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A functional tcpA gene, encoding the major subunit of toxin-coregulated pili (TCP), is necessary for Vibrio
chokrae 01 Ogawa strain 395 to colonize the human intestine and confer protective immunity to virulent
challenge. The immunogenicity of TCP and other antigens in experimental and naturally acquired cholera was
determined. Seroconversion to cholera toxin (CT), whole cell preparations, and to Ogawa lipopolysaccharide
but not to purified native TCP or to a TcpA mimiotope was found in volunteers. Local intestinal secretory
immunoglobulin A from volunteers showed conversions to cholera toxin and lipopolysaccharide but not to
TCP. Cholera patients in Indonesia showed a seroconversion rate to TCP of 3 of 6 and a seroconversion to a

TcpA mimiotope of 1 of 6. Volunteer and patient sera showed similar vibriocidal seroconversions when assayed
against either TCP-positive and TCP-negative V. cholerae 01 strains, suggesting that TCP do not contribute
demonstrably to the vibriocidal antigen. We conclude that although seroconversion to TCP can occur in
naturally acquired cholera, solid long-term protection can be engendered in the absence of a detectable anti-
TCP immune response.

Results of experimental challenge studies in volunteers (3,
13, 19) and epidemiological studies in endemic areas (5)
show that clinical cholera can be a highly immunizing
infection. North American volunteers who ingested classical
biotype Vibrio cholerae 01 and developed cholera diarrhea
were all protected when rechallenged 1 to 2 months later
with classical strains of either Ogawa or Inaba serotype (13,
19). Efforts to identify the key protective antibodies in
anti-cholera immunity have focused on antitoxin, antibacte-
rial, and vibriocidal antigens. Although cholera infection
produces high antitoxin seroconversion rates, significant
protection against cholera can be engendered without anti-
toxin immunity by toxin-negative cholera mutants (10, 16,
17) and by orally or parenterally administered killed V.
cholerae 01 vaccines (2, 11). The titer of vibriocidal anti-
body in serum has been the immunological measurement
that most closely correlates with protection, either natural or
vaccine derived (15, 22, 23). Although most vibriocidal
antibodies are directed against lipopolysaccharide (LPS)
antigens (15), a small proportion of vibriocidal antibodies is
directed against undefined protein antigens (1, 15, 24). The
discovery of a toxin-coregulated pilus (TCP) colonization
factor in V. cholerae 01 (31) with a key role in pathogenesis
(8, 31) suggested that TCP may be such a vibriocidal antigen.
To study the role of TCP in cholera immunity, we investi-
gated the immunogenicity of TCP and other antigens in
experimentally and naturally acquired cholera.

Preparation of TCP, LPS, and CT antigens. TCP were
purified from V. cholerae 395 (classical biotype, Ogawa
serotype) as described elsewhere (5a). Essentially, cultures
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were grown in colonization factor broth at 25°C with shak-
ing, harvested, and sheared by passage through an 18-gauge
needle. TCP were isolated by differential centrifugation and
salt precipitation without denaturation in order to ensure
that they possessed the native array of conformational
epitopes. Transmission electron microscopy (6) verified that
TCP preparations consisted of intact filaments. Contamina-
tion by LPS was detected by using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), periodic
acid oxidation, and silver staining (7). Ogawa LPS was
isolated from V. cholerae strain 395 as described previously
(32) and visualized by SDS-PAGE, oxidation, and silver
staining. Protein contamination of TCP and LPS prepara-
tions was detected by SDS-PAGE (7). Cholera toxin (CT)
was purchased from List Biologicals, Campbell, Calif.

Preparation of synthetic putative TcpA peptide epitopes.
The antigenicity prediction algorithm of Hopp and Woods (9)
was used to select the regions of greatest hydrophilicity
within the primary sequence of TcpA. These peptides have
been reported to possess protective efficacy in the infant
mouse model and have been proposed as components in an
improved killed vaccine formulation (4, 26, 28). Only pep-
tides which reacted with positive control rabbit anti-TCP
antisera were used in the assay of volunteer and Indonesian
sera.
ELISA. Enzyme-linked immunosorbent assay (ELISA)

was used to detect immunoglobulin G (IgG) and IgA anti-
bodies in serum and jejunal fluids directed against CT, LPS,
and whole vibrios (17, 20, 30). The coating condition for TCP
antigen was 0.5 ,ug/ml in carbonate buffer (pH 9.6), deter-
mined from preliminary experiments using three standard
positive antisera: anti-TCP (30a), anti-TcpA (20a), and anti-
395 rabbit antiserum (6). Coating conditions for the other
antigens were as described previously (17, 20, 30).

Volunteer serum and jejunal fluid. Published protocols
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TABLE 1. Serum and jejunal antibody responsesa in volunteers after challenge with V. cholerae 01 classical Ogawa 395 challenge

Serum responsesb Mucosal responsesb

Antigen Response rate Peak GMTC Response rate GMTd

(%) IgG IgA (%) IgA

CT 15/15 (100) 1.19 3/9 (33) 8e
Ogawa LPS 6/15 (40) 400 95.5 2/9 (22) 7.4
WC 10/15 (66.7) 381.9 209.5 0/9 2
TCP 0/15 12.5 12.5 0/10 2
Peptide no. 7 0/13 25 33
Vibriocidal activity vs Ogawa 395 15/15 (100) 8127.55f 8127.55f

a The differences in response rates between TCP and CT, LPS, and WC were highly significant (P < 0.001 versus CT, P < 0.016 versus LPS, and P < 0.001
versus WC). -, not determined.

b Expressed as the number positive per number tested. A positive antibody response was considered to be a fourfold rise in titer from prechallenge to
postchallenge antibody for all assays except for the IgG CT assay. A positive CT antibody response was a change in optical density units of 0.15 from pre- to
postchallenge specimens.

c GMT for all assays except CT. Seroconversions include all IgG or IgA responses.
d GMT obtained from jejunal fluids drawn 7 days postinfection.
e CT result expressed in geometric mean absorbance units.
f Immunoglobulin class not discriminated in this assay.

were used to recruit, to screen medically, to obtain informed
consent from, and to provide clinical supervision of volun-
teers (12, 13). The protocols were reviewed by the Human
Volunteer Research Committee of the University of Mary-
land at Baltimore and the Clinical Research Subpanel of the
National Institute of Allergy and Infectious Diseases. Chal-
lenge with virulent V. cholerae classical Ogawa strain 395
was carried out under quarantine as described elsewhere
(12). Sera were collected from all volunteers before and after
ingestion of pathogenic V. cholerae 01 strains. Jejunal fluid
was obtained by tube from most volunteers on the day
before challenge with V. cholerae 395 (prechallenge sample)
and 7 days postchallenge. From two volunteers, a third
specimen each was collected 28 days after challenge. Clini-
cal and immunological observations of the immunizing in-
fection and rechallenge of this cohort of volunteers have
been previously described in detail (13, 17, 19). Sera and
jejunal fluids obtained from volunteers before and after
experimental cholera challenge allowed us to determine the
relative immunogenicity of several V. cholerae macromol-
ecules during a single, demonstrably protective immunizing
infection.
The fluids were stored lyophilized and prior to ELISA

were reconstituted to a secretory IgA concentration of 20
mg/100 ml of buffer. Sera and jejunal fluids were diluted by
sequential twofold steps and assayed as previously de-
scribed. End-point absorbance values were determined by
using 30 negative control sera and 15 jejunal fluids obtained
from subjects participating in previous noncholera studies at
the Center for Vaccine Development. In all titrations, four-
fold or greater rises in antibody titer from prechallenge to
postchallenge specimens were considered significant.

Patient sera. Acute and convalescent (+ 14 days) sera were
obtained from six patients diagnosed with clinical cholera in
Indonesia. In all cases, the V. cholerae strain isolated was of
01 serogroup, El Tor biotype, and Ogawa serotype. Acute
and convalescent sera were assayed for vibriocidal activity,
and by ELISA against CT, whole inactivated bacterial cells
(WC), TCP, and Ogawa LPS.
Immune responses of North Americans. Sera and jejunal

fluids from volunteers challenged with V. cholerae 395 were
assayed against CT, WC, Ogawa LPS, and TCP in parallel.
Peptides corresponding to epitopes of TcpA were also as-
sayed for immunological recognition in volunteer sera. The

data in Table 1 show the response rate and peak geometric
mean titer (GMT) for IgG and IgA. The anti-CT seroconver-
sion rate was 100%, the anti-WC rate was 66.7%, and
anti-LPS rate was 40%. In contrast, none of the 15 volun-
teers demonstrated rises in serum antibody to purified native
TCP. The difference in immunogenicity between TCP and
WC and between TCP and CT was highly significant (P =
0.0002 versus WC; P = 0.00000001 versus CT; P = 0.016
versus LPS). Regrettably, the time points of jejunal fluid
collection postchallenge from most volunteers (day 7) were
different from the time points used previously in studies on
enterotoxigenic Escherichia coli fimbriae (18) and probably
too early to detect optimally a local secretory IgA response
(14). Nevertheless, although no response to inactivated
vibrio WC or to TCP was detected, the anti-CT secretory
IgA response rate was 33%, and the anti-LPS response rate
was 22% (Table 1). No immune response to any peptides
tested was detected, with the exception of the conforma-
tional epitope peptide no. 7 (Table 2). The sera and jejunal
fluids studied were samples from persons with proven, 100%
solid protective immunity, as evidenced by subsequent
rechallenge of these volunteers 2 months later with virulent
V. cholerae strain 395 (the homologous strain) or strain 569B
(classical Inaba).
We determined whether an anti-TCP immune response

followed an immunizing infection of experimental cholera.
None of the North American volunteers tested showed an
immune response to TCP. This was in contrast to rises in
vibriocidal titer and rises in levels of antibody to Ogawa
LPS, whole Ogawa 395 organisms, and toxin detected with
the same sera (Table 1). Our data indicate that, in stark
contrast to experimental enterotoxigenic E. coli infection
(14, 18), a single-dose, experimental infection of North
American volunteers with V. cholerae 01 strain 395 induces
no detectable serological IgG or IgA response to the fimbrial
colonization factor.

It is unclear why TCP are poor immunogens during
experimental cholera infection. We assume that TCP are
expressed in vivo because strains unable to express TCP do
not colonize (8, 31), and furthermore, the disease state and
the antitoxin immune response show that the B subunit of
CT, a protein whose expression is intimately linked to that of
TCP (31), is expressed.

Serological responses of Indonesian cholera patients. Acute
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TABLE 2. Immune response to peptides derived from the TcpA sequencea

Indonesian sera (n = 6)
Peptide no. Sequence Residue no.

IgA IgG

1 GKISSDEAKNPFIG 77-90 0 0
3 AQRAIDSQNMTKAAQSLNS 24-42 0 0
4 ADLGDFENSAAAAETGVGVIKSIA 145-168 0 0
5 AETGVGVIKSIAPASKNLDLTNITHV 157-182 0 0
6 LDLTNITHVEKLCKGTAPFGVAFGNS 174-199 0 0
7 DGLTQAQCKTLITHVEKLCKGTAPFG 113-125b 0 1 (16.7%)

181-193b
a The description, derivation, and protective efficacies of these peptides are discussed elsewhere (28). No immune response was detected with IgG or IgA in

sera from volunteers (n = 12).
b Mimiotope derived from cysteine loop identified by Sun et al. (28).

and convalescent (+14 days) sera were obtained from six
patients diagnosed with naturally acquired clinical cholera in
an endemic area of Indonesia. In all cases, the V. cholerae
strain isolated was of 01 serogroup, El Tor biotype, and
Ogawa serotype. The serological responses to CT, Ogawa
LPS, TCP, and vibriocidal activity were determined and are
presented in Table 3. Acute and convalescent sera were
assayed by ELISA against CT, TCP, and Ogawa LPS. Of the
paired acute and convalescent sera, samples from three of
six patients exhibited a detectable albeit meager rise in
anti-TCP titer from acute to convalescent phase (Table 3).
The significance of these positive responses is difficult to
interpret. Questions exist concerning the patients' infectious
disease histories, the V. cholerae dose received, the patho-
genesis and antigenic makeup of the strains ingested, and the
times between infection, incubation, phlebotomy, and treat-
ment. It is possible that multiple or high subsequent expo-
sures to V. cholerae 01 in endemic areas may eventually
induce an immune response to TCP which could conceivably
be protective. However, if individuals in an endemic area
received several exposures to cholera, one might expect
elevated serum vibriocidal activity in the acute serum sam-
ples. These imponderables serve to emphasize the value of
controlled clinical trials of well-characterized strains.
The indicator V. cholerae 395 derivatives 395N1 (ctxA

mutant) (21) and TCP2 (ctxA tcpA mutant) (8, 21) were used
in the vibriocidal assays after growth in CFB media (6) to
induce expression of toxin-coregulated proteins (which in-
clude TcpA) (31). The vibriocidal activity of volunteer sera

TABLE 3. Immune responses of Indonesian sera
to cholera antigens

Activity Seroconversion GTratea (%) Acute Convalescent

Vibriocidal
Inaba 6/6 (100) 40 1,613
Ogawa 6/6 (100) 28 5,120

Anti-CT (IgG) 6/6 (100) 0.56 1.64
Anti-TCP
IgG 1/6 (16.7) 6 7
IgA 3/6 (50) 16 25

Anti-peptide 7
IgG 1/6 (16.7) 45 45
IgA 0/6 56 40

a Expressed as the number positive per total number tested.
b Acute samples were obtained on admission to hospital. Convalescent

samples were obtained 14 days later.

showed a 100% pre- to postchallenge conversion and a peak
GMT of 8,128 (Table 1).
The vibriocidal GMT of the acute sera to the homologous

biotype (Ogawa) was 28, seroconverting to a GMT of 5,120
on convalescence. Seroconversion to vibriocidal activity
against both indicator strains was found for six of six (100%)
Indonesian patients (Table 3), indicating that although TcpA
can be expressed, this protein constitutes a negligible com-
ponent of the vibriocidal antigen array. With a heterologous
biotype (Inaba) strain as the indicator organism, an acute
GMT of 40 seroconverted to 1,613 on convalescence. All six
Indonesian patients had serum vibriocidal activity during the
acute phase of infection which was comparable to that of
immunologically naive North American volunteers. The
same three pairs showed the anti-TCP seroconversion and
the greatest vibriocidal seroconversion. Possibly these indi-
viduals ingested the greatest dose of V. cholerae.

Responses to synthetic TcpA epitopes. Analysis of the tcpA
gene sequence (4, 26) with the antigenicity algorithm of
Hopp and Woods (9) revealed that TcpA possesses potential
epitopes which compare favorably on the basis of hydropho-
bicity with colonization factor antigen I and coli surface
antigen 3 of enterotoxigenic E. coli. Taylor et al. (30b)
recently described a discontinuous epitope which was im-
munogenic and protective for mice. The seroconversion to
peptide no. 7 mimicking this epitope (mimiotope) in one
Indonesian sera pair holds out the hope that immunization
with peptides may engender protective immunity (Table 2).
Recent evidence suggests that in the infant mouse cholera
model, passive immunization with anti-TcpA antibodies
results in significant protection from infection (26, 27, 29,
30b).
TCP are immunogenic in rabbits when either purified pili

or piliated vibrios are administered by intravenous or sub-
cutaneous injection, and no difficulty in raising antisera
reagents in our laboratories has been encountered (6). How-
ever, such immunization protocols are markedly different
from natural infection. TCP is not the only virulence factor
expressed by V. cholerae 01 which does not stimulate an
immune response: the enzymatic A subunit of CT is also
only minimally immunogenic.

Killed vaccines lacking TCP can confer significant protec-
tion. A recent field trial in Bangladesh of an oral vaccine
consisting of three doses of inactivated V. cholerae 01
grown in conditions repressing TCP expression nevertheless
conferred approximately 50% protection for at least 3 years
(11). We can conclude that even if anti-TCP immunity is
generated in natural infection by whatever means, TcpA is
not the vibriocidal (and hence probably not the protective)
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TABLE 4. Vibriocidal activity of sera from volunteers to V. cholerae 395N1 and to tcpA mutant strain TCP2a

395N1 TCP2
Volunteer

Pre +10 +21 +28 +31 Pre +10 +21 +28 +31

2002
9 <20 10,240 2,560 <20 20,480 2,560
11 <20 10,240 NS <20 10,240 NS
12 <20 640 320 <20 1,280 640
14 <20 1,280 <20 <20 1,280 <20
15 <20 <20 <20 <20 <20 <20
16 <20 5,120 2,560 20 10,240 10,240

2003
4 <20 10,240 2,560 640 <20 5,120 2,560 1,280
5 <20 640 160 160 <20 640 320 320
6 <20 2,560 1,280 640 <20 2,560 1,280 640
7 <20 1,280 320 20 <20 1,280 160 20
11 <20 2,560 1,280 160 <20 2,560 1,280 160
13 <20 10,240 2,560 1,280 <20 10,240 5,120 2,560
18 80 640 <20 <20 80 1,280 <20 <20
19 <20 2,560 2,560 640 <20 1,280 5,120 2,560
21 <20 2,560 640 640 <20 1,280 640 1,280

a Sera were drawn prechallenge (pre) and 10, 21, 28, and 31 days after challenge (+10, +2, +28, and +31, respectively). NS, no serum.

antigen in natural infection. It has been suggested that
maximization of TCP expression by bacteria before they are
inactivated may further enhance the protective efficacy
conferred by such an oral vaccine (8, 27, 31). Despite the
poor immune response to TCP in the course of experimental
cholera, this does not preclude TCP or other coregulated
structural proteins from being important, even critical, com-
ponents of vaccines. The fact that TCP expression by live,
orally administered, attenuated, nonenterotoxigenic V. chol-
erae 01 vaccine strains increases the vibriocidal antibody
response (8) (presumably through some colonization mech-
anism) makes it important to ensure that TCP are present in
live or killed orally administered vaccines.
We thank Mardi Reymann for conducting the ELISAs.
This study was funded by research contract N01 Al 62528 and

research grants Al 25096 and Al 19716 from the National Institutes
of Health.
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