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Clostridium perfringens iota-toxin consists of an enzymatic Ia component and binding Ib component. Ib
binds to membrane receptors, forms heptamers in lipid rafts, and associates with Ia. The toxin complex is inter-
nalized into cells. In this study, we evaluated the inhibitory effects of cholera toxin B subunit (CTB), which binds
to lipid rafts, on iota-toxin-mediated cytotoxicity. We examined the effect of CTB on iota-toxin-induced cell
rounding activity against MDCK (Madin-Darby canine kidney) cells and Ib-induced cell death in A431 (human
epithelial) cells. The presence of CTB inhibited both the cell rounding activity of iota-toxin (MDCK cells) and
Ib-induced cell death (A431 cells). Moreover, CTB blocked binding of the Ib monomer to both cells at 4°C. We
found by immunofluorescence microscopy that, after loading with Ib and CTB at 4°C, Ib and CTB bound to
distinct regions in the plasma membranes. In MDCK cells at 37°C, Ib internalized and partially coexisted with
CTB in cytoplasmic vesicles. These findings demonstrated that CTB blocks the binding of iota-toxin to target
cells. CTB may provide a protective effect against infection.
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INTRODUCTION

Tota-toxin from Clostridium perfringens type E mediates
antibiotic-associated diarrhea and enterotoxemia in rabbits.!-
Iota-toxin is secreted by the organism and contains two sep-
arate proteins; the enzyme component Ia and the binding/
translocation component Ib. Ib interacts with the target cell-
membrane receptor and accelerates Ia internalization and
translocation into the cytoplasm. In cytoplasm, Ia exerts a
cytotoxic effect on target cells by ADP-ribosylation of G-actin,
leading to cell rounding.! Tota-toxin is a clostridial binary
toxin that contains Clostridium difficile transferase, Clostrid-
ium spiroforme toxin and Clostridium botulinum C2 toxin.'->

Iota-toxin exhibits this cytotoxic effect on host cells only
when the two components act together; neither component
alone shows toxic activity."® Ib docks to the target cells,
forming heptamers in lipid raft microdomains.®® In contrast,
we previously showed that Ib causes cell necrosis to a narrow
range of cell lines, including A431 and A549 cells.” We also
demonstrated that the induced cytotoxic activity is related to
functional pore formation by Ib.

It was reported that lipolysis-stimulated lipoprotein recep-
tor (LSR) is a target cell receptor for Ib.!0-!D) Jota-toxin inter-
nalizes host cells via CD44-dependent endocytosis.'? LSR and
CD44 are well-known cell-surface transmembrane proteins
with roles in diverse cellular functions.!®'2 Subsequently, LSR
and CD44 in lipid rafts of host cells were revealed to be func-
tional iota-toxin receptors or co-receptors related to Ib target
cell binding.>'» Ib forms an oligomer on cell membranes and
lipid rafts. Methyl-B-cyclodextrin (MBCD), an agent that dis-

rupts membrane rafts, inhibits the cytotoxic effect of iota-tox-
in.7® Cholera toxin B subunit (CTB) is associated with the raft
domain in various cell types.'» CTB recognizes the cell sur-
face ganglioside GM1.'% It has been reported that CTB mark-
edly blocks the internalization of Toxoplasma gondii through
lipid rafts.' In the current study, we investigated the effect of
CTB on the cytotoxicity of iota-toxin.

MATERIALS AND METHODS

Materials Purified recombinant Ia and Ib proteins were
obtained using previously published methods.'® Purified
recombinant C. botulinum toxin C2I and C2II were prepared
as described previously.'” To obtain C2Ila, C2II was treat-
ed with trypsin.!” We obtained rabbit antibody against Ib as
reported previously.” Cholera toxin subunit B, Cell Prolifer-
ation kit I (MTT), goat anti-rabbit IgG, horse-radish peroxi-
dase (HRP)-conjugate, sheep anti-mouse IgG, horse-rad-
ish peroxidase (HRP)-conjugate, polyvinylidene difluoride
(PVDF) membranes (Immobilon P) and an ECL Western blot-
ting kit were purchased from Merck (Tokyo, Japan). Mouse
anti-B-actin antibodies were purchased from Santa Cruz
Biotechnology (Tokyo, Japan). Dulbecco's modified Eagle's
medium (DMEM) and Hanks' balanced salt solution (HBSS)
were obtained from Nacalai Tesque (Kyoto, Japan). Alexa
Fluor 488-conjugated cholera subunit B, Alexa Fluor 568-con-
jugated goat anti-rabbit IgG, and 4°,6’-diamino-2-phenylin-
dole (DAPI) were obtained from ThermoFisher Scientific
(Tokyo, Japan).

Cell Culture and Assay of Cytotoxicity MDCK and
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A431 cells (from RIKEN BioResource Research Center
(Tsukuba, Japan)) were maintained in DMEM containing 10%
fetal calf serum (FCS), streptomycin (100 pg/mL) and penicil-
lin (100 units/mL) (FCS-DMEM) at 37°C in a 5% CO, con-
centration. For the cell rounding assay, MDCK cells (1.0 x 105
cells) were inoculated in 48-well plates. Ia and Ib were added
to monolayers. The cells were observed at 4 h after incubation
for morphological changes, as described previously.” For the
cell viability assay, A431 cells were seeded in 94-well plates
(5.0 x 10# cells per well) and treated with Ib for 4 h. The assay
was performed with a Cell Proliferation kit I (MTT) according
to the manufacturer’s instructions.

Western Blotting Western blotting analysis was per-
formed as previously described.!) The following antibodies
were used: primary antibodies, rabbit anti-Ib antibody and rab-
bit anti-f-actin antibody; secondary antibody, HRP-conjugated
secondary antibodies.

Immunofluorescence Staining Ib and Alexa Fluor
488-conjugated cholera subunit B were incubated with cells at
4°C for 1 h in FCS-DMEM. After three washes in cold FCS-
DMEM, cells were transferred to FCS-DMEM prewarmed
to 37°C and incubated at the same temperature for 30 min.
Immunofluorescence staining was performed as previous-
ly described.” Cells were incubated with the following anti-
bodies: primary antibody, rabbit anti-Ib antibody; secondary
antibody, Alexa Fluor 568-conjugated anti-rabbit IgG. Nuclei
were determined by DAPI-staining.

Statistics Experimental data are presented as the mean +
standard deviation (SD). Each experiment was repeated four
times. One-way analysis of variance with Bonferroni’s multi-
ple-comparison post-test was used to compare the mean val-
ues. p<0.05 was considered significant.

RESULTS

Inhibition of Cholera Toxin Subunit B on Cytotoxicity
Induced by Iota-Toxin CTB binds to ganglioside GM1.14
We investigated whether CTB affects the cytotoxicity of iota-
toxin. Iota-toxin and C. botulinum C2 toxin, a member of the
clostridial binary toxin family, enter MDCK cells and induce
cytotoxicity (cell rounding). Moreover, Ib induces cell necro-
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sis in A431 cells.” Cells were treated with Ib and increas-
ing concentrations of CTB for 1 h at 4°C. Washed cells were
then incubated at 37°C in the absence (A431 cells) or pres-
ence (MDCK cells) of Ia. As shown in Fig. 1A, CTB treatment
decreased the cell rounding activity of iota-toxin in a dose-
dependent manner. Correspondingly, CTB blocked the Ib-
induced cytotoxicity toward A431 cells (Fig. 1B). In contrast,
the cell rounding activity of C2 toxin was not inhibited by
CTB (Fig. 1A). CTB treatment (5 pg/mL) did not show cyto-
toxicity in MDCK and A431 cells (Fig. 1 A and B). These data
indicated that CTB inhibits the cytotoxicity of iota-toxin, but
not that of C2 toxin. We also examined whether ganglioside
GMI is involved in the cytotoxicity of iota-toxin. The addi-
tion of ganglioside GM1 (10 uM) had no effects on the cyto-
toxicities in MDCK and A431 cells caused by Ia plus Ib and Ib
only, respectively (data not shown). This result indicates that
the concentration of GM1 that inhibits the toxicity of cholera
toxin'® has no effect on the cytotoxicity of iota-toxin.

Effect of Cholera Toxin Subunit B on Ib Binding We
compared the binding and internalization of Ib and CTB. Ini-
tially, we tested the binding and internalization of Ib using
immunofluorescence staining. When MDCK cells or A431
cells were incubated with Ib and CTB at 4°C for 1 h, Ib and
CTB bound distinctly and did not significantly colocalize on
the cell surface (Fig. 2A and B). After incubation at 37°C for
30 min, Ib partially colocalized with CTB in cytoplasmic vesi-
cles of MDCK cells and did not enter A431 cells (Fig. 2A and
B). Cell-surface Ib and CTB that are internalized by cells are
subsequently transported to early endosome.” In the course of
intracellular trafficking, Ib partially co-localized with CTB.
Binding and internalization of Ib to each cell type were sim-
ilar to previously reported results.” To examine the inhibi-
tory effect of CTB on Ib binding to MDCK and A431 cells,
both cells were incubated with Ib in the absence or presence
of CTB at 4°C for 1 h. The treated cells were lyzed in SDS-
sample solution and assessed by SDS-PAGE. Ib was detected
by Western blot analysis using anti-Ib antibody. As shown in
Fig. 2C and D, binding of Ib monomer to both cell types was
inhibited by CTB.
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Fig. 1. Effect of Cholera Toxin Subunit B on the Cytotoxic Activity of Iota-Toxin or C2 Toxin

(A) MDCK cells were incubated with Ia (100 ng/mL) and Ib (100 ng/mL) or C2I (500 ng/mL) and C2Ila (500 ng/mL) in the presence or absence of various amounts of CTB at
37°C for 4 h. Pictures were taken. The total number of cells and number of round cells were counted from the pictures and the percentage of round cells was calculated. Values are
given as the mean + S.D. (n=4). *Significant difference (P<0.05). (B) A431 cells were incubated with Ib (1 pg/mL) in the presence or absence of various amounts of CTB at 37°C
for 4 h. Cell viability was evaluated by MTT assay. Data shown are the mean + S.D. (n=4), indicating percentage of cell viability compared with that in untreated controls. *Signifi-
cant difference (P<0.05). The number of live cells is showed as a percentage of the value for controls.
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Fig. 2. Effect of Cholera Toxin Subunit B on the Binding of Iota-Toxin

Confocal microscopy study. MDCK cells (A) or A431 cells (B) were incubated with Ib (1 pg/mL) and Alexa488-labeled-CTB (1 pg/mL) at 4°C for 1 h, washed, and incubated
at 37°C for 30 min. Cells were fixed, permeabilized and stained with anti-Ib antibody and DAPI. Ib (red), CTB (green) and nucleus (blue) were viewed with a confocal microscope.
The experiments were repeated three times, and a representative result is shown. Bar, 5 um. Western blot analysis. MDCK cells (C) or A431 cells (D) were incubated with Ib
(1 ug/mL) in the presence or absence of CTB at 4°C for 1 h. Cells were subjected to Western bloting using anti-Ib and anti-B-actin antibodies. A typical example from three experi-

ments is exhibited.

DISCUSSION

The current study found that the cytotoxic activity induced
by iota-toxin is blocked by CTB. Since binding is a crucial
step in the activities of many toxins involved in severe dis-
eases, CTB and its derivatives could potentially be therapeutic
agents for the treatment of iota-toxin-producing strains of C.
perfringens. As C. perfringens type E causes enterotoxemia in
young livestocks, it has been reported that associated diseases
are mediated by iota-toxin.!?) Tota-toxin elicits fluid accumu-
lation and histological damage in mouse ligated ileal loops.!*
In future, we will assess whether CTB decreases iota-toxin-
induced fluid accumulation and histological damage in ileal
loops. Thus, CTB possesses potential for therapeutic applica-
tion against iota-toxin-associated disease.

CTB binds to cell surface ganglioside GM1 in lipid rafts
and enters the cells.!' Ib also binds to lipid rafts and is inter-
nalized.”® In contrast, GM1 did not block the activity of iota-
toxin, indicating that Ib is not associated with GM1 in lipid
rafts. Previous studies have established that CTB stabiliz-
es lipid raft microdomains, since CTB pentamer can associ-
ate with five GM1 molecules and induce GM1 clustering.20-2
In this study, CTB inhibited the binding of Ib on the cell sur-
face at 4°C. As a decrease in temperature leads to a decrease

in membrane fluidity, clustering of GM1 by CTB is unlikely
to be promoted. We therefore propose that Ib binding inhibi-
tion caused by CTB is not due to the raft stabilization by CTB.

GM1 binds to the primary binding site of CTB, but the
latest reports indicate that glycosylated receptors are cru-
cial for the secondary binding site of CTB.22-29 The prima-
ry binding site on CTB is distinct from the secondary binding
site,23:2 with the latter being situated closer to the A subunit
binding site than the former. CTB is reported to bind to his-
to-blood group antigens (HBGAS) at a secondary binding site.
HBGAs are complex carbohydrates present on the surfaces of
red blood cells and mucosal epithelial cells. CD44 is the car-
rier molecule of HBGAs and is co-expressed with HBGAs.2627
Iota-toxin binds to LSR and CD44 in lipid rafts and internal-
izes to target cells.>!'» Previous works implicated LSR and
CD44 as host cell receptors for Ib.!%12 Moreover, Ib specifical-
ly binds to purified CD44.12 In this report, CTB inhibited the
binding of Ib on the cell surface at 4°C. This inhibitory mech-
anism seems to act through steric hindrance caused by CTB
binding with CD44.

It has been reported that CTB inhibits the pathogenici-
ties of various pathogens. CTB markedly blocks the adhe-
sion and internalization of Toxoplasma,'s?® and effectively
inhibits CXCR4-tropic human immunodeficiency virus type
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I (HIV-1) vector infection.?” The adherence and the invasion
of uropathogeic Escherichia coli to bladder epithelial cells are
blocked by pretreatment with CTB.3% In this work, CTB inhib-
ited the cytotoxicity of iota-toxin. CTB effectively suppresses
the virulence factors when pathogens enter host cells through
lipid raft microdomains.

Conclusions We demonstrated that CTB inhibits the cyto-
toxicity of iota-toxin. Ib is bound and internalized via lipid
raft microdomains. CTB effectively blocked Ib binding to host
cells. Moreover, CTB is commercially available and avirulent.
Our results represent a novel strategy for the development of
Ib inhibitors.
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