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Background: Acute respiratory distress syndrome (ARDS) is a respiratory condition caused
by severe endothelial barrier dysfunction within the lung. In ARDS, excessive inflammation,
tissue edema, and immune cell influx prevents endothelial cell regeneration that is crucial
in repairing the endothelial barrier. However, little is known about the molecular mechanism
that underpin endothelial cell regeneration in ARDS.
Methods: R-based bioinformatics tools were used to analyze microarray-derived tran-
scription profiles in human lung microvascular endothelial cells (HLMVECs) subjected to
non-treatment or lipopolysaccharide (LPS) exposure. We generated endothelial cell-specific
interferon regulatory factor 1 (Irf1) knockout (Irf1EC-/−) and Irf1fl/fl control mice for use in an
endotoxemic murine model of acute lung injury (ALI). In vitro studies (qPCR, immunoblotting,
and ChIP-qPCR) were conducted in mouse lung endothelial cells (MLECs) and HLMVECs.
Dual-luciferase promoter reporter assays were performed in HLMVECs.
Results: Bioinformatics analyses identified IRF1 as a key up-regulated gene in HLMVECs
post-LPS exposure. Endothelial-specific knockout of Irf1 in ALI mice resulted in enhanced
regeneration of lung endothelium, while liposomal delivery of endothelial-specific Irf1 to
wild-type ALI mice inhibited lung endothelial regeneration in a leukemia inhibitory factor
(Lif)-dependent manner. Mechanistically, we demonstrated that LPS-induced Stat1Ser727

phosphorylation promotes Irf1 transactivation, resulting in downstream up-regulation of Lif
that inhibits endothelial cell proliferation.
Conclusions: These results demonstrate the existence of a p-Stat1Ser727-Irf1-Lif axis that
inhibits lung endothelial cell regeneration post-LPS injury. Thus, direct inhibition of IRF1 or
LIF may be a promising strategy for enhancing endothelial cell regeneration and improving
clinical outcomes in ARDS patients.

Introduction
Acute respiratory distress syndrome (ARDS) is a respiratory condition caused by severe endothelial bar-
rier dysfunction within the lung [1]. Patients with ARDS typically present with acute dyspnea, hypoxemia,
pulmonary edema, tachycardia, systemic inflammation, and, in severe cases, multiple organ dysfunction
[1]. As the underlying molecular mechanism(s) underlying endothelial dysfunction are not fully under-
stood, effective therapies are yet to be discovered [1]. Instead, ARDS patients often require ventilator
and fluid/electrolyte support, and the mortality rate for ARDS patients remains extremely high. In one
multi-center prospective cohort of 3022 ARDS patients, mortality rates among mild, moderate, and se-
vere ARDS patients were 35%, 40%, and 46%, respectively [2].
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Endothelial barrier dysfunction results from endothelial cell injury or death [3]. Regeneration of endothelial cells
is, therefore, crucial in order to repair the barrier [3]. During the pathogenesis of ARDS, excessive inflammation,
tissue edema, and an influx of immune cells often prevents endothelial cell regeneration [3]. Consequently, recent
studies have attempted to use stem cell or endothelial progenitor cells to restore endothelial homeostasis following
injury [4,5]. Due to the challenges of using stem cells clinically [6,7], an alternate approach has been to reactivate the
intrinsic repair mechanisms that underpin endothelial cell regeneration [3]. However, to date, little is known about
the molecular mechanism(s) that underpin endothelial cell regeneration in ARDS.

Type I interferons (IFNs) are pleiotropic cytokines involved in innate immunity [8]. Due to their involvement
in inflammatory processes, IFN pathways could also play a role in endothelial damage and/or regeneration [8].
Studies in human umbilical vein endothelial cells (HUVECs) demonstrated that IFN-β can initiate cell cycle ar-
rest and therefore inhibit proliferation [9,10]. Notably, IFN-β profoundly affects endothelial transcriptional pro-
gramming by stimulating Tyr701 phosphorylation and nuclear translocation of the transcription factor STAT1 [11],
forming the potent IFN-β/p-STAT1Tyr701 signaling axis. Moreover, a genome-wide integranomics study identified
the IFN-β/p-STAT1Tyr701 signaling effector interferon regulatory factor 1 (IRF1) as a key transcription factor that
coordinates endothelial gene expression under pro-inflammatory stimuli [12]. Notably, transcriptomic analysis of
IRF1-transduced fibroblasts shows that IRF1-bound targets in IFN-treated cells are associated with apoptosis-related
gene transactivation [13]. In slight contrast with IFN-β, lipopolysaccharide (LPS) activates p38 mitogen-activated
protein kinase (p38 MAPK), which stimulates Ser727 phosphorylation (but not Tyr701 phosphorylation) of STAT1
in endothelial cells [14]. This LPS-induced Ser727 phosphorylation of STAT1 enhances STAT1’s DNA binding activ-
ity [14], suggesting that LPS acts independently of IFN-β in stimulating STAT1 signaling activity in endothelial cells
via STAT1Ser727 phosphorylation.

As this evidence suggests that the p-STAT1/IRF1 axis may play an anti-proliferative/pro-apoptotic role in endothe-
lial cells under pro-inflammatory conditions, we hypothesized that LPS-induced endothelial injury would enhance
endothelial STAT1Ser727 phosphorylation and downstream IRF1 transactivation, thereby inhibiting lung endothe-
lial regeneration. Using a LPS-induced endotoxemic murine model of acute lung injury (ALI), we demonstrate that
endothelial IRF1 plays an inhibitory role in regeneration of the lung endothelium. Specifically, we discovered that
endothelial integrity is compromised by p-STAT1Ser727-mediated IRF1 transactivation and downstream leukemia in-
hibitory factor (LIF)-mediated endothelial proliferative retardation.

Materials and methods
Bioinformatics analysis
Bioinformatics analysis was performed on Harry et al.’s published GEO dataset (GSE5883), in which cultured human
lung microvascular endothelial cells (HLMVECs) were left untreated (control, Ctrl) or exposed to LPS (10 ng) for
four hours (n = 4 biological replicates per group); isolated, amplified RNA therefrom was subjected to Affymetrix
HG U133plus2 gene array analysis. The four-hour timepoint was selected for analysis, as it is the earliest timepoint
reported in the literature at which LPS significantly enhances human endothelial cell death and permeability in vitro
[15,16].

The weighted correlation network analysis (WGCNA)-based modular analysis on the raw GSE5883 microar-
ray data comparing LPS-exposed HLMVECs against Ctrl HLMVECs was performed using the Cemitool package.
The module annotation was performed with Human Reactome v7.1. The interaction network and Gene Set En-
richment Analysis (GSEA) algorithms were available within the Cemitool package. The following parameters were
employed: filter = TRUE, filter pval = 0.1, apply vst = FALSE, n genes = FALSE, eps = 0.1, cor method = ‘pear-
son’, cor function = ‘cor’, network type = ‘unsigned’, tom type = ‘signed’, set beta = NULL, force beta = TRUE,
merge similar = TRUE, rank method = ‘mean’, ora pval = 0.05, and gsea scale = TRUE.

For differentially expressed gene (DEG) analysis, the raw GSE5883 microarray data was first subjected to
median-based filtration and quantile normalization. DEGs from LPS-exposed HLMVECs versus Ctrl HLMVECs
were then identified using the limmapackage moderated t-test with an adjusted P-value threshold of P<0.05 for
multiple testing. A volcano plot was used to illustrate DEGs by module membership with statistical significance ver-
sus log2fold-change (log2FC) on the y- and x-axes, respectively; profoundly dysregulated DEGs were defined by a
|log2FC|>1.0 threshold. The heatmap of the most up-regulated M2 genes was generated in R via the heatmap.2 func-
tion from the gplots package, using the ‘scale’ = ‘row’ switch to Z-score standardize the rows. Gene expression is
shown in red and green, with red corresponding to low expression and green corresponding to high expression.

To identify which of the target gene(s) showed the strongest relationships with endothelial regeneration in the
existing literature, a Web-based term association analysis was performed by searching Google Scholar with the search

368 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).



Clinical Science (2023) 137 367–383
https://doi.org/10.1042/CS20220876

Figure 1. R-based bioinformatics analysis identifies Irf1 as a key up-regulated gene in LPS-exposed murine lung endothelial

cells

R-based bioinformatics analysis of published microarray data (GEO acc no. GSE5883) in which cultured human lung microvascular

endothelial cells (HLMVECs) were left untreated (Ctrl) or exposed to LPS (10 ng) for 4 h (n = 4 biological replicates per group).

(A) Gene set enrichment analysis (GSEA)-based identification of two discreet gene co-expression modules associated with LPS

exposure: M1 and M2. Red coloring denotes a positive NES score, while blue coloring denotes a negative NES score. (B) Network

plots for the two gene co-expression modules M1 and M2. (C) Reactome enrichment analysis for the two gene co-expression

modules M1 and M2. The color saturation denotes the prediction confidence. (D) Volcano plots of differentially expressed genes

(DEGs) with staining for M1 module membership (blue, top panel) or M2 module membership (pink, bottom panel). (E) Heatmap of

the top 50 M2 module up-regulated DEGs ordered by descending log2 fold-change. Up-regulation is denoted by green coloring,

while down-regulation is denoted by red coloring. IRF1 is marked by a red rectangle.
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Figure 2. LPS induces Irf1-mediated Lif transactivation in lung endothelial cells

(A) Venn analysis identifying profoundly up-regulated Irf1 target genes in murine lung endothelial cells (MLECs). (B) Web-based term

association analysis to identify which Irf1 target gene(s) have the strongest association with endothelial regeneration-associated

search terms. (C) qPCR analysis of Irf1 and Lif gene expression in MLECs isolated from mice pre- and post-LPS. (D) Representa-

tive immunoblots and densitometric quantification of Irf1 and Lif protein levels in MLECs pre- and post-LPS challenge. (E) qPCR

analysis of IRF1 and LIF gene expression in human lung microvascular endothelial cells (HLMVECs) isolated from mice pre- and

post-LPS. (F) Representative immunoblots and densitometric quantification of IRF1 and LIF protein levels in HLMVECs pre- and

post-LPS challenge. (G) qPCR analysis of IRF1 and LIF gene expression in human lung microvascular endothelial cells (HLMVECs)

transfected with control or IRF1 vector. (H) Representative immunoblots and densitometric quantification of IRF1 and LIF protein

levels in HLMVECs with control vector or IRF1 overexpression. (I) Schematic of the human LIF promoter region depicting the high-

ly-conserved IRF1 ISRE binding site at −102 ∼ −127 bp. The WT and MUT ISRE sequences used in panel (K) are provided. (J)

HLMVECs transduced with either control or IRF1 plasmids, subjected to vehicle or LPS conditions for 8 h, followed by ChIP-qPCR

assays for detection of IRF1 binding to the −102 bp binding site within the LIF promoter region. (K) HLMVECs co-transfected with

control or IRF1 plasmid along with one of three luciferase (Luc) reporter gene constructs. Schematic representations of Luc con-

structs are indicated. All experiments: n = 6 mice or six independent biological replicates per group. Data represented as means
+− SDs. **P<0.01 [one-way ANOVA (C) and two-way ANOVA (E–H) with Bonferroni post-hoc tests].
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Figure 3. Endothelial Irf1 knockout in mice inhibits lung endothelial cell regeneration

(A) Schematic illustration depicting Irf1fl/fl × Cdh5-CreERT2 mice crosses to construct endothelial cell-specific Irf1 knockout mice

(Irf1EC−/−). Tamoxifen was administered for five consecutive days, left to rest for 4 weeks prior to a sub-lethal (8 mg/kg) LPS

challenge. (B) Irf1 protein levels in endothelial cells isolated from flushed lungs from control and Irf1EC−/− mice. (C) Quantification

of protein levels. (D) Time course illustrating lung vessel permeability post-LPS in control and Irf1EC−/− mice. (E) Flow cytometric

analysis of CD31+CD45− endothelial cells in mice post-LPS injury. (F) Representative images of BrdU-APC, CD31-AF488, and DAPI

co-staining in lung cryosections obtained from control Irf1fl/fl mice and Irf1EC−/− mice 3 days post-LPS. BrdU+ MLEC quantification

in lung cryosections obtained from mice post-LPS (n = 10 cryosections per mouse). (G) Re-introduction of Irf1 through liposome

vector plasmids (50 μg) in Irf1EC−/− mice post-LPS. (H) Lung vessel permeability at day 3 following LPS challenge in Irf1EC−/− mice

with re-introduced Irf1. (I) Flow cytometric analysis of CD31+CD45− endothelial cells at day 3 following LPS challenge in Irf1EC−/−

mice with re-introduced Irf1. (J) BrdU+ MLEC quantification in lung cryosections obtained at day 3 following LPS challenge in

Irf1EC−/− mice with re-introduced Irf1 (n = 10 cryosections per mouse). All experiments: n = 6 mice or six independent biological

replicates per group. Data represented as means +− SDs. *P<0.05, **P<0.01 [two-tailed Student’s t-tests (C, J) and two-way ANOVA

(D, E–H) with Bonferroni post-hoc tests, and Log-rank Mantel-Cox tests].
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terms ‘endothelial” AND (‘regeneration’ OR ‘proliferation’ OR ‘viability’ OR ‘maintenance’ OR ‘apoptosis’) AND gene
symbol, where the gene symbol was the target gene symbol of interest. The results were reported as percentage of
the total hits for the search terms ‘endothelial’ AND (‘regeneration’ OR ‘proliferation’ OR ‘viability’ OR ‘maintenance
OR ‘apoptosis’).

Mice
All animal-related experiments were performed at Chongqing Medical University (Chongqing, China). Wild-type
(WT) C57BL/b mice (strain no. 027) were obtained from Charles River. Cdh5-CreERT2 mice (MGI ID:
3848982) were obtained from Taconic Biosciences (model no. 13073) [17]. Irf1-floxed (Irf1fl/fl) mice (cat.
no. NM-CKO-2102684, Shanghai Model Organisms) were crossed with Cdh5-CreERT2 mice to create
tamoxifen-inducible Irf1EC-/− mice. All animal experiments were conducted with 8- to 12-week-old mice and us-
ing age- and sex-matched Irf1fl/fl mice as controls. All mice were kept in a pathogen-free environment and randomly
selected for treatment arms by a random number generator with equivalent numbers assigned to each cohort. The
animal operators were not blinded to cohort assignments, but investigators responsible for the collection and analysis
of data were blinded to cohort assignments.

Generation of the ALI murine model
We employed an endotoxemic murine model of ALI induced by systemic intraperitoneal LPS as previously described
[3]. Briefly, mice were fed tamoxifen 20 mg/ml in corn oil) for five consecutive days to induce endothelial cell-specific
deletion of Irf1 before being left untreated for 4 weeks. Thereafter, mice were challenged with phosphate-buffered
saline (PBS) vehicle control or a sublethal dose of LPS (8 mg/kg i.p., Ultrapure LPS from E. coli 0111:B4; cat. no.
tlrl-3pelps, Invivogen) and then killed at various endpoints before tissue harvesting. Mice were anesthetized with
pentobarbital sodium (50 mg/kg) and were decapitated.

Assessment of lung inflammation in ALI model mice
Lung inflammation in ALI model mice was assessed 24 h post-LPS administration as previously described [18].
Briefly, bronchoalveolar lavage fluid (BALF) was obtained using 3 × 1 ml PBS lavage (3 ml total volume). At least 2.7
ml (90% of the total volume) was recovered for all subjects. BALF samples were centrifuged (450 g, 10 min), and then
neutrophil counts were measured in the BALF cell fraction. The BALF supernatant was used to assess LDH (cat no.
LS-F5048), IL-1β (cat no. LS-F5626), and TNF-α levels (cat no. LS-F12798) by ELISA (LSBio).

Whole lungs were excised from the thoracic cavity, weighed in their wet state, dried to a constant dry weight (50◦C,
72 h), and then weighed in their dry state. The lung wet-to-dry (W/D) ratio was calculated by dividing the wet lung
weight by the dry lung weight. Lungs were frozen and homogenized in ice-cold potassium phosphate buffer with
protease inhibitor followed by two cycles of sonication. The lung homogenates were employed to assess MPO activity,
a marker of neutrophil sequestration, as previously described [19]. Whole-cell extracts were prepared from lung
homogenates using RIPA buffer and subjected to immunoblotting as described below.

Mouse lung cell isolation
Lungs harvested from mice were minced and digested with Type I Collagenase 1 (2 mg/ml) for 1 h at 37◦C. Samples
were titrated with an 18-gauge needle and strained through a 40 μm cell strainer. Next, samples were centrifuged for
5 min at 300 g before being washed and treated with red blood cell lysis buffer for 5 min on ice.

Isolation of murine endothelial cell and non-endothelial cell fractions
Following lung cell isolation, cells were incubated with anti-CD31 (5 μg; cat. no. 553370, BD Biosciences) for 20 min
at 4◦C with gentle rotation. Next, cells were incubated with Dynabeads (25μl; cat. no. 11035, Invitrogen) for 25 min at
4◦C with gentle rotation. Finally, CD31-positive murine lung endothelial cell (MLEC) fraction and the CD31-negative
non-endothelial cell fraction were separated using magnetic columns. The non-endothelial cell fraction was then
incubated with anti-CD45 microbeads (cat. no. 130-052-301, Miltenyi Biotec) for 20 min at 4◦C with gentle rotation
to further deplete CD45+ cells. Cell population purity in the CD31+ and CD31─CD45─ fractions was assessed by
flow cytometry.

Flow cytometric analysis
Following lung cell isolation described above, cells were stained with anti-murine CD16/CD32 (1:50, cat. no. 553142,
BD Biosciences) for 10 min to block endogenous Fc receptors. Next, cells were stained with anti-CD31-APC (1:1000,
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Figure 4. Irf1 overexpression inhibits lung endothelial regeneration in a Lif-dependent manner

(A) Confocal microscopy illustrating FLAG staining along with CD31+ and DAPI staining in lung cryosections obtained from mice

receiving either a scrambled control (Ctrl), FLAG-Irf1, or FLAG-Irf1/shLif construct. Scale bar = 50 and 20 μm (enlarged panel).

Co-localization coefficient for FLAG-Irf1 staining in CD31+ MLECs. (B) FLAG-Irf1 and Lif protein levels in MLECs derived from mice

receiving either a Ctrl, FLAG-Irf1, or FLAG-Irf1/shLif construct. (C) Lung vessel permeability pre- and post-LPS in mice receiving

either a Ctrl, FLAG-Irf1, or FLAG-Irf1/shLif construct. (D) Flow cytometric analysis of CD31+CD45− endothelial cells pre- and

post-LPS in mice receiving either a Ctrl, FLAG-Irf1, or FLAG-Irf1/shLif construct. (E) BrdU+ MLEC quantification in lung cryosections

obtained from mice receiving either a Ctrl, FLAG-Irf1, or FLAG-Irf1/shLif construct (n = 6 cryosections per mouse). (F) Survival

curves following LPS challenge in mice receiving either a Ctrl, FLAG-Irf1, or FLAG-Irf1/shLif construct (n = 30 mice per group). All

experiments except (F): n = 6 mice or six independent biological replicates per group. Data represented as means +− SDs. *P<0.05,

**P<0.01 [(A–E) two-way ANOVA with Bonferroni post-hoc test; (F) Log-rank test].

cat. no. 17-0311-82, eBiosciences) and anti-CD45-EF450 (1:2000, cat. no. 48-0451-82, eBiosciences) at 4◦C for 45
min. Finally, cells were resuspended in 500 μl of FACS buffer, and data were acquired on a MoFlo Astrios instrument
(Beckman Coulter). The flow cytometry data were analyzed using Summit (Beckman Coulter).

Cell culture
Isolated MLECs and HLMVECs (cat. no. CC-2527, Lonza) were cultured in complete Clonetics EGM-2MV BulletKit
Media (Lonza) supplemented with 15% FBS and kept at 37◦C and 5% CO2. To induce STAT1Ser727 phosphorylation,
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endothelial cells were incubated with PBS vehicle control or 10 μg/ml Ultrapure LPS (Invivogen) for 30 min as pre-
viously described [14]. 293T cells were obtained from ATCC and cultured in DMEM media (Gibco) supplemented
with 10% FBS and kept at 37◦C and 5% CO2.

RNA extraction and qPCR
TRIzol (ThermoFisher) was used to extract total RNA from cells as per the manufacturer’s protocol. NanoDrop 1000
was used to quantify RNA content and the High-Capacity RNA Transcription Kit (ThermoFisher) was used to gen-
erate complementary DNA (cDNA). FastStart SYBR Green MasterMix (ThermoFisher) was used for qPCR detection
on the ViiA 7 RT PCR System (ThermoFisher). All primers were purchased from Origene; the primer sequences are
available in Supplementary Table S1.

Immunoblotting
Following cell isolation, cells were lysed using RIPA buffer (Sigma) supplemented with protease and phos-
phatase inhibitors (Sigma). DC Protein Assay Kit II was used to quantify protein content in a microplate spec-
trophotometer. Protein samples were subjected to SDS-PAGE (BioRad) and immunoblotting was conducted us-
ing anti-LIF (diluted 1:200; cat. no. ab113262, Abcam), anti-IRF1 (diluted 1:1000; cat. no. PA5-50512 Invitrogen),
anti-phospho-NF-κBSer536 (diluted 1:1000; cat. no. 3033, CST), anti-NF-κB (diluted 1:1000; cat. no. 4764, CST),
anti-phospho-STAT1Ser727 (diluted 1:1000; cat. no. 9177, CST), anti-STAT1 (diluted 1:1000; cat. no. 9172, CST),
anti-FLAG M2 (diluted 1:1000; cat. no. F1804, Sigma), and anti-GAPDH loading control (diluted 1:1000; cat. no.
ab181602, Abcam). Blots were incubated with HRP-conjugated secondary antibody (diluted 1:2000; CST) for 1 h and
treated with ECL substrate (SuperSignal West Pico Chemiluminescent Substrate, ThermoFisher). ImageJ was used
for densitometric analysis of protein bands.

Cell proliferation assays
To measure cell proliferation, mice were injected intraperitoneally with BrdU (150 mg/kg; Sigma) and left for 14 h
before being scarified. Next the lungs were harvested, washed with PBS, and fixed with OCT (70%) before being
frozen at −80◦C and later sectioned for tissue histology.

Pulmonary transvascular permeability assays
Evans blue-albumin tracing for pulmonary transvascular permeability was conducted as previously described [3]. The
right jugular vein of ketamine-xylazine anesthetized mice was injected with 8 μl/g body weight Evans Blue–albumin
(40 mg/ml BSA containing 1% Evans blue dye, Sigma) and left to circulate for 45 min. A 2-min PBS perfusion into the
right ventricle was used to wash out the intravascular Evans Blue. Lungs were excised, homogenized in PBS (1 ml),
and extracted using formamide (2 ml) at 60◦C overnight. A Shimadzu 1650 PC UV-vis spectrophotometer (Kyoto,
Japan) was used to measure Evans Blue content at OD620 and normalized against body weight.

Immunofluorescence and confocal microscopy
Frozen tissue sections were paraformaldehyde (4%) fixed and permeabilized using Triton X-100 (0.25%). Following
a PBS-Tween-20 wash, slides were incubated with hydrochloric acid (3 M) for 10 min in order to open the nucleus.
Next, donkey serum (10%) in BSA (2%) was used to block unspecific bindings during a 1 h incubation at room
temperature. Afterward, the following primary antibodies were used to stain the slides during an overnight incuba-
tion at 4◦C: CD31 (diluted 1:50; cat. no. PA5-16301, Invitrogen), BrdU (diluted 1:100; cat. no. B35128, Invitrogen),
and anti-FLAG M2 (diluted 1:100; cat. no. F1804, Sigma). The following day, slides were PBS-washed and stained
with fluorescent secondary antibodies (Invitrogen) for 45 min. During the final five minutes of secondary antibody
incubation, nuclei were counter-stained with 4′,6′-diamidino-2-phenylindole (DAPI). Cells were PBS-washed and
mounted using Vecta Shield mounting medium (Vector Laboratories). Slides were imaged on an LSM710 confocal
laser-scanning microscope (Zeiss) and analyzed using Zen software (Zeiss).

Gene overexpression and silencing plasmids
For in vitro gene overexpression, the pMXs-ms-Irf1, pMXs-ms-IRF1, pMXs-ms-Stat1, and pMXs-ms-STAT1 plas-
mids were generated by respectively cloning the mouse Irf1 cDNA clone (NM 008390, cat. no. MC200482, Ori-
gene), human IRF1 cDNA clone (NM 002198, cat. no. SC118744, Origene), murine Stat1 cDNA clone (BC004808,
cat no. MC200236, Origene), or human STAT1 cDNA clone (NM 007315, cat. no. SC115595, Origene) into the
pMXs-GW backbone (plasmid 18656, Addgene). Site-directed mutagenesis (BBI Life Science, Shanghai, China) was
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Figure 5. Stat1 signaling transactivates Irf1 in lung endothelial cells

(A) Representative immunoblots and densitometric quantification of Stat1Ser727 phosphorylation levels in MLECs isolated from

Ifr1fl/fl control mice pre- and post-LPS. (B) Representative immunoblots and densitometric quantification of Stat1Ser727 phospho-

rylation levels in MLECs in Ifr1fl/fl control mice and endothelial cell-specific Irf1 knockout mice at baseline. (C) Representative

immunoblots and densitometric quantification of Stat1Ser727 phosphorylation and Irf1 protein levels in the indicated MLEC cell lines

following LPS (10 μg/ml) treatment. (D) Representative immunoblots and densitometric quantification of STAT1Ser727 phosphory-

lation and IRF1 protein levels in the indicated HLMVEC cell lines following LPS (10 μg/ml) treatment. (E) Schematic of the human

IRF1 promoter region depicting the two highly-conserved STAT1 binding site at −44 ∼ −56 bp and −177 ∼ −188 bp. The WT and

MUT GAS1 sequences used in panel (G) are provided. (F) HLMVECs subjected to vehicle or LPS conditions for 8 hours, followed by

ChIP-qPCR assays for detection of STAT1 binding to the two binding sites within the IRF1 promoter region. (G) HLMVECs co-trans-

fected with control or STAT1 plasmid along with one of three luciferase (Luc) reporter gene constructs. Schematic representations

of Luc constructs are indicated. All experiments: n = 6 mice or 6 independent biological replicates per group. Data represented as

means +− SDs. *P<0.05, **P<0.01 [(A, C, D) one-way ANOVA with Bonferroni post-hoc tests, and Log-rank Mantel-Cox tests; (B)

two-tailed Student’s t-tests; (E, H, I) two-way ANOVA with Bonferroni post-hoc tests].
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performed on the pMXs-ms-Stat1 and pMXs-ms-STAT1 plasmids to create the non-phosphorylable mutant plas-
mids pMXs-ms-STAT1S727A and pMXs-ms-Stat1S727A, respectively [20]. The empty pMXs-GW vector was used as a
negative control.

For in vivo endothelial gene overexpression and silencing in mice, the murine Cdh5 promoter region described by
Gory et al. (2.5-kb fragment, −2486/+24 [21]) was cloned from mouse gDNA and inserted into a pcDNA 3.0 vector
(Invitrogen) to form the pcDNA-Cdh5 vector. Next, the murine Irf1 cDNA clone (NM 008390, cat. no. MC200482,
Origene) was inserted into the pcDNA-Cdh5 vector. The Irf1 coding region (N-terminus) was bound to a FLAG tag
(GAC TAC AAA GAC GAT GAC GAC AAG) to form the pcDNA-Cdh5-FLAG-Irf1 construct. A small hairpin RNA
(shRNA) against murine Lif (shLif, sc-37223-SH, SCBT) was annealed into the Bbs I-Xba I site of the mU6pro plasmid
as previously described [22]. This mU6pro-shLif construct was then ligated into the pcDNA-Cdh5-FLAG-Irf1 plas-
mid to create the pcDNA-Cdh5-FLAG-Irf1/shLif plasmid. The empty pcDNA-Cdh5 vector was used as a negative
control.

To conduct the liposome-EGFP gene biodistribution experiment, the coding region of the EGFP protein as ampli-
fied using the pWPXL plasmid and inserted in the pcDNA-Cdh5 vector.

In silico promoter analyses
We analyzed the 1000-bp promoter regions upstream of the transcription start sites (TSS) for the human LIF and
IRF1 genes using the ConTra v3 tool [23]. Using the JASPAR CORE 2016 database selection in the ConTra v3 tool,
the predicted IRF1-binding sites within the LIF promoter region were identified through the IRF1 IFN-stimulated
response elements (ISRE) motif MA0050.2 [24], and the predicted STAT1-binding sites within the IRF1 promoter
region were identified through the STAT1 IFN-Gamma Activated Site (GAS) motif MA0137.3 [25].

Chromatin immunoprecipitation coupled with quantitative PCR
(ChIP-qPCR)
For ChIP-qPCR of IRF1 binding to the human LIF promoter, HLMVECs were transfected with pMXs-ms-IRF1, then
crosslinked with formaldehyde (1%) before being washed with PBS three times, then resuspending in lysis buffer. To
break down the DNA, nuclear lysis buffer was added to the nuclear fraction and samples were sonicated suing a
focused-ultrasonicator (covaries). Following centrifugation, sample supernatants were incubated with anti-IRF1 (5
μg) for immunoprecipitation. DNA isolated via immunoprecipitation was subjected to qPCR using primers that bind
to specific IRF1 ISRE binding site within the LIF promoter region (Supplementary Table S1). For ChIP-qPCR of
p-STAT1Ser727 binding to the human IRF1 promoter, HLMVECs were subjected to PBS vehicle control or 10 μg/ml
Ultrapure LPS (Invivogen) before the above protocol was followed using anti-p-STAT1Ser727 (5 μg) for immuno-
precipitation and qPCR primers that bind to identified STAT1 GAS binding sites within the IRF1 promoter region
(Supplementary Table S1).

Dual-luciferase reporter assays
For the LIF promoter experiments, the WT human LIF promoter clone (1608-bp fragment, -1450/+157;
HPRM39845, GeneCopoeia) or its IRSE mutant (MUT IRSE) was subcloned into the pGL3 Firefly Luciferase
(pGL3-Luc) vector (cat. no. E1751, Promega). See Figure 2I for WT IRSE and MUT IRSE sequences. For the
IRF1 promoter experiments, the WT human IRF1 promoter clone (1562-bp fragment, -1379/+182; HPRM44152,
GeneCopoeia) or its GAS1 mutant (MUT GAS1) were subcloned into the pGL3-Luc vector. See Figure 5E for WT
GAS1 and MUT GAS1 sequences. Mutants were constructed using a site-directed mutagenesis kit (BBI Life Science,
Shanghai, China).

Dual-luciferase reporter assays in HLMVECs were performed as previously described [26]. Briefly, HLMVECs (3
× 105 cells/well) were cultured for 24 h in 500 μl serum-free RPMI-1640 and then co-transfected for 5 h with 0.5 μg
pGL3-Luc reporter construct and 0.05μg control pRL-TK plasmid (cat. no. 2241, Promega) using Lipofectamine 3000
(Invitrogen). The transfected HLMVECs were washed with PBS and incubated for 12 h in normal growth medium.
Then, HLMVECs were synchronized in serum-free medium for an additional 12 h. For some experiments, cells were
incubated with 10 μg/ml Ultrapure LPS (Invivogen) for this 12-h period. Cells were then lysed to allow for relative
luciferase activity (i.e., pGL3-Luc reporter luciferase activity / pRL-TK reporter luciferase activity) to be calculated
via the Dual-Luciferase Reporter Assay Kit (Promega) on the FloMax luminometer (Promega).
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CRISPR/Cas9-based STAT1 knockout
The following sgRNA sequences targeting murine Stat1 and human STAT1 for CRISPR/Cas-9 mediated deletion
were derived from the GPP sgRNA Designer tool (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-
design) and a previously published work [27], respectively: murine Stat1, 5′-TGCAAAACCTCTCAGAACAG-3′

and 5′-TGTGATGTTAGATAAACAGA-3′; human STAT1, 5′-TCATGACCTCCTGTCACAGC-3′ and
5′-GAGGTCATGAAAACGGATGG-3′. Lentiviral STAT1 sgRNA and adenoviral Cas9 transduction of MLECs and
HLMVECs were conducted as previously reported [3]. Briefly, PCR products were cloned into the pLX-single sgRNA
lentiviral plasmid (plasmid 50662, Addgene). Preparation of lentiviral particles was done through co-transfections
of psPAX2 (plasmid 12260, Addgene) and pMD2-G (plasmid 12259, Addgene) into 85–90% confluent 293T cells
with Lipofectamine 3000 reagent as per the manufacturer’s protocol. Supernatants containing the lentiviral particles
were collected at 72 h post-transfection, concentrated, and then infected into the cells in the presence of polybrene
(8 μg/ml; Sigma) at a Multiplicity of Infection (MOI) of 10. At 8 h post-infection, EGFP-tagged Cas9 adenovirus
(Ad-GFP-Cas9, cat. no. 1901, Vector Biolabs) was then infected into the cells in the presence of polybrene (8 μg/ml)
at a MOI of 10. After 2–3 days of incubation, cells were trypsinized and split in a 1:3 ratio in order to receive
another round of lentivirus and adenovirus infections. After an additional 2–3 days of incubation, cells were used
for downstream experiments.

Lung endothelial cell liposome gene delivery
Liposomal-based gene delivery to lung endothelium was performed as previously described [3]. Briefly, dimethyldioc-
tadecylammonium bromide and cholesterol were dissolved in chloroform to a ratio of 1:1. Chloroform was evaporated
via centrifugation at 37◦C for 20 min. Then, dried lipid was resuspended in dextrose (5%) in water, sonicated for 20
min, and filtered using a 0.45 or 0.22 μm strainer. These steps were used to reduce the polydispersity index (PDI),
a measurement of liposome size distribution ranging from 0 to 1 [28–30]. Size (Supplementary Figure S1A,B), PDI
(Supplementary Figure S1C,D), and surface charge (Supplementary Figure S1E) were measured using dynamic light
scattering (Zetasizer Nano).

For our in vivo experiments, we employed only 0.22-μm strained liposomes (DDAB/cholesterol) with a high
charge ratio (+4.5, +fatty acid/-DNA). The DNA complex consisted of FLAG-tagged Irf1 coding region following the
endothelial cell-specific mouse Cdh5 promoter to ensure endothelial cell transgene expression [17]. Anesthetized
mice were then retro-orbitally injected with the liposome-DNA complex (50 μg DNA:100 μg liposome). In vivo
liposome-EGFP gene biodistribution was measured using dynamic light scattering (Zetasizer Nano). In line with
previous reports [31,32], our liposomal formulations resulted in disproportionate overexpression of the EGFP trans-
gene in lung endothelial cells (Supplementary Figure S1F).

Statistics
Data represented as means +− standard deviations (SDs) unless otherwise specified. To determine statistical signifi-
cance, Student’s t-tests, one- and two-way analysis of variance (ANOVA) with Bonferroni post-hoc tests were used
where indicated. A P-value of <0.05 was considered significant for all analyses.

Results
R-based bioinformatics analysis identifies Irf1 as a key up-regulated
gene in LPS-exposed murine lung endothelial cells
To assess the molecular mechanisms of lung endothelial cell regeneration under inflammatory conditions, R-based
CemiTool package were used to analyze microarray-derived transcription profiles in human lung microvascular en-
dothelial cells (HLMVECs) subjected to non-treatment or LPS exposure. The CemiTool GSEA detected three distinct
co-expressed gene modules, two of which (M1 and M2) were significantly enriched in the LPS-exposed HLMVECs
compared with control HLMVECs based on their normalized enrichment scores (NES) (Figure 1A and Supplemen-
tary Table S2). The M1 module contained 594 non-unique gene probes with RPS27A and UBC as prominent hub
genes, while M2 contained 246 non-unique gene probes with NFKB1 and CEBPB as prominent hub genes (Figure
1B). From our Reactome over-representation analysis, M1 was most enriched for eukaryotic translation-associated
pathways, while M2 was most enriched for interleukin signaling-associated pathways (Figure 1C).

Filtering and quantile normalization of genes (Supplementary Figure S2A–C) followed by moderated t-testing us-
ing the R-based limma package identified 655 DEGs. To visualize the overall profile of DEGs, we used a volcano plot
with staining for M1 and M2 module membership and observed that 113/655 DEGs (17%) were M2 members but
only 2/655 DEGs (0.3%) were M1 members (Figure 1D). Moreover, we identified 298 profoundly up-regulated DEGs
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(log2FC>1.0) in LPS-exposed HLMVECs relative to control HLMVECs, of which 80/298 (27%) were M2 members
and only 1/298 (0.3%) were M1 members. As the M2 module possessed a greater proportion of DEGs relative to the
M1 module, we selected the M2 module for further analysis. We used heatmap analysis to identify the 50 most upreg-
ulated M2 DEGs in LPS-exposed HLMVECs (Figure 1E). Consistent with our initial hypothesis, we discovered IRF1
to be a profoundly up-regulated M2 DEG. Given IRF1’s role as a key transcription factor that coordinates endothelial
gene expression under pro-inflammatory stimuli [12], we chose to pursue further investigation on IRF1.

Lung endothelial IRF1 and LIF up-regulated by LPS in vitro and in vivo
We focused on the role of IRF1 transcriptional targets in regulating endothelial regeneration. We performed an
in silico Venn analysis to identify profoundly up-regulated M2 DEGs in LPS-exposed HLMVECs that are also
ChIP-verified IRF1 target genes [13]; this Venn analysis identified ten IRF1 target genes (Figure 2A). We performed
a Web-based term association analysis to identify which of these ten gene(s) have the strongest association with
the search terms ‘endothelial’ AND (‘regeneration’ OR ‘proliferation’ OR ‘viability’ OR ‘maintenance’ OR ‘apopto-
sis’), which identified the IL-6 family cytokine Leukemia Inhibitory Factor (LIF) (Figure 2B). LIF has been shown
to inhibit endothelial proliferation in vitro by inhibiting progression into S-phase [33]. Follow-up qPCR in MLECs
isolated from WT mice lungs at various time point post-LPS also revealed an up-regulation in Irf1 and Lif compared
with control PBS-injected MLECs (Figure 2C). At the protein level, Irf1 and Lif levels were found to be higher in
post-LPS MLECs when compared with control MLECs (Figure 2D). This evidence demonstrates that LPS exposure
promotes IRF1–LIF signaling in endothelial cells.

To investigate the role of IRF1 on LIF transactivation in endothelial cells independent of LPS, we employed MLEC
and HLMVEC cell lines with or without overexpression of IRF1. qPCR and immunoblotting revealed Lif mRNA and
protein up-regulation in Irf1-overexpressing MLECs relative to control MLECs (Figure 2E,F). We found a similar
pattern of findings in HLMVECs (Figure 2G,H). Using in silico LIF promoter analysis based on the JASPAR CORE
2016 IRF1 ISRE motif (Supplementary Figure S3A–C), one highly conserved, IRF1 ISRE-binding site was identified
−102 ∼ −127 bp upstream of the LIF TSS (Figure 2I). ChIP-qPCR assays conducted in HLMVECs demonstrated
enhanced IRF1 binding to the −102 bp site with IRF1 overexpression (Figure 2J). Through the use of dual-luciferase
promoter reporter assays in IRF1-overexpressing HLMVECs, we found enhanced LIF luciferase activity with the
WT IRF1 ISRE-binding site with IRF1 overexpression (Figure 2K). However, there was no impact on LIF luciferase
activity with a mutated IRF1 ISRE-binding site. Consequently, IRF1 binding at this IRF1 ISRE-binding site within the
LIF promoter seems to be vital for IRF1-mediated LIF transactivation. These data demonstrate that IRF1 promotes
LIF transactivation in endothelial cells.

Endothelial cell-specific Irf1 knockout prevents lung endothelial
regeneration
We employed a LPS-induced endotoxemic murine model of ALI. We confirmed that i.p. LPS administration produced
several features characteristic of ARDS at one day post-LPS challenge, including enhanced lung injury (assessed by
BALF LDH levels; Supplementary Figure S4A), pulmonary edema (assessed by the lung W/D ratio; Supplementary
Figure S4B), lung neutrophil infiltration (assessed by lung homogenate MPO activity; Supplementary Figure S4C),
BALF neutrophil counts (Supplementary Figure S4D), BALF expression of the inflammatory mediators TNF-α and
IL-1β (Supplementary Figure S4E,F), and activation of the key inflammatory transcription factor NF-κB in BALF
(Supplementary Figure S4G).

In order to examine the role of Irf1 in this endotoxemic murine model of ALI, we generated endothelial cell-specific
Irf1 knockout (Irf1EC-/−) mice using the Cdh5-CreERT2 mouse strain [17]. Following cross-breeding, mice were
given daily doses of tamoxifen (80 mg/kg) for five consecutive days to induce Irf1 knockout. The endotoxemic murine
model of ALI was conducted after a 4-week period, when endothelial Irf1 was successfully deleted (Figure 3A). Pro-
tein levels were examined to confirm Irf1 knockdown in Irf1EC-/− MLECs (Figure 3B,C). All control Irf1fl/fl mice
and Irf1EC-/− mice survived the sublethal dose of LPS (8 mg/kg). There was no significant differences in body weight
between the cohorts pre- and post-LPS (Supplementary Table S3A). At one day post-LPS challenge, lung vascular
permeability was elevated in both Irf1EC-/− mice and control Irf1fl/fl mice (Figure 3D); therefore, Irf1 knockout had
no impact on the initial severity of LPS-induced endothelial injury. However, at days 3 and 5, Irf1EC-/− mice had a
lower degree of endothelial permeability relative to control Irf1fl/fl mice, demonstrating an improved regenerative re-
sponse. Flow cytometric analysis of isolated MLECs revealed that both Irf1EC-/− mice and control Irf1fl/fl mice had a
dramatic loss of MLECs immediately after LPS challenge (Figure 3E). The number of MLECs in control Irf1fl/fl mice
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was restored to normal by day 5; however, MLEC counts were restored faster in Irf1EC-/− mice. Next, MLEC prolifer-
ation was examined via BrdU injections 14 hours prior to sacrifice. Tissue immunohistochemistry and fluorescence
demonstrated a significant increase in the number of BrdU-positive MLECs (i.e., BrdU+CD31+ cells) in Irf1EC-/−

mice 3 days post-LPS when compared with control Irf1fl/fl mice (Figure 3F).
Next, we examined whether re-introduction of Irf1 into Irf1EC-/− mice could reduce the regeneration of injured

lung endothelium. To do so, an endothelial-specific pcDNA-Cdh5-FLAG-Irf1 plasmid was introduced through lipo-
somal biodelivery 3 h post-LPS challenge (Figure 3G) as previously described [3]. Efficacy and specificity of liposomal
biodelivery was determined by measuring FLAG-Irf1 expression in MLECs in comparison with control MLECs and
non-MLECs (Supplementary Figure S5). There was no significant differences in body weight between the cohorts
pre- and post-LPS (Supplementary Table S3B). Liposomal re-introduction of Irf1 led to reduced regeneration of the
lung endothelial barrier in comparison with control vector (Figure 3H). Flow cytometric analysis of isolated MLECs
revealed that liposomal re-introduction of Irf1 reduced the number of MLECs in comparison with control vector
(Figure 3I). MLEC proliferation examined via BrdU injections 14 h prior to sacrifice demonstrated a significant de-
crease in the number of BrdU-positive MLECs in Irf1 vector mice when compared with control vector mice (Figure
3J).

Irf1 promotes murine lung endothelial degradation and mortality in a
Lif-dependent manner
Next, we examined whether introduction of shRNA-mediated Lif knockdown in WT mice could rescue the de-
structive effects of artificial Irf1 overexpression on the lung endothelium. The empty pcDNA-Cdh5 control vec-
tor, pcDNA-Cdh5-FLAG-Irf1, or pcDNA-Cdh5-FLAG-Irf1/shLif plasmid constructs encapsulated in cationic lipo-
somes were injected into WT mice 3 h post-LPS challenge to induce artificial Irf1 overexpression with or with-
out shRNA-mediated Lif knockdown within the lung endothelium. There was no significant differences in body
weight between the cohorts pre- and post-LPS (Supplementary Table S3C). On day 3 post-injection, FLAG-CD31
co-localization could be seen in the Irf1 and Irf1/shLif cohorts (Figure 4A). Immunoblotting in isolated MLECs
revealed Irf1 and Lif up-regulation in Irf1 mice, but Irf1 up-regulation and Lif knockdown in Irf1/shLif mice, at 3
days post-injection (Figure 4B). The shLif construct showed a 75% Lif knockdown efficacy. We also observed degra-
dation of the lung endothelial barrier and MLEC loss in Irf1 mice relative to control mice (Figure 4C,D). Levels of
BrdU+ endothelial cells were decreased in Irf1 mice relative to control mice (Figure 4E), demonstrating prolifera-
tive retardation in the lung endothelial barrier. Consistently, we also observed reduced survival in Irf1 mice (Figure
4F). These effects were abrogated in Irf1/shLif mice, indicating that Lif mediates Irf1’s destructive effects on the lung
endothelium.

Stat1 signaling transactivates Irf1 in lung endothelial cells
Having discovered the destructive effects of the Irf1/Lif axis on lung endothelial regeneration, we next focused on the
upstream regulation of Irf1 expression in lung endothelial cells. LPS has been shown to enhance STAT1Ser727 phos-
phorylation in aortic endothelial cells [14]. Therefore, we examined Stat1Ser727 phosphorylation in isolated MLECs
from Irf1fl/fl control mice following LPS-induced injury and found that Stat1Ser727 phosphorylation levels were indeed
up-regulated (Figure 5A). Moreover, immunoblotting in isolated MLECs from Irf1EC-/− mice and Irf1fl/fl control mice
revealed that endothelial Irf1 knockout had no significant impact on Stat1Ser727 phosphorylation levels (Figure 5B),
suggesting that p-Stat1Ser727 functions upstream of Irf1 in the lung endothelium.

To further investigate the role of p-Stat1Ser727 in lung endothelial cells in vitro, we constructed guide RNAs to
enable CRISPR/Cas9-mediated Stat1 knockout [42] in MLECs and HLMVECs. Stat1-knockout MLECs displayed a
97% Stat1 knockdown efficacy (Figure 5C), while Stat1-knockout HLMVECs displayed a 96% Stat1 knockdown effi-
cacy (Figure 5D). We also transfected these Stat1-knockout cells with either WT Stat1 or non-phosphoryable mutant
Stat1S727A overexpression plasmids for Stat1 rescue. In control MLECs, LPS exposure resulted in a significant increase
in Stat1Ser727 phosphorylation and Irf1 protein levels. However, in Stat1-knockout MLECs, we observed an abroga-
tion in this LPS-induced Irf1 upregulation that was rescued by WT Stat1 overexpression but not mutant Stat1S727A

overexpression. We found a similar pattern of findings in HLMVECs. This combined evidence demonstrates that
p-Stat1Ser727 is necessary for LPS-induced IRF1 up-regulation in lung endothelial cells.

Using in silico IRF1 promoter analysis based on the JASPAR CORE 2016 STAT1 GAS motif (Supplementary Fig-
ure S6A–D), we found two strongly conserved STAT1 GAS binding sites located at −44 ∼ −56 and −177 ∼ −188
upstream of the IRF1 TSS that we termed STAT1 GAS1 and STAT1 GAS2, respectively (Figure 5E). Previous work
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has revealed only one GAS motif that is STAT1-responsive under IFN-independent conditions (namely, TTTCC-
CCGAAA) [34]; this sequence corresponds only to the STAT1 GAS1 site, not the STAT1 GAS2 site. Accordingly,
ChIP-qPCR assays of the two amplified STAT1 GAS binding sites conducted in HLMVECs demonstrated enhanced
STAT1 binding to the STAT1 GAS1 binding site (but not the STAT1 GAS2 binding site) under LPS conditions (Figure
5F). Through the use of dual-luciferase promoter reporter assays in HLMVECs, we found enhanced IRF1 luciferase
activity with the WT STAT1 GAS1 site under LPS conditions. However, LPS exposure had no impact on IRF1 lu-
ciferase activity in HLMVECs with the mutated STAT1 GAS1 binding site (Figure 5G). Consequently, STAT1 binding
at the STAT1 GAS1 binding site within the IRF1 promoter seems to be vital for LPS-induced, STAT1-mediated IRF1
transactivation.

Discussion
In the present study, we established a role for LPS-induced Stat1Ser727 phosphorylation in Irf1 transactivation in lung
endothelial cells, resulting in Irf1/Lif-mediated retardation of lung endothelial cell proliferation. These results demon-
strate the existence of a p-Stat1Ser727–Irf1–Lif axis that inhibits lung endothelial cell regeneration post-LPS injury. As
endothelial cells that survive endotoxin-induced injury become the primary source of endothelial cells that go on to
repopulate and restore the vessel [3], targeting this axis may be an effective strategy in maintaining lung endothelial
integrity in ARDS patients.

Our understanding of lung endothelial cell regeneration in response to endotoxin-induced inflammation has im-
proved in recent years but still remains unclear. Linage tracing experiments in mice have demonstrated significant
endothelial cell loss in lung tissue post-LPS injury [35]. Specifically, the endothelial cell population and permeability
of the lung vasculature sharply reduces during the first day following LPS challenge, which then recover progressively
within a 7-day period [3]. Here, we first aimed to identify the key molecular player(s) involved in this endothelial
restoration. As a recent transcriptomic study of various endothelial cells suggests that regulation of networks and
pathways can differ among endothelial cells from distinct vascular beds [36], we specifically focused our R-based
bioinformatics analysis on comparing HLMVECs that were untreated or exposed to LPS. This in silico analysis iden-
tified the transcription factor IRF1 to be a profoundly up-regulated DEG in response to LPS, suggesting that IRF1
may play a role in LPS-induced lung endothelial dysfunction.

In order to investigate the role of IRF1 in endothelial regeneration, we utilized an endothelial-specific Irf1
knockout (Irf1EC-/−) mouse model that expresses Cre recombinase fused to a tamoxifen-inducible mutant estrogen
ligand-binding domain ERT2 under the control of the endothelial-specific Cdh5 promoter (Cdh5-CreERT2) [17].
At day one following LPS challenge, Irf1EC-/− and control Irf1fl/fl mouse lungs both displayed increased vascular per-
meability. However, during the recovery phase, the loss of endothelial Irf1 resulted in a lower degree of endothelial
permeability coupled with increased MLEC counts and proliferation, indicative of an improved regenerative response.
Moreover, liposomal re-introduction of Irf1 into Irf1EC-/− mice abrogated this regenerative response. Consistent with
our findings, IRF1 has been shown to suppress human arterial endothelial cell proliferation via up-regulating cell
growth-inhibiting caspase-1 and down-regulating pro-proliferative cyclin D3 [37]. Moreover, IRF1 has been shown
to inhibit VEGF-induced HUVEC proliferation, migration, and invasion as well as Matrigel-based tube formation in
vitro and vessel sprouting ex vivo [38].

In addition to IRF1, there are eight other IRFs expressed in mammals: IRF2-9 [39]. Our R-based bioinformat-
ics analysis in HMVLECs also identified IRF2 and IRF8 as being up-regulated in response to LPS. However, IRF2
and IRF8 were not members of the dysregulated M2 module and, to our knowledge, have no known association with
endothelial proliferation or apoptosis. Therefore, these IRFs likely do not play key roles in lung endothelial cell regen-
eration. All mammalian IRFs possess a conserved DNA-binding domain on their amino terminus with a tryptophan
(TRP) cluster recognizing a consensus ISRE element (A/GXGAAAXXGAAACT) [39]. These ISRE elements can be
found within the promoters of IFN-stimulated genes [39], suggesting that IRFs can regulate the transactivation of
IFN-stimulated genes. Indeed, our in silico Venn analysis and follow-up in vitro experiments identified the IRF1
target gene LIF, a IFN-inducible cytokine which inhibits endothelial proliferation in vitro by inhibiting progression
into S-phase [33]. Furthermore, our in silico LIF promoter analysis and follow-up in vitro experiments confirmed the
existence of one highly conserved, putative IRF1 ISRE-binding site necessary for LPS-induced, IRF1-mediated LIF
transactivation. In order to investigate the role of LIF in endothelial regeneration, we utilized WT mice injected with
cationic liposomes containing FLAG-Irf1 or FLAG-Irf1/shLif plasmid constructs post-LPS challenge to induce arti-
ficial Irf1 overexpression with or without Lif knockdown within the lung endothelium. This murine model demon-
strated the central role of Lif in mediating Irf1-driven endothelial cell proliferative retardation post-LPS injury.
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The observation of Irf1/Lif-driven endothelial cell proliferative retardation in our LPS-induced endoxemic ALI
murine model prompted us to examine the upstream regulation of IRF1 expression in lung endothelial cells. Through
these studies, we identified LPS-induced STAT1Ser727 phosphorylation as a critical upstream regulator of IRF1 transac-
tivation. Furthermore, we identified two strongly conserved STAT1 GAS binding sites within IRF1’s promoter region.
It is well-established that STAT1 signaling activation via Tyr701 phosphorylation plays a detrimental role in endothe-
lial cells by inhibiting proliferation, increasing inflammatory factor expression, enhancing reactive oxygen species
production, and decreasing endogenous NO release [40,41]. As LPS does not impact STAT1Tyr701 phosphorylation in
endothelial cells [14], we propose that LPS enhances STAT1 DNA-binding activity and IRF1 transactivation through
STAT1Ser727 phosphorylation, thereby promoting downstream LIF up-regulation and endothelial proliferative retar-
dation.

Despite the involvement of STAT1 signaling in inhibiting endothelial regeneration, direct therapeutic inhibition
of STAT1 signaling may be problematic. STAT1 signaling has many pleotropic effects, including the regulation of
cell proliferation, apoptosis, stemness, and differentiation [42–44]. Consequently, we believe a better approach would
be targeting the pathway downstream through the IRF1–LIF axis. Here, endothelial Irf1 knockout was shown to
augment murine lung endothelial regeneration in addition to improving barrier function and survival rates via Lif.
Therefore, direct inhibition of IRF1 or LIF may be a promising strategy for enhancing endothelial cell regeneration
and improving clinical outcomes in ARDS patients. Further pre-clinical work is needed to address this possibility.

There are several limitations to the present study. First, the murine model of ALI employed here may not pre-
cisely reflect the ARDS phenotype observed in human patients. Second, although our R-based bioinformatics anal-
ysis pinpointed IRF1 as a key LPS-induced gene in HLMVECs, other dysregulated genes may play important roles
in endothelial regeneration post-LPS injury. Third, although we demonstrated that IRF1 transactivation in lung en-
dothelial cells is directly regulated via STAT1Ser727 phosphorylation, other LPS-induced signaling pathways could also
contribute to IRF1 upregulation in lung endothelial cells.

To conclude, we show a role for IRF1 in lung endothelial cell regeneration post-endotoxin challenge. IRF1 is trans-
activated in response to upstream STAT1Ser727 phosphorylation, resulting in IRF1/LIF-mediated retardation of lung
endothelial cell proliferation. We propose direct inhibition of IRF1 or LIF as a promising therapeutic strategy for
improving endothelial barrier regeneration and clinical outcomes in ARDS patients.

Clinical perspectives
• Despite therapeutic advancements, the mortality rate for ARDS patients remains extremely high.

Endothelial cell regeneration is crucial in repairing the lung endothelial barrier in ARDS. However,
little is known about the molecular mechanism(s) that underpin lung endothelial cell regeneration
in ARDS.

• We identified IRF1 as a key upregulated gene in HLMVECs post-LPS exposure. We demonstrated
that LPS-induced Stat1Ser727 phosphorylation promotes Irf1 transactivation, resulting in down-
stream Lif up-regulation that inhibits lung endothelial cell proliferation.

• These results demonstrate the existence of a p-Stat1Ser727-Irf1-Lif axis that inhibits lung en-
dothelial cell regeneration post-LPS injury. Thus, direct inhibition of IRF1 or LIF may be a promis-
ing strategy for enhancing endothelial cell regeneration and improving clinical outcomes in ARDS
patients.
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