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Helicobacter pylori vacuolating cytotoxin (VacA) is a secreted protein that induces vacuolation of epithelial
cells. To study VacA structure and function, we immunized mice with purified type s1-m1 VacA from H. pylori
strain 60190 and generated a panel of 10 immunoglobulin G1k anti-VacA monoclonal antibodies. All of the
antibodies reacted with purified native VacA but not with denatured VacA, suggesting that these antibodies
react with conformational epitopes. Seven of the antibodies reacted with both native and acid-treated VacA,
which suggests that epitopes present on both oligomeric and monomeric forms of the toxin were recognized.
Two monoclonal antibodies, both reactive with epitopes formed by amino acids in the carboxy-terminal portion
of VacA (amino acids 685 to 821), neutralized the cytotoxic activity of type s1-m1 VacA when toxin and antibody
were mixed prior to cell contact but failed to neutralize the cytotoxic activity of type s1-m2 VacA. Only 3 of the
10 antibodies consistently recognized type s1-m1 VacA toxins from multiple H. pylori strains, and none of the
antibodies recognized type s2-m2 VacA toxins. These results indicate that there is considerable antigenic
diversity among VacA toxins produced by different H. pylori strains.

INTRODUCTION

Helicobacter pylori is a gram-negative bacterium that colo-
nizes the mucosal layer of the human stomach and induces
chronic superficial gastritis (10, 20). Colonization with this
bacterium is a risk factor for the development of peptic ulcer
disease and gastric cancer (20). One virulence factor produced
by H. pylori is a secreted protein toxin (VacA) that induces the
formation of large cytoplasmic vacuoles in epithelial cells (9,
40). At neutral pH, VacA assembles into large, water-soluble
oligomeric complexes composed predominantly of 12 or 14
identical monomers (14, 32). When exposed to acidic or alka-
line pH, these oligomeric complexes disassemble into compo-
nent monomers (14, 38, 58). Acid-activated VacA can insert
into lipid bilayers and the plasma membrane of eukaryotic cells
to form anion-selective membrane channels (17, 29, 38, 51, 52).

The mature secreted VacA toxin has a molecular mass of 88
kDa and consists of about 821 amino acids (11, 41). In HeLa
cells transiently transfected with vacA-containing plasmids, ex-
pression of the amino-terminal 422 amino acids of VacA is
sufficient to induce vacuole formation (18, 59). Rabbit anti-
serum generated against a recombinant peptide containing
amino acids 476 to 803 of VacA inhibits the binding of VacA
to cells and neutralizes toxin activity (23). When taken to-
gether, these data suggest that a carboxy-terminal VacA do-
main mediates binding of the toxin to cells and an amino-
terminal domain mediates the intracellular activity of VacA.

H. pylori strains isolated from different human stomachs are
genetically very heterogeneous (2, 3, 36). For essentially any
gene selected for analysis, the sequences from different strains
exhibit 95 to 98% nucleotide identity (1, 4, 22, 31). Suerbaum

et al. analyzed a 450-nucleotide segment of vacA (nucleotides
802 to 1245; GenBank accession no. Z26883) in 69 H. pylori
strains isolated from two different geographic locations and
found that very few sequences were identical (50). Within this
region of vacA, 25.4% of the nucleotide positions were poly-
morphic among the different strains, but almost all of these
polymorphisms represented synonymous substitutions. An-
other study of 153 isolates by Göttke et al. revealed similar
levels of sequence diversity in this region of vacA (25). Both
studies concluded that genetic recombination has occurred
more frequently in H. pylori than in most other bacteria ana-
lyzed thus far.

Certain regions in vacA exhibit greater sequence diversity
than the segments analyzed by Suerbaum et al. (50) and
Göttke et al. (25). Within a 0.7-kb region of vacA known as the
midregion, the sequences of vacA alleles from different H.
pylori strains can exhibit ,70% nucleotide identity (5, 7, 42,
49). Diversity is also prominent in the 59 portion of vacA that
encodes the amino-terminal signal sequence and the amino
terminus of the mature toxin (5, 7, 54, 55). Based on analysis of
vacA alleles from large numbers of H. pylori strains, two fam-
ilies of midregions (m1 and m2) and two families of signal
sequence regions (s1 and s2) are currently recognized (5–7, 53,
55).

Classification of vacA alleles into families (s1, s2, m1, and
m2) has proven useful as a method for predicting levels of
cytotoxin activity in vitro. Broth culture supernatants from H.
pylori strains containing type s1-m1 vacA alleles typically ex-
hibit a high level of cytotoxic activity for multiple cell types,
whereas supernatants from strains containing type s2-m2 vacA
alleles lack cytotoxic activity (5, 21). Some type s1-m2 vacA
toxins exhibit cytotoxic activity toward selected cell types, in-
cluding RK-13 and Vero, but relatively little activity for HeLa
cells (references 30 and 42 and our unpublished data). The
basis for these differences in cytotoxic activity among H. pylori
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strains is probably multifactorial and may reflect differences
in vacA transcription, expression, or secretion (21) or may be
directly related to polymorphisms in VacA amino acid se-
quences (5).

Heterogeneity among vacA alleles may be an important
factor in understanding variations in clinical manifestations
among H. pylori-infected persons. Several studies have dem-
onstrated that gastric infection with H. pylori strains containing
type s1 vacA alleles is associated with a higher risk for devel-
opment of peptic ulcer disease than is infection with strains
containing type s2 vacA alleles (5, 24, 47, 53). This association
seems to be less apparent in many Asian countries than in
Europe and the Americas (27, 43).

Thus far, nearly all studies of VacA diversity have been
based on analysis of vacA nucleotide sequences, rather than on
analysis of VacA proteins. In this study we sought to analyze
VacA structure, function, and diversity by using a panel of
anti-VacA monoclonal antibodies. We report here that VacA
activity can be neutralized by monoclonal antibodies reactive
with the carboxy-terminal portion of the toxin and demonstrate
that VacA proteins from different H. pylori strains exhibit con-
siderable antigenic diversity, even within the same vacA family.

MATERIALS AND METHODS

Growth of H. pylori and purification of VacA. H. pylori strains were grown
routinely on Trypticase soy agar plates containing 5% sheep blood in room air
containing 5% CO2 at 37°C. H. pylori broth culture supernatants were prepared
by growing the bacteria in sulfite-free brucella broth containing either 5% fetal
bovine serum (FBS) or 0.5% charcoal for 48 h and removing the bacteria by
centrifugation (11). VacA was purified from broth culture supernatant of H.
pylori strain 60190 (ATCC 49503), as described previously (14). Acid activation
of purified VacA was accomplished by dropwise addition of 250 mM HCl until
the pH was reduced to 2.0 (14, 19).

Production and purification of monoclonal antibodies. Female BALB/c mice
(6 to 8 weeks old) were injected intraperitoneally with 15 mg of purified VacA
from H. pylori strain 60190 (ATCC 49503) in 0.5 ml of complete Freund’s
adjuvant. Mice were boosted 4 and 8 weeks after the initial immunization with
VacA in phosphate-buffered saline (PBS). Twelve weeks after the initial immu-
nization, spleens were harvested from immunized mice, and the cells were fused
with SP2/0 cells. Hybridoma cells were selected by growth in medium containing
hypoxanthine-azaserine-thymidine and screened for production of anti-VacA
antibodies by enzyme-linked immunosorbent assay (ELISA), as described below.
Single clonal populations of anti-VacA-producing hybridoma cells were isolated
by the limiting-dilution method. Ten different clonal populations of anti-VacA-
producing hybridoma cells were injected intraperitoneally into pristane-primed
BALB/c mice in order to generate ascites fluid. Antibodies in ascites fluid were
isotyped by ELISA as described below, using a panel of different secondary
antibody-horseradish peroxidase (HRP) conjugates (Southern Biotechnology
Associates, Inc.). To purify monoclonal antibodies from ascites fluid, 1.5% ca-
prylic acid in 45 mM sodium acetate (pH 4.8) was mixed with ascites fluid to
precipitate contaminating proteins, and anti-VacA IgG antibodies were then
precipitated from the supernatant with a 50% saturated solution of ammonium
sulfate (26). Antibody concentrations were determined by measuring absorbance
at 280 nm and confirmed by Micro BCA assay (Pierce). Purified monoclonal
antibodies (1 mg/ml) were stored at 220°C in 0.15 M NaCl and 50% glycerol.

Construction of H. pylori strains expressing mutant VacA proteins. A panel of
H. pylori strains containing in-frame deletion mutations in vacA has been de-
scribed previously (56). In addition, a panel of H. pylori strains expressing mutant
VacA proteins in which various clusters of amino acids were changed to alanine
residues has been constructed (M. S. McClain, P. Cao, D. Choate, and T. L.
Cover, Abstr. 99th Gen. Meet. Am. Soc. Microbiol., abstr. D/B-192, 1999). To
construct these strains, vacA-containing plasmids were mutated by using the
method of Perrin and Gilliland (45), and these plasmids were then transformed
into H. pylori strains containing sacB-kan insertions in vacA (8, 56). The desired
transformants, in which sacB-kan cassettes were replaced by vacA sequences via
a double-crossover event, were selected by growth on Columbia blood agar plates
containing 6% sucrose (8, 56). H. pylori strain VM044 expressed a mutant VacA
protein in which the underlined residues (63 to 69) of the mature toxin were
changed to alanine (KEYDLYK), and H. pylori strain VM074 expressed a mu-
tant toxin in which the underlined residues (420 to 428) of the mature VacA
protein were changed to alanine (RVNNQVGGY) (Fig. 1). Based on secondary

FIG. 1. H. pylori strains expressing mutant forms of VacA used in this study. The dark boxes represent regions deleted in the translated vacA
product from H. pylori strain 60190 (56), striped boxes represent VacA sequences from H. pylori strain 60190 replaced with corresponding
sequences from H. pylori Tx30a in VacA chimeras, and the X’s represent sites where selected amino acids were replaced with alanine. The amino
acid numbering system is based on designation of the N-terminal alanine of the mature toxin from H. pylori strain 60190 as amino acid 1.
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structure predictions (MacVector), the latter region is predicted to form an
amphipathic b sheet.

To construct chimeric vacA genes containing portions of m1 vacA and portions
of m2 vacA, vacA fragments from H. pylori Tx30a (ATCC 51932) (containing a
type s2-m2 vacA allele) (5) were PCR amplified using the following primer pairs,
which were designed to contain the indicated restriction enzyme sites (under-
lined): primer C7386 (59CCTCCCGAAGGCGGTTATGAG) (EcoNI) and
primer C6908 (59GCTAGCGAAACGCGCGTTATTAG) (NheI), primer C7386
(EcoNI) and primer C6906 (59GACTATAGTCCATGCTTGCGTTG) (PshAI),
primer C6904 (59GACTATAGTCAAGATTTGGATTTAACC) (PshAI) and
primer C6908 (NheI), and primer C6905 (59AGATCTCACTAAAAATAAAG
AACATG) (BglII) and primer C6908 (NheI). The resulting PCR products en-
code amino acids 337 to 876, 337 to 674, 671 to 876, and 735 to 876, respectively,
of the VacA protoxin from Tx30a (5). The PCR products were subcloned into
pGEM-T Easy (Promega). Following digestion with the restriction enzymes
listed above, the vacA fragments were cloned into pCTB6, containing a vacA
fragment from H. pylori strain 60190 (16), using the same sites. The resulting
plasmids were termed pMM446, pMM443, pMM439, and pMM441, respectively.
The chimeric sequences were introduced into H. pylori strain VM002 or VM018,
containing sacB-km cassettes in the vacA gene of H. pylori 60190, using allelic
exchange as described previously (56). The resulting H. pylori strains contained
type s1 vacA alleles with portions of the m1 regions replaced by m2 vacA
sequences and were designated as follows: G117 contains amino acids 671 to 876
from Tx30a, G118 contains amino acids 337 to 674 from Tx30a, G119 contains
amino acids 337 to 876 from Tx30a, and G120 contains amino acids 735 to 876
from Tx30a (Fig. 1).

ELISAs. Purified VacA or various VacA-containing preparations were diluted
in PBS and adsorbed to microtiter wells in 96-well ELISA plates (Dynex) by
incubation at 4°C for 18 h. Purified oligomeric VacA from H. pylori strain 60190
was adsorbed to wells at a final concentration of 2 mg/ml, and in experiments
using unconcentrated H. pylori broth culture supernatants as antigens, undiluted
supernatants were adsorbed directly to microtiter plates. Nonspecific protein
binding sites were blocked by incubating plates with PBS (pH 7) containing
0.05% (vol/vol) Tween 20 (PBS-Tween) at room temperature for 5 min. Purified
anti-VacA monoclonal antibodies, standardized by protein concentration, were
diluted in PBS, added to the wells, and incubated for 1 h at room temperature.
After being washed with PBS-Tween, bound monoclonal antibodies were de-
tected with goat anti-mouse immunoglobulin G1 (IgG1) conjugated to HRP
(Southern Biotechnology Associates, Inc.). Hydrogen peroxide (Sigma) and 2,29-
azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) (Sigma) were added, and
color development was quantified at 410 nm with an MRX microplate reader
(Dynatech).

Several variations in ELISA methodology were also utilized. (i) To screen
hybridoma cells for production of anti-VacA antibodies, purified VacA was
adsorbed to an ELISA plate as described above. Aliquots of undiluted growth
media from hybridoma cells were then added to the wells for 1 h, followed by
goat anti-mouse Ig antibodies conjugated to HRP (Boehringer Mannheim). (ii)
To analyze the reactivity of the monoclonal antibodies to acidified VacA, puri-
fied VacA from H. pylori strain 60190 was acid activated by the addition of 250
mM HCl to pH 2, diluted to 2 mg/ml in 5% glacial acetic acid, and adsorbed to
the microtiter plates, and the liquid was allowed to evaporate. Subsequent steps
were performed as described in the previous paragraph. (iii) The ELISA reac-
tivity of antibodies with denatured VacA was examined by two different ap-
proaches. As a first approach, purified VacA from H. pylori strain 60190 (final
concentration, 2 mg/ml) was boiled in 6 M urea for 15 min and added to
microtiter plates, and the liquid was allowed to evaporate. As a second approach,
purified VacA (final concentration, 2 mg/ml) was heated at 95°C for 5 min in
1.5% Tris (pH 8.5) containing 2% sodium dodecyl sulfate and 10% glycerol,
added to microtiter plates, and incubated at 4°C for 18 h. All subsequent steps
were performed as described above. (iv) In the antigen capture ELISA, goat
anti-mouse IgG (Southern Biotechnology Associates, Inc.) (5 mg/ml in PBS) was
first adsorbed to a microtiter plate. Then, anti-VacA monoclonal antibodies (10
mg/ml), purified VacA (1 mg/ml), anti-VacA rabbit sera (958), and goat anti-
rabbit Ig conjugated to HRP (Boehringer Mannheim) (5 mg/ml) were sequen-
tially added to the ELISA plate and incubated for 1 h each. Plates were washed
with PBS-Tween between each component.

Immunoprecipitations of VacA–anti-VacA monoclonal antibody complexes.
Purified VacA was diluted in PBS-Tween containing 2% (wt/vol) ammonium
sulfate (pH 7), to yield a final concentration of 0.5 mg/ml. Anti-VacA monoclonal
antibody (1 mg) was added to 1 ml of the VacA preparation and incubated at 4°C
for 1 h. Protein G-Sepharose beads (Zymed) (25 ml), washed twice with PBS-
Tween, were then added to the toxin-antibody mixtures and incubated for an
additional hour at 4°C. Beads were then washed three times in PBS-Tween

containing 2% ammonium sulfate. Immunoprecipitated proteins were separated
from the beads by being boiled in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis sample buffer and analyzed by immunoblot analysis with rabbit
anti-VacA serum, as described previously (11).

Toxin neutralizing activity of monoclonal antibodies. Purified VacA was acid
activated (14, 19) and reneutralized by diluting the acid-activated VacA in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and 10 mM
ammonium chloride to yield a final VacA concentration of 6 mg/ml. Alterna-
tively, proteins in H. pylori broth culture supernatants from cultures grown in
sulfite-free brucella broth containing 5% FBS were precipitated with a 50%
saturated ammonium sulfate solution and diluted in DMEM containing 10%
FBS. Purified monoclonal antibodies (standardized by protein concentration)
were added to the toxin preparations and incubated at 37°C for 1 h prior to
addition to HeLa or RK-13 cells. To test the capacity of antibodies to neutralize
VacA that was already bound to cells, acid-activated VacA (final concentration,
18 mg/ml) was incubated with HeLa cells for 4 h at 4°C, cells were washed with
DMEM containing 10% FBS, and then monoclonal antibodies (10 mg/ml) were
added to tissue culture medium overlying the cells. The medium overlying cells
was routinely supplemented with 10 mM ammonium chloride for these assays
(11). Following incubation at 37°C and 5% CO2 for 18 h, vacuolation was
quantified by a neutral red uptake assay, as described previously (15).

RESULTS

Production of anti-VacA monoclonal antibodies. BALB/c
mice were immunized with purified, oligomeric VacA from H.
pylori strain 60190 as described in Materials and Methods.
Thirteen hybridoma cell lines that secreted anti-VacA antibod-
ies were isolated and characterized. A total of 10 antibodies
were of the IgG1 isotype with a k light chain, and 3 were of the
IgM isotype. Compared with the IgG antibodies, the three IgM
antibodies reacted weakly with VacA and therefore were not
studied further. Ascites fluid was generated from each of the
10 IgG-producing hybridomas, and monoclonal antibodies
were purified as described in Materials and Methods. Each of
the 10 IgG1k antibodies reacted significantly more strongly in
an ELISA with broth culture supernatant from wild-type H.
pylori strain 60190 than with broth culture supernatant from H.
pylori strain 60190v-1, an isogenic vacA-null mutant strain (16)
(Fig. 2), which indicated that the antibodies reacted specifically
to VacA. None of the antibodies recognized denatured VacA

FIG. 2. Specificity of monoclonal antibodies for VacA. H. pylori
strain 60190 (wild type) and strain 60190 v-1 (an isogenic vacA-null
mutant) (16) were grown in sulfite-free brucella broth containing 5%
FBS. ELISA wells were coated with unconcentrated broth culture
supernatants that were standardized by protein concentration. Reac-
tivity of the purified monoclonal antibodies (standardized by protein
concentration) to the broth culture supernatants was determined by an
ELISA. Values represent the means 6 standard deviation from trip-
licate determinations.
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in Western blot assays, nor did they react with two different
preparations of denatured VacA in ELISAs (data not shown).
These results suggest that the 10 IgG monoclonal antibodies all
recognized conformational epitopes of VacA.

As an initial approach to characterize the panel of mono-
clonal antibodies, we first compared the reactivity of the puri-
fied antibodies (standardized by protein concentration) to
VacA in three different types of ELISAs: (i) purified VacA
from H. pylori strain 60190 adsorbed directly to ELISA plates
in an oligomeric form (at pH 7), (ii) acidified VacA adsorbed
to ELISA plates (at pH 2), and (iii) oligomeric VacA in an
antigen capture ELISA (Table 1). Seven of the antibodies
reacted strongly with VacA in all three ELISAs. The titers of
reactivity for four of these antibodies (5G5, B13O, 4E, and
B3D) were slightly higher in ELISAs using native (oligomeric)
VacA than in ELISAs using acid-treated VacA. In contrast,
antibodies 13B, B13B, and C10F reacted weakly with oligo-
meric VacA in the pH 7 ELISA but had no detectable reac-
tivity with either acid-treated (monomeric) VacA or VacA in
an antigen capture ELISA. All of the antibodies with the
exception of the latter three (13B, B13B, and C10F) were able
to immunoprecipitate VacA (data not shown). Thus, at least
two different classes of monoclonal antibodies could be distin-
guished based on their reactivity to different forms of VacA.

Neutralization of VacA cytotoxic activity by monoclonal an-
tibodies. Rabbits immunized with VacA produce serum anti-
VacA antibodies with toxin-neutralizing activity (11, 23, 33),
and toxin-neutralizing antibodies are also present in serum
from some H. pylori-infected humans (13). To determine if any
of the monoclonal antibodies could neutralize VacA activity,
each antibody was mixed with VacA from H. pylori strain
60190, and the toxin-antibody mixtures were then added to
HeLa cells (Fig. 3). Only antibodies 9F2 and 5E4 exhibited
detectable toxin-neutralizing activity under these conditions.

In contrast, when toxin was first bound to HeLa cells at 4°C, a
procedure that prevents toxin internalization (23, 37, 56), and
the cells were then incubated with antibodies 9F2 or 5E4, no
neutralization of toxin activity was detectable (data not
shown).

Mapping monoclonal antibody epitopes. To map the regions
of VacA to which the monoclonal antibodies bound, we first
examined the reactivity of the antibodies with a panel of VacA
mutant proteins containing internal deletions (Fig. 1). Anti-
bodies 9F2 and 5E4 reacted to all of the mutant proteins
tested. Five antibodies reacted strongly to all but one mutant
protein (Table 2); antibodies 1B6, B13O, 4E, and B3D did not
react with VacA D517-536 and antibody 5G5 did not recognize
VacA D114-294, which suggests that the relevant epitopes for
these antibodies may be located in these regions. Antibodies
13B, B13B, and C10F reacted with VacA D6-27 and VacA
D517-536 but not with the other five VacA deletion mutants
(all of which contained deletions in the region comprising
amino acids 28 to 294). Notably, a previous study demon-
strated that the latter five mutant toxins (i.e., those not recog-
nized by antibodies 13B, B13B, or C10F) were unable to form
oligomers similar to wild-type toxin (56).

To further define the epitopes to which the antibodies
bound, we analyzed the reactivity of the antibodies with a panel
of 12 mutant VacA proteins in which various clusters of amino
acids throughout the toxin were changed to alanine residues.
All of the monoclonal antibodies reacted with all of the VacA
alanine substitution mutants tested (data not shown), with two
exceptions. Antibodies 5G5, 1B6, B13O, 4E, and B3D did not
react with VacA from H. pylori strain VM074, in which five
residues between amino acids 420 and 428 were changed to
alanine, as described in Materials and Methods (data not
shown). Antibodies 13B, B13B, and C10F did not react with
VacA from strain VM044, in which polar or charged residues
between amino acids 63 and 69 were changed to alanine, as
described in Materials and Methods (data not shown). Thus, it
appears that the relevant epitopes for these antibodies are

FIG. 3. Neutralization of VacA activity by monoclonal antibodies.
Monoclonal antibodies were mixed with acid-activated, purified VacA
from H. pylori strain 60190 that was diluted and adjusted to neutral pH
by the addition of DMEM containing 10% FBS and incubated for 1 h
at 37°C before being added to HeLa cells. Final concentrations of
monoclonal antibodies and VacA were 10 and 6 mg/ml, respectively.
After incubation for 18 h at 37°C, the extent of vacuolation was de-
termined by a neutral red uptake assay (15). Values represent the
means 6 standard deviation of triplicate determinations. No Ab, no
antibody.

TABLE 1. Titers of monoclonal antibody reactivity
by different ELISAs

Antibody
Reciprocal titer of antibody by ELISA:a

pH 7b pH 2c Antigen captured

9F2 .106 .106 .106

5E4 .106 .106 105

5G5 .106 105 .106

1B6 104 104 104

B130 105 104 104

4E 105 103 105

B3D .106 104 .106

13B 102 ,10 ,10
B13B 103 ,10 ,10
C10F 102 ,10 ,10

a Numbers refer to the maximum dilution of antibody (titer 1:10 5 0.1 mg/ml)
that yielded a positive signal, designated as .0.2 at an optical density of 410 nm,
which is .4-fold above background. Results are the median of three independent
experiments.

b VacA (2 mg/ml) from H. pylori strain 60190 in its native, oligomeric state was
adsorbed directly to an ELISA plate at pH 7.

c VacA from H. pylori strain 60190 was acid activated and adsorbed to an
ELISA plate in 5% glacial acetic acid (final concentration of 2 mg/ml at pH 2).
Subsequent steps were performed at pH 7.

d In the antigen capture ELISA, serial dilutions of each monoclonal antibody
were bound to the ELISA plate via a goat anti-mouse IgG antibody. VacA bound
to the monoclonal antibodies was detected with rabbit polyclonal anti-VacA
antiserum and goat anti-rabbit Ig-HRP.
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localized in these two regions. Overall, these results are con-
sistent with the patterns of reactivity described above with the
VacA deletion mutations (Table 2). Any apparent discrepan-
cies in localization of reactive epitopes are probably attribut-
able to the reactivity of the antibodies with conformational
epitopes.

Antigenic diversity of VacA. Nucleotide sequence analyses of
vacA alleles from different H. pylori strains have revealed con-
siderable genetic diversity (5, 16, 28, 42, 53). To experimentally
determine whether there is antigenic diversity among VacA
proteins, we analyzed the reactivity of the anti-VacA mono-
clonal antibodies with VacA proteins from a panel of 12 H.
pylori strains, which were each isolated from different human
stomachs (Table 3) (5, 21). To verify that VacA was present in
the culture supernatants of each of these strains, the superna-
tants were tested for reactivity in an ELISA with pooled poly-
clonal antisera from rabbits immunized with purified VacA
from H. pylori strains 60190 (s1-m1), 95-54 (s1-m2), and 86-338
(s2-m2) (Table 3). The pooled polyclonal antisera yielded a
positive signal with each of the 12 wild-type strains tested but
not with supernatant from strain 60190-v1, a vacA-null mutant
strain (Table 3) (16). All 10 of the monoclonal antibodies
recognized type s1-m1 VacA proteins from strains 60190, 87-

81, 92-29, and 87-29 (Table 3). However, only 3 of the 10
antibodies (9F2, 5E4, and 5G5) recognized s1-m1 VacA toxins
from all six of the s1-m1 strains tested. None of the monoclonal
antibodies recognized type s2-m2 VacA proteins, and only four
antibodies (5G5, 13B, B13B, and C10F) reacted with any of the
s1-m2 proteins. In accordance with these results, the two an-
tibodies (9F2 and 5E4) with neutralizing activity for s1-m1
toxins lacked any detectable neutralizing activity for an s1-m2
toxin from H. pylori strain 95-54 (data not shown). These re-
sults imply that there is considerable antigenic diversity in
VacA proteins, even within the same vacA family.

Epitope mapping using chimeric VacA proteins. As noted
above, none of the antibodies reacted with the type s2-m2
VacA from H. pylori strain Tx30a (Table 3). Therefore, in an
effort to further map the regions to which the antibodies
bound, we constructed four chimeric vacA genes in H. pylori
60190, such that segments of the original vacA sequence were
replaced with vacA sequences from H. pylori Tx30a (Fig. 1).
Each of the four chimeric strains expressed a VacA product,
and each of these chimeric proteins oligomerized similarly to
wild-type VacA, as determined by elution in the same high-
molecular-mass fractions from a size exclusion column (data
not shown). Antibodies 9F2 and 5E4 (which exhibited toxin-

TABLE 2. Reactivity of monoclonal antibodies to VacA deletion mutantsa

Antibody
Reactivity to VacA antigen:

Wild type D6-27 D28-108 D56-83 D85-127 D112-196 D114-294 D517-536

9F2 1 1 1 1 1 1 1 1
5E4 1 1 1 1 1 1 1 1
5G5 1 1 1 1 1 1 2 1
1B6 1 1 1 1 1 1 1 2
B13O 1 1 1 1 1 1 1 2
4E 1 1 1 1 1 1 1 2
B3D 1 1 1 1 1 1 1 2
13B 1 1 2 2 2 2 2 1
B13B 1 1 2 2 2 2 2 1
C10F 1 1 2 2 2 2 2 1

a H. pylori strains were grown in sulfite-free brucella broth containing 5% FBS, and the supernatant proteins were precipitated with a 50% saturated solution of
ammonium sulfate. The VacA content of each sample was standardized so that each preparation yielded a similar optical density (OD) when reacted with polyclonal
anti-VacA antiserum. 1, OD410 of . 0.2, which is .4-fold above the background; 2, OD410 of ,0.2. Experiments were repeated three times with similar results.

TABLE 3. Reactivity of monoclonal antibodies to VacA proteins from different wild-type H. pylori strainsa

Antibody

Reactivity to VacA from H. pylori type and strain:

s1-m1 s1-m2 s2-m2 60190-vl
(vacA-null mutant)60190 84-183 87-81 92-29 87-199 87-29 95-54 95-55 87-91 Tx30a 86-313 86-338

9F2 1 1 1 1 1 1 2 2 2 2 2 2 2
5E4 1 1 1 1 1 1 2 2 2 2 2 2 2
5G5 1 1 1 1 1 1 1 2 1 2 2 2 2
1B6 1 1 1 1 2 1 2 2 2 2 2 2 2
B13O 1 1 1 1 2 1 2 2 2 2 2 2 2
4E 1 1 1 1 2 1 2 2 2 2 2 2 2
B3D 1 1 1 1 2 1 2 2 2 2 2 2 2
13B 1 2 1 1 1 1 2 1 2 2 2 2 2
B13B 1 2 1 1 1 1 2 1 2 2 2 2 2
C10F 1 2 1 1 1 1 2 1 2 2 2 2 2
Polyclonal anti-VacA 1 1 1 1 1 1 1 1 1 1 1 1 2

a H. pylori strains were grown in sulfite-free brucella broth containing 5% FBS to an optical density at 600 nm (OD600) of 0.4, and ELISA wells were coated with
unconcentrated supernatants. The VacA content of each sample was confirmed by ELISA with pooled rabbit polyclonal anti-VacA antisera 958 (to 60190 VacA), 977
(to 95-54 VacA), and 957 (to 86-338 VacA). 1, OD410 of .0.2, which is .4-fold above the background; 2, OD410 of ,0.2. Experiments were repeated three times
with similar results.
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neutralizing activity for s1-m1 VacA) did not react with chi-
meric proteins from strains G117, G119, and G120, which all
had residues 685 to 820 replaced with type m2 sequences
(Table 4 and Fig. 1). Antibodies 5G5, 1B6, B13O, 4E, and B3D
did not react with chimeric proteins from strains G118 and
G119, which all had amino acid residues 332 to 623 replaced
with type m2 sequences (Table 4 and Fig. 1). These results are
consistent with previous mapping data using the deletion mu-
tations and alanine substitution mutations (Table 2). Thus, the
mapping data for the two neutralizing antibodies, 9F2 and 5E4,
suggest that relevant epitopes for neutralization of VacA ac-
tivity contain amino acids located between amino acids 685 and
820.

DISCUSSION

In this study, we generated a panel of 10 monoclonal anti-
VacA antibodies, all of which were of the IgG1k isotype. An
intriguing finding was that all of these antibodies reacted only
with conformational epitopes of VacA and thus failed to react
with denatured VacA in immunoblot assays. The failure to
identify any antibodies recognizing linear VacA epitopes po-
tentially reflects a relative resistance of the VacA oligomer to
proteolytic degradation during antigen processing or may re-
sult from the ability of VacA to alter antigen presentation in
mice (39, 48). Alternatively, a bias may have been introduced
by our screening methodology, in which oligomeric VacA (hy-
pothesized to contain surface-exposed epitopes comprising
predominantly highly folded rather than linear peptide struc-
tures) was used as the antigen to identify reactive hybridoma
cells. The characteristics of the monoclonal antibodies de-
scribed in this study are consistent with those of a previously
described anti-VacA monoclonal antibody, C1G9, which was
also an IgG1k isotype and reacted with a conformational VacA
epitope (46).

Several antibodies described in this study recognized both
oligomeric and disassembled (acidified) forms of VacA,
whereas other antibodies reacted detectably only with the oli-
gomeric form of VacA (Table 1). One possible explanation for

the differential reactivity of the latter antibodies (13B, B13B,
and C10F) is that certain conformational epitopes might be
displayed only when VacA is in an oligomeric state. This model
is consistent with the failure of these antibodies to react with
nonoligomerizing mutant forms of VacA (Table 2). However,
we cannot exclude the possibility that antibodies 13B, B13B,
and C10F have a relatively low affinity for VacA in general and
that reactivity with disassembled or nonoligomerizing forms of
VacA was simply below the threshold of detection.

By analyzing the reactivity of the 10 monoclonal antibodies
with various mutant VacA proteins, we were able to recognize
at least four distinct patterns of reactivity. Based on these
patterns, we are able to tentatively map the regions of VacA to
which these antibodies bind (Fig. 4). The patterns of reactivity
of the monoclonal antibodies to the VacA deletion mutations
(Table 2), alanine substitution mutations (data not shown),
and VacA chimeras (Table 4) were generally in agreement.
Reactivity of the antibodies with conformational epitopes
probably accounts for occasional instances when the mapping
data were not completely concordant with these different types
of mutant VacA proteins. At present, it is not known whether
the antibodies with similar patterns of reactivity recognize
identical epitopes or different epitopes within the same region
of VacA.

In a previous study, polyclonal antiserum reactive with a
recombinant peptide of the C-terminal region of VacA (amino
acids 476 to 803) was reported to neutralize VacA cytotoxic
activity (23). In the present study, two of the monoclonal an-
tibodies (9F2 and 5E4) that exhibited toxin-neutralizing activ-
ity are predicted to react with a portion of VacA located
between amino acids 685 and 820. Therefore, it seems likely
that amino acid sequences in this portion of VacA mediate
toxin binding to cells and that these antibodies, 9F2 and 5E4,
block toxin activity by inhibiting toxin binding to cells. This
hypothesis is supported by a recent study which suggested that
the C-terminal 100 amino acids of the mature VacA protein
may be important for the binding of recombinant VacA fusion
proteins to HeLa cells (57).

H. pylori vacA is known to exhibit considerable allelic diver-
sity (5, 53, 55). However, the extent of antigenic diversity
among VacA toxins has not previously been investigated in
detail. In this study, we demonstrate that there is considerable
variation among VacA toxins in reactivity with our panel of
monoclonal antibodies. The most striking finding was that all

FIG. 4. Schematic representation of the regions in VacA from H.
pylori strain 60190 to which the monoclonal antibodies bind, based
upon data shown in Tables 2 and 4 as well as reactivity of antibodies
with mutant VacA proteins containing alanine substitution mutations
(see text). The numbers represent amino acids in the mature VacA
toxin from H. pylori strain 60190.

TABLE 4. Reactivity of monoclonal antibodies to VacA chimerasa

Antibody

Reactivity to VacA from H. pylori strain (type):

60190
(s1-m1)

Tx30a
(s2-m2)

G117
(s1-m2)

G118
(s1-m2)

G119
(s1-m2)

G120
(s1-m2)

9F2 1 2 2 1 2 2
5E4 1 2 2 1 2 2
5G5 1 2 1 2 2 1
1B6 1 2 1 2 2 1
B13O 1 2 1 2 2 1
4E 1 2 1 2 2 1
B3D 1 2 1 2 2 1
13B 1 2 1 1 1 1
B13B 1 2 1 1 1 1
C10F 1 2 1 1 1 1

a H. pylori strains were grown in sulfite-free brucella broth containing 5% FBS,
and the supernatant proteins were precipitated with a 50% saturated solution of
ammonium sulfate. The VacA content of each sample was standardized so that
each preparation yielded a similar optical density (OD) when reacted with
pooled polyclonal anti-VacA antiserum. 1, OD410 of .0.2, which is .4-fold
above the background; OD410 of ,0.2. Experiments were repeated three times
with similar results.
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of the monoclonal antibodies produced against type s1-m1
VacA failed to recognize type s2-m2 VacA toxins (Table 3).
This result is not completely unexpected because mature type
s1-m1 and type s2-m2 VacA toxins are about 75% identical in
amino acid sequences overall and exhibit ,70% amino acid
identity in the VacA midregion (5). Another notable result was
that various monoclonal antibodies were unable to consistently
recognize type s1-m1 toxins from multiple different strains
(Table 3). Type s1-m1 toxins produced by different H. pylori
strains are typically .90% identical in amino acid sequence
(5,7). To account for the lack of uniform antibody reactivity,
we speculate that amino acid diversity among VacA proteins
from different H. pylori strains occurs disproportionately in
surface-exposed epitopes.

Anti-VacA antibodies are present in serum and gastric juice
from the majority of H. pylori-infected humans (12, 44), and
neutralizing IgG anti-VacA antibodies are sometimes detect-
able in human serum (13). At present, it is not known whether
these antibodies play an important role in the biology of H.
pylori-host interactions. Clearly the presence of anti-VacA an-
tibodies in physiologic concentrations does not result in the
eradication of established H. pylori infection in humans. How-
ever, it seems plausible that such antibodies might modulate
the course of H. pylori infection or might inhibit colonization
by newly ingested H. pylori strains. In the latter case, antigenic
variation among VacA toxins from different strains might ren-
der preexisting antibodies relatively ineffective.

In an effort to prevent serious complications of H. pylori
infection, such as peptic ulcer disease and distal gastric ade-
nocarcinoma, there has been an interest in development of an
H. pylori vaccine (34). Immunization with VacA confers pro-
tective immunity in an experimental mouse model of H. pylori
infection, and therefore VacA is considered a candidate anti-
gen for inclusion in an H. pylori vaccine (34, 35). In one study,
immunization with purified type s1-m1 VacA conferred pro-
tection against subsequent challenge by two H. pylori strains
that produced vacuolating toxin activity in vitro but failed to
protect against challenge with a wild-type Tox2 strain that
lacked detectable toxic activity for HeLa cells (34, 35). It is now
known that many H. pylori strains that lack toxic activity (Tox2)
for HeLa cells contain type s1-m2 or s2-m2 vacA alleles and
express detectable VacA products (5, 21, 42). Based on the
results of the present study, we speculate that the failure of an
s1-m1 VacA antigen to induce protective immunity against a
Tox2 strain may be due to antigenic diversity among different
VacA proteins. In particular, it seems clear that many antibod-
ies that are reactive with type s1-m1 VacA fail to recognize
type s2-m2 VacA. Therefore, if VacA is to be included as a
vaccine component, it might be appropriate to immunize with
pooled VacA antigens derived from several different VacA
families.
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