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Summary

Clostridium difficile induces mucosal inflammation via secreted toxins A and
B and initial interactions between the toxins and intestinal epithelial cells
(which lead to loss of barrier function) are believed to be important in disease
pathogenesis. Secreted toxin-specific antibodies may inhibit such inter-
actions. Using the Caco-2 epithelial cell line, we have investigated the use of an
anti-toxin A monoclonal antibody (ATAA) in providing protection against
toxin A-mediated disruption of epithelial barrier function (assessed by mea-
surement of transepithelial electrical resistance and luminal to basolateral
flux of labelled dextran). In contrast to free antibody, ATAA conjugated to
sepharose beads was more effective in neutralizing the activity of purified
toxin A. Sepharose bead-conjugated ATAA was subsequently used to investi-
gate the contribution of toxin A in epithelial injury mediated by C. difficile
supernatant samples (containing toxins A, B and other products). Loss of
barrier function mediated by apical application of supernatant samples of
reference and epidemic 027 strains of C. difficile was abrogated by neutraliza-
tion of toxin A. However, this was not the case when the supernatant samples
were applied to the basal surface of epithelial monolayers. In conclusion, our
studies have shown that (i) sepharose bead-conjugated ATAA is more effective
in neutralizing toxin A than free antibody and (ii) when the apical (luminal)
surface of epithelial monolayers is exposed to the secretory products of ref-
erence and 027 strains of C. difficile, toxin A is required for the initial injury
that leads to loss of barrier function.
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Introduction

Toxigenic Clostridium difficile is a Gram-positive anaerobic
bacillus that is a major cause of diarrhoea and colitis
(pseudomembranous colitis) in hospitalized patients. It
secretes two toxins, A and B, which are responsible for
colonic inflammation and disease. Intestinal epithelial cells
are believed to be the first host cells that interact with
C. difficile toxins and responses by these mucosal cells may
determine the development and nature of the colonic
disease. Early effects of C. difficile toxins include loss of epi-
thelial barrier function and expression of proinflammatory
cytokines, followed by programmed cell death [1–5]. Inhibi-
tion of epithelial-toxin interactions via secreted antibody
and agents that bind the toxins [6] are therefore likely to be
protective. Indeed, studies suggest that impaired antibody-
mediated protection may be responsible for the development

of disease and its recurrence [7–9]. Orally administered anti-
bodies to C. difficile toxins may be therapeutically beneficial
[10] and their efficacy is likely to be related to their ability
to inhibit the toxin-mediated effects on epithelial cells
described above.

Both toxins A and B express cytopathic and cytotoxic
activities in cultured cells in vitro but studies in animals have
shown that toxin A plays an essential role in inducing intes-
tinal disease. Thus, intragastric administration of purified
toxin A has been reported to induce intestinal inflammation
similar to that seen following infection with toxigenic
C. difficile [11]. By contrast, intragastric administration of
purified toxin B did not cause any disease unless there was
prior mucosal damage to the intestinal mucosa. Moreover,
purified toxin A, but not toxin B, induced inflammation
when injected into rabbit ileal and colonic loops [12,13].
However, studies using mucosal samples have shown that
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toxin B is cytotoxic to human colonic epithelial cells [14,15].
Toxin A-negative, toxin B-positive strains of C. difficile have
also been reported to be capable of inducing disease [16].
However, the majority of patients with C. difficile-associated
disease are infected with bacterial strains that express both
toxin A and B. The recent increases in the number of cases of
severe disease and also outbreaks have been attributed to
a virulent strain (designated PCR ribotype 027/NAP1;
[17–19]) that produces greater amounts (compared with
other toxigenic strain) of toxin A and B in vitro [20]. The 027
strain also secretes binary toxin, whose role in disease patho-
genesis remains to be determined.

To date, in vitro studies to investigate their effects on intes-
tinal epithelial cells have involved the use of purified prepa-
rations of C. difficile toxins A and B. Such preparations may
not necessarily reflect the relative importance of each toxin
in initiating epithelial injury, especially when the contribu-
tions of other secreted products (such as binary toxin) have
not been fully characterized. We have therefore used super-
natant samples of cultured toxigenic C. difficile and a specific
monoclonal antibody to investigate the contribution of toxin
A in inducing loss of epithelial barrier function. We show
that during apical (but not basolateral) exposure to super-
natant samples of reference and epidemic strains of
C. difficile, toxin A is required to induce loss of epithelial
barrier function. Additionally, we show that anti-toxin A
antibody has a greater capacity (compared with free anti-
body) to neutralize toxin A when it is conjugated to
sepharose beads.

Materials and methods

Cells

The human intestinal epithelial cell lines Caco-2, T84 and
Vero cells (derived from African Green monkey kidney) were
obtained from American Type Culture Collection (ATCC,
via LGC Promochem, Teddington, UK). T84 cells were
maintained in 50% Dulbecco’s modified Eagle’s medium
(DMEM)/50% Ham’s F-12 medium (Gibco-Invitrogen,
Paisley, UK), supplemented with 10% fetal calf serum (FCS;
Gibco-Invitrogen), 2 mmol/l glutamine (Sigma-Aldrich,
Poole, UK), 0·1 mg/ml penicillin G (Britannia Pharmaceuti-
cals, Redhill, UK), 0·1 mg/ml streptomycin (Sigma-Aldrich)
and 0·1 mg/ml gentamicin (Mayne Pharma Plc, Warwick-
shire, UK). Caco-2 cells were cultured at 37°C in 5% CO, in
DMEM containing 10% FCS, 10 pg/ml holotransferrin
(Sigma-Aldrich), 2 mmol/l glutamine, 0·1 mg/ml penicillin
G, 0·1 mg/ml streptomycin and 0·1 mg/ml gentamicin. Vero
cells were maintained in DMEM supplemented with 10%
FCS, 2 mmol/l glutamine, and antibiotics as above.

Clostridium difficile and purification of toxin A

Clostridium difficile toxigenic strain VPI 10463 (obtained
from ATCC via LGC Promochem) was used for purification

of toxin A, as previously described [21,22]. In brief, C. difficile
was grown anaerobically in brain heart–infusion (BHI) broth
(Oxoid,Basingstoke,UK) and supernatant samples applied to
a bovine thyroglobulin affinity column. Toxin-A-containing
fractions (which demonstrated cytotoxicity in Vero cells)
were subsequently subjected to two sequential anion
exchange chromatographic steps with Q Sepharose FF and
Mono Q columns (GE Healthcare, Sweden). Aliquots of the
purified toxin A were frozen at -80°C until used.

Supernatant samples were obtained from three strains
of C. difficile, VPI 10463 (toxin A+/B+, Toxinotype 0), PCR
ribotype 017 (A-/B+, toxinotype VIII) and an epidemic PCR
ribotype NAP1/027 (toxin A+/B+, Toxinotype III). After
anaerobic culture (at 37°C) of a single colony of C. difficile in
BHI broth for 48–72 h, supernatant samples were obtained
by centrifugation (¥2000 g) for 5 min and passage through a
0·2 micron filter. To study their effects on epithelial barrier
function, supernatant samples were applied to upper or
lower compartments of transwell inserts (see below) at final
concentrations ranging from 1:10 to 1:10 000, depending on
the efficiency of bacterial growth and/or cytotoxicity in Vero
cells. In each experiment, BHI broth (at the same final con-
centration as supernatant sample) was used in control
transwells.

Anti-toxin A antibody

Hybridoma cells of the anti-toxin A monoclonal antibody
(ATAA) PCG-4 were obtained from ATCC (via LGC Promo-
chem) and grown in RPMI (Gibco-Invitrogen, Paisley, UK),
supplemented with 10% horse serum (Gibco-Invitrogen),
2 mmol/l glutamine, and antibiotics (as above). The PCG-4
antibody was purified from hybridoma supernatant samples
using a protein A affinity column (Perbio Science, Cheshire,
UK). Antibody purification was confirmed by SDS polyacry-
lamide gel electrophoresis and quantified using Coomassie
Plus protein assay kit (Perbio Science). The purified antibody
was conjugated to protein-A sepharose 4B fast flow beads
(Sigma-Aldrich) by incubation at 4°C in Dulbecco’s phos-
phate buffered saline (Sigma-Aldrich) for 4 h, followed by
three washes. PCG-4 antibody bound to the beads was calcu-
lated from the initial amount applied to beads and the quan-
tity left in the supernatant after incubation (with the beads)
and centrifugation. Free (unconjugated) or sepharose bead-
conjugated PCG-4 antibody was used in the transwells at a
final concentration of 70 mg/ml.

Assessment of epithelial barrier function

Barrier function of monolayers of Caco-2 and T84 cells was
assessed by measurement of transepithelial electrical resis-
tance (TER) and permeability to FITC-dextran. Caco-2 and
T84 cells were grown in the upper compartment of 12 mm
diameter Transwell inserts (Costar, New York, USA) at 37°C,
5% CO2. TER measurements were undertaken with the use

P. A. Sutton et al.

440 © 2008 The Author(s)
Journal compilation © 2008 British Society for Immunology, Clinical and Experimental Immunology, 153: 439–447



of an Epithelial Volt-Ohmmeter (World Precision Instru-
ments Ltd, Stevenage, UK), as previously described [5,23].
Permeability to FITC-labelled dextran (4 kDa, from Sigma-
Aldrich) was assessed following its application (final concen-
tration 0·2 mg/ml) to the upper compartment of transwell
inserts.

Following the application of toxin A or C. difficile super-
natant samples (pre-incubated for 1 h with control buffer,
free ATAA or sepharose bead-conjugated ATAA), either to
the upper or lower compartments of transwell inserts, TER
was measured at 4 h, 24 h and 48 h and expressed as a
percentage of electrical resistance at time 0 (immediately
after application of samples). Aliquots (from upper and
lower chambers) were also collected at 4 h, 24 h and 48 h
for assessment of permeability to FITC-dextran. FITC-
associated fluorescence was measured by Multiskan Ascent
Platereader (Labsystems Affinity Sensors, Cambridge, UK)
after excitation at 488nm and detection at 530nm, in aliquots
of samples obtained from the upper and lower compart-
ments of transwell inserts. Leakage of FITC-dextran was
defined by fluorescence in the bottom compartment and
expressed as a percentage of total fluorescence (combined
measurements in upper and lower compartments).

Statistical analysis

Data are expressed as mean (�standard error of the mean)
and analysed by anova and students t-test.

Results

Sepharose bead-conjugated ATAA provides greater
protection than free antibody against toxin A-induced
loss of epithelial barrier function

The ATAA PCG-4 has previously been shown to be capable
of neutralizing enterotoxic activity of toxin A in hamster and
rabbit intestine [24,25]. We tested the ability of this purified
antibody to modulate epithelial barrier disrupting effects of
toxin A.

In experiments using Caco-2 monolayers, both free and
sepharose bead-conjugated ATAA inhibited loss of epithelial
barrier function induced by low concentration (10 ng/ml) of
toxin A (Fig. 1a and b). At higher concentration (100 ng/ml)
of toxin A, sepharose bead-conjugated ATAA, but not free
antibody (both used at the same concentration), provided
complete protection against loss of TER and increase in per-
meability to FITC-dextran (Fig. 2a and b). Studies using T84
cells showed largely similar results (Fig. 2c and d).

Sepharose beads by themselves (without antibody) had no
effect on toxin A-induced changes in epithelial barrier func-
tion (not shown). Free and sepharose bead-conjugated
ATAA, in the absence of toxin A, also did not have any effect
on epithelial barrier function (not shown).

Sepharose bead-conjugated ATAA protects against loss
of epithelial barrier function induced by apical, but not
basal, application of C. difficile supernatant

In experiments performed using Caco-2 monolayers,
sepharose bead-conjugated ATAA protected against loss of
TER and increase in permeability to FITC-dextran, following
apical exposure (application to upper chamber of transwell
inserts) to supernatant samples of anaerobically cultured
C. difficile strain VPI 10463 (Fig. 3a and b). When the C. dif-
ficile supernatant samples were applied to the bottom
chamber (basal exposure), the same sepharose bead-
conjugated antibody (used at the same concentration as in the
upper chamber) did not abrogate the loss of epithelial barrier
function. Compared with apical application, basal exposure
of Caco-2 monolayers to C. difficile supernatant samples led
to significantly greater increase in permeability to FITC-
dextran (Fig. 3b).

When supernatant samples of an epidemic 027 strain of
C. difficile were used, the findings were similar to those
described for the reference strain, with sepharose bead-
conjugated ATAA providing protection against loss of epi-
thelial barrier function induced by apical, but not basal,
exposure to supernatant samples (Fig. 4a and b).

Basal, but not apical, application of supernatant sample
of toxin A-negative, toxin B-positive strain of
C. difficile induces loss of epithelial barrier function

Clostridium difficile strain 017 expresses active toxin B, but
not toxin A. Following anaerobic culture, supernatant
samples of this strain were applied apically or basally to
confluent monolayers of Caco-2 cells. Exposure of the super-
natant samples to the basal surface of the monolayers led to
loss of TER and an increase in permeability to FITC-dextran
(Fig. 5a and b). By contrast, apical exposure of the Caco-2
monolayers to the same concentration of the C. difficile 017
supernatant samples did not exhibit significant changes to
TER or permeability to FITC-dextran.

Discussion

Histologically, pseudomembranous colitis because of toxi-
genic C. difficile is characterized by acute inflammation asso-
ciated with epithelial ulceration. The focal nature of colonic
disease [26] could be due to the production of high concen-
trations of toxins by bacteria in close vicinity to the surface
epithelium, which could lead to the expression of proinflam-
matory cytokines such as IL-8 followed by cell death [2–5].
Early effects of purified C. difficile toxin A on intestinal epi-
thelial monolayers in vitro include an increase in paracellular
permeability, which can be assessed by measurement of
TER and luminal to basolateral flux of labelled dextran.
Using this methodology, we show that ATAA PCG-4 neutral-
izes the barrier-disrupting effect of toxin A. Compared with

C. difficile toxin A and epithelial barrier

441© 2008 The Author(s)
Journal compilation © 2008 British Society for Immunology, Clinical and Experimental Immunology, 153: 439–447



free antibody, the efficacy of ATAA in neutralizing toxin A
was greater when the antibody was conjugated with
sepharose beads. Possible reasons for this difference include
the ability of a number of antibodies in close proximity on
the beads to bind the toxin, leading to more stable bead-
antibody-toxin complexes. Another possibility is that the
presence of sepharose beads inhibits epithelial uptake of
ATAA-toxin complexes.

Using T84 epithelial monolayers, the superiority of poly-
meric immunoglobulin A (IgA) ATAA (compared with
monomeric IgA and IgG antibodies) in protection against
toxin A-induced epithelial injury has previously been
reported [27]. In the latter study, the efficacy of monomeric
(free) IgG ATAA was transient, whereas we have shown that
it is capable of neutralizing low concentrations of toxin A
over 48 h. As the host antibody response to C. difficile

toxins appears to be an important determinant of clinical
disease [7,9], the delivery to the colonic lumen of orally-
administered anti-toxin antibodies conjugated to an inert
support could be considered for therapeutic purposes.
Indeed, orally-administered avian antibodies to C. difficile
toxins have been reported to prevent morbidity, mortality
and relapse in a hamster model of C. difficile-associated
disease [10]. Based on our novel findings, we postulate that
orally administered anti-C. difficile toxin antibodies conju-
gated to an inert support (similar to that provided by
sepharose beads) will have greater therapeutic efficacy than
free (unconjugated) antibodies.

The ability of sepharose bead-conjugated ATAA to effec-
tively neutralize toxin A for a significant period of time was
subsequently utilized to investigate the relative contribution
of toxin A in the initial disruption of intestinal epithelial
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Fig. 1. Free and sepharose bead-conjugated anti-toxin A antibody (ATAA) inhibits loss of transepithelial electrical resistance (TER) (a) and increase

in permeability to FITC-dextran (b) induced by low concentration of toxin A. Purified toxin A was pre-incubated (for 1 h) with buffer, free ATAA

or sepharose bead-conjugated ATAA, before application (final concentration of toxin A – 10 ng/ml) to the apical surface of Caco-2 monolayers in

transwell inserts. TER was measured at 4 h, 24 h and 48 h and is expressed as % of electrical resistance at time 0. Leakage of FITC-dextran was

defined by fluorescence in the bottom compartment and expressed as a percentage of total fluorescence (combined measurements in upper and

lower compartments). *P < 0·0003, versus the rest at relevant time points. The figure represents mean data from three experiments (performed in

duplicate).
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Fig. 2. Sepharose bead-conjugated anti-toxin A antibody (ATAA) provides greater protection than free ATAA antibody against loss of transepithelial

electrical resistance (TER) (a and c) and increase in permeability to FITC-dextran (b and d) induced by high concentration (100 ng/ml) of toxin A.

Purified toxin A was pre-incubated (for 1 h) with buffer, free ATAA or sepharose bead-conjugated ATAA, before application to the apical surface of

Caco-2 (a and b) or T84 (c and d) monolayers in transwell inserts (final concentration of toxin A – 100 ng/ml). #P < 0·02 and *P < 0·005, versus the

rest at relevant time points. The figure represents mean data from three experiments (performed in duplicate).
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barrier function induced by secreted products of toxigenic
C. difficile. We show that in both the reference and epi-
demic 027 strains of toxigenic C. difficile, toxin A is an
essential apically-applied secretory component required to
induce epithelial injury, which is characterized by an
increase in paracellular permeability. We are not aware of
such studies undertaken previously in which supernatant
samples of toxigenic C. difficile have been used to investi-
gate the contribution of toxin A in the disruption of epi-
thelial barrier function. Our findings using Caco-2 cells are
consistent with those previously reported using the T84
epithelial cell line and purified toxins A and B [27]. The
inability of supernatant samples of a toxin A-negative,
toxin B-positive strain of C. difficile, as shown by us and
also reported previously [16], further supports the concept

of the lack of a biological effect of apically-applied toxin B
in intestinal epithelial monolayers. These findings imply
the presence of distinct receptors for toxins A and B, with
receptors for the latter only present on the basolateral
surface of epithelial cells.

When applied to the surface of human intestinal mucosal
samples, purified toxin B has been reported to induce epi-
thelial injury [14,15]. A possible reason for this disparity
between studies using human mucosal samples and epithe-
lial cell lines is that toxin B may be taken up by dendritic cells
in mucosal samples via processes between enterocytes
[28,29], with subsequent loss of barrier function via induc-
tion of proinflammatory cytokine secretion [30–32], thereby
enabling toxin B access to the basolateral surface of epithelial
cells. It is possible that primary human intestinal epithelial
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Fig. 3. Anti-toxin A antibody (ATAA) protects against loss of epithelial barrier function induced by apical, but not basal, application of supernatant

sample of VPI 10463 strain of C. difficile. VPI 10463 strain of C. difficile was cultured anaerobically and diluted supernatant samples were

pre-incubated with PBS (for 1 h) or sepharose bead-conjugated ATAA, before application to the upper (apical exposure) or lower (basal exposure)

chambers of transwells containing confluent monolayers of Caco-2 cells. Transepithelial electrical resistance (TER; a) and permeability to dextran

(b) was assessed at 4 h, 24 h and 48 h. The figure represents mean data from four experiments (performed in duplicate). For TER at 24 h and 48 h,

cells only ( ) and cells + supernatant + conjugated ATAA to top chamber ( ) versus the rest: P < 0·0004 (*). The following P values refer to

dextran permeability at 48 h; cells only ( ) and cells + supernatant + conjugated ATAA to top chamber ( ) versus the rest: P < 0·005 (#).

Cells + supernatant to top chamber versus cells + supernatant to bottom chamber, or cells + supernatant + conjugated ATAA to bottom: P < 0·008

(*for both comparisons).
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cells are able to respond to luminally-applied toxin B because
of the presence of specific receptors on the apical surface.
The monolayer of primary colonic epithelial cells in vivo
consists of stem cells at the crypt base that give rise to two
main types of epithelial cells, enterocytes and goblet cells
(and also a small number of enteroendocrine cells) that dif-
ferentiate as they migrate up to the surface. Monolayers of
Caco-2 and T84 cells express many phenotypic and func-
tional characteristics of mature enterocytes and colonic
crypt cells respectively [33,34]. It is possible therefore that
the epithelial cells in whole mucosal samples that respond to
luminally-applied toxin B are distinct from mature entero-
cytes and include immature cells (stem cells and their
immediate progeny) and goblet cells. In this case, the
increase in permeability via the immature and/or goblet cells
would allow toxin B access to the basolateral surface of
neighbouring enterocytes.

The occurrence of diarrhoea because of toxin A-negative
toxin B-positive strains of C. difficile is now well recog-
nized, although it generally occurs much less frequently
than that because of strains that express both toxins A and
B. However, there have recently been a number of reports
of the isolation of toxin A-negative toxin B-positive strains
from patients [16,35,36]. Studies in animals suggest that
non-toxin A and toxin B enterotoxic factors may be respon-
sible for fluid accumulation and tissue damage because of
these strains [37]. Binary toxin, which is expressed by the
epidemic 027 strain of C. difficile [17,18], is one such
factor. Although binary toxin has been implicated in fluid
accumulation, it has been reported not to cause disease in
hamsters [38].

The ability of toxin A-negative, toxin B-positive strains
of C. difficile to cause disease in humans could also be
explained by its occurrence in those with pre-existing
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Fig. 4. Anti-toxin A antibody (ATAA) protects against loss of epithelial barrier function induced by apical, but not basal, application of supernatant

samples of NAP1/027 strain of C. difficile. A NAP1/027 strain of C. difficile was cultured anaerobically and diluted supernatant samples were

pre-incubated with PBS (for 1 h) or sepharose bead-conjugated ATAA, before application to the upper (apical exposure) or lower (basal exposure)

chambers of transwells containing confluent monolayers of Caco-2 cells. Transepithelial electrical resistance (TER; a) and permeability to dextran

(b) was assessed at 4 h, 24 h and 48 h. The figure represents mean data from three experiments (performed in duplicate). For TER at 24 h and 48 h,

cells only ( ) and cells + supernatant + conjugated ATAA to top chamber ( ) versus the rest: P < 0·05 (#) and P � 0·0001 (*) respectively.

For dextran permeability at 48 h, cells only ( ) and cells + supernatant + conjugated ATAA to top chamber ( ) versus the rest: P < 0·05 (*).
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impairment of epithelial barrier function, as has been
shown for healthy relatives of patients with Crohn’s disease
[39], which may represent a genetically determined
primary abnormality in epithelial cells or could be due to
proinflammatory cytokines secreted by underlying lamina
propria cells in the mildly inflamed mucosa [31], such that
toxin B is able to get access to the basolateral surface of
epithelial cells.

In conclusion, using assessment of changes in barrier
function as a sensitive measure of intestinal epithelial
injury, we have shown that sepharose bead-conjugated
ATAA has a greater capacity to neutralize toxin A than
free antibody. The sepharose bead-conjugated ATAA was
subsequently used to show that of the apically-applied
secreted products of toxigenic C. difficile, toxin A is
required to disrupt the barrier function of Caco-2 epithelial
monolayers.
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