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Clostridium difficile infection (CDI) is a leading cause of health
care-associated diarrhea and has increased in incidence and sever-
ity over the last decade. Pathogenesis is mediated by two toxins,
TcdA and TcdB, which cause fluid secretion, inflammation, and
necrosis of the colonic mucosa. TcdB is a potent cytotoxin capable
of inducing enzyme-independent necrosis in both cells and tissue.
In this study, we show that TcdB-induced cell death depends on
assembly of the host epithelial cell NADPH oxidase (NOX) complex
and the production of reactive oxygen species (ROS). Treating cells
with siRNAs directed against key components of the NOX com-
plex, chemical inhibitors of NOX function, or molecules that scav-
enge superoxide or ROS confers protection against toxin challenge.
To test the hypothesis that chemical inhibition of TcdB-induced cy-
totoxicity can protect against TcdB-induced tissue damage, we trea-
ted colonic explants with diphenyleneiodonium (DPI), a flavoenzyme
inhibitor, or N-acetylcysteine (NAC), an antioxidant. TcdB-induced
ROS production in colonic tissue was inhibited with DPI, and both
DPI and NAC conferred protection against TcdB-induced tissue dam-
age. The efficacy of DPI and NAC provides proof of concept that
chemical attenuation of ROS could serve as a viable strategy for
protecting the colonic mucosa of patients with CDI.

C lostridium difficile is the most prevalent cause of antibiotic-
associated diarrhea and pseudomembranous colitis world-

wide (1–3). The majority of pathogenic strains secrete two large
exotoxins, TcdA and TcdB, which are responsible for the massive
fluid secretion, colonic tissue necrosis, and inflammation asso-
ciated with disease (4). These toxins are homologs and share 48%
amino acid identity, although they appear to have nonredundant
and potentially synergistic functions in pathogenesis (5, 6).
TcdA and TcdB are large (308 kDa and 270 kDa, respectively)

glucosyltransferases that modify Rho and Ras family GTPases
within the cell (7, 8). The C-terminal portion of these toxins is
responsible for delivering the N-terminal glucosyltransferase
domain into the host cell (9). Monoglucosylation of RhoA, Rac1,
and Cdc42 disrupts the actin cytoskeleton and causes a cyto-
pathic “rounding” effect in toxin-treated cells (10). In addition to
the cytopathic effect, TcdB is a potent cytotoxin, ∼1,000 times
more potent than TcdA in most cell lines (11, 12). Multiple
studies have demonstrated that TcdA and TcdB have different
binding activities, suggesting that the toxins have distinct recep-
tors (12–15). Defining the relative contributions of TcdA and
TcdB in pathogenesis, as well as the impact of the cytopathic and
cytotoxic effects, is an active area of investigation.
Our laboratory has recently shown that TcdB induces rapid

cell death in both human colonic cell lines and porcine colonic
explants (16). The death mechanism has been characterized as
necrotic based on rapid ATP depletion, observed loss of mem-
brane integrity, lack of caspase-3/7 activation, and rapid lactate
dehydrogenase (LDH) and HMGB1 release. The necrosis is
independent of the TcdB auto processing and glucosyltransferase

functions and occurs at concentrations predicted to be relevant in
the context of CDI (16).
The present study was designed to define the molecular mech-

anism of TcdB-mediated necrotic cell death. We report the un-
expected involvement of the NADPH oxidase (NOX) complex
and the potential for exploiting this mechanistic knowledge for
therapeutic intervention.

Results
The observation that TcdB can induce necrosis in a glucosyl-
transferase- and autoprocessing-independent manner (16) led us
to investigate what aspects of TcdB are important for induction
of cell death. Although we knew that the enzymatic modification
of GTPase targets is not required, we could not exclude the
possibility of the GTPases playing other roles in the cell death
response. To test this possibility, we used an siRNA approach to
knock down RhoA, Rac1, and Cdc42 transcripts in HeLa and
Caco2 epithelial cells. A siRNA pool directed against the cla-
thrin heavy chain (CLTC) was included as a positive control,
because TcdB is internalized by clathrin-mediated endocytosis
(17), and a siRNA pool directed to luciferase (Luc) was included
as a negative control. Cells were challenged with TcdB, and cy-
totoxicity was assessed with CellTiterGlo, an ATP viability in-
dicator (Fig. 1A).
The RhoA and Cdc42 knockdowns did not demonstrate

a statistically significant protective phenotype in either cell type
compared with negative control cells (Luc siRNA). Interestingly,
we observed significant protection from cytotoxicity, equivalent
to CLTC knockdown, when Rac1 was silenced in either HeLa or
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Caco2 cells. Because RhoA, Rac1, and Cdc42 are closely related
and serve functionally redundant roles in some cellular pro-
cesses, we confirmed the specificity of knockdown by monitoring
protein levels (Fig. 1B). These data suggest that TcdB cytotox-
icity is mediated by a Rac1-dependent pathway.
The observation that Rac1 is required for cytotoxicity (Fig.

1A) when TcdB is known to inactivate Rac1 by glucosylation led
us to investigate the kinetics of Rac1 activation and inactivation

in response to TcdB. Rac1 activation was quantified every 5 min
for 25 min after TcdB treatment using the G-LISA Assay Kit
(Cytoskeleton) (Fig. 1C). A transient activation of Rac1 was
detected immediately on toxin binding, with peak activation
occurring at 5 min postintoxication (Fig. 1C). Subsequently,
Rac1 became inactivated, as indicated by the loss of ability to
bind to a downstream effector.
To assess the timing of Rac1 glucosylation, we probed lysates

from the TcdB-treated cells with an antibody that recognizes
only unglucosylated forms of Rac1. We found that Rac1 modi-
fication begins at 10 min and is completed by 25 min post-
intoxication (Fig. 1D). Our data are consistent with a hypothesis
in which the Rac1 activation required for the cell death response
occurs faster than the process through which toxin is delivered to
the cytosol to enzymatically inactivate Rac1 by glycosylation.
Recent reports have revealed a critical role for Rac1 in the

assembly of NADPH oxidase (NOX) complexes in nonphagocytic
cells (18). The prototypical NOX complex comprises the mem-
brane-associated gp91phox and p22phox subunits, as well as the
cytosolic p47phox and p67phox subunits (19). Assembly of a
functional complex is dependent on Rac1 binding to the cytosolic
subunits, thereby mediating association with the membrane-bound
components. On receptor-mediated membrane invagination and
endocytosis, the NOX complexes give rise to redox active endo-
somes that generate superoxide and then reactive oxygen species
(ROS) (20). ROS have been shown to cause pleiotropic effects
ranging from prosurvival signals or the induction of apoptotic
cascades with moderate levels of ROS to more severe outcomes,
such as mitochondrial damage, lipid peroxidation, and protein
oxidation, with higher levels of ROS (21). Given that the severe
outcomes are associated with necrotic cell death, we investigated
NOX-mediated ROS production as a possible mechanism to ex-
plain TcdB-mediated necrosis.
To test whether TcdB could induce intracellular ROS, we used

an intracellular, fluorescent ROS reporter and challenged cells
with toxins. TcdB treatment induced an intense signal, indicating
a robust ROS response approaching the level seen with exoge-
nous application of H2O2 (Fig. 2A). The ROS response was
specific to TcdB; stimulation with TcdA did not generate com-
parable ROS production (Fig. 2A). This finding is consistent with
our observation that TcdA does not induce rapid necrosis in
HeLa cells (16). The glucosyltransferase-impaired TcdB D270N
mutant (16) and WT TcdB were equipotent in the ROS assay,
demonstrating that ROS production in response to TcdB is
a glucosyltransferase-independent process (Fig. 2A). This ob-
servation is consistent with relative survival data (Fig. 2B) and
our previous study showing that TcdB-induced necrosis does not
depend on glucosyltransferase activity (16).

Fig. 1. TcdB cytotoxicity depends on Rac1. (A) HeLa (black) or Caco-2
(white) cells transfected with siRNA for 48 h were challenged with 50 nM
TcdB for 16 h. Signals were internally normalized against mock-treated
controls. Relative survival is a normalized signal compared with a Luc siRNA
control. CLTC knockdown was included as a positive control. Error bars
represent SE. P values were determined by the Student t test and are relative
to the Luc control. The Rac1 and CLTC knockdowns were statistically dif-
ferent from Luc (P < 0.005), but not statistically significantly different from
one another (P > 0.05). (B) HeLa cells transfected with GTPase siRNA for 48 h
were lysed, and protein levels for RhoA, Rac1, or Cdc42 were assessed by
Western blot analysis. Tubulin was included as a loading control. (C) HeLa
cells were incubated with 10 nM toxin, and Rac1 activation was quantified
using the G-LISA Assay Kit over 5-min intervals. Relative activation was cal-
culated by comparison with a mock-treated control at the same time point.
Data represent the average of three experiments; error bars represent SEs.
(D) HeLa cells were treated with 10 nM toxin, and Rac1 glucosylation was
determined by Western blot analysis over 5-min intervals. Levels of unglu-
cosylated and total Rac1 were determined by probing with Rac1-specific
antibodies.

Fig. 2. TcdB induces ROS production. (A) HeLa cells treated with the indicated concentrations of TcdA, TcdB, or TcdB-D270N or with 1 mM H2O2 for 16 h were
analyzed for ROS production in a plate-based assay. Relative ROS production is a measure of ROS compared with a mock- treated control. (B) HeLa cells
(shown in A) were assessed for cytotoxicity of each treatment and normalized to a mock-treated control. (C) HeLa cells treated with 10 nM toxin were assayed
for ROS production and LDH release starting at 1.5 h postintoxication. ROS production and LDH release are relative to mock-treated controls. Error bars
represent SE. P values were calculated by the Student t test and are relative to mock-treated controls.
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Decreasing the concentration of TcdB resulted in decreased
ROS production (Fig. 2A) and increased cell viability (Fig. 2B),
suggesting that these phenotypes are inversely correlated. Time
course experiments indicated that whereas ROS was detectable
within 1.5 h postintoxication, LDH release (a marker of necrosis)
was not detectable until 2.5 h postintoxication (Fig. 2C). The
early production of ROS followed by LDH release is consistent
with previous observations of rapid cell death in response to
TcdB (16), and clearly establishes the sequence of ROS pro-
duction preceding cell death.
ROS are produced from various sources in metabolically ac-

tive cells. To distinguish NOX-derived ROS from other potential
ROS sources, we took a genetic ablation approach. The NOX
pathway is best characterized in the “respiratory burst” of phago-
cytic cells in which the gp91phox (NOX2) and p22phox membrane
subunits associate (22). In nonphagocytic cells, the NOX2 homo-
logs NOX1, NOX3, and NOX4 interact with p22phox to form the
catalytic core of the NOX complex (23, 24).
To address the question of whether NOX-derived ROS con-

tribute to TcdB-mediated cell death, NOX1–4 and p22phox were
individually targeted with siRNA pools and challenged with
TcdB in both HeLa and Caco2 cells (Fig. 3A). In HeLa cells,
NOX3 and p22phox knockdowns conferred significant protection
against toxin challenge. Caco2 cells also showed a strong pro-
tective phenotype for the p22phox knockdown, but NOX1, rather
than NOX3, appeared to be responsible for most of the response.
The specificity for different NOX homologs can be explained by
cell line-specific differences in the NOX expression profiles (Fig.
3B). NOX1 is the predominant form in Caco2 cells, whereas
NOX3 is the most highly expressed NOX in HeLa cells. In both
HeLa and Caco2, knockdown of the prevalent NOX isoform and
p22phox provides significant protection against toxin challenge,
demonstrating a clear role for the NOX complex in toxin-mediated
cell death.
The protective phenotypes of Rac1 (Fig. 1A) and p22phox

knockdown (Fig. 3A) coupled with the TcdB-induced ROS
shown in Fig. 2A suggest that TcdB cytotoxicity is the result of
NOX-mediated ROS production. To confirm that toxin-induced
ROS production depends on Rac1 and p22phox, we performed
simultaneous viability and ROS detection assays in the context of

siRNA knockdown of Rac1 or p22phox (Fig. 3C). This multi-
plexed assay showed that relative to the Luc siRNA negative
control, knockdown of either p22phox or Rac1 with siRNA leads
to decreased ROS production and increased survival in response
to TcdB. These changes in ROS and viability are compara-
ble to the ROS production and survival observed in the clathrin
siRNA-positive control (Fig. 3C). The inverse correlation of
Rac1 or p22phox expression and ROS production in response
to toxin indicates activation of a NOX-dependent pathway on
toxin stimulation.
To extend these findings, we used pharmacologic reagents that

prevent ROS production or act as either antioxidants or scav-
engers in toxin challenge assays. Diphenyleneiodonium (DPI)
and NSC 23766 exert their effects upstream of ROS generation
by inhibiting the flavocytochrome enzymatic core of the NOX
complex (DPI) or inhibiting a Rac1 guanine nucleotide exchange
factor (NSC 23766). N-acetylcysteine (NAC) is an antioxidant,
and Tempol is a superoxide scavenger. HeLa cells were treated
with a compound or a mock control before being challenged with
toxin. For each compound, viability was assayed and compared
with the mock control (Fig. 3D). Either inhibiting the generation
of ROS or scavenging ROS free radicals was sufficient to protect
cells from TcdB-induced necrosis. Taken together, the data
presented in Figs. 1, 2, and 3 demonstrate that TcdB-induced
activation of the NOX complex leads to ROS production and
ultimately cell death.
We next wanted to assess whether ROS are produced in the

context of colonic tissue, and whether DPI and NAC can confer
protection against TcdB-mediated tissue damage. Porcine co-
lonic explants were treated with the ROS indicator dye in the
presence or absence of 10 μM DPI. Tissue was then challenged
with 10 nM toxin for 5 h and then flash-frozen. Tissue challenged
with 10 nM toxin showed a robust induction of ROS relative to
untreated controls (Fig. 4A). ROS were attenuated in tissues
pretreated with DPI.
In addition, similarly treated tissues were fixed, stained with

H&E (Fig. 4B) or keratin (Fig. 4C), and assessed for signs of
damage in the surface epithelial layer. Tissues treated with 10 nM
TcdB in the absence of DPI showed extensive damage in the
surface epithelial layer. Increasing the dose to 100 nM toxin resulted

Fig. 3. NOX inhibition confers protection against
TcdB cytotoxicity. (A) NOX family members were
targeted with siRNA in HeLa (black) or Caco2 (white)
cells for 48 h before challenge with 50 nM TcdB for
16 h. Signals were internally normalized against
mock-treated controls. Relative survival is a normal-
ized signal compared with a Luc negative control.
CLTC knockdown was included as a positive control.
Error bars represent SE. P values are relative to the
Luc control. (B) The expression profile and knock-
down efficiency of each siRNA in HeLa or Caco2 was
determined by RT-PCR for the specified transcript in
the presence or absence of siRNA. Amplification of
GAPDH by RT-PCR served as an RNA loading control.
(C) The p22phox and Rac1 siRNAs were transfected
into HeLa cells for 48 h before challenge with 50 nM
TcdB for 16 h, after which cells were assayed for ROS
and viability. ROS production for each treatment
was internally normalized to mock-treated cells and
is shown relative to Luc. Viability is normalized and
shown relative to Luc. Error bars represent SE.
P values are relative to the Luc control. (D) HeLa cells
were pretreated with ROS inhibitors for 1 h and
then challenged with 10 nM TcdB for 16 h. Viability
was measured and normalized to mock-treated
samples. Error bars represent SE. P values are rela-
tive to mock-treated controls.
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in further damage to the surface and extensive damage throughout
the tissue. DPI maintained the integrity of the tissue when chal-
lenged with a 10 nM or 100 nM toxin dose (Fig. 4D). The main-
tenance of tissue architecture and reduced ROS production on
exposure to DPI demonstrates the key contribution of ROS pro-
duction to TcdB-induced colonic tissue necrosis.
The abrogation of ROS production and concomitant preser-

vation of tissue architecture in porcine colonic explants treated
with DPI points to ROS attenuation as a potential strategy for
protecting the colonic mucosa in patients with CDI. As a fla-
vocytochrome inhibitor, DPI is expected to be toxic, however.
Consequently, we wished to extend our studies to human colonic
explants and to evaluate the efficacy of NAC, a Food and Drug
Administration-approved antioxidant. In this assay, human co-
lonic explants were treated with NAC for 1 h before a challenge
with 10 nM or 100 nM toxin. Tissues stained with H&E (Fig. 5A)
were assessed for damage to the colonic epithelium (Fig. 5B).
Similar to what was observed in the porcine model, treating

human colonic tissue with 10 nM or 100 nM TcdB caused sig-
nificant damage to the surface epithelial layer (Fig. 5A, Upper);
however, NAC treatment conferred protection against toxin-
induced damage (Fig. 5A, Lower). Quantification and statistical
analysis of pathology scores revealed significant damage in tis-
sues treated with 10 nM or 100 nM toxin compared with control
tissue. Although some damage did occur in the NAC-treated
samples, it was severely attenuated compared with that in mock-
treated tissue. The ability of antioxidant treatment to confer
protection against TcdB in a human colonic explant model fur-
ther highlights the importance of ROS production in TcdB-
induced necrosis.

Discussion
This study was designed to define the mechanism of TcdB-
induced necrosis. A recent study in our laboratory indicated that
necrosis occurs through an autoprocessing- and glucosyltransferase-
independent mechanism and suggested that the Rho family

Fig. 4. Toxin induces ROS in colonic explants. (A) Porcine
colonic explants were incubated with ROS detection re-
agent and simultaneously received either mock treatment
or 10 μM DPI for 1 h. Tissue was treated with 10 nM TcdB
for 5 h, and fresh-frozen sections were prepared. ROS
production was detected with a confocal microscope.
Representative sections for ROS and brightfield (BF) are
shown. (B) Tissue was mock-treated or treated with 10 μM
DPI for 1 h. Then 10 nM or 100 nM toxin was applied for
5 h, and sections were stained with H&E. The surface epi-
thelium is apparent as a contiguous layer in intact tissue.
Loss of tissue architecture is apparent when surface epi-
thelium is denuded and underlying epithelium becomes
disorganized. (Scale bar: 100 μm.) (C) Tissue sections shown
in B were stained with keratin (white) and DAPI (green),
and images were scanned. Keratin staining is apparent on
the epithelial surface, and disruption correlates with tissue
damage. (Scale bar: 100 μm.) (D) Pathology scores are the
mean scores for sections evaluated independently by five
individuals in a blinded fashion. Statistical analysis was
performed with two-way ANOVA and post hoc tests, which
revealed a significant difference in the intoxicated mock-
treated versus DPI-treated tissues (P < 0.0001).

Fig. 5. NAC attenuates TcdB-mediated damage in human colonic explants. (A) Human colonic explant tissue was mock-treated or pretreated with NAC for
1 h before treatment with 10 nM or 100 nM TcdB. Tissue was fixed for 3 h postintoxication and sections were stained with H&E. (Scale bar: 100 μm.) (B)
Pathology scores were assigned using a semiquantitative injury scale as in Fig. 4. Average scores shown are the mean score for sections evaluated in-
dependently by five individuals. Statistical analysis performed with two-way ANOVA and post hoc tests revealed a significant difference in the intoxicated
mock-treated versus NAC-treated tissues (P < 0.0001).
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GTPases (targets of the TcdB glucosyltransferase domain) might
not be involved in the cell death pathway (16). To formally test
this possibility, we systematically reduced the expression of
RhoA, Rac1, and Cdc42 protein levels using siRNA methods
and tested the impact on TcdB-induced necrosis in HeLa and
Caco2 cells. We found that cell death was independent of RhoA
and Cdc42 expression levels, but dependent on the presence of
Rac1 (Fig. 1).
The observation that the cell death pathway is specifically

dependent on Rac1 suggests a pathway in which Rac1 is involved
in the recruitment and assembly of the NOX complex (18). As-
sembly of the NOX complex on endosomes can result in the
intracellular production of ROS, a condition that can be lethal to
the cell (25). In concordance with this, TcdB stimulation resulted
in a transient activation of Rac1 (Fig. 1C) and robust production
of ROS in both cultured cells (Fig. 2A) and colon tissue explants
(Fig. 4A). The levels of ROS (Figs. 2A and 4A) were inversely
correlated with cell viability (Fig. 2B) and tissue architecture
integrity (Fig. 4 B–D). ROS production precedes necrosis and is
an early event postintoxication (Fig. 2C). These observations
support a model in which intoxication with TcdB triggers the
production of ROS, which ultimately accumulate at high levels
and kill the cell.
Previous reports have noted oxidative stress pathways acti-

vated or up-regulated in response to C. difficile TcdA (26, 27),
and NAC is known to modify the oxidative imbalance in TcdB-
treated cells (28). Although many of the previous studies of
TcdA have suggested that the oxidative stress is due to mito-
chondrial ROS production, the dependence on Rac1 led us to
speculate that the primary driver of oxidative stress in response
to TcdB is NOX-mediated. To test this hypothesis, we reduced
the expression of various NOX complex components with siRNA
and tested the impact on TcdB-mediated cell death. Our ob-
servation that NOX3 and NOX1 are the important components
in HeLa and Caco2 cells, respectively, is consistent with their
relative expression levels (Fig. 3 A and B). The high expression of
NOX1 in Caco2 cells is consistent with in vivo observations of
high NOX1 expression in the human gastrointestinal tract (29).
Knockdown of p22phox expression conferred protection to TcdB
in both cell types, consistent with the central role of p22phox in
NOX complex assemblies (Fig. 3A). In addition to the siRNA
approach, a series of ROS inhibitors and scavengers conferred
significant protection against TcdB cytotoxicity (Fig. 3D). Al-
though these inhibitors are not specific to the NOX flavocytochrome
or NOX-derived ROS products, they do support the observation
that the death pathway is driven by ROS production. The report
of reactive nitrogen species (RNS) generated in the presence of
toxin (30) is consistent with our observations, given that RNS
and ROS can act synergistically to drive nitrosylation and lipid
oxidation (31).
One paradoxical aspect of a Rac-dependent and NOX-medi-

ated cell death mechanism is that TcdB is known to inactivate
Rac through its glucosyltransferase activity. An explanation that
addresses this apparent paradox is that Rac-dependent NOX
assembly occurs during the process of TcdB entry into endo-
somes, before delivery of the TcdB glucosyltransferase domain.
This idea is supported by the observation that Rac1 is activated
immediately in response to the toxin (Fig. 1C) and is subsequently
inactivated at later time points (Fig. 1D).
Recent work has highlighted the importance of redox signaling

from the endosome (20). These redox active endosomes, termed
“redoxosomes,” are formed on receptor ligation and internal-
ization via the clathrin-mediated endocytic route. The ligated
receptor recruits active NOX to the site of vesicle formation.
Because TcdB is internalized via a clathrin-mediated pathway
(17), we speculate that ligation of TcdB receptor(s) triggers as-
sembly of the NOX complex at the plasma membrane and leads
to internalization of both TcdB and activated NOX. We propose

that TcdB binds the cell surface and induces redoxosome formation,
and that the resulting burst of intracellular superoxide generates
the ROS and RNS that overpower endogenous antioxidant path-
ways, resulting in necrosis.
The mechanistic understanding of TcdB-mediated necrosis in

cells motivated us to explore the role of TcdB-induced ROS in the
context of physiologically relevant tissue. We have previously
shown that doses of 10 or 100 nM TcdB induce tissue damage in
the colonic explant model (16). In the present study, DPI treat-
ment abrogated ROS production and conferred nearly complete
protection against TcdB in the porcine colonic explant system
(Fig. 4 A–D). This finding demonstrates that observations of oxi-
dative stress-mediated necrosis in cultured cell lines can be ex-
trapolated to systems that aremore reflective of in vivo conditions.
Building on our DPI results, we next tested the antioxidant

NAC. This compound is approved for therapeutic applications in
humans and has a protective phenotype against toxin in tissue
culture cells (Fig. 3D). In a human colonic explant model, NAC
attenuated toxin-induced damage, even at high doses of toxin
(Fig. 5). In both cells and tissue, NAC was not as effective as
DPI, presumably because it acts in the final step in the pathway,
after ROS have been generated in the cell. Nevertheless, this
study provides proof of concept that chemical attenuation of
ROS could serve as a viable strategy for protecting the colonic
mucosa of patients with CDI.
TcdB hijacks a cellular defense pathway typically found in

phagocytic cells and uses it to kill the host epithelial cell. Given
that the effect of redoxosome activation is detrimental to the
cell, we assume that TcdB is causing aberrant activation of the
pathway. Considering that there are many physiological ligands
of clathrin-linked receptors that do not result in NOX assembly
and ROS production, we speculate that there are multiple TcdB
receptors, and that TcdB pulls them together with the NOX
complex in a unique way. In our view, the most important goal
for future studies is to identify the cellular receptors for TcdB.
Not only could these host factors serve as new targets for blocking
the effects of TcdB, but also the receptor identity could provide
insight into mechanisms of aberrant NOX activation and un-
regulated ROS production occurring in some forms of cancer,
cardiovascular disease, neurodegenerative disease, and pan-
creatitis (32–36).

Methods
Recombinant Protein Production. Recombinant TcdA, TcdB, and TcdB D270N
proteins were expressed in B. megaterium and purified as described pre-
viously (16).

Cell Lines, Inhibitors, and Viability Assays. HeLa cells were maintained in
DMEM supplemented with 10% (vol/vol) FBS at 37 °C with 5% CO2. Caco2
cells were cultured in MEM supplemented with 10% (vol/vol) FBS, 10 mM
Hepes, 10 nM sodium pyruvate, and 1× MEM nonessential amino acids at
37 °C with 5% CO2. Tempol (sc-200825; Santa Cruz Biotechnology) was
resuspended in ethanol and used at 10 mM. DPI (D2926; Sigma-Aldrich) was
dissolved in DMSO and used at a final concentration of 10 μM. The Rac1
inhibitor NSC 23766 (2161; Tocris Bioscience) and N-acetyl-L-cysteine (ENZ-
51011; Enzo Life Sciences) were prepared in water and used at 1 mM and 5
mM, respectively. All inhibitors were added in completemedia and incubated
for 1 h at 37 °C before toxin challenge. Viability was measured at 16 h
postintoxication using the CellTiter-Glo Luminescent Cell Viability Assay
(G7573; Promega) according to the manufacturer’s instructions. Necrosis was
quantified bymeasuring LDH release in a luminescent assay using CytoToxGlo
(G9290; Promega).

siRNA Transfection. siRNA transfection was performed using a reverse-
transfection approach. In brief, siRNA (Thermo Scientific) was diluted to
100 nM in serum-free medium. RNAiMax (Life Technologies) was prepared in
serum-free medium at 0.007 μL of RNAiMax/μL of medium, mixed with di-
luted siRNA 2:1, and incubated at room temperature for 15 min before
being added to a 384-well plate at 15 μL/well, with six wells per target. Then
35 μL of 2.9 × 104 cells/mL was added to each well, followed by 48 h of
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incubation at 37 °C. For each target, three wells received mock treatment
and three wells received 50 nM TcdB for 16 h. Cytotoxicity was determined
with the CellTiter-Glo Luminescent Cell Viability Assay. The average treated
value was normalized to the average mock value to establish percent sur-
vival. The percent survival for each target was normalized to the percent
survival of cells transfected with a luciferase (Luc) siRNA is shown. Trans-
fection efficiency was monitored using AllStars Death siRNA, comparing vi-
ability with that of mock-treated Luc control.

RT-PCR and Western Blot Analysis. RNA was isolated and purified using the
RNeasy Mini Kit (Qiagen), using 10 ng RNA per reaction. Targets were am-
plifiedwith the OneStep RT-PCR Kit (Qiagen) using oligos listed in SIMethods.
Cells were lysed in 50 mM Tris·Cl (pH 8), 150 mM NaCl, 1% TritonX-100, 0.5%
sodium deoxycholate, and 0.1% SDS and then resolved on 12% SDS/PAGE
gels. Immunoblots were probed with antibodies against Rac1 (clone 23A8;
Millipore), RhoA (ARH-03; Cytoskeleton), Cdc42 (2462; Cell Signaling), p22phox
(sc-20781; Santa Cruz Biotechnology), or tubulin (3873S; Cell Signaling). Bind-
ing of an anti-mouse (115-035-174; Jackson ImmunoResearch Laboratories) or
an anti-rabbit (7074; Cell Signaling) HRP-conjugated secondary antibody was
detected with the LumiGLO Kit (Cell Signaling) according to the manu-
facturer’s instructions.

Rac1 Activation and Inactivation. HeLa cells were cooled to 4 °C for 1 h before
the addition of 10 nM toxin for an additional 1 h at 4 °C. Cells were then
shifted to 37 °C for the indicated time points and lysed for analysis. Rac1
activation was assayed using the G-LISA Rac1 Activation Assay Biochem Kit
(BK125; Cytoskeleton). Relative activation was determined by comparing the
signals from the toxin-treated sample with those from a mock-treated
control at the corresponding time point. Rac1 glucosylation was assayed by
Western blot analysis as described previously (16). The mock-treated samples
served as controls.

ROS Detection. ROS were detected with the Total ROS Detection Kit (ENZ-
51011; Enzo Life Sciences). Oxidative stress detection reagent was recon-
stituted in anhydrous dimethylformamide to yield a 5 mM stock solution.

Then 5 μM detection reagent in complete media was added to each well of
a 96-well plate for 1 h at 37 °C. Cells were washed twice with HBSS (cellgro
21-023-CV; Corning), and toxin was added in HBSS. Mock- treated and H2O2-
treated (1 mM final concentration) cells were included as controls. Fluores-
cence was detected using a Synergy 4 plate reader with a 488/528 filter set.
The average value for each treatment was normalized to the mock-treated
wells to establish relative induction.

Colonic Explants. Animal husbandry and experimental procedures related to
the porcine colonic explants were performed in accordance with Vanderbilt
University’s Institutional Animal Care and Use Committee (IACUC) policies.
Discarded colon tissues were obtained from pigs after euthanization at the
end of IACUC-approved animal use protocols and prepared for intoxication
as described previously (16). Human colonic tissue was obtained by the Co-
operative Human Tissue Network from consented, deidentified donors un-
der Institutional Review Board-approved protocol 031078. ROS detection
reagent and 10 μM DPI or DMSO mock treatment were added to tissue for
1 h at 37 °C. Tissue was challenged with 10 nM or 100 nM TcdB for 5 h at 37 °C.
Frozen tissue sections were prepared by embedding in OCT compound
(4583; Tissue-Tek) and snap-freezing in a dry ice bath. Sections were cut at
the Vanderbilt University Translational Pathology Shared Resource Core.
Slides were thawed and immediately analyzed with a Zeiss LSM 510 confocal
microscope. The staining and scoring of tissues was performed as described
previously and detailed in SI Methods.
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