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Abstract

Clostridium difficile, a common enteric pathogen, mediates
tissue damage and intestinal fluid secretion by release of two
protein exotoxins: toxin A, an enterotoxin, and toxin B, a cyto-
toxin. Because toxin A elicits an intense inflammatory reaction
in vivo, we studied the effects of highly purified C. difficile
toxins on activation of human granulocytes. Toxin A at con-
centrations of 10”7 to 10° M, but not toxin B, elicited a signifi-
cant chemotactic and chemokinetic response by granulocytes
that was comparable with that induced by the chemotactic
factor N-FMLP (10~7 M). Neither toxin stimulated release of
superoxide anion from granulocytes. Toxin A produced a rapid,
transient rise in cytosolic [Ca?*];, as measured by quin 2 fluo-
rescence. Pertussis toxin and depletion of intra- and extracel-
lular calcium blocked the toxin A effect on cytosolic [Ca®*];.
These findings suggest that the inflammatory effects of C.
difficile toxin A in the intestine may be related to its ability to
mobilize intracellular Ca?* and elicit a chemotactic response
by granulocytes.

Introduction

Clostridium difficile, the causative agent of antibiotic-asso-
ciated colitis, produces an enterotoxin, toxin A, and a cyto-
toxin, toxin B. Toxin A produces secretion of fluid in ligated
rabbit ileal loops, and also elicits an acute inflammatory re-
sponse in the mucosa characterized by granulocyte infiltration,
epithelial cell necrosis and ulceration, and hemorrhagic edema
(1, 2). In contrast, purified toxin B does not cause fluid secre-
tion, inflammatory infiltrate, or morphologic damage in rabbit
or hamster intestine (1-3). The effects of toxin A are not ac-
companied by elevation of adenylate cyclase (4), indicating
that its mechanism of action differs from: cholera toxin and
Escherichia coli heat labile enterotoxin, which stimulate intes-
tinal adenylate cyclase and cause fluid secretion without pro-
ducing an inflammatory infiltrate (5, 6).

Granulocytes are activated by various chemotactic factors
to migrate to sites of tissue injury and release inflammatory
mediators. Chemotactic factors bind to membrane receptors
on granulocytes, eliciting a wide range of responses including
membrane depolarization (7), release of intracellular calcium
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(8), inositol phospholipid turnover (9), and protein phosphory-
lation (10). These signals in turn activate a full range of granu-
locyte responses including chemotaxis, degranulation, and ox-
ygen radical production. To further elucidate the mechanisms
of the intestinal inflammatory response in C. difficile colitis,
we studied the effects of purified toxins A and B on migration,
superoxide anion production, and cytosolic calcium concen-
tration in human granulocytes.

Methods

Toxin purification. Toxins A and B were prepared from culture super-
natants of C. difficile strain 10463. Toxin B was purified by sequential
ion-exchange chromatography as described previously by us (11). Puri-
fied toxin B migrated in SDS-PAGE as a 150-kD protein under nonre-
ducing conditions and as a 50-kD protein under reducing conditions.
Toxin B cytotoxicity was assayed by rounding of IMR-90 fibroblasts
(Institute of Medical Research, Camden, NJ) as previously described
(12) and expressed as the highest 10-fold dilution causing rounding
after 24-h exposure. Typical preparations of toxin B used in these
studies contained between 250 and 1,000 ug/ml protein as measured
by BioRad assay (13) and were cytotoxic at 1076 to 10~# dilution.
Toxin A was purified to homogeneity by the method of Sullivan et al.
(14). Purified toxin A migrated in SDS-PAGE as a 229-kD band.
Toxin A purification was monitored by cell rounding of IMR-90 fibro-
blasts and enterotoxicity was assayed in rabbit ileal loops (15).

Granulocyte chemotaxis. Human granulocytes were prepared from
100-200-m1 samples of heparinized blood as described previously (16).
Viability was > 99% as assessed by trypan blue exclusion. More than
99% of cells were granulocytes as determined by 500-cell differential
counts. Chemotaxis (directed migration) of granulocytes was per-
formed in a multiwell chemotaxis assembly (Neuro Probe, Bethesda,
MD) as described previously by us (17). Random migration was de-
fined as the distance migrated in microns towards buffer without added
chemoattractant, while directed migration was distance migrated to-
ward a chemoattractant. To differentiate between chemokinetic (in-
creased random migration) and chemotactic (increased directed mi-
gration) effects of toxin A, we performed a checkerboard analysis as
originally described by Zigmond and Hirsch (18). In these experi-
ments, varied concentrations of toxin A were added to both upper
(granulocytes) and lower (chemoattractant) wells to alter the gradient
across the filter.

Superoxide anion production. Superoxide anion production was
measured as the superoxide dismutase-inhibitable reduction of ferri-
cytochrome ¢ by the method of Babior et al. (19). Triplicate samples of
2 X 10¢ granulocytes were suspended in HBSS containing ferricy-
tochrome c (final concentration, 60 uM). Superoxide dismutase (100
ug/ml) was added to one tube of each triplicate set. After warming to
37°C, the stimulus was added to bring the total volume of the reaction
mixture to 1 ml. In another series of experiments granulocytes were
incubated with 5 ug/ml of cytochalasin B for 5 min at 37°C and then
were exposed to the stimulus. The samples were then incubated for 15
min at 37°C with gentle agitation. The reactions were halted by rapid
centrifugation, and the amount of reduced indicator in the supernatant
was quantitated by its absorption peak at 551 nm. Nonspecific reduc-
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tion of ferricytochrome c in control tubes containing superoxide dis-
mutase was subtracted from all data.

Free intracellular calcium. Fluctuations of intracellular calcium
concentration were quantitated with the fluorescent probe quin 2 as
described previously by us (20). In some experiments the fluorescent
probe Indo-1/acetoxymethyl ester (Molecular Probes Inc., Junction
City, OR) was used to determine changes in intracellular Ca** accord-
ing to the technique of Lazzari et al. (21). In some experiments, quin
2-loaded granulocytes (5 X 10%/ml) prepared as described above were
incubated with 500 ng/ml of pertussis toxin (List Biochemical Labora-
tories Inc., Campbell, CA) for 90 min at 37°C. After incubation,
changes in [Ca?*); after the addition of toxin A, FMLP, or the anti-
neutrophil monoclonal antibody PMN 7C3 (17) were monitored.

_In most experiments, granulocytes were preloaded with quin 2 in
HBSS containing a calcium concentration of 1.6 nM. By extrapolation
from fluorescence measurements the cells were estimated to have a
resting free cytosolic calcium concentration of 110+9 nM
(mean+SEM). A population of granulocytes that had been depleted of
intracellular calcium were prepared by preloading the cells with quin 2
in calcium-free buffer containing 1 mM EGTA. Under these condi-
tions, extracellular calcium is not available to replace intracellular
calcium that is chelated by quin 2 (22). In these preparations of cells,
we observed that the intracellular content of quin 2 was the same as
that of cells preloaded in HBSS which contained calcium, but that the
resting concentration of free calcium was reduced to 16+3 nM
(mean+SEM). A total of four separate experiments were performed
using three different preparations of purified toxin A.

To estimate as to whether toxin A has a cytotoxic effect on human
granulocytes, we measured lactate dehydrogenase (LDH)' activity in
toxin-exposed granulocytes as indicator of membrane damage. Gran-
ulocytes (2.5 X 10° cells) in HBSS buffer were incubated with either
purified toxin A (100 ug/ml) or no addition (buffer) for 30 min at
37°C. Cells were then centrifuged for 10 s on a microcentrifuge and
supernatants were collected. Cell pellets were then incubated with
HBSS buffer containing 1% Triton X-100 at 37°C for 5 min, recentri-
fuged, and supernatants were recovered.

Enzyme activity was quantitated in 0.1-ml aliquots from both su-
pernatants using a 50-mM pyrophosphate buffer containing 77.5 mM
lactic acid and 5.2 mM NAD at pH 8.8 as a substrate (23). Aliquots
were added to 1.4 ml of the reaction mixture substrate, mixed with
gentle inversion, and absorbance at 340 nm was recorded at 30-s in-
tervals for 12 min at room temperature utilizing a Beckman spectro-
photometer. Results were expressed as percentage release of enzyme
units per 2.5 X 10° granulocytes per 30 min+SEM. 1 U of the LDH
activity has been defined as an increase in absorbance of 0.001 per
min (23).

Results

Effects of C. difficile toxins on granulocyte migration. Toxin A
elicited significant migration of human granulocytes in vitro at
concentrations = 25 ug/ml (10~7 M) (Fig. 1). At higher con-
centrations (100-200 ug/ml) this effect of toxin A was > 90%
of the maximal effect observed with the chemotactic peptide
FMLP (10”7 M). Toxin B at similar concentrations elicited an
increase in chemotaxis that did not differ significantly from
control values. We next performed a checkerboard analysis to
differentiate between chemokinetic and chemotactic effects of
toxin A. These results are summarized in Table 1. As the con-
centration of toxin A in the lower wells was increased (vertical
columns), granulocyte migration increased in a dose-depen-
dent fashion. Reversing the gradient by adding increasing
toxin A concentrations in the upper wells (horizontal rows)

1. Abbreviation used in this paper: LDH, lactate dehydrogenase.
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Figure 1. Granulocyte migration was measured in double-well che-
motaxis chambers as described in Methods. Each bar represents the
mean (+SEM) migration in microns of quadruplicate assays. Con-
centrations of toxin A of 25 ug/ml or higher differed significantly
from buffer (P < 0.001).

inhibited migration of granulocytes into the filter. These data
indicate that toxin A is a chemoattractant. Exposure of granu-
locytes to toxin A in the absence of a concentration gradient
also produced a dose-dependent increase in granulocyte mi-
gration, indicating a chemokinetic response.

Effect of purified toxin on superoxide anion generation. We
next examined the effect of toxin A on superoxide generation
by human granulocytes. Purified toxin A was added in final
concentrations of 1-100 ug/ml to granulocytes and release of
superoxide anion was measured. No significant differences
were observed between superoxide release from toxin A—ex-
posed, or control (buffer-exposed) granulocytes. Thus, granu-
locytes (2 X 10°) exposed to toxin A (100 ug/ml) released 3.8
nmol O3/15 min, whereas control granulocytes released 2.5
nmol Oz/15 min (mean of four separate incubations, P > 0.1
vs. control). Similar doses of toxin B had no significant effect
on superoxide production by granulocytes under the same
conditions (not shown). It has been shown that cytochalasin B
greatly enhances secretion of superoxide in granulocytes stim-
ulated with the chemotactic factor FMLP (24, 25). We there-
fore examined the effect of toxin A on superoxide generation
by human granulocytes preincubated with 5 pg/ml of cyto-
chalasin B for 5 min at 37°C. Again no significant differences
were noticed between superoxide release from toxin A-ex-
posed vs. control (buffer-exposed) granulocytés under these
experimental conditions. Granulocytes preincubated with cy-
tochalasin B and then exposed to toxin A (100 ug/ml) released
4.0 nmol O3/15 min, whereas control granulocytes released
2.38 nmol O3/15 min (mean of four separate incubations for
each group, P > 0.1 vs. control). In contrast, granulocytes
exposed to FMLP (107 M) released 11.76 nmol Oz/15 min in
the absence of cytochalasin B, and 48.04 nmol Oz/15 min in
the presence of cytochalasin B.

Effect of toxin A on quin 2 fluorescence. Because activation
of granulocytes by many stimuli is accompanied by a rapid,
transient rise in free cytosolic calcium concentration, we stud-
ied the effect of toxin A on the free cytosolic calcium concén-
tration [Ca?*}; in quin 2-loaded granulocytes. Addition of
toxin A (60 and 30 ug/ml) to suspensions of granulocytes in-
duced a rapid, transient rise in cytosolic calcium as detected by



Table I. Chemokinetic and Chemotactic Activity of Toxin A

Concentration of toxin A

Concentration of toxin A in upper compartment (ug/ml)

in lower compartment 0 25 50 100 200
ug/ml
0 45.8+0.0* 45.2+6.1 57.3+6.2 64.1+4.7
25 63.4+0.9 47.6+3.3 60.7+5.2 62.0+1.0 46.7+3.6
50 60.7£1.6 57.6+4.5 59.1+5.1 61.1+2.0 54.3+0.2
100 86.7£1.7 57.8+5.8 63.0+14.2 64.0+3.1 58.5+6.1
200 92.1+1.5 69.8+5.8 76.6+10.3 77.3+£11.2 88.4+2.0

* Granulocyte migration was measured in double-well chemotaxis chambers as described in Methods. Toxin A was added in the indicated con-
centrations to both lower or upper wells of the chemotaxis apparatus. Migration was measured as the distance (microns) from the top of the
filter to the last focal plane, which contained two granulocytes. Data represent the mean+SEM of four values.

quin 2 fluorescence (Fig. 2 A). This effect became evident
within 1-3 s after the addition of the toxin, peaked after ~ 30
s, and returned to pretreatment levels after 2 min. Addition of
lower concentrations of toxin A (12 and 6 ug/ml), or of
equal volumes of buffer (50 mM Tris, pH 7.4), had no effect
on quin 2 fluorescence (Fig. 2 A). Parallel experiments were
performed with the fluorescent Ca?* probe Indo-1 to ascertain
if this more sensitive probe would detect changes in free cyto-
solic calcium at concentrations of toxin below 30 ug/ml. At a
toxin concentration of 15 ug/ml no change in either Indo-1 or
quin 2 fluorescence was noted (not shown). Therefore, all sub-
sequent experiments were performed with quin 2.

To determine the source of the calcium released into the
cytoplasm by toxin A treatment, we performed experiments in
which extracellular or both intra- and extracellular calcium
were depleted before addition of 50 ug toxin A (Fig. 2 B). In
these studies, extracellular calcium was chelated by the addi-
tion of EGTA immediately before stimulation. Addition of
EGTA to suspensions of granulocytes previously loaded with

quin 2 did not alter resting [Ca?*]; over the time course of these
experiments, nor did it have any effect on the expected in-
crease in quin 2 fluorescence in granulocytes exposed to 50
ug/ml toxin A after 1 min (Fig. 2 B, panels a and b).

We next depleted extra- and intracellular calcium by load-
ing granulocytes with quin 2 in calcium-free buffer containing
1 mM EGTA. Under these conditions, the resting intracellular
calcium concentration was substantially reduced, to 10-20
nM. Addition of toxin A (50 ug/ml) to these cells had no effect
on quin 2 fluorescence (Fig. 2 B, panel ¢). Repletion of calcium
by the addition of calcium chloride (5 mM) restored the rise in
intracellular-free calcium after addition of toxin A (50 ug/ml)
(Fig. 2 B, panel d).

We next determined if the toxin A-associated increase in
quin 2 fluorescence was inhibited by pertussis toxin. This toxin
causes NAD-dependent ADP-ribosylation of the o; subunit of
G;, one of the guanine regulatory proteins in the adenylate
cyclase system (10). As shown in Fig. 3, the toxin A-induced
(50 pg/ml) rise in quin 2 fluorescence (a) was completely
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Figure 2. (4) Effect of toxin A on [Ca*]; on quin 2 fluorescence in
human granulocytes. Human granulocytes (5 X 10%/ml) were pre-
loaded with quin 2 and then exposed to 60, 30, 12, or 6 ug/ml toxin
A (a, b, ¢, and d, respectively) or 50 mM Tris HCI buffer, pH 7.4, as
control (e). Fluorescence at 500 nm was monitored continuously,
and the change in fluorescent yield was calculated as described in
Methods. (B) Effect of calcium depletion on toxin A-induced quin 2

fluorescence in human granulocytes. (@) Response to 50 ug toxin A.
(b) Response in cells in 2 mM EGTA to chelate extracellular cal-
cium. (c) Response to 50 ug toxin A in cells loaded with quin 2 in
calcium-magnesium-free buffer containing | mM EGTA to chelate
intra- and extracellular calcium. (d) Same cells as in ¢, with addition

of 5 mM CaCl,.
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Figure 3. Effects of pertussis toxin on quin 2 fluorescence of human
granulocytes exposed to toxin A, FMLP, or PMN 7C3. Human gran-
ulocytes were preloaded with quin 2 and exposed to: (a) toxin A, 50
wg/ml; (b)) FMLP, 10”7 M; and () monoclonal anti-granulocyte anti-
body PMN 7C3, 50 ug/ml. In the lower panels the granulocytes were
preincubated with pertussis toxin, 500 ng/ml, for 90 min before ex-
posure to the same stimulants in the corresponding upper panels.

blocked by prior exposure of granulocytes to 500 ng/ml per-
tussis toxin for 90 min at 37°C (d). As expected (10), the
FMLP-induced rise in quin 2 fluorescence was also completely
blocked by prior exposure of granulocytes to pertussis toxin
(e). However, pretreatment with pertussis toxin had no effect
on the expected rise in quin 2 fluorescence produced by expo-
sure of granulocytes to 50 ug/ml of the anti—granulocyte
monoclonal antibody PMN 7C3 (f), which stimulates an ele-
vation in [Ca?*}; through transduction pathways not coupled
to G; proteins (26, 27).

To ascertain if the toxin effect on [Ca?*]; was secondary to
nonspecific membrane damage or cellular toxicity, we mea-
sured release of the cytoplasmic enzyme LDH in toxin ex-
posed vs. buffer-expressed granulocytes. LDH release ex-
pressed as a percent of total cellular LDH was similar in gran-
ulocytes exposed to 100 ug toxin A for 30 min (2.68+0.06%)
and in buffer-exposed granulocytes (2.69+0.35%).

Discussion

We report here that highly purified toxin A of C. difficile di-
rectly activates human granulocytes in vitro, causing a rise in
intracellular calcium and stimulating chemotaxis and chemo-
kinesis.

Our results indicate that when purified C. difficile toxin A
comes in contact with the human granulocyte surface, a rapid,
dose-dependent rise occurs in the concentration of free cyto-
solic calcium (Fig. 2). Depletion of intracellular but not extra-
cellular calcium diminished the rapid increase in [Ca®*]; in-
duced by toxin A. Although our data do not define the precise
mechanisms that result in the transient elevation of [Ca®*];, it
appears that mobilization of intracellular calcium may be an
important mediator in eliciting a chemotactic response by
granulocytes to C. difficile toxin A. Toxin A exposure of gran-
ulocytes leads to a significant chemotactic and chemokinetic
response (Fig. 1 and Table I). We speculate that human gran-
ulocytes and intestinal epithelial cells may possess membrane
receptors for this toxin. For example, toxin A receptors have
recently been identified on rabbit erythrocyte plasma mem-
brane (28). By analogy with other granulocyte activators such
as FMLP, when toxin A occupies its membrane receptor a
complex cascade of signal transduction events ensues, includ-
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ing release of intracellular Ca?*. Interestingly, our results show
that pretreatment of human granulocytes with pertussis toxin
abolished the rise in [Ca?*]; in response to addition of toxin A
or FMLP. It is known that treatment of human granulocytes
with pertussis toxin catalyzes ADP ribosylation of the guanine
nucleotide regulatory protein, G;, and suppresses the increase
in [Ca?*]; elicited by leukotriene B, and FMLP (10, 29). Our
data suggest that toxin A may also mediate its effect in granu-
locytes via the G; protein.

Although toxin A causes increased intracellular calcium,
and is a potent granulocyte attractant, it does not trigger re-
lease of superoxide in vitro. It is known that mobilization of
intracellular calcium may modulate the rate and extent of
superoxide production when granulocytes are activated by the
chemotactic peptide FMLP (30). However, release of free in-
tracellular calcium in granulocytes may not always be followed
by a respiratory burst. For example, low concentrations of
FMLP (10~'° to 10~'! M) increase intracellular calcium but do
not appear to trigger a respiratory burst (30, 31). Similarly the
antihuman granulocyte monoclonal antibody, PMN 7C3,
stimulates increased [Ca?*]; and cell movement without caus-
ing superoxide production (26, 32).

Our findings appear to be relevant to the pathophysiology
of C. difficile enteritis, which is caused largely by toxin A. We
(33) and others (2) have reported that purified toxin A, but not
B, elicits a profound inflammatory response in rabbit ileal
loops. In our previous studies (33), instillation of purified toxin
A caused secretion of protein-rich hemorrhagic fluid, in-
creased epithelial permeability, and infiltration of the lamina
propria with polymorphonuclear leukocytes and mononuclear
cells. These changes have been also found to correlate with
progressively increasing release of prostaglandin E, and leuko-
triene B, in the intestinal lumen (34). Similar concentrations
of toxin B had no demonstrable effects in this in vivo model.

The in vitro experiments reported here used relatively large
concentrations of toxin A. Assuming a molecular weight of
229,000, ~ 1077 to 107 M toxin A was required to elicit a
quin 2 response in human granulocytes (Fig. 2). Similar
amounts of toxin A (60 ug in 1 ml buffer injected into a 10-cm
ileal loop) elicits a profound inflammatory response (33). To
date, no accurate measurements are available regarding the
amount or concentration of toxin A present in the stools of
patients with C. difficile enterocolitis. The responses measured
in this study were quite rapid: < 3 s for the intracellular cal-
cium response and 35 min for chemotaxis. Although not stud-
ied by us, it is possible that much lower toxin A concentrations
would have elicited positive responses in granulocytes after
longer incubation periods comparable with those employed in
ileal loop experiments (typically, 18 h). Based on these consid-
erations, the causal relationship between our in vitro results
and C. difficile enterocolitis must remain speculative.

In summary, our results indicate that toxin A of C. difficile
causes a transient rise in [Ca?*}; in human granulocytes, and is
also a potent chemoattractant. The rise in [Ca®*]; elicited by
toxin A appears to be mediated in part by the guanine nucleo-
tide binding protein G;. Taken together with observations in
rabbit ileal loops (2, 33), our data suggest that toxin A initiates
infiltration of the intestinal lamina propria with granulocytes,
which are then activated to release inflammatory mediators
(34). These mediators in turn contribute to epithelium dam-
age, fluid secretion, mucus release, and increased epithelial
membrane permeability.
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