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We have previously shown that Clostridium difficile toxin A induces detachment of human colonic epithelial
cells from the basement membrane and subsequent cell death by apoptosis. Because these cells require
adhesion-dependent signalling from the extracellular matrix for survival, their detachment from the basement
membrane by other means also induces apoptosis. The role of toxin A in the induction of apoptosis therefore
remains to be determined. In addition, sensitivities to C. difficile toxin A of lamina propria lymphocytes,
macrophages, and eosinophils, which lie below the surface epithelium, are not known. In contrast to epithelial
cells, these lamina propria cells do not require adhesion-dependent signalling from the extracellular matrix for
survival, and this may allow the mechanisms of toxin A-induced cell death to be further investigated. The aim
of this study was to investigate the effect of purified C. difficile toxin A on human colonic lamina propria T cells,
macrophages, and eosinophils. We show that C. difficile toxin A induces loss of viability in isolated colonic
lamina propria cell preparations containing the three different cell types in a dose- and time-dependent
fashion. Exposure to high concentrations of the toxin led to loss of macrophages within 72 h. T-lymphocyte and
eosinophil cell death was prominent at later time points and occurred by apoptosis. Exposure to toxin A also
induced the production of tumor necrosis factor alpha by the isolated colonic lamina propria cells. However,
the presence of neutralizing antibodies to this cytokine did not influence C. difficile toxin A-induced T-cell
apoptosis. Moreover, purified T cells also underwent apoptosis following exposure to toxin A, implying that
apoptosis occurred as a consequence of a direct interaction between T cells and the toxin. Our studies suggest
that C. difficile toxin A is capable of suppressing human colonic mucosal immune responses by inducing early
loss of macrophages followed by T-cell apoptosis.

Clostridium difficile, a gram-positive anaerobic bacillus, is the
most common identifiable bacterial cause of diarrhea in hos-
pitalized patients. It induces colonic disease that is character-
ized by the infiltration of inflammatory cells into the mucosa.
Pseudomembranous colitis is a severe form of the colonic
disease in which the pseudomembrane covering the mucosa
comprises cells derived from the lamina propria, sloughed ep-
ithelial cells, mucin, and fibrin. Toxigenic C. difficile secretes
high-molecular-weight toxins A and B, and animal studies have
shown that they are responsible for inducing the intestinal
disease (14, 20, 27).

The first host cells that C. difficile toxins would interact with
in the colon are epithelial cells. In vitro studies have shown that
purified toxin A has potent effects on human colonic epithelial
cells (5, 8, 17). We have recently shown that in primary human
colonocytes and in epithelial cell lines toxin A induces cell
rounding and detachment from the basement membrane, fol-
lowed by programmed cell death (apoptosis) (17). Epithelial
cell rounding and detachment preceded apoptosis. Loss of
adherence to the extracellular matrix component of the base-
ment membrane per se has also been shown to trigger apopto-
sis in epithelial and endothelial cells (designated anoikis) (7,
17, 19, 26). It is possible, therefore, that C. difficile toxin A-in-
duced apoptosis in intestinal epithelial cells occurs as a conse-

quence of cell detachment rather than as a direct effect of the
toxin. However, the toxin has also been shown to have potent
effects within cells, characterized by disruption of the actin
cytoskeleton following interaction with the Rho family of GTP
binding proteins (1). It is possible that such intracellular action
of the toxin in itself subsequently leads to apoptosis. Lamina
propria T lymphocytes and macrophages lie below the surface
epithelium and are phenotypically and functionally distinct
from peripheral blood cells (10, 16). These two cell types are
important components of the mucosal immune system, me-
diating functions such as antigen presentation (15) and cyto-
kine production (2, 10). Following toxin A-induced loss of the
colonic surface epithelium in vivo, lamina propria T cells, mac-
rophages, and eosinophils would be exposed to C. difficile tox-
ins via discrete pores in the basement membrane (18). How-
ever, responses by these lamina propria cells to C. difficile toxin
A are not known. Since they do not require adherence-depen-
dent signalling from components of the extracellular matrix for
survival, the induction of apoptosis by C. difficile toxin A in
them may allow further studies to investigate the mechanisms
of toxin A-induced cell death.

The aim of this study was therefore to investigate responses
by isolated normal human colonic lamina propria T cells, mac-
rophages, and eosinophils to purified C. difficile toxin A. We
show that the toxin induces loss of viability of the isolated
lamina propria cells and demonstrate that there is an early loss
of macrophages, followed by T-lymphocyte and eosinophil cell
death by apoptosis. C. difficile toxin A also induced the release
of tumor necrosis factor alpha (TNF-a) by lamina propria
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cells, but neutralization of this cytokine did not influence T-cell
apoptosis. In addition, exposure of purified T cells to toxin A
also induced apoptosis.

MATERIALS AND METHODS

Purification of toxin A. C. difficile toxin A was purified as described previously
(13). Briefly, strain VPI 10463 of toxigenic C. difficile was cultured in dialysis
tubing and culture filtrates were applied to a thyroglobulin affinity column.
Fractions demonstrating cytotoxicity (as assessed by observing the rounding of
Vero cells) and hemagglutinating activity (determined by using a 1% rabbit
erythrocyte suspension) were subsequently subjected to two sequential anion
exchange chromatographic steps with Q Sepharose FF and Mono Q (both ob-
tained from Pharmacia Biotech, Brussels, Belgium) columns incorporated into a
fast protein liquid chromatography apparatus (from Pharmacia Biotech). Ali-
quots of the purified toxin A (at concentrations of 50 to 100 mg/ml) were frozen
at 270°C until used.

Isolation of colonic lamina propria cells. Human colonic lamina propria cells
were obtained by using our recently described model (18), in which there is no
requirement for enzymatic digestion. In brief, fresh normal colonic mucosal
samples were obtained from specimens of colon resected because of a carcinoma.
The samples used were obtained .5 cm from the tumor and were confirmed to
be histologically normal. Following incubation (for 15 min at room temperature)
with 1 mmol of dithiothreitol (from Sigma Chemical Co., St. Louis, Mo.) per
liter, mucosal strips were denuded of epithelial cells by three 30-min incubations
(at 37°C) in 1 mmol of EDTA (Sigma Chemical Co.) per liter. The mucosal
samples were extensively washed with calcium- and magnesium-free Hanks bal-
anced salt solution (from Gibco BRL, Gaithersburg, Md.) after each EDTA
treatment and were subsequently cultured (at 37°C in 5% CO2) in RPMI 1640
containing 10% fetal calf serum (FCS; Gibco BRL). During culture, lympho-
cytes, macrophages, and eosinophils migrated out of the lamina propria via
basement membrane pores (18) and appeared in suspension (approximately 2 3
106 cells/g of tissue per 24-h period; viability, 90 to 95%). After 24 h of culture,
the mucosal pieces were removed and the culture dish (containing cells in
suspension and those adhering to the culture dish) was incubated at 4°C for 1 h.
Following vigorous pipetting to detach adherent cells, the cells in suspension
were collected, centrifuged (at 400 3 g), and resuspended in fresh medium (10%
FCS, RPMI 1640). The proportions of T cells, macrophages, and eosinophils in
these cell preparations were determined by immunohistochemical studies (using
anti-CD68 and anti-CD3 mouse monoclonal antibodies; from Dako Ltd., High
Wycombe, United Kingdom) and toluidine blue staining of cells in cytospin
preparations, as previously described (18).

The isolated lamina propria cells (at a final concentration of 106 or 2 3 106/ml)
were exposed to C. difficile toxin A at concentrations ranging from 0 to 1,000
ng/ml. In some studies, 10 ml of neutralizing rabbit anti-human TNF-a antibody
(capable of neutralizing approximately 1,000 U [25 ng] of TNF-a per ml; infor-
mation from Genzyme, Cambridge, Mass.) was added to cells cultured in control
medium or with toxin A. Following culture for 24 to 120 h, viability of the isolated
lamina propria cells was assessed by measurement of mitochondrial dehydroge-
nase activity (22). The cells were also studied by electron microscopy, by immu-
nohistochemistry (in cytospin preparations), and by fluorescence-activated cell
sorter (FACS) analysis (see below).

Peripheral blood cells. Studies were also performed with peripheral blood
mononuclear cells and purified T cells isolated from healthy subjects. Mononu-
clear cells were obtained by centrifugation with lymphocyte separation medium
(from ICN Biomedicals Inc., Irvine, Calif.). T cells were purified as described
previously (15). In brief, the mononuclear cells were depleted of monocytes
because monocytes adhered to tissue culture plates; B cells and remaining mono-
cytes were subsequently removed by passage through a nylon wool column.

Assay for mitochondrial dehydrogenase activity. This assay was used to assess
the viability of toxin A-exposed lamina propria cells. Metabolism by mitochon-
drial dehydrogenase of the yellow tetrazolium salt 3-(4,5-dimethylthiozol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) to the purple formazan reaction prod-
uct can be quantified spectrophotometrically (22).

Lamina propria cells (105 in 100 ml per well) were cultured in 96-well tissue
culture plates (Nunc A/S, Roskilde, Denmark; Gibco BRL) in the absence or
presence of toxin A. An additional control included the culture of cells in the
presence of the mitogen phytohemagglutinin (PHA; from Sigma Chemical Co.)
at a final concentration of 10 mg/ml. After culturing the cells for various periods
(24 to 96 h) of time, MTT (Sigma Chemical Co.) was added (to a final concen-
tration of 0.5 mg/ml) to each well, and incubation continued for 4 h before the
addition of 100 ml of solubilization solution (5% sodium dodecyl sulfate in 0.1
mM HCl). Following overnight incubation, a spectrophotometric absorbance
assay of the samples was performed with an enzyme-linked immunosorbent assay
(ELISA) plate reader (Labsystems iEMS; Reader MF) equipped with a 570-nm
filter.

[3H]thymidine incorporation. Colonic lamina propria cells (105 per well) were
cultured in 10% human AB serum–RPMI 1640 in 96-well microtiter plates
(Nunc A/S) in the presence of PHA (final concentration, 10 mg/ml) or purified
C. difficile toxin A (final concentration, 1,000 ng/ml). The cells were cultured for
a total of 72 h, the last 18 h of which was in the presence of [3H]thymidine (0.8

mCi/well; Amersham International PLC, Aylesbury, United Kingdom). The cells
were harvested with a Filtermate Packard cell harvester (Packard, Pangbourne,
United Kingdom), and [3H]thymidine uptake was determined with a Top Count
microplate scintillation counter (Packard).

Electron microscopy. Control and toxin A-exposed lamina propria cells were
fixed for 2 h in 2.5% gluteraldehyde (in 0.1 M cacodylate buffer, pH 7.4) and
subsequently washed with phosphate-buffered saline (PBS) (by centrifugation at
600 3 g for 10 min). Cell pellets were recentrifuged in plasma and fixed for a
further 4 h before being cut into 1-mm cubes. Following fixation in 1% sodium
tetroxide for 1 h, the samples were dehydrated in ethanol and embedded in Epon
resin as previously described (25). Sections were stained with uranyl acetate and
lead citrate, before observation with a Jeol 1200 EX transmission electron mi-
croscope.

Immunohistochemistry. Cytospin preparations of control and toxin A-exposed
lamina propria cells were made by using approximately 50,000 cells per slide.
They were air dried, fixed in acetone for 10 min, and stored at 270°C until used
for immunohistochemistry, which was performed with the Vectastain ABC per-
oxidase kit (Vecta Lab, Burlingame, Calif.) and the mouse monoclonal antibod-
ies specific for macrophages (KP1 [CD68]; from Dako Ltd.) and T cells (UCHT1
[CD3]; from Dako Ltd.). Endogenous peroxidase activity within the cells had
previously been blocked (with H2O2 and methanol). For each batch, two control
slides were used, with PBS (pH 7) instead of the mouse monoclonal antibody. In
one of these controls, endogenous peroxidase activity was not blocked and was
used to determine the proportion of eosinophils (which strongly express endog-
enous peroxidase activity) present (the proportions of eosinophils determined in
this way were similar to those in toluidine blue-stained cytospin preparations).
The proportion of positively stained (with the monoclonal antibody) cells or
eosinophils in each cytospin preparation was determined by analyzing a total of
at least 200 cells.

FACS analysis. Control and toxin A-exposed lamina propria and peripheral
blood cells were analyzed by FACS for phenotypic studies and to determine the
type of cell death occurring.

For the analysis of apoptotic nuclei, a previously described technique was used
(23). The cells were centrifuged (at 400 3 g for 10 min), and cell pellets were
fixed in 70% ethanol (on ice) for 60 min. Following a wash in PBS, the cells were
incubated with propidium iodide (PI; 100 mg/ml in PBS; Sigma Chemical Co.) at
room temperature in the dark for 15 min. The PI fluorescence of nuclei was
measured with a FACScan flow cytometer (Becton Dickinson Immunocytometry
Systems, Mountain View, Calif.) as previously described (23).

Apoptotic cells were also analyzed with fluorescein isothiocyanate (FITC)-
conjugated annexin V (from Bioproducts, Boehringer Ingelheim, Heidelberg,
Germany) (29) and PI (100 mg/ml in PBS; Sigma Chemical Co.). Cells (unfixed;
2 3 105 to 5 3 105/ml) were incubated with FITC-conjugated annexin V (in
binding buffer: 10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2) at room temper-
ature, in the dark, for 10 min. After being washed in PBS, the cells were incubated
with PI for 15 min (in the dark), before analysis on a FACScan flow cytometer.

For phenotypic studies, lamina propria cells (at a concentration of 106/ml)
were labelled with FITC- or phycoerythrin-conjugated monoclonal antibodies
and analyzed by FACS as previously described (24). Following preincubation
with mouse serum (final dilution, 1:100; at 4°C for 30 min), cell suspensions (100
ml; containing 105 cells) were incubated (on ice, in the dark) with the labelled
monoclonal antibody solutions for 30 min. After being washed with PBS (pH 7.0;
containing 0.1% sodium azide), the cells were fixed with FACS fix (0.5% form-
aldehyde in sheath fluid [6.38 mmol of NaCl, 0.5 mmol of sodium tetraborate,
16.2 mmol of boric acid, and 0.5 mmol of EDTA per liter; from Sysmex, Ham-
burg, Germany]). Subsequent analysis was performed by two-color flow cytom-
etry with a FACScan flow cytometer.

The following antibody pairs to CD45/CD14 and CD4/CD8 were used: Hle-
1/Leu-M3 and Leu-3a/Leu-2a, respectively (Becton Dickinson Immunocytom-
etry Systems). Individual FITC- or phycoerythrin-labelled monoclonal antibodies
to CD3, CD45RO, CD45RA, and CD25 (from Dako Ltd.) and Apo 2.7 (from
Immunotech, Coulter, Marseille, France) were used. In double-labelling studies,
surface-binding monoclonal antibodies were used before permeabilization of
cells and application of the anti-Apo 2.7 antibody, which binds to an epitope on
mitochondria (30).

TNF-a assay. TNF-a levels in cell culture supernatants were measured by
ELISA (Pelikine Compact human TNF-a ELISA kit; from Central Laboratory
of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The
Netherlands).

Statistical analyses. Data were analyzed by paired or unpaired t test or Wil-
coxon test as appropriate.

RESULTS

Human colonic lamina propria cells were obtained by our
recently described technique in which mucosal samples are
completely denuded of epithelial cells and cultured in 10%
FCS–RPMI 1640 (18). During 24 h of culture, large numbers
(approximately 2 3 106/g) of cells migrate out of the lamina
propria via discrete pores in the basement membrane, and these
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cells were collected for the studies described below. Compat-
ible with our previous studies (18), the isolated lamina propria
cells consisted predominantly of T cells (CD31; mean 6 stan-
dard error of the mean [SEM], 75.7% 6 5.9%) but also in-
cluded macrophages (CD681; 9.0% 6 0.8%) and eosinophils
(8.3% 6 1.4%). The viability of the cells obtained after a 24-h
culture of denuded mucosal samples was 90 to 95% (as as-
sessed by trypan blue exclusion).

C. difficile toxin A induces loss of viability of human colonic
lamina propria cells. MTT assays showed that exposure to
purified C. difficile toxin A induced loss of viability of isolated
colonic lamina propria cells in a dose- and time-dependent fash-
ion (Fig. 1). By contrast, PHA induced proliferation of the
lamina propria cells (optical density at 570 nm, 174.0% 6 5.2%
of that of control cells at day 3). C. difficile toxin A-induced loss
of cell viability was confirmed by cell counts (data not shown).
For all the subsequent studies described below, colonic lamina
propria cells were exposed to purified toxin A at a final con-
centration of 1,000 ng/ml.

Studies of [3H]thymidine incorporation supported the re-
sults of MTT assays. Thus, unlike those cultured with PHA (for
which the level of [3H]thymidine incorporation was 17,937.1 6
255.7 dpm), cells cultured with toxin A (final concentration,
1,000 ng/ml) incorporated significantly less [3H]thymidine
(653.1 6 95.2 dpm) than control cells (2,365.9 6 105.3 dpm;
P , 0.001).

Immunohistochemical studies on cytospin preparations.
The isolated colonic lamina propria cells consist of T cells,
macrophages, and eosinophils. In order to investigate the sen-
sitivities of the different cell populations to the effects of toxin
A, immunohistochemical studies were performed on cytospin
preparations of control and toxin-exposed cells.

There was an early loss of macrophages from toxin A-ex-
posed colonic lamina propria cell preparations as shown by a
significant reduction in the proportion of CD681 cells present

at 48 h. From 72 h onwards, no CD681 cells were seen in
lamina propria cell preparations cultured with toxin A (Fig.
2a). By contrast, immunoreactive T cells (CD31) and eosino-
phils were seen in colonic cell preparations exposed to toxin A
for up to 120 h (Fig. 2b and c). From 72 h onwards many
cellular fragments and debris were seen in all the toxin A-ex-
posed cell preparations. In addition, many CD3-immunoreac-
tive cells and eosinophils were much smaller than those in
control cultures (data not shown).

Electron microscopy. Transmission electron microscopy
(TEM) confirmed the absence of macrophages in lamina pro-
pria cell preparations exposed to toxin A for 72 h or more.
TEM studies also confirmed the presence of viable-looking
lymphocytes and eosinophils in cell preparations exposed to
toxin for 72 to 120 h. In addition, lymphocytes and eosinophils
with characteristic morphological features of apoptosis were
also seen in cell preparations exposed to toxin A for 72 h or
more (Fig. 3).

FACS analysis. To confirm and quantify apoptotic cell death
in isolated lamina propria cells exposed to C. difficile toxin A,
studies were performed by FACS analysis. Nuclei of cells made
permeable by alcohol fixation were labelled with PI and ana-
lyzed by flow cytometry. Apoptotic nuclei produce a broad
hypodiploid DNA peak, which is easily distinguished from the
narrow peak of cells with normal DNA content (23). Studies of
control and toxin A-exposed cells were performed every 24 h
(over a total of 120 h). In contrast to what was seen for cells
cultured in control medium, large hypodiploid DNA peaks
were seen for lamina propria cells exposed to toxin A (Fig. 4).

Studies using FITC-conjugated annexin V were also per-
formed. Soon after the initiation of apoptosis, cells translocate
phosphatidylserine (PS) from the inner face of the plasma
membrane to the cell surface (29). Annexin V is a protein that
binds PS with high affinity, and therefore FITC-conjugated

FIG. 1. C. difficile toxin A induces the loss of viability of human colonic lamina propria cells. Cells were obtained from normal colonic mucosal samples and cultured
with various concentrations of purified toxin A. After culture for 24 to 96 h, mitochondrial dehydrogenase activity was assessed by a MTT assay and expressed as the
percentage of activity in cells cultured in control medium. The figure shows mean (6 standard deviation) data from experiments performed, at different time points,
with cells obtained from five separate resection specimens. OD 570 nm, optical density at 570 nm; , P , 0.01 versus control; p, P , 0.05 versus control.
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annexin V can be used to detect cells during the early stages of
apoptosis, when they are also impermeable to PI (29).

FACS analysis was performed on unfixed cells, after gating
for lymphocytes. In studies every 24 h (over a total of 120 h),
8.9 to 13.4% (mean percentage) of lamina propria cells cul-
tured in control medium demonstrated features of early apo-
ptosis (annexin V positive, PI negative). Upon exposure to
C. difficile toxin A, there was a significant time-dependent
increase in the proportion of annexin V-positive (PI-negative)
cells (mean, 11.6 to 55.6%; Fig. 5).

To confirm that the cells undergoing apoptosis were T cells,
double-labelling studies were performed with monoclonal an-
tibodies to Apo 2.7 and CD3. Monoclonal antibody to Apo 2.7
(or anti-7A6) reacts strongly with an epitope on a mitochon-
drial membrane protein that is exposed on cells undergoing
apoptosis (30). FACS analysis confirmed that the toxin A-ex-
posed colonic lamina propria cells undergoing apoptosis were
T cells (CD31; Fig. 6). In contrast to what was seen for control
cells, exposure to toxin A led to a progressive increase in the
proportion of CD31 cells that expressed Apo 2.7 (after 120 h
of culture; for control and toxin A-exposed cells, mean per-
centages of CD31 cells 6 SEM were 7.4% 6 2.7% and 46.6%
6 5.8%, respectively; P , 0.01). The Apo 2.7-positive T cells
were predominantly CD45RO1 and included both CD41 and
CD81 subpopulations (data not shown).

Following exposure to C. difficile toxin A, there was also a
significant increase in the proportion of T cells that expressed
the interleukin 2 receptor (CD25; Table 1).

TNF-a production and its neutralization. Supernatants of
lamina propria cells cultured in the presence of C. difficile toxin
A for 24 h contained significantly higher levels of TNF-a than
controls (medians [ranges], control cells, 112.6 pg/ml [21.0 to
310.0 pg/ml]; toxin A-exposed cells, 419.2 pg/ml [35.1 to 2,112
pg/ml]; P 5 0.02). However, there was no significant difference
in TNF-a levels in supernatants of cells cultured for 48 h in
control medium (61.2 pg/ml [18.4 to 1,225.0 pg/ml]) or with
C. difficile toxin A (55.4 pg/ml [18.2 to 598.3 pg/ml]). In order
to investigate the possible role of TNF-a in the induction of
T-cell apoptosis, studies using neutralizing antibody to the
cytokine were performed. However, the presence of neutraliz-
ing antibody to TNF-a did not make any significant difference
to the proportion of C. difficile toxin A-exposed T cells under-
going apoptosis (Table 2).

Studies with peripheral blood T cells. When cultured with
peripheral blood mononuclear cells, C. difficile toxin A induced
programmed cell death as demonstrated by the expression of
annexin V (but the absence of PI staining; Table 3). Purified
populations of T cells (,2% contaminating B cells and mono-
cytes) also underwent apoptosis upon exposure to toxin A
(Table 3). Similar data were obtained upon FACS analysis of
cells (from a smaller number of subjects) labelled with mono-
clonal antibodies to Apo 2.7 and to CD3 (data not shown).

DISCUSSION

Our previous studies have shown that purified C. difficile
toxin A induces cell rounding, detachment from the basement
membrane, and apoptosis in primary human colonic epithelial
cells (17). In vivo, loss of the surface epithelial cells would
expose cells in the underlying lamina propria to C. difficile
toxins. A large number of T cells, which are phenotypically and
functionally distinct from peripheral blood cells (10), are res-
ident in the normal intestinal lamina propria. In addition to
eosinophils, there is also a significant heterogenous population
of macrophages that is especially prominent below the surface
epithelium and the basement membrane (16). Following the

FIG. 2. Proportions of macrophages (a), eosinophils (b), and T cells (c)
present following the culture of isolated colonic lamina propria cells with C. dif-
ficile toxin A (1,000 ng/ml; hatched bars) or control medium (solid bars) for 24
to 120 h. The proportions of each cell type in cytospin preparations were deter-
mined. $, P , 0.01 versus control; p, P , 0.03 versus control.
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loss of the injured epithelium, lamina propria T cells, macro-
phages, and eosinophils would be exposed to C. difficile toxin A
via pores in the basement membrane (18). In this study, we
have investigated the responses of these resident colonic lam-
ina propria cells to purified C. difficile toxin A.

Culture with toxin A led to a loss of viability of isolated
colonic lamina propria cells in a dose- and time-dependent
fashion. Subsequent phenotypic studies (on cytospin prepara-
tions) using high concentrations of toxin A showed that mac-
rophages were more sensitive than T cells and eosinophils. In
studies confirmed by electron microscopy, no macrophages
were seen following exposure to the toxin for 72 h. Since they
are a small proportion of the isolated lamina propria cell pop-
ulation, it has not been possible to determine the type of cell
death occurring in the toxin-exposed macrophages. By con-
trast, our studies convincingly demonstrate that toxin A-in-

duced T-cell and eosinophil cell death occurs by apoptosis. In
ultrastructural studies, the retention of characteristic granules
in the cytoplasm allowed the identification of apoptotic eosin-
ophils. C. difficile toxin A-induced apoptosis of colonic T cells
was confirmed by FACS analysis using dual staining with
monoclonal antibodies to Apo 2.7 and CD3. Studies by elec-
tron microscopy and FACS analysis of cells expressing annexin
V and Apo 2.7 showed that the number of T cells undergoing
apoptosis progressively increased with the duration of expo-
sure to toxin A. In studies performed after each 24-h period of
exposure to toxin A, there was a modest but significant in-
crease in the proportion of T cells expressing the interleukin 2
receptor (CD25). It is possible that toxin A-induced activation
of T cells preceded cell death by apoptosis.

Previous studies have shown that antigen-induced apoptosis
of mature T cells occurs in distinct phases (4). Following acti-

FIG. 3. Transmission electron micrograph of isolated colonic lamina propria cells exposed to C. difficile toxin A (1,000 ng/ml) for 96 h. Two eosinophils (small
arrows) and lymphocytes (large arrows) are undergoing apoptosis. Viable lymphocytes (p) are also present.
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vation and expression of growth factors and their receptors,
there is a proliferation of T cells before programmed cell
death. Staphylococcal enterotoxin B binds to major histocom-
patibility complex class II molecules and the Vb region of a T-
cell receptor to induce activation and proliferation of T lym-
phocytes (9) and subsequent cell death by apoptosis (11, 28).
However, in our studies there was a significant reduction in the
incorporation of [3H]thymidine by colonic lamina propria cells
exposed to C. difficile toxin A, consistent with cell death in the
absence of proliferation.

Following exposure to toxin A for 24 h, there was induction
of TNF-a production by the isolated lamina propria cells. How-
ever, after culture with toxin A for 48 h, the amount TNF-a
produced was not significantly different from the amount pro-
duced by control cells. The likely explanation for this is the loss
of TNF-a-producing macrophages after culture with the toxin
for 48 h. Since TNF-a may induce apoptosis in T cells (6),
studies were performed to investigate its role in toxin A-in-
duced cell death. However, exposure to toxin A induced apo-
ptosis in colonic T cells despite the presence of the specific
neutralizing anti-TNF-a antibody. Another mechanism by which
apoptosis may occur in T cells is by the interaction of Fas with
the Fas ligand (12). In our studies, a majority (.90%) of the
control and toxin A-exposed colonic lamina propria T cells
expressed Fas but only 0.7 to 2.3% of the cells expressed the
Fas ligand (unpublished observations).

We have shown that C. difficile toxin A also induced apo-
ptosis in purified T cells. This implies that C. difficile toxin A
induces cell death following a direct interaction with T lym-
phocytes. After this toxin binds to specific receptors, its bio-
logical effects would be expected to occur following internal-
ization. Recent studies with other cells have shown that
subtypes of the Rho family of GTP binding proteins, which
regulate the cytoskeleton, are substrates for C. difficile toxin A
(1). The role of the Rho family of GTP binding proteins in
T-cell apoptosis remains to be characterized. One recent study
has shown that transient expression (using a Sindbis virus-
based transient gene expression system) of Clostridium botuli-
num exoenzyme C3, which ADP ribosylates Rho, induced apo-
ptosis in EL4 murine lymphoma cells (21). The authors of this
study postulated that apoptosis may have resulted from the
combined effects of inactivation of Rho and the stress induced
by viral replication (21). It can be postulated from our studies
that the inactivation of Rho is sufficient to induce T-cell apo-
ptosis.

We have previously shown that C. difficile toxin A induces
apoptosis in colonic epithelial cells (17). The epithelial cell

apoptosis was preceded by cell rounding and detachment from
the basement membrane. However, detachment of epithelial
cells from the basement membrane, in the absence of the toxin,
also induced apoptosis (17). We therefore postulated in that
study that toxin A induced programmed cell death by causing
a loss of epithelial cell adherence to extracellular matrix com-
ponents of the basement membrane. However, our current
studies of T cells (which are not dependent upon adhesion to
the extracellular matrix for survival) suggest that C. difficile
toxin A can itself directly induce apoptosis.

There is increasing interest in apoptosis in host-microbial

FIG. 4. DNA fluorescence flow cytometric profiles of alcohol-fixed, PI-stained human colonic lamina propria cells cultured in control medium or in the presence
of C. difficile toxin A. Apoptotic nuclei produce broad hypodiploid peaks, which can be easily distinguished from the tall narrow peaks produced by cells with normal
DNA content. For control versus toxin A-exposed cells, P 5 0.001. The figure shown presents results representative of three experiments.

FIG. 5. Percentage of annexin V-positive, PI-negative normal colonic lamina
propria cells cultured in control medium or with 1,000 ng of C. difficile toxin A
per ml for 24 to 120 h. Experiments were performed with lamina propria cells
isolated from normal mucosal samples of four resected colons. For the control
cell value (square) versus the toxin A-exposed cell value (diamond) at 24 h, P 5
0.07; for corresponding values at other time points, P , 0.01.
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interactions (31), but the significance to the host or the bacte-
rium of C. difficile toxin A-induced programmed cell death in
the colonic mucosa remains to be determined. Macrophages
and T cells are important components of the colonic mucosal
immune system (10, 15). C. difficile toxin A-induced early loss
of macrophages and T cells would be expected to lead to sup-
pression of the host mucosal immune system. Our studies sug-
gest that such impairment of the mucosal immune system would
be dependent upon the concentration of toxin A to which the
colonic mucosa is exposed. Such a dose-dependent effect of
C. difficile toxin A has also been seen with intestinal epithelial
cells (17) and may determine the severity of clinical disease.

In the present study, we also show that a small population of
isolated colonic lamina propria T cells spontaneously undergo
apoptosis in culture. An increased level of apoptosis in un-

FIG. 6. Percentage of CD31 (T) cells that expressed Apo 2.7 in normal
colonic lamina propria cell preparations cultured in control medium or with
C. difficile toxin A (1,000 ng/ml) for 24 to 120 h. FACS analysis was performed
on lamina propria cells isolated from normal mucosal samples of four resected
colons. For the control cell values (squares) versus the toxin A-exposed cell
values (diamonds) at 24 and 72 h, P 5 0.02; for corresponding values at other
time points, P , 0.005.

TABLE 1. Percentages of CD251 normal colonic lamina propria
T lymphocytes following culture in control medium

or with C. difficile toxin Aa

Culture
medium
contents

% CD251 T lymphocytesb 6 SEM following culture for:

24 h 48 h 72 h 96 h 120 h

Control 7.2 6 1.0 7.0 6 1.0 7.3 6 0.7 6.4 6 0.4 14.3 6 0.8
Toxin A 10.7 6 1.1 19.1 6 0.7 11.0 6 0.9 9.8 6 0.6 21.2 6 3.6

a FACS analysis was performed on lamina propria lymphocytes isolated from
normal mucosal samples of four resected colons. C. difficile toxin A was used at
1,000 ng/ml.

b For control medium percentages versus toxin A percentages, P , 0.03 at all
time points except 120 h, for which P 5 0.18.
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stimulated human intestinal T cells (isolated by collagenase
digestion), compared to the level in peripheral blood T cells,
has also been reported recently (3). One explanation for this
spontaneous apoptosis of intestinal T cells could be that they
represent lymphocytes that were destined to die in the lamina
propria.

In conclusion, our study has shown for the first time that
C. difficile toxin A induces a rapid loss of resident colonic
lamina propria macrophages, followed by T cells and eosino-
phils. For the last two cell types, cell death occurred by apo-
ptosis. Exposure of normal colonic lamina propria cells to toxin
A for 24 h induces the release of TNF-a, but its neutralization
did not influence toxin-induced apoptosis in T cells. In addi-
tion, our studies with purified cells suggest that toxin A induces
apoptosis after interacting directly with the T cells. C. difficile
toxin A-induced loss of lamina propria macrophages and T
cells in vivo may suppress the colonic mucosal immune system
and lead to severe disease.
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TABLE 3. Percentages of annexin V-positive, PI-negative
(apoptotic) cells in unfractionated peripheral

blood mononuclear cells and following
purification of T cellsa

Cell type

Mean % of annexin V1, PI2 cellsb 6 SD
following culture in medium with

the indicated contents for:

72 h 96 h

Control Toxin A Control Toxin A

Unfractionated PBMCc 8.6 6 2.7 46.7 6 3.5 6.2 6 2.9 53.6 6 2.6
Purified T cells 16.2 6 4.6 39.3 6 3.0 15.4 6 2.7 49.2 6 6.1

a Cells were isolated from five healthy volunteers and were cultured in control
medium or with C. difficile toxin A (1,000 ng/ml) for 72 or 96 h before FACS
analysis of gated lymphocytes.

b For control medium percentages versus toxin A percentages, for both un-
fractionated peripheral blood mononuclear cells and purified T cells, P , 0.001
at both 72 and 96 h.

c PBMC, peripheral blood mononuclear cells.
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