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Haemophilus ducreyi causes chancroid, a common genital
ulcer disease in developing countries. H. ducreyi and human
immunodeficiency virus infections amplify one another, and
their epidemiological synergy may have contributed to the human immunodeficiency virus pandemic in Asia and Africa (14,
16, 53). H. ducreyi readily acquires antimicrobial resistance
factors, and the options for treatment are few and often expensive (6). Understanding the pathogenesis of and the immune response to H. ducreyi infection may facilitate the development of alternative strategies to control chancroid.
A major component of the immune response to H. ducreyi is
a T-cell infiltrate at the site of infection. Naturally occurring
ulcers contain an infiltrate that consists predominantly of both
CD4 and CD8 cells and macrophages with areas of granulomatous change (17, 23). In the experimental model of infection
in human volunteers, the cellular infiltrate at the site of inoculation is similar to that seen in natural infection (31, 46, 47).
The cellular infiltrate in experimental infection is accompanied
by HLA-DR expression on mononuclear cells and expression
of cytokine mRNAs for gamma interferon, tumor necrosis
factor alpha, and interleukin-8 (IL-8), consistent with a delayed-type hypersensitivity reaction (31, 46). Although subjects
who are experimentally infected for 1 to 2 weeks do not have
systemic blastogenic responses to H. ducreyi antigens (3, 46),
patients with ulcers have systemic blastogenic responses to H.
ducreyi (52) and increased levels of soluble IL-2 receptors in
urine and serum (1).
Whether host responses to H. ducreyi confer immunity to
subsequent exposure is uncertain. Ducrey was able to maintain
serial ulcers in patients by weekly autoinoculation of pus from
infected ulcers to the skin of the forearm for up to 15 weeks
(26). Experimental infection for 6 to 14 days up to the pustular
stage of disease does not provide protective immunity against

subsequent challenge (3). In outbreaks of culture-proven chancroid, a few patients have had two to three recurrences (5, 13).
Thus, clinical data indicate that infection does not reliably
confer protective immunity against subsequent exposure and
suggest the possibility that H. ducreyi interferes with the host
response.
H. ducreyi produces two known heat-labile toxins that have a
cytopathic effect on human cells. The cell-associated hemolysin
is related to the Proteus-Serratia pore-forming family of hemolysins and kills human foreskin fibroblasts and keratinocytes in
vitro but has no activity against HeLa cells (2, 28–30, 51).
However, a hemolysin-deficient mutant caused pustules at the
same rate as the parent in the human challenge model of
infection (32). The cytolethal distending toxin (CDT), which is
encoded by the gene cluster cdtABC, is found in cell-free culture supernatants and induces cell cycle arrest of cultured
human epithelial cells, including HeLa cells, in the G2 phase
(8, 10, 20–22, 35–37). Whether these H. ducreyi toxins affect
human lymphoid cells or cause apoptosis is unclear.
Here we examined the effect of H. ducreyi cells and cell-free
culture supernatants of H. ducreyi on proliferation of human T
cells in vitro. We also examined whether these preparations
induced apoptosis of Jurkat T cells and examined the roles of
the hemolysin and CDT in induction of T-cell death.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Actinobacillus actinomycetemcomitans (ATCC 29522) was kindly provided by Dominique Galli of the Indiana
University School of Dentistry. Haemophilus parahaemolyticus (ATCC 10014),
Haemophilus paraphrohaemolyticus (ATCC 29237), Haemophilus parainfluenzae
(ATCC 33392), and Haemophilus parainfluenzae (paraphrophilus) (ATCC 29242)
were purchased from the American Type Culture Collection, Manassas, Va.
Nontypeable Haemophilus influenzae 1479 and H. ducreyi 35000HP (HP stands
for human passaged) and its isogenic hemolysin mutant, 35000HP-RSM1, were
described previously (4, 32, 45). H. ducreyi 35000 and its isogenic cdtC mutant,
designated 35000.303, were described previously (48). The cdtC mutant complemented with the cdtC gene in trans was designated 35000.303(pJL300-C), while
the cdtC mutant transformed with the vector alone was designated 35000.303
(pLS88), as described previously (48).
Bacterial strains were maintained on chocolate agar plates or grown in brain
heart infusion broth containing 50 g of hemin per ml, 1% IsoVitaleX, and 5%
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The immune response to Haemophilus ducreyi is mediated in part by T cells infiltrating the site of infection.
In this study, we show that H. ducreyi antigen preparations inhibited the proliferation of peripheral blood
mononuclear cells and primary human T-cell lines. H. ducreyi also inhibited Jurkat T-cell proliferation and
induced apoptosis of Jurkat T cells, confirmed through the detection of DNA degradation and membrane
unpacking. The cytotoxic product(s) was present in cell-free culture supernatant and whole-cell preparations
of H. ducreyi and was heat labile. H. ducreyi produces two known heat-labile toxins, a hemolysin and a cytolethal
distending toxin (CDT). Whole cells and supernatants prepared from a hemolysin-deficient mutant had the
same inhibitory and apoptotic effects on Jurkat T cells as did its isogenic parent. Preparations made from an
H. ducreyi cdtC mutant were less toxic and induced less apoptosis than the parent. The toxic activity of the cdtC
mutant was restored by complementation in trans. CdtC-neutralizing antibodies also inhibited H. ducreyiinduced toxicity and apoptosis. The data suggest that CDT may interfere with T-cell responses to H. ducreyi by
induction of apoptosis.
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with fluorescence-activated cell sorting lysing solution (Becton Dickinson), and
analyzed with a FACScan flow cytometer (Becton Dickinson). A combination of
CD3-fluorescein isothiocyanate (FITC)–CD16-phycoerythrin (PE)–CD56-PE
and CD3-FITC–CD19-PE and CD4-FITC–CD8-PE fluorescent antibodies was
used for these studies. As a control, an isotype-matched antibody was used to
detect nonspecific staining.
Jurkat T cells were cultured with varying amounts of H. ducreyi FTWC. To
detect apoptotic nuclei, the cells were stained with propidium iodide (PI) solution (PI, 5 g/ml; saponin, 0.3%; EDTA, 5 mM; RNase, 50 g/ml) (11). To
detect loss of membrane asymmetry, the cells were stained with merocyanine 540
(MC540; Upstate Biotechnology Inc., Lake Placid, N.Y.) (38). Cells were stained
in the dark, centrifuged, washed, and suspended in phosphate-buffered saline.
Samples were analyzed within 2 h on a FACScan flow cytometer. Data from 104
cells were collected and analyzed with CellQuest software (Becton Dickinson).
Effect of MAbs on inhibition of cell growth and apoptosis. Bacterial preparations were mixed with varying amounts of hybridoma culture fluid supernatants
and incubated for 30 min at 37°C. Jurkat cells were added to this mixture,
cultured, and analyzed as described for the proliferation assay.

RESULTS
H. ducreyi inhibits the proliferation of human T-cell lines
and PBMCs. In numerous attempts to isolate H. ducreyi antigen-specific T-cell lines from experimental lesions, we were
unable to propagate T cells in the presence of H. ducreyi
FTWC, IL-2, and ␥-irradiated autologous PBMCs. To examine
why primary T cells did not proliferate under these conditions,
we expanded human T cells in the absence of antigen and
studied their interaction with H. ducreyi. Four volunteers who
had been experimentally infected with H. ducreyi and one volunteer who had no history of infection with H. ducreyi supplied
clinical specimens for these studies. Punch biopsy samples
were obtained from two subjects at sites where pustules had
developed 5 and 14 days after inoculation with H. ducreyi
35000HP. Mononuclear cells were isolated from the biopsy
samples and expanded in the absence of antigen and in the
presence of allogeneic ␥-irradiated feeder cells and IL-2. The
cells were then stimulated with or without IL-2 in the presence
of autologous ␥-irradiated feeder cells and different concentrations of H. ducreyi FTWC. The cells did not proliferate in
the absence of IL-2 (data not shown). Addition of H. ducreyi
FTWC inhibited the IL-2-mediated proliferative response of
both primary T-cell lines in a dose-dependent fashion (Fig. 1
and data not shown). H. ducreyi FTWC also inhibited PHAinduced proliferation of PBMCs obtained from a third volunteer who had been infected with H. ducreyi for 9 days (Fig. 1).
T-cell lines were also obtained by expansion of PBMCs with
PHA and IL-2 from one naive donor and from a fourth volunteer who had been infected with H. ducreyi 7 months earlier.
Fluorescence-activated cell sorting analysis showed that these
lines were composed primarily (⬎98%) of CD4 cells. The
IL-2-mediated proliferation of these cell lines in the presence
and absence of feeder cells was also inhibited by H. ducreyi
FTWC (data not shown), suggesting that FTWC were toxic for
primary T cells.
H. ducreyi FTWC inhibit proliferation and induce apoptosis
in Jurkat T cells. A major goal of our laboratory is to isolate
cutaneous T-cell lines from experimental lesions and determine their phenotypes and antigen specificity. To avoid consumption of the limited clinical material obtained from experimentally infected subjects, we used the Jurkat human acute
T-lymphoblastic leukemia cell line to study the effect of H.
ducreyi on T-cell growth and viability. The spontaneous proliferation of Jurkat T cells as measured by [3H]thymidine
incorporation was also inhibited by H. ducreyi FTWC in a
dose-dependent fashion (Fig. 2). To examine whether FTWC
induced cell death in Jurkat T cells, DNA loss was measured by
the JAM test (24). Briefly, the cells were prelabeled with
[3H]thymidine and then cultured in the presence of FTWC for
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fetal bovine serum as described elsewhere (15). Where appropriate, H. ducreyi
transformants were selected with kanamycin (30 g/ml).
Preparation of freeze-thawed whole cells (FTWC) and cell-free culture supernatants. Bacteria were grown to mid-log phase, collected by centrifugation at
10,000 ⫻ g, and washed three times with sterile saline. The remaining culture
supernatant was filtered through 0.2-m-pore-size filters. Bacterial pellets were
frozen, thawed, suspended in 10 mM HEPES, and adjusted to a final protein
concentration of 1 mg/ml. The amount of protein in the preparations was determined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif.)
with bovine serum albumin as a standard. In some experiments, FTWC were heat
treated at temperatures ranging from 56 to 100°C for time points between 2 and
60 min.
Monoclonal antibodies (MAbs) and other reagents. Recombinant human IL-2
was purchased from Biotest Diagnostics Corp. (Danville, N.J.). Hybridoma culture supernatant fluids containing the H. ducreyi CdtA- and CdtB-specific MAbs
1G8 and 20B2 were described previously (48). The CdtC-neutralizing MAbs 9E9
and 13D9 and their immunoglobulin G1 isotype control 2B7, which does not bind
to H. ducreyi, were described elsewhere (8, 9, 48).
Human subjects. Blood and biopsy samples of pustules were obtained from
two subjects who participated in a losB mutant and parent comparison trial
(unpublished data). Blood was obtained from one volunteer who had been
infected for a second time with H. ducreyi in a reinfection trial 7 months previously (3), from one volunteer who had been infected for 9 days in a major outer
membrane protein mutant-parent trial (unpublished data), and from one healthy
volunteer with no history of chancroid. Informed consent was obtained from the
subjects for participation, in accordance with the human experimentation guidelines of the U.S. Department of Health and Human Services and the Institutional
Review Board of Indiana University-Purdue University at Indianapolis.
Isolation of peripheral blood mononuclear cells (PBMCs) and T-cell lines.
PBMCs were enriched from whole blood by density gradient centrifugation and
diluted in RPMI 1640 (Gibco-BRL, Gaithersburg, Md.), supplemented with
penicillin-streptomycin, L-glutamine (Bio Whittaker, Walkersville, Md.), and
10% heat-inactivated human AB serum (Sigma Chemical Co., St. Louis, Mo.) as
described previously (46).
Mononuclear cells were obtained from biopsy samples by mincing of tissue
with a scalpel, extrusion through a 70-m-mesh filter, and density gradient
centrifugation as described elsewhere (31). T-cell lines were generated from
these mononuclear cells by use of IL-2 (30 U/ml) and a ␥-irradiated allogeneic
Epstein-Barr virus-transformed B-cell line that had been treated with galactose
oxidase and neuraminidase as feeder cells (12). T-cell lines were also established
from PBMCs by stimulation with IL-2 (50 U/ml) and phytohemagglutinin (PHA;
Sigma) (2 g/ml). The human acute T-lymphoblastic leukemia cell line, Jurkat
(44), was kindly provided by Zacharie Brahmi, Indiana University School of
Medicine, Indianapolis. Cells were cultivated in RPMI 1640 medium supplemented as described above at 37°C in a humid atmosphere containing 5% CO2.
Proliferation assay. PBMCs, primary T-cell lines, or Jurkat T cells were
washed extensively and suspended to a density of 4 ⫻ 105 cells/ml. Approximately
2 ⫻ 104 to 1 ⫻ 105 cells were seeded in wells of a 96-well plate with varying
amounts of the H. ducreyi preparations in triplicate. For primary T-cell lines, 105
␥-irradiated autologous PBMCs were added as feeder cells. The cells were
incubated for 96 h, and [3H]thymidine (0.5 Ci/well; Amersham Pharmacia
Biotech, Piscataway, N.J.) was added for the last 8 h of incubation. Cells were
harvested with a Filtermate Packard cell harvester (Packard Instrument Co., Inc.,
Rockville, Md.), and [3H]thymidine uptake was determined with a Direct Beta
Counter Matrix 9600 (Packard). Percent inhibition of proliferation was determined as (C ⫺ E)/C ⫻ 100, where C (control) is counts per minute in the absence
of H. ducreyi antigen and E (experimental) is counts per minute in the presence
of H. ducreyi antigen. For each value, a standard error was calculated as an
approximate estimate of the variance for the ratio of two means (18).
JAM test. The JAM test measures DNA retained by living cells rather than
DNA lost by dying cells (24). Briefly, Jurkat T cells were labeled with [3H]thymidine (5 Ci/ml) for 4 h at 37°C. The cells were pelleted and washed, and 2 ⫻
104 cells/well were cultured with varying amounts of H. ducreyi or medium alone
for 18 or 24 h and harvested onto filters as described above. Percent specific
DNA loss was calculated as (C ⫺ E)/C ⫻ 100, where C (control) is DNA retained
on the filter in the presence of medium alone and E (experimental) is DNA
retained on the filter in the presence of H. ducreyi antigens (24). For each value,
a standard error was calculated as an approximate estimate of the variance for
the ratio of two means (18).
DNA fragmentation assay. Jurkat T cells (2 ⫻ 106) were incubated with
varying amounts of H. ducreyi preparations for 18 h, harvested, suspended in lysis
buffer (10 mM Tris-HCl [pH 7.6], 10 mM EDTA, 50 mM NaCl, 1.25% sodium
dodecyl sulfate), and incubated with proteinase K (10 g/ml) at 56°C for 1 h.
After addition of 5 M NaCl, the mixture was shaken vigorously and centrifuged
at 15,000 ⫻ g. DNA was precipitated from the supernatant by adding 2 volumes
of 100% ethanol, suspended in ddH2O, and digested with RNase A for 30 min
at 37°C. The DNA was electrophoresed on a 1% agarose gel and stained with a
1:10,000 dilution of SYBR Green I (Molecular Probes, Eugene, Oreg.).
Flow cytometry. To determine the phenotype of T-cell lines obtained from
PBMCs, approximately 105 to 106 cells were stained with fluorescent antibodies
(Becton Dickinson Immunocytometry Systems, San Jose, Calif.) as described
previously (31). Cells were washed, suspended in phosphate-buffered saline, fixed
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4, 14, 18, and 24 h. In this assay, DNA loss was not detectable
at 4 h but was evident by 14 h (data not shown) and occurred
in a dose-dependent fashion (Fig. 2). The DNA loss induced by
H. ducreyi in Jurkat T cells was accompanied by the appearance of fragmented DNA in a typical oligonucleosomal ladder
in agarose gel electrophoresis (Fig. 3). The data suggested that
the inhibition of Jurkat T-cell proliferation in the presence of
FTWC was in part due to cell death by apoptosis.

Flow cytometry analysis of H. ducreyi-induced apoptosis in
Jurkat T cells. To confirm that the DNA loss induced by H.
ducreyi was due to apoptosis, Jurkat T cells were cultured with
varying concentrations of H. ducreyi FTWC for 2 to 24 h and
stained with PI or MC540. Apoptotic nuclei produce a broad
hypodiploid DNA peak, which is easily distinguished from the
narrow peak of cells with normal DNA content (11). In contrast to the cells cultured in control medium, large hypodiploid

FIG. 2. Effect of H. ducreyi on proliferation and DNA loss of Jurkat T cells. (A) Jurkat T cells were incubated with varying concentrations of FTWC for 24 h and
then pulsed with [3H]thymidine. Percent inhibition of proliferation was determined as described in the text. (B) Jurkat T cells were [3H]thymidine labeled, washed, and
cultured with FTWC for 18 h. Percent specific DNA loss was calculated as described in the text. FTWC were not treated (open squares) or heat treated for 40 min
at 60°C (filled squares). Results are expressed as the means ⫾ standard errors of triplicate wells and are representative of three independent experiments.
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FIG. 1. Effect of H. ducreyi on T-cell proliferation. (A) Cells from a non-antigen-specific line derived from a biopsy sample were cultured with varying concentrations
of H. ducreyi FTWC in the presence of autologous PBMCs and IL-2 for 96 h. (B) PBMCs were stimulated with 1 g of PHA per ml in the presence of varying
concentrations of H. ducreyi FTWC. The results are expressed as the means ⫾ standard deviations of [3H]thymidine incorporation from triplicate wells and are
representative of experiments done on cell lines or PBMCs obtained from five donors.
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DNA peaks were seen for Jurkat cells as early as 2 h after
exposure to 10 g of FTWC per ml. By 4 to 6 h, up to 25% of
the cells had hypodiploid nuclei (Fig. 4). The percentage of
cells decreased from 50 to 25% in the G1 phase and remained
constant (25%) in the G2/M phase during this period (Fig. 4).
The percentage of cells with hypodiploid nuclei was also dependent on the dose of FTWC (compare Fig. 4 to Table 1).
MC540 is a lipophilic dye that binds strongly to membranes
that have lost their normal phospholipid asymmetry; redistribution of phosphatidylserine loosens phospholipid packing and
allows increased binding of MC540 (38). Gating only on cells
that had forward and side scatter characteristics of viable cells,
increased MC540 staining was easily detected for Jurkat T cells
incubated with FTWC (Fig. 4 and Table 1). Thus, exposure of
Jurkat T cells to H. ducreyi resulted in morphological alterations such as chromatin condensation and membrane asymmetry that are associated with apoptosis (11, 38).
The toxic effect of H. ducreyi is heat labile and present in
cell-free culture supernatants. Results of time course, dose,
and temperature studies indicated that the toxicity of FTWC
for Jurkat T cells in concentrations up to 1 g/ml was nearly
eliminated by incubating the FTWC for 2 min at 100°C or for
40 min at 60°C (data not shown and Fig. 2). The proliferation
of Jurkat T cells was still suppressed by higher concentrations
(10 g/ml) of FTWC heat treated at 60°C (Fig. 2), suggesting
that the preparation also contained an additional heat-stable
inhibitor. The proliferation data correlated with the results of
the JAM test, in which a lower percentage of DNA loss was
detected for cells incubated with heat-treated antigen (Fig. 2).
To test whether the toxic activity was H. ducreyi specific and
was cell associated or secreted, FTWC and cell-free culture
supernatants were prepared from several members of the family Pasteurellaceae that colonize humans. Only FTWC and
supernatants prepared from H. ducreyi and A. actinomycetemcomitans inhibited the growth of Jurkat T cells in a dose-
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dependent manner (data not shown). Heat treatment at 60°C
for 40 min removed the inhibitory activity from both preparations (data not shown), suggesting that the toxic factors produced by the two species were similar.
The toxic effect of H. ducreyi on Jurkat T cells is due to CDT.
H. ducreyi makes two known heat-labile toxins, CDT (8, 10,
20–22, 35–37, 48) and hemolysin (2, 28–30, 51). The former
activity is present in cell-free culture supernatants and in cellular preparations; hemolytic activity is cell associated. Some
strains of A. actinomycetemcomitans make CDT that is nearly
identical to H. ducreyi CDT (25, 41, 49). In Western blots,
MAbs that recognize H. ducreyi CdtA, CdtB, and CdtC bound
to A. actinomycetemcomitans ATCC 29522 (data not shown).
To analyze whether H. ducreyi CDT was toxic for T cells, we
prepared FTWC and supernatants from 35000HP and its isogenic hemolysin mutant 35000HP-RSM1 and from 35000 and
its isogenic cdtC mutant, 35000.303. Both culture supernatants
(data not shown) and whole cells from 35000, 35000HP, and
35000HP-RSM1 (Fig. 5) inhibited Jurkat T-cell proliferation in
a time- and dose-dependent manner and to a similar extent.
Supernatants and whole cells made from 35000.303 had no
effect on Jurkat T-cell growth (Fig. 5). Supernatants and
FTWC prepared from 35000, 35000HP, and 35000HP-RSM1
resulted in DNA loss as measured by the JAM test (Fig. 5),
hypodiploid nuclei as measured by PI staining, and membrane
unpacking as determined by MC540 staining (Table 1). FTWC
prepared from 35000.303 and 35000.303 transformed with the
plasmid vector pLS88 did not cause DNA loss, the appearance
of hypodiploid nuclei, or increased MC540 staining (Fig. 5 and
Table 1). Complementation of 35000.303 with pJL300-C in
trans restored the ability of the mutant to inhibit the growth
and induce the apoptosis of Jurkat T cells (Fig. 5 and Table 1).
To confirm the role of CDT in inhibition of Jurkat T-cell
proliferation, FTWC were incubated with different amounts of
H. ducreyi CdtC-directed neutralizing MAbs 9E9 and 13D9 or
their isotype control MAb 2B7. Jurkat T cells were added to
these solutions and incubated for 24 h. The proliferation of
Jurkat T cells was suppressed in the presence of control antibodies by 60% (Fig. 6). H. ducreyi whole cells pretreated with
CdtC-neutralizing MAbs were less inhibitory for T cells, and
the effect of antibodies was dose dependent (Fig. 6 and data
not shown). MAb 13D9 also neutralized the toxic effect of
FTWC prepared from A. actinomycetemcomitans ATCC 29522
(data not shown). These data confirm that CDT is responsible
for inhibition of T-cell growth.
DISCUSSION
The immune response to H. ducreyi is mediated in part by T
cells infiltrating the site of infection (17, 23, 31, 46). The T-cell
infiltrate occurs within 24 h of infection and is maintained
throughout the pustular and ulcerative stages of the disease
(17, 23, 31). How H. ducreyi evades the host response is unclear. In this study, we found that H. ducreyi inhibited the
proliferation of primary T-cell lines and PBMCs. The toxic
activity of H. ducreyi on T-cell growth was in part heat labile,
suggesting that H. ducreyi expressed both heat-labile and heatstable inhibitors of T-cell growth. With Jurkat T cells, inhibition of proliferation was accompanied by induction of apoptosis by several criteria, including membrane unpacking, DNA
fragmentation and loss, and the appearance of hypodiploid
nuclei (50). The ability of H. ducreyi to induce apoptosis was
heat labile, was inhibited by a CdtC-neutralizing MAb, was
absent in a cdtC mutant, and was restored by complementation
in trans. Taken together, the data suggest that CDT is a major
cause of the inhibition of T-cell growth, is the factor respon-

Downloaded from http://iai.asm.org/ on November 19, 2019 by guest

FIG. 3. Effect of H. ducreyi on DNA fragmentation. Samples were electrophoresed on an agarose gel and stained with SYBR Green I. Lane 1, DNA
standards; lanes 2 to 4, chromosomal DNA isolated from Jurkat T cells cultured
with medium (lane 2) or 1 (lane 3) or 10 (lane 4) g of FTWC per ml for 18 h.
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FIG. 4. Flow cytometric analysis of H. ducreyi-induced apoptosis of Jurkat T cells. The cells were stained with PI after incubation in medium (A) or in medium
containing 10 g of FTWC per ml for 2 (B), 4 (C), or 6 (D) h. Cells were stained with MC540 after incubation in medium (E) or in medium containing 10 g of FTWC
per ml for 24 h (F). M1, cells with hypodiploid nuclei; M2, cells in the G1 phase; M3, cells in the G2/M phase; M4, region of positive MC540 fluorescence. FL2-A, area
of DNA fluorescence. The results are representative of at least four independent experiments; approximately 10,000 live cells were analyzed per experiment.

sible for apoptosis of T cells, and may counteract T-cell responses to the organism.
We tested FTWC and cell-free culture supernatants for inhibitory activity. The hemolysin of H. ducreyi is thought to be
a pore-forming toxin and is active only in association with live
bacteria (28, 29). Since we did not test live 35000.303 for

inhibitory activity, we cannot exclude the possibility that the
hemolysin may also be toxic for T cells.
H. ducreyi FTWC inhibited the proliferation of primary Tcell lines and PBMCs that had been expanded in the absence
of antigen and in the presence of allogeneic feeder cells and
IL-2 or mitogen. We subsequently isolated several T-cell lines
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from biopsy samples of experimental pustules in the presence
of heat-treated FTWC, autologous PBMCs, and IL-2 (12a).
These lines were composed primarily of CD4 cells and proliferated in response to heat-treated FTWC in a dose-dependent
manner but did not proliferate in response to untreated FTWC
(data not shown). Thus, H. ducreyi also inhibits the proliferation of antigen-dependent primary T-cell lines. These data
imply that measurement of blastogenic responses to H. ducreyi
(3) or isolation of antigen-responsive lines should be done with
heat-treated antigens or preparations devoid of CDT.
CDT was originally defined by its ability to induce cell swelling and elongation of epithelial cells. Numerous studies done
primarily on HeLa cells have shown that CDT induces an
irreversible block in the G2 phase of the cell cycle, preventing
cells from entering mitosis and eventually resulting in cell
death (7, 10, 33, 41, 49, 54). The block in the G2 phase is
accompanied by increased levels of tyrosine-phosphorylated
cyclin-dependent kinase, cdc2 (cdk1), whose dephosphorylation is required for the formation of an active cdc2-cyclin B
complex and entry into mitosis. Cell cycle analysis of CDTtreated epithelial cells has consistently shown an increase in
the number of cells with a 4N DNA content. We found that H.
ducreyi preparations that contained CDT induced a large decrease in the number of Jurkat T cells in G1, no change in the
number of cells in G2/M, and the appearance of hypodiploid
nuclei. Thus, the relative proportion of live cells in the G2/M
phase increased after exposure to H. ducreyi. We did not test
purified CDT or our preparations on epithelial cells. However,
the accumulated data raise the possibility that CDT induces
both G2/M arrest and apoptosis in lymphocytes and may have
somewhat different effects on lymphocytes and epithelial cells.
The CDT of H. ducreyi is encoded by the gene cluster cdtABC (8). The proteins encoded by these genes are highly
homologous (91 to 96% identity) to those found in A. actinomycetemcomitans and are also homologous to CDTs found in
Escherichia coli, Shigella spp., and Campylobacter spp. (8, 25,
33, 34, 39, 41, 49). For all species, the three gene products have
putative signal sequences, and expression of all three gene
products is required for CDT activity in cell-free culture su-

pernatants. However, the functions of the individual gene
products are unclear. Using a MAb that neutralizes H. ducreyi
cytotoxic activity, Lagergard and coworkers purified what was
later proven to be CdtC from cell-free culture supernatants
(37). Immunoaffinity-purified H. ducreyi CdtC induces cell cycle arrest of epithelial cell lines in the G2 phase (10). MAbs
that neutralize the cytotoxic activity of H. ducreyi for epithelial
cells (8, 10, 48) and for T cells bind to CdtC. Taken together,
the data suggest that expression of CdtC is required for activity
of H. ducreyi CDT. CdtC may be the active toxin, may be
required to activate CdtA or CdtB, or may act in concert with
CdtA and CdtB to promote cytotoxicity.
A. actinomycetemcomitans produces several toxins active on
lymphoid cells, including a 110-kDa pore-forming leukotoxin
(27, 44), a secreted 80- to 85-kDa toxin that induces apoptosis
in B cells (27), and a 14-kDa cytoplasmic protein that inhibits
proliferation of T cells (19). A toxin called immunosuppressive
factor (ISF) was originally isolated as a 60-kDa protein from
sonic extracts of the organism (40, 42, 43). ISF is heat labile

TABLE 1. Effect of H. ducreyi on Jurkat T cells

Condition

Medium
35000c
35000HP-RSM1
35000.303
35000.303(pLS88)
35000.303(pJL300-C)

Description

Control
Parent
Hemolysin mutant
cdtC mutant
cdtC mutant and vector
Complemented cdtC mutant

% Apoptosis at
18 h for
staining with:
PIa

MC540b

9.3
14.0
13.3
2.4
5.4
14.5

1.5
24.0
23.8
2.2
2.8
30.8

a
Values are representative of four experiments. The FTWC concentration
was 1 g/ml.
b
Values are representative of five experiments. The FTWC concentration was
10 g/ml.
c
35000 and 35000HP gave similar results; for simplicity, only data obtained
with 35000 are shown.
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and inhibits DNA, RNA, and protein synthesis in activated T
lymphocytes. An unusual population of CD4⫹ CD8⫹ dualpositive T cells that are arrested in the G2/M phase of the cell
cycle is induced when PBMCs are incubated with mitogen and
ISF (42). ISF was recently purified by methods similar to those
used to isolate the 60-kDa protein (42, 43), and the toxic
fraction contained a predominant 35-kDa protein (41). The

N-terminal amino acid sequence of the Immobilon-transferred
35-kDa protein is identical to A. actinomycetemcomitans CdtB.
Activated lymphocytes are five times more sensitive to the toxic
fraction than are HeLa cells, and this preparation induces the
appearance of CD4⫹ CD8⫹ dual-positive T cells arrested in
the G2/M phase of the cell cycle. Although the toxic fraction
causes cell elongation and distention of HeLa cells, this effect
is not seen for T cells, suggesting different mechanisms of
action for the two cell types. The data suggest that A. actinomycetemcomitans CdtB is capable of all biologic properties
attributable to ISF and CDT (41). However, polyclonal serum
raised to His-tagged recombinant CdtC encoded by A. actinomycetemcomitans neutralizes cytotoxic activity for epithelial
cells, while serum raised to A. actinomycetemcomitans CdtB
lacks neutralizing activity (49).
Previous studies demonstrated that H. ducreyi CDT has toxic
activity for many epithelial cell lines including human keratinocytes (10, 48). Our studies have shown that the spectrum of
CDT toxicity also includes human T cells and that CDT induces apoptotic Jurkat T-cell death. Studies that address
whether H. ducreyi induces apoptosis of T cells that infiltrate
experimental lesions will be facilitated by comparisons between lesions caused by the isogenic cdtC mutant and its parent in human volunteers and are in progress in our laboratories.
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