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Clostridium difficile is an important nosocomial pathogen and the leading cause of antibiotic-associated diarrhea. Multilocus
sequence typing indicates that C. difficile strains belong to five distinct genetic clades encompassing several PCR ribotypes (RT).
Since their emergence in 2003, hypervirulent RT027 strains have been a major focus of research; in contrast, our current under-
standing of RT017-mediated disease pathogenesis lags far behind. In this study, we aimed to characterize host immunity to CF5
and M68, two genetically well-defined RT017 strains. Both strains engaged with host Toll-like receptor 2/6 (TLR2/6), TLR2-
CD14, and TLR5 to similar extents in a model cell line. Despite this, CF5 mediated significantly greater dendritic cell (DC) inter-
leukin-12 (IL-12), IL-27, and IL-10 immunity than M68. Both strains elicited similar IL-13 mRNA levels, and yet only M68
caused a marked increase in secretory IL-1f3. A CF5 cocultured-DC cytokine milieu drove an equipotent Th1 and Th17 response,
while M68 promoted greater Th17 immunity. Human gastrointestinal ex vivo cytokine responses to both strains were character-
ized. Taken together, our data suggest that C. difficile strains mediate overlapping and yet distinct mucosal and DC/T cell immu-
nity. Finally, toxin-driven IL-1f3 release supports the hypothesis that this cytokine axis is a likely target for therapeutic interven-

tion for C. difficile infection.

C'Iostridium difficile, a Gram-positive, spore-forming anaerobe,
is the leading cause of hospital and community-acquired di-
arrhea in the elderly (1-3). C. difficile infection (CDI) mediates a
spectrum of clinical symptoms ranging from mild diarrhea to fatal
pseudomembranous colitis (4). CDI often occurs following
broad-spectrum antibiotic treatment, an intervention that causes
dysbiosis of the intestinal microbiota allowing C. difficile en-
dospores to germinate and grow (5). Restoration of the biodiver-
sity of the bacterial microbiota is one promising therapeutic ave-
nue currently being explored for CDI (6, 7).

In the last decade, the global incidence of CDI has increased
dramatically due to the emergence and spread of a number of PCR
ribotypes (RT) (8). Although the increased rates of CDI have been
primarily attributed to RT027, other emerging PCR ribotypes,
such as RT001, RT017, and RT078, have been implicated in recent
outbreaks which, in common with CDI due to RT027 strains, also
show an increase in disease severity (1, 9, 10). RT027 strains pro-
duce three toxins, including two monoglucosylating exotoxins—
toxin A (TcdA) and toxin B (TcdB)—and a binary toxin (CDT)
with ADP-ribosylating activity (11, 12). Most pathogenic strains
produce TcdA and TcdB; however, due to deletions and/or inser-
tions in the tcdA gene, some strains release only a functional TcdB
(13). The first A~ B strain reported was 8864 (toxinotype X) that
contains a 5.9-kb deletion plus a 1.1-kb insertion that disrupts
TcdA production (14). Serogroup F strains (toxinotype VIII;
RTO017) were the second A~ B* group to be identified (15, 16).
RTO017 strains represent a lineage of clinical significance (17, 18)
since they have been responsible for CDI outbreaks in many coun-
tries, including the United States (19), Ireland (20), Netherlands
(21), Germany (22), and China (23, 24). Murine studies by Lawley
et al. highlight how antibiotic treatment inadvertently promotes
RT017 M68 carriers to become super spore shredders enhancing
host-to-host transmission (5). Despite increasing appreciation of
the disease-causing potential of RT017 toxin A-negative lineage,
our understanding of the interaction of this lineage with the host
lags behind the well-studied RT027 strains.
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In the present study, we characterized host immunity to strain
CF5, which was isolated in Belgium in 1995 from an asymptom-
atic patient (19), and strain M68, which was isolated in 2003 dur-
ing a large CDI outbreak in Ireland (20). Interestingly, whole-
genome sequencing indicates that C. difficile CF5 and M68 (RT017
strains that emerged 8 years apart) occupy a distinct phylogenetic
lineage (25). The availability of genetic information made CF5
and M68 the strains of choice for further investigation in this
study. Both strains elicited similar cytokine responses in HEK293
cells, a model cell line stably transfected with either one or two
Toll-like receptor (TLR) genes, suggesting similar engagement
with this family of pattern recognition receptors (PRRs). Despite
this similarity, the two strains mediated an overlapping and yet
distinct cytokine milieu in murine bone marrow-derived den-
dritic cells (BMDCs); this was particularly evident for bacterium-
driven interleukin-1f (IL-1B) immunity. The infected BMDC
cytokine milieu yielded an equipotent Th1 but significantly diver-
gent Th17 axis in response to the two infectious agents. The two
strains showed marked variation in their toxin-secreting capaci-
ties despite 100% sequence identity in the toxin gene locus (25).
Overall, our study raises the hypothesis that C. difficile RT017
strains exert virulence by targeting the host IL-1p axis, leading to
greater cytotoxicity, cytokine release, and potent Th17 immuni-
ty—cellular events that may contribute to immunopathology
seen in C. difficile-mediated diseases.

Received 9 September 2014 Accepted 10 September 2014

Published ahead of print 15 September 2014

Editor: S. R. Blanke

Address correspondence to Mona Bajaj-Elliott, m.bajaj-elliott@ucl.ac.uk.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/1AL.02605-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.02605-14

iai.asm.org 4989


http://dx.doi.org/10.1128/IAI.02605-14
http://dx.doi.org/10.1128/IAI.02605-14
http://dx.doi.org/10.1128/IAI.02605-14
http://iai.asm.org

Jafari et al.

MATERIALS AND METHODS

Ethics statement. Ethical approval for obtaining mucosal biopsy speci-
mens from patients undergoing routine endoscopic procedure was
granted by the Institute of Child Health/Great Ormond Street Hospital
Research Ethics Committee (06/Q0508/26). Written informed consent
was provided by the legal guardians of the study participants.

C57BL/6 wild-type (WT) mice were purchased from The Jackson Lab-
oratory (Bar Harbor, ME) and housed at the Institute of Child Health
animal facilities. Approval for animal studies was obtained from Univer-
sity College London Ethics Committee (70/7326). All experiments were
performed according to the United Kingdom Home Office guidelines.

Reagents. Brain heart infusion (BHI) agar and broth, C. difficile selec-
tive supplement, and defibrinated horse blood were purchased from Ox-
oid, Basingstoke, United Kingdom. Cysteine, NCTC-135 medium, genta-
micin, red blood cell lysing buffer, and lipopolysaccharide (LPS) from
Escherichia coli O111:B4 were obtained from Sigma-Aldrich, Poole,
United Kingdom. Dulbecco modified Eagle medium (DMEM) with Glu-
taMAX-1, Iscove modified Dulbecco medium (IMDM), Roswell Park
Memorial Institute (RPMI) 1640, phosphate-buffered saline (PBS), tryp-
sin-EDTA, 2-mercaptoethanol, and recombinant mouse granulocyte-
macrophage colony-stimulating factor (GM-CSF) were obtained from
Invitrogen/Gibco, Paisley, United Kingdom. All cell culture media were
supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 1%
penicillin-streptomycin solution, and 1% nonessential amino acids (also
obtained from Invitrogen/Gibco).

Cells transfected with TLR2/1, TLR2/6, TLR5, and TLR9 were grown
in complete DMEM supplemented with 100 pg of normocin/ml and 10
g of blasticidin S/ml (eBioscience, Hatfield, United Kingdom). Blastici-
din S was replaced with puromycin (510 pg/ml) for the TLR2-CD14 and
TLR4-CD14 cells.

Primers for cytokine mRNA detection were from Eurofins MEG
Operon, Ebersberg, Germany (26), and SYBR green JumpStart Taq
ReadyMix was from Sigma-Aldrich. Gene expression of IL-23 p19 subunit
was analyzed by using TagMan probe-based PCR from Applied Biosys-
tems.

Bacterial strains and growth conditions. C. difficile strains CF5 and
M68 (TcdA™ TedB™ CDT ™, RT017) (19, 20) were cultured on BHI agar
supplemented with 5% defibrinated horse blood or preequilibrated BHI
broth containing C. difficile selective supplement and 0.05% cysteine. All
bacterial cultures were grown in an anaerobic chamber (Don Whitley
Scientific, Shipley, United Kingdom) in an atmosphere of 10% CO,, 10%
H,, and 80% N, at 37°C. In coculture studies, bacterial cultures were
grown by inoculating preequilibrated BHI broth with a single colony
grown on a BHI agar plate. A stationary-phase bacterial culture was used
to infect a particular cell line at a predetermined multiplicity of infection
(MOI). To prepare the supernatants used in the cytotoxicity assay, a bac-
terial culture was pelleted by centrifugation (10,000 X g, 15 min) and then
filter sterilized using 0.22-pwm-pore-size filter.

Cell cytotoxicity assay. African green monkey kidney cells (Vero cells,
ATCC CCL-81) were seeded at a concentration of 0.5 X 10°/ml. Conflu-
ent cells were cocultured with 2-fold serially diluted filter-sterilized bac-
terial supernatants. The cytopathic effect (CPE) was determined by com-
paring infected cells to uninfected control cells and was scored on a scale
of 0 to 4. The endpoint was determined as the last dilution that caused
100% or scale 4 CPE.

C. difficile-TLR engagement. Human TLR-transfected-HEK293 cells
were kindly provided by David Guiliano (University College London,
United Kingdom). Cells were seeded in duplicate at a density of 3.5 X
10*/ml in 96-well plates and cocultured with bacteria at an MOI of 10.
Specific ligands for each TLR-transfected cell were used as a positive con-
trol (see Fig. S1 in the supplemental material). At 8 h postculture, secreted
IL-8 (a marker for TLR-mediated NF-kB activation) was quantified by
using an enzyme-linked immunosorbent assay (ELISA).

Generation and coculture of murine BMDCs. Bone marrow from the
femurs and tibias of C57BL/6 WT mice was flushed with PBS—2% fetal calf
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serum containing 10 g of gentamicin/ml. The cell population was de-
pleted of red blood cells by using 1 ml of red blood cell lysing buffer/pair
of legs. Cells were resuspended in complete IMDM containing 50 uM
2-mercaptoethanol, gentamicin at 10 pg/ml, and GM-CSF at 20 ng/ml.
Cells were washed and resuspended in complete RPMI 1640 without an-
tibiotics and seeded at a density of 10°/ml prior to coculture with C.
difficile strains prepared as described above (MOI of 10).

ELISA. Tissue and cell culture supernatant cytokine protein secretion
was measured using ELISA kits (eBioscience) according to the manufac-
turer’s instructions. Pro-IL-1 release in cell lysates (treated with NP-40
lysis buffer [Abcam, Cambridge, United Kingdom]) and supernatants was
assessed by ELISA (eBioscience). CF5 and M68 bacterial supernatants
were obtained by filter sterilization as described above, and secreted TcdB
levels were quantified by ELISA (TechLab, Orlando, FL) according to the
manufacturer’s instructions.

T cell proliferation assay. Splenocytes were harvested from WT mice
by passing the splenic contents through a cell strainer (70 pm; BD Biosci-
ences, Hatfield, United Kingdom). Cells were washed with PBS, and red
blood cells were depleted by using red blood cell lysing buffer. Next,
splenocytes at 0.5 X 10°/ml (in PBS) were labeled with carboxyfluorescein
diacetate succinimidyl ester (CFSE; eBioscience) to a final concentration
of 10 wM. Dynabeads mouse T-activator CD3/CD28 were added to CFSE-
labeled splenocytes at a bead/cell ratio of 1:5 and then cocultured with C.
difficile-stimulated BMDCs in a 96-well plate at a DC/splenocyte ratio of
1:10 at 37°C for 72 to 96 h. Cells were costained with anti-mouse CD4—
PE-Cy5 (eBioscience) and analyzed by flow cytometry gated on CD4™
cells.

IVOC. Colonic pinch biopsy specimens from individuals (n = 30;
mean age, 10.4 = 4.7 [the standard deviation]) undergoing routine en-
doscopy for gastrointestinal (GI) symptoms (e.g., constipation and al-
lergy) were obtained. Macroscopically uninflamed tissue was oriented
with the mucosal surface upward and mounted on sterile foam supports
in 12-well plates. The foams were saturated with in vitro organ culture
(IVOC) media consisting of complete DMEM supplemented at a ratio of
1:1 with NCTC-135 medium (27). The explants were inoculated with 5 X
108 C. difficile cells at 37°C in 5% CO, humidified incubator for 3 to 6 h.

Statistical analysis. Statistical analysis was performed by using a two-
way analysis of variance (ANOVA), followed by a Bonferroni posttest. A
nonparametric t test (Mann-Whitney U test) was performed on data from
ex vivo cocultures. The data were considered significant if P was <0.05 as
determined using Prism version 5.00 (GraphPad, San Diego, CA).

RESULTS

CF5 and M68 RT017 cross talk with human TLRs. Prior to the
commencement of coculture studies, bacterial growth kinetics
and survival in aerobic conditions were investigated. No signifi-
cant difference between CF5 and M68 strains was observed in
these assays, indicating that a comparison of host interactions
elicited by these two infectious agents was a viable option (see Fig.
S2 and S3 in the supplemental material). In addition, the effects on
host cell cytotoxicity were similar in response to both CF5 and
M68 up to 8 h postexposure (see Fig. S4 in the supplemental ma-
terial). Finally, since bacterial cocultures induced significantly
more IL-8 than filter-sterilized supernatants (see Fig. S5 in the
supplemental material), all experiments were performed with
bacterial cocultures at a defined MOI.

The potential engagement of strains CF5 and M68 with human
TLRs was determined by coculturing stably transfected HEK293
cells expressing individual TLRs and CD14 (a coreceptor) or a
combination of TLRs, involved in bacterial recognition (Fig. 1).
Although the TLR4-CD14 complex is the receptor for bacterial
LPS, C. difficile surface layer proteins have been implicated as po-
tential ligands for the TLR4 receptor (28). Both strains mediated
statistically significant IL-8 secretion in TLR2/6- and TLR2-
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FIG 1 C. difficileRT017 CF5 and M68 mediate TLR activation and IL-8 production. HEK293 cells expressing homo- or heterologous TLRs were cocultured with
RT017 CF5 and M68 (MOI = 10) for 8 h. Postinfection, IL-8 was quantified by ELISA. The data represent the means * the standard errors of the means (SEM)
from three independent experiments performed in duplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (significant differences from uninfected cells). P values were

obtained by using ANOVA, followed by a Bonferroni posttest analysis.

CD14-transfected cells, and no significant difference between the
two was observed. TLR5 engagement was similar to that of TLR4.
Interaction with the TLR2/1 heterodimer and the TLRY receptor
was the least potent. Overall, no significant difference in IL-8 re-
lease was noted between CF5- and M68-mediated TLR activation,
suggesting that they engage with this family of PRRs to similar
extents.

Defining CF5- and M68-mediated effects on murine BMDC
activation. CF5- and M68-mediated effects on DC/T cell outcome
were investigated in the murine system since it provides a geneti-
cally homogenous model. Modulation of BMDC cell surface
markers in response to CF5 and M68 was examined. Both strains
induced similar increases in HLA-DR, although strain-specific ef-
fects on CD80, CD86, and CD40 were recorded (see Fig. S6 in the
supplemental material).

The time-dependent effect of infection on BMDC cytokine
gene and protein expression was investigated. IL-12 family mem-
bers, including IL-12, IL-23, and IL-27, are critical determinants
of downstream T cell response(s). Heterodimeric IL-12 comprises
subunits p35/p40, IL-23 p19/p40, and IL-27 p28/EBI3. Both
strains induced p35, p40, p19, and p28 mRNA expression in a
time-dependent manner (Fig. 2A to D). CF5 mediated a signifi-
cantly greater p35 and p28 response than M68 at 6 h postinfection
(Fig. 2A and D). Both strains expressed comparable levels of EBI3
mRNA (Fig. 2E), and the strains were similar in elicitation of IL-10
mRNA for the first 6 h postinfection with divergence noted at 8 h
(Fig. 2F). Similar profiles for pro-IL-1f gene expression were ob-
served in response to both strains (Fig. 2G).

Strain CF5 caused a significant increase in IL-12 and IL-27
mRNA (Fig. 2A and D) and protein levels (Fig. 3A and B). CF5
also mediated a potent IL-10 response compared to the M68
strain (Fig. 3C). Interestingly, both strains induced similar
amounts of IL-23 and tumor necrosis factor alpha (TNF-a)
(Fig. 3D and E).

Although no difference in pro-IL-1f3 gene expression was ob-
served (Fig. 2G), M68 mediated a marked release of IL-18 com-
pared to the CF5 strain (Fig. 3F). Since the ELISA utilized was
unable to distinguish between pro-IL-1p and cleaved IL-1(3, an
ELISA specific for pro-IL-1 was performed (Fig. 3G). Signifi-
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cantly greater pro-IL-1f in CF5-infected versus M68-infected cell
lysates was measured, with no detectable presence of the precursor
in the supernatants (data not shown). Taken together, these data
suggested that CF5 and M68 mediated similar levels of pro-IL-1f3
gene and protein expression and that the loss of cellular pro-IL-1f3
in response to M68 paralleled an increase in secreted cleaved cy-
tokine (Fig. 3F).

RT017 CF5 and M68 show significant variation in TcdB se-
cretion. C. difficile TcdA and TcdB are known inflammasome ac-
tivators, a cellular pathway that culminates in IL-13 secretion and
pyroptosis (26, 29). Since CF5 and M68 TcdBs share 100% pre-
dicted sequence identity (25), a difference in toxin secretion of-
fered an alternative explanation for the observed differential effect
on BMDC IL-1 release. We confirmed the lack of TcdA protein
expression by the two strains (data not shown). The presence of
secretory TcdB in CF5 and M68 bacterial supernatants was inves-
tigated by usinga TOX A/B test (Fig. 4A). The M68 strain secreted
significant amounts of toxin; in contrast, CF5 TcdB was not de-
tectable by this assay. Next, the functional properties of TcdB were
examined by measuring its cytotoxicity potential on Vero cells,
which are known to be TcdB sensitive (30). Although undetect-
able by ELISA (Fig. 4A), CF5 TcdB cytotoxicity was recorded,
suggesting the presence of low levels of active toxin (Fig. 4B).
Collectively, these experiments indicated that in addition to TcdB
tertiary structure, a strain’s toxin secretory capacity also has an
impact on its intoxication potential.

RT017 CF5 and M68 generate differential T cell immunity.
The T cell proliferative capacity and effector function in re-
sponse to paraformaldehyde (PFA)-fixed CF5- and M68-stim-
ulated BMDCs were studied. Infected BMDCs were cocultured
with CFSE-labeled splenocytes in the presence of anti-CD3/
CD28 (31). At 96 h after coculture, CF5- and M68-mediated T
cell proliferation was quantified, and similar increases between
the two were recorded (Fig. 5A and B). Both infectious agents
also caused an increase in IFN-y-expressing T cells, with CF5
showing a trend of greater increase. In contrast, strain M68
caused a significant increase in IL-17A-expressing CD4™ T cells
(see Fig. S7B in the supplemental material) and IL-17A induc-
tion compared to CF5 (Fig. 5D). Levels of IL-10 production
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FIG 2 Time-dependent effect of C. difficile RT017 CF5 and M68 on BMDC cytokine mRNA expression. BMDCs were stimulated with CF5 and M68 at an MOI
of 10, and the mRNA expression of IL-12 family members—p35 (A), p40 (B), p19 (C), p28 (D), EBI3 (E) IL-10 (F), and IL-1B (G)—was quantified by real-time
PCR. The data are presented as the fold increase compared to expression in uninfected control cells. The data represent the means * the SEM from three
independent experiments. **, P < 0.01; ***, P < 0.001 (significant interstrain differences). P values were obtained by using ANOVA with a Bonferroni posttest

analysis.

were similar in response to both infectious agents (Fig. 5E),
whereas strain CF5 showed a greater propensity for IL-4
(Fig. 5F) and IL-2 (Fig. 5G). Significant differences in T cell
IL-17A, IL-4, and IL-2 levels emphasized the capacity of C.
difficile to fine-tune host immunity in a strain-specific manner.

Ex vivo mucosal cytokine responses to C. difficile strains CF5
and M68. To improve our understanding of the human mucosal
cytokine milieu generated in response to strains of RT017, colonic
tissue biopsy specimens were cocultured with strains CF5 and
M68 for 6 h. In control uninfected tissue, IL-6 was detectable
(median, ~80 pg/ml), and coculture caused an ~2-fold increase
(Fig. 6A). Both infections elicited similar significant increases in
IL-8 (Fig. 6B). Interestingly, as noted in stimulated BMDCs (Fig.
3F), M68 elicited significant IL-1( secretion compared to strain
CF5 (Fig. 6C). It is also worth noting that M68 showed a trend
toward greater IFN-vy levels, whereas IL-17A release reached sta-
tistical significance (Fig. 6D and E). Both strains mediated similar
IL-22 responses (Fig. 6F). Collectively, both strains caused signif-
icant increase in mucosal cytokine production within the first few
hours of coculture. Elicitation of similar IL-6, IL-8, IFN-v, and
IL-22 levels but varied IL-18 and IL-17A levels suggests that the GI
mucosal immune system can sense and respond to C. difficile in-
fection in a strain-specific manner.

DISCUSSION

CDI is a significant nosocomial pathogen that in recent years has
also been increasingly implicated in community-acquired infec-
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tion (3, 32, 33). CDI constitutes a global health burden, exacer-
bated by the recent emergence of more-virulent strains that ex-
hibit increased resistance to antibiotics and promote greater
disease severity (34-36).

In the present study, we focused on C. difficile RT017 and chose
strains CF5 and M68 as two representatives primarily because of
the availability of their genome sequences. In addition, the two
strains offered an opportunity to investigate the role of a single
toxin (TcdB) in the context of a coculture, and it is important to
note that most studies to date have investigated the effects of pu-
rified or recombinant TcdB on the host. TLRs are major innate
PRRs (37); the data implicate TLR4 and TLRS5 in C. difficile recog-
nition and host defense (28, 38). At present, the potential engage-
ment of other TLR members with C. difficile remains ill defined.
We observed significant bacterial engagement with TLR2/6,
TLR2-CD14, and TLR5, whereas engagement with TLR4-CD14,
TLR2/1, and TLRY was less potent (Fig. 1). This series of experi-
ments suggested that CF5 and M68 strains interact with human
TLRs to similar extents.

The role of C. difficile in mediating DC activation and matura-
tion and subsequent T cell immunity was investigated. Cocultures
mediated similar increases in major histocompatibility complex
class IT expression; interestingly, the effect on CD80, CD86, and
CD40 expression varied among the two agents. Overall, infections
led to overlapping and yet distinct BMDC cytokine profiles. Strain
CF5 mediated significantly greater IL-12, IL-27, and IL-10
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FIG 3 C. difficile RT017 CF5- and M68-mediated effects on BMDC cytokine production. BMDCs were stimulated with CF5 and M68 (MOI = 10) for 8 h. IL-12
(A), IL-27 (B), IL-23 (C), TNF-a (D), IL-10 (E), IL-1B (F), and cellular pro-IL-1B (G) were measured by ELISA. Pro-ILB was undetectable in the cell culture
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(Fig. 3A to C), whereas both CF5 and M68 drove an equipotent  cretion, whereas M68 was a very potent inducer (Fig. 3F). CF5 and
IL-23 and TNF-a response (Fig. 3D and E). M68 TcdB share complete sequence identity; in light of this

Among the cytokines tested, M68-mediated effects on IL-13  knowledge, the differential IL-13 response was intriguing and led
release were the most significant. CF5 caused minimal IL-18 se-  us to hypothesize that the amount of toxin secreted may be a key
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FIG 4 Secretion and cytotoxic potential of C. difficile RT017 CF5 and M68 TcdB. (A) Stationary-phase CF5 and M68 culture supernatants were filtered, and TcdB
protein was measured by using the TOX A/B test. The data represent means = the SEM from four independent experiments. (B) Confluent Vero cells were
cocultured with serial dilutions of bacterial supernatants, and cytotoxicity was scored at 8 h postinfection. CD37, a nontoxigenic strain, served as a control. The
data are presented as the means = the SEM of three independent experiments performed in duplicate. ***, P < 0.001 (significant difference compared to
uninfected controls); """, P < 0.001 (a significant interstrain difference). P values were obtained by using ANOVA with a Bonferroni posttest analysis.
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(D), IL-10 (E), IL-4 (F), and IL-2 (G) was measured by ELISA. LPS at 1 pg/ml was used as a reference stimulus. The data represent the means = the SEM of three
independent experiments. ¥, P < 0.05; **, P < 0.0; ***, P < 0.001 (significant differences compared to uninfected control cells). ", P < 0.05; ", P < 0.01

(significant interstrain differences). P values were obtained by using ANOVA with a Bonferroni posttest analysis.

determinant impacting on the inflammasome axis and IL-13 lev-
els. This was indeed the case since M68 produced significant
amounts of TcdB, whereas CF5 TcdB was undetectable by ELISA.
Interestingly, CF5 TcdB intoxication was detectable in a Vero cell
cytotoxicity assay, indicating that the cytotoxicity assay is more
sensitive than the currently commercially available ELISA kit for
toxin quantification. Our observations indicated that CF5 is
markedly impaired in its ability to secrete TcdB compared to the
M68 strain, suggesting that strains with identical TcdB protein
sequences may not necessarily exhibit equivalent intoxication po-
tentials.
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Understanding the bacterium-driven host IL-1( axis is crucial
because this cytokine is a pleiotropic immune mediator that con-
tributes to neutrophil recruitment during CDI (39). One may pro-
pose arole for this axis in the pathophysiology seen in M68 murine
models of infection (40). Research on how CF5 TcdB secretion is
impaired may offer insights into novel therapeutics that may tar-
get and block toxin secretion.

The potential of C. difficile-stimulated DCs to prime and influ-
ence T cell immunity was examined. Both strains induced strong
IFN-y immunity (Fig. 5C and F). In addition, a robust IL-17A
response to M68 indicated that this strain promoted a skewed
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FIG 6 Ex vivo mucosal cytokine response(s) to C. difficile RT017 CF5 and M68. Macroscopically normal and matched multiple colonic biopsy specimens (30
individuals with mean age of 10.4 = 4.7 [the standard deviation]) were cocultured with C. difficile CF5 and M68 (5 X 10%) for 6 h. Postinfection, IL-6 (A), IL-8
(B), IL-1B (C), IFN-y (D), IL-17A (E), and IL-22 (F) were quantified by ELISA in duplicate. The bars represent the median levels. *, P < 0.05; ***, P < 0.001
(significant differences from uninfected controls). *, P < 0.05 (a significant interstrain difference). The data were analyzed by using a Mann-Whitney U test.

Th17 axis (Fig. 5D). The role of IL-1B as a Th17 differentiation
factor is well established; one may therefore hypothesize that the
M68-mediated BMDC IL-18 release contributes to the observed
Th17 response. Interestingly, both strains mediated similar IL-23
(a Th17 effector cytokine) levels (41), adding credence to the no-
tion that IL-1f is a likely key determinant of Th17 immunity.
Future studies utilizing neutralizing antibodies should define the
cytokines responsible for the observed T cell responses. Th2 im-
munity, as seen with an increase in IL-4 during CF5 infection (Fig.
5F), may be crucial in CDI, since IgG antibodies assist in toxin
neutralization. Combinatorial T cell immunity, with specific tar-
geting of IL-13, is likely to be pivotal in defining immune protec-
tion versus immunopathology during CDI.

Analysis of GI mucosal immunity revealed that C. difficile
RT017 mediated an inflammatory mucosal cytokine milieu (Fig.
6). Both strains caused significant IL-8 induction accompanied by
a comparatively weak IL-17A response, suggesting that IL-8 may
play a crucial role in mediating the early neutrophil recruitment
necessary for containment of the infection. Interestingly, both
strains caused robust induction of IL-22 (Fig. 6F). IL-22 exerts
antimicrobial and regenerative effects in the GI epithelia. As seen
previously for innate DC activation (Fig. 3F), M68 mediated a
significant increase in mucosal IL-13, further supporting the no-
tion that this pathway may be an attractive target for therapeutic
intervention in CDI (Fig. 6C and D).

Comparative analysis of host immunity to two RT017 strains
has highlighted how this pathogen has targeted innate IL-1§, a
cytokine that promotes neutrophil recruitment and Th17 immu-
nity and pathology. Improved understanding of how phylogeneti-
cally distinct lineages interact with the host may offer potential
insight(s) that may not only aid in the design of better future
therapeutics but also help to reduce the emergence of highly vir-
ulent strains.
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