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SUMMARY

This study examines the cell type-specific impact of
hypoxia-inducible factor-la activation in disease. The au-
thors show that endothelial hypoxia-inducible factor-1«a

deletion confers resistance to radiation-induced enteritis,
but similar deletion in intestinal epithelium does not. These
results suggest new functions of endothelial hypoxia-
inducible factor-la-signaling pathways as mediators of
mucosal inflammatory processes.

BACKGROUND & AIMS: Radiation therapy in the pelvic area is
associated with side effects that impact the quality of life of cancer
survivors. Interestingly, the gastrointestinal tract is able to adapt
to significant changes in oxygen availability, suggesting that
mechanisms related to hypoxia sensing help preserve tissue
integrity in this organ. However, hypoxia-inducible factor (HIF)-
dependent responses to radiation-induced gut toxicity are
unknown. Radiation-induced intestinal toxicity is a complex pro-
cess involving multiple cellular compartments. Here, we investi-
gated whether epithelial or endothelial tissue-specific HIF-1«
deletion could affect acute intestinal response to radiation.

METHODS: Using constitutive and inducible epithelial or
endothelial tissue-specific HIF-1a deletion, we evaluated the

consequences of epithelial or endothelial HIF-1« deletion on
radiation-induced  enteritis after localized irradiation.
Survival, radiation-induced tissue injury, molecular inflam-
matory profile, tissue hypoxia, and vascular injury were
monitored.

RESULTS: Surprisingly, epithelium-specific HIF-1a deletion
does not alter radiation-induced intestinal injury. However,
irradiated VECad-Cre*/HIF-1a"™/F' mice present with lower
radiation-induced damage, showed a preserved vasculature,
reduced hypoxia, and reduced proinflammatory response
compared with irradiated HIF-1af"/F* mice.

CONCLUSIONS: We demonstrate in vivo that HIF-1a impacts
radiation-induced enteritis and that this role differs accord-
ing to the targeted cell type. Our work provides a new role
for HIF-1a and endothelium-dependent mechanisms driving
inflammatory processes in gut mucosae. Results presented
show that effects on normal tissues have to be taken into
account in approaches aiming to modulate hypoxia or
hypoxia-related molecular mechanisms. (Cell Mol Gastro-
enterol Hepatol 2018;5:15-30; http://dx.doi.org/10.1016/
J.jemgh.2017.08.001)
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See editorial on page 61.

adiation therapy is a powerful treatment for patients
with cancer. However, radiation is also associated
with side effects caused by the exposure of healthy tissues
adjacent to the radiation field."* For many years, the patho-
genesis of radiation enteropathy has been exclusively
explained by the severity of the depletion of progenitor
epithelial cells based in crypts. Today, the contemporary vision
of radiation enteropathy pathogenesis is integrated and
involves multiple cell compartments that interact in a complex
sequence of events following the radiation insult.** Thus, the
immune system, enteric nervous system, macrovascular and
microvascular systems, mesenchymal and epithelial cells,
and even gut microbiome can contribute to the initiation and
progression of radiation-induced intestinal injury. Moreover,
the pathophysiology of radiation enteropathy is a multifaceted
process involving activation of the coagulation cascade,
inflammation, epithelial regeneration, accumulation of
granulation tissue, and matrix deposition and remodeling.**
Exposure of normal tissues to high-dose ionizing radia-
tion, including the intestinal wall, induces capillary loss and
provokes phenotypic endothelial cell alteration with the
acquisition of a proinflammatory, prothrombotic, and anti-
fibrinolytic phenotype.® Microvascular injury is a prominent
feature of both early mucosal ulceration and delayed
intestinal wall fibrosis. Endothelial cell depletion can directly
impact tissue oxygen content and consequently lead to
cellular adaptation to changes in oxygen. At the molecular
level, cellular adaptation to hypoxia is mainly driven by
hypoxia-inducible factors (HIFs), which are inactive when
oxygen is abundant and activated under hypoxic conditions.”
The HIF-1 transcription factor is a heterodimer of 2 subunits:
the highly oxygen-regulated « subunit (HIF-1a) and a
constitutively expressed § subunit (HIF-16). In normoxia,
HIF-1a protein is hydroxylated by prolyl hydroxylases. Hy-
droxylated HIF-1« forms a complex with von Hippel-Lindau
protein, which results in ubiquitination and subsequent
proteasomal degradation. Under hypoxic conditions, prolyl
hydroxylase activity is inhibited and HIF-1la accumulates,
translocates to the nucleus, and activates the expression of
target genes by binding to hypoxia-responsive elements.
Prolyl hydroxylases are key regulators of intestinal bar-
rier function® and relationships between hypoxia and
inflammation and interdependence between hypoxic and
immune responses have been documented.”'’ Inflamed
lesions often become hypoxic and hypoxia impacts a broad
panel of inflammatory response genes, in part by HIF-1-
dependent mechanisms. Overexpression of HIF-1 was
observed in high-grade radiation-induced proctitis, suggest-
ing that HIF-1 can be a key player in the pathogenesis of
radiation-induced rectum injury.11 In preclinical models of
total body or global abdominal irradiation, pharmacologic
prolyl hydroxylase inhibitor increases HIF activity,
which protects against radiation-induced gut toxicity by an
HIF-2- but not HIF-1-dependent mechanism.'? Moreover,
using HIF-1 and HIF-2 lox-stop-lox mice crossed with
Tie-2-Cre transgenic mice to activate HIF-1 or HIF-2 in the

Cellular and Molecular Gastroenterology and Hepatology Vol. 5, No. 1

endothelium, Taniguchi et al'? showed that endothelial-

specific expression of either HIF-1 or HIF-2 was not
sufficient to protect against gastrointestinal syndrome after
18-Gy abdominal irradiation. Interestingly, conditional
epithelial activation for HIF-2 but not for HIF-1 protects
against radiation gastrointestinal toxicity after 18-Gy
abdominal irradiation. These results showed that epithelial,
but not endothelial, HIF-2 mediates the radioprotective effect
and that HIF-1 is not involved. These results highlight the
complexity of hypoxia-associated mechanisms in the intesti-
nal response to stress, but the role of hypoxia-dependent
molecular signals in radiation-induced intestinal inflamma-
tion remains unclear. Here, we investigated whether epithe-
lial- or endothelial-specific HIF-1a genetic deletion affects
acute exposure of the gut to localized radiation.

Materials and Methods
Mouse Models and Genotyping

All animal experimental procedures were approved by the
ethics committee of the Institute for Radiological Protection
and Nuclear Safety (protocol number P13-18). The condi-
tional tissue-specific HIF-1la deletion was generated by
crossing transgenic mice expressing Cre recombinase with
HIF-1a floxed mice (B6.129-Hif1a"™*9°/] strain from The
Jackson Laboratory (Sacramento, CA). These mice possess
loxP sites on either side of exon 2% (Figure 14). The following
mice were used for this study: VE-cadherin-Cre (VECad-Cre)
mice,'* VECad-CreER™ mice,'® Villin-Cre mice,'® Villin-Cre-
ER™ mice,"”” and ROSA26R LacZ reporter (ROSA) mice
(The Jackson Laboratory). Crossing of these lines was used to
obtain the following mice: VECad-Cre™"/ROSA™/™, Villin-
Cre™/"JROSA™*,  VECad-CreER™"//ROSA™",  Villin-
CreER™/"/ROSA™™", HIF-1a"/F“VECad-Cre™", HIF-1a""/
FLVECad-CreER"*"/", HIF-1a"/*Villin-Cre*/,, and HIF-1a"/
FLyillin-CreER™ "/~ (Figure 1B). Genotyping of transgenic an-
imals was performed by polymerase chain reaction (PCR) on
tail DNA to determine the genotype (Figure 1C). Primer
sequences for genotyping were as follows: Primers
GGTGCTGGTGTCCAAAATGT (forward) and GGGCAGTACTG-
GAAAGATGG (reverse) were used to detect a 345-bp product
for the floxed HIF-1« allele and a 295-bp product for the wild-
type allele, primers GCAGGCAGCTCACAAAGGAACAAT (for-
ward) TGTCCTTGCTGAGTGACAGTGGAA (reverse) were used
to amplify a 550-bp product for the wild-type allele and a 310-
bp product for the Cre transgene in VECad-Cre mice, and

endothelial-to-
FI/FL
’
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Figure 1. (A) Molecular targeting strategy for HIF-1« deletion. (B) Global breeding scheme for producing transgenic mice
for experiments. For inducible models using VECAD-CreER™ or Villin-CreER'™, the same breeding protocol was used and
mice were treated with tamoxifen to produce recombination events. (C) Genotype identification from DNA tail by PCR to
discriminate each mouse genotype. (D) Specific recombination events in endothelium or in epithelium in intestinal tissue.
Recombination events were checked using ROSAZ26R reporter mice. LacZ staining of gut from VECad-Cre/ROSA26R mice,
Villin-Cre/ROSA26R, and VECad-CreER™?/ROSA26R Villin-CreER™2/ROSA26R. (EL Relative HIF-12 mRNA expression in
intestinal tissue from HIF-1a™F- mice, HIF-1a™~ - VECad-Cre*’~ mice, and HIF-1a™ - Villin-Cre*’~ mice. Results are mean +
standard error of the mean with 12 mice per group. *P < .05 versus HIF-1a"F group.
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Human Tissues

Mouse tissues

primers CAAGCCTGGCTCGACGGCC (forward) and CGCGAA-
CATCTTCAGGTTCT (reverse) were used to detect a 300-bp
product for the Cre transgene allele in both Villin-Cre and
Villin-CreER™ mice. Presence or absence of the ROSA26
fragment was determined using 3 primers: RI:
5’-AAAGTCGCTCTGAGTTGTTAT -3’ forward, R2: 5’- GCGAA-
GAGTTTGTCCTCAACC-3’ reverse, and R3: 5-GGAGCGGGA-
GAAATGGATATG -3’ reverse. R1 and R2 detected the ROSA26
fragment (603 bp), whereas R1 and R3 detected the endoge-
nous locus (therefore absence of ROSA26 fragment) (340 bp).
Activation of CreER™ recombinase was induced by daily
intraperitoneal injections of 2 mg tamoxifen (diluted in 10%
EtOH in sunflower oil) for 5 days. Irradiations occurred 1
weeKk after the first injection, a time point at which we checked
that CreER™ recombinase was functional.

Animal Experimental Procedures

Radiation enteropathy was induced by exposure of an
intestinal segment to 19 Gy of radiation as previously
described.'® Briefly, mice were anesthetized with isoflurane
and, after laparotomy, a 3-cm-long intestinal segment was
exteriorized and exposed to a single dose of 19 Gy of gamma
irradiation (°°Co source, dose rate 0.8 Gy/min). Sham-
irradiation (Sham-IR) was performed by maintaining the
intestinal segment exteriorized without radiation exposure.
After radiation exposure or Sham-IR, the exposed segment
was returned to the abdominal cavity and peritoneum/
abdominal muscles and skin were separately closed
with interrupted sutures. For the radiation-induced gastro-
intestinal syndrome model, 13 Gy total body irradiation
(TBI) was performed using a ®°Co source (dose rate 0.8 Gy/
min) or an Elekta Synergy Platform (Elekta SAS France,
Boulogne, France) delivering 4 MV X-rays at 2.5 Gy/min.
Tissue hypoxia was assessed using a Hypoxyprobe-1 kit
(Chemicon, Millipore, France). Pimonidazole hydrochloride

Figure 2.HIF-1a expres-
sion in human and mouse
gastrointestinal tract.
Representative  immuno-
staining of HIF-1a shows
expression in both epithe-
lium and endothelium.

was given at a dose of 60 mg/kg in 0.9% saline via retro-
orbital injection 45 minutes before euthanasia. For positive
control, 5 C57/BL6] mice underwent mesenteric vascular
ligation to induce local hypoxia of part of the small intestine
for 15 minutes before euthanasia. Vascular integrity was
assessed using fluorescently (fluorescein isothiocyanate)
labeled Griffonia (Bandeiraea) simplicifolia lectin 1 (Sigma,
Saint-Quentin Fallavier, France). BS1-lectin fluorescein iso-
thiocyanate was given at a dose of 2.5 mg/kg in 0.9% saline
via retro-orbital injection 45 minutes before euthanasia.

Histology and Immunohistochemistry

For (-galactosidase staining, intestinal tissues were
embedded with Tissue-Tek OCT (Sakura Finetek, France)
mounting medium and frozen in isopentane cooled by liquid
nitrogen. Assays were performed using the §-Gal staining kit
(Invitrogen LifeTechnologies, France) according to the man-
ufacturer’s instructions. Slides were counterstained with
nuclear fast red (Sigma, Saint-Quentin Fallavier, France) ac-
cording to the manufacturer’s instructions.

To perform global analyses of the irradiated tissues,
histology and immunohistochemistry were performed on
different groups of animals. For routine histology analysis,
intestines were fixed in 4% formaldehyde solution and
embedded in paraffin. Longitudinal sections (5 um) were
stained with hematoxylin-eosin-saffron. Radiation injury
score was previously described in detail."®

Crypts surviving irradiation were identified based on
histologic appearance (ie, undilated and possessing at least 10
well-stained epithelial cells and 1 Paneth cell). Surviving crypts
were counted using the histolab image analysis software
(Microvision Instruments, France), over a total tissue length of
between 3000 and 5000 um, and related to 1000 um.

For immunohistochemistry experiments, intestinal tis-
sues were embedded in paraffin and staining was
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Figure 3. (A) Kaplan-Meier analyses representing the percent survival of irradiated HIF-1o™ -and HIF-1o™F-Villin®"® /-
mice after 19 -Gy localized intestinal radiation exposure. (B) Representative microscopic alterations obtained in HIF-1a"~F-
andin HIF-1a"Y Villin-Cre™ mice 3and 7 days afterirradiation. Slides were stained with hematoxylin-eosin-saffron. Scale bar =

100 um. (C) Radiation injury score in HIF-1a"

and in HIF-1a™Villin-Cre*~ mice 3 and 7 days after irradiation (n = 8-10 mice

per group). (D) Radiation injury score in HIF-1a"™~ - and in HIF-1a"“FVillin-CreER® "~ mice treated with tamoxifen 3 and 7 days
after irradiation (n = 6-8 mice per group). (E) Kaplan-Meier analyses representing the percent survival of irradiated HIF-1 ot
and HIF-1a"™ 1 Villin*~ mice after 13-Gy total body irradiation (NS, P = .0513). NS, not significant.

performed on 5-um sections. For CD68 and pimonidazole
immunostaining, tissue sections were heated in a citrate
buffer, pH 6.0 antigen retrieval solution (Dako, Les Ulis,
France) that unmasks antigens before immunostaining.
Then, sections were permeabilized with a PBS-0.1% Triton-
0.1% sodium citrate solution for 10 minutes and nonspecific
sites were blocked in block solution (Dako). Sections were
then incubated with rabbit antimouse CD68 from Abcam
(Paris, France) 1/200° or antipimonidazole (Hypoxyprobe-1
kit) 1/200 for 1 hour at room temperature. Negative control
animals were not exposed to primary antibodies. All sam-
ples were incubated with an antirabbit-HRP (Dako) for 45
minutes. For staining and counterstaining procedures,

Histogreen (Eurobio/Abcys, Courtaboeuf, France), nuclear
fast red, and Hemalun (Sigma) were used according to the
manufacturer’s instructions.

For the CD68 infiltration score, the number of CD68™ cells
related to a fixed area was determined using Histolab soft-
ware (Micorvision Instruments, Evry, France). For BS-1 lectin
visualization, intestinal tissues were embedded with Tissue-
Tek OCT mounting medium and frozen in isopentane cooled
by liquid nitrogen. Frozen sections of 30 um were fixed using
4% paraformaldehyde for 10 minutes and nuclei were
counterstained with Dapi according to the manufacturer’s
instructions. Z-stack images were recorded using a Zeiss LSM
780 confocal microscope (Zeiss France, Marly Le Roi, France).
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Human Rectal Tissues

Human rectal tissues were obtained at the Department
of Pathology, Gustave Roussy Institute (Villejuif, France)
following institutional ethical guidelines and French Medical
Research Council guidelines. Tissue specimens from 12
patients treated for rectal adenocarcinoma with preopera-
tive radiotherapy were included. HIF-1« labeling was per-
formed by routine immunohistology using the rabbit anti
HIF-1« antibody (Abcam).

Total RNA Isolation, Reverse Transcription,
Real-Time PCR, and Tagman Low-Density Array

Total RNA from whole intestinal tissue was prepared
with the total RNA isolation kit (Rneasy Mini Kit, Qiagen,
Valancia, CA). After quantification on a NanoDrop ND-1000
apparatus (NanoDrop Technologies, Rockland, DE), 1 ug of
RNA was used for reverse transcription with the High-
Capacity Reverse Transcription Kit (Applied Biosystems,
Courtaboeuf, France) according to the manufacturer’s in-
structions. Predeveloped TagMan Gene Expression Assays
and TagMan Mouse Immune Array (Applied Biosystems)
were used according to the manufacturer’s instructions. PCR
was performed with the ABI PRISM 7900 Sequence detec-
tion system (Applied Biosystems). Analyses were conducted
according to the following procedure previously described
in detail.*’ Briefly, Ct values were extracted from a global
analysis using RQ Manager software (Applied Biosytems) to
apply and normalize optimal baselines and threshold pa-
rameters for each target. Data Assist software was then used
to determine fold changes, with fixed criteria: a maximum
allowable Ct value at 37 was fixed and maximum Ct values
were not included in calculations. For all analyses, the
reference sample group was the Sham-IR group, automati-
cally leading the mean of the reference group to the value 1.
Normalization was performed using a global normalization
method: the software first finds the common assays among
all samples and then uses the median CT of those assays as
the normalizer, on a per sample basis.”’ P values were
adjusted using the Benjamini-Hochberg false discovery rate
method. Volcano plots were created and used to select the
differentially expressed genes using a fold change cutoff of
1.5 and adjusted P < .05. For unsupervised hierarchical
clustering analyses and heat map creation, distances be-
tween samples were calculated for hierarchical clustering
based on the ACT values using Pearson’s correlation, assay
centric as map type, and average linkage as clustering
method.
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For in vitro experiments, real-time PCR for mRNA
expression was performed using individual predeveloped
TaqMan Gene Expression Assays (Applied Biosystems).

In vitro RNA Interference of HIF-1«

Primary human intestinal microvascular endothelial
cells (HIMECs) were prepared as described.’’??
HIMECs (passage 4) and human umbilical vein endothelial
cells (HUVECs) (passage 3) were transfected as described
previously.”” Briefly, cells were seeded into 6-well plates for
48 hours to reach 50%-70% confluence and were trans-
fected with siRNA (100 nM) using Dharmafect according to
the manufacturer’s protocols (Dharmacon, Chicago, IL). The
antibiotic-free medium was replaced 48 hours after trans-
fection and cells were irradiated and processed 4 days
postirradiation for real-time PCR. Human siRNA and non-
targeting negative control siRNA (ON-TARGETplus SMART-
pool  HIF1A  L-004018-00, and ON-TARGETplus
Nontargeting Pool) were from Dharmacon (Chicago, IL).
Knockdown efficiency was measured by real-time PCR.

Analysis of Rolling and Adhesion by
Intravital Microscopy

Intravital microscopy was performed using a Nikon
Eclipse TE300 inverted microscope interfaced with a
high-speed, high-sensitivity CCD camera Rolera em-c?
(QImaging, Canada). Briefly, mice were anesthetized using
ketamine/xylazine (1/10 ratio), whole blood cells were
labeled after an intravenous retro-orbital injection of 50 uL
of 1 mg/mL rhodamine solution (Sigma) and the mesentery
was externalized. Five minutes after the injection, a
mesenteric venule of about 150 um diameter was placed on
the microscope (x20 objective) and the acquisition was
recorded for 5 minutes using the MetaVue Imaging software
(Molecular Devices, Sunnyvale CA). For each mouse,
between 3 and 5 movies were recorded. Analyses were
performed using Imaris software (Bitplane, Switzerland)
using a standardized process and parameters were applied
for all mice. The speed of each event (object detected using
Imaris software) was automatically calculated. For each
movie we obtained a mean of 10,000 events associated with
a speed between 0 and 1000 um/s. GraphPad Prism soft-
ware (La Jolla, CA) was used to calculate event frequency
distribution according to the speed, and results were
normalized to the number of events for each movie. Results
presented are the means of 3 movies per mouse.

Figure 4. l_gLSee previous page). (A) Kaplan-Meier analyses representing the percent survival of irradiated HIF-1o
VEcad®®*/~ mice after 19-Gy localized intestinal radiation exposure. (B) Representative microscopic

HIF-1o™/

FL/FL and

alterations obtained in HIF-1a"™ and in HIF-1a™" VEcad-Cre*” mice 3 and 7 days after irradiation. Slides were stained with
hematoxylin-eosin-saffron. Scale bar = 100 um. (C) Radiation injury score in HIF-1a"" and in HIF-1«™F- VEcad-Cre*’~ mice 3
and 7 days after irradiation (n = 10-12 mice per group. *P < .05 versus HIF-1a~F" irradiated group. (D) Representative
microscopic alterations obtained in HIF-1a"" - and in HIF-1a™ - VEcad-CreER™*'~ mice previously injected with tamoxifen at 3
and 7 days after irradiation. Slides were stained with hemato%in—eosin—saffron. Scale bar = 100 um. (E) Radiation injury score in
each group (n = 8 mice per group). *P < .05 versus HIF-1a"-F- 4+ tamoxifen irradiated group. (F) Kaplan-Meier analyses rep-
resenting the percent survival of irradiated HIF-1a"“ and HIF-1a"“""VEcad®™®*"- mice after 13-Gy total body irradiation. (G)
Level of regenerating crypts in irradiated HIF-1a"™~ - and HIF-1a™F"VEcad®™*"- mice 3 days after 13-Gy total body irradiation.
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Statistical Analysis

Data are given as means + standard error of the mean.
Statistical analyses were performed by analysis of variance
or with Student t test with a level of significance of P < .05.
Mouse survival curves were calculated by the Kaplan-Meier
method and compared using the log-rank test.

Results
Epithelial HIF1« Deletion Does Not Alter

Radiation-Induced Intestinal Injury

HIF-1a immunostaining in human rectum or in murine
intestinal tissue revealed that HIF-1« is mainly expressed in
epithelial and endothelial cells (Figure 2). To study the
consequences of genetic inactivation of HIF-1« in endothe-
lial cells and in epithelial cells, we crossed HIF-1« floxed
mice (HIF-1fF) with VECad-Cre, VECad-CreER™?, Villin-
Cre, or Villin-CreER™ mice to produce constitutive or
inducible endothelial- or epithelial-specific HIF-1« knockout
mice (Figure 1A4-C). The specificity of endothelium or
epithelium recombination events in intestinal tissue was
evaluated using ROSA26 reporter mice crossed with each
Cre mouse strain (Figure 1D). By monitoring HIF-1« mRNA
expression in intestinal tissue in HIF-1af/F“VECad-Cre/"
mice or HIF-1a™/"Willin-Cre*’~ mice, we observed
decreased expression of HIF-1a mRNA only in HIF-1o//F
Villin-Cre™/" mice compared with HIF-1&™/% mice, con-
firming the fact that HIF-1la is mainly expressed in the
epithelium (Figure 1F). Based on this observation, we
hypothesized that specific HIF-1a deletion in epithelium
could have a significant impact on intestinal radiation injury.
We monitored the survival of HIF-1a™/F" or HIF-1a"/
FLyillin-Cre ™" mice in both a model of radiation enteropathy
after localized intestinal radiation exposure at 19 Gy or in a
model of gastrointestinal syndrome after TBI at 13 Gy.
Surprisingly, we did not observe differences in survival after
either  focal irradiation (Figure 34) or TBI
(Figure 3E). We examined intestinal tissue injury 3 and 7
days postirradiation in the model of radiation enteropathy
and no differences in the radiation injury score were
observed, regardless of HIF-1« expression in the epithelium
(Figure 3B and C). Interestingly, we confirmed these results
in a model of tamoxifen-inducible HIF-la deletion in
epithelium. No differences were observed in the radiation
injury score for irradiated HIF-1a/Villin-CreER"™*"/~ mice
or for HIF-1""/F mice treated with tamoxifen (Figure 3D).

Constitutive and Inducible Endothelial HIF1«
Deletion Protects Against Radiation-Induced
Enteropathy, but Not Against Gastrointestinal
Syndrome

We next evaluated the effects of endothelial HIF-1« dele-
tion on radiation-induced enteritis. Survival analyses revealed
that about 50% of irradiated HIF-1a"/*" mice died (P = .009
vs Sham-IR HIF-1a""/F" mice), whereas 80% of irradiated

HIF-1a™/F:VECad-Cre*/” mice were alive 6 weeks after irra-
diation (NS P =.132 vs Sham-IR HIF-1a™/ - mice) (Figure 44).
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At tissue level, irradiated HIF-1a"/"“VECad-Cre™’~ mice
exhibited reduced acute enteritis severity 3 and 7 days after
irradiation compared with irradiated HIF-1a"/ mice
(Figure 4B and C). The protective effect of HIF-1« endothelial
deletion was confirmed in tamoxifen-inducible mice. Atboth 3
days and 7 days after irradiation, radiation injury score was
reduced in irradiated HIF-1a"/"“VECad-CreER™"/" mice
compared with irradiated HIF-1a"/F* mice treated with
tamoxifen (Figure 4D and E). Interestingly, we did not observe
any protective effect of endothelial HIF-1« deletion after 13 Gy
TBI in the 2 mouse strains, which had the same survival rates
and showed no difference in regenerating crypt numbers 3
days after radiation exposure (Figure 4F and G).

Constitutive Endothelial HIF-1« Limits the
Intestinal Radiation-Induced Molecular
Inflammatory Response, Tissue Hypoxia,

and Vascular Injury

A molecular profile was obtained 7 days after irradiation
on whole tissue using real-time PCR and Taqman Low
Density Array cards. Hierarchical clustering analyses
discriminated Sham-IR from irradiated mice, but not
according to the expression of HIF-1« in endothelial cells
(Figure 5A4). However, in-depth data analyses showed that,
for a panel of genes, the level of radiation-induced molecular
response was lower in HIF-1afF“VECad-Cre*/" mice than
in HIF-1a™/F“ mice. Radiation-induced up-regulation of
proinflammatory cytokines/chemokines CCL19, interleukin
(IL)12A, IL1e, IL1B, IL6, E- and P-selectins, and tumor
necrosis factor-a was more pronounced in HIF-1a"/" mice
than in HIF-1a™/F“VECad-Cre/" mice (Figure 5B). Inter-
estingly, volcano plots confirmed differences between the
molecular responses of irradiated HIF-1a"/" and HIF-1a"/"
VECad-Cre™/" mice and, using unsupervised hierarchical
clustering analyses, a panel of 6 genes was able to
discriminate irradiated groups according to their genotype
(Figure 5C and D). In the volcano plot, the highest P value
was linked to CD68, a glycoprotein expressed in various
cells of the macrophage lineage. Immunolabeling of CD68 in
intestinal tissues showed that HIF-1« deletion in endothe-
lium limits radiation-induced macrophage infiltration
(Figure 6A and B). Interestingly, molecular analyses also
revealed that expression of VEGFA was reduced in irradi-
ated HIF-1a™/F“ mice, but not in HIF-1a"™/F“VECad-Cre*’
mice, suggesting effects on hypoxia and vascular integrity.
We then monitored tissue hypoxia using the hypoxy-probe
pimonidazole hydrochloride. We checked immunolabeling
specificity in a positive control generating tissue hypoxia
after 15 minutes of mesenteric vascular ligation (Figure 6C).
After intravenous pimonidazole injection and immunolab-
eling, radiation exposure induced acute intestinal hypoxia 7
days after irradiation and HIF-1a deletion was associated
with reduced hypoxia (Figure 6D). BS1-lectin injection
showed that hypoxia areas were associated with altered
microvasculature and a preserved vascular integrity was
observed in irradiated HIF-1a"/*“VECad-Cre™" mice
compared with irradiated HIF-1"/F mice (Figure 6D). To
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Figure 7. (A) HIMECs were transfected for 48 hours with nontargeting siRNA or siRNA targeting HIF-1a and exposed or
not to 10-Gy irradiation. MRNA expression levels of a panel of genes involved in the proinflammatory state of endothelial cells
were measured 4 days after irradiation. (B) The same experiment was conducted in HUVECs. Experiments were done in
triplicate and results are + standard error of the mean (error bars). *P < .05, **P < .01, and **P < .001 using a 1-way analysis of
variance with posttest (Tukey-Kramer multiple comparisons test). nd, not detected.

explore whether HIF-1a expression directly impacts the strongly limits the radiation-induced up-regulation of most
proinflammatory transcriptional profile of endothelial cells, of them including IL1b, IL1a, IL8, IL6, CD44, P-selectin,
HIMECs and HUVECs were knockdown for HIF-la using vascular cell adhesion molecule-1, intercellular adhesion
siRNA (Figure 7A and B). A strong silencing efficiency for molecule-1, plasminogen activator inhibitor type-1 (PAI-1),
both cell types was observed 2 days after transfection (ie, and CCL5 (Figure 7B). Altogether, these results show that
91% for HIMECs and 94% for HUVECs, data not HIF-1la silencing reduces the proinflammatory transcrip-
shown). In HIMECs, HIF-la knockdown reduces basal tional profile of endothelial cells.

expression of IL8, CD44, E-selectin, and vascular cell adhe-

sion molecule-1. Four days after 10-Gy irradiation, HIF-1« . . L.
silencing was strongly maintained and was associated with Constitutive Endothelial HIF-1a Limits

reduced expression of IL18, IL8, CD44, and E-selectin, Interactions Between Endothelium and

compared with irradiated cells transfected with non- Blood Cells After Irradiation

targeting siRNA (Figure 7A). In HUVECs, HIF-1« knockdown To investigate whether HIF-1« impacts vascular func-
has no effect on basal expression of selected genes but tion related to inflammatory processes, we evaluated

Figure 6. (See previous page). (A) Representative labeling of macrophages in intestinal tissue 3 and 7 days after irradiation.
Slides were stained with antibody against CD68 (blue) and counterstained with nuclear fast red (pink). Scale bar = 100 um. (B)
Macrophage scoring (CD68™ cells/area) in irradiated HIF-1a"~F- and HIF-1a™F-VEcad®®*"" mice after 19-Gy localized intestinal
radiation exposure (n = 8-10 mice per group). *P < .05 versus irradiated floxed mice for each time. (C) Representative pimonidazole
immunolabeling in tissues taken after a 15-minute period of ischemia following a mesenteric ligature. P) Representative
pimonidazole immunolabeling and BS1-lectin counterstained with DAPI localization in SHAM-IR-HIF-1a™F~ and in irradiated
HIF-1a"™F* or HIF-1a"~F- VEcad-Cre*” mice 7 days after irradiation. n = 6 mice per group. Scale bar = 100 um.



26 Toullec et al

interactions between endothelial cells and blood cells
in vivo by intravital microscopy. Twenty-four hours after
irradiation at 19 Gy, the frequency of blood cells with a
reduced velocity (including leucocytes and platelets)
increased after irradiation in HIF-1a/F" mice compared
with nonirradiated HIF-1af/F“ mice (Figure 84 and B).
These results show that irradiation stimulates blood cell/
endothelium interactions, the first step before trans-
migration of immune cells and tissue inflammation.
Although a tendency was observed for global interactions in
irradiated HIF-1a"/*“VECad-Cre™" mice compared with
nonirradiated HIF-1a"/F“VECad-Cre "/~ mice (Figure 8C), no
differences was observed for the strongest interactions (ie,
lowest velocity <40 um/s) (Figure 8D). If we focused for
events of velocity <5 um/s (green area in Figure 84 and C),
which includes firm adhesion events, we found that irra-
diation stimulated firm adhesion in HIF-1a™/F“ mice, but
not in HIF-1a"™/F“VECad-Cre*/" mice. Altogether, these
results corroborate the reduced intestinal injury and
inflammation observed in HIF-1a™/F'VECad-Cre*/~ mice
compared with HIF-1afF" mice.

A

HIF-10/M

% of events
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Discussion

Whereas the role of hypoxia in the radiation response of
tumors has been previously investigated,”* the hypoxia-
dependent molecular mechanisms of the normal tissue
response remain poorly understood. A first report, by
Vujaskovic et al®® showed that hypoxia contributes to
normal tissue injury in a model of radiation-induced lung
injury in rats. To our knowledge, no information is available
concerning hypoxia-dependent molecular mechanisms in
radiation-induced enteritis. In this work we provide in vivo
evidence that HIF-1a impacts radiation-induced intestinal
injury and that this role differs according to the targeted cell
type. The relative contribution of endothelial and epithelial
compartments to bowel radiation injury is still debated and
the results presented here support the concept that
endothelium-dependent mechanisms contribute actively to
the initiation of radiation-induced injury in normal tissue.

We first hypothesized that HIF-1« deletion in epithelial
cells could impact the intestinal response following radia-
tion exposure. We had 3 arguments justifying explore this
hypothesis: (1) the gastrointestinal tract is able to adapt to
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with a speed <40 um/s in control and irradiated HIF-1a"™~F- VEcad-Cre™ mice. n = 4 mice per group.
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significant changes in tissue oxygen availability,”® (2) HIF-
la triggers the transcription of genes involved in epithelium
integrity,”” and (3) HIF-1« is mainly expressed in epithelial
cells. Surprisingly, we found that constitutive or inducible
epithelial HIF-1«a deletion does not influence radiation-
induced intestinal acute injury after either localized or TBI
irradiation. There are conflicting results in the literature
concerning the role of HIF-1 in intestinal inflammation.
Using FABP promoter-driven Cre recombinase mice,
Karhausen et al*® showed that specific epithelial constitu-
tive repression of HIF-1« resulted in more severe 2,4,6-tri-
nitrobenzene sulfonic acid-induced colitis, whereas
constitutive epithelial HIF-1 overexpression was protective.
Paradoxically, using Villin-Cre mice, it was shown that
chronically increased HIF signaling in epithelial cells aug-
ments inflammation in a Dextran Sulfate Sodium-induced
colitis model®” and that HIF-1« deletion reduces inflam-
mation in a model of sulindac-induced colon injury.*® It is
not clear whether model-dependent results are caused by
the stress-induced inflammatory process or by the specific
Cre recombinase mice used to produce cell-specific deletion
of HIF signaling. It was reported that, using ROSA26R LacZ
reporter mice crossed with FABP-Cre mice, recombination
efficlency was approximately 60% in epithelial cells,
whereas using Villin-Cre mice recombination efficiency was
complete.”’ Using Villin-Cre mice, we confirmed that
recombination efficiency is complete in epithelium, sug-
gesting that the conflicting results previously cited and our
findings are probably caused by the specificity of the stress
induced inflammatory insult (Dextran Sulfate Sodium, 2,4,6-
trinitrobenzene sulfonic acid, or ionizing radiation expo-
sure) more than Cre mouse models used to produce specific
deletion. Mucosal inflammation is largely controlled by
nonepithelial cells, including Paneth cells, leucocytes,
smooth muscle cells, and endothelial cells.>"*? It has been
previously reported that the same protein could play
different roles according to its expression in epithelial or
endothelial cells. Ishikawa et al*® produced myeloid-,
epithelium-, or endothelium-specific cyclooxygenase-2
knockout mice using, respectively, LysM, Villin, or VECad
promoter driven Cre mice. In a model of Dextran Sulfate
Sodium-induced inflammation, colitis was exacerbated
when Cox2 was deleted in myeloid or endothelial lineages,
but not in the epithelial lineage. These results suggest that
endothelial but not epithelial cyclooxygenase-2 expression
is important for epithelial integrity.

Endothelium has already been described as a crucial
compartment involved in gastrointestinal syndrome, which
follows total body or abdominal irradiation.>*">® Moreover,
the intestinal vascular microcirculation plays a decisive role
in the initiation and perpetuation of the inflammatory pro-
cess by regulating the migration of leucocytes into the
interstitial space; by controlling coagulation; and by
producing a large panel of chemokines, cytokines, and
growth factors.’”*® We recently demonstrated that the
endothelium directly impacts the intestinal proinflammatory
response following radiation exposure and progression of
radiation enteritis.'” Using endothelium-specific knockout
mice for PAI-1, we showed in vivo that a modification of
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endothelium phenotype affects the progression of radiation-
induced enteritis after localized irradiation. Irradiated
VECad-Cre /" /PAI-1¥"/* mice exhibited reduced acute en-
teritis severity with a lower CD68™ cell level and increased
survival compared with irradiated PAI-17Y/FL mice. Hypoxia-
responsive elements are present in the PAI-1 gene pro-
moter’>*’ and using VECad-Cre™/HIF-1a"*" mice we
showed that PAI-1 overexpression is dependent on HIF-1«
expression in endothelium,"? suggesting that a hypoxia-PAI-1
axis could be crucial in the progression of radiation-induced
enteritis through the endothelial compartment. In the cur-
rent work, we demonstrate that, in the endothelium, specific
HIF-1« deletion protects against radiation-induced enteritis.
HIF-1ae deletion in endothelial cells is associated with
reduced blood cell-endothelium interactions, a lower level of
macrophages in the lesion and a limited up-regulation of
proinflammatory molecules contributing to radiation-
induced intestinal injury, such as IL1e«, IL18, and IL6 and
tumor necrosis factor-o.”” Moreover, expressions of E- and
P-selectins described as key players in radiation-induced
mucosal inflammation were also limited.*>*? Finally,
VECad-Cre "/ HIF-1"/" mice showed preserved vascula-
ture and less hypoxia compared with irradiated control mice.
At this point in time, we are unable to know if vascular
integrity is caused by reduced hypoxia or if it relates to other
effects associated with HIF-1« deletion. Further experiments
are needed to answer this question.

Interestingly, we also observed that HIF-1« expression
level in the endothelium has no radioprotective effect
following 13-Gy TBI radiation-induced gastrointestinal
syndrome. Our results are in line with previous results from
Tanigushi et al'> showing that lox-stop-lox-HIF-1a/Tie-2
Cre mice are not protected against acute radiation syn-
drome following abdominal irradiation, suggesting also that
the endothelial HIF-1« pool is not sufficient to impact the
progression of gastrointestinal syndrome. This result also
suggests differences concerning intestinal wound healing
after localized irradiation or after irradiation of a large
volume of intestine, and highlights the precautions neces-
sary to extrapolate a therapeutic benefit in the context of
gastrointestinal syndrome or radiation enteritis (and
inversely). In the same spirit, for both radiation-induced
gastrointestinal syndrome and in a model of radiation
enteritis, we used a single high-dose acute exposure and
raised the issue of the relevance of dose fractionation in a
clinical setting. A new small animal imaged-guided radiation
platform allows high-precision irradiation. Verginadis et al**
recently published an interesting preclinical model in mice
targeting a precise region of the small intestine thanks to
the implantation of a radiopaque marker detected using the
cone beam CT. This type of new relevant preclinical model
allows fractionation protocols without surgery and could
help to (1) model radiation fractionation regimens that
mimic patient protocols, (2) study pathophysiological pro-
cesses involved in radiation enteritis according to the frac-
tionation schedule, and (3) investigate putative therapeutic
strategies to limit radiation-induced intestinal injury.

Contradictory results were also published concerning the
protective or deleterious role of HIF-1« in vascular injury
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and its effects on tissue remodeling. HIF-1 deletion in the
Tie2-positive lineage is associated with increased features of
cardiac pathology induced by pressure overload.** Our
results showed that, in our experimental conditions, endo-
thelial HIF-1a deletion is protective, in line with a recent
work published by Bryant et al.*” These authors demon-
strated that deletion of HIF-1« in vascular endothelium using
VECad-Cre mice is protective against the development of
pulmonary hypertension and cardiac remodeling that follows
chronic hypoxia. In a similar manner, HIF-1« deletion pro-
tects the vascular system in a model of lens injury.*®

Recent advances concerning the role of endothelial acti-
vation in radiation-induced normal tissue injury revealed
new mechanisms and opens new perspectives in terms of
therapeutic strategies. Choi et al*” observed an endothelial-
to-mesenchymal transition (EndoMT) in radiation-induced
pulmonary fibrosis in mice and humans. They showed that
radiation-induced hypoxia stimulates EndoMT via a trans-
forming growth factor-3-RI/Smad activation dependent on
HIF-1c. HIF-1a knockdown limits radiation-induced EndoMT
in irradiated human pulmonary artery ECs and Smad2/3
phosphorylation. Moreover, the HIF-1« inhibitory agent
2-methoxyestradiol limits in vivo radiation-induced EndoMT
by the down-regulation of HIF-1a-dependent Smad signaling
activation. Along these lines, we recently reported that
EndoMT occurs in human radiation proctitis and in a pre-
clinical model of radiation proctitis in mice.”* Activation of
the canonical transforming growth factor-g/Smad pathway
contributes to radiation enteritis or proctitis driving both the
expression of PAI-1 and EndoMT.'®?%*%°! In light of the
current work we can hypothesize that HIF-1 deletion in
endothelial reduced EndoMT and consequently tissue injury.
Further experiments are needed to explore the putative
causal links between hypoxia, the transforming growth
factor-8/Smad pathway, and EndoMT in the radiation-
induced injury model.

Hauer-Jensen et al* recently proposed that radiation en-
teropathy is a useful model to explore mucosal inflammation
and that mechanisms involved in radiation-induced toxicity
models can putatively offer a crucial advance in other types of
gastrointestinal injury, such as inflammatory bowel disease
(Crohn’s disease, ulcerative colitis) or intestinal ischemia-
related diseases. Our work provides a new role for HIF-1« in
endothelium-dependent mechanisms driving inflammatory
processes in the gut mucosae. Finally, therapeutic strategies to
modulate hypoxia or hypoxia-related molecular mechanisms
are under investigation to improve tumor control** and to
protect normal tissues.”” Our results show that effects on
normal tissues have to be taken into account in such ap-
proaches because they could also affect the benefit/risk ratio.
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