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Clostridium difficile infection (CDI) is mediated by two major exotoxins, toxin A (TcdA) and
toxin B (TcdB), which damage the colonic epithelial barrier and induce inflammatory responses.
The function of the colonic vascular barrier during CDI has not been studied. Here we report
increased colonic vascular permeability in CDI mice and elevated vascular endothelial growth
factor A (VEGF-A) which was induced by infection with a TcdA and/or TcdB-producing strain /in
vivo but not with a TcdA~TcdB™ isogenic mutant. TcdA or TcdB also induced VEGF-A in human
colonic mucosal biopsies. Hypoxia-inducible factor (HIF) signaling appeared to mediate toxin-
induced VEGF production in colonocytes, which can further stimulate human intestinal
microvascular endothelial cells. Neutralization of VEGF-A and inhibition of its signaling pathway
each attenuated CDI /n vivo. Compared to healthy controls, CDI patients had significantly higher
serum VEGF-A, which subsequently decreased after treatment. Our findings indicate critical roles
for toxin-induced VEGF-A and colonic vascular permeability in CDI pathogenesis. It may also
implicate the pathophysiological significance of gut vascular barrier in response to virulence
factors of enteric pathogens. As an alternative to pathogen-targeted therapy, this study may enable
new host-directed therapeutic approach for severe, refractory CDI.

Keywords

Clostridium difficile infection; Toxin; TcdA; TcdB; VEGF; vascular permeability; colonic
vascular barrier; gut barrier; infectious diarrhea; colitis; enteric infection

Introduction

Clostridium difficile infection is a major cause of nosocomial antibiotic-associated diarrhea
and colitis!. TcdA and TcdB, two major C. difficile toxins, induce pro-inflammatory
cytokines, disrupt tight junctions, cause cellular detachment and impair the intestinal
epithelial barrier2=8. In contrast, the vascular effects of toxin exposure have not been well
elucidated. Vascular changes, including angiogenesis and dilatation, have been observed in
severe chronic colitis in Inflammatory Bowel Diseases (IBD)%1% and may contribute to
regional inflammation, hemorrhage, fluid secretion and mucosal damage and repair. In IBD
patients, angiogenesis has been shown to be an important component of inflammation11-13
and a fundamental mechanism of microvascular adaptation to prolonged colitis'4. However,
for acute colitis such as CDI, the vascular response and barrier function have not been
characterized.

VEGF-A, also known as vascular permeability factor (VPF), belongs to a family of growth
factors involved in vasculogenesis, angiogenesis, and vasodilation!®. VEGF-A is
upregulated by HIF singling which is involved in the response to hypoxia and promotes
neovascularityl8. VEGF-A induces expression of endothelial nitric oxide synthase (eNOS),
an essential molecule in mediating VEGF-A-induced angiogenesis and endothelial function
via production of nitric oxide (NO) in endothelial cells}’. VEGF-A production is elevated in
IBD patients and in experimental colitis models!1:18.19 but, whether VEGF-A plays a role in
CDI, which causes acute colitis, is unknown. Our goal in this study was to evaluate VEGF-A
production in response to C. difficile toxins in vivo, in vitro, ex vivo in human colonic
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mucosa and in CDI patients, and to elucidate the role of VEGF-mediated vascular responses
in CDI pathogenesis.

Results

C. difficile infection increased colonic vascular permeability and angiogenesis in mice

In mice infected with C. difficile we observed increased macroscopic vasculature visibility
in both the colon and cecum 36 hours (hot shown) and 48 hours (Figure 1a) post-infection.
To determine whether this increased vascular density is associated with altered vascular
permeability in C. difficile —infected mice, we assessed vascular permeability in the colon
and cecum by systemic injection of Evans bluel4. Vascular permeability to the dye was
remarkably increased in both the colon and cecum of CDI versus control mice (Figure 1b&c;
£<0.0001 in colon; and £<0.0001 in cecum). To assess whether increased vascular
permeability is also due to altered angiogenesis, we stained colon and cecum tissues with
von Willebrand Factor (VWF) antibody, an established microvascular endothelial marker.
Significant increase of angiogenesis was observed 48 hours post-infection (£<0.01, Figure
1d&e). These findings indicate that robust vascular responses including increased vascular
permeability and angiogenesis occur early during CDI.

TcdA and TcdB induced VEGF-A production in human colonocytes through HiFa, p38-
MAPK and MEK1/2 signaling pathways

To address the molecular mechanism of vascular changes observed in CDI, we performed a
Human Angiogenesis Array & Growth Factor Array in NCM460 human colonocytes
exposed to TcdA (1.0 pg/ml). As shown in Figure 2A, TcdA induced VEGF-A production in
colonocytes. 1L-8 was also induced, consistent with what we and others previously
reported29-22, In contrast, VEGF-C, VEGF-D, TNF-a, TNF-B, IL-1a, IL-1p, IL-17 and
FGF-2 were not significantly induced by TcdA (Figure 2a). We found that TcdA, dose-
dependently, induced VEGF-A production in NCM460 colonocytes (Figure 2b). TcdB
induced VEGF-A production maximally at 0.01 pg/ml (Figure 2c). At 10 ug/ml of TcdB, the
highest concentration used, VEGF-A production was decreased, consistent with a loss of
cell viability from the marked cytotoxicity of TcdB at this concentration. We next explored
whether HIFa, p38-MAPK, and MEK/Erk signaling pathways are involved in toxin-induced
VEGF-A production, using pathway specific inhibitors including FM19G11 (inhibitor of
HIFa), PD98059 (inhibitor of MEK1/2 and Erk1/2), SB203580 (inhibitor of p38-MAPK),
and U0126 (inhibitor of MEK1/2). We found that TcdA- and TcdB-induced VEGF-A
secretion were attenuated by each of these three inhibitors in NCM460 cells, suggesting the
involvement of HIFa and MAPK pathways in toxin-induced VEGF-A production (Figure
2d&e). Similar results were also observed in HT29 cells (Supplementary Figure 1).

VEGF-A production was elevated in CDI mice in vivo and in human colonic mucosa
exposed to toxins ex vivo
By examining this phenomenon in vivo, we found that the VEGF-A mRNA (Supplementary
Figure 2) and protein levels were indeed significantly elevated in both the colon and cecum
of CDI mice at 48 hours post-infection by VVP110463, a clinical strain producing high
amount of both TcdA and TcdB (colon A<0.01; cecum A<0.0001; Figure 3a). To examine if
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there is a firm link /n vivo between toxins and VEGF-A upregulation, mice were infected by
wildtype and isogenic toxin mutants of C. difficile strain M 7404, as previously described?3.
At 48 hours post infection, compared to uninfected mice, significant higher VEGF-A
production was observed in the colons of mice infected by wildtype (P=0.02), TcdA™B™*
(P=0.02) and TcdA*B~ (P=0.079) strains but not by a double negative TcdA~B~ mutant
(Figure 3b), establishing the link between toxin production and VEGF-A upregulation
during infection. Meanwhile, the TcdA™B* strain induced significantly higher VEGF-A than
the TcdA*B™ strain (P=0.02, Figure 3b), suggesting that TcdA and TcdB have differential
effects in the mouse model.

We next evaluated whether VEGF-A was upregulated in toxin-exposed human colonic
mucosa. We found that TcdA induced VEGF-A production in human colonic mucosa
significantly at 1.0 ug/ml (P<0.01, Figure 3c). TcdB significantly induced VEGF-A at
concentrations of 1.0 and 10.0 pg/ml (P=0.01 and ~<0.05 respectively, Figure 3d). In
comparison, IL-4 cytokine production was not significantly increased by TcdA or TcdB
exposure at tested concentrations (Supplementary Figure 3).

It has been reported that the activity of eNOS increases microvascular permeability to
macromolecules in response to inflammatory agents24. We therefore studied eNOS
expression by immunohistochemical imaging and mRNA quantification in colorectal tissues
from CDI mice. Besides increased colonic vasodilation in CDI mice (pointed by yellow
arrows in Figure 3e), we also found that eNOS staining in sub-mucosal vascular endothelia
of CDI mice was significantly higher than that in normal mice (P=0.005, Figure 3e). In
addition, eNOS mRNA expression was significantly elevated in the colonic tissues of CDI
mice (~<0.05, Figure 3f).

Toxin-exposed human colonocytes stimulated human intestinal microvascular endothelial
cells (HIMEC) proliferation, which was mediated by the HIF-VEGF axis.

To examine the interaction between human intestinal vascular cells and colonocytes in CDI
pathogenesis, we tested whether C. difficile toxin’s induction of VEGF-A expression in
colonocytes promotes angiogenesis 7 vitro by measuring vascular tube formation of
HIMECs. Compared to control naive cells, NCM460 cells exposed to either toxin A or B
significantly enhanced HIMEC tube formation (p<0.0001 each, Figure 4a). These results
indicate that secreted products from colonocytes after toxin stimulation can subsequently
increase angiogenesis in HIMECSs.

To better understand the molecular pathway mediating the interaction between human
intestinal vascular cells and colonocytes exposed to toxins, we examined whether HIF
signaling is important in this interaction by using our stably transfected HIF-1a knock down
(KD) and HIF-1a. over expression (OE) cells (western blot in Supplementary Figure 4).
Compared to parental wildtype HCT116 cells (WT), the HIF-1a knock down (KD) cells
pre-exposed to toxins had significantly less stimulation of HIMEC proliferation (£=0.0065,
Figure 4b). In contrast, HIF-1a. overexpression in colonocytes significantly enhanced the
stimulatory effect on the proliferation of HIMEC (P=0.04, Figure 4b), which was attenuated
by VEGF-A neutralizing antibody (P=0.03, Figure 4b). These data underlines the
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importance of HIF-VEGF axis in mediating human colonocytes in response to toxins, which
subsequently stimulated colonic vascular response in this /n vitro model.

HIF signaling in CDI mouse model in vivo

Since we showed above that HIF mediates TcdA- and TcdB-induced VEGF-A production in
colonocytes and the subsequent stimulation of colonic vascular endothelial cells, we further
tested the contribution of HIF signaling in CDI pathogenesis /n vivo.

First, we tested whether stabilization of HIF expression can alter CDI outcome. DMOG is a
cell permeable, competitive inhibitor of inhibitor of prolyl hydroxylase and has been used to
stabilize HIF-1a expression?®. As shown in Figure 4C, DMOG treatment significantly
exacerbated the death rate in CDI mice (A<0.0001, N=10), whereas L-NAME, an eNOS
inhibitor, significantly protected CDI mice from death (P=0.04, N=10) (Figure 4c). Weight
data of both DMOG and L-NAME experiments were shown in Supplementary Figure 7.

Secondly, we wanted to test whether or not we can alter CDI disease outcome by knocking
out HIF-1a signaling specifically in colonic epithelial cells, using an intestinal epithelium-
specific HIF-1a knockout mice that we previously described?6. As shown in Figure 4d,
compared to their litter mate controls, the HIF1a.-KO mice have no significant difference in
the CDI mortality rate. Despite multiple attempts, both control and KO mice failed to
generate similar mortality rate as our traditional CDI model. This was likely due to the fact
the mice were bred and shipped from a different research facility with unknown resistant
microbiota against CDI. HIF1a-KO mice have zero (0 out of 5) death whereas control group
had one death (out of 9). Log-rank test, P=0.45 (Figure 4d). However, the onset of diarrhea
is delayed by 3 days in HIF1a -KO mice compared to littermate controls (Log-rank test, P
=0.03, Figure 4d). Moreover, HIF1a-KO mice have significantly less weight loss (thus
reduced severity) in comparison to wildtype littermate controls (2=0.008, on day 5, Figure
4d).

VEGFR-2 kinase inhibition reduced vascular permeability and enhanced survival in CDI

mice

Since both VEGF-A production and vascular permeability are significantly elevated by C.
difficile infection (as shown above), and since VEGFR-2 is the main receptor of VEGF-A?Z7,
we hypothesized that blocking VEGFR-2 kinase activity might reduce vascular permeability
and disease severity in CDI. As shown in Figure 5a, administration of SU1498, a kinase
inhibitor of VEGFR-2, significantly reduced vascular permeability in CDI mice (colon,
P=0.006; cecum, £<0.0001, Figure 5a). SU1498 also significantly enhanced survival of CDI
(63% vs. 19%, P=0.001, N=22 & 21; Figure 5b), and significantly attenuated weight loss
during CDI (P=0.04, 0.01 & 0.01 on days 6, 7 and 8 respectively; Figure 5b). No significant
difference was observed in the levels of spores shedded in feces or in the cytotoxic titers of
cecum contents (Supplementary Figure 5).
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Anti-VEGF-A antibody treatment attenuated vascular permeability and protected mice from

CDlI

We next tested the effects of a blocking antibody to VEGF-A on permeability and clinical
parameters in mice with CDI. We found that anti-VEGF-A significantly reduced vascular
permeability in CDI mice compared to its isotype control (colon, £~=0.0007; cecum, P
<0.0001, Figure 5c¢). Consistent with the reduced vascular permeability, treatment with
VEGF-A antibody protected mice from weight loss (A<0.0001) and increased the overall
survival significantly compared to isotype control (62.5% vs. 10.0%, P=0.03) (Figure 5d).
Meanwhile, we found no significant difference between isotype control and untreated
control in these experiments (Figure 5c—d). Like VEGFR-2 inhibitor, anti-VEGF-A also did
not influence the level of C. difficile spores shedded in the fecal samples or the cytotoxic
titers of the cecum contents (Supplementary Figure 5). However, eNOS mRNA expression
in the colon was significantly reduced in CDI mice treated by anti-VEGF-A (Supplementary
Figure 6).

Serum levels of VEGF-A were significantly increased in patients with CDI and then
decreased upon treatment

In order to further validate what we observed in experimental animal models, we decided to
compare the expression of VEGF-A under physiologic conditions and acute CDI in clinical
settings. We measured the levels of VEGF-A and other cytokines in the sera of healthy
human controls and compared those with CDI patients using Milliplex human cytokine/
chemokine magnetic bead assays (Figure 6a). The levels of VEGF-A in the sera of patients
with CDI (986.0 + 210.2 pg/ml, N=50) were markedly (2= 0.001) increased compared to
healthy controls (439.9 £ 85.1 pg/ml, N=35). In contrast to VEGF-A, other cytokines such
as IL-12, IL-17, IL-23, IL-33 and IFNy were not significantly altered in these cohorts
(Supplementary table 1).

In addition, we also compared the levels of VEGF-A and cytokines in the plasma of CDI
patients and the paired follow up sera of each patient (Figure 6b). The levels of VEGF-A in
patients’ follow up sera (after treatment) were significantly reduced compared with the sera
upon CDI diagnosis (interval decrease in 73.9% patients, N=23, 2= 0.015), indicating that
VEGF-A level is associated with CDI disease status.

Discussion

Our results indicate that C. difficik toxin-induced VEGF-A and vascular permeability
contributes substantially to the pathogenesis of CDI. We observed toxin-induced VEGF-A
induction in human colonocytes /n vitro, in an in vivo CDI mouse model, particularly with
isogenic toxin-gene mutants, and in human colonic mucosa biopsies, and more importantly,
enhanced serum levels of VEGF-A in CDI patients and its correlation with disease status.
There is increasing evidence that VEGF-A is an important component of chronic colitis such
as IBD pathogenesis?829, VEGF-A is elevated in distal colonic tissue in a murine colitis
model’® as well as in intestinal tissues and sera of patients with Crohn’s disease and
ulcerative colitis1329-32_ prominent vascular changes in the colon have also been observed
during clinical CDI33:34, Edema, hypoxemia and colonic wall thickening are observed by

Nat Microbiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al.

Page 7

computed tomography scan and colonoscopy in CDI patients33. Besides enhanced vascular
dilation and permeability observed in the CDI mouse model, we also reported marked
increases in blood flow and neutrophilic invasion of the lamina propia in rabbit intestines
exposed to purified C. difficile toxin A34. The substantial role of VEGF-A in both CDI and
IBD may suggest a common role of VEGF-A in both acute and chronic colonic
inflammation of different etiologies.

VEGF was originally described as an endothelial cell-specific mitogen. However, VEGF and
VEGF receptors are additionally expressed on numerous non-endothelial cells including
tumor cells. In our current study we observed that colonic epithelial cells produced and
released VEGF-A in response to C. difficile toxins, indicating that colonocytes may be an
important source of colonic VEGF-A, which is more typically thought to arise from vascular
endothelial cells. Induction of VEGF-A production appeared to be mediated by Erk/P38-
MAPK and HIFa-dependent signaling pathways (Figure 2d—e). This complements the
results of our previous studies and others showing that HIF-1a/2a., p38-MAPK, and
MEK/Erk signaling pathways are activated by C. difficile toxins?0-21:35_ |n the studies
reported by Hirota et al, stabilization of HIF-1a with DMOG attenuated toxin-induced
injury and inflammation in mouse ileal loops injected by TcdA3®. In contrast, in our CDI
mouse model we found that stabilization of HIF-1a. by DMOG exacerbated CDI symptoms
(Figure 4c). The inconsistency may derive from the two different models (whole bacterial
infection vs toxin ileal loop injection). Our knocking down and overexpression of HIF1 in
HIMEC stimulation assay suggest HIF signaling in the colonocytes mediates toxin-induced
VEGF production, which subsequently stimulates intestinal vascular endothelial cells
(Figure 4b).

Our finding adds another layer to our understanding of barrier function in colonic infection
and inflammation, an area where the epithelial cell barrier has been extensively studied but
vascular permeability far less so. The target of VEGF-A is presumably colonic
microvascular endothelial cells as we demonstrated /n7 vitro that colonocytes pre-exposed to
toxins subsequently stimulated human intestinal vascular cells. In addition, a more
permeable vascular barrier was correlated with increased VEGF-A in the CDI mouse model.
Therefore TcdA and TcdB not only directly cause a breach in the epithelial barrier by
disruption of epithelial tight junctions®8, but also indirectly induce VEGF-A production
leading to a more permeable vascular intestinal barrier, which could explain the reported
systemic dissemination of TcdA and TcdB in CDI animal models and in human toxemia
cases3637_ In addition, the leaky vascular barrier may also contribute to C. difficile toxin-
mediated transport of systemic antibodies into the gut lumen as we previously reported38, It
is conceivable that there might be direct toxic effects on vasculature once toxins disseminate
during the late stage of severe CDI, although it was not examined in the current study.

Notably, altering vascular permeability may not be the only role of VEGF-A in CDI
pathogenesis. VEGF-A is also an important proinflammatory cytokine that facilitates
endothelial cell and monocyte/macrophage migration®. VEGF itself can induce other
proinflammatory cytokines such as 1L-839. Meanwhile, anti-VEGF antibody significantly
reduced the vascular effect induced by toxin-exposed epithelial cells (Figure 4b). However,
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because it did not achieve full reduction to the baseline, it may suggest that other cytokines
such as IL-8 could also contribute to this effect.

As colonic vascular barrier is not well studied in enteric infections, our data provided the
first example that bacterial virulence factors-induced breach of colonic vascular barrier
contributes to the pathogenesis of enteric infections. Therefore VEGF-A could serve as a
potential target for CDI treatment. This might enable a host-directed therapy in this enteric
infection, as an alternative approach to the pathogen-targeted therapies. Avastin
(Bevacizumab)is a humanized anti-VEGF-A monoclonal antibody that has been used to treat
various cancers and eye diseases*C. Recently, Mvasi (bevacizumab-awwb), a biosimilar of
Avastin, became the first biosimilar approved by FDA for cancer treatment!. Our current
report suggests that both Avastin and Mvasi may warrant consideration in treating severe,
refractory CDI patients, or potentially CDI in patients with IBD, although their potential side
effects in those patients should also be considered.

Materials and Methods

C. difficile culture and toxin purification

Cell culture

C. difficile strain VPI 10463 (ATCC 43255) stock suspension was inoculated in Difco
cooked meat media (BD Diagnostic Systems) for 36 hours at 37°C. TcdA and TcdB were
purified as previously described?0:4243, Wildtype and isogenic toxin mutants of C. difficile
strain M7404 are listed in supplementary table 1 and have been described previously23.

NCM460, a non-transformed human colonocyte line, was maintained in M3D medium
(INCELL Corporation, San Antonio, TX). HT-29 and HCT116 human colonic cancer cells
(ATCC) were maintained in DMEM. Cells were seeded in 12-well plates, cultured in a 37°C
humidified incubator with 5% CO2 and grown to 70%-100% confluency. Cells were serum-
starved overnight and purified TcdA or TcdB was diluted in culture media then added at the
indicated concentrations for varying lengths of time. In cell signaling experiments, NCM460
cells were treated with TcdA (1.0 ug/ml) or TcdB (1.0 pg/ml) in the presence or absence of
specific inhibitors of p38-MAPK (SB203580, 10 uM), HIFa (FM19G11, 20 pM) and
MEK1/2 (U0126, 10 pM or PD98059, 20 pM) for 12 or 24 hours. HIMECs were isolated as
previously described*4. Briefly, HIMECs were obtained from normal areas of the intestine
from patients admitted for bowel resection. HIMECs were isolated by enzymatic digestion
and subsequently cultured in MCDB131 medium (Sigma-Aldrich) supplemented with 20%
fetal bovine serum (BioWhittaker, Inc., Walkersville, MD), antibiotics (BioWhittaker),
heparin (Sigma-Aldrich), and endothelial cell growth factor (Hybridoma Core Facility,
Cleveland, OH). Cultures of HIMECs were maintained at 37°C in 5% CO2. HIMECs were
used between passages 7 and 12. Cell lines were not further authenticated and were free of
mycoplasma contamination by PlasmoTest™ Detection Kit (InvivoGen). HCT116 HIF-1a
knock down (KD) and HIF-1a over expression (OE) cell lines were generated and validated
as previously described?45:46.
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Tube Formation Assay

Human colonic epithelial cells, NCM460, were treated with Toxin A, or Toxin B at 1.0
ug/ml. In the HIF1a experiment in Figure 4B, HCT116 parental (WT) cells, HIF-1a. knock
down (KD) and over expression (OE) cells were treated with mixture of Toxin A and toxin B
at 1.0 pg/ml each. Cell culture media were collected 24 hours later, centrifuged at 1000 g for
5 min (to remove floating cells), ultra-filtered to remove toxin(s) using Amicon® Ultra
Centrifugal Filters (100KD) (EMD Millipore, Inc) and applied on HIMEC (1:1 with HIMEC
culture media) and tube formation was assessed 24 hours later. Cells were labeled with
calcein (Life Technologies, Grand Island, NY) for 30 minutes according to the
manufacturer’s instructions and were visualized under a Leica DMI16000 microscope (Leica
Microsystems Wetzlar GmbH, Wetzlar, Germany). Images were captured with an Orca-R2
ER-150 CCD camera (Hamamatsu Photonics K.K., Bridgewater, NJ) and processed with
Photoshop CS5 version 12 (Adobe Systems Inc., San Jose, CA), as previously described?®.
Relative total tube length present in each entire field (pixels/pixels?) was measured using
ImageJ version 1.46d (NIH, Bethesda, MD). For these histological imaging analyses,
investigators were blinded to the animals’ groups.

CDI mouse model

The mouse antibiotic-associated CDI model was employed as previously reported*”. Briefly,
8-week-old female C57BL6 mice (from Jackson Laboratory, Bar Harbor, Maine) were used
in all experimental groups. Each mouse was administrated an antibiotic mixture of
kanamycin (40 mg/kg/d), gentamicin (3.5 mg/kg/d), colistin (4.2 mg/kg/d), metronidazole
(21.5 mg/kg/d), and vancomycin (4.5 mg/kg/d) in drinking water for 3 days, followed, 2
days later by a single dose of clindamycin (10 mg/kg) intraperitoneally 24 h prior to
challenge with 0.5x10° cfu C. difficile (strains VP110463, 3232 or CF2). The mice were
monitored for daily weight and survival. In experiments of mice infected with isogenic
mutant strains, the mouse model was based on a modified version of one previously
described?3. The intestinal epithelium-specific HIF-1a knockout mice (designated Hifla.-
KO) HIF-1a2IE and littermate controls were described as we previously reported28. All
animal experiments were performed in accordance with the guidelines of the IACUC
committee of Beth Israel Deaconess Medical Center and the Monash University Animal
Ethics Committee (Monash University AEC no. SOBSB/M/2010).

Immunohistochemistry

Mice colorectal tissues were fixed in 4% paraformaldehyde for 4 hours and then embedded
and frozen in Tissue-TeK O.C.T. Compound (SAKURA Finetex, CA), and 5-um sections
were mounted on slides. Immunohistochemistry were performed using either rabbit
polyclonal von Willebrand Factor (VWF) antibody (AB7356; EMD Millipore) (BD
Pharmingen, San Diego, CA) or rat anti-mouse eNOS antibody (Thermo Scientific,
Waltham, MA), as reported?448. Imaging of stained colorectal tissues were captured using
Zeiss microscope system. Relative density of eNOS staining in sub-mucosal vessels was
analyzed and standardized using Volocity 3D Image Analysis Software 6.3 (Perkin Elmer,
Inc.) Computerized VWEF-stained image analysis was performed using the Scion Image
Software (Scion Corp., Frederick, MD) as previously described!®.

Nat Microbiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al. Page 10

Administration of VEGFR-2 kinase inhibitor (SU1498), VEGF-A antibody (2G11-2A05) or
DMOG in vivo

To inhibit VEGFR-2, mice were treated with daily intraperitoneal injections of 100ul
SU1498 (30 mg/kg in dimethyl sulfoxide, Sigma Aldrich, Inc.) or dimethyl sulfoxide alone
starting on the day of C. difficile gavage and continuing daily for 3 days*°. To neutralize
VEGF-A, mice were treated with intraperitoneal injection of 250 g rat anti-mouse VEGF-A
antibody (2G11-2A05) or the isotype control IgG2a (each at 12.5 mg/kg, Biolegend, Inc.)>0
at 12 and 36 hours after C. difficile challenge. To stabilize HIF-1a prolyl hydroxylase, mice
were treated with intraperitoneal injections of 1200ul DMOG (400mg/kg in saline, Cayman
Chemical) starting on the day of C. difficile gavage for 2 days.

Cytokine measurement

Muice colorectal tissues were weighed and homogenized in RIPA buffer with a protein kinase
inhibitor cocktail (1 g tissue in 10 ml buffer). Total protein was quantified by Bradford
Assay. Tissue or human sera cytokines (VEGF-A, IL-10, IL-12, IL-17, IL-23, I1L-33 and
IFNy) were measured by ELISA or Multiplex human cytokine/Chemokine Magnetic Bead
assays (EMD Millipore, Inc).

Vascular permeability assay

To evaluate vascular permeability as previously described®!, we injected Evans Blue (30
mg/kg in 100 pl PBS; Sigma Chemical Co., St. Louis, Missouri, USA) into the tail vein of
mice 36 hours after C. difficile challenge. Mice were sacrificed 20 minutes after Evans Blue
injection, photographs were taken and colorectal tissues were removed, cut along the sagittal
direction with feces removed, and blotted dry. The Evans blue dye was extracted with 1 ml
of formamide overnight at 55°C and measured spectrophotometrically at 600nm. Data were
expressed as mean £ SEM. Comparisons of the amounts of dye extravasation were evaluated
by the unpaired ¢test.

Quantification of spores from mice feces

Fecal samples were collected on day 1 to 3 and 40 mg of feces were hydrated with 500 ul in
sterile water for 16 h at 4°C, and then added 500 pL of absolute ethanol which were
incubated for 60 min at room temperature. Samples were serially diluted and plated onto
selective medium supplemented with taurocholate (0.1% w/v), Cefoxitin (16 pg/mL), L-
cycloserine (250 ug/mL) (TCCFA plates). The plates were incubated anaerobically at 37°C
for 48 h, colonies counted and results expressed as the Log10 [CFU/gram of feces]

Cecum content cytotoxicity assay

3T3 cells were seeded in a 96-well plate at a density of 10° cells/well. Cecum contents from
mice were suspended in PBS at a ratio of 1:10, vortexed and centrifuged (14,000 rpm, 5
min). Supernatant was filter sterilized and serially diluted in DMEM supplemented with
10% FBS and 1% penicillium streptomycin and 100 pl of each dilution was added to 3T3
wells. After 24 h of incubation at 37°C, plates were screened for cell rounding. The
cytotoxic titer was defined as the reciprocal of the highest dilution that produced rounding in
at least 50% of cells per gram of cecal luminal samples under X200 magnification.
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Ex vivo human colonic mucosal biopsy culture and cytokine measurement

Patient sera

Normal human colonic mucosa was obtained by forceps biopsy from the distal colon of
healthy volunteers undergoing screening colonoscopy according to a protocol approved by
the Committee on Clinical Investigation (Institutional Review Board) of Beth Israel
Deaconess Medical Center. All human biopsy samples were obtained with informed consent.
Biopsies were washed with ice-cold plain medium and immediately transferred to a 24-well
plate. Each biopsy well contained 0.5 ml RPMI-1640 with 100U/mL penicillin and 100
ug/mL streptomycin (Life Technologies) that contained TcdA (0.1 or 1.0 pg/ml) or TcdB
(1.0 or 10.0 pg/ml). We maintained the cultures in 95% O, and 5% CO, at 37°C for 24
hours, and then harvested the supernatants for VEGF-A and cytokine measurements using
Milliplex human cytokine/Chemokine Magnetic Bead assays.

Stored sera from previous prospective cohort studies of the host immune response to
nosocomial C. difficile infection were examined®2. These included sera from healthy
controls (n=35), patients with CDI upon diagnosis (77=50), and follow up CDI patients after
treatment (> 5 days) (n=23). C. difficile diarrhea was defined as diarrhea not attributed to
any other cause and associated with a positive stool test for C. difficile toxin. This study was
approved by the Institutional Review Boards of Beth Israel Deaconess Medical Center.
Discarded laboratory samples and samples obtained from patients who provided written
informed consent were collected. Additional information regarding clinical study design,
patient demographics and risk factors for CDI has been published previously®2.

Statistical analysis

We performed statistical analysis with the use of GraphPad Prism 6 software program
(GraphPad Software, San Diego, CA). Analyses using the Mann—Whitney test, two-way
ANOVA, ¢ testand paired ftest were performed as appropriate. Results are expressed as
mean + standard error unless otherwise indicated. Survival data were analyzed by Kaplan-
Meier survival analysis. Pvalues less than 0.05 were considered statistically significant. For
histological imaging and cytokine analysis, investigators were blinded to the animals’ groups
or human subjects, but not blinded for survival experiments and analysis. Statistical
consideration was not employed to choose the number of mice used. The sample size was
chosen on the basis of our previous experience and the principles of the ‘3 Rs’ (reduction,
refinement and replacement); all n values are indicated in figure legends and/or results
section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. C. difficile infection led to increased colonic vascular permeability in mice.
Antibiotic-exposed C57BL6 mice were infected with 0.5x10° cfu C. difficile VP110463.

Colon and cecum tissue was harvested at 24 and 48 hours post-infection. (a) Colorectal
tissue freshly obtained from control and CDI mice demonstrated more visible colonic
vasculature. This experiment was repeated at least 10 times independently with similar
results. (b & ¢) C. difficile infection led to increased colonic vascular permeability in mice.
Vascular permeability was quantified by Evans Blue extravasation method. Data are
presented as Mean + SEM, ****/<0.0001. N=10 biological independent animals in each
group. (d & e) Significant increase of colonic vascular staining in CDI mice. Representative
images of VWF staining. Scale: 100 um N=5 (control), N=6 (CDI) biologically independent
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animals. **P=0.0048. Data are presented as Mean + SEM. Two-sided t-test was used for all
statistical analysis above.
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Figure 2. C. difficile toxinsinduced VEGF-A production in human colonocytes; thisinduction
was mediated by HIFa.,, p38-M APK and MEK 1/2 signaling pathways.

(a) Angiogenesis cytokines array demonstrated that VEGF-A and IL-8 were induced
significantly in NCM460 cells treated with TcdA (1.0 pg/ml) for 6, 12 and 24 hours. IL-1a
(P=0.184), IL-1B (P=0.096), IL-6 (P=0.094), IL-17 (P=0.074), VEGF-C (P=0.250), VEGF-
D (P=0.427), TNFa (P=0.060), TNFB (~=0.184), FGF-2 (~=0.250),VEGF-A (P=0.0008),
IL-8 (P=0.0019). Three independent biological samples were used in each group. Data are
presented as Mean = SEM, two-sided t-test was used for all statistical analysis.
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(b & ¢) NCM460 cells were treated with TcdA or TcdB at various concentrations (0.01, 0.1,
1.0 and 10 ug/ml) for 12 or 24 hours. VEGF-A concentration in the media was quantified by
ELISA. TcdA induces dose-dependent VEGF-A production in NCM460 colonocytes,
P=0.070 (ctrl vs. TcdA0.01pg/ml), £=0.012 (ctrl vs. TcdAO.1pg/ml), £=0.019 (ctrl vs.
TcdA1.0pg/ml), P=0.003 (ctrl vs. TcdA10ug/ml). TcdB at concentrations of 0.01, 0.1 and
1.0 ug/ml induced VEGF-A production significantly, although not at 10 pg/ml due to cell
cytotoxicity. P=0.022 (ctrl vs. TcdB0.01pg/ml), £=0.007 (ctrl vs. TcdBO0.1ug/ml), £=0.016
(ctrl vs. TcdB1.0pg/ml), P=0.217 (ctrl vs. TcdB10ug/ml) (d & €) HIFa, p38-MAPK and
MEKZ1/2 signaling pathways are all involved in TcdA or TcdB-induced VEGF-A production.
TcdA- or TcdB-induced VEGF-A production in NCM460 cells was inhibited by each of
these inhibitors: p38-MAPK (SB203580, 10 uM), HIFa (FM19G11, 20 uM) and MEK1/2
(U0126, 10 uM or PD98059, 20 uM). P=0.001 (ctrl vs. TcdA), P=0.005 (TcdA vs. TcdA
+U0126), P=0.0002 (TcdA vs. TcdA+SB230580), P=0.024 (TcdA vs. TcdA+PD98059),
P=0.003 (TcdA vs. TcdA+ FM19G11), P=0.016 (ctrl vs. TcdB), £=0.004 (TcdB vs. TcdB
+U0126), P=0.011 (TcdB vs. TcdB+SB230580), £=0.034 (TcdB vs. TcdB+PD98059),
P=0.001 (TcdB vs. TcdB+FM19G11). Data are presented as Mean + SEM, two-sided t-test
was used for all statistical analysis above. */<0.05, **P<0.01, ***F<0.001. N=3
independent biological samples. These experiments were individually repeated three times.
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Figure 3. Toxinsinduced VEGF-A production in CDI micein vivo and in human colonic mucosa
ex vivo.

(a) Antibiotic-exposed mice were infected with 0.5x10° cfu C. difficile VP110463. Tissue
VEGF-A was quantified by ELISA. VEGF-A protein is significantly increased in both the
colon and cecum of CDI versus control mice at 48 hours post-infection (£=0.003; £<0.0001,
N=6 & 7 biologically independent animals). £=0.898 (ctrl vs. 24h, colon), £=0.001 (ctrl vs.
48h, colon), P=0.387 (ctrl vs. 24h, cecum), £<0.0001 (ctrl vs. 48h, cecum). Values are
expressed as means * SE, two-sided t-test was used for statistical analysis.

(b) TcdA and TcdB induced VEGF-A production during infection. Mice were infected with
wildtype and isogenic toxin mutants of C. difficile strain M7404. Colonic VEGF-A at 48
hours post infection quantified by ELISA was significantly elevated in mice infected by the
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wildtype (TcdA™B™), TcdA-B* and TcdA*B~ mutant strains, but not in mice infected with
the double negative TcdA™B™ mutant strain. Data were represented as mean + SEM, two-
sided t-test was used for statistical analysis, *A<0.05; **P<0.01, N=5 biological independent
animals in each group except TcdA-B+ group (N=4). P=0.02 (uninfected vs. wildtype);
P=0.02 (uninfected vs. TcdA-B+); £=0.0079 (uninfected vs. TcdA+B-); £=0.02 (TcdA-B+
vs. TcdA-B-); P=0.02 (TcdA-B+ vs. TcdA+B-)

(c, d) VEGF-A was induced in human colonic mucosa exposed to TcdA or TcdB. Freshly
obtained human colonic mucosal biopsies were placed in ex vivo culture and exposed to
TcdA (0.1, 1.0 pg/ml) or TcdB (1.0, 10 pg/ml) for 24 hours. VEGF-A released into the
conditioned media was measured by Milliplex Human Cytokine Magnetic Bead assays. Data
were represented as mean + SEM, two-sided t-test was used for statistical analysis, */£<0.05;
**P<0.01, ****P<0.0001, NS: not significant, N=13 in TcdA & N=5in TcdB. £=0.302 (ctrl
vs. TcdAO.1pg/ml), £=0.006 (ctrl vs. TcdA1.0pg/ml), P=0.013 (ctrl vs. TcdB1.0pg/ml),
P=0.012 (ctrl vs. TcdB10ug/ml).

(e) Immunohistochemical analysis of eNOS in colonic tissue of normal or CDI mice. Yellow
arrows indicate sub-mucosal vascular vessels (Scale bars: 100 um). Bar chart shows
increased expression score of vascular endothelial eNOS in CDI mice compared to control
(P=0.005). N=8 biological independent animals in each group.

(f) RT-PCR relative amounts of eNOS expression in control animals and those infected with
CDI. Values are expressed as means * SE, two-sided t-test was used for statistical analysis.
*P=0.0228 compared with control, N=5 biological independent animals in each group.
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Figure 4. Human colonocytes pre-exposed to TcdA or TcdB stimulated HIMEC proliferation,
which was mediated by HIF signaling.

(a) Human colonocytes pre-exposed to TcdA or TcdB stimulated HIMEC proliferation.
NCM460 cells were pre-treated with Toxin A or Toxin B at 1.0 ug/ml for 24 hours. The
supernatant were ultra-filtered to remove toxins before applying to HIMEC cells. After
another 24 hours, tube formation of HIMEC was quantified. Compared to naive cell,

NCM460 cells exposed to either toxin A or B significantly enhanced HIMEC tube formation

(P<0.0001 each). Data are presented as Mean + SEM. Two-sided t-test was used for
statistical analysis.

(b) HIF-1a signaling in human colonocyes mediates toxin-induced HIMEC proliferation
through VEGF. Human colonocytes HCT116 with wildtype HIF-1a (WT), HIF-1a knock
down (KD), or HIF-1a over expression were stimulated by mixture of TcdA and TcdB at
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1.0 pg/ml each. Using the same approach above in A, relative HIMEC tube formation were
compared among all experimental groups. All cell lines responded to toxins in the
subsequent HIMEC stimulation. Compared to wildtype cells (WT), HIF-1a knock down
(KD) cells had significantly less stimulation of HIMEC proliferation (P=0.0065) whereas
HIF-1a overexpression significantly enhanced the effect on HIMEC (P=0.04), which was
attenuated by VEGF-A neutralizing antibody (~=0.03). Data are presented as Mean + SEM.
Two-sided t-test was used for statistical analysis.

(c) Stabilization of HIF-1a expression exacerbated CDI severity; Inhibition of eNOS
protected against CDI. CDI mice were treated with DMOG (400mg/kg ip, day 1 and day 2),
L-NAME (20mg/kg ip, day 1, 2 and 3) or vehicle (saline, day 1, 2 and 3) respectively.
DMOG treatment significantly exacerbated the death rate in CDI mice (P<0.0001). In
contrast, inhibition of eNOS by in vivo administration of L-NAME significantly protected
CDI mice (P=0.04). N=10 biological independent animals in each group. Log-rank (Mantel-
Cox) test was used for survival analysis.

(d) Knocking out HIF-1a specifically in intestinal epithelial cells reduced CDI symptom in
mice. Both HIF1a-KO mice and wildtype littermate control were challenged with C difficile
using the same protocol described above. Litters from both groups are more resistant against
CDI compared to our other mice experiments. There is no significant difference in the
mortality rate (P=0.456, upper panel, Log-rank test). The onset of diarrhea are significantly
delayed and the percentage of diarrhea was reduced in HIF1a-KO mice (middle panel, P
=0.03, Log-rank test). There is significantly less weight loss in HIF1a-KO group compared
to wildltype (lower panel, on day 5, £=0.008, two-sided t-test). N=9 in wildtype littermate
control. N=5 in HIF1a-KO group. n.s. nonsignificant; ** £<0.01.
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Figure 5. Both VEGFR-2 kinase inhibition and Anti-VEGF-A treatment attenuated vascular
per meability and protected mice from C. difficile infection.

(a) VEGFR-2 kinase inhibitor SU1498 significantly attenuated vascular permeability in
mice infected with C. difficile. Colon: P=0.0002 (Ctrl vs. CDI), £=0.006 (CDI vs. CDI
+SU1498); cecum: £<0.0001 (Ctrl vs. CDI), £<0.0001 (CDI vs. CDI+SU1498); N=8
biological independent animals in each group. CDI mice were treated with SU1498 (a
selective inhibitor of VEGFR-2 kinase, 30 mg/kg 7.p. daily for 3 days). Colonic and cecal
vascular permeability was quantified as described above. Data are presented as Mean *
SEM, two-sided t-test was used for statistical analysis.
(b) SU1498 treatment significantly enhanced survival of CDI versus control mice (63% vs.
19%, P=0.001, N=22&21 biological independent animals, Log-rank test) (upper panel).
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Relative body weights were monitored daily and were compared using the Mann-Whitney U
test. SU1498 treatment reduced the weight loss associated with CDI as compared to vehicle
control. P=0.044 (day6), 0.012 (day7), 0.012 (day8). Data are presented as Mean + SEM,
two-sided t-test was used for statistical analysis, */<0.05, **/<0.01, ***P<0.001. N=22 &
21 biological independent animals (lower panel).

(c) Anti-VEGF-A treatment significantly attenuated vascular permeability in mice infected
with C. difficile compared to isotype control (colon: A=0.0007; cecum: £<0.0001; N=6
biological independent animals in each group). CDI mice were either untreated or treated
with anti-mouse VEGF-A antibody or isotype control by i.p. injection at 12h and 36h after
C. difficile challenge. Colonic and cecal vascular permeability was quantified as described
above. Data are presented as Mean + SEM, two-sided t-test was used for statistical analysis.
P=0.154 (untreated vs. isotype ctrl, colon), £=0.0005 (isotype ctrl vs. anti-mouse VEGF-A,
colon), £=0.197 (untreated vs. isotype ctrl, cecum), A<0.0001 (isotype ctrl vs. anti-mouse
VEGF-A, cecum).

(d) Anti-VEGF-A antibody treatment protected mice from weight loss (£<0.0001, data are
presented as Mean + SEM, two-sided t-test) and increased the overall survival significantly
relative to isotype control (62.5% vs. 10.0%, P=0.03, Log-rank test). N=8 in anti-VEGF-A
group, N=8 in isotype group, & N=10 in untreated group.
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Figure 6. Enhanced serum levels of VEGF-A in CDI patientsand reduced VEGF-A level in

follow-up sera after standard treatment.

Serum VEGF-A were measured and compared in healthy control (N=35), active CDI
patients (N=50) and 23 of these CDI patients’ follow-up sera (N=23). (a) Serum levels of
VEGF-A are significantly higher in CDI patients than in healthy controls (£=0.001, two-

sided Mann-Whitney test). Data are presented as Mean + SEM. (b) VEGF-A is significantly

lower in follow-up sera of CDI patients than their paired sera in active CDI (P=0.015,
Wilcoxon matched pairs test). Data were presented as paired (pre- and post-treatment)

VEGF-A concentrations in each patient’s sera.
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