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The epidemic and pandemic potential of Vibrio cholerae 0139 is such that a vaccine against this newly
emerged serogroup of V. cholerae is required. A conjugate made of the polysaccharide moiety (O-specific
polysaccharide plus core) of the lipopolysaccharide (LPS) of V. cholerae 0139 (pmLPS) was prepared by
derivatization of the pmLPS with adipic acid dihydrazide and coupling to tetanus toxoid (TT) by carbodiimide-
mediated condensation. The immunologic properties of the conjugate were tested using BALB/c mice injected
subcutaneously three times at 2 weeks interval and then a fourth time 4 weeks later. Mice were bled 7 days after
each injection and then once each month for the following 6 months. LPS and TT antibody levels were
determined by enzyme-linked immunosorbent assay using immunoplates coated with either 0139 LPS or TT.
Both pmLPS and pmLPS-TT conjugate elicited low levels of immunoglobulin M (IgM), peaking 5 weeks after
the first immunization. The conjugate elicited high levels of IgG antibodies, peaking 3 months after the first
immunization and declining slowly during the following 5 months. TT alone, or as a component of conjugate,
induced mostly IgG antibodies. Antibodies elicited by the conjugate recognized both capsular polysaccharide
and LPS from V. cholerae 0139 and were vibriocidal. They were also protective in the neonatal mouse model
of cholera infection. The conjugation of the O139 pmLPS, therefore, enhanced its immunogenicity and

conferred T-dependent properties to this polysaccharide.

Since the appearance of Vibrio cholerae O139 in the suburb
of Madras, India, in October 1992, epidemic cholera caused by
this strain has spread rapidly throughout the Indian subconti-
nent (1). Clinical illness associated with V. cholerae 0139 in-
fection appears to be virtually identical to that due to V. chol-
erae O1 E1 Tor infections. However, in contrast to infection
with V. cholerae O1, V. cholerae 0139 infection has largely
affected the adult population in areas of V. cholerae O1 ende-
micity, indicating a lack of protective immunity against this
newly evolved strain (1). Presumably, there are differences
between the immune responses against O1 and O139 strains,
which may be of considerable importance in terms of protec-
tion (33). A quiescent period followed the appearance of V.
cholerae 0139, and it was thought that it was a one-time event.
However, there was an upsurge of cases in Calcutta, India, in
1996, and the O139 serogroup again became the dominant
serogroup causing cholera in India by September 1996 (32).
The O139 serogroup has remained present in India and Ban-
gladesh since this last outbreak (15) and requires careful mon-
itoring.

It has been suggested that the emergence of V. cholerae
0139 is the result of a complex chromosomal rearrangement
involving the horizontal transfer of genes encoding enzymes
involved in O-specific polysaccharide (O-SP) biosynthesis (3, 8,
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14, 43). Indeed, the major differences between V. cholerae O1
and V. cholerae O139 reside in their cell surface components.
V. cholerae 0139, unlike V. cholerae O1, expresses capsular
polysaccharide (CP) (43, 46). Both the structure of the CP and
that of the lipopolysaccharide (LPS) from V. cholerae 0139
have been characterized (Fig. 1) (11, 12, 28, 36). Although,
0139 LPS and CP share the same repeat unit, only the CP is
polymerized (12). Nevertheless, CP and LPS share common
epitopes (43).

Several oral cholera vaccines, either inactivated or live at-
tenuated, have been developed to elicit protection against this
new serogroup of V. cholerae (10, 23, 40, 44). Various subcel-
lular fractions of V. cholerae O139 administered subcutane-
ously have been evaluated in the rabbit ileal loop model of
experimental cholera, and the immune response directed
against the O139 serogroup antigen appeared to be determi-
nant for protective immunity (4). It has been proposed that
serum immunoglobulin G (IgG) antibodies (Abs) confer pro-
tection against enteric diseases by inactivating the inoculum on
the mucosal surfaces (38). Systemic administration of IgG Abs
specific for the O-SP of V. cholerae O1 was found to protect
neonatal mice against loss of weight and death following in-
tragastral challenge with V. cholerae O1 (5). A V. cholerae
0139 CP-tetanus toxoid (TT) conjugate vaccine induced pro-
tection in the rabbit ileal loop model of experimental cholera
(24). More recently, V. cholerae 0139 CP conjugated with a
recombinant mutant diphtheria toxin was shown to elicit high
levels of serum anti-CP IgG in mice with vibriocidal activity
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FIG. 1. Overall structure of the LPS of V. cholerae O139. The O-SP and the core structure are taken from Cox et al. (11, 12) and the lipid A
structure is arranged according to Kabir (26) and Wilkinson (48). The arrow indicates the lipid A-core bond hydrolyzed by acetic acid treatment:
this treatment releases the polysaccharide moiety (O-SP plus core) of the LPS (pmLPS; molecular weight, 2,701).

(30). These results encourage the development of vaccines
based on polysaccharide-protein conjugate to prevent cholera
(16, 17).

In this study, we synthesized a conjugate prepared with the
polysaccharide moiety (O-SP plus core) of the LPS (pmLPS)
from V. cholerae O139 bound to TT. The synthesis, character-
ization, and immunologic properties in mice of this conjugate
were assessed.

Preparation and characterization of LPS, pmLPS, and CP.
V. cholerae 0139 (strain MO45, kindly provided by Y. Takeda,
Kyoto University, Kyoto, Japan) was grown on tryptic soy agar
(Difco) at 37°C for 18 h. LPS was obtained by hot phenol-water
extraction (47), followed by enzymatic treatment (DNase,
RNase, and protease) and ultracentrifugation. The pellet con-
taining the LPS had 0.5% (wt/vol) protein and less than 0.2%
(wt/vol) nucleic acid. LPS was treated with acetic acid to hy-
drolyze the lipid A-core linkage (Fig. 1) (19). The resulting
product is referred to as pmLPS. For the preparation of CP,
LPS was removed from the ultracentrifugation supernatant by
passage through a Sephacryl S-200 column in a buffer contain-
ing deoxycholic acid (37). Void volume fractions containing
CP, detected by refractive index and sodium dodecyl sulfate—

10% polyacrylamide gel electrophoresis (SDS-10% PAGE) in
gels treated with Alcian blue (a cationic dye that binds acidic
polysaccharides) prior to silver staining (9), were dialyzed ex-
tensively against 10% (vol/vol) ethanol to remove deoxycholic
acid (37). The LPS had 2 X 10* endotoxin units/wg, and the
pmLPS had 10 endotoxin units/ug as assessed by the Limulus
amebocyte lysate assay (21). This reduction by a factor of 2,000
is consistent with previous data (16, 42). LPS from V. cholerae
0139 gave two dense silver-stained bands (41) in Tricine—
SDS-16.5% PAGE (31) with M s of approximately 4,000 and
6,200 (Fig. 2A). LPS from V. cholerae O1 gave two bands with
M.s of 4,000 and 15,000 (Fig. 2A). This is consistent with the
observation that O139 O-SP has 1 hexasaccharide unit (12)
whereas O1 O-SP has 12 to 18 repeating monosaccharide units
(27). In SDS-10% PAGE (Fig. 2B), in gels treated with Alcian
blue prior to silver staining, O139 LPS gave one band with a
smear at the bottom of the gel and O139 CP gave two bands
with M.s of 100,000 and 200,000, consistent with the polymer-
ized structure of this polysaccharide (28, 36). Both V. cholerae
0139 LPS and CP were recognized by an anti-O139 hyperim-
mune mouse serum in immunoblotting experiments (Fig. 2C).
This is consistent with the observation that O139 O-SP shares
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FIG. 2. Analysis of polysaccharide preparations of V. cholerae O139. (A) Tricine-SDS-16.5% PAGE. The gel was stained with silver. (B)
SDS-10% PAGE. The gel was pretreated with Alcian blue, a cationic dye that binds acidic polysaccharides, prior to silver staining. (C) Immunoblot
analysis with hyperimmune O139 mouse antiserum as the probe. M.s are shown on the left. MF, migration front.

an epitope with O139 CP (43). This hyperimmune mouse se-
rum did not react with V. cholerae O1 LPS under the same
conditions (data not shown). Monoclonal Abs (MAbs), pre-
pared as previously described (6), were screened by enzyme-
linked immunosorbent assay (ELISA) against purified 0139
LPS and checked for specificity by immunoblot analysis against
0139 and O1 LPS, and by agglutination with V. cholerae O139
and O1 bacterial cells. Clone B-16-5, IgM class, was selected
for its high avidity to O139 pmLPS and O139 CP, as deter-
mined by ELISA inhibition. Double-immunodiffusion assay
showed a single band of precipitate between LPS, pmLPS, CP,
and the B-16-5 MAD (Fig. 3). That pmLPS yielded a line of
identity with LPS suggests that the O139-specific antigenic
determinant was preserved during the purification of the
pmLPS. No cross-reactivity was observed with LPS from V.
cholerae O1 serotype Inaba. The 'H and *'P nuclear magnetic
resonance (NMR) spectra of the pmLPS, recorded on a
Bruker AC 300P spectrometer, were identical to those previ-
ously reported (not shown) (11). The 'H NMR spectrum con-
firmed the absence of small organic molecules.

Preparation and characterization of conjugate. pmLPS was
derivatized with adipic acid dihydrazide (ADH) (7, 22, 29).

FIG. 3. Double immunodiffusions. A, MAb anti-LPS O139. 1,
pmLPS O139; 2, LPS 0139; 3, CP O139; 4, LPS O1; 5, derivatized
pmLPS O139; 6, pmLPS-TT.

The derivatized pmLPS (pmLPS-AH) was bound to TT (Pas-
teur-Mérieux, Marcy-1'Etoile, France) with 1-ethyl-3-(3-di-
methylaminopropyl)-carbodiimide (EDAC). The reaction mix-
ture was separated by gel permeation chromatography through
CL-6B Sepharose. TT was detected by measuring optical den-
sity at 280 nm, and polysaccharide was measured by determin-
ing the refractive index. The conjugate eluting in the void
volume fractions was collected and pooled. The hydrazide con-
tent of pmLPS-AH was measured by the trinitrobenzene sul-
fonic acid assay, using ADH as a standard (18). Hexose con-
centrations were measured by a colorimetric method based on
the anthrone reaction, using pmLPS as a standard (20). The
extent of derivatization of the activated pmLPS was calculated
as the ADH/polysaccharide ratio and was 5.2% (mol/mol). For
the conjugate, the pmLPS/protein (wt/wt) ratio was 1.90%,
corresponding to a 0.99 mol/mol ratio. The yield was 9.6%, as
calculated by the ratio of the amount of the saccharide in the
conjugate to the initial amount of derivatized polysaccharide.
In double-immunodiffusion assays, MAb B-16-5 gave a line of
identity with pmLPS, derivatized pmLPS and TT-pmLPS, sug-
gesting that the O139 antigenic determinant common to O-SP
and CP was preserved during the conjugation of the pmLPS
(Fig. 3).

Anti-O139 and anti-TT Abs response of mice. Six-week-old
female BALB/c mice were injected subcutaneously with 2.5 pg
of pmLPS 0139 alone, or as a conjugate, as described in the
footnote of Table 1. A group of mice was immunized similarly
with 2.5 ug of TT. LPS and TT Ab levels were determined by
ELISA. Plates were coated with either LPS or TT. Serial two-
fold dilutions of mouse sera (1/100 to 1/6,400) were analyzed.
The secondary Abs used were either peroxidase-conjugated
anti-mouse IgG (7y chain specific) or IgM (p chain specific).
The results were calculated for each immunoglobulin class, as
a percent of a high-titered reference serum arbitrarily assigned
a value of 100 ELISA units by parallel line analysis with a
program from the Centers for Disease Control and Prevention
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TABLE 1. ELISA titers of serum anti-LPS and anti-TT Abs elicited in mice following immunization with pmLPS alone or as a conjugate®

Geometric mean ELISA titer (25th-75th percentiles of:

Day” Anti-TT IgG with Anti-LPS IgM with: Anti-LPS IgG with: P
pmLPS-TT pmLPS pmLPS-TT pmLPS pmLPS-TT
0* <1 <1 <1 <1 <1 NS¢
7 <1 2.8 (2.3-3.5) 1.8 (1.5-2.2) 1.4 (1.3-15) 1.2 (0.9-1.6) NS
14*
21 9.3(53-122) 7.9 (4.8-14.2) 6.2 (5.4-8.8) <1 1(0.8-1) NS
28*
35 61.9 (52.8-109.5) 17.5 (7.5-41.8) 17.7 (12.3-24.3) <1 1.8 (0.9-4.6) NS
56*
63 193.5 (155.9-219.2) 6.5 (3.6-11.4) 8.1(6.2-9) 2(1.2-4.9) 11.7 (8.1-15.3) 0.0011
91 280.5 (204.1-454.8) 42 (3.1-6.8) 7.5 (5.7-8.8) <1 36.3 (11.7-67.3) 0.0357
119 191.3 (156.4-308.8) 4.4 (2.5-6.9) 2.8 (2-3.5) 1.2 (1.1-3.3) 21.4 (7.3-45.8) 0.0249
152 209.5 (181.1-295.3) 42(2.9-6.4) 127 (10.1-15.3) 2.5 (2.1-3.1) 29.9 (14.8-78.3) 0.0131
190 192.2 (147.9-277.9) 4.6 (3.5-6.6) 7.2 (6-9.5) 1.3 (1.1-2.2) 30.6 (15.7-72.3) 0.0055
231 183¢ (144.4-249.5) 45 (3.1-6.5) 6.3 (4.5-9.3) <1 23.8¢ (12.3-60.6) 0.0046

“Ten mice were injected subcutaneously with saline solutions containing 2.5 pg of the antigen three times at 2-weeks interval and were then given a fourth injection
4 weeks later. The mice were bled 7 days after each injection and then again each month for 6 months after the fourth injection.

® Days of immunization are marked with an asterisk.

¢ Comparison of titers of anti-LPS IgG elicited by pmLPS-TT versus pmLPS (P values are calculated by Student’s ¢ test).

4 NS, not significant.
¢ Nine mice were tested.

and expressed as the geometric mean (35). Following the same
method, anti-TT Ab level was expressed with respect to a
hyperimmune mouse pooled standard serum prepared in the
laboratory by repeated immunizations of mice with TT. Serum
anti-O139 Ab titers are shown in Table 1. Preimmune sera and
phosphate-buffered saline control sera contained no detectable
levels of Abs. After the second immunization, pmLPS elicited
a moderate IgM response and a very weak IgG response,
consistent with the response induced by a T-independent an-
tigen. After the third immunization with pmLPS-TT, IgM titers
were equivalent to those elicited in response to pmLPS. After
the fourth immunization, pmLPS-TT elicited an IgG response
very much higher than that of pmLPS (P = 0.0011), lasting at
least 231 days (P = 0.0046). This IgG response demonstrates a
booster effect and an immunoglobulin isotype switch. This
strongly suggests that the pmLPS was functionally converted,
due to the protein carrier effect, into a T-dependent antigen. In
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FIG. 4. Time course of amounts of IgM (m) and IgG (@) anti-O139
Abs and 0139 vibriocidal Ab titer (A) in the serum of a single mouse
immunized four times (arrows) with pmLPS-TT.

inhibition ELISA (42), the binding of anti-pmLPS-TT antibod-
ies to O139 LPS was inhibited by either O139 LPS or O139 CP
(concentration of antigen yielding 50% inhibition, 8 or 1 g/
ml, respectively). Serum anti-TT Ab titers are shown in Table
1. Preimmune sera contained no detectable levels of anti-TT
Abs. After the third immunization, pmLPS-TT elicited a sig-
nificant increase in anti-TT IgG levels (P < 0.01), similar to
that in mice immunized with TT alone (data not shown).

Vibriocidal Abs response. The vibriocidal tests were per-
formed as previously described (5) with twofold dilutions (be-
ginning with an initial 1:10 dilution) using V. cholerae 0139
strain MO10-T4, a spontaneous nonencapsulated variant of
MO10 (43), kindly provided by A. Weintraub (Karolinska In-
stitute, Huddinge, Sweden), as the target strain and guinea pig
serum as the source of complement. The vibriocidal titer was
defined as the reciprocal of the highest dilution of serum caus-
ing 100% bacterial lysis. Controls for each assay included, in
addition to the usual cell control and complement control, a
positive hyperimmune control serum with a titer of 1/2,560.
Consecutive sera of one mouse immunized with pmLPS-TT
were tested for vibriocidal activity (Fig. 4). There was a corre-
lation between the kinetics of the vibriocidal Ab titer and the
anti-O139 IgG level (correlation coeficient = 0.89). Findings
for sera from other mice immunized with pmLPS-TT sup-
ported this correlation.

Protective activity of anti-pmLPS-TT Abs. Suckling Swiss
mice 5 days old and weighing 3.3 to 4.4 g were used for oral
challenge experiments with V. cholerae O139. A V. cholerae
0139 strain, isolated in 1992 from a patient in India and
selected for its capacity to produce high levels of cholera toxin
(5 pg/ml), was used for oral challenge in mice. After removing
secreted cholera toxin, a dose of 3.5 X 108 V. cholerae cells (10
times the 50% lethal dose), preincubated for 30 min at 37°C
with immune serum at various dilutions in 0.1 ml, was deliv-
ered into the stomach with a blunt-tip feeding needle. Groups
of mice that received vibrio suspension alone, phosphate-buff-
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FIG. 5. Protective activity of anti-pmLPS-TT Abs against challenge
with 10 times the 50% lethal dose of V. cholerae O139 in the suckling-
mouse model. NI, pooled non immune sera; IS, pooled immune sera
obtained on days 152 and 231 from mice immunized with pmLPS-TT.
Health status was scored 48 h after challenge.

ered saline alone, or vibrio suspension with nonimmunized-
mouse serum served as controls. Mice were maintained at 30°C
for 48 h or until death, and all surviving mice were scored as
well or ill at 48 h. Mice were considered ill if they met all of the
following criteria: diarrhea, markedly reduced skin turgor, and
poor response to stimuli. Mice that received pooled immune
sera, collected on days 152 and 231 from mice immunized with
pmLPS-TT, diluted 1:5, were significantly protected (Fig. 5).
The level of protection decreased as the dilution of the pooled
immune sera increased: protection was therefore dependent
on dose. No protection was observed in mice that received
pooled nonimmune control sera.

Discussion. The emergence in 1992 of a new V. cholerae
strain assigned to the serogroup O139 was an unprecedented
change in the history of cholera. The epidemic and pandemic
potential of V. cholerae O139 poses a serious threat to devel-
oping countries, and a vaccine against this novel strain is there-
fore required. The absence of cross-protection between V.
cholerae O1 and V. cholerae O139 serogroups, documented in
rabbits either immunized with live bacteria (2) or passively
protected with sera of convalescent cholera patients (33), sug-
gested that protection against cholera is LPS specific. This is
supported by the correlation observed between the protective
effect of rabbit O139 antisera and anti-LPS Ab titers (25).

Accordingly, we designed a conjugate vaccine to elicit anti-
0139 Abs in mice and studied the immunologic properties of
these Abs. As observed in many LPSs from various gram-
negative bacteria, the V. cholerae pmLPS is attached to the
lipid A portion of the molecule through 3-deoxy-p-manno-
octulosonic acid (Kdo) (12, 48). This bond is cleaved by mild
acid hydrolysis (Fig. 1) to release a polysaccharide bearing a
Kdo residue at its reducing end (22). The use of the carboxylic
group of the Kdo moiety for polysaccharide-protein coupling
results in a saccharide with a single terminal active site for
conjugation. This single-end activated pmLPS has a high po-
tential for use as a vaccine: (i) the O139 specific antigenic
determinant(s) are conserved; (ii) it is the simplest conjugate
configuration in which polysaccharide chains radiate from the
protein carriers; (iii) the coupling procedure is the easiest to
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control, producing well-defined non-cross-linked, water-solu-
ble conjugate molecules of known configuration (22).

It has been shown that phenol-water extraction of capsu-
lated bacteria yields a mixture of LPS and CP in the aqueous
phase (11, 28, 37, 46). To confirm the effective separation of
LPS from CP after further purification steps, these two types of
cell surface polysaccharide were identified by Tricine-SDS-
PAGE using differential staining. Only the rapidly migrating
material, corresponding to LPS, was silver stained, but the
slowly migrating forms of the O139 antigen were not. This
result is consistent with the previous observation that 0139 CP
is not stained with silver (34). It is thought that the silver
staining of polysaccharides depends on the presence of perio-
date-sensitive cis-hydroxyl groups in the monosaccharide resi-
dues (9). Thus, as the O139 CP repeating unit, unlike the LPS
core, lacks cis-hydroxyls (11, 12, 28, 36) it is not silver stained.
However, this CP, which is acidic, is stained by the cationic dye
Alcian blue.

The derivatization ratio of pmLPS, an essential step in our
coupling procedure, was lower than usual with other polysac-
charides (13, 16). Nevertheless, the polysaccharide/protein ra-
tio (0.99 mol/mol) obtained herein was sufficient for a strong
IgG response in immunized mice. The unconjugated pmLPS
elicited mostly IgM Abs, whereas only low levels of IgG anti-
LPS Abs were detected. This response was similar to those
previously reported for polysaccharides tested in mice (45). In
contrast, the pmLPS-TT conjugate elicited mostly IgG anti-
LPS Abs, which were boosted following reimmunization.
Moreover, after the fourth immunization, a high level of these
IgG Abs was maintained for 5 months. We found that
pmLPS-TT had typical T-dependent properties. Similar results
have been obtained with O-SP from several other enteric bac-
terial pathogens (7, 29).

Interestingly, Abs obtained in mice immunized with pmLPS
conjugated to TT recognized both O-SP and CP purified from
V. cholerae O139. This result is entirely consistent with the
observation that CP and LPS share a common epitope(s) ex-
pressed by a common hexasaccharide unit (12, 43). This cross-
reactivity between O139 pmLPS and CP accounts for our find-
ing that pmLPS-TT Abs reacted with both encapsulated and
nonencapsulated V. cholerae O139 strains and is consistent
with observations that protection against V. cholerae O139 can
be mediated by Abs directed against either the LPS or CP of
this novel cholera vibrio (24, 25, 33, 34, 39). Our results dem-
onstrate the efficiency of a conjugated pmLPS in eliciting an
IgG response in mice and justify clinical evaluation of this V.
cholerae 0139 conjugate.
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