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ABSTRACT Tumor progression locus 2 (TPL2), a serine/threonine protein kinase, is a
major inflammatory mediator in immune cells. The predominant inflammatory ac-
tions of TPL2 depend on the activation of mitogen-activated protein kinases (MAPK)
and the upregulated production of the cytokines tumor necrosis factor alpha (TNF-�)
and interleukin 1� (IL-1�) in macrophages and dendritic cells in response to lipo-
polysaccharide (LPS). Significant increases in TNF-�, IL-6, IL-�, and IL-8 levels in pa-
tients with Clostridium difficile infection (CDI) have been reported. Both TNF-� and
IL-6 have been postulated to play key roles in the systemic inflammatory response
in CDI, and IL-8 is essential for the development of local intestinal inflammatory re-
sponses in CDI. The objective of this study was to elucidate the role of TPL2 in the
pathogenesis of CDI. We found that TPL2 was significantly activated in human and
mouse intestinal tissues upon C. difficile toxin exposure or CDI. We further demon-
strated that TPL2 knockout (TPL2-KO) mice were significantly more resistant to CDI
than wild-type mice, with significantly reduced production of TNF-�, IL-6, IL-1�, KC
(a mouse homologue of IL-8), and myeloperoxidase (MPO) in the ceca and colons of
TPL2-KO mice. Finally, we found that TPL2 inhibition by a specific inhibitor or TPL2
gene ablation significantly reduced TcdB-induced production of TNF-�, IL-6, IL-�,
and KC by inhibiting the activation of p38, extracellular signal-regulated kinase (ERK),
and c-Jun NH2-terminal kinase (JNK). Taken together, our data suggest that TPL2
represents a potential therapeutic target for CDI treatment.
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Clostridium difficile infection (CDI) is primarily a toxin-mediated disease. The
major virulence factors of C. difficile are two exotoxins, toxin A (TcdA) and toxin

B (TcdB), which glucosylate Rho GTPases, leading to disruption of the cytoskeleton
and tight junctions, while stimulating intestinal epithelial or immune cells to
produce a storm of proinflammatory cytokines and chemokines (1–3). These cyto-
kines and chemokines have been proposed to promote the recruitment of neutro-
phils and possibly other immune cells to the intestines, leading to a profound
inflammatory immune response (4–9). Therefore, controlling/reducing the produc-
tion of proinflammatory cytokines/chemokines represents an attractive approach to
the treatment of major CDI symptoms. However, our knowledge of several aspects
of the cytokine/chemokine storms in CDI is limited. How do toxins induce the
production of these cytokines/chemokines in vitro and, most importantly in vivo?

The course of CDI is characterized by an initial intestinal inflammatory process
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followed by a systemic inflammatory response (10). Significant increases in the con-
centrations of tumor necrosis factor alpha (TNF-�), interleukin 6 (IL-6), and IL-1� in CDI
patients have been reported (10). Both TNF-� and IL-6 have been postulated to play key
roles in the systemic inflammatory response in CDI (10), and IL-8/CXCL1 are indicated
to be essential to the development of local intestinal inflammatory responses in CDI in
humans (10–12) or animal models (13). An excessive inflammatory process can be
detrimental.

Tumor progression locus 2 (TPL2) functions as a serine/threonine kinase in the
mitogen-activated protein kinase (MAPK) signal transduction cascade known to regu-
late both innate and adaptive immunity and plays a critical role in the response to
inflammatory signals. The predominant proinflammatory actions of TPL2 depend on
the activation of MAPKs, including extracellular signal-regulated kinase (ERK), c-Jun
NH2-terminal kinase (JNK), and p38 (14–16). Both TcdA and TcdB are proinflammatory
toxins capable of inducing proinflammatory cytokines, including TNF-�, IL-1�, and IL-6,
which are implicated in the development and progression of CDI (17–19). However, the
precise cellular mechanism and signaling pathways of TPL2 in C. difficile toxin-induced
proinflammatory cytokine production are unknown.

Here we report that the TPL2/MAPK pathway plays a key role in C. difficile-mediated
intestinal inflammation by regulating the production of major proinflammatory cyto-
kines/chemokines, which have been reported to be the major drivers of inflammation
in CDI patients.

RESULTS
CDI induces TPL2 activation in vivo and ex vivo. To investigate whether TPL2 is

involved in C. difficile toxin-mediated intestinal inflammation, we first studied whether
TPL2 is activated in vivo in a mouse model of C. difficile infection (CDI). To this end, cecal
tissues from noninfected mice or C. difficile-infected mice that were moribund (n � 3)
were analyzed for activation of TPL2 by Western blot analysis. As shown in Fig. 1, C.
difficile infection significantly induced TPL2 phosphorylation. Most importantly, TcdA
and TcdB also induced TPL2 phosphorylation in human colon tissues (mixture of three
tissue samples) in a time-dependent manner (Fig. 2).

TPL2-KO mice are more resistant to C. difficile infection than wild-type (WT)
mice. We then asked whether TPL2 plays an important role in vivo during CDI. To
address this question, age- and genetic-background-matched control TPL2-floxed
(Flox) and TPL2 knockout (TPL2-KO) mice (n, 10 in each group) were orally inoculated
with C. difficile UK1 spores (106 CFU/mouse) after antibiotic pretreatment. Mice were
monitored for a week after infection. Mice in the TPL2-KO group were significantly more
resistant to CDI than those in the Flox group, as shown by the percentages of surviving
mice (Fig. 3A), weight changes (Fig. 3B), and percentages of mice with diarrhea (Fig. 3C).

Intestinal tissues from the TPL2-KO group produced significantly smaller amounts of
IL-1�, IL-6, and TNF-�, as well as myeloperoxidase (MPO), a marker of neutrophil
infiltration, than intestinal tissues from the TPL2-floxed group (Fig. 4).

TPL2 inhibition or knockout abolishes C. difficile toxin-induced production of
proinflammatory cytokines/chemokines. Having demonstrated that TPL2-KO mice

FIG 1 C. difficile infection (CDI)-induced activation of TPL2. Cecal tissues from noninfected or C.
difficile-infected C57/BL6 mice were homogenized, and supernatants were used for the analysis of
phosphorylated TPL2 (p-TPL2) and total TPL2 by Western blot analysis. Cecal tissues were collected from
three mice in each group.
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exhibited significantly reduced intestinal inflammation and production of proinflam-
matory cytokines, we wondered how TPL2 regulates the production of proinflamma-
tory cytokines in the context of CDI.

We and other groups reported previously that TcdA and TcdB induced the produc-
tion of proinflammatory cytokines/chemokines by macrophages or dendritic cells (20,
21). In addition, recent studies have shown that TcdB plays more-important roles than
TcdA in the pathogenesis of CDI. Therefore, we investigated the role of TPL2 in the
production of proinflammatory cytokines/chemokines by bone marrow-derived den-
dritic cells (BMDCs) or bone marrow-derived macrophages (BMMPs) exposed to TcdB.

FIG 2 TcdA and TcdB induce TPL2 activation in human colon tissue. Human colonic tissues (mixture of
3 samples) were exposed to TcdA or TcdB at 200 ng/ml for the indicated times. Tissues were lysed for
30 min and were centrifuged, and supernatants were used for Western blot analysis. Asterisks indicate
significant differences (*, P � 0.01) from expression in the control.

FIG 3 TPL2-KO mice are more resistant to C. difficile infection than wild-type mice. TPL2-KO or TPL2-floxed
(Flox) mice (n, 10 per group) were challenged with 106 C. difficile UK1 spores after treatment with a mixture
of antibiotics. Mice were monitored for survival (P, �0.05 for the difference between the two groups) (A),
weight changes (P, �0.0001 for the difference between the two groups) (B), and the percentage with diarrhea
in the 7-day monitoring period (C).
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As shown in Fig. 5 and Fig. S3 in the supplemental material, TcdB induced time-
dependent production of IL-1�, IL-6, TNF-�, and CXCL1 (KC) by BMDCs (Fig. 5) or
BMMPs (Fig. S3). Interestingly, a TPL2-specific inhibitor (TPL2i) dramatically reduced the
production of IL-1�, IL-6, TNF-�, and CXCL1 (KC) by BMDCs (Fig. 6) or BMMPs (see Fig.
S4 in the supplemental material). To further verify the positive regulation of proinflam-
matory cytokines/chemokines by TPL2, BMDCs or BMMPs derived from TPL2-KO or Flox
mice were exposed to TcdB at 200 ng/ml for 6 h, and supernatants were collected for
the detection of cytokines/chemokines by enzyme-linked immunosorbent assays
(ELISA). As shown in Fig. 7 and Fig. S5 in the supplemental material, TPL2 deficiency
significantly mitigated the production of IL-1�, IL-6, TNF-�, and CXCL1 (KC) by BMDCs
(Fig. 7) or BMMPs (Fig. S5), though to different extents.

TPL2 inhibition or knockout reduces TcdB-mediated MAPK activation. TPL2 is a
serine/threonine kinase. Previous studies showed that TPL2 is critical for the production
of TNF because of its role in ERK activation by macrophages in response to lipopoly-
saccharide (LPS) (22). In addition, the role of p38 signaling cascades in inflammatory
disease has been well established. To investigate whether mitogen-activated protein
kinases (MAPKs) are involved in TPL2-mediated positive regulation of the production of
proinflammatory cytokines/chemokines, we studied whether TcdB induces the activa-
tion of MAPKs and TPL2, and whether TPL2 deficiency or inhibition affects the activa-
tion of MAPKs and TPL2. We found that TcdB activated p38, ERK, and JNK in a
time-dependent manner both in BMDCs (Fig. 8) and in BMMPs (see Fig. S6 in the

FIG 4 C. difficile-infected TPL2-KO mice produce significantly lower levels of proinflammatory markers in
intestines than WT mice. TPL2-KO or TPL2-floxed (Flox) mice were challenged with 106 C. difficile UK1
spores after pretreatment with a mixture of antibiotics. On day 3 postinfection, three mice from each
group were euthanized, and colon and cecum tissues were collected. Levels of IL-1� (A), IL-6 (B), TNF-�
(C), and MPO (in units per milligram) (D) were determined. Bars stand for means; error bars, standard
deviations. Asterisks indicate significant differences (*, P � 0.05; **, P � 0.01) between the Flox and
TPL2-KO groups.
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supplemental material). Furthermore, TPL2i effectively inhibited the activation of p38,
ERK, and JNK (Fig. 8). These phenomena were further confirmed using BMDCs, cecal
tissues (Fig. 9), or BMMPs (see Fig. S7 in the supplemental material) derived from Flox
or TPL2-KO mice.

More importantly, p38, ERK, and JNK were also activated in cecal tissues collected
from C. difficile-infected mice (Fig. 10). Ex vivo studies showed that TcdA and TcdB also
induced the activation of p38, ERK, and JNK in human colonic tissue (Fig. 11).

MAPK inhibitors inhibit the production of proinflammatory cytokines by BM-
DCs and BMMPs. To further investigate whether MAPKs are involved in the production of
cytokines, MAPK-specific inhibitors were used. As shown in Fig. 12 and Fig. S8 in the
supplemental material, inhibitors of p38, ERK, or JNK dramatically reduced the production
of IL-6, TNF-�, and CXCL1 (KC) by BMDCs (Fig. 12) or BMMPs (Fig. S8) exposed to TcdB at
200 ng/ml. Therefore, we concluded that TcdB activated TPL2, which further activated p38,
ERK, and JNK for the production of proinflammatory cytokines/chemokines.

DISCUSSION

TPL2/Cot (tumor progression locus 2, cancer Osaka thyroid; also known as MAP3k8)
was originally identified as a proto-oncogene in a human thyroid carcinoma cell line
(23). Later, TPL2 as a kinase was shown to have important functions in immune cells in
regulating tumor necrosis factor alpha, Toll-like receptor (TLR), and G protein-coupled
receptor signaling (22, 24, 25). TPL2 is expressed mainly in the immune cells but can
also be detected in other cells, such as fibroblasts (26, 27). TPL2 is highly expressed in
the spleen, thymus, and lungs but can be detected in the brain, testes, and liver at low
levels (28, 29). Many studies have focused on the role of TPL2 in response to TLR ligands
(22, 30, 31). Several reports have shown that TPL2 is important for host defense against
infections in mouse models, including Listeria monocytogenes (24), Toxoplasma gondii
(32), Mycobacterium tuberculosis (33), and influenza virus (34) infections. However, all
these infectious agents are intracellular pathogens, and they respond to host immune
defense differently from extracellular pathogens.

For the first time, we showed that TPL2 was activated, in vitro and in vivo, in response

FIG 5 TcdB induces the production of proinflammatory cytokines/chemokines by BMDCs. BMDCs derived
from wild-type mice were exposed to TcdB for the indicated times, and supernatants were collected for
the determination of IL-1�, IL-6, KC, and TNF-� levels by ELISA. The results presented are representative
of three independent experiments (n � 3). Bars stand for means; error bars, standard deviations.
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to C. difficile toxins or CDI. Our data showed that TPL2 positively regulated the production
of major proinflammatory cytokines and chemokines, which have been postulated to be
key drivers of intestinal inflammation as well as systemic inflammatory responses during
CDI (10, 35). TcdA has been reported to activate p38, ERK, and JNK, leading to the
production of IL-8 in intestinal cells (HT29) (36). p38 is activated by CDI in hamsters (37).
p38, ERK, and TPL2 are also involved in inflammation in inflammatory bowel diseases (IBD)
(38, 39), as well as in obesity-associated inflammation (40). Our report is the first to show
that C. difficile toxins can activate p38, ERK, and JNK in human colon tissues.

C. difficile is a spore-forming, toxin-producing enteric pathogen. The major virulence
factors of C. difficile are two large secreted protein toxins, TcdA and TcdB, which mainly
target the Rho GTPases of host cells, while other intracellular targets, such as mito-
chondria, have been reported (41). Once secreted from C. difficile in the colon, TcdA and
TcdB first attack intestinal epithelial cells, leading to the production of proinflammatory
chemokines, disruption of tight junctions, and induction of cell apoptosis or necrosis
(42), resulting, in turn, in a compromised intestinal barrier, where toxins can get access
to the submucosa (43). Once in the submucosa, toxins can activate immune cells,
including dendritic cells, macrophages, and mast cells, to produce proinflammatory
cytokines/chemokines such as IL-6, TNF, IL-1�, and IL-17, while causing necrosis or
apoptosis (44) of immune cells. It has been reported that neurons in intestine could be
activated as well to produce neuron peptides, which further induce immune cells to
produce proinflammatory cytokines/chemokines (45, 46). The proinflammatory cyto-
kines/chemokines produced in the intestine further facilitate the infiltration of mono-
cytes, especially neutrophils, into the site of infection, leading to a robust inflammatory

FIG 6 A TPL2-specific inhibitor significantly inhibits the production of proinflammatory cytokines/
chemokines by BMDCs. BMDCs derived from wild-type mice were pretreated with a TPL2 inhibitor (TPL2i)
at 20 �M for 30 min, followed by exposure to TcdB (200 ng/ml) at 37°C for 3 h. Controls include cells
treated with TPL2i, TcdB, or PBS (Con). Supernatants were collected, and IL-1� (A), IL-6 (B), KC (C), and
TNF-� (D) levels were determined. The results presented are representative of three independent
experiments (n � 3). Bars stand for means; error bars, standard deviations. Asterisks indicate significant
differences (**, P � 0.01) between the TcdB and TcdB-plus-TPL2i groups.
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response, which is the hallmark of CDI pathogenesis (43). In severe cases, toxins can
gain access to blood, amplifying the systemic inflammatory responses and further
spread to organs, causing organ failure (47). Therefore, the initial major symptoms of
CDI are intestinal inflammation and diarrhea. Uncontrolled inflammation can cause
tissue damage (megacolon). Control of CDI-induced inflammation would be an effec-
tive adjuvant therapy once the disease symptoms start.

The roles of TPL2 in inflammatory diseases, such as IBD (38), periodontitis (15, 48),
and obesity-associated inflammation (40), have been investigated in mouse models.
These studies show that TPL2 is predominantly proinflammatory. TPL2 inhibition or
deficiency in mice significantly reduced inflammation symptoms. Our data further
support the proinflammatory roles of TPL2 in inflammation during CDI manifestation.
In another model of inflammation, TPL2-KO mice challenged with an endotoxin (LPS)
produced dramatically reduced levels of TNF-� and IL-1� (40). Intraperitoneal treatment
of mice with the TPL2 kinase inhibitor ameliorated dextran sulfate sodium (DSS)-
induced colitis (38). These results clearly argue for targeting TPL2 kinase for the
treatment of IBD and other diseases associated with increased TNF-� and IL-1�

production. Our data indicate that TPL2 inhibition could be a potentially effective
therapy for CDI.

FIG 7 TPL2 knockout reduces TcdB-induced production of proinflammatory cytokines/chemokines by
BMDCs. BMDCs from TPL2-floxed (Flox) or knockout (TPL2-KO) mice in 24-well plates were exposed to
TcdB (200 ng/ml) for 6 h, after which supernatants were collected for determination of the production
of IL-1� (A), IL-6 (B), KC (C), and TNF-� (D) by ELISA. The results presented are representative of three
independent experiments (n � 3). Bars stand for means; error bars, standard deviations. Asterisks indicate
significant differences (*, P � 0.05) between the Flox/TcdB and TPL2-KO/TcdB groups. Con, control.
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Neutrophil infiltration is a hallmark event in CDI-mediated intestinal inflammation
(49). TPL2 has important roles in neutrophil infiltration (26). In the future, we will
investigate the role of TPL2 in neutrophil infiltration in the context of CDI. In addition,
we will further investigate the connection between Rho GTPases, which are intracellular
targets of C. difficile toxins, and TPL2 in regulating signaling pathways involved in the
production of proinflammatory mediators in CDI.

There are a couple of potential caveats to targeting the inflammatory response
during acute CDI. For example, there is evidence that adaptive immunity is important
for the prevention of recurrent infection. It is difficult to predict how TLP2 inhibition will
affect those beneficial responses. In addition, p38 is involved in the “nonclassical”
lymphocyte activation cascade and may contribute to the adaptive response. It would
be interesting to know how TLP2 impacts anti-toxin immunity; this will be one of the
subjects of a follow-up study.

MATERIALS AND METHODS
Animals. All studies followed the Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health (50) and were approved by the Institutional Animal Care and Use Committee (IACUC)
at Tufts University. Wild-type (WT) C57BL/6 mice were purchased from Charles River Laboratories.
TPL2-floxed (Flox) or TPL2 knockout (TPL2-KO) C57BL/6 mice were generated by genOway (see Fig. S1A

FIG 8 TPL2 inhibition reduces MAPK activation in BMDCs. BMDCs from wild-type mice were exposed to
TcdB (200 ng/ml) in the absence or presence of TPL2i (20 �m) in 24-well plates for the indicated times.
Cells were harvested, lysed, and used for determination of the activation of ERK, p38, and JNK by Western
blot analysis. Experiments were repeated 3 times, and representative results are shown. Asterisks indicate
significant differences (*, P � 0.01) from results for the control.

Wang et al. Infection and Immunity

August 2018 Volume 86 Issue 8 e00095-18 iai.asm.org 8

http://iai.asm.org


in the supplemental material). The mice were bred, and all the offspring were screened by DNA
genotyping (Fig. S1B).

For genotyping, mouse genomic DNA was isolated from tail biopsy specimens following overnight
digestion at 55°C in a buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 100 mM NaCl, 0.1% SDS,
and 1 mg/ml proteinase K, followed by heat inactivation. The WT and TPL2-floxed alleles were distin-
guished with primers F1/R1 (F1, GAGTAACAGCTAGGCAGACAAACAGGTTAGC; R1, AGCCT CCAAG GAACA
AGGAG AACAT CC), which should yield a 421-bp product for the WT and a 523-bp product for the Flox
allele (Fig. S1B). The TPL2-KO and WT mice were distinguished with primers F2/R2 (F2, AAACAGCAATC
TGGATGTGAGACTAGATGG; R2, AGTTCCAAGCAGAGCAGAAGGAAACG), which yielded a 3,168-bp product
from TPL2-KO mice (Fig. S1C) and no reliable band from WT mice.

To further characterize the TPL2-KO phenotype, bone marrow-derived macrophages (BMMPs) from
TPL2-floxed or knockout mice were treated with LPS (100 ng/ml) for 4 h. mRNA was extracted, and
reverse transcription-PCR (RT-PCR) was performed. TPL2-KO mice displayed significantly reduced syn-
thesis of the TPL2 and IL-1� genes (see Fig. S2 in the supplemental material).

Mouse model of C. difficile infection. A mouse model of C. difficile infection was established as
described previously (32, 51). Groups of 10 C57BL/6 mice each (wild type, TPL2-KO, or TPL2-floxed) were
given a mixture of five antibiotics, including kanamycin (0.4 mg/ml), gentamicin (0.035 mg/ml), colistin
(850 U/ml), metronidazole (0.215 mg/ml), and vancomycin (0.045 mg/ml), in their drinking water for 4
days. After 4 days of antibiotic treatment, all mice were given autoclaved water for 2 days, followed by
a single dose of clindamycin (10 mg/kg) given intraperitoneally 1 day before challenge with 106 C. difficile
UK1 spores/mouse by gavage. On day 3 postinfection, 3 mice from each group were euthanized, and
colonic and cecal tissues were harvested and used for analysis of the activation/induction of TPL2 or the
production of TNF-�, IL-1�, IL-6, KC, and MPO as described below. The animals were monitored daily for
weight changes, diarrhea and survival, and moribund animals were euthanized.

Determination of TPL2 activation/expression or MPO activity in the intestines of mice infected
with C. difficile. Cecal and colonic tissues from mice were dissected and were immersed in liquid
nitrogen to snap-freeze. All the samples were stored at �80°C for later use or were kept on ice for
immediate homogenization. The tissue samples (30 mg) were homogenized in 300 �l radioimmunopre-
cipitation assay (RIPA) lysis buffer with 1% protease inhibitor cocktail and were centrifuged at 13,000 rpm

FIG 9 TPL2 knockout reduces MAPK activation. (A) BMDCs from TPL2-floxed (Flox) or TPL2 knockout
(TPL2-KO) mice were exposed to TcdB (200 ng/ml) in 24-well plates for 30 min. (B) Cecal tissues from Flox
or TPL2-KO mice infected with C. difficile were harvested, lysed, and used for determination of the
activation of TPL2, ERK, p38, and JNK by Western blot analysis. Experiments were repeated 3 times, and
representative results are shown. Asterisks indicate significant differences (*, P � 0.01) from results for the
control.
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for 15 min, and the supernatants were collected and stored at �20°C prior to analysis of activation/
expression by Western blot analysis. Concentration of cytokines/chemokines (TNF-�, IL-1�, IL-6, and KC)
in supernatants were determined by an ELISA kit from R&D Systems.

MPO activity in the tissue supernatants was determined according to the instructions with the MPO kit
(catalog no. ab105136; Abcam). Briefly, 50 �l of the reaction mixture was added to the tissue samples, which
were incubated at room temperature for 30 to 120 min, followed by the addition of a stop mixture and
incubation at room temperature for another 10 min. Finally, trinitrobenzene (TNB) reagents were added and
incubated at room temperature for 5 min. The optical density was measured at 412 nm. Results were
expressed as MPO units per milligram (wet weight) of tissue. Here, 1 U of MPO is the amount of MPO that
hydrolyzes the substrate and generates taurine chloramine to consume 1.0 �mol of TNB per min at 25°C.

TPL2 activation/expression in human colonic tissues treated with TcdA or TcdB. Human colonic
tissues were purchased from the National Disease Research Interchange (NDRI), Philadelphia, PA.
Minced tissues were treated with 200 ng/ml TcdA or TcdB at 37°C for 1, 2, or 4 h. After toxin
treatments, the tissues were homogenized at 4°C in RIPA buffer with 1% protease inhibitor and were
centrifuged at 13,000 rpm for 15 min, and the supernatants were collected and stored at �20°C prior
to analysis of TPL2 activation/expression by Western blot analysis.

Generation of BMDCs. Primary mouse bone marrow-derived dendritic cells (BMDCs) were obtained
and cultured as described previously (52). BMDCs were isolated from bone marrow of the tibias and
femurs of WT or TPL2-KO C57BL/6 mice. The cells were cultured in RPMI 1640 medium containing 10%
fetal calf serum (FCS) and supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin, and 10 �M
�-mercaptoethanol, with 10% conditioned medium from granulocyte-macrophage colony-stimulating
factor-producing B16 cells for BMDC differentiation. Cells (3 � 107/2 ml/well) were seeded in 24-well
plates. Half of the medium (1 ml) was replaced with fresh medium every other day. On day 6, cells were
harvested and were used in all subsequent experiments.

Generation of BMMPs. Primary mouse BMMPs were generated and cultured as described previously
(53). BMMPs were isolated from the bone marrow of the tibias and femurs of WT or TPL2-KO C57BL/6

FIG 10 C. difficile infection (CDI)-induced activation of p38, JNK, and ERK. Cecal tissues from noninfected
and C. difficile-infected C57/BL6 mice were homogenized, and supernatants were used for analysis of
phosphorylated (p-) and total p38, JNK, and ERK by Western blot analysis. �-Actin served as a loading
control. Asterisks indicate significant differences (*, P � 0.01) from results for noninfected mice.
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mice. The cells were cultured in RPMI 1640 medium containing 10% FCS, supplemented with 100 IU/ml
penicillin, 100 mg/ml streptomycin, and 10 �M �-mercaptoethanol, with 10% conditioned medium
(L929) for BMMP differentiation. A total of 5 � 107 cells/ml/well were seeded in 24-well plates. The cells
were washed twice with phosphate-buffered saline (PBS) every 2 to 3 days and were incubated with fresh
medium. BMMPs were fully differentiated at day 6.

Production of cytokines/chemokines by MAPKs or activation of MAPKs in mouse BMDCs or
BMMPs treated with TcdB. BMDCs or BMMPs from WT or TPL2-KO mice were exposed to a TPL2
inhibitor (TPL2i; catalog no. sc-204351; Santa Cruz Biotechnologies) at 20 �M, SP600125 at 40 �M
(catalog no. 8177; Cell Signaling Technology), SB203580 at 10 �M (catalog no. 5633; Cell Signaling
Technology), PD98059 at 20 �M (catalog no. 9900; Cell Signaling Technology), U0126 at 20 �M (catalog
no. 9903; Cell Signaling Technology), or nothing, followed by exposure to TcdB at 200 ng/ml for various
times. The levels of the cytokines/chemokines (IL-1�, IL-6, CXCL1/KC, TNF-�) in the supernatants were
determined by ELISA according to the manufacturer’s instructions (R&D Systems).

Western blot analysis. Protein extracts from tissues or cells were subjected to 12% SDS-PAGE
separation. Then the proteins were transferred to a nylon membrane. After blocking for 1 h at room
temperature with 5% skim milk, the membrane was incubated overnight at 4°C with a TPL2 antibody
(dilution, 1:250; catalog no. sc373677; Santa Cruz Biotechnologies, Santa Cruz, CA) or a phospho-
TPL2 (Ser400) antibody (dilution, 1:500; catalog no. 4491; Cell Signaling, Beverly, MA), a phospho-p38
MAPK antibody (dilution, 1:500; catalog no. CAS 9211; Cell Signaling), a p38 MAPK antibody (dilution,
1:500; catalog no. CAS 9212; Cell Signaling), a phospho-p44/42 MAPK (ERK1/2) antibody (dilution,
1:500; catalog no. CAS 9101; Cell Signaling), a p44/42 MAPK (ERK1/2) antibody (dilution, 1:500;
catalog no. CAS 9102; Cell Signaling), a phospho-SAPK (stress-activated protein kinase)/JNK antibody
(dilution, 1:500; catalog no. CAS 9251; Cell Signaling), or a SAPK/JNK antibody (dilution, 1:500;
catalog no. CAS 9252; Cell Signaling). After a wash with PBST (PBS with 0.05% Tween), the membrane
was incubated with a horseradish peroxidase-conjugated goat anti-rabbit (catalog no. ab97051; goat
anti-rabbit IgG; dilution, 1:3,000) or goat anti-mouse (catalog no. ab97023; goat anti-mouse IgG;
dilution, 1:3,000) secondary antibody (both from Abcam, Cambridge, MA), and the antibody-reactive
bands were revealed by enhanced chemiluminescence detection on Hyperfilm (Thermo Fisher
Scientific, Waltham, MA).

Statistical analysis. Data were analyzed by Kaplan-Meier survival analysis with a log rank test of
significance, by analysis of variance (ANOVA), and by one-way or two-way ANOVA followed by Bonferroni
posttests using the Prism statistical software program. Results are expressed as means � standard errors
of means. Differences were considered statistically significant if the P value was �0.05.

FIG 11 TcdA- and TcdB-induced activation of MAPKs in human colonic tissue. Human colonic tissues
were exposed to TcdA or TcdB at 200 ng/ml for the indicated times. Tissues were lysed for 30 min and
were then centrifuged, and supernatants were used for Western blot analysis to detect phosphorylated
and total p38, ERK, or JNK. Experiments were repeated 3 times, and representative results are shown.
Asterisks indicate significant differences (*, P � 0.01) from results for the control (PBS).
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