The American Journal of Pathology, Vol. 189, No. 8, August 2019

The American Journal of

PATHOLOGY

LSEVIER

ajp.amjpathol.org

VASCULAR BIOLOGY, ATHEROSCLEROSIS, AND ENDOTHELIUM BIOLOGY

Endothelial Hypoxia-Inducible Factor-1a Is
Required for Vascular Repair and Resolution of
Inflammatory Lung Injury through Forkhead Box Protein M1

‘ W) Check for updates ‘

18

Xiaojia Huang, *'* Xianming Zhang, *'* David X. Zhao,"’ Jun Yin,* Guochang Hu, " Colin E. Evans,** and You-Yang Zhao* '*/**1f

From the Program for Lung and Vascular Biology,* Stanley Manne Children’s Research Institute, Ann & Robert H. Lurie Children’s Hospital of Chicago,
Chicago; the Division of Critical Care, Department of Pediatrics, the Department of Pharmacology,” the Division of Pulmonary and Critical Care

Medicine,** Department of Medicine, and the Feinberg Cardiovascular Research Institute,"" Northwestern University Feinberg School of Medicine, Chicago;
the Departments of Pharrrlacology;t and Amzsthesiology,ﬂ University of Illinois College of Medicine, Chicago; and the Department of Medicine,* University of

Chicago, Chicago, Illinois

Accepted for publication
April 18, 2019.

Address correspondence to
You-Yang Zhao, Ph.D., Pro-
gram for Lung and Vascular
Biology, Stanley Manne Chil-
dren’s Research Institute, Ann
& Robert H. Lurie Children’s
Hospital of Chicago, and
Department of Pediatrics,
Northwestern University Fein-
berg School of Medicine, 225 E
Chicago Ave, Box 205,
Chicago, IL 60611. E-mail:
youyang.zhao @northwestern.
edu.

Endothelial barrier dysfunction is a central factor in the pathogenesis of persistent lung inflammation
and protein-rich edema formation, the hallmarks of acute respiratory distress syndrome. However, little
is known about the molecular mechanisms that are responsible for vascular repair and resolution of
inflammatory injury after sepsis challenge. Herein, we show that hypoxia-inducible factor-1a (HIF-1ct),
expressed in endothelial cells (ECs), is the critical transcriptional factor mediating vascular repair and
resolution of inflammatory lung injury. After sepsis challenge, HIF-1a but not HIF-2a expression was
rapidly induced in lung vascular ECs, and mice with EC-restricted disruption of Hifla (Hif1d”Y/Tie2Cre™)
exhibited defective vascular repair, persistent inflammation, and increased mortality in contrast with
the wild-type littermates after polymicrobial sepsis or endotoxemia challenge. Hiflad”?/Tie2Cre™ lungs
exhibited marked decrease of EC proliferation during recovery after sepsis challenge, which was asso-
ciated with inhibited expression of forkhead box protein M1 (Foxm1), a reparative transcription factor.
Therapeutic restoration of endothelial Foxm1 expression, via liposomal delivery of Foxm1 plasmid DNA
to Hif1a”*/Tie2Cre™ mice, resulted in reactivation of the vascular repair program and improved survival.
Together, our studies, for the first time, delineate the essential role of endothelial HIF-1a in driving the
vascular repair program. Thus, therapeutic activation of HIF-la—dependent vascular repair may
represent a novel and effective therapy to treat inflammatory vascular diseases, such as sepsis and
acute respiratory distress syndrome. (Am J Pathol 2019, 189: 1664—1679; https://doi.org/10.1016/
Jj-ajpath.2019.04.014)

The healthy endothelium that lines the inner wall of blood
vessels regulates the flux of fluid, proteins, and blood cells
across the vessel wall into parenchymal tissue and maintains
an antithrombotic and anti-inflammatory state of the
microvascular bed. ” Endothelial injury leads to compli-
cations associated with inflammation, including increased
vascular permeability, transmigration of inflammatory cells,
diapedesis of erythrocytes, tissue edema, and micro-
thrombosis.”® Thus, recovery of endothelial barrier integ-
rity is essential for maintaining vascular homeostasis and
tissue fluid balance after injury. Human and animal studies
have identified a key role of microvascular leakage in

determining the outcome of sepsis.” '* Targeting micro-
vascular leakage repair mechanisms that restore endothelial
barrier integrity represents a novel and effective therapeutic
option for treatment of severe sepsis and related multiple
organ dysfunction, such as acute respiratory distress
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HIF-1a Mediates Vascular Repair

syndrome (ARDS).”*'> ARDS is characterized by persis-
tently increased lung microvascular permeability, resulting
in intractable protein-rich edema and persistent lung
inflammation.'®~'® Current treatments for ARDS, including
protective pulmonary ventilation and supportive fluid
management, however, do not target the molecular and
cellular mechanisms responsible for endothelial regenera-
tion and vascular repair; and the mortality rate remains as
great as 30% to 40%.'”'" Thus, identifying and targeting
the signaling pathways responsible for endothelial recovery
and vascular repair could ultimately improve clinical out-
comes for sepsis and ARDS patients.

Hypoxia-inducible factors (HIFs) are critical mediators of
the adaptive responses to hypoxia and ischemia.'”~*’ These
heterodimeric proteins consist of a constitutively expressed
B subunit and an oxygen-labile o subunit. In normoxic
conditions, the HIF-o. subunit is hydroxylated by the HIF
prolyl hydroxylases 1 to 3 and subsequently recognized by
the von Hippel—Lindau protein, leading to proteasomal
degradation by the ubiquitin-protein ligase complex.”” >
Under hypoxic conditions, degradation of the HIF-o sub-
unit is inhibited, resulting in accumulation of the HIF-o
subunit in the nucleus and formation of HIF complexes with
the B subunit. The HIF complex then binds to the hypoxia-
response elements of its target genes and regulates the
expression of genes essential for the adaptive responses to
hypoxia and ischemia.'” >’ There are three isoforms of the
a-subunit (HIF-1e, HIF-2a, and HIF-3a) and one [ subunit.
A recent study has demonstrated the role of HIF-2o in
enhancing endothelial barrier integrity and thereby inhibit-
ing vascular injury in response to sepsis challenge, in part
through transcriptional regulation of expression of vascular
endothelial-phosphotyrosine phosphatase.”® However, the
role of HIF-a in regulating endothelial regeneration and
vascular repair after injury and the specific isoform medi-
ating this process remain unknown.

Herein, we show that expression of HIF-1a, but not HIF-
2a, is rapidly induced in mouse lungs after sepsis challenge.
We identify the prerequisite role of endothelial HIF-1a in
activating endothelial regeneration and vascular repair dur-
ing the recovery phase after sepsis challenge. However,
endothelial HIF-1a has little effect on the severity of initial
injury. We also show that HIF-1a—mediated vascular repair
and resolution of inflammation occur in a forkhead box
protein M1 (Foxml)—dependent manner. Thus, therapeutic
activation of HIF-1a—mediated vascular repair may repre-
sent a novel therapeutic approach for the prevention and
treatment of inflammatory vascular diseases, such as sepsis
and ARDS.

Materials and Methods
Mice

To generate Hifld"/Tie2Cre"™ mice, Hifla floxed/floxed
mice (catalog number 007561; Jackson Laboratory, Bar
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Harbor, ME) were bred with mice expressing Cre recombi-
nase driven by the Tie2 promoter (catalog number 008863;
Jackson Laboratory). Littermate wild-type (WT; Cre™) mice
served as controls. Both male and female mice (aged 3 to 4
months) were used throughout. Experiments were conducted
according to NIH guidelines on the use of laboratory ani-
mals.”’ Studies were approved by the Institutional Animal
Care and Use Committees of The University of Illinois at
Chicago and Northwestern University (both in Chicago, IL).

Induction of Lung Injury

Polymicrobial sepsis was induced by cecal ligation and
puncture (CLP) using a 23-gauge needle (one puncture for
sublethal and two punctures for survival study). Briefly, mice
were anesthetized by isoflurane inhalation (2.5% in oxygen).
When mice were unresponsive to paw pinch, s.c. buprenor-
phine hydrochloride (Buprenex, 0.1 mg/kg; Reckitt Benckiser
Pharmaceuticals, Inc., Richmond, VA) was administered,
followed by skin sterilization with povidone iodine and, sub-
sequently, a midline abdominal incision was performed. The
cecum was exposed and then ligated with a 4-0 silk tie posi-
tioned at 0.6 cm from the cecum tip, and then the cecal wall
was punctured with a 23-gauge needle. Sham control mice
underwent anesthesia, laparotomy, and wound closure without
cecal ligation or puncture. After surgery, 500 puL of prewarmed
saline was administered subcutaneously. Mice recovered from
surgery (within 5 minutes) and received a second dose of s.c.
buprenorphine hydrochloride at 8 hours after surgery.

To induce endotoxemia, mice received a single dose of i.p.
lipopolysaccharide (LPS; 2.5 mg/kg body weight; Escher-
ichia coli 055:B5; Santa Cruz Biotechnology, Dallas, TX).
All mice were anesthetized with ketamine/xylazine (100:5
mg/kg body weight, intraperitoneally) before tissue collec-
tion. For the survival study, mice were challenged with a
lethal dose of LPS (5 mg/kg) and monitored for 6 days.

Vascular Permeability Assessment

Extravasation of Evans Blue Dye—conjugated albumin
(EBA) was assessed, as previously described.”’ Briefly,
mice were retro-orbitally injected with EBA (20 mg/kg
body weight) at 30 minutes before tissue collection. Lungs
were perfused with phosphate-buffered saline, blotted dry,
and then weighed. Lung tissues were homogenized in
phosphate-buffered saline (1 mL) and then incubated with 2
mL of formamide at 60°C for 18 hours. The homogenates
were then centrifuged at 10,000 x g for 30 minutes. Su-
pernatant OD was measured at 620 and 740 nm. Extrava-
sated EBA in the lung homogenate was presented as pg of
Evans Blue Dye per g of tissue.

Myeloperoxidase Assay

After perfusion free of blood, lung tissues were collected and
homogenized in phosphate buffer (50 mmol/L). Homogenates
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Figure 1  HIF-1o rapidly induces mouse lung endothelial cells (ECs) after cecal ligation and puncture (CLP) challenge. A: Real-time quantitative RT-PCR
(RT-gPCR) analysis demonstrating rapid induction of HIF-1a, but not HIF-2c, expression in lungs of wild-type (WT) mice after CLP. HIF-2o expression is
initially decreased at 2 hours after CLP and then returns to basal levels, whereas HIF-1a expression is markedly induced and peaks at 8 hours after CLP. Bz HIF-
10, mRNA expression in isolated lung ECs (CD45~/CD31™"), leukocytes (Leuks; CD45*/CD31"), and non-ECs, including epithelial cells and fibroblasts (CD45~/
CD317), from WT and Hif1a”//Tie2Cre™ (CKO) mouse lungs by fluorescence-activated cell sorting. C: RT-qPCR analysis demonstrating inhibited HIF-1o: in-
duction in Hif1ad”*/Tie2Cre* lungs after CLP challenge. D: Representative Western blot analysis demonstrating marked inhibition of HIF-1a protein expression
in CKO mouse lungs at 8 hours after CLP compared with WT lungs. B-Actin was used as a loading control. E: Quantification of Western blot analysis band
intensity using ImageJ software version 1.51a (NIH, Bethesda, MD; http://imagej.nih.gov/ij). Data are expressed as means + SD (A—C) and means (E). n = 5
mice per group (A); n = 4 mice (B, demonstrating Tie2Cre-mediated Hifla deletion in ECs and leukocytes, and C, per group). *P < 0.05, **P < 0.01 (t-test);
TP < 0.05, 1P < 0.01 compared with WT-sham (one-way analysis of variance with a Tukey’s post hoc analysis for multiple-group comparisons and t-test for

two-group comparison).

were centrifuged at 15,000 x g for 20 minutes at 4°C. The
pellets were resuspended in phosphate buffer containing 0.5%
hexadecyl trimethylammonium bromide and subjected to one
cycle of freeze thawing. The pellets were subsequently ho-
mogenized and centrifuged again. Absorbance was measured
at 460 nm every 15 seconds for 3 minutes, and data are
expressed as AOD,go/min per gram lung tissue.

Cell Proliferation and Apoptosis Assays

Mice received 75 mg/kg of 5-bromo-2-deoxyuridine
(Sigma-Aldrich, St. Louis, MO) at 5 hours before tissue
collection. Lung cryosections (7 um thick) were immuno-
stained for 16 hours with anti—5-bromo-2-deoxyuridine
(dilution 1:3; BD Biosciences, San Jose, CA), followed with
Alexa Flour 488—conjugated secondary antibody (dilution
1:100; Life Technologies, Grand Island, NY). Endothelial
cells (ECs) were immunostained with anti-CD31 (dilution
1:40; Abcam, Cambridge, MA) and anti—von Willebrand
factor (dilution 1:250; Sigma-Aldrich) antibodies overnight
at 4°C, then incubated with Alexa Fluor 594—conjugated
secondary antibody (dilution 1:100; Life Technologies).
Nuclei were counterstained with DAPI (Life Technologies).
Sections were imaged with confocal microscope LSM510
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equipped with a 63 x 1.2 numerical aperture objective lens
(Carl Zeiss, Inc., Oberkochem, Germany).

For the lung apoptosis assay, lung cryosections were
stained with terminal deoxynucleotidy] transferase-mediated
dUTP nick-end labeling using the In Situ Cell Death
Detection fluorescein kit (Roche Applied Science, Man-
nheim, Germany). ECs were immunostained with anti-
CD31 and anti—von Willebrand factor antibodies, and
nuclei were counterstained with DAPI.

Fluorescence-Activated Cell Sorting Analysis

After phosphate-buffered saline perfusion, lung tissues were
cut into small pieces and then incubated with 1 mg/mL
collagenase A (Roche Applied Science) for 1 hour at 37°C
in a shaking water bath (200 rpm). After digestion, the tissue
was dispersed to a single-cell preparation using the gentle-
MACS Dissociator (Miltenyi Biotec, Bergisch Gladbach,
Germany) with lung program 2. The cells were then filtered
using a 40-pm nylon cell strainer and blocked with 20%
fetal bovine serum for 30 minutes. After incubation with Fc
blocker (1 ug/lO6 cells; BD Biosciences), the cells were
immunostained with anti—CD45-phycoerythrin (dilution
1:800; BioLegend, San Diego, CA) and/or
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Figure 2  Impaired lung vascular repair and increased mortality in Hifla"”//Tie2Cre™ (CKO) mice after cecal ligation and puncture (CLP) challenge. A:
Representative hematoxylin and eosin staining showing characteristics of the pathology of acute lung injury, including protein leakage (arrowheads),
alveolar septum thickening, and inflammatory cell infiltration (arrows), and hemorrhaging (asterisks) at 24 hours after CLP in both wild-type (WT) and
Hif1d”*/Tie2Cre* mice. B: Representative micrographs of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining showing
apoptosis (green nuclei) at 24 hours after CLP in WT and Hifla”//Tie2Cre™ mouse lungs. Endothelial cells (ECs) were immunostained with anti-CD31 and
anti—von Willebrand factor (red). Apoptotic nuclei were stained with TUNEL (green). Nuclei were counterstained with DAPI (blue). Arrows indicate apoptotic
ECs. C: Quantification of TUNEL-positive ECs. D: Pulmonary transvascular Evans Blue Dye—conjugated albumin (EBA) flux demonstrating defective vascular
repair in Hifla"”*/Tie2Cre™ mouse lungs. E: Lung wet/dry weight ratio analysis revealing lung edema in Hif1a"/Tie2Cre™ mouse at 72 hours after CLP challenge.
F: Hif1d”Y/Tie2Cre* mice exhibited greater mortality rate after CLP challenge. Mortality rate was monitored for 6 days after CLP. Data are expressed as means
=+ SD (C and E) or means (D). n = 5 mice per group (C and E); n = 10 mice per group (F). **P < 0.01 [one-way analysis of variance with Tukey’s post-hoc
analysis (D), t-test (E), and Mantel-Cox test (F)]. Scale bar = 100 um (A and B). Ctl, control.
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anti—CD31—antigen-presenting cell (dilution 1:600; BD
Biosciences) for 45 minutes at room temperature. Cells were
then subject to fluorescence-activated cell sorting (Moflo
Asrtios machine; Beckman Coulter, Brea, CA) to collect
CD45 CD31"  (ECs), CD45" (leukocytes), and
CD45 CD31™ (non-ECs, including epithelial cells, smooth
muscle cells, and fibroblasts).

Endothelial Cell Isolation

ECs from mouse lungs were isolated using magnetic-
activated cell sorting. Lung tissues cut into small pieces
were incubated with 1 mg/mL collagenase A (Roche
Applied Science) for 1 hour at 37°C in a shaking water bath
(200 rpm). The tissue was then dispersed to a single-cell
preparation using the gentleMACS Dissociator with lung
program 2 and filtered with a 40-pm nylon cell strainer. The
single-cell preparation was then blocked with 20% fetal
bovine serum for 30 minutes and incubated with anti-CD31
antibody for 30 minutes at room temperature, followed with
anti-rat IgG-conjugated Dynabeads (Invitrogen, Carlsbad,
CA) for 30 minutes. ECs were collected for RNA isolation.

Molecular Analysis

Total RNA was isolated with an RNeasy Mini kit plus DNase [
digestion (Qiagen, Valencia, CA). After reverse transcription,
quantitative RT-PCR analysis was performed using a
sequence detection system (ABI Prism 7500; Life Technol-
ogies) with SYBR Green master mix (Roche Diagnostics,
Indianapolis, IN). The following mouse primers were used for
analysis: Hifla, 5-TGATGTGGGTGCTGGTGTC-3" (for-
ward) and 5-TTGTGTTGGGGCAGTACTG-3' (reverse);
intercellular adhesion molecule 1, 5-GTCTCGGAAGG-
GAGCCAAGTA-3' (forward) and 5-CTCGACGCCGCT-
CAGAAGAA-3' (reverse); tumor necrosis factor-o, 5'-
ATGCTGGGACAGTGACCTGG-3' (forward) and 5'-
CCTTGATGGTGGTGCATGAT-3' (reverse); IL-6, 5'-
TCCAGTTGCCTTCTTGGGACTG-3' (forward) and 5'-
AGCCTCCGACTTGTGGAAGTGGT-3' (reverse); induc-
ible nitric oxide synthase, 5'-ACATCAGGTCGGCCAT-
CACT-3' (forward) and 5'-CGTACCGGATGAGCTGTG-
AATT-3' (reverse); Cxcli2, 5'-CCAAGAGTACCTGGA-
GAAAGC-3’ (forward) and 5'-AGTTACAAAGCGCCA-
GAGCA-3' (reverse); Cdc25¢, 5'-TGAAGCATCTGGGC-
AGTCCCATTA-3 (forward) and 5-GGCAGCACACA-
CACCTTTGAGAAA-3' (reverse); Ccna2, 5-AATG-
CAGCTGTCTCTTTACCCGCA-3' (forward) and 5'-CCT-
CCATTTCCCTAAGGTACGTGT-3' (reverse); Ccnf, 5'-
ACAAGCCTGTGTCTTCACCTGACT-3' (forward) and 5'-
ACGCGCACCAAGTCCTCGTATTTA-3' (reverse);
Ccenbl, 5'-TGAACCAGAGGTGGAACTTGCTGA-3' (for-
ward) and 5'-AGATGTTTCCATCGGGCTTGGAGA-3'
(reverse); p21Cipl, 5'-ACTACCAGCTGTGGGGTGAG-3'
(forward) and 5-TCGGACATCACCAGGATTGG-3'
(reverse); p27Kipl, 5'-CCTTCGACGCCAGACGTAAA-3'
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(forward) and 5'-TCAGTGCTTATACAGGATGTCCA-3
(reverse); and cyclophilin, 5'-CTTGTCCATGG-
CAAATGCTG-3' (forward) and 5-TGATCTTCTTGCT-
GGTCTTGC-3' (reverse). Gene expression was normalized
to mouse cyclophilin. The following human primers
were used: FOXM1, 5'-GGAGGAAATGCCACACTTAG-
CG-3' (forward) and 5'-TAGGACTTCTTGGGTCTTGG-
GGTG-3' (reverse); HIF1A, 5'-TTACAGCAGCCAGACG-
ATCATG-3' (forward) and 5-TGGTCAGCTGTGG-
TAATCCACT-3' (reverse); HIF2A, 5-CTGATGGCCAT-
GAACAGCATCT-3' (forward) and 5'-TCCTCGAAGTT-
CTGATTCCCGA-3' (reverse); and 18s rRNA, 5-TTCC-
GACCATAAACGATGCCGA-3' (forward) and 5'-GACT-
TTGGTTTCCCGGAAGCTG-3' (reverse). Human gene
expression was normalized to human 18S rRNA.

For determination of protein levels, lung tissues were ho-
mogenized in radioimmunoprecipitation assay buffer with
proteinase and phosphatase inhibitors (Sigma-Aldrich). Su-
pernatant was collected after centrifugation (21,000 x g for 30
minutes at 4°C), and protein concentration was determined
with a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Rockford, IL). Each sample of 30 ng protein was
loaded and separated onto a 10% SDS-PAGE gel. After
protein transfer, the polyvinylidene difluoride membranes
were blocked with 5% skim milk and then incubated with
anti—HIF-1« (dilution 1:500; Novus Biologicals, Centennial,
CO), anti—HIF-2a (dilution 1:100; Novus Biologicals), anti-
Foxml (dilution 1:500; Santa Cruz Biotechnology), and
anti—p-actin (dilution 1:3000; BD Biosciences) antibodies
overnight at 4°C. The membranes were next incubated with
horseradish peroxidase—conjugated secondary antibodies,
and immunoblots were visualized with an enhanced chem-
iluminescence reagent (Thermo Fisher Scientific).

Histology

Lung tissues were fixed by 5 minutes of instillation with
10% formalin through tracheal catheterization at a trans-
pulmonary pressure of 15 cm H,O and then agitated
overnight at room temperature. After processing, the
paraffin-embedded tissues were divided into section (5 pm
thick) and stained with hematoxylin and eosin.

Irradiation and Bone Marrow Transplantation

WT or Hifld”/Tie2Cre™ mice (aged 6 weeks) were irradi-
ated (750 cGy/mouse). At 3 hours after irradiation, the mice
were transplanted through tail vein injection with 1 x 10’
bone marrow cells isolated from Hifld”/Tie2Cre™ or WT
mice in 150 pL of phosphate-buffered saline. Mice were
used at the age of 3 months. To verify the efficacy of bone
marrow reconstitution, bone marrow cells were also isolated
from chimeric mice. Genomic DNA was extracted for real-
time quantitative PCR analysis of the Sry gene. Autosomal
gene Nmel was used for internal control. The following
mouse primers were used for quantitative PCR analysis: Sry,

ajp.amjpathol.org m The American Journal of Pathology
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5'-GCTGGGATGCAGGTGGAAAA-3' (forward) and 5'-
CCCTCCGATGAGGCTGATATT-3 (reverse); and Nmel,
5-ACAGCTCTGCATTCCTTACC-3' (forward) and 5'-
AGAACAGAACACAGGTGATAGG-3' (reverse).

RNA Sequencing and Bioinformatics Analysis

RNA sequencing was performed by the University of
Chicago (Chicago, IL) genomics core facility. Briefly, RNA
quality was confirmed using an Agilent Bio-analyzer (Agi-
lent Technologies Inc., Santa Clara, CA). RNA-sequencing
libraries were generated using TruSeq stranded total RNA
LT (with RiboZero), RS-122-2301 (Illumina, San Diego,
CA). Samples were sequenced using an Illumina Hiseq2500
with a single end read length of 50 bp. For analysis, raw
reads were trimmed to a minimal Q20 (the cutoff value of
the sequencing quality for each base) using trimmomatic
version 0.32 (http://www.usadellab.org/cms/?page=
trimmomatic). To remove any remaining ribosomal
sequences, an initial alignment against mouse rRNA
sequences was performed using bowtie2 version 2.3.4.2
(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). By
using University of California Santa Cruz Refseq
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annotations, the remaining reads against the reference
genome plus the transcriptome sequence were aligned
with TopHat2 version 2.1.1 (https://cchb.jhu.edu/software/
tophat/index.shtml). Gene expression was quantified using
CuffNorm version 2.2.1 (http://cole-trapnell-lab.github.io/
cufflinks/cuffnorm). Differential expression changes and P
and q values between groups were calculated using
CuffDiff version 2.2.1 (http://cole-trapnell-lab.github.io/

cufflinks/cuffdiff).

Liposome-Mediated Transduction of Plasmid DNA into
Lung Vascular ECs in Mice

To make liposomes, a mixture of dimethyldioctadecy-
lammonium bromide and cholesterol (1:1 mol/L ratio) was
dried using a Rotavaporator (BUCHI, New Castle, DE) and
then dissolved in 5% glucose, followed by sonication for 20
minutes. The plasmid DNA expressing Foxml under the
control of the human CDHS5 promoter (or empty vector) and
liposomes were combined at 1 pg DNA to 8 nmol lipo-
somes. The DNA/liposome complex (50 pug of DNA/mouse)
was then administered intravenously at 12 hours after CLP
challenge.
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Figure 4

Impaired vascular repair in Hif1a”!/Tie2Cre* (CKO) mouse lungs was not ascribed to HIF-1c deficiency in bone marrow (BM) cells. A: Quantitative

PCR analysis demonstrating >95% efficiency of bone marrow reconstitution. Bone marrow cells from wild-type (WT) female mice were transplanted to lethally
irradiated Hif1ad”*/Tie2Cre™ male mice. Six weeks after transplantation, bone marrow samples from these chimeric male mice and WT male mice [positive
control (Ctl)] were isolated for genomic DNA isolation and PCR analysis of Y-chromosome—specific gene Sry. B: Defective vascular repair in lungs of Hiftd”y
Tie2(re* mice transplanted with bone marrow cells from either Hiflee WT (BM™/*+) or CKO (BM~/~) mice. At 6 weeks after bone marrow cell transplantation, the
mice were challenged with cecal ligation and puncture (CLP). At 72 hours after CLP, lung tissues were collected for transvascular Evans Blue Dye—conjugated
albumin (EBA) flux measurement. C: Lung myeloperoxidase (MPO) activity measurement (72 hours after CLP). D—G: Real-time quantitative RT-PCR analysis
demonstrating increased expression of proinflammatory mediators in Hif1a”//Tie2Cre™ mouse lungs reconstituted with either WT or CKO bone marrow cells at
72 hours after CLP challenge. Data are expressed as means £ SD (A and D—G) or means (B and C). n = 4 mice per group (A and D—G). Icam-1, intercellular
adhesion molecule 1; Nos-2, inducible nitric oxide synthase; Tnf-o, tumor necrosis factor—a.

Statistical Analysis

Data are means &= SD in bar graphs. Differences were
assessed using one-way analysis of variance with a Tukey’s
post hoc analysis for multiple-group comparisons. Pairwise
comparisons were analyzed using two-tailed unpaired -
tests. Statistical analysis for the mortality study was per-
formed using the log-rank (Mantel-Cox) test. P < 0.05 is
considered as statistically significant.

Results

Endothelial HIF-1a Is Required for Vascular Repair
after Polymicrobial Sepsis

The expression of HIF-1a and HIF-2a, was first assessed in
lung tissues after sepsis challenge induced by CLP, which
induces polymicrobial sepsis, a clinically relevant murine
model of sepsis.”® " Real-time quantitative RT-PCR
analysis revealed a rapid induction of HIF-1a, but not
HIF-2a, expression in WT mouse lungs after CLP chal-
lenge, which occurred as early as 2 hours and peaked at 8
hours after CLP (Figure 1A). Thus, a mouse model with EC-
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restricted disruption of HIF-lo (Hifl dTie2Cre") was
generated to study the role of endothelial HIF-1a in regu-
lating endothelial injury and vascular repair.

Mice with Hifla floxed (Hifla") allele were bred with Tie2
promoter/enhancer-driven Cre recombinase (Cre) (Tie2Cre)
transgenic mice to inactivate HIF-1¢. in mouse endothelium.”’
Unlike global Hifla-null mutation mice,” Hiflad”/Tie2Cre"
mice were born in a mendelian ratio and indistinguishable from
their Hifld” WT littermates. Hifla"/Tie2Cre™ mice grew to
adulthood, living as long as WT mice (at least 20 months). HIF-
1o mRNA expression was decreased by approximately 80% in
pulmonary ECs (Figure 1B). Considering the purity of the
isolated ECs (90%), a 90% deletion efficiency was expected. In
Hifld"/Tie2Cre™ lungs, HIF-1a expression was also markedly
inhibited at various times after CLP challenge compared with
WT lungs (Figure 1C). Western blot analysis also demonstrated
induced HIF-1a protein expression in WT lungs, which was
markedly inhibited in Hifl ?/Tie2Cre™ lungs (Figure 1, D and
E). However, HIF-2a. protein expression was not inhibited in
Hifld"/Tie2Cre™ lungs (Supplemental Figure S1), indicating
isoform-specific gene deletion.

Histology examination revealed similar injury, including
septal thickening, leukocyte infiltration, protein edema, and
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Figure 5 Defective endothelial regeneration in Hif1a"//Tie2Cre™ (CKO) mouse lungs after cecal ligation and puncture (CLP) challenge. A and B: Flow
cytometry quantification of endothelial cells (ECs; CD45/CD31™) in mouse lungs at 120 hours after CLP or sham (S). At 120 hours after CLP or sham, lung
tissues were collected for digestion and dissociation. Freshly prepared lung cells were immunostained with anti-CD45 and anti-CD31 antibodies for
fluorescence-activated cell sorting analysis by gating CD45" cells. A: Representative histograms showing percentage of ECs in mouse lungs. B: Quantification of
ECs (% CD45CD31% in total CD45 cells) in mouse lungs. C: Representative micrographs showing EC proliferation. Cryosections of lungs (5 um thick) collected
at 96 hours after CLP were immunostained with anti—5-bromo-2-deoxyuridine (BrdU) antibody to identify proliferating cells (green) and with anti-CD31 and
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hours before tissue collection. E: Expression of genes regulating cell cycle progression determined by real-time quantitative RT-PCR (RT-qPCR) analysis. At 96
hours after CLP, lung ECs were isolated for RNA extraction and RT-gPCR analysis. Data are expressed as means (B) or means + SD (D and E). n = 4 (D and E).
*P < 0.05, **P < 0.01, and ***P < 0.001 (t-test). Scale bar = 50 um (C). WT, wild type.

The American Journal of Pathology m ajp.amjpathol.org 1671


http://ajp.amjpathol.org

Huang et al

hemorrhaging, in WT and Hifla”/Tie2Cre" lungs at 24
hours after CLP (Figure 2A). Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling staining also
showed a similar degree of EC apoptosis at 24 hours after
CLP (Figure 2, B and C). Vascular permeability was
assessed by determination of pulmonary transvascular flux
of EBA." In sham-operated mice, EBA flux in WT and
Hiﬂcz"/f/TieZCre+ mice was similar at the basal levels,
indicating that healthy Hifla"/Tie2Cre™ mice have normal
lung vascular integrity. Pulmonary vascular EBA flux
increased by fourfold to fivefold and peaked at 24 hours
after CLP challenge in Hifld"/Tie2Cre™ lungs, similar to
WT lungs (Figure 2D). EBA flux in WT lungs returned to
basal levels at 72 and 96 hours after CLP, indicating full
recovery, whereas Hifld”/Tie2Cre™ lungs exhibited
persistent vascular leakiness. These data demonstrate a
similar degree of injury in WT and Hifla"”/Tie2Cre™ lungs
during the injury phase; the critical difference in
Hif1ad"/Tie2Cre™ lungs compared with WT was at the repair
phase. The Hifld”/Tie2Cre™ lungs exhibited impaired
vascular repair. Accordingly, Hifla”/Tie2Cre™ mice
exhibited a marked increase of lung wet/dry weight ratio,
indicating lung edema at 72 hours after CLP (Figure 2E).
Hifla"/Tie2Cre™ mice also exhibited a marked increase
in mortality after CLP challenge (Figure 2F); all of the
Hifld"/Tie2Cre™ mice had died within 5 days after CLP,
whereas only 40% of WT mice had died at this time.

Endothelial Disruption of HIF-1a Results in Impaired
Resolution of Lung Inflammation after Sepsis-Induced
Injury

To assess pulmonary inflammation, lung myeloperoxidase
(MPO) activity, indicative of neutrophil sequestration,
and expression of inflammatory cytokines were quantified.
Lung MPO activity was similarly increased in Hifla™/
Tie2Cre™ and WT as well as Hifla™ " Tie2Cre™ mice at 24
hours after CLP versus baseline (Figure 3A). It then decreased
and returned to basal levels in WT lungs at 96 hours after CLP,
whereas it was persistently elevated in Hiflad"”/Tie2Cre*
lungs. Hematoxylin and eosin staining revealed prominent
perivascular accumulation of leukocytes in Hifla”/Tie2Cre™
lungs compared with WT lungs (Figure 3B), although a similar
degree of leukocyte infiltration was seen in WT and Hifld"/
Tie2Cre™ during the injury phase (Figure 2A). Expression of
proinflammatory cytokines was markedly induced in Hifla"/
Tie2Cre™ lungs in contrast to WT lungs at 72 hours after CLP
(Figure 3, C—F). These data suggest that endothelial HIF-
la—mediated vascular repair is required for the resolution of
lung inflammation after polymicrobial sepsis.

Hematopoietic Cell—Derived HIF-1a Is Not Involved in
Vascular Repair

As Tie2Cre also induces gene deletion in hematopoietic
cells besides ECs”! (Figure 1B), it was determined whether
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hematopoietic HIF-1a deficiency could also contribute to
the recovery defects seen in Hifla"”/Tie2Cre" mice. Bone
marrow cells, isolated from Hi]”]a"/f‘/T je2Cre" mice, were
transplanted to lethally irradiated WT mice to generate WT-
Hifla®™ "~ chimeric mice. As a comparison, lethally irra-
diated Hifld"/Tie2Cre™ mice were reconstituted with WT
bone marrow cells to generate Hifla”/Tie2Cre™-BM ™"
chimeric mice. At 6 weeks after transplantation, these
chimeric mice and their counterparts (WT mice recon-
stituted with WT bone marrow cells and Hifld"”/Tie2Cre™*
mice with Hifla”/Tie2Cre* bone marrow cells) were then
challenged with CLP; and vascular permeability and
inflammation were assessed at 72 hours after CLP chal-
lenge. EBA flux returned to the basal level in WT-
Hif]aB M=/= himeric mice, as seen in WT mice, whereas it
remained elevated in Hifla”/Tie2Cre™-BM ™" chimeric
mice, which was similar to Hifld”/Tie2Cre™ mice
(Figure 4, A and B). Similarly, lung MPO activity was
normalized in both WT and WT chimeric mice, but not in
either Hifld”/Tie2Cre" chimeric mice or Hifld”/Tie2Cre*
mice (Figure 4C). Expression of proinflammatory cytokines
was markedly increased in Hifla”/Tie2Cre™ mouse lungs
compared with WT lungs regardless of the presence or
absence of HIF-la in the bone marrow cells (Figure 4,
D—G). These data confirmed the essential role of EC- but
not hematopoietic cell—specific HIF-1a in vascular repair
and resolution of inflammation after polymicrobial sepsis.

Endothelial HIF-1a Is Required for Endothelial
Regeneration during the Recovery Phase after
Polymicrobial Sepsis

The effect of endothelial HIF-la deficiency was next
assessed on endothelial regeneration by quantifying the total
EC numbers in Hifld"”/Tie2Cre™ lungs compared with WT
mice. Fluorescence-activated cell sorting analysis revealed
similar numbers of lung ECs (approximately 50%) in sham-
operated WT and Hiflad"”/Tie2Cre™ lungs. In WT mice, lung
EC percentage was returned to a level similar to sham-
operated WT mice, whereas it remained markedly lower
(approximately 35%) in Hifla”/Tie2Cre™ mice at 120 hours
after CLP (Figure 5, A and B). These data demonstrate that
HIF-1a in ECs is required for endothelial regeneration after
polymicrobial sepsis—induced vascular injury. Immunoflu-
orescence staining of proliferating cells was then performed
with anti—5-bromo-2-deoxyuridine antibody on lung sec-
tions to ascertain whether EC proliferation was HIF-1a
dependent. At 72 and 96 hours after CLP, EC proliferation
was markedly induced in WT lungs, whereas these levels
were inhibited in Hifla”/Tie2Cre™ lungs (Figure 5, C and
D). Expression of genes regulating cell cycle progression
was markedly induced in WT, but not in Hifl a7/ ie2Cre™,
lung ECs at 96 hours after CLP (Figure 5E). Thus, endo-
thelial HIF-1a. is a critical regenerative transcriptional factor
mediating EC proliferation and thereby endothelial regen-
eration leading to vascular repair after inflammatory injury.
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Figure 6  Restoration of endothelial forkhead box protein M1 (Foxm1) expression in Hifla”//Tie2Cre* (CKO) mice rescues the defective vascular repair
phenotype. A: Heat map of RNA-sequencing (RNA-seq) analysis of gene expression in wild-type (WT) and Hif1ad”/Tie2Cre™ mouse lungs at 72 hours after cecal
ligation and puncture (CLP) compared with sham. RNA samples from three mouse lungs were combined for RNA-seq analysis in each group. B and C: Real-time
quantitative RT-PCR (RT-qPCR) analysis of Foxm1 expression in WT and Hif1a"//Tie2Cre™ mouse lung tissues at various times and freshly isolated lung
endothelial cells (ECs) after CLP. D: Representative Western blot analysis showing restored Foxm1 protein expression in Foxm1 plasmid DNA-transduced Hif1a”
F/Tie2Cre* mouse lungs. At 12 hours after CLP challenge, a mixture of liposome/plasmid DNA expressing Foxm1 under the control of the CDH5 promoter
(Foxm1) or empty vector (Vector) was administered intravenously to Hif1d"”*/Tie2Cre* mice. WT mice were also administered with Vector as controls. At 72
hours after CLP, lung tissues were collected for Western blot analysis with anti-Foxm1 and anti—B-actin (loading control). E: RT-gPCR analysis of Foxm1
expression in ECs freshly isolated from lungs of mice treated as described in D. F: Pulmonary transvascular Evans Blue Dye—conjugated albumin (EBA) flux
measurement demonstrating normalized vascular repair of Hif1a”//Tie2Cre™ mice transduced with Foxm1 plasmid DNA at 72 hours after CLP. G: Myeloper-
oxidase (MPO) assay demonstrating normalized resolution of lung inflammation in Hif1a"*/Tie2Cre™ mice transduced with Foxm1 plasmid DNA at 72 hours after
CLP. H: Restored Foxm1 expression in ECs of Hif1a”*/Tie2Cre™ mouse lungs promotes survival. At 12 hours after CLP challenge, a mixture of liposome/plasmid
DNA was administered to WT or Hif1a"//Tie2Cre™ mice. Survival rate was monitored for 6 days. Data are expressed as means + SD (B, C, and E) or means (F and
G). n = 5 per group (B); n = 4 per group (C and E). **P < 0.01 versus CKO + Vector; P < 0.01 versus WT-sham (one-way analysis of variance); *P < 0.01

versus CKO + Vector (Mantel-Cox test).
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Figure 7

Restoration of endothelial forkhead box protein M1 (Foxm1) expression in Hif1ad”/Tie2Cre* (CKO) mice normalizes endothelial cell (EC) pro-

liferation. A: Representative micrographs of immunostaining of lung sections. At 12 hours after cecal ligation and puncture (CLP), Hlf]af/f/Tl‘eZCreJr mice were
administered intravenously with liposome/Foxm1 plasmid DNA (CKO + Foxm1) or vector (CKO + Vector). Wild-type (WT) mice were also administered with
vector. At 72 hours after CLP, mouse lungs were collected. Cryosections were immunostained with anti—5-bromo-2-deoxyuridine (BrdU) (green) and anti-
CD31/anti—von Willebrand factor (vWF; red) antibodies. Nuclei were counterstained with DAPI (blue). B: Quantification of BrdU-positive ECs and non-ECs. C
and D: Real-time quantitative RT-PCR analysis of expression of genes regulating cell cycle progression. Data are expressed as means + SD (B—D). **P < 0.01,

***P < 0.001 (t-test). Scale bar = 50 pum (A).

Endothelial HIF-1a—Mediated Vascular Repair Is
Foxm1 Dependent

To define the downstream target(s) of HIF-1a responsible
for endothelial regeneration and vascular repair, RNA-
sequencing analysis was first performed. Among the 80
HIF-1a target genes, 10 of them had more than a twofold
increase in WT lungs at 72 hours after CLP compared with
WT-sham but no marked changes in Hifla”/Tie2Cre™ lungs
compared with Hifld”/Tie2Cre*-sham (Figure 6A).
Expression of vascular endothelial growth factor was not
induced (data not shown). As Foxm1 is on the top list and is
involved in EC proliferation and vascular repair,”'” it was
next determined whether HIF-1a regulates Foxml1 expres-
sion in ECs. In mouse lung samples, CLP-induced increases
in Foxml expression were confirmed in WT mice and
shown to be HIF-1a dependent (Figure 6B). Using freshly
isolated ECs, Foxml was found to be predominantly
induced in lung ECs of WT, but not Hifl a7/ je2Cre™, mice
(Figure 6C). Putative HIF-response elements were identified
in mouse Foxml promoter (Supplemental Figure S2).
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A cationic liposome—mediated in vivo gene transduction
approach' % was next used to determine whether
inhibited Foxm1 expression is responsible for the defective
endothelial proliferation and vascular repair seen in
Hifld"/Tie2Cre™ mice. A mixture of liposome and plasmid
DNA expressing Foxm1 under the control of human CDH5
promoter (EC specific)'® was administered intravenously to
Hifla"/Tie2Cre™ mice at 12 hours after CLP. Control
vector—loaded liposomes were also delivered to WT mice
and Hifld"/Tie2Cre" mice. Foxm] protein expression was
induced in WT mouse lungs at 72 hours after CLP but not in
Hifla”/Tie2Cre™ lungs transduced with vector plasmid
(Figure 6D). Transduction of Foxm1 plasmid DNA resulted
in increased expression of Foxml in Hifld”/Tie2Cre*
lungs. Real-time quantitative RT-PCR analysis also
demonstrated normalized Foxml expression in lung ECs
(Figure 6E) of Foxml plasmid DNA—transduced Hifla™/
Tie2Cre" mice. Furthermore, endothelial expression of
Foxml in Hifld”/Tie2Cre™ mouse lungs resulted in
normalization of vascular repair at 72 hours after CLP
(Figure 6F). MPO activity in Foxml plasmid—transduced
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Figure 8  Endothelial regeneration and vascular repair after endotoxemia-induced injury is also HIF-1o dependent. A: Pulmonary transvascular Evans Blue
Dye—conjugated albumin (EBA) flux assay demonstrating defective vascular repair in Hifla”//Tie2Cre* (CKO) mouse lungs after lipopolysaccharide (LPS)
challenge (2.5 mg/kg, intraperitoneally). B: Lung wet/dry weight ratio analysis revealing lung edema in Hifla”*/Tie2Cre* mice at 72 hours after LPS.C: Time
course of lung myeloperoxidase (MPQ) activity after LPS challenge. D: Representative micrographs of hematoxylin and eosin staining of lung sections showing
perivascular leukocyte sequestration in Hifla”*/Tie2Cre™ mouse lungs at 72 hours after LPS. The boxed areas are shown at higher magnification in the insets
in the left lower corners. E: Real-time quantitative RT-PCR analysis showing increased expression of proinflammatory mediators in Hifla”%/Tie2Cre* mouse
lungs at 72 hours after LPS. F: Representative micrographs showing endothelial cell (EC) proliferation. Cryosections of lungs (5 um thick) collected at 72 hours
after LPS were immunostained with anti—5-bromo-2-deoxyuridine (BrdU) antibody to identify proliferating cells (green) and with anti-CD31/von Willebrand
factor (vVWF) antibodies to identify ECs (red). Arrows indicate proliferating Ecs. The boxed areas in the top panels are shown at higher magnification in the
three bottom panels. G: Quantification of cell proliferation in mouse lungs. Three consecutive cryosections from each mouse lung were examined, and the
average number of BrdU™ nuclei was used for each mouse. Data are expressed as means (A and C) or means =+ SD (B, E, and G). n = 5 mice per group (B);
n = 4 (Eand G). **P < 0.01 (t-test). Scale bars = 50 um (D and F). B, basal; Br, bronchiole; Icam-1, intercellular adhesion molecule 1; Nos-2, inducible
nitric oxide synthase; Tnf-o, tumor necrosis factor—a; V, vessel; WT, wild type.

Hifld"/Tie2Cre™ lungs at 72 hours after CLP was also
returned to the basal levels seen in vector DNA—transduced
WT mice (Figure 6G). Accordingly, endothelial expression
of Foxml resulted in a marked increase of survival of
Foxml plasmid DNA—transduced Hifla”/Tie2Cre™ mice
(Figure 6H).

Furthermore, the impaired pulmonary vascular EC
proliferation seen in Hifla”/Tie2Cre* mice was rescued by
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liposomal delivery of Foxml plasmid DNA (Figure 7, A
and B). These Foxm1-dependent restorations in EC prolif-
eration were accompanied by Foxm1-dependent restorations
in the expression of genes regulating cell cycle progression
(Figure 7, C and D). Together, these data demonstrate that
Foxml is regulated by HIF-la in lung ECs that are
responsible for endothelial regeneration and vascular repair
after polymicrobial sepsis.
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Lung Vascular Repair after Endotoxemia Is Also HIF-1a
Dependent

To confirm the role of endothelial HIF-1a in vascular repair
in endotoxemia, mice were challenged with LPS. As seen in
the context of polymicrobial sepsis described above, pul-
monary vascular permeability in Hifla”/Tie2Cre™ mice at
24 hours after LPS was increased by a similar level in WT
mice (Figure 8A). During the recovery phase, EBA flux
returned to basal levels at 72 hours after LPS in WT,
whereas it remained elevated in Hifl &7/ ie2Cret,
mouse lungs, indicating impaired vascular repair. Hifla™"/
Tie2Cre mice exhibited similar injury and repair responses
to LPS challenge as seen in WT (Hifld”) mice
(Supplemental Figure S3), indicating Cre expression per se
does not affect lung injury and repair. Hiflad"/Tie2Cre*
lungs exhibited pulmonary edema at 72 hours after LPS in
contrast to WT mice (Figure 8B). Hiflaf/f/T ie2Cre™ mice
also exhibited defective resolution of inflammation, evident
by the persistent increase in lung MPO activity during the
recovery phase, and perivascular infiltration of neutrophils,
as well as increased expression of proinflammatory cyto-
kines at 72 hours after LPS (Figure 8, C—E). Anti—5-
bromo-2-deoxyuridine immunostaining also revealed
defective EC proliferation in Hifla”/Tie2Cre™ lungs after
LPS challenge (Figure 8, F and G).

Discussion

In this study, we have demonstrated that endothelial HIF-1a
plays a prerequisite role in mediating vascular repair and
resolution of inflammatory lung injury after sepsis chal-
lenge. Mice with endothelial-specific Hifla deletion
exhibited defective endothelial proliferation and vascular
repair and impaired resolution of inflammation, resulting in
increased mortality. Restored expression of Foxml in lung
ECs of Hifld"”/Tie2Cre* mice normalized endothelial pro-
liferation and vascular repair and improved survival. Our
study provides evidence that the endothelial HIF-
lao—Foxml pathway is a strong candidate for therapeutic
targeting in the treatment of sepsis and ARDS.

Several studies have identified endothelial barrier
dysfunction as the major contributor to lung injury and poor
prognostic outcomes of sepsis.” 7777 The disrupted
endothelial barrier and the subsequent microvascular
leakage may result from pulmonary EC loss. A marked
increase of EC apoptosis was observed after sepsis chal-
lenge. Consistent with our observation, several studies have
shown that the total number of pulmonary vascular ECs
transiently decreased in mice after sepsis.”’ '’ However,
Hifla"/Tie2Cre™ mice and WT mice exhibited a similar
degree of lung EC apoptosis. Accordingly, lung vascular
injury and inflammation at the initial injury phase after
sepsis challenge are similar between Hifla”/Tie2Cre ™ mice
and WT mice, demonstrating that endothelial HIF-1a is not
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involved in the initial inflammatory responses to sepsis
challenge.

ECs are normally quiescent, with a low turnover rate. In
response to injury, expression of some transcriptional fac-
tors is induced to activate EC proliferation. It has been
shown that the forkhead transcriptional factor Foxml is
markedly induced in ECs in the recovery phase but not in
the injury phase after LPS challenge.” Genetic deletion of
Foxml in ECs impairs endothelial proliferation and vascular
repair. Overexpression of Foxm1 augments EC proliferation
and promotes resolution of inflammation.”' A previous
study shows that endothelial NF-«B is also involved in EC
proliferation and vascular repair in mouse lungs after
endotoxemia.”” Herein, we show that HIF-le is rapidly
induced and stabilized in lung ECs in the injury phase after
sepsis challenge. Genetic deletion of Hifla leads to inhibited
EC proliferation and impaired vascular repair in the repair
phase. Although there was a similar degree of lung
vascular injury and inflammation in the injury phase,
Hifld"/Tie2Cre™ mice exhibited persistent injury and
inflammation and increased mortality compared with WT
mice. Thus, HIF-1a is a rapidly induced transcriptional
factor responsible for endothelial regeneration and vascular
repair after sepsis-induced vascular injury.

HIF-o. protein levels are generally regulated by
post-translational ~ modification through hydroxylase-
mediated hydroxylation and subsequent proteasomal deg-
radation.”> > Under hypoxia condition and inflammation,
which induces tissue hypoxia, HIF-a is stabilized and acti-
vated. Herein, a rapid induction of HIF-1loo mRNA levels
was observed as early as 2 hours and that peaked at 8 hours
after sepsis. However, the HIF-2o0 mRNA level was, in
contrast, markedly decreased at the same time. Accordingly,
a greater than eightfold increase of HIF-1a protein levels
was observed in WT lungs at 8 hours after CLP compared
with sham, whereas HIF-2o. protein levels were only
increased twofold. These data show that HIF-o subunits are
regulated in both transcriptional and post-transcriptional levels
under the inflammatory condition. Previous studies have also
demonstrated that HIF-1o is regulated at the transcriptional
level. NF-kB is a critical mediator of HIF-1a. transcriptional
regulation in inflammatory conditions.** In macrophages, LPS
also up-regulates HIF-1oc mRNA levels in a toll-like receptor
4—dependent manner.** Thus, future study is warranted to
determine whether HIF-1oc mRNA up-regulation is mediated
by NF-kB activation in a toll-like receptor 4—dependent
manner after sepsis challenge and to understand the mecha-
nisms of differential regulation of HIF-lo and HIF-2a
transcription in response to sepsis challenge. Our study
demonstrated that endothelial HIF-1a plays an important role
in mediating vascular repair during the recovery phase. How-
ever, it remains unclear whether induced HIF-1oo mRNA
expression is required for the reparative effect.

RNA-sequencing analysis and subsequent real-time
quantitative RT-PCR analysis demonstrated a marked in-
duction of Foxm1 expression in WT mouse lungs after CLP
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challenge, which was inhibited in Hifla”/Tie2Cre* lungs.
Our promoter analysis has identified seven putative
hypoxia-response elements in the 3.5-Kb mouse Foxml
promoter, indicating HIF-o. may directly bind to these
elements to up-regulate Foxml expression. Because only
HIF-1a protein level is markedly increased after sepsis
challenge, it is our expectation that these hypoxia-response
elements will be predominantly occupied by HIF-1a but not
HIF-2a, leading to HIF-1o—dependent induction of Foxml
expression. These data further show that HIF-
la—dependent Foxml expression in ECs is critical for
activating the intrinsic endothelial regeneration and vascular
repair program. Endothelial-specific expression of Foxml in
Hifld"/Tie2Cre" mouse lungs was sufficient to activate
vascular repair and promote survival. Collectively, these
data demonstrate that endothelial HIF-1a/Foxml signaling
is a crucial intrinsic regenerative pathway for vascular repair
after inflammatory injury. This study demonstrates an in-
direct anti-inflammatory role of HIF-lo through Foxml-
dependent vascular repair and resultant resolution of
inflammation. Previous studies also show an anti-
inflammatory role of HIF-loe through induction of
anti-inflammatory signaling molecules, such as adenosine or
netrin-1.%*° However, HIF-14, is also an important medi-
ator of hypoxia-induced inflammation.”” Thus, under
different pathologic conditions, HIF-1a signaling can lead
to proinflammation or anti-inflammation through direct or
indirect pathways.

After loss of ECs, regeneration of the endothelial
monolayer is possible from multiple sources, including
resident EC proliferation, recruitment of circulating ECs or
endothelial progenitor cells, and contribution of bone
marrow—derived progenitor cells. Published studies have
shown that proliferative capillary ECs, not the bone marrow
cells, mediate vascular repair after hyperoxia-induced
endothelial injury.” Mao et al** also show that resident
ECs are the major contributor to repair, whereas bone
marrow—derived endothelial precursor cells are a comple-
mentary source of new ECs in endothelial barrier restoration
after LPS challenge. Herein, we show that Hifl d”/Tie2Cre
mice exhibited defective vascular repair. Given that Tie2Cre
also induces gene deletion in bone marrow cells besides
ECs,”! it is possible that bone marrow cell HIF-1o. also
contributes to vascular repair. However, our bone marrow
transplantation study excludes the possibility and demon-
strates that HIF-1a expressed in bone marrow cells is not
involved in vascular repair, further supporting our concept
that endothelial HIF-1a. expression is responsible for resi-
dent EC proliferation and subsequent vascular repair. Using
genetic lineage tracing and parabiosis, it has been shown
that resident EC proliferation plays a dominant role in
endothelial regeneration and vascular repair in large vessels
after injury.”” Thus, it is likely that resident EC proliferation
is an intrinsic regenerative mechanism mediating endothe-
lial regeneration and vascular repair in the systemic vascu-
lature as well as in the pulmonary vasculature. Indeed, our
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published study demonstrates that p110y phosphatidylino-
sitol 3-kinase signaling is responsible for vascular repair of
both the pulmonary and systemic vasculatures.'”

HIF-1a signaling is involved in the pathogenesis of lung
injury.”’ In the ventilator-induced lung injury model, HIF-
lo signaling in alveolar epithelial cells has been reported to
play a protective role, whereas endothelial HIF-1a is not
involved in the protective effect.”’ Genetic deletion of
endothelial HIF-1oo has negligible effects on ventilator-
induced lung injury and mortality, which seems to
contrast our observation in the sepsis-induced lung injury
model. The discrepancy is likely ascribed to the differences
of the lung injury models. Ventilator-induced injury is more
of an epithelial injury model, whereas sepsis-induced in-
flammatory lung injury is more of an endothelial injury
model. We and others observed a marked increase of
endothelial apoptosis after sepsis challenge. In addition, our
data show that endothelial HIF-1o is not involved in the
injury response after sepsis challenge. Hifla"”//Tie2Cre mice
exhibit a similar degree of lung injury during the injury
phase, which is consistent with the observation in the acute
phase (3 hours) of ventilator-induced lung injury.”' It is
unclear if endothelial HIF-1a is involved in repair and re-
covery in a sublethal ventilator-induced lung injury model,
as seen in our sepsis model. In another epithelial injury
model induced by i.t. instillation of LPS or hydrochloric
acid, epithelial HIF-la is shown to promote type II
epithelial cell proliferation and spreading for epithelium
repair.’” In response to endotoxemia, myeloid HIF-1a. plays
a detrimental role. Deletion of Hifla in myeloid cells is
protective against LPS-induced mortality and septic
shock.** These studies demonstrate that HIF-1a expression
in different cell types functions differently in different
pathologic conditions.

Although they share many common signaling pathways
and possess similar regulatory effects in physiological and
pathologic conditions, the two major HIF-o. isoforms (HIF-
la. and HIF-2a) in ECs may exert differential effects.
Endothelial HIF-2a, not HIF-1a, mediates renal protection
and recovery after ischemic kidney injury through increased
inflammatory cell infiltration.”” In mouse mammary cancer
models, loss of HIF-1a in ECs reduces nitric oxide synthesis
and restricts tumor cell metastasis, whereas loss of endo-
thelial HIF-2a. has the opposite effect.” Deletion of Hif2a,
but not Hifla, in cardiac myocytes deteriorates myocardial
ischemia-reperfusion injury.”> Endothelial HIF-2a, but not
HIF-1a, contributes to the pathogenesis of pulmonary artery
hypertension,”®”” although HIF-lo. expression in smooth
muscle cells is involved in pulmonary vascular remodeling
and development of pulmonary hypertension.”® Hypoxia-
induced stabilization of the endothelial barrier integrity is
mediated by endothelial HIF-2¢..”° Under basal conditions,
HIF-2a is the predominant isoform expressed in ECs, which
mediates vascular endothelial-phosphotyrosine phosphatase
expression, leading to enhanced dephosphorylation of VE-
cadherin, and thereby promotes endothelial adherens
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junction integrity and endothelial barrier function. EC-
specific loss of HIF-2a exaggerates LPS-induced lung
injury in the injury phase through disruption of the endo-
thelial barrier. However, the study fails to examine the role
of endothelial HIF-2a in vascular repair and resolution of
inflammation during the recovery phase after LPS chal-
lenge.”® In contrast to HIF-1o, HIF-20. mRNA expression in
WT mouse lungs is acutely decreased after CLP challenge,
indicating that HIF-2a is not involved in vascular repair
during the recovery phase. Nevertheless, future study is
warranted to investigate the role of endothelial HIF-2¢ in
regulating Foxm1 expression and endothelial proliferation
and vascular repair during the recovery phase after sepsis
challenge. Given that vascular repair requires endothelial
proliferation and recovery of endothelial barrier function, it
is possible that endothelial HIF-1a and HIF-2a synergisti-
cally work to promote endothelial proliferation and rean-
nealing of endothelial adherens junctions and thereby
vascular repair.

In summary, our studies demonstrate that endothelial
HIF-1oe is a critical transcription factor mediating the
intrinsic endothelial regenerative program for vascular
repair and resolution of inflammatory injury through endo-
thelial expression of Foxml. Thus, therapeutic activation of
HIF-1a/Foxml signaling, especially in ECs, may be an
effective approach for the prevention and treatment of
sepsis, ARDS, and other inflammatory vascular diseases.
Given that HIF prolyl hydroxylase inhibitors, such as
FG4592 and GSK1278863, have been in phase 3 clinical
trials of patients with chronic kidney disease in the United
States,””“’ these agents may have the potential to treat
sepsis and ARDS via activation of HIF-la—dependent
endothelial regeneration and vascular repair.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2019.04.014.
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