type interactions (43).

We analyzed immunoreactivity by antibody isotype. Polysaccharides are classically
considered T-cell-independent antigens and usually induce IgM responses. During
cholera caused by V. cholerae O1, there is an initial IgM response to the O1 OSP;

TABLE 2 Survival at 36 h in mice challenged with virulent V. cholerae O139

Challenge strain Vaccine cohort n
% survival
at 36 h

Vaccine
efficacy (%) P valuea

V. cholerae O139-CIRS134B (thin capsule) 16 37.5
4:rTTHc (4b) 17 58.8 34 0.399
13:rTTHc (13b) 17 94.1 91 0.0013b

3:rTTHc (3b) 18 83.3 73 0.008c

V. cholerae O139-CIRS245 (thick capsule) 12 16.6
4:rTTHc (4b) 14 42.8 31 0.2
13:rTTHc (13b) 9 44.4 33 0.07
3:rTTHc (3b) 11 9.09 11 0.85

aLog rank comparison.
bSurvival at 36 h by Fisher exact test, 0.0006.
cSurvival at 36 h by Fisher exact test, 0.0061.
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however, there is also rapid induction of class-switched IgA and IgG responses to this
antigen (44). It has been hypothesized that this may relate to OSP being immunologi-
cally processed in the copresence of cholera holotoxin, which beyond being an entero-
toxin is also a potent immunoadjuvant (44). In our current analysis of immune
responses to human infection with V. cholerae O139, we also saw similar rapid induc-
tion of IgA and IgG responses to the O139 OSP. Previous analyses of OSP-specific
monoclonal antibodies in patients with O1 cholera disclosed affinity maturation more
akin to those induced to protein antigens than typically to polysaccharide antigens
(45). Our results suggest that similar affinity maturation targeting polysaccharides may
occur during O139 cholera as well.

In comparison to these responses in humans surviving naturally acquired O139
cholera, we were able to detect low-level IgM responses only to O139 OSP-core
(native) and not to any synthetic or related preparations of O139 saccharides, and we
detected no IgA or IgG responses to any O139 antigen in recipients of WC-O1/O139.
Interestingly, baseline immunoreactivities (as judged by immunoreactivity of prevacci-
nation day 0 samples) to a number of the polysaccharides analyzed in our profiling
were higher in the samples from Haitian vaccinees than from Bangladeshi patients.
This may reflect previous exposure to various polysaccharide or related antigens in
these different populations. Cholera caused by V. cholerae O139 has never been recog-
nized in Haiti. At present, the only commercially available vaccine targeting V. cholerae
O139 is WC-O1/O139, a killed oral bivalent vaccine that includes heat- and formalin-
inactivated strains of V. cholerae O1 and formalin-inactivated V. cholerae O139 strain
4260B (9). The vaccine has been safely administered to millions of humans, but O139-
specific immune responses, including vibriocidal responses following vaccination, are
significantly lower than those targeting O1 (9). Since O139 cholera is not presently a
cause of epidemic cholera, and since no vaccine challenge studies have been per-
formed focusing on O139, the ability of this bivalent vaccine to provide protection
against O139, and the duration of any such protection should it exist, is currently
unknown. Our results suggest that O139 OSP-specific responses are not prominent fol-
lowing WC-O1/O139 use in immunologically naive humans. This underscores the ur-
gency to proactively develop a potent vaccine for the disease caused by V. cholerae
O139.

Based on our immunoprofiling of O139 OSP-core and various fragments (Table 1),
we further analyzed the ability of a subset of these antigens to mediate protection
against cholera. Since direct evaluation in humans was not possible, we synthesized a
number of conjugate vaccines with well-defined O139 cholera epitopes and used a
mouse experimental challenge model. A number of cholera conjugate vaccines have
been developed, including against V. cholerae O139 (36, 46–49). These previous vac-
cines were based on O139 capsule and derivatized LPS. They provided protection
against V. cholerae challenge in animals (47, 48). In our current study, we used purified
native OSP-core and well-defined synthetic oligosaccharide fragments thereof to fur-
ther analyze these responses. We used a simple squaric acid-based conjugation tech-
nology (50–52) to attach these antigens in a sunburst non-cross-linked fashion, mim-
icking their display in nature, using essentially a technology we have used to develop a
conjugate vaccine against V. cholerae O1 (19, 53–55). Similar to our observation that
the terminal tetrasaccharide of V. cholerae O139 OSP was highly immunoreactive when
analyzed with convalescent-phase human plasma, we also found conjugates prepared
from it to be highly immunogenic in mice following vaccination. Indeed, it was more
immunogenic than the conjugate made from complete synthetic OSP (hexasaccharide)
and induced protection in the mouse model, while vaccination with the latter did not.
Importantly, vaccination with native OSP-core conjugate was also more immunogenic
than synthetic OSP hexasaccharide and provided better protection against challenge
than did vaccination with the synthetic OSP lacking core. This could suggest that core-
specific antibodies themselves might contribute to protection against O139 cholera.
However, the fact that the cores of V. cholerae O139 and O1 are identical, but that
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there is no evident cross protection of O1 versus O139 cholera, suggests that even if
core-specific antibodies do contribute some degree of protection, they are not clini-
cally highly significant.

A plausible explanation for higher immunogenicity and protective capacity of the
conjugate made from tetrasaccharide (conjugate 13) than of the one made from the
complete synthetic OSP lacking the core (conjugate 4) could be that the absence of
the downstream GalA-(1!4)-QuiNAc sequence in conjugate 13 allows the tetrasac-
charide to be presented to immune cells in a more immunogenically relevant manner,
e.g., allow it to attain a more favorable conformation, better fitting the subsite in the
antibody binding area. Similar results have previously been reported in an analysis of
immune responses to oligosaccharides related to the OSP of Shigella dysenteriae type 1
and their binding to a cavity-type monoclonal antibody (56). Nuclear magnetic reso-
nance (NMR) analysis showed that the presence of sugar residues proximal to the im-
munodominant determinant affected conformation of the latter oligosaccharide,
which, in turn, affected the antigen-antibody interaction.

In our analysis, the vibriocidal response and protection assays were strain depend-
ent. Using the same convalescent-phase serum samples from vaccinated mice, we
were unable to detect vibriocidal responses or protection when we used a thickly
encapsulated strain of V. cholerae O139 but were able to show these when using a
thinly encapsulated strain. The vibriocidal assay rests on binding of complement to the
Fc fragment of bacterial surface-bound antibody that leads to generation of a terminal
complement-based pore-forming membrane-attack complex (MAC) that inserts into
the bacterial lipid membrane, resulting in lysis. The presence of a thick capsule could
be assumed to lessen the likelihood that the MAC would be able to form or insert into
the bacterial lipid membrane. The ability to assess vibriocidal responses against V. chol-
erae O139 is well known to be more variable than the ability to assess vibriocidal
responses against V. cholerae O1 (17). Strain, capsule thickness, growth media, inocu-
lum size, and concentration of complement have all been noted to play a role in giving
rise to the ability of anti-O139 antibodies to lyse V. cholerae O139 (17).

Interestingly, in infection and rechallenge models of V. cholerae O139, and in vac-
cine challenge volunteer studies, the absence of demonstrable vibriocidal responses
following first infection or vaccination and prior to challenge/rechallenge has some-
times not predicted protection against subsequent experimental infection (33–35, 57).
A growing body of evidence also suggests that the vibriocidal activity is at best an
imperfect predictor of protection against cholera caused by V. cholerae O1 and is opti-
mally thought of as a surrogate marker of protection that largely reflects OSP-specific
responses (58, 59). These observations underscore the difficulties inherent in using
vibriocidal functional activity to predict protection. Despite this, in our current study,
we were able to detect protection only using sera that also disclosed vibriocidal activ-
ity to a thinly encapsulated O139 strain, underscoring at least a surrogate relationship
between this response and protection.

Our study has a number of limitations. It did not judge the ability of O139 polysac-
charide-specific immune responses to mediate protection against O139 cholera in
humans. Our human samples following cholera were collected relatively early in conva-
lescence, and the duration of O139-specific immune responses that we detected is
therefore uncertain. Our human samples were also limited, prompting us to use a
pooled-sample analysis as opposed to assessing individual responses in infected
humans. Our analysis also compared immune responses across Bangladeshi and
Haitian populations, albeit matched by age, sex, and blood group. Our analysis also did
not include assessment of mucosal or memory immune responses targeting V. cholerae
O139. Despite these limitations, our analysis has defined O139-specific polysaccharide-
specific immune responses following naturally acquired infection and vaccination. Our
results suggest that protective antibodies described here are of the cavity type and
that the upstream terminal tetrasaccharide of the OSP (itself a hexasaccharide) is the
primary antigenic determinant. Our results also define two distinct epitopic regions as
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putative targets for antibody recognition: the two colitose residues and the cyclic 4,6-
O-phosphate. If either of these structural elements is absent, the immunoreactivity of
human plasma from patients who recover from O139 infection is significantly reduced.
Our results also demonstrate that core oligosaccharide can contribute to immunoge-
nicity, but its presence is not essential to induction of immune responses to O139 OSP.
Our data show that relatively crude preparations of native OSP-core are as immuno-
genic and immunoreactive as the highly purified material and suggest that the crude
native O139 OSP-core (18) or the immunodominant terminal tetrasaccharide (28)
would be particularly attractive as candidates for antigenic components of a vaccine
against V. cholerae O139. As cholera caused by V. cholerae O1 decreases with rollout
and endorsement of vaccines effective against O1 cholera, development of a vaccine
effective against V. cholerae O139 may be prudent (6).

MATERIALS ANDMETHODS
Ethics statement. Our use of animals met all institutional and governmental requirements, guide-

lines, and policies. The Massachusetts General Hospital Subcommittee on Research Animal Care (SRAC)
approved this work. This work adheres to the USDA Animal Welfare Act, PHS Policy on Humane Care
and Use of Laboratory Animals, and the Guide for the Care and Use of Laboratory Animals (60). Plasma
samples from humans recovering from culture-confirmed cholera caused by V. cholerae O139 and lack-
ing other pathogens were collected from patients at the International Centre for Diarrhoeal Disease
Research in Dhaka, Bangladesh (ICDDR,B). Plasma samples separated from blood were also collected as
part of a research protocol approved by Zanmi Lasante Institutional Review Board (ZL0006303), from
individuals who received the WHO-prequalified and -endorsed bivalent (WC-O1/O139) oral killed cholera
vaccine, Shanchol (Sanofi-Shanta Biotech, India), in Haiti. This study was also approved by the Ethical
Review and Research Review Committees of the ICDDR,B and the MassGeneral Brigham (MGB)
Institutional Review Board, Boston, MA.

Bacterial strains and media. We prepared native LPS and OSP-core of V. cholerae O139 from strain
CIRS245 as previously described (18). We used V. cholerae O139 strain CIRS245 (containing a thicker cap-
sule) and strain CIRS134B (containing a thinner capsule) (21) in vibriocidal assays and in our mouse chal-
lenge assay. Strains were grown in Luria-Bertani (LB) broth.

Production of native O139 OSP-core and synthetic oligosaccharides. We generated three prepa-
rations of native V. cholerae O139 OSP-core fragment as previously described (18): (i) an initial prepara-
tion was generated by delipidation of LPS followed by purification by Bio-Gel P30 size exclusion chroma-
tography (SEC), to afford material we termed “crude” O139 OSPc (preparation 1 [Table 1]); (ii) the crude
preparation underwent additional purification, to substantial but not complete purity, by semiprepara-
tive high-performance liquid chromatography (HPLC), to obtain an “intermediate” preparation (prepara-
tion 2); and (iii) the intermediate preparation underwent further purification by analytical HPLC to obtain
“pure” OSP-core (hexasaccharide-core, preparation 3), which was homogeneous by NMR spectroscopy,
analytical HPLC, and electrospray ionization-mass spectrometry (ESI-MS), as previously described (18).
We also synthesized the complete V. cholerae O139 OSP (hexasaccharide), as well as a series of deriva-
tives and fragments of the OSP from disaccharide to hexasaccharide (conjugates 4 to 18 [Table 1])
(25–30). These include compounds lacking one or both colitose units or the phosphate residue or having
a methyl galacturonate instead of a galacturonic acid residue. We conjugated these fragments, as well
as our preparations of native OSP-core, to BSA or rTTHc using a squaric acid conjugation method as pre-
viously described (Table 1) (50–52).

Assessing immunoreactivity of BSA conjugates using human plasma. To assess immunoreactivity
of O139 saccharides, we coated plates with 100 ng of antigen per well in 50mM carbonate buffer (pH
9.6), as previously described (58, 61). We quantified polysaccharide-specific IgG, IgA, and IgM responses
by enzyme-linked immunosorbent assay (ELISA) protocols as previously described (58), using acute-
phase (day 2, following clinical stabilization and hydration) and convalescent-phase (day 7) plasma sam-
ples from 10 patients who recovered from O139 cholera in Dhaka, Bangladesh. We similarly assessed
IgG, IgA, and IgM responses in recipients of WC-O1/O139 vaccine (Shanchol; Sanofi-Shantabiotech,
India) in Haiti; vaccinees were matched by age group, sex, and blood group (O versus non-O) to naturally
infected index patients (Table S1). WC-O1/O139 is administered as a two-dose oral vaccine (day 0 and
day 14), and we assessed immune responses 7 days after the first and 7 days after the second dose of
vaccine, comparing to that on day 0 (days 0, 7, and 21). We applied pooled 1:250 dilutions of serum in
0.1% BSA in phosphate-buffered saline (PBS)–0.05% Tween to coated plates, assessing immunoreactivity
in triplicate. We detected antigen-specific antibodies using peroxidase-labeled goat anti-human IgG,
IgM, or IgA antibody (Jackson ImmunoResearch, West Grove, PA; dilution, 1:5,000). After a 90-min incu-
bation at 37°C, the plates were developed with a solution containing 0.55mg/ml of 2,29-O-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS; Sigma, St. Louis, MO) with 0.03% H2O2 (Sigma), and the
changes in optical density (OD) at 405 nm were determined with a Vmax microplate kinetics reader
(Molecular Devices Corp., Sunnyvale, CA). Plate readings were recorded for 5min at 30-s intervals, and
the maximum slope for an optical density change of 0.2 U was reported as milli-absorbance units
(mAbs) per minute (58).
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Immunization of mice and collection of samples. To assess immunogenicity of selected O139 sac-
charides, we used 8 cohorts (n= 7 to 15) of 3- to 5-week-old female Swiss Webster mice immunized
intramuscularly with different preparations of O139 saccharides conjugated to rTTHc, as well as a control
group vaccinated with unconjugated native pure OSP-core. We first equilibrated vaccine dose to total
mass of saccharide (10mg of sugar per mouse per vaccination). Mice were immunized on days 0, 21, and
42. We also assessed immunogenicity equilibrating to 10mg of “active” sugar per mouse per vaccination.
We defined active sugar as not including linker or core oligosaccharide. We also assessed immunogenic-
ity equilibrating to moles, referencing from 10mg of active sugar of OSPc:rTTHc. We collected blood
samples via tail bleeds on days 0, 7, 21, 28, 42, 49, and 56 and processed, aliquoted, and stored samples
as previously described (19, 53).

Assessing immunogenicity in vaccinated mice.We assessed immunogenicity in mouse serum col-
lected from vaccinated mice, assessing responses to native O139 LPS, native OSP-core:BSA (conjugate
3a), synthetic OSP (hexasaccharide) absent core:BSA (conjugate 4a), and terminal tetrasaccharide frag-
ment absent core:BSA (conjugate 13a) by using standard enzyme-linked immunosorbent assay (ELISA)
protocols as previously described (19, 53). We coated plates with 100 ng of antigen per well to assess
anti-OSP antibody responses and coated plates with 25mg per well of LPS to assess anti-LPS antibody
responses; we blocked, washed, and processed plates as previously described (19, 53). We used horse-
radish peroxidase-conjugated goat anti-mouse IgG antibody (dilution 1:1,000) as secondary antibody
(Southern Biotech, Birmingham, AL). We normalized ELISA units (EU) by calculating the ratio of the
optical density of test sample to a standard of pooled sera from control mice, as previously described
(19, 53).

Serum vibriocidal responses. We assessed serum vibriocidal antibody titers in vaccinated mice,
using V. cholerae O139 strain CIRS134B (thinly encapsulated) or CIRS245 (thickly encapsulated) in a
microassay as previously described, with modification (53, 62, 63). We heat inactivated mouse sera for
1 h at 56°C. Heat-inactivated sera from mice were serially diluted 2-fold in 0.15 M saline, the dilutions
ranging from 1:25 to 1:25,600, from which 50-ml volumes were added to the wells of sterile 96-well tis-
sue culture plates already containing 50ml of V. cholerae O139 strain CIRS134B or CIRS245 (OD, 0.1) in
0.15 M saline and 22% guinea pig complement (EMD Biosciences, San Diego, CA). We then incubated
the plates for 1 h at 37°C and then added 150ml of brain heart infusion medium (Becton, Dickinson,
Sparks, MD) to each well, incubating plates for approximately 2 h at 37°C without shaking until absorb-
ance (OD at 600 nm [OD600]) for growth control wells was between 0.2 and 0.3. At the conclusion of the
assay, the vibriocidal titer was considered the serum dilution that generated a 50% reduction in optical
density compared to that in the wells containing no serum (21). We considered a responder as having at
least a 4-fold increase of vibriocidal titer at day 56 compared with the baseline day 0 titer.

Neonatal challenge experiments.We assessed the ability of serum from vaccinated mice to protect
against challenge with wild-type virulent V. cholerae O139 CIRS134B or CIRS245, as previously described
(19, 53). In brief, 3- to 5-day-old unimmunized CD-1 suckling mice (n = ;15 mice/cohort) were removed
from dams 2 h prior to inoculation. The mice were orally inoculated with 109 CFU of V. cholerae O139
strain CIRS134B (50% lethal dose [LD50], ;107-8 CFU) or CIRS245 (LD50, ;107 CFU) mixed with a 1:1 dilu-
tion of pooled convalescent-phase day 56 serum from mice previously immunized with conjugate vac-
cines. Neonates were maintained at 30°C after the oral challenge and monitored every 3 h up to 36 h, fol-
lowing which the survivors were euthanized.

Statistical analysis and graphs. The data from different groups were compared using Mann-
Whitney U tests. In addition, intragroup comparisons between the baseline (day 0) and other time points
were made with Wilcoxon signed-rank tests. Survival curves generated from the neonatal challenge
study were compared and analyzed with Kaplan-Meier and log rank analysis. The analyses were two
tailed, and the cutoff P value of ,0.05 was considered statistically significant. All statistical analyses
were performed using GraphPad Prism 8 (GraphPad Software, Inc.).
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