1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

NIH Public Access

Author Manuscript

Published in final edited form as:
Gastroentero/ogy. 2010 July ; 139(1): 259-69.e3. doi:10.1053/j.gastro.2010.03.045.

Hypoxia-inducible factor signaling provides protection in
Clostridium difficile-induced intestinal injury

Simon A. Hirotal:2, Kyla Fines1:2, Jeffery Ngz, Danya Traboulsil, Josh Leel, Eikichi
lharal, Yan Li2, William G. Willmore#, Daniel Chung5, Melanie M. Scully6, Thomas Louie?,
Sean Medlicott3, Manigandan Lejeune7, Kris Chadee’, Glen Armstrong7, Sean P. Colgane,
Daniel A. Muruve2, Justin A. MacDonaldl, and Paul L. Beck?

1Department of Biochemistry & Molecular Biology, University of Calgary, Calgary, Canada
2Department of Medicine, University of Calgary, Calgary, Canada

3Department of Pathology, University of Calgary, Calgary, Canada

“Department of Biology, Carleton University, Ottawa, Canada

SGastrointestinal Unit, Department of Medicine, Massachusetts General Hospital and Harvard
Medical School, Boston, USA

6Mucosal Inflammation Program, Division of Gastroenterology, University of Colorado, Health
Sciences Center, Denver, USA

"Department of Microbiology & Infectious Diseases, University of Calgary, Calgary, Canada

Abstract

Background & Aims—Clostridium difficile (C.difficile) is the leading cause of nosocomial
infectious diarrhea. Increasing incidence, antibiotic resistance and more virulent strains have
dramatically increased the number of C.difficile-related deaths worldwide. The innate host
response mechanisms to C.difficile are not resolved; however, we hypothesize that hypoxia-
inducible factor (HIF-1) plays an innate protective role in C.difficile colitis. Thus, we assessed the
impact of C.difficile toxins on the regulation of HIF-1 and evaluated the role of HIF-1a. in
C.difficile-mediated injury/inflammation.

Methods—In vitro studies assessed HIF-1o. mMRNA, protein levels and DNA binding events in
human mucosal biopsies and Caco-2 cells exposed to C.difficile toxins. In vivo studies employed
the murine ileal loop model of C.difficile toxin-induced intestinal injury. Mice with targeted
deletion of HIF-1a in the intestinal epithelium were used to assess the impact of HIF-1a. signaling
in response to C.difficile toxin.

Results—Mucosal biopsies and Caco-2 cells exposed to C.difficile toxin displayed a significant
increase in HIF-1a transcription and protein levels. Toxin-induced DNA binding was also
observed in Caco-2 cells. Toxin-induced HIF-1o accumulation was attenuated by nitric oxide
synthase inhibitors. In vivo, deletion of intestinal epithelial HIF-1a resulted in more severe toxin-
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induced intestinal injury and inflammation. In contrast, stabilization of HIF-1a, with
dimethyloxallyl glycine, attenuated toxin-induced injury and inflammation. This was associated
with an induction of HIF-1-regulated protective factors including VEGFa, CD73 and intestinal
trefoil factor and down-regulation of proinflammatory molecules TNF and KC.

Conclusions—Our study is the first to describe the innate protective role for HIF-1a in response
to C.difficile toxins. Harnessing the innate protective actions of HIF-1a in response to C.difficile
toxins may represent a novel form of therapy for C.difficile-associated disease.
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Introduction

C.difficile is a spore-forming, toxin-producing (toxin A-TcdA; 308 kDa; toxin B-TcdB; 270
kDa) bacterial that is responsible for a concerning epidemic. The recent emergence of
NAP-1/027 strains, that are more virulent and resistant to antibiotics, has magnified the
impact of the current C.difficile crisis. Alarmingly, C.difficile-related deaths in the USA
have risen by 35% per year since 19992 so that C.difficile now causes twice the number of
deaths as HIV. Even with the best medical therapy patients can rapidly progress to toxic
megacolon, sepsis and death.

C.difficile toxins rapidly induce intestinal injury and inflammation through disruption of the
intestinal epithelial barrier and induction of proinflammatory mediators3. Both TcdA and
TcdB are glucosyltransferases that irreversibly inactivate the Ras superfamily of small
GTPases!. TcdA-induced changes in the actin cytoskeleton disrupts tight junctions, induces
cell rounding and detachment4~6. Following detachment, intestinal epithelial cells can be
driven to produce I1L-8 and up-regulate ICAM-17 leading to the neutrophil chemoattraction,
adhesion and subsequent mucosal inflammation8. The disruption of the mucosal barrier
allows toxins to activate the immune cells within the lamina propria and to trigger the
production of IL-8, IL-1B, TNF and nitric oxide (NO)’~10. These events can lead to further
immune cell infiltrate and the tissue damage associated with C.difficile-associated disease
(CDAD).

The hypoxia-inducible factor-1 (HIF-1) transcription factor complex responds rapidly to
cellular stress, injury and inflammation and can protect the intestinal mucosal1~13. HIF-1,
composed of an oxygen-labile a-subunit and a nuclear-localized B-subunit, is a master
transcriptional factor and prototypical regulator of oxygen.—dependent gene transcription.
The HIF-1o subunit is ubiquitously and constitutively expressed, but in normoxic conditions
the protein is subject to hydroxylation by prolyl hydroxylases (PHD). This event triggers the
binding of von Hippel Lindau protein which targets HIF-1a to the proteasome for
degradation14. Upon stabilization during hypoxia, in the absence of hydroxylation, the
HIF-1a-subunit translocates to the nucleus where it associates with its HIF-13-subunit and
initiates transcriptional events by binding to hypoxia responsive elements (HRES) present in
promoter or enhancer regions of various genes. Thus, events that prevent the degradation of
the HIF-1a-subunit trigger potent HIF-1-mediated transcription events14: 15.

In addition to promoting the adaptive responses to hypoxia, HIF-1 signaling has regulatory
actions in a wide variety of cellular processes involved in immunel3 and intestinal barrier
function16~1°. HIF-1 can increase the transcription of genes (e.g., VEGF, eNOS, iNOS and
ITF) that are involved in wound repair, inflammation, cellular permeability and apoptosis.
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The transcriptional activation of HIF-1 can also be induced in normoxia by a nhumber of
cytokines, growth factors and other circulating molecules (e.g., NO) through stabilization of
the HIF-1a subunit!3. Indeed, HIF-1 can attenuate several aspects of the inflammation/injury
cascade and promote the expression of a suite of barrier-protective genes including intestinal
trefoil factor (TFF3/ITF), mucin family members (MUC-1) and ecto-5'-nucleotidase
(CD73)18. These observations led us to hypothesize that HIF-1a stabilization and
downstream HIF-1 signaling events play critical innate protective roles in C.difficile-induced
intestinal inflammation and injury.

To test this hypothesis, we assessed whether C.difficile toxins could elevate HIF-1o. mMRNA
and protein levels and influence HIF-1 DNA-binding activity in a human colonic epithelial
cell line. We also assessed HIF-1a expression in patients with CDAD and in healthy
mucosal biopsies exposed to C.difficile toxin. Finally, we employed the mouse ileal loop
model to examine the effect of C.difficile toxins on intestinal inflammation in animals with
knock-down of HIF-1a targeted to the intestinal epithelium or animals treated with
dime%hyloxaloylglycine (DMOG), a PHD inhibitor, to inhibit the degradation of HIF-1a in
vivol®,

Human tissue sampling and HIF-1la immunohistochemistry

Colonic tissue sections obtained from patients undergoing colonic resection for CDAD were
probed with HIF-1a antibody (NB100-105) using standard immunohistochemical
methodology and appropriate controls. Slides were counterstained with Mayer’s
hematoxylin (Sigma). All studies were approved by the Conjoint Health Research Ethics
Board of the University of Calgary/Calgary Health Region.

C.difficile toxin isolation and purification

C. difficile strain NAP-1/027 (TcdA+/TcdB+; obtained from the Calgary Health Region)
was grown in brain-heart infusion media under sterile anaerobic conditions. Cultures were
harvested at day 5 post-inoculation by centrifugation (10000g, 60m). TcdA and TcdB were
purified from concentrated and filtered culture supernatants by anion-exchange
chromatography as described previously2?(see supplementary material for complete
method).

Assessment of mMRNA expression: RNA isolation, semi-quantitative RT-PCR, and real-time
RT-PCR analysis

Caco-2 or tissue biopsies were collected in Trizol and RNA isolated according to
manufacturer’s protocol (Invitrogen). The total RNA was reverse transcribed by with the
RT? First-strand Kit (SABiosciences). The resulting cDNA was subjected to RT-PCR with
specific primers (see supplementary materials table 1). Quantitative real-time PCR (qPCR)
was performed on an ABI 7500 real-time PCR thermocycler to quantify changes in gene
expression. For Caco-2 cells, human biopsies HIF-1a specific real-time primers were
purchased (SABiosciences). For mouse ileum samples, specific primers for GAPDH,
VEGFa, ITF, CD73, TNF and KC/CXCL1 were purchased (SABiosciences). Amplification
plots were examined with Sequence Detection Software to determine the threshold cycle
(Cy). In all reactions endogenous control was amplified and the Ct was determined.

Western blot/Protein analysis

Western immunoblots were performed on protein extracts from Caco-2 cells or tissue biopsy
homogenates. We used mouse monoclonal anti-HIF-1a antibodies (NB100-105 and
ab6489), rabbit polyclonal anti-B-actin antibody (Novus) and secondary HRP-conjugated
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antibody to mouse or rabbit (GE Healthcare). Where indicated, HIF-1a protein levels were
determined in colonic biopsies exposed to media or C.difficile toxin. Biopsies were
homogenized in lysis buffer (150mM NaCl, 20mM Tris pH 7.5, ImM EDTA, 1mM EGTA,
0.1% SDS and Complete™ protease inhibitor cocktail (Roche)) at 4°C. Samples were
cleared by centrifugation and supernatants were assayed for HIF-1a by chemiluminescence-
based sandwich immunoassay (Meso-Scale Diagnostics) according to manufacturer’s
protocols. All samples were normalized to total protein content.

Luciferase reporter and electrophoretic mobility shift assays (EMSA)

The Dual Luciferase Reporter Assay System (Promega) was used to monitor HIF-1 reporter
gene activation by C.difficile toxin as per the manufacturer’s protocol (see supplementary
material for complete method). EMSA was performed in the standard fashion with 32p-
labelled, EPO gene-derived W18 oligonucleotide sequence containing a HIF-binding
sequence (HRE) (see supplementary material for complete method).

Mouse ileal loop model

Mice (129 epithelial HIF-1a(EP~) and wild-type littermates) were maintained in a
conventional single-barrier housing unit and removed from food 8h prior to surgery. 129
epithelial HIF-1a~/~ (HIF-1a(EP~7)) mice were characterized previously by Karhausen et al.
(2004)18. Mice treated with DMOG received I.P. injections (8mg in 0.3cc sterile saline)
once daily for 2d prior to the surgery and an additional injection immediately following
surgery, a regimen reported to upregulate HIF-1a in vivol8. Non-treatment animals were
injected under the same regimen with 0.3cc sterile saline. For ileal loop surgeries, mice were
anaesthetized with isoflurane and maintained under anaesthetic. The abdomen was opened
and the small intestine removed from the cavity at the ileal-cecal junction. A ligature was
loosely generated with suture approximately 1cm proximal to the ileal-cecal junction.
C.difficile toxin (100pg total protein diluted in sterile PBS) or vehicle (matched volume of
sterile PBS) was injected into the ileal lumen and the ligature closed. Another ligature distal
to the injection site was applied, and the intestine was returned to the abdominal cavity.
Animals were sacrificed 4h post-surgical recovery and tissue and blood were removed for
analysis. Protocols for experiments involving animals were approved by the University of
Calgary Animal Care Committee.

Measurement of NO, tissue myeloperoxidase and intestinal tissue damage scoring

Systemic NO was assessed with the Bioxytech NO Assay Kit (OxisResearch) and per the
manufacturer’s instructions. Myeloperoxidase (MPO) activity in intestinal mucosal
segments was determined with a standard protocol?L. For damage scoring, fixed, embedded
and sectioned specimens were stained with hematoxylin and eosin (H&E). Slides were
assessed in a blind fashion and damage scores generated. Sections were assessed using the
following parameters: Architectural Score—O=normal, 1=villous vacuolation/bleeding,
2=loss of epithelium, 3=complete loss of crypt/villous architecture; Inflammation Score—
0=normal, 1=increased inflammatory cells in lamina propria (LP), 2=increased
inflammatory cells in submucosa, 3=dense inflammatory cell mass, 4=transmural
inflammation; Epithelial Damage—0=nil, 1=destruction of villous tips, 2=destruction of 1/2
of villous, 3=complete destruction of villous; Neutrophil Score— 0=nil, 1=rare PMNs mainly
marginated, 2=marginated and extravasated PMNs (up to 5 near vessels), 3=marginated and
extravasated through LP and epithelium.

Assessment of Transepithelial Resistance

Caco-2 cells were seeded at a density of 6x10° cells/mL onto semipermeable filters (Costar)
and cultured in Dulbecco's modified Eagle's medium supplemented with 20% fetal bovine
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serum and penicillin-streptomycin (100pg/mL; 1nM, Invitrogen) and incubated in
humidified 37°C room air with 5% CO», until transepithelial resistance (TER) was greater
than 10000hms/cm?2. Caco-2 cells with a stable knock-down of HIF-1o were generated with
RNA interference as described previouslyZ2. In all experiments control monolayers were
treated with the appropriate vehicles for toxin (matched volume of sterile media) and
pharmacological inhibitors (matched volume of DMSO).

Statistical Analysis

Results

Comparisons between two groups were made with the student’s T-test with an alpha value
of 0.05. One-way ANOVA was utilized for comparisons of multiple groups followed by
Neumann-Keuls post-hoc analysis.

To identify a functional link between C.difficile toxin exposure and HIF-1 activation, we
first analyzed the mucosal response to C.difficile toxin. Patients with C.difficile colitis
displayed increased immunohistochemical staining for epithelial HIF-1a protein (Fig.1a,
tissue sections iii—vi). To assess early responses to C.difficile toxins, we exposed freshly-
isolated normal, human colonic mucosal biopsies to vehicle or toxin (containing both TcdA
and TcdB, purified from a human NAP-1/027 isolate, see Suppl. Fig.1). Not only did the
exposure to toxin significantly increase protein levels but it also enhanced HIF-1a
transcription (Fig.1b). Furthermore, in vitro application of C.difficile toxin directly up-
regulated HIF-1o. mRNA (Fig.2a—b) and protein levels (Fig.2c—e) in Caco-2 cells in a time-
and concentration-dependent fashion. Purified TcdA and TcdB could each independently
increase HIF-1a protein (Fig.4a).

To elucidate the mechanisms involved in C.difficile toxin-mediated induction of HIF-1a we
assessed the role of NO since in certain settings NO can stabilize HIF-1a23. HIF-1o protein
induction in the presence of C.difficile toxin was NO-dependent since it was blocked by
either L-NAME (100pM, pan-NOS inhibitor; Fig.2d) or 1400W (100uM, selective iNOS
inhibitor; Fig.2e). Toxin-induced upregulation of HIF-1a mRNA was not affected by
pretreatment with L-NAME (100uM), suggesting NO-dependent increases in HIF-1a
protein levels involve a post-translational step(s) (Suppl. Fig.2a). Assessment of HIF-1
specific DNA-binding activity by electrophoretic mobility shift assay (EMSA) (Fig.3a)
revealed increased HIF-1 binding activity in nuclear extracts isolated from cells treated with
C.difficile toxins or CoCl,, (hypoxia mimetic). This finding was further supported by
‘supershift” EMSA assays performed in the presence of a monoclonal antibody to HIF-1a
and confirmed the specificity of the interaction between HIF-1 and the hypoxia response
element (HRE, Fig.3a). Furthermore, purified TcdA and TcdB (Suppl. Fig.1a-b) induced
HIF-1-dependent DNA binding (Fig.4b). Finally, C.difficile toxins enhanced HIF-1
transcriptional activity as assessed with a HIF-1-dependent luciferase assay (Fig.3b). To
assess the impact of altered HIF-1a activity on IECs, sSiRNA knockdown approaches were
employed?4, Caco-2 cells stably transfected with SiRNA targeting HIF-1a displayed
attenuated HIF-1a protein increases in response to toxin treatment (Fig.3c), an effect that
rendered cells more susceptible to toxin-induced reductions in TER (Fig.3d).

A murine ileal loop model was employed to examine these processes in vivo. The injection
of C.difficile toxin into ileal loops of wild-type mice upregulated HIF-1a mRNA (Fig.5a)
and protein levels (Fig.5b). This was associated with increases in HIF-1-regulated gene
products (VEGFa, ITF and CD73; Fig.5¢) and inflammatory mediators (TNFo. and CXCL1/
KC; Fig.5e) as assessed with gPCR. As described previously2>, C.difficile toxins induced
inflammation as evidenced by increased colonic MPO (Fig.5¢) and serum NO levels (Fig.
5d), as well as increased numbers of tissue neutrophils (Fig.7b). The inflammation was
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accompanied by severe intestinal injury, including epithelial barrier disruption, vacuolation
and crypt-villus architectural changes (Fig.7a-b), all of which are hallmark characteristics of
CDAD. In keeping with a putative protective role for HIF-1a, C.difficile toxin induced more
severe inflammation (Fig.6a), increased systemic NO levels (Fig.6b) and exacerbated
intestinal injury (Fig.6c¢) in mice deficient in intestinal epithelial HIF-1a.

To assess the impact of upregulating HIF-1a activity, mice were treated with a PHD
inhibitor, dimethyloxaloylglycine26 (DMOG; 8mg/day for 2 days before surgery), prior to
C.difficile toxin exposure. DMOG attenuated toxin-induced injury (Fig.7a—b) and
inflammation (Fig.8b), and improved overall histological scoring (Fig.7b). This was
associated with a significant increase in expression of VEGFa and the barrier protective
molecules; ITF and CD73 (Fig.8¢c) and significantly lower expression of TNFo and CXCL1/
KC (Fig.8d) compared to vehicle-treated animals. We hypothesized that the attenuation of
C.difficile toxin-induced injury afforded by the DMOG treatment may, in part, be due to
enhancement of barrier function since DMOG markedly reduced toxin-induced decreases in
TER in Caco-2 monolayers (Fig.8e). Furthermore, DMOG-treated (500uM, 2 hours) Caco-2
monolayers displayed a marked upregulation of HIF-1a protein (Suppl. Fig.3).

Discussion

Current therapies for C.difficile colitis that focus on eradicating the pathogen are failing.
Furthermore, vaccination strategies have failed and previous exposure is not protective.
Clinically, there is marked patient-to-patient variability in disease severity, even in those
with identical risk factors who are infected with the same C.difficile strain, suggesting that
an innate pathway may exist to protect some and not others from CDAD. It is apparent that
the disruption of the mucosal barrier is a key step in the pathogenesis of CDAD; thus,
therapies aimed at maintaining barrier function may prove valuable in the treatment of
CDAD. A novel therapeutic paradigm would be to harness the innate protective responses of
the intestinal mucosa to reduce the progression of CDAD.

In the present study we have reported that HIF-1a is upregulated in intestinal epithelial cells
and mucosal biopsies exposed to C.difficile toxin under normoxic conditions. This
upregulation appears to confer protection since deletion of HIF-1a rendered epithelial cells
more susceptible to toxin-induced damage both in vitro and in vivo. Conversely, activation
of this pathway, through pharmacological stabilization of HIF-1a, significantly reduced
toxin-induced damage in vitro and in vivo. HIF-1a is known to be a critical mediator of
intestinal protection during the hypoxia and inflammation that accompanies mucosal
insult®=19, Thus, the C.difficile toxin-dependent induction of HIF-1a in epithelial cells may
represent a novel protective mechanism that guards the intestinal tract during exposure to
pathogenic luminal bacteria and toxins during episodes of CDAD.

Although we initially hypothesized that NO-dependent stabilization of HIF-1a may account
for the C.difficile toxin-dependent increases in protein levels, it is apparent that various
mechanisms may contribute to C.difficile toxin-dependent increases in HIF-1 signaling,
including post-translational stabilization as well as de novo increases in HIF-1a transcript
levels. The latter finding was puzzling given that HIF-1o abundance is predominantly
regulated at the level of translation rather than transcription2’. In our studies, pretreatment of
cells with L-NAME had no effect on toxin-induced upregulation of HIF-1a, suggesting NO-
independent mechanisms are driving this transcriptional response. Others have implicated
mechanisms of HIF-1 signaling activation that were independent of HIF-1a protein
stabilization?8: 29, however the exact mechanisms that govern transcriptional regulation of
HIF-1a have yet to be fully elucidated.
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In our experimental models, upregulation of HIF-1a activity significantly reduced C.difficile
toxin-induced epithelial injury, barrier disruption and neutrophil infiltration, findings that
were paralleled by increases in barrier protective genes and decreases in pro-inflammatory
molecules. Clearly, genetic deletion of epithelial HIF-1a resulted in more severe toxin-
induced injury and inflammation. Interestingly, the increased damage observed in
HIF-10(EP~=) mice exposed to toxin was associated with an increase in systemic NO, as
compared to the wild-type mice. Although seemingly paradoxical, the importance of this
observation is two-fold. First, the elevated serum NO levels observed in HIF-1a(EP~/~) mice
suggests an enhanced activation of NOS-expressing cells, potentially those in the mucosal
space, during toxin exposure. Second, despite the role of NO in the normoxic stabilization of
HIF-10, HIF-1a(EP~/7) mice exhibit enhanced toxin-induced damage and inflammation,
suggesting that a disconnect between NO and HIF-1a induction may be, in part, responsible
for the increased susceptibility observed in these mice.

In stark contrast to the HIF-1a(EP~=) mice, wild-type mice treated with DMOG exhibited
substantially less damage and inflammation when exposed to C.difficile toxin. Stabilization
of HIF-1o with DMOG led to enhanced expression of molecules with potent roles in
maintenance of intestinal epithelial barrier function. Our in vitro data indicates that HIF-1
signaling contributes to maintain barrier function during C.difficile toxin exposure; however,
it is difficult to delineate the pro-barrier effects of HIF-1 signaling from the
immunomodulatory effects in vivo that have been reported elsewhere30. The mechanism by
which HIF-1 signaling is protective in animal models of colitis appears to be predominately
mediated by epithelial HIF-1 expression since the PHD inhibitors were ineffective in
HIF-10(EP~7) micel®. In our study, the upregulation of protective genes ITF and CD73 in
mice treated with DMOG was associated with improved maintenance of the intestinal ultra-
structure following C.difficile toxin exposure. This was paralleled by our in vitro studies
where DMOG treatment attenuated toxin-induced loss of barrier function. However,
inhibition of PHDs may also effect NFxB signaling. In vitro, DMOG treatment has been
reported to activate both HIF-1- and NFxB-dependent gene transcription3L. Thus, inhibition
of PHDs may confer gastrointestinal protection through the synergistic activity of HIF-1a
and NF«B signaling pathways. This synergy would favor epithelial cell survival and act to
maintain barrier function during an insult, thereby limiting the toxin-induced activation of
the mucosal immune system.

CDAD is associated with a profound inflammatory cell infiltrate that is mediated in part by
the ability of the C.difficile toxins to induce a potent chemokine and cytokine response. In
the context of C.difficile infection, activation of HIF-1 signaling and subsequent
enhancement of barrier function would limit the migration of TcdA and TcdB into the
submucosal space where they would typically interact with LP monocytes. Indeed,
pharmacological stabilization of HIF-1a in our in vivo studies significantly reduced the
transcript levels of murine KC and TNF, two potent regulators of neutrophil chemotaxis.
Furthermore, mucosal integrity was enhanced, as assessed by histology. These data suggest
that the upregulation of HIF-1a and the enhancement of barrier function may be sufficient to
lessen the likelihood of toxin-induced activation of the mucosal immune system, ultimately
reducing the production of pro-inflammatory cytokines and immune cell infiltrate.

As noted previously, some patients develop severe CDAD resulting in sepsis and death,
while others with the same risk factors and infected with the same strain of C.difficile, can
have minimal disease. Based on the findings of the present study, we hypothesize that those
that develop more severe disease may have a reduced ability to adequately induce HIF-1a
activity and/or have altered downstream signaling. Alternatively, the severity of insult may
overwhelm the protective actions of HIF-1. Such patient-to-patient differences were indeed
noted in our human colonic biopsies where there was marked variably in both toxin-
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mediated induction of HIF-1a transcription and protein levels. These findings suggest that
not only does HIF-1 offer innate protection in C.difficile-mediated disease, but it may also
be responsible for the variability in clinical disease severity. However, testing this
hypothesis will be exceedingly difficult since mucosal biopsies are rarely, if ever, isolated
from patients with mild CDAD symptoms. Nevertheless, further study of HIF-1a and
downstream molecules may give rise to important tools that could identify those patients at
risk of a more severe clinical course. Furthermore, enhancing HIF-1a activity and/or
targeting pathways downstream of HIF-1a may represent novel therapeutic approaches in
this devastating disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

C. difficile colitis is associated with increased HIF-1a expression. (a) Tissue sections were
stained for HIF-1a protein using a mouse anti-HIF-1o. monoclonal antibody (NB100-105).
Immunolocalization of HIF-1a was determined in human colonic tissue obtained from
patients (surgical resections): (i— ii), HIF-1a staining was absent from normal human colonic
tissue obtained from biopsy during colon cancer screening or normal resection margins for
colon cancer; (iii-vi), intense HIF-1a staining was noted in colonic tissues with C. difficile-
associated pathology. The mucosa, submucosa and muscularis with discrete staining
identified in inflammatory cells, epithelial cells, endothelial cells, as well as smooth muscle
cells of the muscularis mucosa (between arrows), the intimal vasculature and the muscularis.
Standard immunohistochemical controls (e.g. omission of mouse anti-HIF-1a antibody)
were negative. (b) HIF-1a protein and mRNA are induced in non-inflamed, human colonic
biopsies following exposure to C.difficile toxin (50ug/mL; 3h). Two biopsies (taken side by
side) were collected from healthy individuals and immediately incubated with either toxin or
vehicle solution (matched volume of sterile BHI media). All values are mean + S.E.M.,
(n=14). * denotes p<0.05.
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Figure 2.

HIF-1a mRNA and protein levels are increased following treatment of Caco-2 cells under
normoxic conditions with C.difficile toxin. (a) Caco-2 cells were exposed to toxin (0.1pg/
mL) or CoCl, (100uM) for 1, 2 and 4h. PBS/BHI was added to the cells as a control. Total
RNA was isolated, and the expression of HIF-1a and p2-microglobin (32-MG; internal
control) was determined by semi-quantitative RT-PCR. (b) Exposure of Caco-2 cells for 4h
with increasing concentrations of C.difficile toxin increases HIF-1a gene expression as
assessed with gPCR; * denotes p<0.05 compared to O pg/mL, # denotes p<0.05 compared to
0.1 and 0 pg/mL, n=5. (c) HIF-1a protein expression is increased in Caco-2 cells following
4h treatment with C.difficile toxin (100pg/mL) or CoCl, (100puM). Nuclear extracts (50ug
total protein) were analyzed for HIF-1a protein levels by western blotting (NB100-105). All
values (mean + S.E.M., n=4). *p<0.05. Inhibition of NO synthases attenuates toxin-induced
increases in HIF-1a protein. Caco-2 cells were pretreated with 100uM L-NAME (d) or
1400W (e) for 30min prior to toxin exposure (100pg/mL; 12h). Cytosolic extracts were
assessed by western blotting (NB100-105). All values are meanzS.E.M., (n=4). *p<0.05
compared to control; **p<0.05 compared to toxin treated cells.
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Figure 3.

C.difficile toxin exposure promotes HIF-1 dependent promoter binding activity and
transcriptional activity in Caco-2 cells. (a) DNA binding of HIF-1a to the EPO hypoxia
response element (HRE) was assessed by electrophoretic mobility shift assay (EMSA).
Nuclear extracts were prepared from Caco-2 cells that had been exposed to C.difficile toxin
(100ug/mL), or CoCl, (100uM). In some cases, EMSA “supershifts” were generated with
addition of anti-HIF-1a monoclonal antibody to the DNA binding reactions. (b) Toxin
exposure promotes HIF-1a transcriptional activity in Caco-2 cells as measured by a
luciferase reporter assay. Caco-2 cells were transiently co-transfected with firefly luciferase
reporter and Renilla luciferase control plasmids. Cells were incubated for 4, 18 or 24h under
normoxic conditions with 10pg/mL C.difficile toxin or 100uM CoCl,. The transfection
efficiency was corrected by normalizing firefly luciferase activity to the Renilla luciferase
activity. Control cells were transfected with empty pGL3 vector and treated for 24h with
C.difficile toxin or CoCl,. All values (mean+S.E.M., n=4) are expressed as fold-induction
relative to the controls that were arbitrarily defined as 1. (c—d) Caco-2 cells deficient in
HIF-1a are more susceptible to C.difficile toxin-induced injury. (c) HIF-1a protein levels in
Caco-2 cells stably transfected with HIF-1a siRNA (Caco-2 HIF-1a—/—) were not affected
by C.difficile toxin or CoCls. (d) Caco-2 HIF-1o—/— cells display increased susceptibility to
C.difficile toxin, as assessed by transepithelial resistance (TER) following a 2h incubation
with toxin (60pg/mL). All values are mean = S.E.M., (n=4), * denotes p<0.05.
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Figure 4.

Purified TcdA and TcdB increase HIF-1a protein and DNA binding. (a) Caco-2 cells were
exposed to purified TcdA (100ng/mL, 500ng/mL) and TcdB (10ng/mL, 100ng/mL) for 4h.
Western blot is representative of four experiments (ab6489). (b) DNA binding of HIF-1a to
the EPO HRE in Caco-2 cells exposed to CoCl, (100uM) or purified TcdA (100ng/mL) and
TcdB (100ng/mL).
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Figure 5.

C.difficile toxin increases HIF-1a expression and induces inflammation in an in vivo model
of CDAD. (a) HIF-1a mRNA levels were measured with gPCR in ileum isolated from
control animals (ho surgery), mice with ileal loop treated with vehicle or exposed to 100ug
of C.difficile toxin in the ileal loop (*p<0.05 compared to control and vehicle, n=5). (b)
HIF-1o protein was assessed in ileal tissue isolated from mice treated with vehicle or
C.difficile toxin (100ug), *p<0.05 compared to vehicle, n=4 (NB100-105). (c) Tissue
inflammation (MPO levels) was assessed in ileum isolated from control animals (no
surgery) and mice treated with vehicle or C.difficile toxin (100pg), *p<0.05 compared to
control and vehicle, **p<0.05 compared to vehicle, n=9. (d) Serum NO levels were assessed
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from mice treated with either vehicle or C.difficile toxin (100pg), *p<0.05 compared to
vehicle, n=9. (e) gPCR was performed on RNA isolated from vehicle and toxin-treated ileal
loops. Data is expressed as fold-change relative to control where 1 is equal to expression in
the control group (dashed line). *p<0.05 compared to control, n=3.
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Figure 6.

Targeted deletion of HIF-1a in intestinal epithelium augments C.difficile toxin-induced
inflammation. (a) Tissue inflammation as assessed by MPO levels in ileum isolated from
wild-type 129 and HIF-1a epithelial-targeted knockout (HIF-1a—/—) mice treated with
C.difficile toxin (100pg), *p<0.05 compared to wild-type 129, n=6. (b) Serum NO levels
were assessed from wild-type 129 and HIF-1a epithelial-targeted knockout (HIF-1a—/-)
mice treated with C.difficile toxin (100ug), *p<0.05 compared to wild-type 129, n=6. (c)
H&E stained ileal sections from HIF-1a—/— (top row) and wild-type 129 (bottom row)
following 4h exposure to C.difficile toxin (100ug).
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Figure 7.

Animals pretreated with dimethyloxallyl glycine (DMOG, 8mg/day for 2d prior to surgery)
display significantly less C.difficile toxin-induced tissue damage. (a) Representative sections
of ileum stained with H&E from mice treated with vehicle (i & ii), C.difficile toxin (iii &
iv), and DMOG pretreatment followed by C.difficile toxin exposure (v & vi). (b)
Histological analysis of ileal sections obtained from mice treated with vehicle (sterile PBS,
black bars), C.difficile toxin (100 pg, grey bars) or DMOG with C.difficile toxin (white
bars): Arch. Sc.—Architectural Score; Inflamm. Sc.—Inflammation Score; Epith. Dam.—
Epithelial Damage; Neutro. Sc.—Neutrophil Score, *p<0.05 compared to media; #p<0.05
compared to C.difficile toxin; n=8-12.
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Figure 8.

Mice treated with dimethyloxallyl glycine (DMOG, 8mg/day for 2d prior to surgery) display
increased levels of HIF-1a (a) in protein extracts isolated from full-thickness ileal segments
as compared to mice injected with PBS vehicle and reduced (b) intestinal inflammation as
assessed with MPO levels. Control indicates levels measured in animals not undergoing
surgery, *p<0.05 compared to control and vehicle; **p<0.05 compared to C.difficile toxin
treatment, n=6-8. Pretreatment with DMOG prior to C.difficile toxin exposure is associated
with elevation of factors associated with intestinal barrier function and protection (c) and
reduced levels of inflammatory mediators (d) as measured with gPCR. Data are fold-change
from C.difficile toxin treatment where 1 is equal to the expression in the toxin group. *p <
0.05 compared to toxin, n=3. (e) DMOG treatment protects against C.difficile toxin-induced
breakdown of epithelial barrier function. Caco-2 cells were exposed to vehicle (control),
C.difficile toxin (60pg/mL), DMOG (500uM) with C.difficile toxin (60pug/mL) or DMOG
(500uM) alone. Time (in minutes) indicates the time elapsed following addition of toxin to
monolayer, data are expressed as a percentage of the control TER, *p<0.05 compared to
control and toxin; **p<0.005 compared to toxin; #p<0.005 compared to control, n=4.
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