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ABSTRACT Clostridium difficile is the most common hospital-acquired pathogen, causing antibiotic-associated diarrhea in over
250,000 patients annually in the United States. Disease is primarily mediated by toxins A and B, which induce potent proinflam-
matory signaling in host cells and can activate an ASC-containing inflammasome. Recent findings suggest that the intensity of
the host response to infection correlates with disease severity. Our lab has identified the proinflammatory cytokine
interleukin-23 (IL-23) as a pathogenic mediator during C. difficile infection (CDI). The mechanisms by which C. difficile induces
IL-23, however, are not well understood, and the role of toxins A and B in this process is unclear. Here, we show that toxins A
and B alone are not sufficient for IL-23 production but synergistically increase the amount of IL-23 produced in response to
MyD88-dependent danger signals, including pathogen-associated molecular patterns (PAMPs) and host-derived damage associ-
ated molecular patterns (DAMPs). Danger signals also enhanced the secretion of IL-1� in response to toxins A and B, and subse-
quent IL-1 receptor signaling accounted for the majority of the increase in IL-23 that occurred in the presence of the toxins. Inhi-
bition of inflammasome activation in the presence of extracellular K� likewise decreased IL-23 production. Finally, we found
that IL-1� was increased in the serum of patients with CDI, suggesting that this systemic response could influence downstream
production of pathogenic IL-23. Identification of the synergy of danger signals with toxins A and B via inflammasome signaling
represents a novel finding in the mechanistic understanding of C. difficile-induced inflammation.

IMPORTANCE Clostridium difficile is among the leading causes of death due to health care-associated infection, and factors deter-
mining disease severity are not well understood. C. difficile secretes toxins A and B, which cause inflammation and tissue dam-
age, and recent findings suggest that some of this tissue damage may be due to an inappropriate host immune response. We have
found that toxins A and B, in combination with both bacterium- and host-derived danger signals, can induce expression of the
proinflammatory cytokines IL-1� and IL-23. Our results demonstrate that IL-1� signaling enhances IL-23 production and could
lead to increased pathogenic inflammation during CDI.
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Clostridium difficile is a Gram-positive, spore-forming anaer-
obe and the cause of a major hospital-acquired infection, re-

cently surpassing methicillin-resistant Staphylococcus aureus
(MRSA) as the most common health care-associated infection (1).
C. difficile infection (CDI) results in over $1 billion in excess med-
ical costs each year in the United States alone (2). Ribotype 027
strains, which show enhanced transmissibility, are increasingly
common, worsening the burden of CDI (3). Infection with C. dif-
ficile results in a spectrum of disease ranging from mild diarrhea to
severe pseudomembranous colitis, toxic megacolon, and death
(4). Antibiotic treatment predisposes individuals to CDI by dis-
rupting commensal microbes in the gut and providing a compet-
itive advantage for C. difficile growth as well as impairing the host
mucosal immune response (5).

Toxins A and B (TcdA and TcdB) are the major virulence fac-
tors of C. difficile and are responsible for glucosylating host Rho

family GTPases (6). Glucosylation blocks the exchange of GDP for
GTP and prevents RhoA, Rac1, and Cdc42 from functioning, re-
sulting in cell rounding and death (7). Toxins A and B also elicit a
robust proinflammatory response via activation of multiple
mitogen-activated protein kinases, which in turn activate the tran-
scription factor nuclear factor �B (NF-�B) (8, 9). Both toxins
activate an ASC-containing inflammasome and can induce secre-
tion of interleukin-8 (IL-8), tumor necrosis factor alpha (TNF-�),
and IL-6, in addition to IL-1� (10–12).

C. difficile pathogen-associated molecular patterns (PAMPs)
also contribute to the host inflammatory response, including the
surface layer proteins (SLPs), which activate Toll-like receptor 4
(TLR4) and flagellin, which is thought to be a TLR5 ligand (13,
14). C. difficile also possesses uncharacterized Nod1 stimulatory
molecules (15). Although toxins A and B have been shown to
enhance cytokine production resulting from recognition of C. dif-
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ficile PAMPs, it is not well known how this occurs (14). Innate
inflammatory signaling involving Nod1, TLR4, MyD88, and the
inflammasome adaptor ASC are protective in mouse models of
CDI (13, 15–17). Conversely, human clinical studies have shown
that the host response may also be pathogenic, as IL-8 and CXCL5
levels positively predict disease severity, whereas C. difficile bacte-
rial burden does not (18). Our lab has previously identified the
proinflammatory cytokine IL-23 as a pathogenic mediator during
CDI. The importance of IL-23 in these studies suggests that IL-23
may be a key regulator of the balance between bacterial eradica-
tion and host tissue damage (19). IL-23 expression is initiated by
the transcription factors NF-�B and AP-1 downstream of TLR
and IL-1 receptor signaling (20), leading us to hypothesize that
C. difficile may be able to directly induce IL-23 expression through
the action of toxins A and B. Purified SLPs as well as live C. difficile
can induce IL-23 production, but the contribution of toxins A and
B to this process has not been extensively studied. Additionally, it
is unknown how the toxins contribute to IL-23 production in
response to ribotype 027 strains, which are thought to be more
proinflammatory (11).

We used murine and human dendritic cells to elucidate the
regulation of IL-23 in response to C. difficile. We found that toxins
A and B increased levels of IL-23 but alone were not sufficient to
induce its production. Furthermore, we identified a crucial role
for the host inflammasome and IL-1� signaling in toxin-
enhanced IL-23 production. Finally, we demonstrate here that
IL-1� is increased in the serum of patients with CDI, demonstrat-
ing that this cytokine is systemic during human infection and
could potentiate IL-23 production in such patients.

RESULTS
Clostridium difficile toxins A and B are not sufficient to induce
detectable IL-23. In order to determine how C. difficile induces
IL-23 expression, we treated murine bone marrow-derived den-
dritic cells (BMDCs) with purified toxins A and B (Fig. 1). We

found that the toxins, either alone or in combination, were not
sufficient to induce IL-23 production (at concentrations ranging
from 2 pg/ml to 25 �g/ml) (Fig. 1 and data not shown). Toxins A
and B were functionally active, as toxin A induced CXCL1 pro-
duction and both toxins activated NF-�B and caused significant
cell death (see Fig. S1A to C in the supplemental material). Next,
we attempted to induce IL-23 production by using fresh toxin-
containing culture filtrates from C. difficile strain R20291, a ri-
botype 027 strain responsible for a 2006 outbreak in Stoke
Mandeville, United Kingdom (21). Wild-type R20291 filtrate in-
duced significant levels of IL-23, while the isogenic toxin mutant
R20291 AB- showed greatly decreased IL-23 induction as mea-
sured in an anti-IL-23p19 enzyme-linked immunosorbent assay
(ELISA). Adding 2 ng/ml each of purified toxins A and B to
R20291 AB- culture filtrate restored IL-23 production to levels
induced by wild-type R20291 (Fig. 1A). This concentration of
toxins was used to mimic physiological levels found in serum dur-
ing infection (22). Interestingly, toxins A and B also increased the
amount of IL-23 produced by BMDCs upon exposure to lipopoly-
saccharide (LPS) from Escherichia coli, a PAMP known to induce
IL-23 (20). We concluded that while toxins A and B alone were not
sufficient to induce IL-23, the toxins did enhance IL-23 produc-
tion in the presence of bacterial products.

Damage-associated molecular patterns also prime cells for
IL-23 production. Although bacterial PAMPs are common prim-
ing signals for inflammasome activation, we hypothesized that
host-derived danger signals capable of activating NF-�B would
also potentiate IL-23 production. Serum amyloid A (SAA) is a
host-derived inflammatory mediator which is expressed in co-
lonic epithelium and can play a role in modulating dextran so-
dium sulfate (DSS) colitis in murine models (23). Exposing BM-
DCs to serum amyloid A alone did not induce detectable IL-23,
but IL-23 production was greatly enhanced when toxins A and B
were added (Fig. 1B). This suggests that although a danger signal is

FIG 1 C. difficile toxins induce detectable IL-23 from bone marrow-derived dendritic cells only in the presence of danger signals. (A) BMDCs were treated for
24 h with purified toxins A and B (2 ng/ml), LPS (100 ng/ml), or culture filtrates from C. difficile strain R20291 or R20291 AB�. BMDC medium was assayed for
IL-23 via an ELISA. (B) BMDCs were incubated with serum amyloid A (500 ng/ml) with or without toxins A and B (2 ng/ml). Student’s t test was used to
determine statistical significance: *, P � 0.05; **, P � 0.01; ***, P � 0.001. Data shown were combined from at least 3 experiments.
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required for toxin-induced IL-23 production, this signal need not
be derived from bacteria.

C. difficile toxins A and B and PAMPs induce IL-23 mRNA
expression in human dendritic cells. Next, we sought to deter-
mine whether human dendritic cells respond similarly in the pres-
ence of toxins A and B (Fig. 2). We generated monocyte-derived
dendritic cells (MoDCs) from the peripheral blood mononuclear
cells (PBMCs) of healthy human volunteers and exposed them to
purified toxins A and B as well as culture filtrates from C. difficile
strain r20291. We evaluated IL-23a gene expression by quantita-
tive reverse transcription-PCR, as human IL-23p19 ELISAs suffer
from relatively low sensitivity. Purified toxins A and B did not
induce IL-23a gene expression. However, wild-type R20291 su-
pernatant did induce significant IL-23a expression, and this was
lost in the presence of nontoxigenic filtrate from R20291 AB-. The
addition of purified toxins A and B restored some level of IL-23a
gene expression (Fig. 2), leading us to conclude that human cells
respond similarly to the presence of C. difficile toxins and PAMPs.

A priming signal significantly enhances IL-1� production in re-
sponse to toxins A and B. Toxins A and B have been shown to
activate an ASC-containing inflammasome to secrete IL-1�. Both
the NLRP3 inflammasome and a pyrin-dependent inflammasome
have been implicated in this process (10–12). Two signals are a
well-established requirement for activation of the inflammasome.
The first “priming” signal induces NF-�B-dependent expression
of pro-IL-1�, and the second “activation” signal induces assembly
of the inflammasome complex and processing of IL-1� into its
mature form (24). Because IL-1� is thought to play a role in the
induction of IL-23 (25), we assayed BMDCs for IL-1� production
(Fig. 3). We found that toxins A and B alone induced low levels of
IL-1� production, but treating BMDCs with LPS in combination
with toxins A and B significantly increased levels of IL-1�

(Fig. 3A). Additionally, we found that treating BMDCs with su-
pernatant from strain R20291 also induced significant levels of
IL-1�, indicating that this supernatant may be sufficient to pro-
vide both priming and activation signals. IL-1� production was
lost when BMDCs were exposed to R20291 AB- filtrate but re-
stored when purified toxins A and B were added back (Fig. 3A).
We also found that SAA was sufficient to serve as a priming signal
to induce increased IL-1� production in the presence of toxins A
and B (Fig. 3B). Because many IL-1� ELISAs can also detect pro-
IL-1� released from dying cells, we confirmed by Western blotting
that the IL-1� produced in response to toxins A and B was indeed
processed and secreted rather than simply released from intoxi-
cated, nonviable cells (Fig. 3C). We concluded that danger signals
and toxins A and B synergistically increase IL-1� production by
BMDCs.

MyD88 signaling is required for IL-23 production. Multiple
TLRs as well as the IL-1 receptor require the adaptor protein
MyD88 in order to successfully activate NF-�B to induce down-
stream cytokine production (26). In order to determine whether
these pathways were required for the induction of IL-23 by C. dif-
ficile, we utilized BMDCs from MyD88�/� mice. MyD88�/�

BMDCs showed significantly reduced IL-23 production in re-
sponse to R20291 and R20291 AB- supernatant with purified tox-
ins A and B added (Fig. 4A). To further delineate the contribution
of TLR signaling to this process, we next utilized TLR2�/�,
TLR4�/�, and TLR5�/� BMDCs. TLR4�/� BMDCs, but not
TLR2�/� or TLR5�/� BMDCs, showed significantly decreased
IL-23 production in response to R20291. These data implicate the
SLPs of C. difficile, known to signal through TLR4 (13, 26), as a
major PAMP involved in IL-23 induction (Fig. 4B). TLR4�/�

BMDCs also demonstrated significantly decreased IL-23 produc-
tion in the presence of LPS and toxins A and B, further demon-
strating the necessity for a danger signal in addition to the toxins
for robust IL-23 production.

Toxin-induced IL-1� signaling enhances IL-23 production.
Because IL-1� has been shown to contribute to IL-23 production
in other models (25) and MyD88-deficient cells did not show an
increase in IL-23 in the presence of toxins A and B, we hypothe-
sized that IL-1� produced in response to toxins A and B enhances
IL-23 production. To test this hypothesis, we treated BMDCs with
filtrate from strain R20291 in the presence of an anti-IL-1� neu-
tralizing antibody or an IL-1 receptor antagonist (Fig. 5). Both the
neutralizing antibody and the receptor antagonist significantly de-
creased the amount of IL-23 produced, compared to an isotype
control antibody (Fig. 5A). As expected, when cells were exposed
to R20291 AB-, IL-23 production was minimal. However, IL-23
could be significantly enhanced by adding recombinant IL-1� to
R20291 AB-, suggesting that IL-1 receptor signaling could account
for the increase in IL-23 observed in the presence of toxins A and
B. Next, we utilized BMDCs from IL-1R�/� mice to further assess
the contribution of this receptor to IL-23 production. We found
that IL-1R�/� BMDCs displayed significantly reduced IL-23 pro-
duction in response to R20291 as well as R20291 AB- with added
toxins A and B (Fig. 5B). As expected, no significant difference was
observed for R20291 AB- in the absence of toxins A and B. These
results suggest that, following a priming signal, toxins A and B
may activate the inflammasome to secrete IL-1�, which in turn
signals through the IL-1 receptor to enhance IL-23 production.

Reducing inflammasome activation decreases the produc-
tion of IL-23 in the presence of toxins A and B. Although multiple

FIG 2 C. difficile toxins and PAMPs induce IL-23 expression in human cells.
MoDCs were generated from monocytes isolated from healthy human peripheral
blood samples and were treated for 24 h with purified toxins A and B (2 ng/ml) or
with filter-sterilized culture supernatants from C. difficile strain r20291 or an iso-
genic toxin mutant, R20291 AB-. RNA was isolated and assayed by quantitative
reverse transcription-PCR for IL-23 gene expression. Student’s t test was used to
determine statistical significance: *, P � 0.05; **, P � 0.01; ***, P � 0.001. Data
shown are representative of three independent experiments.
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diverse stimuli have been shown to activate the NLRP3 inflam-
masome, these stimuli share the downstream requirement for ef-
flux of potassium (27). Thus, the addition of excess extracellular
potassium can inhibit NLRP3 inflammasome activation, although
this is not specific to NLRP3 and can also inhibit NLRP1 oli-
gomerization (24). In order to confirm the role of inflammasome-
produced IL-1� in enhanced IL-23 production, BMDCs were in-
cubated with culture filtrate from R20291 in the presence or
absence of 40 mM KCl and results were compared to those with
40 mM NaCl, an osmotic control. We found that the addition of
extracellular K� to BMDCs significantly inhibited the secretion of
IL-1� as well as IL-23 (Fig. 6A and B). Similarly, the addition of
YVAD-FMK, a caspase-1/4 inhibitor, or glybenclamide, an inhib-
itor of K� efflux, decreased both the amount of IL-1� and the
amount of IL-23 secreted by BMDCs in the presence of R20291
culture filtrate (Fig. 6C and D). These data provided further evi-
dence that inflammasome activation and the resulting IL-1 recep-
tor signaling contribute to IL-23 production.

Patients with C. difficile infection display elevated serum IL-
1�. Finally, in order to confirm the presence of IL-1� during hu-

man infection, we analyzed sera from CDI-positive and CDI-
negative patients with diarrhea, as well as from healthy outpatient
controls. Utilizing a high-sensitivity IL-1� ELISA specifically de-
signed for cytokine detection in serum (limit of detection, 0.16 pg/
ml), we found that patients with CDI had significantly higher
serum IL-1� than healthy outpatient controls (Fig. 7). IL-23 in
serum was not present at detectable levels (data not shown). In-
terestingly, patients with diarrhea from other causes also displayed
increased IL-1�, demonstrating that this cytokine is not specific to
CDI. These results suggest that inflammasome activation occurs
in vivo during CDI and may potentiate the IL-23 production in the
lamina propria that we previously reported (19). Additionally, the
presence of IL-1� in patients with non-CDI diarrhea suggests that
this cytokine is present and could be involved in IL-23 production
in other models of colitis.

DISCUSSION

Toxins A and B (TcdA and TcdB) are the major virulence factors
of C. difficile and act via intoxication of Rho family GTPases, in-
cluding RhoA, Rac1, and Cdc42 (6). Both toxins are capable of

FIG 3 IL-1� secretion by BMDCs in response to C. difficile toxins is enhanced by a priming signal. (A) BMDCs were treated for 24 h with purified toxins A and
B (2 ng/ml), LPS (100 ng/ml), or filter-sterilized culture supernatants from C. difficile strain R20291 or an isogenic toxin mutant, R20291 AB-. BMDC medium
was assayed for IL-1� via an ELISA. (B) BMDCs were incubated with serum amyloid A (500 ng/ml) with or without toxins A and B (2 ng/ml). (C) Western
blotting results for supernatants (Sup) and whole-cell lysate (Lys) from treated BMDCs. Blots were probed with antibodies directed against IL-1� p17 (super-
natant) and �-actin (lysate). Lane 1 contains recombinant IL-1� as a positive control. Student’s t test was used to determine statsitical significance: *, P � 0.05;
**, P � 0.01; ***, P � 0.001. Data shown were combined from at least 3 experiments.
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causing epithelial cell death, as well as apoptosis of neurons, en-
dothelial cells, and monocytes (28). Toxins A and B alone can also
induce the secretion of IL-8/CXCL1, TNF-�, and IL-6 (8). Toxin-
induced activation of the inflammasome and IL-1� secretion in
primed cells have also been demonstrated (10–12). It is well ap-
preciated that C. difficile toxins and other factors contribute to
disease severity, as nontoxigenic strains do not cause symptomatic
infection (29, 30) and genetic manipulation of C. difficile sporula-
tion and motility can influence disease outcome (31).

Despite the importance of toxins A and B during infection,

recent findings implicate host-derived inflammation as a contrib-
uting factor to the severity of CDI. Therefore, a thorough under-
standing of C. difficile pathogenesis requires examination of both
host- and pathogen-derived mediators. We previously demon-
strated that the cytokine IL-23 is pathogenic during CDI, as mice
deficient in IL-23 were significantly protected from mortality (19).
We have also demonstrated that IL-23 is expressed during human
infection with C. difficile. Although the role of toxins A and B in
the expression of various cytokines has been extensively studied,
the induction of IL-23 by C. difficile has thus far been incompletely

FIG 4 TLR4 and MyD88 signaling contribute to IL-23 production in response to C. difficile. BMDCs from C57BL6/J or MyD88�/� mice (A) or C57BL6/J,
TLR2�/�, TLR4�/�, or TLR5�/� mice (B) were treated for 24 h with either LPS or filter-sterilized culture supernatant from C. difficile strain r20291 or the
nontoxigenic strain R20291 AB-, in the presence or absence of purified toxins A and B (2 ng/ml). IL-23 protein levels were quantified with an ELISA; data in panel
B are relative to 100% of C57BL6 levels under each condition. Student’s t test was used to determine statistical significance: *, P � 0.05; **, P � 0.01; ***, P �
0.001. #, result below the detection level. Data shown were combined from 3 independent experiments.

FIG 5 IL-1� signaling contributes to IL-23 production. BMDCs were treated for 24 h with filter-sterilized culture supernatant from C. difficile strain R20291 or
R20291 AB-. (A) Recombinant murine IL-1� (rIL-1�; 50 ng/ml), IL-1� neutralizing antibody (aIL-1�; 1 �g/ml), IL-1 receptor antagonist (IL-1RA; 500 ng/ml),
or IgG isotype control antibody (1 �g/ml) was added, as indicated. (B) BMDCs from C57BL6 (wild-type [WT]) or IL-1R�/� mice were treated for 24 h with
filtrates from C. difficile strain R20291 or R20291 AB-, in the presence or absence of purified toxins A and B. Data are shown relative to 100% of the C57BL6 results
under each condition. Data were combined from at least 3 independent experiments. Student’s t test was used to determine statistical significance: *, P � 0.05;
**, P � 0.01; ***, P � 0.001.
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characterized. Thus, the goal of this work was to determine the
role of C. difficile toxins A and B in the induction of IL-23.

Here, we found that, surprisingly, toxins A and B alone do not
induce expression of measurable amounts of IL-23 from BMDCs
(Fig. 1). However, supernatant from the ribotype 027 strain
R20291 was capable of inducing IL-23, and IL-23 production was

synergistically increased in the presence of both toxins A and B
and a danger signal (Fig. 1 and 2). Interestingly, we also found that
robust secretion of IL-1� likewise required a priming signal, and
C. difficile PAMPs were sufficient to prime BMDCs for IL-1� se-
cretion (Fig. 3). IL-1 receptor signaling following inflammasome
activation contributed to the production of IL-23, accounting for
the increase in IL-23 observed in the presence of toxins A and B
(Fig. 4 to 6).

Induction of IL-23 by C. difficile strain R20291. Previously,
purified SLPs of C. difficile strain R13537 have been shown to
induce IL-23 expression in a TLR4-dependent manner (13), dem-
onstrating that C. difficile PAMPs can induce IL-23. Additionally,
C. difficile strains 630 and R20291 also induced IL-23 in vitro, and
mutants of strain 630 that do not produce toxins A and B showed
significantly decreased IL-23 production (11). However, mutants
of strain R20291 lacking toxin A and B production were not in-
vestigated, although R20291 was shown to induce significantly
more IL-23 than strain 630. Additionally, it was unknown whether
purified toxins A and B could induce IL-23. Our data confirmed
that toxins A and B enhance IL-23 production by ribotype 027
strains, and we demonstrated that the toxins alone are not suffi-
cient for IL-23 production (Fig. 1). The ability of toxins A and B
alone to induce production of IL-8 suggests an underlying differ-
ence between this cytokine and IL-23, possibly due to differences
in expression level or cell source. Additionally, our results suggest
that C. difficile PAMPs in combination with toxins A and B are
capable of inducing IL-23 (Fig. 1) and that both TLR4 and MyD88
signaling are involved in PAMP recognition (Fig. 4).

Although bacterial danger signals were sufficient to allow IL-23
production in response to toxins A and B, we also examined the
possibility that host-derived signals could serve this function. Se-

FIG 6 Inflammasome inhibition reduces IL-23 secretion. BMDCs were treated with filter-sterilized culture supernatant from strain R20291 in the presence of
40 mM KCl, 40 mM NaCl (A and B) or 20 �M YVAD-FMK or 25 �g/ml glybenclamide (C and D) for 24 h. IL-1� (A and C) and IL-23 (B and D) in the cell
supernatant were measured in an ELISA. Student’s t test was used to determine statistical significance: *, P � 0.05; **, P � 0.01; ***, P � 0.001. Data were
combined from at least 3 independent experiments.

FIG 7 IL-1� is increased in the sera of patients with CDI. Sera from C. diffi-
cile-positive patients with diarrhea (CDI�), C. difficile-negative patients with
diarrhea (CDI�), and healthy outpatients (OTP) were assayed for IL-1� via a
high-sensitivity ELISA. Each dot represents one patient sample. The Mann-
Whitney test was used to determine statistical significance: *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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rum amyloid A, an endogenous danger signal released from dam-
aged epithelial cells (23), was also sufficient to allow IL-23 produc-
tion from BMDCs (Fig. 1). Therefore, the production of IL-23 is
not dependent on the presence of bacterial PAMPs. These data
provide insight into the inflammatory response to C. difficile in
germ-free mice, which are notably susceptible to CDI (32). Under
germ-free conditions, C. difficile PAMPs or host-derived danger
signals in combination with toxins A and B could be sufficient to
invoke a robust inflammatory response involving both IL-1� and
IL-23.

Inflammasome activation by toxins A and B. The abilities of
C. difficile toxins to activate the inflammasome are well known;
however, the specific inflammasome components involved are
still in question. Originally, toxins A and B were thought to acti-
vate the NLRP3 inflammasome in an ASC-dependent manner
(12). However, recent work has demonstrated that inflammasome
activation by these toxins may be NLRP3 independent and instead
involve activation of the pyrin inflammasome (10, 11). Although
we have not examined a necessity for specific inflammasome com-
ponents, we have found that BMDCs are capable of robust IL-1�
production in response to toxins A and B when a priming signal is
provided (Fig. 3). Interestingly, potassium efflux appears to be
involved in this process, as excess extracellular potassium de-
creased both IL-1� and, consequently, IL-23 production (Fig. 6).
However, potassium efflux is not specific to NLRP3 inflam-
masome activation and does not rule out involvement of other
inflammasomes.

Contribution of IL-1� signaling to IL-23 production. The
ability of IL-1� to influence IL-23 signaling has been demon-
strated previously in the context of autophagy, where inhibition of
the autophagosome increased IL-23 production in response to
TLR agonists, and this increase was mediated by IL-1 receptor
signaling (25). Similarly, we found that IL-1 receptor signaling
contributes to IL-23 production in the presence of C. difficile tox-
ins and bacterial products (Fig. 4 and 5). The use of anti-IL-1�
neutralizing antibody or an IL-1 receptor antagonist decreased the
levels of IL-23 produced under inflammasome-activating condi-
tions (Fig. 5). Recombinant IL-1� increased the amount of IL-23
produced, demonstrating that IL-1 receptor signaling can account
for much of the increase in IL-23 found in the presence of toxins A
and B. However, we cannot rule out additional signaling pathways
activated by the toxins which may also contribute to IL-23 pro-
duction.

We also found that IL-1� was elevated in the serum of patients
with CDI (Fig. 7); this had been previously shown in stools of such
patients (33). Detection of serum IL-1� required the use of a high-
sensitivity ELISA. Although we have not examined the presence of
toxins A and B in patient serum samples, the toxins have been
shown to be present in the serum of infected animals, suggesting
that inflammasome activation may be a systemic response to CDI
(22). Increased serum IL-1� was also noted in patients with diar-
rhea from other causes, suggesting that elevation of this cytokine is
a common response to diarrheal illness. Indeed, IL-1� release is
triggered in response to other bacterial infections, and it is in-
creased in cells from patients with inflammatory bowel disease
(34, 35). IL-1� may therefore play a role in the induction of IL-23
in other diarrheal illnesses, an interesting possibility for which
more investigation is warranted.

The role of IL-1� during CDI is complex, as reduced IL-1�
production in ASC�/� mice has been demonstrated to be protec-

tive during challenge with toxins A and B (12) but pathogenic in
an infection model (17). IL-1� is thought to play an essential role
in the induction of CXCL1 and recruitment of neutrophils, which
may be pathogenic during challenge with toxins alone but play an
essential role in controlling infection with live C. difficile (16, 36).
Our data further demonstrated that IL-1� likely plays a multifac-
eted role during CDI by inducing the pathogenic cytokine IL-23.

In conclusion, we suggest that C. difficile is initially recognized
in a TLR4- and MyD88-dependent manner, resulting in low-level
expression of IL-23. Intoxication of primed host cells by toxins A
and B leads to robust IL-1� secretion, likely due to inflammasome
activation. IL-1� then signals through the IL-1 receptor to further
enhance the production of IL-23. This model therefore suggests
that two signals are required for a robust inflammatory response
to C. difficile: detection of bacterium- or host-derived danger sig-
nals and also intoxication of host cells. Our work demonstrates
that although toxins A and B are essential virulence factors of
C. difficile, additional signals play a role in shaping the inflamma-
tory response during CDI. Therefore, targeting innate signaling
pathways could present novel therapies to disrupt pathogenic host
signaling during disease.

MATERIALS AND METHODS
Bacterial strains and growth conditions. C. difficile strain r20291 AB-
was generated using the ClosTron system, and functional inactivation of
the targeted genes was confirmed by Western blotting as previously de-
scribed (29). Strains were inoculated onto brain heart infusion agar and
incubated at 37°C overnight in an anaerobic work station (SHEL Lab).
Single colonies were inoculated into tryptone-yeast extract medium (37)
and grown anaerobically overnight at 37°C. C. difficile cultures were pre-
pared for cell stimulation by resuspending each culture to an optical den-
sity corresponding to 2 � 107 CFU/ml. Cultures were spun in a centrifuge,
and the supernatant was removed and sterilized through a 0.2-�m filter.

Mice and cells. C57BL6, MyD88�/�, TLR2�/�, TLR4�/�, TLR5�/�,
and IL-1R�/� mice were purchased from The Jackson Laboratory. Mice
were males aged 8 to 12 weeks for all experiments. All animals were housed
under specific-pathogen-free conditions at the University of Virginia’s
animal facility. All animal procedures were approved by the Institutional
Animal Care and Use Committee at the University of Virginia. BMDCs
were generated as previously described with minor modifications (38).
Briefly, femurs and tibia were removed and bone marrow was flushed with
phosphate-buffered saline (PBS). Cells were counted, viability was as-
sessed via trypan blue staining, and cells were resuspended in RPMI 1640
medium (Life Technologies) containing 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin. Medium
was supplemented with 10 ng/ml granulocyte-macrophage colony-
stimulating factor (GM-CSF; PeproTech) and 55 �M �-mercaptoethanol
(Gibco), and 3 � 106 cells were seeded into a T75 vent cap tissue culture
flask. Cells were cultured for 7 days and supplemented with fresh medium
on days 2 and 4. On day 7, cells were harvested for stimulation. Human
MoDCs were generated as described previously (39). Briefly, peripheral
blood mononuclear cells were isolated from the blood of healthy human
volunteers by Ficoll-Paque density gradient centrifugation. Mononuclear
lymphocytes were collected and resuspended in RPMI 1640 containing
10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and
100 U/ml streptomycin. PBMCs were adjusted to 2 � 106 cells/ml, and
10 ml of cell suspension was added to each T75 tissue culture flask. PBMCs
were incubated at 37°C for 3 h, and suspension cells were aspirated. Ad-
herent monocytes were washed thoroughly and detached with gentle
scraping. Monocytes were counted and assessed for viability by trypan
blue exclusion. Monocytes were adjusted to 1 � 106 cells/ml, and 50 ng/ml
recombinant human GM-CSF (PeproTech), 50 ng/ml recombinant hu-
man IL-4 (PeproTech), and 55 �M �-mercaptoethanol were added.
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Monocytes were differentiated for 6 days, with addition of fresh medium
on days 2 and 4.

Cell stimulation. BMDCs or MoDCs were harvested and resuspended
in complete RPMI 1640. A total of 2 � 105 cells per well were seeded into
48-well tissue culture plates. C. difficile filtrate was diluted 1:20 into the
BMDC suspension, and the remaining volume was made up with com-
plete culture medium (containing toxins A and B where indicated). Puri-
fied toxins A and B were a kind gift from Techlab, Inc. (Blacksburg, VA).
Recombinant serum amyloid A (PeproTech), TLR ligand-tested lipopoly-
saccharide (Sigma), anti-mouse IL-1� monoclonal antibody (clone B122;
eBioscience), IgG isotype control (eBioscience), recombinant IL-1 recep-
tor antagonist (R&D Systems), recombinant murine IL-1� (R&D Sys-
tems), YVAD-FMK (Enzo Life Sciences), and glybenclamide (InvivoGen)
were diluted in RPMI 1640 and added to cells as indicated. For incubation
of BMDCs with excess potassium, 0.8 M stock solutions of KCl and NaCl
were prepared, filter sterilized, and diluted 1:20 into the BMDC suspen-
sion. Stimulated cells were incubated for 24 h at 37°C with 5% CO2. Cells
were spun at 300 � g for 5 min, and the supernatant was harvested and
frozen at � 80°C. Remaining cells were washed in 1� PBS once and lysed
in an appropriate volume of RLT buffer (lysis buffer of the RNeasy kit;
Qiagen). RNA-containing lysates were frozen at �80°C until RNA isola-
tion.

Detection of cytokines. IL-1� and IL-23 were detected in protein su-
pernatants from BMDCs by using the mouse IL-1� Ready-Set-Go! ELISA
kit (eBioscience) and the mouse IL-23p19 DuoSet kit (R&D Systems)
according to the manufacturers’ instructions. IL-1� processing was con-
firmed by Western blotting. To generate supernatant samples, protein
supernatant from stimulated BMDCs was harvested and concentrated by
methanol precipitation. Whole-cell lysate was generated from the same
BMDCs by washing cells once in ice-cold PBS and adding 100 �l lysis
buffer to each well (50 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1%
Triton X-100, 1 ml HALT protease inhibitor [Pierce]). Lysates for each
condition were pooled and shaken at 4°C for 30 min before spinning at
12,000 rpm at 4°C. Supernatant and whole-cell lysate protein samples
were run on BioRad Mini-Protean TGX gradient gels (4 to 15%) and
transferred to Amersham Hybond-C nitrocellulose. Blots were probed
with either rabbit polyclonal anti-IL-1� antibody (supernatant samples;
ab9722; Abcam) or rabbit polyclonal anti-�-actin loading control (whole-
cell lysates; ab75186; Abcam) followed by LI-COR anti-rabbit 800 second-
ary antibody. Fluorescent protein bands were detected using an Odyssey
infrared imaging system (LI-COR Biosciences). Image manipulation was
limited to adjustment of brightness. MoDC IL-23 production was as-
sessed by quantitative reverse transcription-PCR. RNA was isolated using
the RNeasy isolation kit (Qiagen). Contaminating genomic DNA was di-
gested by using the Turbo DNA-free kit (Ambion), and RNA was reverse
transcribed with the Tetro cDNA synthesis kit (Bioline) according to the
manufacturer’s instructions. The resulting cDNA was purified using Qia-
gen’s PCR purification kit. IL-23a gene expression was quantified via a
QuantiTect primer assay (Qiagen) using Sensifast SYBR and fluorescein
mix (Bioline) in the QuantiTect 2-step amplification protocol. Gene ex-
pression was normalized to that of �-actin (forward primer, ATTGCCG
ACAGGATGCAGAA; reverse primer, GCTGATCCACATCTGCTGG
AA).

Detection of human serum IL-1�. Serum samples collected at the
time of diagnosis of C. difficile diarrhea from 85 patients at the University
of Virginia, as well as samples from 104 patients with diarrhea but who
were negative for C. difficile, and also samples from 28 healthy outpatients
were stored at �80°C until assayed. IL-1� in the serum samples was quan-
tified using the eBioscience high-sensitivity ELISA kit according to the
manufacturer’s instructions. The study was approved by the University of
Virginia Institutional Review Board for Health Sciences Research.
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