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A Synthetic Peptide Corresponding to the Extracellular Loop 2 Region
of Claudin-4 Protects against Clostridium perfringens Enterotoxin In
Vitro and In Vivo

Archana Shrestha,a Susan L. Robertson,a Jorge Garcia,b Juliann Beingasser,b Bruce A. McClane,a Francisco A. Uzalb

Department of Microbiology and Molecular Genetics, University of Pittsburgh, School of Medicine, Pittsburgh, Pennsylvania, USAa; California Animal Health and Food
Safety Laboratory System, School of Veterinary Medicine, University of California, Davis, San Bernardino, California, USAb

Clostridium perfringens enterotoxin (CPE) action starts when the toxin binds to claudin receptors. Claudins contain two extra-
cellular loop domains, with the second loop (ECL-2) being slightly smaller than the first. CPE has been shown to bind to ECL-2
in receptor claudins. We recently demonstrated that Caco-2 cells (a naturally CPE-sensitive enterocyte-like cell line) can be pro-
tected from CPE-induced cytotoxicity by preincubating the enterotoxin with soluble full-length recombinant claudin-4 (rclau-
din-4), which is a CPE receptor, but not with recombinant nonreceptor claudins, such as rclaudin-1. The current study evaluated
whether a synthetic peptide corresponding to the claudin-4 ECL-2 sequence can similarly inhibit CPE action in vitro and in vivo.
Significant protection of Caco-2 cells was also observed using either rclaudin-4 or the claudin-4 ECL-2 peptide in both a preincu-
bation assay and a coincubation assay. This inhibitory effect was specific, since rclaudin-1 and a synthetic peptide based on the
claudin-1 ECL-2 offered no protection to Caco-2 cells. However, the claudin-4 ECL-2 peptide was unable to neutralize cytotoxic-
ity if CPE had already bound to Caco-2 cells. When the study was repeated in vivo using a rabbit small intestinal loop assay, pre-
incubation or coincubation of CPE with the claudin-4 ECL-2 peptide significantly and specifically inhibited the development of
CPE-induced luminal fluid accumulation and histologic lesions in rabbit small intestinal loops. No similar in vivo protection
from CPE was afforded by the claudin-1 ECL-2 peptide. These results suggest that claudin-4 ECL-2 peptides should be further
investigated for their potential therapeutic application against CPE-associated disease.

Clostridium perfringens enterotoxin (CPE) is produced by about
1 to 5% of C. perfringens type A isolates (1), which are associ-

ated with several important human gastrointestinal (GI) diseases
(1). The most common of those illnesses is C. perfringens type A
food poisoning, which the Centers for Disease Control and Pre-
vention now ranks as the second most prevalent bacterial food-
borne illness in the United States, with an annual incidence of 1
million cases and an economic cost of $382 million (2, 3). CPE-pro-
ducing type A strains are also responsible for �3 to 10% of all cases of
non-food-borne human GI diseases, including many cases of antibi-
otic-associated diarrhea and sporadic diarrhea (4, 5).

Analysis using molecular Koch’s postulates demonstrated that
CPE production is necessary for type A food poisoning or non-
food-borne GI disease isolates to cause enteropathogenic effects in
the commonly used rabbit small intestinal loop model (6). In this
model, CPE causes severe epithelial necrosis, villus blunting, and
luminal fluid accumulation (1, 7, 8). Two observations strongly
suggest that CPE-induced luminal fluid accumulation is primarily
a consequence of intestinal damage. First, time course studies
demonstrated that histologic damage precedes the onset of fluid
accumulation in rabbit small intestinal loops (9). Second, only
those CPE doses causing histologic damage in the small intestinal
loop model are capable of inducing fluid accumulation (1, 7, 10).

CPE-induced intestinal damage is thought to result from the
cytotoxic effects of the enterotoxin. For example, binding-capa-
ble, but noncytotoxic, CPE variants cause neither fluid loss nor
histologic damage in rabbit small intestinal loops (7). The cyto-
toxic action of CPE has been extensively studied and begins with
binding of the toxin to receptors (11–14). Bound CPE then forms
an SDS-sensitive small complex of �90 kDa (15) that is not, by
itself, sufficient for cytotoxicity (15–17). However, CPE seques-

tered in small complex rapidly oligomerizes to form an �450-kDa
prepore complex (18, 19), which then inserts into the membrane
to form an active pore named CPE hexamer 1 (CH-1), because it
apparently contains six CPE molecules (18). CH-1 formation trig-
gers apoptosis or oncosis, depending upon the extent of Ca2�

influx into the CPE-treated host cell (20, 21). During cell death,
formation of the CH-1 pore also produces morphological damage
that exposes the basolateral surface (22). This basolateral surface
exposure permits additional CPE binding to claudin receptors to
form more CH-1. It also allows CPE to interact with both claudins
and occludin to form a secondary large complex of �600 kDa
named CH-2 (18, 22–24).

Several members of the claudin family of �22-kDa tight junc-
tion proteins are established CPE receptors. The first recognized
claudin CPE receptors were claudin-3 and -4, which were identi-
fied by expression cloning studies (12, 24). Since that pioneering
work, CPE has been shown to bind to claudins-3, -4, -6, -7, -8, and
-14 (11, 12, 25). However, not all 24 members of the claudin fam-
ily are CPE receptors, since claudins-1, -2, -5, and -10 do not bind
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CPE at pathophysiologically relevant toxin concentrations (11,
25–27).

Claudins consist of four transmembrane domains and two ex-
tracellular loops (28, 29). Early studies determined that the C-ter-
minal half of claudin receptors mediates CPE binding (11). More
recently, CPE binding activity was specifically mapped to the
ECL-2 region of receptor claudins (30). The ECL-2 region forms a
helix-turn-helix (31–34) that docks into a pocket in the C-termi-
nal CPE binding domain (29, 31, 35–37). Recent work identified
ECL-2 sequence variations that dictate whether a claudin can bind
CPE, as well as delineating the ECL-2 determinants that define the
affinity of this binding. Specifically, an Asn residue located near
the middle of ECL2 was shown to be a key yes/no determinant of
CPE binding, with several nearby ECL-2 residues then modulating
the strength of CPE binding to those claudins that contain this
critical Asn residue (25, 30).

Our laboratory recently reported that mixing CPE with full-
length, recombinant claudin-4 (rclaudin-4) can prevent CPE binding
and the subsequent development of cytotoxic damage in naturally
CPE-sensitive, enterocyte-like Caco-2 cells (30). This protective effect
was specific, since a similar preincubation of CPE with full-length,
recombinant claudin-1 (rclaudin-1), which is not a CPE receptor, did
not inhibit CPE-induced cytotoxicity in Caco-2 cells (30). Further-
more, we showed that preincubation of CPE with rclaudin-4 frag-
ments corresponding to the predicted ECL-2 region sequence of clau-
din-4 also blocked the development of CPE-induced cytotoxicity in
Caco-2 cells. These results suggested that soluble decoys containing
the putative ECL-2 sequence of a receptor claudin might potentially
interfere with CPE action in the intestines.

Using recombinant full-length claudins or recombinant claudin
ECL-2 fragments to explore the ability of ECL-2-based receptor de-
coys to protect against CPE activity in vivo is impractical due to the
very low yield of these polypeptides when produced by Escherichia
coli. To address this limitation, the current study first tested
whether a synthetic peptide corresponding to the putative
ECL-2 sequence of CPE receptor claudin-4 can also protect
Caco-2 cells from CPE-induced cytotoxicity using both prein-
cubation and direct mixing assays. The rabbit small intestinal
loop model was then employed to assess whether this claudin-4
ECL-2-based synthetic peptide can function as an in vivo re-
ceptor decoy to prevent the development of the intestinal his-
tological damage caused by CPE.

MATERIALS AND METHODS
CPE purification. Using previously reported techniques (38), CPE was
purified to �99% electrophoretic homogeneity from C. perfringens strain
T1, a type A food isolate (38).

Affinity enrichment of full-length rclaudin species. As described pre-
viously (30), full-length, human rclaudin-1 and rclaudin-4 were expressed
from pTrcHisA plasmids carrying a cDNA insert encoding either human
claudin-1 or claudin-4. Using previously described techniques (7), the
recombinant claudins, which were �27 kDa due to the presence of an �3-
to 4-kDa peptide encoding an N-terminal, metal-binding His6 tag, were
then affinity enriched using Ni-nitrilotriacetic acid (NTA) resin (Invitro-
gen). The resultant recombinant claudins were affinity enriched to �90%
homogeneity, as assessed by SDS-PAGE and Coomassie blue staining. To
establish the authenticity of the affinity-enriched rclaudins, Western im-
munoblotting was performed using rabbit polyclonal anti-claudin-1
or rabbit polyclonal anti-claudin-4 antibodies (Invitrogen). Protein
amounts in each affinity-enriched claudin preparation were quantified
using a BCA kit (39).

Synthesis of claudin-4 and claudin-1 ECL-2 peptides. Synthetic pep-
tides corresponding to the predicted amino acid sequence of the claudin-1
or claudin-4 ECL-2 regions were prepared by the Peptide Synthesis Core
Facility, Genomics and Proteomics Core Laboratories, University of Pitts-
burgh. These peptides were synthesized to contain one of the following
sequences: TAHNIIQDFYNPLVASGQKREM (claudin-4 ECL-2 peptide)
or YGNRIVQEFYDPMTPVNARYEF (claudin-1 ECL-2 peptide). The
claudin-4 and claudin-1 ECL-2 peptides were synthesized by the solid
phase on a Liberty microwave synthesizer (CEM Corporation) using the
9-fluorenylmethoxy carbonyl (FMOC) synthesis protocol of the Peptide
Synthesis Facility, University of Pittsburgh Genomics & Proteomics Core
Laboratories. Briefly, syntheses were performed by stepwise addition of
activated amino acids to the solid support of FMOC-Met-OH and
FMOC-Phe-OH Wang resins (Peptide International, Louisville, KT),
starting from the carboxy terminus to the amino terminus. Activation
of amino acids was performed by diisopropylethylamine (DIPEA)–
hydroxybenzotriazole (HOBT)–O-(benzotriazol-1-yl)-N,N,N=,N=-tetra-
methyluronium tetrafluoroborate (TBTU) chemistry. At the end of the
synthesis, the peptides were cleaved off the resin by reagent R (90%
trifluoroacetic acid [TFA], 5% thioanisole, 3% ethanedithiol, and 2% ani-
sole) and subjected to multiple ether extractions. The crude peptides were
analyzed, characterized, and purified by preparative reverse-phase high-
performance liquid chromatography (RP-HPLC 486 and 600E by Waters
Corporation), and the correct mass was later confirmed by matrix-as-
sisted laser desorption ionization–time of flight (MALDI-TOF) mass
spectroscopy (The Voyager-DE STR Biospectrometry Workstation). The
final purity of these peptides at �95% was confirmed by analytical RP-
HPLC.

Full-length rclaudin or claudin ECL-2 peptide decoy experiments
using Caco-2 cells. Caco-2 cells were grown to confluence as described
previously (18).

Preincubation studies. A 100-, 200-, or 400-fold molar excess of each
ECL-2 claudin peptide or full-length rclaudin was mixed with 0.5 �g of
CPE/ml in 1 ml of Hanks balanced salt solution containing calcium and
magnesium (HBSS; Mediatech). This mixture was then incubated, with
gentle rocking, for 30 min at 37°C. Confluent Caco-2 cells were treated
with these preincubation mixes for 60 min at 37°C and then processed to
assess the development of morphological damage and cytotoxicity, as de-
scribed below.

Direct mixing experiments. The same molar ratios of the full-length

rclaudins or ECL-2 peptides used in the preincubation studies were also
mixed with 0.5 �g of CPE/ml and then immediately applied (i.e., no prein-
cubation) to confluent Caco-2 cells for 60 min at 37°C, before processing to
assess the development of morphological damage and cytotoxicity.

Addition of ECL-2 peptides after CPE treatment. Confluent Caco-2
cells were treated with 0.5 �g/ml of CPE and incubated for 10 min at 37°C.
CPE was then removed from some plates, followed by the addition of
HBSS containing a 400-fold molar excess of claudin-4 ECL-2 peptide or a
400-fold molar excess of claudin-1 ECL-2 peptide. In other plates, CPE
was not removed, but a 400-fold molar excess of the ECL-2 peptide was
applied 10 min after the addition of CPE. All CPE-treated cultures were
then incubated for 50 min more at 37°C.

Controls. As controls for the experiments described above, confluent
Caco-2 cells were treated for 1 h at 37°C with (i) HBSS containing 0.5
�g/ml CPE, (ii) HBSS containing a 400-fold molar excess of the claudin-4
ECL-2 peptide only, (iii) HBSS containing a 400-fold molar excess of the
claudin-1 ECL-2 peptide only, or (iv) HBSS buffer only.

Supernatants from all the treatments were collected, and cytotoxicity
was measured using the Roche lactate dehydrogenase (LDH) assay. Cul-
tures were also assessed for morphological damage by phase-contrast mi-
croscopy using a Zeiss Axiovert 25 microscope.

Effects of recombinant claudins or ECL-2 peptides on CPE binding
to Caco-2 cells. After challenge with the various samples described above,
CPE binding and the formation of large CPE complexes in Caco-2 cells
were evaluated by gently scraping the cells, followed by three washes with
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HBSS and lysis with 2� sodium dodecyl sulfate (SDS) buffer. Those ly-
sates were then electrophoresed on SDS-containing gels containing 4%
polyacrylamide. Separated proteins were transferred onto a nitrocellulose
membrane (Bio-Rad). Western immunoblotting was then performed on
this membrane, as described previously (30), for detecting the SDS-resis-
tant CPE complexes in Caco-2 cells. Developed films of these blots were
then scanned and quantified for immunoreactivity using the ImageJ pro-
gram.

ECL-2 peptide receptor decoy experiments using rabbit small intes-
tinal loops. Additional experiments were performed to assess whether the
claudin-4 ECL-2 peptide can inhibit CPE action in vivo. In this work, 1 ml
of HBSS buffer containing 50 �g of CPE was preincubated at 37°C for 30
min with a 400-fold molar excess of the claudin-4 ECL-2 or claudin-1
ECL-2 peptides prior to injection of those preincubation mixtures into
rabbit small intestinal loops. Another set of treatments included mixing 1
ml of HBSS containing 50 �g of CPE with a 400-fold molar excess of the
claudin-4 or claudin-1 ECL-2 peptides, followed by immediate injection
(i.e., no preincubation) of those samples into rabbit small intestinal loops.
As controls, a 1-ml sample of HBSS containing 50 �g of CPE, which had
or had not been preincubated for 30 min at 37°C, was injected into other
small intestinal loops. Additional controls included the injection of 1 ml
of HBSS alone or 1 ml of HBSS containing the claudin-4 or claudin-1
ECL-2 peptides alone (no CPE) at the same concentration as that used in
combination with CPE in these in vivo studies.

Rabbit small intestinal loops were prepared as described previously
(7). After sample inoculation, the rabbits remained under general anes-
thesia for 5 h before they were euthanized with an overdose of sodium
barbiturate (Beuthanasia; Schering-Plough Animal Health). The abdom-
inal cavity was then reopened, and the small intestinal loops were re-
moved. The weight and length of each loop were recorded, and fluid
accumulation was expressed as a fluid weight/length ratio.

After this fluid measurement, a slice of each loop was fixed by immer-
sion in 10% buffered formalin (pH 7) for a minimum of 24 h and pro-
cessed routinely to obtain 4-�m-thick hematoxylin and eosin (H&E) sec-
tions. The small intestinal loop H&E sections were examined and scored
for damage by a pathologist in a blinded fashion. A scoring system of 1 to
5 was used, with a score of 1 used for sections in which no histological
abnormalities were observed, a score of 5 used for the sections with the
most severe damage, and intermediate scores applied for lesions of inter-
mediate severity. Additional slices of each loop were collected and stored
at �80°C until processed for CPE complex formation (see below).

All experimental procedures using animals were approved by the An-
imal Care and Use Committee of the University of California, Davis (per-
mit 13416).

Analysis of CPE binding and complex formation in tissues. To com-
pare CPE binding in rabbit small intestinal loops that had been challenged
with the different samples described above, equal amounts of small intes-
tinal tissue (100 mg) were collected from treated loops and washed three
times with sterilized water and then homogenized by sonication (Misonix
Sonicator 3000 with an output of 2.5, with three 10-s pulses) in 1.0 ml of
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, 1% NP-40,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA [Thermo Sci-
entific Pierce]) with protease inhibitor cocktail (GE Life Sciences; pH 7.4)
plus 1 �l Benzonase (EMD Novagen). A 25-�l aliquot of each homoge-
nate was then added to 25 �l of 2� Laemmli buffer, and those samples
were loaded onto a 4% polyacrylamide gel containing SDS, followed by
transfer onto a nitrocellulose membrane and Western blotting with a
rabbit polyclonal anti-CPE antibody. On the following day, blots were
washed 3 times with TBST buffer (20 mM Tris, 500 mM NaCl, pH 7.5)
and incubated with Clean-Blot IP (horseradish peroxidase [HRP]) as the
secondary antibody (Thermo Scientific), and the film was developed us-
ing SuperSignal Western Pico chemiluminescent substrate (Thermo Sci-
entific). Films were then scanned and quantified for immunoreactivity
using the ImageJ program.

Statistical analysis. For fluid accumulation and histopathological
scores, data analyses were performed using duplicate loops in a total of 6
animals. The fluid accumulation data and histologic data were analyzed
by one-way analysis of variance (ANOVA) using the Friedman test. For
cell culture cytotoxicity and percent CPE binding, Student’s t test was
performed to compare the results of (i) full-length rclaudin-4 versus full-
length rclaudin-1 or claudin-4 ECL-2 peptide versus claudin-1 ECL-2
peptide and (ii) full-length rclaudin-4 versus claudin-4 ECL-2 peptide.

RESULTS
Comparison of preincubating CPE with full-length rclaudins
versus claudin ECL-2 peptides on the development of cytotox-
icity in Caco-2 cells. Previous studies showed that preincubating a
100-fold molar excess of full-length rclaudin-4 with CPE reduces
the development of CPE-induced cytotoxicity in Caco-2 cells (30).
This inhibitory effect was reproduced in the current study, where
preincubation with a 100-, 200-, or 400-fold molar excess of rclau-
din-4 protected Caco-2 cells from CPE-induced cytotoxicity in a
dose-dependent manner (Fig. 1A). This protection afforded by
full-length rclaudin-4 was significant at all tested doses and was
specific, since a similar preincubation of the same amount of CPE
with 100- to 400-fold molar excesses of full-length rclaudin-1 did
not substantially inhibit CPE-induced cytotoxicity (Fig. 1A). As a
control, treatment of Caco-2 cells with the same concentrations of
full-length rclaudins alone (no CPE) did not induce any signifi-
cant cytotoxicity when those CPE-free samples were preincubated
for 30 min at 37°C and then applied to Caco-2 cells (Fig. 1A).

Having confirmed our previous work (30) that preincubating
CPE with soluble full-length rclaudin-4 specifically inhibits the
development of cytotoxicity in Caco-2 cells, we next evaluated
whether a similar preincubation with a synthetic peptide corre-
sponding to the amino acid sequence present in the claudin-4
ECL-2 region can also interfere with the development of CPE-
induced cytotoxicity. In this assay, the claudin-4 ECL-2 peptide
proved similarly protective as full-length rclaudin-4 against the
development of CPE damage in Caco-2 cells (Fig. 1A), and no
significant statistical difference in results was observed between
using full-length rclaudin-4 and using claudin-4 ECL-2 peptide
(Fig. 1A). The protection afforded by claudin-4 ECL-2 peptide in
this experiment was significant at all tested doses and was specific,
since a similar preincubation of the same amount of CPE with
100- to 400-fold molar excesses of rclaudin-1 ECL-2 peptide did
not substantially inhibit CPE-induced cytotoxicity (Fig. 1A). At
equivalent molarities, but in the absence of CPE, neither the clau-
din-1 nor -4 ECL-2 peptide caused cytotoxicity when preincu-
bated for 30 min at 37°C prior to their administration to Caco-2
cells (Fig. 1A).

Compared against Caco-2 cells treated with CPE in the absence
of any claudin spp., significantly less CPE bound to Caco-2 cells
when the toxin was preincubated with either full-length rclau-
din-4 or the claudin-4 ECL-2 peptide (Fig. 1B). This inhibition
was specific, since preincubation of CPE with full-length rclau-
din-1 or the claudin-1 ECL-2 peptide did not significantly affect
the binding of the toxin to Caco-2 cells (Fig. 1C). Using equivalent
concentrations of full-length rclaudin-4 and full-length rclau-
din-1, or claudin-4 ECL-2 peptide and claudin-1 ECL-2 peptide,
binding differences were statistically significant (Fig. 1C). No
statistically significant differences in CPE binding were ob-
served using full-length rclaudin-4 versus claudin-4 ECL-2
peptide (Fig. 1C).

Caco-2 cells treated only with full-length rclaudins or the clau-
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din ECL-2 peptides (no CPE) did not show any immunoreactivity
with CPE antibody in this experiment (not shown).

Comparative effects of immediately mixing (no preincuba-
tion) CPE with full-length rclaudin-4 versus claudin-4 ECL-2
peptide on the development of CPE-induced cytotoxicity in
Caco-2 cells. If claudin receptor decoys are to be practical as po-
tential CPE therapeutics, they would need to exert immediate in-
hibitory effects upon contact with CPE (no preincubation). To
begin evaluating this issue, CPE was first mixed with a 100-, 200-,
or 400-fold molar excess of full-length rclaudin-4 or the claudin-4
ECL-2 peptide, and those mixtures were then immediately added
to Caco-2 cells (i.e., no mixture preincubation). Results from this

experiment (Fig. 2A) showed dose-dependent reductions in CPE-
induced cytotoxicity using either full-length rclaudin-4 or the
ECL-2 claudin-4 peptide, although this effect was statistically sig-
nificant only at a 400-fold dose of either the ECL-2 claudin-4
peptide or full-length rclaudin-4. The inhibition was slightly
greater when the toxin was preincubated with equivalent levels of
claudin-4 ECL-2 peptide than with full-length claudin-4, al-
though this difference was statistically significant only at the 100-
fold doses.

The protection afforded by full-length rclaudin-4 or the clau-
din-4 ECL-2 peptide in this immediate mixing (no preincubation)
assay was specific, since, in the absence of a preincubation, the

FIG 1 Effects of preincubating CPE with claudin-1 or -4 ECL-2 peptides compared to full-length recombinant claudin-1 or -4 on the development of
CPE-induced cytotoxicity and CPE binding to Caco-2 cells. Confluent Caco-2 cells grown on 100-mm2 cell culture plates were challenged for 1 h with 0.5 �g/ml
of CPE preincubated alone (no claudin spp.), with 0.5 �g/ml of CPE preincubated with, as indicated, a 100-, 200-, or 400-fold molar excess of claudin-1 or -4
ECL-2 peptide, with the same concentrations of claudin-1 or -4 ECL-2 peptide preincubated alone (no CPE), or with buffer alone. (A) At the conclusion of this
experiment, cytotoxicity was measured with an LDH release assay (Roche). Results are the averages from 3 independent experiments. The white bar represents
CPE treatment, the black bars represent CPE that was preincubated with the indicated ECL-2 peptide, and the gray bars represent CPE preincubated with the
indicated recombinant claudins. Error bars represent the standard errors of the mean. **, P � 0.05. (B) CPE Western blot analysis (each blot was repeated 3 times)
(30). After treatment, cells were scraped, washed, and resuspended in 2� SDS buffer before Western blotting using a 4% polyacrylamide gel. The top panel shows
Western blot results for claudin-1 or -4 ECL-2 peptides, while the bottom panel shows Western blot results for full-length rclaudin-1 or -4. (C) CPE binding to
Caco-2 cells. ImageJ software was used to quantify the Western blot shown in Fig. 1B.
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copresence of CPE with either full-length rclaudin-1 or the clau-
din-1 ECL-2 peptide failed to inhibit the development of CPE-
induced cytotoxicity in Caco-2 cells (Fig. 2A). The differences
between cytotoxicity results were significant between full-length

rclaudin-4 and full-length rclaudin-1 and between claudin-4
ECL-2 peptide and claudin-1 ECL-2 peptide at (i) a 200-fold mo-
lar excess of CPE and rclaudin-4 compared to CPE and rclaudin-1,
(ii) a 400-fold molar excess of CPE and claudin-4 ECL-2 peptide
compared to CPE and claudin-1 ECL-2 peptide, and (iii) a 400-
fold molar excess of CPE and rclaudin-4 compared to CPE and

rclaudin-1 (Fig. 2A).
In addition, treatment of Caco-2 cells with equivalent high

concentrations of full-length rclaudin-4 or -1, or the claudin-1 or
-4 ECL-2 peptides alone (no CPE), did not induce any cytotoxicity
in Caco-2 cells (Fig. 2A).

CPE Western blotting was performed on lysates from CPE-
treated Caco-2 cells to assess whether the protection offered by
full-length rclaudin-4 or the claudin-4 ECL-2 peptide was due to
an inhibition of CPE binding (Fig. 2B). These analyses detected
reduced levels of CPE binding in the presence of full-length rclau-
din-4 or the claudin-4 ECL-2 peptide (Fig. 2C). This inhibition
was specific, since neither full-length rclaudin-1 nor the claudin-1
ECL-2 peptide affected CPE binding (Fig. 2C). At equivalent con-
centrations, effects on CPE binding were significant between
full-length rclaudin-4 and full-length rclaudin-1 and between
claudin-4 ECL-2 peptide and claudin-4 ECL-2 peptide, except for
100-fold molar excess of CPE and claudin-4 ECL2 peptide com-
pared to CPE and ECL2 claudin-1 peptide (Fig. 2C). No signifi-
cant difference was observed between full-length rclaudin-4 and
claudin-4 ECL-2 peptide (Fig. 2C).

FIG 2 Effects of direct mixing of CPE with claudin-1 or -4 ECL-2 peptide compared to full-length recombinant claudin-1 or -4 on the development of
CPE-induced cytotoxicity. Confluent Caco-2 cells grown on 100-mm2 cell culture plates were challenged (no preincubation of challenge samples) for 1 h with
0.5 �g/ml of CPE alone (no claudin spp.), with 0.5 �g/ml CPE directly mixed with a 100-, 200-, or 400-fold molar excess, as indicated, of claudin-1 or -4 ECL-2
peptide, with the same concentrations of claudin-1 or -4 ECL-2 peptide alone (no CPE), or with buffer alone. (A) Cytotoxicity. At the conclusion of this
experiment, cytotoxicity was measured using an LDH-release assay (Roche). Results are the averages from 3 independent experiments. The white bar represents
CPE treatment, the black bars represent CPE that was directly incubated with the indicated peptide, and the gray bars represent CPE that was directly incubated
with the indicated recombinant claudin treatment. Error bars represent the standard errors of the mean. **, P � 0.05. (B) CPE Western blot (each blot was
repeated 3 times). After treatment, cells were scraped, washed, and resuspended in 2� SDS buffer and then Western blotted using a 4% polyacrylamide gel. The
upper panel shows Western blot results for claudin-1 or -4 ECL-2 peptides, while the bottom panel shows Western blot results for full-length rclaudin-1 or -4.
(C) CPE binding to Caco-2 cells. ImageJ software was used to quantify the Western blot done in Fig. 1B.
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Effects of adding the claudin-4 ECL-2 peptide after CPE
treatment of Caco-2 cells. The Fig. 1 and 2 results indicated that
the claudin-4 ECL-2 peptide can protect Caco-2 cells by inhibiting
CPE binding. An experiment was next performed to assess
whether these peptides might have any protective effect on CPE
after the toxin has already bound to cells. However, when CPE was
bound to cells for 10 min before the claudin-4 ECL-2 peptide was
added, no protection of Caco-2 cells from CPE-induced cytotox-
icity was observed, even if unbound toxin was removed (Fig. 3).

Effects of preincubating CPE with claudin-4 ECL-2 peptide
on the development of in vivo enterotoxin activity. In the feces of
diseased people, CPE is present at concentrations up to �100
�g/ml (40, 41). Supporting their pathophysiologic relevance as an
in vivo model of CPE activity, rabbit small intestinal loops consis-
tently respond to challenge with 50 �g or more of CPE/ml (41). As
mentioned earlier, the low yield of rclaudin production by E. coli
precluded extensive testing of the in vivo protective effects of the
400-fold molar excess of full-length rclaudin-4 that might be
needed, based upon the Caco-2 results shown in Fig. 1 to 3, to
inhibit a 50 �g CPE/ml dose. However, results from the Caco-2
cell experiments indicated that a 400-fold molar excess of clau-
din-4 ECL-2 peptide can significantly inhibit the development of
CPE-induced cytotoxicity in vitro. Therefore, additional experi-
ments were performed to assess if preincubating CPE with this
peptide can protect against CPE-induced effects in vivo, using the
rabbit small intestinal loop model.

Gross pathology. When challenged with a 1-ml sample of
HBSS containing CPE (50 �g/ml) that had been preincubated for

30 min at 37°C, rabbit small intestinal loops were distended with
large amounts of hemorrhagic fluid (not shown). However, no
gross pathology developed in loops treated with a sample of HBSS
that had been similarly preincubated with the same dose of CPE
plus a 400-fold molar excess of the claudin-4 ECL-2 peptide (not
shown). The protection provided by the claudin-4 ECL-2 peptide
was specific, since CPE-induced gross pathology developed in
loops similarly challenged with 1 ml of HBSS that had been pre-
incubated for 30 min at 37°C with both 50 �g of CPE and a 400-
fold molar excess of claudin-1 ECL-2 peptide (not shown). Loops
treated with HBSS alone, or with HBSS containing the equivalent
concentrations of claudin-4 or claudin-1 ECL-2 peptides but lack-
ing CPE, did not exhibit any significant gross abnormalities (not
shown).

Luminal fluid accumulation. Compared against loops treated
with HBSS alone, significantly more luminal fluid accumulated in
loops treated with a 1-ml sample of HBSS containing 50 �g of CPE
that had been preincubated for 30 min at 37°C (Fig. 4A). However,
the presence of a 400-fold excess of the claudin-4 ECL-2 peptide
during this CPE preincubation significantly inhibited the devel-
opment of fluid accumulation in rabbit small intestinal loops (Fig.
4A). This protection was specific, since a similar preincubation of
1 ml of HBSS containing 50 �g of CPE in the presence of a 400-
fold molar excess of the claudin-1 ECL-2 peptide did not inhibit
CPE-induced fluid accumulation in rabbit small intestinal loops
(Fig. 4A). Loops treated with HBSS containing the equivalent con-
centrations of claudin-4 or claudin-1 ECL-2 peptides, but lacking
CPE, did not exhibit any significant luminal fluid accumulation
compared to that of the HBSS controls (not shown).

Histologic damage. Rabbit small intestinal loops treated with
1 ml of HBSS containing 50 �g of CPE (no claudin ECL-2 peptide
present) that had been preincubated for 30 min at 37°C showed
severe diffuse mucosal necrosis, characterized by diffuse coagula-
tive necrosis of the mucosa, including almost complete sloughing
of epithelial cells and a large amount of karyorrhectic debris in the
lumen (Fig. 4C). The villi in these loops had almost completely
disappeared; in their place were low, denudated bumps that were
multifocally lined by hemorrhage, neutrophils, necrotic epithelial
cells, and cell debris. Occasionally, a few preserved crypts were
observed, although most of the crypt epithelium was also necrotic
and sloughed off. The submucosa showed severe edema, and the
lymphatic vessels were engorged with blood, fibrin, and neutro-
phils. Fibrin thrombi were occasionally observed in submucosal
veins.

In contrast, no histological damage was observed in loops chal-
lenged with 1 ml of HBSS containing the same CPE dose that had
been preincubated for 30 min at 37°C with a 400-fold excess of
claudin-4 ECL-2 peptide (Fig. 4B). This statistically significant
effect was specific, since no similar protection was observed in
loops challenged with the same CPE dose preincubated with a
400-fold excess of the claudin-1 ECL-2 peptide (Fig. 4B). Loops
challenged with HBSS alone, or with HBSS containing the equiv-
alent concentration of claudin-1 or -4 ECL-2 peptides alone (no
CPE), developed no histologic damage (not shown).

CPE binding. Compared against tissue from rabbit small in-
testinal loops that had been treated with CPE preincubated in the
absence of any claudin ECL-2 peptide, significantly less CPE bind-
ing to rabbit small intestinal tissue was detected when the toxin
was preincubated with the claudin-4 ECL-2 peptide (Fig. 4D).
This inhibition was specific, since preincubation of CPE with the

FIG 3 Effects of claudin-1 or -4 ECL-2 peptides when added after CPE. Con-
fluent Caco-2 cells, grown in different cell culture plates, were treated with 0.5
�g/ml of CPE and incubated for 10 min at 37°C. After that incubation, CPE
was taken out from two of the plates, and a 400-fold molar excess of claudin-4
ECL-2 peptide or a 400-fold molar excess of claudin-1 ECL-2 peptide was
added to each of the plates. CPE was not removed from the other two plates
before the same amount of each peptide was added. All plates were then incu-
bated further for 50 min at 37°C. For the control experiments, confluent
Caco-2 cells were treated for 1 h at 37°C with (i) 0.5 �g/ml CPE, (ii) claudin-4
ECL-2 peptide only, (iii) claudin-1 ECL-2 peptide only, and (iv) HBSS buffer
only. Supernatants from all the treatments were collected, and cytotoxicity was
measured using the cytotoxicity detection kit (Roche).
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claudin-1 ECL-2 peptide did not significantly affect the binding of
the toxin to rabbit small intestinal tissue (Fig. 4D). Tissue from
small intestinal loops treated only with the claudin ECL-2 peptides
(no CPE) did not show any immunoreactivity with CPE antibody
in this experiment (not shown).

Protective effects of immediate mixing of CPE with clau-
din-4 ECL-2 peptide on CPE activity in vivo. With the pilot stud-
ies shown in Fig. 4 demonstrating that preincubation of CPE with
the ECL-2 peptide protects against the development of CPE-in-
duced in vivo effects, this study next asked if immediate contact
(no preincubation) between ECL-2 peptide and CPE in vivo, as
might occur in a therapeutic setting (see Discussion), can also
reduce CPE activity.

Gross pathology. Challenge of small intestinal loops with 1 ml
of HBSS containing 50 �g of CPE/ml caused substantial gross
lesions (not shown). However, when the claudin-4 ECL-2 peptide
was copresent during this CPE treatment, damage was signifi-
cantly reduced; this reduction, however, was less marked than

after preincubation of CPE with the claudin-4 ECL-2. This effect
was specific, since the copresence of claudin-1 ECL-2 peptide dur-
ing this CPE challenge did not protect rabbit small intestinal loops
from the development of gross lesions. In addition, neither the
claudin-1 nor claudin-4 ECL-2 peptides alone (no CPE) induced
gross lesions.

Luminal fluid accumulation. As noted in the Fig. 4A experi-
ments, treatment with 50 �g/ml of CPE induced a statistically
significant luminal fluid accumulation in rabbit small intestinal
loops. The copresence of claudin-4 ECL-2 peptide during CPE
treatment significantly reduced this fluid accumulation (Fig. 5A).
In contrast, immediate mixing of claudin-1 ECL-2 peptide and
CPE (no preincubation) had no significant effect on the develop-
ment of CPE-induced luminal fluid accumulation (Fig. 5A). Nei-
ther the claudin-1 nor claudin-4 ECL-2 peptides affected luminal
fluid accumulation in the absence of CPE (not shown).

Histopathologic damage. Challenge of small intestinal loops
with 1 ml of HBSS containing 50 �g of CPE/ml (no preincuba-

FIG 4 Effects of preincubating CPE with claudin-1 or -4 ECL-2 peptides on CPE activity in rabbit ileal loops. Ligated loops were challenged for 5 h with 50 �g/ml
of CPE that had been preincubated with buffer, with 50 �g/ml of CPE that had been preincubated with a 400-fold molar excess of claudin-1 or claudin-4 ECL-2
peptides, or with buffer alone. (A) Effects of preincubating CPE with claudin-1 or claudin-4 ECL-2 peptide on the development of CPE-induced luminal fluid
accumulation. At the conclusion of the experiment, the fluid content of the loops was weighed and expressed as g/cm of each loop. Results shown are the averages
from six rabbits (2 loops per treatment per rabbit). Error bars represent standard errors of the mean. **, P � 0.05, for CPE treatments compared to buffer alone.
#, P � 0.05 for treatments compared to CPE alone. (B) Effects of preincubating CPE with claudin-1 or claudin-4 ECL-2 peptide on the development of
CPE-induced histologic damage. At the conclusion of the experiment, the loops were processed for histology and scored for damage by a blinded pathologist.
Lesions were scored on a scale from 0 to 5, with 5 being the most severe. Results shown are the averages from six rabbits (2 loops per treatment per rabbit). Error
bars represent standard errors of the mean. **, P � 0.05 for treatments compared to buffer alone. #, P � 0.05, all treatments compared to CPE alone. (C)
Representative micrographs (100� and 200�) of histopathologic damage in loops treated with CPE in the presence or absence of ECL-2 peptides. Photomi-
crographs of the control loop (inoculated with buffer alone) and of the loop inoculated with CPE preincubated with a 400-fold molar excess of claudin-4 ECL-2
peptide show healthy intestinal villus, whereas the picture of a CPE-treated loop (no ECL-2) or loop treated with a 400-fold molar excess of CPE preincubated
with claudin-1 ECL-2 peptide shows necrosis of the villus epithelium and lamina propria, together with severe villus blunting. (D) CPE binding to Caco-2 cells.
ImageJ software was used to quantify the Western blot.
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tion) induced substantial histologic damage (Fig. 5B) almost iden-
tical to that described for preincubated toxin (Fig. 5C). However,
when the claudin-4 ECL-2 peptide was copresent during this CPE
treatment, damage was significantly reduced (Fig. 5B), although
not completely eliminated. Changes included mild multifocal foci
of epithelial necrosis and mild villus blunting. This effect was spe-
cific, since the copresence of claudin-1 ECL-2 peptide during this
CPE challenge did not protect rabbit small intestinal loops from
the development of histologic damage (Fig. 5B). In addition, nei-
ther the claudin-1 nor claudin-4 ECL-2 peptides alone (no CPE)
induced any histologic damage (not shown).

CPE binding. Compared against tissue from small intestinal
loops treated with CPE in the absence of any ECL-2 peptide, sig-
nificantly less CPE binding was detected in tissue from small in-
testinal loops that had been challenged with a mixture containing
both the enterotoxin and the claudin-4 ECL-2 peptide (Fig. 5D).
This inhibition was specific, since tissue from loops treated with
CPE in the presence of the claudin-1 ECL-2 peptide showed sig-

nificantly more CPE binding (Fig. 5D). Tissue from small intesti-
nal loops challenged only with the claudin ECL-2 peptides (no
CPE) did not show any immunoreactivity with CPE antibody in
this experiment (not shown).

DISCUSSION

Most cases of C. perfringens type A food poisoning in humans are
relatively mild, typically involving abdominal cramps and diar-
rhea that resolve within 24 h of onset. However, this disease can be
more serious, even lethal, in the elderly, debilitated persons, or
people receiving medications that reduce intestinal motility. For
example, the CDC reports that, in the United States alone, C.
perfringens type A food poisoning results in the hospitalization of
�450 people each year. It also causes 26 deaths (42), earning a
listing as the 4th most common cause of food-borne deaths (42).
Similarly, this food poisoning is thought to kill upwards of 50
people in the United Kingdom per year (43). CPE is also respon-
sible for �10% of all cases of antibiotic-associated diarrhea and 5

FIG 5 Effects of direct mixing of CPE with claudin-1 or -4 ECL-2 peptides on CPE activity in rabbit ileal loops. Ligated loops were challenged for 5 h with 50
�g/ml of CPE, with 50 �g/ml of CPE directly mixed (no preincubation) with a 400-fold molar excess of claudin-1 or claudin-4 ECL-2 peptides, or with buffer
alone. (A) Effects of directly mixing CPE with claudin-1 or claudin-4 ECL-2 peptide on the development of CPE-induced luminal fluid accumulation. At the
conclusion of the experiment, the fluid content of the loops was weighed and expressed as g/cm of each loop. Results shown are the averages from six rabbits (2
loops per treatment per rabbit). Error bars represent standard errors of the mean. **, P � 0.05 for treatments compared to buffer alone. #, P � 0.05 for treatments
compared to CPE alone. (B) Effects of directly mixing CPE with claudin-1 or claudin-4 ECL-2 peptide on the development of CPE-induced histologic damage.
At the conclusion of the experiment, the fluid content of the loops was weighed and expressed as g/cm of each loop. At the conclusion of the experiment, the loops
were processed for histology and scored for damage by a blinded pathologist. Lesions were scored on a scale from 0 to 5, with 5 being the most severe. Results are
the averages from six rabbits (2 loops per treatment per rabbit). Error bars represent standard errors of the mean. **, P � 0.05 for treatments compared to buffer
alone. #, P � 0.05 for treatments compared to CPE alone. (C) Representative micrographs of histologic damage in loops treated with CPE in the presence or
absence of ECL-2 peptides. Photomicrographs (100� and 250�) of the control loop (inoculated with buffer alone) and of the loop inoculated with CPE
preincubated with a 400-fold molar excess of claudin-4 ECL-2 peptide show healthy intestinal villi, whereas the picture of a CPE-treated loop (no ECL-2 peptide)
or loop treated with a 400-fold molar excess of CPE preincubated with claudin-1 ECL-2 peptide shows necrosis of the villus epithelium and lamina propria,
together with severe villus blunting. (D) CPE binding to Caco-2 cells. Image J software was used to quantify the CPE Western blot.
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to 20% of sporadic diarrhea cases (44–46). Those CPE-associated
non-food-borne human gastrointestinal illnesses generally in-
volve more severe and longer-lasting symptoms than typical of C.
perfringens type A food poisoning cases (10). Considering this
epidemiology, and observations indicating that CPE is necessary
and sufficient to cause the gastrointestinal symptoms of both C.
perfringens type A food poisoning and CPE-associated non-food-
borne gastrointestinal diseases (10), it appeared useful to begin
investigating potential therapeutic interventions aimed at CPE
neutralization in the intestines.

Recent studies (30) have shown that a soluble recombinant
version of the CPE receptor claudin-4 can bind to CPE in solution
and that this effect then prevents the subsequent binding of CPE to
Caco-2 cells, thus protecting those cells from cytotoxicity. This
protection was specific, since the nonreceptor rclaudin-1 did not
reduce CPE-induced cytotoxicity in that in vitro cell culture model
(30). Therefore, we hypothesized that receptor decoys containing
the claudin-4 ECL-2 sequence might be similarly able to interfere
with CPE activity in vivo. If so, they could then be further explored
as a treatment for CPE-associated diseases, particularly for the
more severe and longer-duration (up to several weeks) illnesses,
such as CPE-associated antibiotic-associated diarrhea, that are
common in hospital environments.

Recombinant Escherichia coli transformants produce very lim-
ited amounts of claudin-4 or claudin-4 fragments. Since the initial
cell culture results of this study indicated that milligram amounts
of rclaudin-4 decoys would be necessary to block CPE action in
vivo, the poor production of rclaudin-4 spp. by E. coli precluded
testing rclaudin-4, rclaudin-4 fragments, or rclaudin-4 mutants in
animals. Instead, the current study explored whether a claudin-4
ECL-2-based synthetic peptide could be used as an in vivo CPE
receptor decoy. Before exploring that issue, the current study first
compared the ability of the claudin-4 ECL-2 peptide and the abil-
ity of the full-length rclaudin-4 to protect against CPE-induced
cytotoxicity in the Caco-2 cell culture model. In both preincuba-
tion and direct mixing (no preincubation) assays, specific and
significant protection could be demonstrated using both the clau-
din-4 ECL-2 peptide and full-length rclaudin-4 protein. Greater
inhibition of cytotoxicity was observed when the toxin was prein-
cubated with these claudin-4 spp. than when using a direct mixing
(no preincubation) assay, probably because there is more time for
CPE-peptide interactions in the preincubation assay before the
toxin is brought in contact with receptors on Caco-2 cells.

Consistent with previous reports that ECL-2 contains most or all
of the CPE binding activity for claudin receptors (25, 30, 32), two
findings indicate that the mechanism of protection provided by the
claudin-4 ECL-2 peptide involved a reduction in CPE binding to
Caco-2 cells. First, Western blotting directly demonstrated a clau-
din-4 ECL-2 peptide-induced inhibition of CPE binding to Caco-2
cells. Second, the claudin-4 ECL-2 peptide failed to protect against the
cytotoxic effects after CPE had already bound to Caco-2 cells.

Since specific protection was observed using the claudin-4
ECL-2 peptide in vitro, studies were extended to assess whether the
peptide could interfere with CPE activity in an in vivo rabbit in-
testinal loop model. Again, while stronger protection against CPE
activity was observed with the ECL-2 peptide in the preincubation
assay than in the direct mixing assay, the peptide did offer signif-
icant protection against CPE-induced fluid accumulation and his-
tologic damage in the direct mixing (no preincubation) condition.
This finding could have therapeutic relevance. Since patients re-

cover from CPE-induced food poisoning within a day (1), the in
vivo effects of CPE must be acute. Therefore, the long duration of
CPE-mediated antibiotic-associated diarrhea, sometimes extend-
ing over several weeks (4), implies continuous in vivo production
of the enterotoxin. Considering those facts, the ability of the clau-
din-4 ECL-2 peptide to quickly neutralize CPE upon contact, as
demonstrated in the direct mixing experiments, suggests that this
peptide might be effective for treating CPE-mediated, antibiotic-
associated diarrhea cases where continuous CPE production oc-
curs in vivo over a lengthy period of time.

In summary, the proof-of-concept results reported in the cur-
rent study have demonstrated that soluble claudin-4 ECL-2 pep-
tide can interfere with the action of CPE in vitro and, more
importantly, in vivo. The mechanism of protection was shown
to involve the peptide causing a reduction in CPE binding to the
intestines. These studies support the potential use of claudin-4
ECL-2 synthetic peptides to reduce CPE action in vivo. Confirma-
tion of the therapeutic efficacy of these peptides will require test-
ing with an in vivo model for infection by CPE-positive type A
strains, which is not currently possible for technical reasons. No
model of CPE-positive infections in small animals has yet been
developed, because C. perfringens must sporulate, lyse, and release
CPE to cause pathology, and completion of those processes usu-
ally requires �10 h. By that time, the bacteria have been flushed
from the short gastrointestinal tract of small animals, so no
disease develops. Static intestinal loop approaches using small
animals are not applicable models, because they are typically
limited to 6 h of experimental duration. Primates or other large
animals might be useful as an in vivo model for CPE-positive
intestinal infections, but their use is prohibitive due to expense
and regulatory issues.

Pharmacologic studies are also needed to assess the optimal in
vivo delivery route for these peptides. One possibility could in-
clude oral delivery of the claudin-4 ECL-2 peptide in time-release
capsules. This approach might be useful for treatment of more
chronic cases of C. perfringens type A food poisoning or CPE-
associated non-food-borne GI diseases, where CPE production
can persist for days or weeks, implying prolonged CPE produc-
tion. It is notable that antibiotic therapy has limited effectiveness
in those situations due to continual cycles of in vivo sporulation, so
alternative approaches are warranted.

Finally, claudins have a pivotal role as targets for other bacteria
and viruses (47–50), so the role of claudins as decoys to prevent
and/or treat those bacterial and virus infections might also be
worth investigation in future studies.
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