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Immunity against Vibrio cholerae O1 is serogroup specific, and serogrouping is defined by the O-specific polysaccharide (OSP)
part of lipopolysaccharide (LPS). Despite this, human immune responses to V. cholerae OSP have not previously been character-
ized. We assessed immune responses against V. cholerae OSP in adults with cholera caused by V. cholerae O1 El Tor serotype
Inaba or Ogawa in Dhaka, Bangladesh, using O1 OSP-core– bovine serum albumin (OSPc:BSA) conjugates; responses targeted
OSP in these conjugates. Responses of Inaba-infected patients to Inaba OSP and LPS increased significantly in IgG, IgM, and IgA
isotypes from the acute to convalescent phases of illness, and the responses correlated well between OSP and LPS (R � 0.86, 0.73,
and 0.91, respectively; P < 0.01). Plasma IgG, IgM, and IgA responses to Ogawa OSP and LPS in Ogawa-infected patients also
correlated well with each other (R � 0.60, 0.60, and 0.92, respectively; P < 0.01). Plasma IgM responses to Inaba OSP and Ogawa
OSP correlated with the respective serogroup-specific vibriocidal antibodies (R � 0.80 and 0.66, respectively; P < 0.001). Addi-
tion of either OSPc:BSA or LPS, but not BSA, to vibriocidal assays inhibited vibriocidal responses in a comparable and concen-
tration-dependent manner. Mucosal IgA immune responses to OSP and LPS were also similar. Our study is the first to character-
ize anti-OSP immune responses in patients with cholera and suggests that responses targeting V. cholerae LPS, including
vibriocidal responses that correlate with protection against cholera, predominantly target OSP. Induction of anti-OSP responses
may be associated with protection against cholera, and our results may support the development of a vaccine targeting V. chol-
erae OSP.

Cholera is a severe diarrheal disease in humans caused by infec-
tion with either Vibrio cholerae serogroup O1 or O139, and it

continues to be a major health burden in resource-limited coun-
tries worldwide. Cholera affects 3 to 5 million people annually,
resulting in over 100,000 deaths (51, 53). V. cholerae is a noninva-
sive Gram-negative bacterium that induces rapid dehydration in
patients by secreting cholera toxin (CT) at the gut mucosal sur-
face, resulting in a profuse secretory diarrhea. Strains of V. chol-
erae are differentiated by the O-specific polysaccharide (OSP)
portion of V. cholerae lipopolysaccharide (LPS) in the outer mem-
brane of the bacterium. Over 200 O serogroups of V. cholerae have
been characterized to date, but only serogroups O1 and O139 are
known to cause epidemic cholera. The O1 serogroup can itself be
classified into the El Tor and classical biotypes based on a number
of genotypic and phenotypic characteristics. Globally, O1 El Tor is
by far the most prevalent serogroup causing cholera. The O1 se-
rogroup can also be subdivided into two major serotypes, Inaba
and Ogawa (45), which differ only by the presence of a 2-O-methyl
group in the nonreducing terminal sugar of the Ogawa OSP,
which is absent from Inaba OSP (16, 17, 50).

A growing body of evidence suggests that the human immune
response to V. cholerae LPS provides protective immunity against
cholera (10, 15, 33). Patients with cholera respond with LPS-spe-
cific antibodies in the IgG, IgM, and IgA isotypes (35, 36, 42). The
best-characterized correlate of protection against cholera has his-

torically been the vibriocidal response, an assay that measures the
ability of serum antibodies to lyse V. cholerae in the presence of
complement (28). In population studies in Bangladesh, every
2-fold increase in vibriocidal titer is associated with a 44% de-
crease in the subsequent risk of cholera (30). In household con-
tacts of cholera patients, the baseline vibriocidal response in con-
tacts inversely correlates with the risk of developing cholera in the
following 3 weeks (15). More recently, it has also been demon-
strated that baseline plasma IgA antibody levels to LPS and circu-
lating baseline IgG memory B cells targeting V. cholerae LPS also
correlate with protection against subsequent disease in household
contacts of cholera patients (15, 33). The vibriocidal response has
previously been shown to be largely comprised of IgM responses
targeting LPS (28).
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V. cholerae LPS consists of the O-specific polysaccharide (OSP)
connected through a core oligosaccharide to lipid A (endotoxin)
that is integrated into the bacterial outer membrane (52). Lipid A
and the core are similar across all V. cholerae serogroups (5, 6, 48),
with the lipid A component of El Tor organisms undergoing gly-
cine modification (13). The V. cholerae El Tor and O139 strains
have shared lipid A cores (13). The OSPs vary widely across the
200 serogroups of V. cholerae and are the basis of serogrouping.
Importantly, protective immunity against V. cholerae is serogroup
specific. Infection with V. cholerae O1 provides no cross-protec-
tion from cholera caused by V. cholerae O139 and vice versa (2, 42,
49). Despite this, human immune responses to V. cholerae OSP
have not previously been characterized. To assess these immune
responses, we utilized O1 Ogawa and Inaba OSP-core– bovine se-
rum albumin (OSPc:BSA) conjugates. The OSPc:BSA conjugates
were prepared using squaric acid chemistry as previously de-
scribed (52). Immune responses targeting OSP were then evalu-
ated in adult patients with cholera caused by infections with the V.
cholerae O1 El Tor serotypes Inaba and Ogawa in Dhaka, Bangla-
desh.

MATERIALS AND METHODS
Study population. Study participants were selected from patients admit-
ted to the International Centre for Diarrheal Disease Research, Bangla-
desh (ICDDR,B) with severe acute watery diarrhea and with stool cultures
positive for V. cholerae O1 or O139. Stool samples were plated on tauro-
cholate-tellurite-gelatin agar and gelatin agar (Difco, Detroit, MI) over-
night. Suspected Vibrio colonies were identified by slide agglutination by
using monoclonal antibodies against the V. cholerae O1 and O139 sero-
groups (42). Stools were also analyzed to detect other enteric pathogens—
e.g., enterotoxigenic Escherichia coli (37) and Salmonella, Shigella, and
Campylobacter spp. (40)—and were tested by direct microscopy for cyst
and vegetative forms of parasites and ova of helminths. Only patients
positive for V. cholerae and negative for other bacterial pathogens were
enrolled in this study. The stools of healthy controls were similarly
screened. All of the cholera patients were treated with intravenous fluid
resuscitation as well as with doxycycline or azithromycin (14, 18). Adults
from an urban area in the city of Dhaka with demographic characteristics
similar to those observed in the cholera patients and with no history of
diarrhea during the previous 1 month were included as healthy controls
(23).

All patients were adults 18 years of age or older. Table 1 presents basic
demographic information about the patients. Stored plasma specimens
from patients infected with V. cholerae O1 Ogawa (n � 17), Inaba (n �
15), and O139 (n � 15) were analyzed. Samples collected at days 2, 7, 30,
90, 180, 270, and 360 after onset of disease were analyzed for LPS, OSP,
and vibriocidal antibody responses. In addition, nine patients with V.
cholerae O1 Ogawa infection were enrolled from September 2011 to Jan-
uary 2012 to assess mucosal antibody-secreting cell (ASC) responses to
Ogawa OSP, Ogawa-LPS, and cholera toxin B subunit (CtxB) in fresh cells
recovered from blood on days 2, 7, and 30 after onset of cholera. Stored
antibody-in-lymphocyte supernatant (ALS) samples obtained from days
2 and 7 after onset of disease from Ogawa (n � 10) and Inaba (n � 10)
patients or healthy controls (n � 10) were used to further characterize
mucosal responses to Ogawa OSP and LPS (18). The Institutional Review
Boards of the ICDDR,B and the Massachusetts General Hospital ap-
proved this study. All study participants gave informed written consent
for study enrollment.

V. cholerae LPS, OSP, and CtxB. We prepared V. cholerae LPS, OSPc,
and OSPc:BSA conjugates as previously described (52). Briefly, we ob-
tained LPS from V. cholerae O1, Ogawa (strain X-25049) and Inaba (strain
T19479) by protein denaturation by hot phenol-water extraction followed
by enzymatic treatment (proteinase K, DNase I, and RNase A), and ultra-
centrifugation (100,000 � g for 3 h) as previously described (52). The

samples were dialyzed against distilled water, freeze dried, and stored for
subsequent use. The amount of protein in the purified LPS preparations
ranged from 10 to 19 �g per mg (�2% by weight). To define antigens
within the LPS preparations to be used in immunological analyses, we
used high-resolution liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis using an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) as previously described (4). LC-MS/MS data
analysis, protein identification, and peak list generation were performed
using the Proteome Discoverer (Thermo Fisher Scientific) algorithm in-
corporating the SEQUEST search engine and Percolator (19) as previ-
ously described (27). MS/MS data were searched using 10-ppm mass ac-
curacy on precursor m/z and a 0.5-Da window on fragment ions. Fully
enzymatic tryptic searches with up to three missed cleavage sites were
allowed. Oxidized methionines were searched as a variable modification,
and alkylated cysteines were searched as a fixed modification. V. cholerae
databases (N16961, O395, and INDRE 9/11) were downloaded from
EMBL and supplemented with common contaminants. We filtered pep-
tides for each charge state to a false discovery rate (FDR) of 1% and then
grouped peptides into proteins using Occam’s razor logic.

To generate OSPc:BSA conjugates, we used a protocol previously de-
scribed by us (52) that includes acid hydrolysis, chloroform-based sepa-
ration and recovery of hydrolysate, size exclusion chromatography, ultra-
centrifugation, and dialysis. The retentate was lyophilized to afford the
OSPc antigens as white solids, and analysis by 13C nuclear magnetic reso-
nance (NMR) surface-enhanced laser desorption ionization–time of
flight (SELDI-TOF) mass spectroscopy indicated that the average molec-
ular masses of the Inaba and Ogawa OSPc antigens were �5,100 and
�5,900 Da, respectively. To facilitate binding to the plastic plates and
membranes used in immunologic analyses, we conjugated OSPc to bovine
serum albumin to generate OSPc:BSA, as previously described (52).
Briefly, we modified OSPc for conjugation using squarate derivatization
engaging the single amino group present in the core (48), filtration, and
dialysis (3,000-Da cutoff). The retentate was lyophilized to afford the
OSPc squarate monomethyl ester as a white solid. The lyophilate was
dissolved in 0.5 M pH 9 borate buffer to yield �2.5 mM (Inaba) or �4.9
mM (Ogawa) solutions with respect to OSPc; BSA was added in the
amount necessary to form OSPc/carrier molar ratios of ca. 11:1 for Inaba
and 22:1 for Ogawa. Conjugation was monitored by SELDI-TOF MS at

TABLE 1 Demographic and clinical characteristics of cholera patients
and healthy controls in this study

Sample type and infectiona No. of patients Median age (yr)

Plasma
Ogawab 17 29
Inabab 15 30
O139c 15 35

Stool extract
Ogawad 14 29
Inabad 14 29

ALS
Ogawae 10 33
Inabae 10 36
Healthyf 10 33

ASC
Ogawad 9 32

a ALS, antibody-in-lymphocyte supernatant assay; ASC, antibody-secreting cell assay.
b Specimens were analyzed on day 2 and on follow-up days 7, 30, 90, 180, 270, and 360.
c Specimens were analyzed on days 2, 7, and 21.
d Specimens were analyzed on days 2, 7, and 30.
e Specimens were analyzed on days 2 and 7.
f Specimens were analyzed on day 0 for specimens obtained from healthy controls.
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24, 48, 72, 96, and 240 h, when the reaction was terminated by addition of
300 �l of pH 7 phosphate buffer. The solution was transferred to centrif-
ugation filtration tubes, dialyzed against 10 mM aqueous ammonium
carbonate, and lyophilized. On the basis of the average molecular weight
(MW) of OSPc, the Inaba core/BSA ratio of the final product was 2.8:1 and
the Ogawa core/BSA ratio was 4.8:1. To assess responses targeting CtxB,
we used recombinant antigen graciously supplied by A. M. Svennerholm,
Gothenburg University, Sweden.

Immune responses in stored plasma and ALS specimens of study
participants. We quantified anti-LPS and anti-OSP IgG, IgM, and IgA
responses in plasma using an enzyme-linked immunosorbent assay
(ELISA) protocol as previously described (38, 39, 52). Briefly, we coated
96-well polystyrene plates (Nunc F) with V. cholerae O1 Ogawa or Inaba
LPS (2.5 �g/ml) (36) dissolved in phosphate-buffered saline (PBS) or
Ogawa or Inaba OSPc:BSA (1 �g of the conjugated product/ml) dissolved
in carbonate buffer (pH 9.6). To each well, we added 100 �l of plasma
(diluted 1:40 in 0.1% BSA in phosphate-buffered saline– 0.05% Tween)
and detected antigen-specific antibodies in the sample using horseradish
peroxidase-conjugated rabbit anti-human IgA, IgG, and IgM as secondary
antibodies (1:1,000 dilution; Jackson ImmunoResearch, West Grove,
PA). We developed plates with 1 mg/ml ortho-phenylene diamine (Sigma,
St. Louis, MO) dissolved in 0.1 M sodium citrate buffer (pH 4.5), with
0.03% H2O2 added, and determined the optical density at 450 nm by
reading the plates kinetically for 5 min at 14-s intervals (18). The maxi-
mum slope for an optical density change of 0.2 U was reported as milli-
optical density units per minute (mOD/min). We normalized data to
ELISA units by calculating the ratio of the optical density of the test sample
to that of a standard of pooled convalescent-phase plasma from patients
previously infected with cholera that was included on each plate.

ALS specimens were collected after 48 h of culture as previously de-
scribed (41). ELISAs using ALS were performed according to the plasma
ELISA protocol as outlined above. The ALS samples were diluted 1:2 in
0.1% BSA in phosphate-buffered saline– 0.05% Tween, and responses
were detected using horseradish peroxidase-conjugated rabbit anti-hu-
man IgA as the secondary antibody (1:1,000 dilution; Jackson Immu-
noResearch, West Grove, PA), with development as described above. A
patient was considered a responder when the response on day 7 increased
2-fold or higher than that seen on day 2 after onset of diarrhea.

Quantification of circulating IgG, IgM, and IgA ASCs to OSP, LPS,
and CtxB. Ogawa OSP, Ogawa LPS, and CtxB-specific ASC responses
were measured by enzyme-linked immunosorbent spot (ELISPOT) as
previously described (14, 42, 44). Briefly, nitrocellulose-bottomed plates
(Millipore, Bedford, MA) were coated with Ogawa OSPc:BSA in carbon-
ate buffer (pH 9.6) (10 �g of conjugate/ml), Ogawa LPS (25 �g/ml),
affinity-purified goat anti-human Ig (5 �g/ml; Jackson Immunology Re-
search, West Grove, PA), monosialotetrahexosylganglioside (GM1 gan-
glioside) (3 nM), or keyhole limpet hemocyanin (KLH) (2.5 �g/ml) and
were incubated overnight at 4°C (42). Prior to blocking, CtxB (2.5 �g/ml)
was added to the GM1-coated plates, and the plates were incubated for 1
h at 37°C. All plates were then blocked for 2 h at 37°C prior to use, with
RPMI 1640 containing 10% fetal bovine serum. Peripheral blood mono-
nuclear cells (PBMCs) were harvested as previously described by centrif-
ugation of diluted whole-blood samples on Ficoll-Isopaque (Pharmacia,
Piscataway, NJ) (18). A total of 6 � 105 PBMCs/well were added to the
OSPc:BSA-, LPS-, and CtxB-coated plates, while 1 � 105 PBMCs/starting
well were added to the total Ig-coated plates and serially diluted. After
incubation at 37°C for 3 h, the plates were washed and IgG, IgM and IgA
ASCs were detected using horseradish peroxidase-conjugated mouse anti-
human IgA and IgM (Hybridoma Reagent Laboratory, Baltimore, MD)
and alkaline phosphatase-conjugated IgG (Southern Biotech, Birming-
ham, AL), both diluted 1:500. After overnight incubation at 4°C, IgG-
conjugated plates were developed with 5-bromo-4-chloro-3-indolyl-
phosphate–nitroblue tetrazolium. IgA- and IgM-conjugated plates were
developed with 3-amino-9-ethylcarbazole. ASCs were independently
quantified by two individuals using a stereomicroscope (Leica WILD

M3Z). KLH (Pierce Biotechnology, Rockford, IL)-coated plates were used
as a negative control. The numbers of antigen-specific IgG, IgM, and IgA
ASCs were expressed per 106 PBMCs.

Vibriocidal assay and vibriocidal inhibition assay with OSP and
LPS. We assessed vibriocidal antibody responses as previously described,
using guinea pig complement and the homologous serotype of V. cholerae
O1 Ogawa (X-25049) or Inaba (T19479) as the target organism (1, 14, 39,
42, 52). The vibriocidal titer was defined as the reciprocal of the highest
serum dilution resulting in �50% reduction of the optical density associ-
ated with V. cholerae growth compared to that of the positive-control
wells without plasma.

The vibriocidal inhibition assay was performed as previously de-
scribed (9, 12, 22). In brief, after heat inactivation of day 7 plasma at 56°C
for 30 min, Ogawa OSPc:BSA and LPS at concentrations of 1, 10, and 100
�g/ml were mixed with diluted plasma (1:160) and incubated at 37°C
while gently shaking for 1 h. The same concentrations of BSA and CtxB
were also incubated with diluted plasma as controls, in addition to plasma
without any antigen added. These samples were then used to assess the
vibriocidal titer of the plasma using the standard vibriocidal assay proto-
col described above (1, 14, 39, 42, 52).

ELISAs for IgA specific to Ogawa OSP and LPS in fecal extracts. We
used an ELISA format to determine the total IgA content in fecal samples
using pooled human Swedish milk with a known IgA concentration of 1
mg/ml as the standard and with affinity-purified goat antibodies to the
F(ab=)2 fragment of human immunoglobulin as the capture antibody
(Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.), as previ-
ously described (38, 46); detection was with goat anti-human immuno-
globulin specific to IgA, conjugated to horseradish peroxidase as the sec-
ondary antibody (1:3,000 dilution; Jackson ImmunoResearch, West
Grove, PA). Anti-Ogawa OSP and LPS IgA responses in fecal extracts were
detected using rabbit anti-human immunoglobulin specific to IgA conju-
gated to horseradish peroxidase as the secondary antibody (1:1,000 dilu-
tion; Jackson ImmunoResearch, West Grove, PA). Responses were mea-
sured kinetically and expressed as milliabsorption units per minute per
microgram of total IgA in fecal extracts. Patients whose fecal IgA re-
sponses to Ogawa OSP and LPS at convalescence (day 7 and/or day 30)
doubled in comparison to day 2 levels were considered responders.

Statistical analyses. We compared the magnitude of acute to conva-
lescent phase responses using the Wilcoxon signed rank test and used the
Mann-Whitney U test to compare the immune responses to OSPc:BSA,
LPS, and healthy controls. All reported P values were two tailed, with a
cutoff of P � 0.05 considered a threshold for statistical significance. Anal-
yses and figure preparations were performed using Graphpad Prism 5.0
(Graphpad Software, Inc., La Jolla, CA). Pearson’s product moment cor-
relation analysis was performed using SigmaStat 3.1 (Systat Software, San
Jose, CA) for correlations between vibriocidal antibody and antigen-spe-
cific antibody responses.

RESULTS
Analysis of LPS and OSPc:BSA. The LPS preparations were found
to contain around 10 to 19 �g protein/mg LPS (�2% protein by
weight). MS analysis of the two V. cholerae LPS preparations dis-
closed a total of 610 proteins, including many extracellular and
membrane proteins, such as flagellin A, starvation lipoprotein
Slp-like protein, a number of methyl-accepting chemotaxis pro-
teins (VC1248 and VCA0906), and general secretion pathway
proteins (EpsD, EpsI, and EpsN) (data not shown). Of the 396
proteins with functional annotations in the J. Craig Venter Insti-
tute database, the most highly represented groups included hypo-
thetical proteins and proteins involved in cellular processes and
pathogenesis and energy metabolism. The role that the identified
proteins may play in mediating immune responses during cholera
is unknown; however, our analysis suggests that standard prepa-
rations of LPS are heterogeneous.
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OSPc:BSA is highly purified compared to LPS. SELDI analysis
of Inaba OSPc:BSA after freeze-drying showed that the average
molecular mass of the conjugate obtained was 81,000 Da (OSPc:
BSA molar ratio of �2.8). The conjugate still contained �5% of
the unchanged BSA (52). SELDI analysis of Ogawa OSPc:BSA af-
ter freeze-drying showed that the average molecular mass of the
conjugate obtained was 95,000 Da (OSPc:BSA molar ratio of
�4.8); unconjugated BSA was not detected (52).

IgG, IgM, and IgA responses to V. cholerae O1 Ogawa and
Inaba OSP and LPS antigens. We found prominent reactivity of
convalescent-phase sera from patients recovering from cholera
using OSPc:BSA, but not unconjugated OSPc, presumably
through improved binding of the polysaccharide-conjugate anti-
gens to assay wells (8). We measured plasma IgG, IgM, and IgA
antibody responses to Ogawa and Inaba OSPc:BSA and LPS anti-
gens over a 1-year period postinfection in patients infected with V.
cholerae O1 Ogawa and Inaba and responses in O139 patients to
Ogawa OSPc:BSA over a 21-day period. As described below, we
found prominent responses targeting O1 OSPc:BSA in patients
recovering from O1 serogroup cholera, but we did not detect such
responses in patients recovering from O139 serogroup cholera,
despite the fact that these serogroups share identical core oligo-
saccharides (5, 6, 48), suggesting that the measured responses
were specific to the OSP component of the conjugates and not to
the core or protein components. Henceforth, we refer to the re-
sponses in immunologic assays using OSPc:BSA as targeting OSP.

We assessed responses in Ogawa- and Inaba-infected patients
to both the homologous and heterologous OSP and LPS O1 anti-
gens. We found that the IgG, IgM, and IgA antibody responses to
Inaba OSP and LPS were similar among the Ogawa- and Inaba-
infected patient groups (Fig. 1). Both patient groups showed sig-
nificantly elevated antibody responses to Inaba OSP and LPS at
day 7 after onset of disease compared to baseline. Correlations
between antibody responses to Inaba OSP and LPS in Inaba-in-
fected patients over the 1-year follow-up period were strong (IgG,
R � 0.86, IgM, R � 0.73, and IgA, R � 0.91; P � 0.01). Likewise,
Ogawa- and Inaba-infected patients demonstrated similar anti-
body responses to Ogawa OSP and LPS (Fig. 2). Correlations be-
tween antibody responses to Ogawa OSP and LPS in Ogawa-in-
fected patients over the 1-year follow-up period mirrored those
seen in Inaba-infected patients (IgG, R � 0.60, IgM, R � 0.60, and
IgA, R � 0.92; P � 0.01).

IgG, IgM, and IgA antibody responses in Inaba-infected pa-
tients were cross-reactive to the Ogawa OSP antigen when plasma
specimens were tested (Fig. 2A, C, and E). Similarly, antibodies
from Ogawa-infected patients were cross-reactive to the Inaba
OSP antigen (Fig. 1B, D, and F). However, as mentioned above,
cholera patients infected with V. cholerae O139 showed no re-
sponses to Ogawa OSPc:BSA or LPS (data not shown); we did not
assess responses in O139 patients to Inaba OSPc:BSA or LPS.

Comparison of plasma antibody responses to OSP and LPS
with vibriocidal antibody responses. We compared vibriocidal
antibody responses in 15 Inaba-infected patients with plasma IgM
and IgG responses to Inaba OSP and LPS (Fig. 3A and B). We
found that the IgM responses to Inaba OSP and LPS strongly
correlated with vibriocidal responses (R � 0.80 and 0.63, respec-
tively; P � 0.001) (Fig. 3B). Inaba OSP and LPS responses in the
IgG isotype were less strongly correlated with vibriocidal re-
sponses (R � 0.47 and 0.44, respectively; P � 0.001) (Fig. 3A). We
also compared vibriocidal responses in 17 Ogawa-infected pa-

tients to plasma IgM and IgG responses to Ogawa OSP and LPS
(Fig. 3C and D). We found that IgM responses in these patients to
Ogawa OSP and LPS correlated with vibriocidal responses (R �
0.66 and 0.69, respectively; P � 0.001) (Fig. 3D); the IgG responses
similarly correlated (R � 0.70 for OSP and R � 0.40 for LPS; P �
0.001) (Fig. 3C).

Mucosal immune responses to V. cholerae O1 Ogawa OSP
and LPS antigens. Antibody-secreting cell (ASC) and antibody-
in-lymphocyte supernatant (ALS) responses are considered to be
surrogate markers of mucosal immunity (7) and reflect transient
circulation of mucosal lymphocytes in blood that are rehoming to
mucosal surfaces as they mature; these responses peak on day 7
after mucosal stimulation (41). We assessed IgG, IgM, and IgA
ASC responses to Ogawa OSP, LPS, and CtxB in peripheral blood
of nine V. cholerae O1-infected patients. ASC responses to both
OSP and LPS were comparable (Fig. 4A). The responses of all
three antibody isotypes to OSP and LPS peaked on day 7 and
returned to baseline by day 30. IgA and IgG CtxB ASC responses
were elevated at day 7. The levels of responses to LPS or OSP at
days 2 and 30 were very low and thus are not shown in the figure
(Fig. 4A). The level of IgM responses to CtxB at day 7 was also low
and comparable to those of the LPS or OSP responses on days 2
and 30 and is not shown in the figure.

We also assessed mucosal immune responses to Ogawa OSP
and LPS using stored ALS specimens from patients infected with
O1 Ogawa and O1 Inaba V. cholerae. IgA responses targeting OSP
and LPS in these ALS specimens were similar, with significant
increases seen at 7 days postinfection compared to those from day
2 after illness onset and compared to those seen in healthy controls
(Fig. 4B). We considered a patient to be a responder when the
response at day 7 increased 2-fold or higher than the level seen at
day 2. The responder frequency was between 70% and 90% for the
Ogawa- and Inaba-infected cholera patients (Fig. 4B).

We further assessed mucosal responses by assessing antigen-
specific responses on days 2, 7, and 30 postinfection in fecal ex-
tracts, comparing anti-Ogawa OSP and LPS responses in patients
infected with V. cholerae O1 Ogawa or Inaba. Eighty-six percent of
Ogawa-infected patients had a detectable IgA response to homol-
ogous LPS and 78% to homologous OSP by convalescence (day 7
or 30 postinfection). For patients infected with O1 Inaba, 57% had
detectable responses to Ogawa LPS and 50% had detectable re-
sponses to Ogawa OSP. We did not assess responses using Inaba
LPS or OSPc:BSA.

Vibriocidal inhibition assay using OSP and LPS antigens. We
used a vibriocidal inhibition assay to assess whether antibody con-
tributing to the vibriocidal response was specific to OSP, using
Ogawa OSPc:BSA antigen for absorption of plasma from Ogawa-
infected patients. Our results indicate that increasing concentra-
tions of both Ogawa OSPc:BSA and Ogawa LPS inhibited the
vibriocidal assay in concentration-dependent manners that were
similar for the two antigens (Fig. 5). Preincubation of patient se-
rum with CtxB or the negative-control antigen BSA had no effect
on the vibriocidal assay. We did not assess the inhibition assay
using Inaba antigens.

DISCUSSION

Studies in healthy North American volunteers challenged with V.
cholerae O1, as well as epidemiological studies in areas of the world
where cholera is endemic have shown that natural infection con-
fers protective immunity to symptomatic disease on reexposure
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for at least 3 years and perhaps as long as 10 years (21, 26). How-
ever, currently available vaccines provide protection for only 3
years in adults and even shorter periods in younger children. The
mechanism underlying the longer protection afforded by natural
infection with cholera is not yet fully understood, although mem-
ory responses particularly to LPS may play a part (14, 18, 20, 33).
Interestingly, current oral killed-cholera vaccines do not induce
memory B-cell responses targeting LPS, while wild-type disease
does, even in young children (1, 24, 25).

Currently, the best-studied indirect marker of protective im-
munity to cholera is the vibriocidal antibody, a complement-de-
pendent serum bactericidal antibody of patients who have previ-
ously had cholera. This complement-dependent antibody is
thought to be largely derived from plasma IgM antibody and di-
rected at V. cholerae LPS (10, 15, 28, 43). Although the vibriocidal
response is currently the most used marker of immunity to chol-
era, it is believed to be a surrogate marker for another yet to be
fully defined immune response at the mucosal surface (10, 43).

FIG 1 Mean normalized IgG, IgM, and IgA responses in plasma of patients infected with V. cholerae O1 serotype Ogawa or Inaba to Inaba OSPc:BSA (OSP) and
lipopolysaccharide (LPS). Plasma IgG, IgM, and IgA responses to Inaba OSP and LPS in Inaba-infected patients are shown in panels A, C, and E, and those in
Ogawa-infected patients are shown in panels B, D, and F. Asterisks indicate a statistically significant difference (P � 0.05) from baseline (day 2) levels within a
particular antigen group.
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In previous studies, we have shown that there are significant
IgA antibody-secreting cells specific for LPS in duodenal biopsy
specimens of patients out to day 180 after infection, suggesting a
persisting mucosal immune response to this antigen (47). Fur-
thermore, following cholera, patients develop a circulating mem-
ory B-cell response to LPS that persists out to days 180 to 270 after
infection but wanes by 1 year postinfection. B-cell responses to
LPS are T-cell independent, and this may explain waning memory

B-cell responses at 1 year, even while memory B-cell responses are
still present to T-cell-dependent protein antigens (14). Patients
who undergo vaccination with Dukoral (Crucell, Sweden), an in-
activated-whole-cell V. cholerae vaccine combined with recombi-
nant nontoxic CtxB, develop lower LPS-specific memory B-cell
responses following vaccination than patients recovering from
natural infection. This difference in the longevities of the memory
B-cell responses to LPS may underlie the relatively short-term

FIG 2 Mean normalized IgG, IgM, and IgA responses in plasma of patients infected with V. cholerae O1 serotype Ogawa or Inaba to Ogawa OSPc:BSA (OSP) and
lipopolysaccharide (LPS). Plasma IgG, IgM, and IgA responses to Ogawa OSP and LPS in Inaba-infected patients are shown in panels A, C, and E, and those in
Ogawa-infected patients are shown in panels B, D, and F. Asterisks indicate a statistically significant difference (P � 0.05) from baseline (day 2) levels within a
particular antigen group.
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protection afforded by oral killed-cholera vaccine administration
(1). More recently, our group has found that memory B-cell re-
sponses directed against LPS present on exposure in household
contacts of cholera patients protect against subsequent infection
(33).

Taken together, these data implicate LPS-specific immune re-
sponses as important in protective immunity to cholera and sug-
gest that LPS, or an antigenic component of LPS, might be an
attractive target for vaccine design. However, analysis of the im-
mune responses to V. cholerae LPS is complicated by the hetero-
geneous nature of standard LPS preparations. In the present
study, we used mass spectrometry to analyze the V. cholerae O1
LPS preparation and found that the sample contained over 600 V.
cholerae proteins in addition to polysaccharide and lipid compo-
nents.

As the O-specific polysaccharide (OSP) of V. cholerae LPS de-
fines serogroup specificity, this polysaccharide most likely con-
tributes significantly to the observed immune responses to V. chol-
erae LPS. Despite this, the immune responses to V. cholerae OSP
have not yet been characterized. Recently, our group developed
both O1 Ogawa and O1 Inaba OSPc:BSA conjugates using squaric
acid chemistry (52). BSA was conjugated to the OSPc antigen to
facilitate binding of the polysaccharides to ELISA and ELISPOT
wells for immunological analysis. In this study, we used these con-
jugates to characterize immune responses to the Ogawa and Inaba
OSP in infected individuals and compared these responses to the
corresponding responses to LPS.

Our results show that the OSP component of V. cholerae LPS is
sufficient to detect immune responses comparable to those against
LPS in patients infected with cholera. The Inaba-infected patients

in our study demonstrated very similar plasma IgG, IgM, and IgA
antibody responses to homologous Inaba OSP or LPS. The plasma
antibody responses to OSP and LPS increased significantly at con-
valescence compared to at the acute phase and correlated well with
each other for all three antibody isotypes over the year of follow-
up. These plasma antibody responses also correlated well with the
vibriocidal antibody response in the same patients, indicating that
responses against LPS, and more specifically OSP, mediate the
observed vibriocidal antibody responses. Ogawa patients showed
similar IgG, IgM, and IgA plasma antibody responses to homolo-
gous Ogawa OSP and LPS that also strongly correlated with each
other, as well as with the vibriocidal antibody responses from the
same cohort of patients. The OSP- and LPS-specific IgG responses
showed a strong relationship to each other in an earlier study (52).
Taken together, these results indicate that the human immune
response to infection following cholera specifically targets the OSP
component of V. cholerae O1 LPS and that this response likely
contributes substantially to the observed vibriocidal antibody re-
sponse. The results of the vibriocidal inhibition assays we per-
formed with the Ogawa OSP and LPS antigens further highlight
the contribution of antibodies to V. cholerae LPS to the vibriocidal
antibody response (9, 10, 12, 32). These results also indicate that
the OSP portion of O1 LPS may be a specific target of vibriocidal
antibody.

The immune response at the surface of the gut is believed to
play a critical role in mediating protection from cholera, and pre-
viously infected patients may have an anamnestic immune re-
sponse by mucosal lymphocytes (1, 47). After initial interaction
with pathogen, antigen-specific lymphocytes from the gut can be
transiently detected in the circulation while in transit to other

FIG 3 Correlation between vibriocidal antibody responses and plasma IgG or IgM antibody responses to OSPc:BSA (OSP) and lipopolysaccharide (LPS). The
lines indicate the correlations between the different responses to OSP and LPS and the vibriocidal antibody response.
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mucosal organs. These lymphocytes are considered a marker of a
mucosal response and of recent exposure to cholera (42). In our
study, we found that circulating levels of ASCs specific to OSP and
LPS in the IgG, IgM, and IgA isotypes increased similarly at day 7
and that these ASC responses then returned to baseline levels by
day 30. The number of ASCs specific to LPS as well as to CtxB was
consistent with those in previous studies (14, 42, 44). Mucosal
immune responses to OSP and LPS were also comparable using
ALS and in fecal extracts from infected patients.

Previous work has shown cross-reactivity between Inaba and
Ogawa LPS following infection with either Ogawa or Inaba sero-
group organisms, respectively, although responses are usually
highest to the serotype of the infecting strain (3, 11, 12, 29, 31).
Similarly, vibriocidal responses are measurable against both sero-
types after infection, although once again, the titer is usually high-
est against the serotype of the infecting strain (43). A recent study
showed that infection with V. cholerae O1 Inaba lowered the sub-
sequent risk of both Ogawa and Inaba symptomatic infection, but

that patients infected with V. cholerae O1 Ogawa were only pro-
tected from infection with the Ogawa serotype (3). In our study,
we examined immune responses in patients to the heterologous
OSP. We wanted to determine if immune responses to the heter-
ologous serotype were more durable after infection with Inaba V.
cholerae than after Ogawa infection. However, while patients did
have substantial immune responses to the heterologous OSP,
these heterologous responses were not more durable after initial
Inaba infection than Ogawa infection.

Previous O1 infection with either serotype does not induce
responses that react with V. cholerae O139 LPS, nor does it induce
cross-reacting vibriocidal responses to this serogroup (2, 11, 12,
42, 49). We included specimens from patients infected with V.
cholerae O139 in our study as a control and to determine the
specificity of responses to the O1 OSPc:BSA conjugate. We found
no immunoreactivity against the O1 OSP conjugates in patients
infected with V. cholerae O139, highlighting the specificity of the
OSP conjugate antigens used. Given the data that anti-LPS im-
mune responses appear to mediate protective immunity to V.
cholerae infection, that immune responses to LPS and OSP are
largely cross-reactive, and that anti-OSP responses are serogroup
specific, the OSP-conjugate may be a useful tool for examining
immune responses specific to the sugar component of LPS, in the
absence of contaminating V. cholerae proteins, for future immu-
nological studies.

For several other diseases, conjugations between polysaccha-
rides and proteins have led to vaccines that induce responses that
are T-cell dependent and that induce longer-lasting immunity and
improved immunogenicity in young children (34). We are cur-
rently characterizing immune responses, including memory re-
sponses, following immunization with a model OSP-conjugate
vaccine in an animal model of cholera to see if conjugation of the
OSPc part of LPS to a protein carrier confers the same immuno-
logical properties as conjugation of other sugar molecules to pro-
tein carriers. Since individuals in areas where cholera is endemic
are frequently exposed to V. cholerae in the environment, it will
also be essential to characterize the boosting effects of oral or
parenteral OSP-derived conjugates after mucosal priming with
intact V. cholerae or a killed-cholera vaccine, using the prime-
boost method for improving responses. A cholera vaccine that

FIG 4 Mucosal immune responses to Ogawa OSPc:BSA (OSP) and lipopoly-
saccharide (LPS). Asterisks indicate a statistically significant difference (P �
0.05) from baseline (day 2). (A) Mean circulating antigen-specific IgG, IgM,
and IgA ASC responses to Ogawa OSP, LPS, and CtxB with standard error bars.
(B) ALS IgA responses to Ogawa OSP and LPS in healthy controls (HC) and
Ogawa- and Inaba-infected patients. RF, responder frequencies.

FIG 5 Antigen-specific inhibition of vibriocidal antibody assays using OSPc:
BSA (OSP) and lipopolysaccharide (LPS). Ag� represents patient plasma not
incubated with antigen. BSA and recombinant CtxB antigens were also assayed
at concentrations of 1, 10, and 100 �g/ml, and no inhibition was detected. V.
cholerae O1 Ogawa OSPc:BSA and Ogawa LPS were used for these experi-
ments.
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improves immunogenicity in young children and generates mem-
ory sufficient to increase the duration of protection would be a
significant advance in preventing a disease that can lead to death if
not promptly treated.
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