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Pulmonary fibrosis (PF) can arise from unknown causes, as in idiopathic PF, or as a consequence of
infections, including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Current treatments
for PF slow, but do not stop, disease progression. We report that treatment with a runt-related tran-
scription factor 1 (RUNX1) inhibitor (Ro24-7429), previously found to be safe, although ineffective, as
a Tat inhibitor in patients with HIV, robustly ameliorates lung fibrosis and inflammation in the
bleomycin-induced PF mouse model. RUNX1 inhibition blunted fundamental mechanisms downstream
pathologic mediators of fibrosis and inflammation, including transforming growth factor-b1 and tumor
necrosis factor-a, in cultured lung epithelial cells, fibroblasts, and vascular endothelial cells, indicating
pleiotropic effects. RUNX1 inhibition also reduced the expression of angiotensin-converting enzyme 2
and FES Upstream Region (FURIN), host proteins critical for SARS-CoV-2 infection, in mice and in vitro.
A subset of human lungs with SARS-CoV-2 infection overexpress RUNX1. These data suggest that RUNX1
inhibition via repurposing of Ro24-7429 may be beneficial for PF and to battle SARS-CoV-2, by reducing
expression of viral mediators and by preventing respiratory complications. (Am J Pathol 2021, 191:
1193e1208; https://doi.org/10.1016/j.ajpath.2021.04.006)
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Pulmonary fibrosis (PF) is a chronic and often fatal lung
disease characterized by the accumulation of extracellular
matrix and the destruction of the lung parenchyma.1e3 The
cause of PF is unknown in most cases, so is termed idio-
pathic PF (IPF). IPF is estimated to affect approximately 50
in 100,000 individuals, making IPF the most common
interstitial lung disease in the United States, with a median
survival of 3 to 5 years after diagnosis.4,5

Despite recent developments in antifibrotic drugs, such as
nintedanib and pirfenidone, which slow IPF progression,
there is still no widely accepted treatment that can reduce
mortality in IPF.6 There is a dire need to identify thera-
peutics that modulate key targets in the pathologic mecha-
nisms of lung fibrosis. The repurposing of existing
therapeutics with strong safety profiles may provide an
accelerated path to identifying much-needed treatments as
the incidence of IPF is increasing.7,8 It is known that the risk
factors for IPF are also risk factors shared with patients
infected with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), suggesting the possibility that patients
with IPF may be at increased risk of severe coronavirus
disease 2019 (COVID-19) and associated with an increased
mortality.9 In addition, the recent SARS-CoV-2 pandemic
has the potential to cause a surge of post viral infection
induced cases of PF worldwide.10e13

Critical pathophysiological mechanisms involved in lung
pathology associated with SARS-CoV-2 infection include
the following: i) diffuse alveolar damage14,15; ii) pulmonary
fibrosis11; iii) increased vascular leakage/permeability
(pulmonary edema) and aberrant angiogenesis16; and iv)
cytokine storm, in which uncontrolled inflammation leads to
the release of an inordinate load of multiple cytokines,
leading to morbidity and mortality in patients with COVID-
19.16,17 The most common consequence of COVID-19 in
the lung is diffuse alveolar damage, and although pulmo-
nary fibrosis can occur, not all individuals affected with
COVID-19 will develop PF. Recent studies suggest that up
to 40% of hospitalized patients with COVID-19 develop
acute respiratory distress syndrome and approximately 30%
of these cases develop fibrotic changes.18,19 Although
remdesivir, dexamethasone, and antieSARS-CoV-2 anti-
body cocktails have received emergency approvals for the
treatment of COVID-19, there is a critical clinical need for
new therapies that can be easily administered and signifi-
cantly impact clinical outcomes.20e22

Runt-related transcription factor 1 (RUNX1) is a tran-
scription factor critical for the process of regulating the
differentiation of hematopoietic stem cells during develop-
ment.23 RUNX1 functions as the a-DNAebinding compo-
nent of the transcription factor core-binding factor in
association with core-binding factor-b.24 Although RUNX1
is recurrently mutated in sporadic myelodysplastic syn-
drome and leukemia, core-binding factor-b mutations are
found in 10% to 15% of adult de novo acute myeloid leu-
kemia cases. These links to cancer have generated interest in
the discovery and characterization of small-molecule
1194
modulators of RUNX1 function, although to date none have
been approved for clinical use.25,26 RUNX1 functions in
tumor necrosis factor (TNF)-aedriven proliferation and
migration of vascular endothelial cells, driving aberrant
angiogenesis in a vascular endothelial growth
factoreindependent pathway.27,28 RUNX1 also functions as
a master regulator of epithelial-to-mesenchymal transition
via transforming growth factor (TGF)-b2 signaling, sup-
pressing epithelial phenotypes and promoting mesenchymal
transformation in a blinding condition associated with
ocular fibrosis, called proliferative vitreoretinopathy.29

These results suggest that RUNX1 activity is associated
with both pathologic angiogenesis and fibrosis, key cellular
processes found in response to SARS-CoV-2 infection.
Thus, RUNX1 modulation may result in novel modalities of
treatment for prevalent, nonneoplastic conditions.27

Ro24-7429 and Ro5-3335 are small-molecule inhibitors
of RUNX1 activity. Ro5-3335 has been widely used in
multiple studies as a RUNX1 inhibitor and is commer-
cially available.25 Ro24-7429 is of immediate translational
interest because it was originally developed and tested in a
phase 2 clinical trial for its potential effect as a Tat
antagonist in the treatment of AIDS in patients infected
with HIV.30 Ro24-7429 had an acceptable safety profile in
clinical trials but was found to have no detectable antiviral
activity.31 In this study, we aim to evaluate the role of
RUNX1 in lung fibrosis and test the potential antifibrotic
effects of Ro24-7429 using the bleomycin-induced model
of lung injury.32 An increase in RUNX1 RNA was found
among a set of genes overexpressed in lung tissue of pa-
tients infected with SARS-CoV-2, a screen of differen-
tially expressed angiogenesis-associated genes.16 In
addition, RUNX1 has recently been predicted to modulate
FES Upstream Region (FURIN) and angiotensin-
converting enzyme 2 (ACE2) expression based on
genomic-guided molecular maps of upstream regulatory
elements.33 These data indicate that RUNX1 may play an
important role during SARS-CoV-2 infection, and through
the modulation of RUNX1 it may be possible to repress
key host mediators to viral entry. We herein examined a
potential direct link between RUNX1 function and the
expression of proteins ACE2 and FURIN, two proteins
with critical roles in SARS-CoV-2 infection of the lung.
Materials and Methods

TNF-a and TGF-b1 were purchased from PeproTech
(Rocky Hill, NJ). RUNX1 inhibitor Ro5-3335 was pur-
chased from Millipore-Sigma (Burlington, MA). We con-
tracted the synthesis of Ro24-7429 as fee for service from
MedKoo Biosciences (Morrisville, NC), which confirmed
the correct structure by 1H nuclear magnetic resonance and
mass spectrometry, and purity >99% by high-performance
liquid chromatography (data not shown). The remaining
Ro24-7429 was received as a kind gift from Paul Liu
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(National Institutes of Health, National Human Genome
Research Institute, Bethesda, MD). The core-binding factor-
beRUNX1 protein-protein interaction inhibitor, AI-14-91,
was synthesized as described previously19 and was received
as a kind gift from the Bushweller Lab (Department of
Molecular Physiology and Biological Physics, University of
Virginia, Charlottesville, VA).
Animal Model

Animal procedures were approved by the Institutional An-
imal Care and Use Committee of Massachusetts Eye and
Ear, and performed in accordance with the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research.
C57BL/6J male and female mice, aged 6 to 8 weeks, were
purchased from Jackson Laboratory (Bar Harbor, ME). For
all procedures, mice were anesthetized by i.p. injection of
ketamine/xylazine mixture (100/50 mg/kg).
Experimental Design

Bleomycin sulfate (Sigma-Aldrich, St. Louis, MO) was
dissolved in sterile 0.9% saline and administered as a single
dose of 0.05 units in a total volume of 50 mL in saline so-
lution per animal intratracheally. Control animals received
0.05 mL saline alone. A preventative regimen was chosen,
and each animal received either Ro24-7429 drug, 70 mg/kg,
or vehicle every other day for 7 days before the induction of
the model and continued until the end of the experiment for
1 or 2 weeks. All animals received intratracheal instillations
of bleomycin on day 0, as previously described.34e37 A
separate experiment was performed with similar drug-
vehicle treatments and intratracheal saline instillation for
controls. The surgeon performing intratracheal instillations
was masked to the identity of the treatment groups. Mice
were sacrificed at day 7 or day 14 after bleomycin in-
stillations, and mouse lungs were perfused with phosphate-
buffered saline to inflate the lungs before fixation.
Morphologic Examination

Lung tissue sections were fixed in 10% neutral-buffered
formalin (Sigma-Aldrich; HT501128-4L) for 24 hours for
histologic analysis. Fixed lungs were paraffin embedded and
sectioned (5 mm thick), stained with hematoxylin and eosin
to examine gross morphology and Masson trichrome stain to
visualize collagen deposition, and examined by microscopy.
Lung fibrosis was measured using quantitative histology
using the Ashcroft method of analysis. All measurements
were performed by two independent graders (N.C., A.C.) in
a blinded manner. Images were acquired with the Nikon
Eclipse E800 microscope (Minato City, Tokyo, Japan) with
an Olympus DP70 camera (OM Digital Solutions, Hachioji,
Tokyo, Japan). Adjacent 2� images of the lung were
The American Journal of Pathology - ajp.amjpathol.org
stitched together using Adobe Photoshop CS6 (San Jose,
CA).

Immunofluorescence Analysis of Lung Tissue

Paraffin-embedded sections were processed for immuno-
fluorescence using the following antibodies: anti-RUNX1
(1:100; LS-B13948; Lifespan Biosciences, Seattle, WA),
antiea-smooth muscle actin (SMA) antibody (1:200; A-
2547; Millipore-Sigma), anti-ionized calcium binding
adaptor molecule 1 (Iba1) antibody (1:100; ab5076; Abcam,
Cambridge, UK), anti-Ly6g antibody (1:100; ab25377;
Abcam), and Isolectin GS-IB4 Alexa Fluoro 594 Conjugate
(1:250; l21413; Invitrogen, Carlsbad, CA). For heat-induced
antigen retrieval, the slides were boiled in 10 mmol/L so-
dium citrate buffer (pH 6.0) and then maintained at a sub-
boiling temperature (95�C to 100�C) for 20 minutes and
subsequently cooled on the bench top for 30 minutes. Slides
were washed with distilled water, permeabilized with 0.5%
Triton X-100 in phosphate-buffered saline for 5 minutes,
and blocked (10% goat serum in phosphate-buffered saline)
for 1 hour at room temperature. The primary antibody was
prepared in antibody dilution buffer (5% goat serum), and
samples were incubated overnight with the antibody solu-
tion at 4�C. Sections were washed with phosphate-buffered
saline and incubated with goat anti-rabbit Alexa Fluor 594
secondary antibody (1:500; A-11012; Invitrogen) for 2
hours at room temperature. Slides were mounted and visu-
alized using Prolong Gold Antifade Reagent with DAPI
(P36935; Invitrogen). Images were obtained using an EVOS
FL automated stage live cell imaging system (Life Tech-
nologies, Cambridge, MA).

Transmission Electron Microscopy

Mouse lungs were perfused with saline and fixed with half
strength Karnovsky fixative (2% formaldehyde þ 2.5%
glutaraldehyde, in 0.1 mol/L sodium cacodylate buffer, pH
7.4) for 24 hours under refrigeration. After fixation, samples
were trimmed into 1-mm thick segments, rinsed with 0.1
mol/L sodium cacodylate buffer, post-fixed with 2%
osmium tetroxide in 0.1 mol/L sodium cacodylate buffer for
1.5 hours, en bloc stained with 2% gadolinium triacetate in
0.05 mol/L sodium maleate buffer, pH 6, for 30 minutes,
then dehydrated with graded ethyl alcohol solutions, tran-
sitioned with propylene oxide, and infiltrated in tEPON-812
epoxy resin (Tousimis, Rockville, MD) utilizing an auto-
mated EMS Lynx 2 EM tissue processor (Electron Micro-
scopy Sciences, Hatfield, PA). The processed samples were
oriented into tEPON-812 epoxy resin inside flat molds and
polymerized using a 60�C oven. Semithin and ultrathin
sections were obtained using a Leica UC7 ultramicrotome
(Leica Microsystems, Buffalo Grove, IL) and diamond
knives (Diatome, Hatfield, PA). Semithin sections were cut
at 1 mm thickness through different lobes stained with 1%
toluidine blue in 1% sodium tetraborate aqueous solution for
1195
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assessment by light microscopy. Ultrathin sections on grids
were stained with aqueous 2.5% gadolinium triacetate and
modified Sato lead citrate. Grids were imaged using an FEI
Tecnai G2 Spirit transmission electron microscope (FEI,
Hillsboro, OR) at 80 kV interfaced with an AMT XR41
digital charge-coupled device camera (Advanced Micro-
scopy Techniques, Woburn, MA) for digital TIFF file image
acquisition. Transmission electron microscopy digital im-
ages were captured at 2000 � 2000 pixels at 16-bit
resolution.

Cell Culture

Human alveolar epithelial cells (A549) were a generous gift
from Dr. David Lagares (Massachusetts General Hospital,
Boston, MA). Cells were maintained in low-glucose Dulbec-
co’s modified Eagle’s medium containing 10% fetal bovine
serum, 2 mmol/L L-glutamine, 100 U/mL penicillin, and 100
mg/mL streptomycin at 37�C in a humidified 5% CO2 atmo-
sphere. Confluent cultures of cells were pretreated with Ro24-
7429 for 24 hours, followed by stimulation with 5 ng/mL of
TGF-b1. Human lung fibroblasts (HLFs) were also a kind gift
fromDr.David Lagares. Cells weremaintained as above before
treatment with Ro24-7429 and nintedanib for 72 hours.

Human microvascular endothelial cells (lung) (HMEC-Ls;
CC-2527) purchased at Passage 1 from Lonza (Basel,
Switzerland) were incubated at 37�C with 5% CO2. HMEC-Ls
were plated at Passage 2-6 using endothelial growth media
(EGM-2; Lonza) supplemented with EGMTM-2 MV Micro-
vascular Endothelial Cell Growth Medium-2 BulletKit (CC-
2527). Cells were treated at Passage 3-7 in endothelial basal
media (EBM-2; Lonza) supplemented with 5% fetal bovine
serum, 1% gentamicin/amphotericin, and selected stimulants.

Human pulmonary alveolar epithelial cells were pur-
chased from ScienCell (Carlsbad, CA) and cultured in
alveolar epithelial cell medium (ScienCell) supplemented
with 2% fetal bovine serum, epithelial cell growth supple-
ment, 100 U/mL penicillin G, and 100 mg/mL streptomycin.
The cells were cultured and maintained in 6-well plates for
experimental purposes.

oPOSSUM Analysis

Angiogenesis-associated genes in COVID-19 deceased
patients were previously reported.16 Analysis of this gene
set was performed using oPOSSUM version 3.0 (http://
opossum.cisreg.ca, last accessed June 1, 2021), human
single site analysis tool with either RUNX1 or activator
protein 1 (AP-1) as the JASPAR CORE transcription
factor binding site (TFBS) profile. Conservation cutoff
was 0.4; matrix score threshold was 85%; and upstream/
downstream sequence was 5000. Target gene hits shared
between AP-1 and RUNX1 were manually compared,
whereas genes associated with the c-Jun N-terminal kinase
(JNK) pathway were manually matched with JNK
signaling pathway genes reported by AmiGO 2 (http://
1196
amigo.geneontology.org/amigo, last accessed April 13,
2021).

Human Tissue Immunohistochemistry

All autopsies of SARS-CoV-2 infected deceased were per-
formed at the Institute of Legal Medicine, University
Medical-Center of Hamburg-Eppendorf, as described in
previous works,37 between March and September 2020 in
the dissection room, with institutional review board
approval from the independent ethics committee of the
Hamburg University (protocol PV7311). Seven COVID-19
patients and one case with negative PCR virus test were
selected. Clinical data, including pre-existing medical con-
ditions, medical course before death, and antemortem
diagnostic findings, were assessed (Supplemental Table S1).
Lung tissue samples were formalin fixed and paraffin
embedded. Samples were immunohistochemically stained
using a Ventana Benchmark XT Autostainer (Ventana,
Tucson, AZ). RUNX1 staining was performed in accor-
dance with the manufacturer’s recommendations, using a
RUNX1 antibody (HPA004176; rabbit polyclonal; Sigma
Aldrich, Hamburg, Germany; dilution 1:200). For detection
of specific binding, the Ultra View Universal 3,30-Dia-
minobenzidine Detection Kit (Ventana, Roche, Basel,
Switzerland) was used, which contains secondary anti-
bodies, 3,30-diaminobenzidine stain, and counterstaining
reagent. Slides were examined and diagnosed by an expe-
rienced lung pathologist (S.S.). Whole slides were then
electronically scanned at high magnification (�40) as high-
resolution images (1900 � 1200 pixels) with a NanoZoomer
2.0-HT (Hamamatsu Photonics, Hamamatsu, Japan).

Western Blot Analysis

Protein concentration was determined by Pierce bicincho-
ninic acid protein assay kit (ThermoFisher, Waltham, MA;
23227), according to the manufacturer’s instructions. A total
of 20 mg of total cell lysates was prepared in 4 mL 1 mol/L
1,4-dithiothreitol (Sigma Aldrich) and 10 mL Laemmli
buffer (Boston Bioproducts, Ashland, MA) to a final vol-
ume of 40 mL and denatured for 5 minutes at 90�C. Samples
were separated electrophoretically for 1 hour at 70V using
4% to 20% precast gradient gels (MiniPROTEAN TGX;
Bio-Rad, Hercules, CA) and SDS-Tris-Glycine buffer (Bio-
Rad). Proteins were transferred to 0.45-mm nitrocellulose
membranes for 1 hour at 70V in ice-cold 20% Methanol
Tris-Glycine buffer (Bio-Rad). Membranes were blocked
for 1 hour with Odyssey Blocking Buffer (LI-COR Bio-
sciences, Lincoln, NE). Then, they were incubated with
primary antibodies antieN-cadherin (1:500; sc-53488;
Santa Cruz Biotechnology, Dallas, Tx), anti-RUNX1
(1:100; LS-B13948; Lifespan Biosciences, Seattle, WA),
and antiea-SMA antibody (1:200; A-2547; Millipore-
Sigma) for 3 hours at room temperature or overnight at
4�C and then washed 3� with Tris-buffered saline with
ajp.amjpathol.org - The American Journal of Pathology
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Tween 20 and incubated with secondary antibodies IRDye
800CW donkey anti-mouse or IRDye 680RD donkey anti-
rabbit (Li-cor, Lincoln, NE) for 1 hour and washed 3� with
Tris-buffered saline with Tween 20. Immunoreactive bands
were detected using the Odyssey Infrared Imaging System
and visualized on the Image Studio version 2.1 software (LI-
COR Biosciences).
RT-qPCR Data
HMEC-Ls were plated and treated, as described above, for
between 24 and 72 hours. The time point of quantitative
quantitative reverse transcription polymerase chain reaction
(RT-qPCR) lysis collection when not specified is 48 hours
of treatment. RNA was extracted using RNeasy Mini Kits
(Qiagen, Hilden, Germany), as per the manufacturer’s in-
structions. Transcription into cDNA was performed using
the iScript cDNA synthesis kit (Bio-Rad), following the
manufacturer’s protocol, and probed using FastStart Uni-
versal SYBR Green Master Mix (Hoffmann-La Roche,
Basel, Switzerland) in 384-well white plates.

Mice were treated, as described previously, before
euthanasia. Lung samples were collected for RT-qPCR
analysis, and tissues were lysed by homogenization. RNA
was extracted using RNeasy Mini Kits, as per the manu-
facturer’s instructions for tissue samples. Transcription into
cDNA and analysis were performed as stated previously.
Primers for selected genes (Table 1) were purchased from
Integrated DNA Technologies (Coralville, IA).

Statistical Analysis
Results are presented as means � SEM. Data were assessed
with analysis of variance (one-way analysis of variance)
followed by the Dunnett multiple comparisons test. Two-
tailed unpaired t-test was used for comparisons between two
groups. Values with statistical significance are indicated as
*P < 0.05, **P < 0.01, and ***P < 0.01.
Table 1 Primer Sequences Used in RT-qPCR Analysis

Primer Species Forward

HPRT1 Human 50-ACCCTTTCCAAATCCTC
RUNX1 Human 50-TCCACAAACCCACCGCA
FURIN Human 50-TCGGGGACTATTACCAC
ACE2 Human 50-ACAGTCCACACTTGCCC
HPRT1 Mouse 50-TCAGTCAACGGGGGACA
RUNX1 Mouse 50-TGGTGGAGGTACTAGCT
FURIN Mouse 50-AGGGACGTGTATCAGGA
ACE2 Mouse 50-GGCGACAAGCACAGACT
a-SMA Mouse 50-GTCCCAGACATCAGGGA
TNF-R1 Mouse 50-GGGCACCTTTACGGCTT
TGF-b1 Mouse 50-CTCCCGTGGCTTCTAGT
Fibronectin Mouse 50-ATGTGGACCCCTCCTGA
Collagen Mouse 50-CTGTAACATGGAAACTG

ACE2, angiotensin-coverting enzyme 2; FURIN, FES upstream region; HPRT1,
RUNX1, runt-telated transcription factor 1; a-SMA, a-smooth muscle actin; TGF-b1

The American Journal of Pathology - ajp.amjpathol.org
Results

Dose-Dependent Antifibrotic Activity of the RUNX1
Inhibitor Ro24-7429

Bleomycin triggers a strong inflammatory response in the
lung at day 7, characterized by infiltration with neutrophils
and macrophages, vascular leakage, and up-regulation of
cytokines, chemokines, and other inflammatory mediators.
By day 14, bleomycin-treated mice are expected to develop
significant lung fibrosis, including disruption of the normal
lung architecture, thickening of the alveolar septa, and
excessive extracellular matrix and collagen deposition
around the alveolar structures. We examined the effects of
escalating doses of Ro24-7429 (17.5, 35, and 70 mg/kg per
day) on bleomycin-induced lung fibrosis by hematoxylin
and eosin and Masson trichrome staining in mice at day 14
(Figure 1, A and B, and Supplemental Figure S1). These
doses were estimated to be equivalent to those used in the
Ro24-7429 human trial (75, 150, or 300 mg per day,
respectively).31 We initiated treatment 1 week before
intratracheal instillation of bleomycin because treatments for
COVID-19 appear to be more effective at early stages
before the disease significantly alters pulmonary function
and because future clinical trials may be more feasible under
a preventative therapy paradigm.

Prominent areas of dense fibrotic foci were detected 2
weeks after bleomycin instillation using Masson trichrome
staining and confirmed by transmission electron microscopy
(Figure 1, AeC). Conversely, mice treated with Ro24-7429
(70 mg/kg) displayed robust preservation of lung structures
after bleomycin instillation, similar to mice instilled with
intratracheal saline (Figure 1, A and B, and Supplemental
Figure S1). Fewer to no areas of fibrosis were observed in
the Ro24-7429etreated mice, as confirmed by a significant
reduction in the Ashcroft fibrosis score (Figure 1D). A dose-
dependent effect of the drug was observed on the lung
Reverse

AGC-30 50-GTTATGGCGACCCGCAG-30

AGT-30 50-CGCTCGGAAAAGGACAAGC-30

TTCTG-30 50-CCAGCCACTGTACTTGAGGC-30

AAAT-30 50-TGAGAGCACTGAAGACCCATT-30

TAAA-30 50-GGGGCTGTACTGCTTAACCAG-30

GACC-30 50-CGAGTAGTTTTCATCGTTGCCTG-30

GCC-30 50-CCTGCTAGGTCGGGATGATTC-30

ACAA-30 50-GCCATCTCGTTTTTCAGGACC-30

GTAA-30 50-TCGGATACTTCAGCGTCAGGA-30

CC-30 50-TCTCCTTACAGGGGATTGTCAC-30

GC-30 50-GCCTTAGTTTGGACAGGATCTG-30

TAGT-30 50-GCCCAGTGATTTCAGCAAAGG-30

GGGAAA-30 50-CCATAGCTGAACTGAAAACCACC-30

hypoxanthine phosphoribosyltransferase 1; RT-qPCR, quantitative RT-PCR;
, transforming growth factor-b1; TNF-R1, tumor necrosis factor receptor 1.
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phenotype with the lowest dose (17.5 mg/kg), showing
slight effect, whereas the 35 mg/kg dose showed a moderate
but variable effect on the progression of fibrosis
(Supplemental Figure S1).

RUNX1 Inhibition Curbs Expression of Fibrosis Markers
in Injured Mouse Lungs

We evaluated the expression of RUNX1 and known
markers of fibrosis in lung tissue of mice instilled with
bleomycin treated with Ro24-7429 or vehicle. As ex-
pected, Western blot analysis showed that Ro24-7429
treatment reduced the expression of RUNX1 and fibro-
nectin, whereas it preserved the expression of E-cadherin,
an epithelial marker (Figure 1, E and F). RT-qPCR anal-
ysis showed up-regulation of mRNA expression for
fibrosis markers, including a-SMA, collagen 3A1, and
fibronectin, in lung tissue of mice instilled with bleomycin
compared with tissues from the saline control group
(Figure 1G). Immunofluorescence staining and RT-qPCR
revealed a significant up-regulation of RUNX1 on induc-
tion of fibrosis after bleomycin instillation (Figure 1, G
and H). This effect on RUNX1 up-regulation observed in
bleomycin-injured mice was significantly attenuated in
mice treated with Ro24-7429. Ro24-7429 treatment also
blunted the up-regulation of fibrosis markers triggered by
bleomycin compared with vehicle-treated mice (Figure 1,
EeH).

The protective effects of the highest dose of Ro24-7429
(70 mg/kg) were further supported by immunostaining
analysis of a-SMA, a marker of scar-forming myofibro-
blasts, which colocalized within dense fibrotic regions in the
bleomycin instilled lungs but was localized only to vessels
(staining mural cells), as expected, in the Ro24-
7429etreated mice (Figure 1H).

Anti-Inflammatory Activity of Ro24-7429

We evaluated the potential effect of Ro24-7429 on
bleomycin-induced inflammation 1 and 2 weeks after lung
injury (Figures 1, I and J, and 2). As expected, bleomycin
did not trigger significant fibrosis at the 1-week time point
(Figure 2, AeG). As shown in Figures 1, I and J, and 2, H
and I, a large influx of neutrophils and macrophages was
observed in the bleomycin-injected mice. Mice treated with
Ro24-7429 showed reduced infiltration of inflammatory
Figure 1 Antifibrotic and anti-inflammatory effect of Ro24-7429 at day 14 in
collagen deposition of the lung tissue were assessed by hematoxylin and eosin (H&E
Boxed areas indicate areas magnified below. C: Representative transmission electro
magnification (bottom panels) of bleomycin- and Ro24-7429etreated lungs on day 1
F: Detection and quantification of RUNX1, E-cadherin, and fibronectin levels by West
RT-PCR analysis of mRNA levels of fibronectin, collagen 3A1, RUNX1, and a-SMA in b
paraffin sections for a-smooth muscle actin (a-SMA), RUNX1, IBA1, IB4, and LY6G. J:
7429etreated lungs. All data are presented as means � SEM (D, F, G, and J). n
****P < 0.0001. Scale bars: 50 mm (A); 1000 mm (B); 2 mm (C, top panels); 500
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cells, specifically neutrophils and macrophages, at the 1-
and 2-week time points. These results indicated that
RUNX1 inhibition robustly abrogated lung fibrosis and
inflammation in a bleomycin injury model.
RUNX1 Regulates Proliferation and TGF-b1eInduced
Fibrosis in Cultured Lung Cells

We conducted mechanistic studies in cell culture to examine
the cellular and molecular mechanisms underlying the
robust effects of RUNX1 inhibition in the protection against
bleomycin-induced lung injury. We tested the effect of
RUNX1 inhibition on the proliferation of human alveolar
epithelial cells (A549), primary human-derived pulmonary
alveolar epithelial cells, and human-derived primary culture
lung fibroblasts (HLFs). For specific analyses, we used
escalating doses of Ro24-7429 (50 to 200 mmol/L), Ro5-
3335 (150 mmol/L), pirfenidone (500 mg/mL), and ninte-
danib (5 mmol/L); the latter two are currently approved
drugs for IPF.

Ro24-7429 strongly inhibited the proliferation of A549
and HLF cells in a dose-dependent manner, as measured by
the CyQUANT Direct Cell Proliferation Assay (Thermo-
Fisher, Waltham, MA) (Supplemental Figure S2, AeC).
Low levels of cell death were detected by lactate dehydro-
genase analysis at concentrations of Ro24-7429 (50 to 200
mmol/L) and Ro5-3335 (150 mmol/L) in both the cell types,
suggesting a direct effect in proliferation by RUNX1 inhi-
bition (Supplemental Figure S2, DeF). At 48 hours, Ro24-
7429 treatment significantly reduced proliferation in A549
cells by 68% at the highest concentration (200 mmol/L),
with 62% reduction with the lowest concentration (50 mmol/
L). We observed further reduction in proliferation at 72
hours with an 82% reduction (200 mmol/L). A similar sig-
nificant effect was observed on proliferation in HLF cells.
At 72 hours, Ro24-7429 at the highest concentration (200
mmol/L) caused a 55% reduction in proliferation. A 30%
reduction in proliferation was observed at the lowest con-
centration (50 mmol/L). Ro5-3335 also exhibited a strong
antiproliferative effect at 48 hours (32%) and 72 hours
(50%) in A549 cells. We also observed a similar robust
effect of Ro5-3335 in HLF cells, resulting in a 40%
reduction in proliferation at 72 hours. The effect of Ro24-
7429 on proliferation was robust and of similar magnitude
compared with that of nintedanib and pirfenidone. However,
pirfenidone (500 mg/mL) caused significant cell death (8%)
the bleomycin model of pulmonary fibrosis. A and B: Histologic images and
) and Masson trichrome staining and visualized using bright-field microscopy.
n microscopy (TEM) micrographs at low magnification (top panels) and high
4. Dotted boxed areas indicate areas magnified below. D: Fibrosis score. E and
ern blot analysis in bleomycin- and Ro24-7429etreated lungs. G: Quantitative
leomycin- and Ro24-7429etreated lungs. H and I: Immunohistochemistry on
Quantification of IB4-, IBA1-, and LY6G-positive cells in bleomycin- and Ro24-
Z 5 to 6 (D, F, G, and J). *P < 0.05, **P < 0.01, ***P < 0.001, and
mm (C, bottom panels); 100 mm (H and I).
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at 48 hours, which increases to 11% at 72 hours in A549
cells (Supplemental Figure S2, D and E).

We evaluated the effect of RUNX1 inhibition on the
expression of fibrosis markers induced by TGF-b1, a
critical mediator of PF,38 in A549 cells at 24, 48, and 72
hours. We found that TGF-b1 exposure strongly induced
the expression of a-SMA and N-cadherin in A549 cells
using RT-qPCR (Figure 3A) and Western blot analyses
(Figure 3, B and C) at all three time points after expo-
sure. RUNX1 expression was also strongly induced by
TGF-b1 exposure at 24, 48, and 72 hours (Figure 3,
AeC). We found that RUNX1 inhibition with Ro24-7429
(150 and 200 mmol/L) administered 24 hours before TGF-
b1 exposure effectively prevented TGF-b1einduced N-
cadherin up-regulation in A549 cells and human-derived
pulmonary alveolar epithelial cells using Western blot
analysis (Figure 3, DeG). We concluded that modulation
of TGF-b1emediated effects on lung fibrosis in lung
epithelial cells is a potential mechanism explaining the
robust impact of RUNX1 inhibition on the outcomes of
bleomycin-induced lung injury.

TNF-a Significantly Increased RUNX1 Expression in
Primary Lung Endothelial Cells

Proinflammatory mediators, such as TNF-a, are increased
in the inflammatory phase of tissue injury leading to
fibrosis.39 This cytokine has been found to be highly
elevated in patients infected with SARS-CoV-2.27 We
assessed the effect of TNF-a stimulation (5 ng/mL) on
RUNX1 expression in HMEC-L primary cultures by
immunofluorescence, RT-qPCR, and Western blot anal-
ysis. TNF-a stimulation alone increased RUNX1 staining
compared with controls, whereas RUNX1 staining did not
change on exposure to TGF-b1 (Figure 3H). A time course
experiment demonstrated that RUNX1 mRNA increased
by 2-fold at 48 and 72 hours after TNF-a stimulation
(Figure 3I). Ro24-7429 treatment (75 mmol/L) signifi-
cantly reduced TNF-aeinduced up-regulation of RUNX1
mRNA by 50% (Figure 3J) at 48 hours. Similarly, treat-
ment with another RUNX1 inhibitor, AI-14-91 (1 mmol/
L),26 blunted TNF-aeinduced up-regulation of RUNX1
mRNA by 50% at 48 hours (Figure 3J). These data
demonstrate an inflammatory cytokine-linked mechanism
in lung endothelial cells, which potentially explains the
robust impact of RUNX1 inhibition on the inflammatory
Figure 2 Antifibrotic and anti-inflammatory effect of Ro24-7429 at day 7 in
images and collagen deposition of the lung tissue were assessed by hematoxylin a
field microscopy. Boxed areas indicate areas magnified below. C: Representative
(top panels) and high magnification (bottom panels) of bleomycin- and Ro24-74
below. D and E: Detection of fibronectin, E-cadherin, and RUNX1 levels by Western
PCR analysis of mRNA levels of fibronectin, collagen 3A1, RUNX1, and a-SMA in ble
paraffin sections for a-smooth muscle actin (a-SMA), RUNX1, IBA1, IB4, and LY6G
Ro24-7429etreated lungs. All data are presented as means � SEM (E, F, and I). NZ
and Ro24-7429etreated lungs (F). *P < 0.05, **P < 0.01, and ****P < 0.0001
bottom panels); 100 mm (G and H).
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phase of bleomycin-induced lung injury via regulation of
vascular endothelial cell function.
RUNX1 Expression in COVID-19 Lung Tissue and
Modulation of Critical SARS-CoV-2 Uptake Proteins by
RUNX1

We examined RUNX1 expression in seven postmortem lung
tissue from patients, aged 59 to 84 years, deceased from
COVID-19 and one control patient by immunohistochem-
istry. We found abnormal distribution of RUNX1 expres-
sion in a subset of SARS-CoV-2 virus infected lungs from
two of seven deceased cases, localized to vessel endothelia
and small capillaries. Five of seven cases presented with
fibrosis and diffuse alveolar damage. Localized RUNX1
signal was not associated with pathologic presentation,
although one RUNX1-positive case presented with viral
load in formalin-fixed, paraffin-embedded lung tissue
(Figure 4A, Supplemental Figures S3 and S4, and
Supplemental Table S1). Overall, these findings highlight
the possibility that RUNX1 might be a novel target to
ameliorate lung pathology in severe COVID-19.

We further evaluated a potential functional link between
RUNX1 function and the expression of ACE2 receptor and
FURIN, a proprotein convertase, which are critical for
SARS-CoV-2 virus uptake within host cells using our
bleomycin-induced lung injury model and TGF-b/TNF-
aestimulated lung epithelial and vascular endothelial cells
in vitro.

Immunofluorescence analysis of the 2-week time point in
the bleomycin mouse model showed ACE2 expression
localized to the areas with increased a-SMA staining and
fibrosis. Ro24-7429 treatment markedly reduced ACE2
staining and fibrosis in the lung (Figure 4B). In addition, we
studied the effect of RUNX1 inhibition on the expression of
ACE2 expression in TGF-b1e and TNF-aestimulated
human-derived pulmonary alveolar epithelial cells. We
found that TGF-b1 and TNF-a exposure triggered up-
regulation of ACE2 protein levels (Figure 4, C and D).
RUNX1 inhibition significantly reduced TGF-b1e and
TNF-aeinduced ACE2 protein levels in human-derived
pulmonary alveolar epithelial cells. FURIN protein levels
were also observed to go down by 70% in the Ro24-
7429etreated mice, as evaluated by Western blot analysis
(Figure 4, E and F).
the bleomycin model of idiopathic pulmonary fibrosis. A and B: Histologic
nd eosin (H&E) and Masson trichrome staining and visualized using bright-
transmission electron microscopy (TEM) micrographs at low magnification
29etreated lungs on day 14. Dotted boxed areas indicate areas magnified
blot analysis in bleomycin- and Ro24-7429etreated lungs. F: Quantitative
omycin- and Ro24-7429etreated lungs. G and H: Immunohistochemistry on
. I: Quantification of IB4-, IBA1-, and LY6G-positive cells in bleomycin- and

3 bleomycin- and Ro24-7429etreated lungs (D and E); NZ 6 bleomycin-
. Scale bars: 50 mm (A); 1000 mm (B); 2 mm (C, top panels); 500 mm (C,
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Figure 3 The effect of cytokine stimulation and Ro24-7429 treatment on expression of fibrosis markers in lung epithelial and vascular endothelial cells. A:
Quantitative RT-PCR (RT-qPCR) analysis of mRNA levels of RUNX1, N-cadherin, and a-SMA after 24, 48, and 72 hours of incubation with transforming growth
factor (TGF)-b1 in A549 cells. B: Western blot analysis of RUNX1, N-cadherin, and a-smooth muscle actin (a-SMA) at 24, 48, and 72 hours of treatment with
TGF-b1 in A459 cells. C: Quantification of Western blot analysis for TGF-b1 time course in A549 cells. D and E: Western blot analysis showing effect of Ro24-
7429 on fibrotic marker N-cadherin after 72 hours of treatment with TGF-b1 in A459 cells. F and G: Western blot analysis of fibrotic marker N-cadherin in
human pulmonary alveolar epithelial (HPAEpi) cells stimulated with TGF-b1 or tumor necrosis factor (TNF)-a with and without Ro24-7429 pretreatment. H:
Representative images for human microvascular endothelial cells (lung; HMEC-Ls) fluorescently labeled with CD31 (green), RUNX1 (red), and DAPI (blue). I: RT-
qPCR analysis of mRNA levels of RUNX1 after 24, 48, and 72 hours of treatment with TNF-a in HMEC-Ls. J: RT-qPCR of RUNX1 expression after pretreatment with
AI-14-91 and Ro24-7429 with TNF-a treatment. All data are presented as means � SEM (A, C, E, G, I, and J). n Z 3 (A, C, E, G, I, and J). *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bar Z 100 mm (H).
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We stimulated HMEC-Ls with TNF-a (5 ng/mL) to
further examine the link between RUNX1 function and
FURIN expression using qPCR analysis. Ro24-7429
significantly reduced FURIN mRNA expression by 70%
(Figure 4G), whereas AI-14-91 reduced mRNA expres-
sion by 50%. In addition, RUNX1 stimulation via TNF-a
and inhibition using AI-14-91 and Ro24-7429 demon-
strated significant effects on the expression of TNF-R1
mRNA. A significant 60% decrease was seen in TNF-R1
expression when cells were stimulated with TNF-a in the
1202
presence of Ro24-7429. A smaller, but significant,
reduction of 40% was seen in TNF-R1 levels when AI-14-
91 was used to inhibit RUNX1 (Figure 4I). In addition, in
the mouse model of bleomycin, the day 14 time point
showed significant reduction in TNF-R1 mRNA expres-
sion after treatment with Ro24-7429. This led us to the
conclusion that RUNX1 inhibition reduces not only ACE2
and FURIN in the mouse model and in vitro, but also
expression of tumor necrosis factor receptor 1 (TNF-R1)
(Figure 4H). Because RUNX1 inhibition blunts the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 RUNX1 expression during SARS-CoV-2 infection and the in vitro and in vivo effects of RUNX1 inhibition in human epithelial and endothelial cells.
A: RUNX1 expression in human control lungs and two cases with SARS-CoV-2 with low (case 1) or high abundance of viral proteins in lung (cases 2) by
immunostaining. Only case 2 shows RUNX1 signal in endothelia (yellow triangles) and capillaries (inset). B: Angiotensin-converting enzyme 2 (ACE2) a-
smooth muscle actin (a-SMA) immunostaining at the 2-week time point. C and D: Western blot analysis showing transforming growth factor (TGF)-b1 and
tumor necrosis factor (TNF)-a induction of ACE2 with or without Ro24-7429 pretreatment. E and F: Western blot analysis showing FURIN expression in
bleomycin- and Ro24-7429etreated lungs. G: Quantitative RT-PCR (RT-qPCR) analysis of mRNA of FURIN after pretreatment with AI-14-91 or Ro24-7429 in the
presence of TNF-a or in human microvascular endothelial cells (lung; HMEC-Ls). H: RT-qPCR analysis of mRNA of TNF-R1 in bleomycin- and Ro24-7429etreated
lungs. I: RT-qPCR analysis of mRNA of TNF-R1 after pretreatment with AI-14-91 or Ro24-7429. All data are presented as means � SEM (D, F, and GeI). N Z 5
(F); n Z 5 to 6 (D, G-I). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bar Z 100 mm (A and B). HPAEpi, human pulmonary alveolar
epithelial; TNFR1, tumor necrosis factor receptor 1.

RUNX1 in COVID-19 and Pulmonary Fibrosis
expression of ACE2 and FURIN in a mouse model of lung
injury and in human epithelial and vascular endothelial
cells in vitro, this modality of treatment may have a role
for the treatment of COVID-19 (Figure 4I).
The American Journal of Pathology - ajp.amjpathol.org
Relative changes in expression of angiogenesis-
associated genes have been identified by others in the
lungs of COVID-19 patients.16 Of the 113 reported genes,
100 were seen to have a relative increase in gene
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Figure 5 Schematic of hypothesis of RUNX1’s role in transforming growth factor (TGF)-b1 (blue), tumor necrosis factor (TNF)-a (pink), and shared (purple)
signaling and its effects on SARS-CoV-2erelated proteins FURIN and angiotensin-converting enzyme 2 (ACE2). JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated protein kinase.

O’Hare et al
expression in COVID-19 patients compared with controls.
We used oPOSSUM software to map RUNX1 or AP-1
(previously shown to drive RUNX1 expression in endo-
thelial cells) TFBS profiles in these 113 genes
(Supplemental Figure S5). Of these, 88 genes (78%) were
target gene hits for RUNX1 (Z-score, 15.370; Fisher
score, 11.682), meaning they share conserved TFBSs, and
98 genes (87%) were target gene hits for AP-1 (Z-score,
14.568; Fisher score, 12.297). Manual analysis of the
TFBSs demonstrated an overlap of 85 genes, which
contain both AP-1 and RUNX1 TFBSs, as well as 17
genes that are strongly associated with the JNK signaling
pathway. Only 12 of 113 COVID-19 genes showed no
target gene hits against an AP-1 or RUNX1 JASPAR
CORE profile (Supplemental Figures S5 and S6). These
data support the importance of RUNX1, as well as the
JNKeAP-1eRUNX1 pathway (Figure 5), in the regula-
tion of angiogenesis-associated genes, which are up-
regulated in a severe COVID-19 disease state that ulti-
mately leads to patient deaths in many cases.
Discussion

To our knowledge, this is the first study to demonstrate
the preclinical efficacy of the small molecule Ro24-7429
1204
and RUNX1 inhibition in the bleomycin model of PF.
The Ro24-7429 dose used herein is equivalent to dos-
ages previously tested in phase 1/2 trials that had a
strong safety profile.31 We report that pretreatment with
Ro24-7429 significantly reduces fibrosis and maintains
alveolar structure through the inhibition of RUNX1
activity.
TGF-b1 is a critical mediator of pulmonary fibrosis, and

its expression is augmented in animal models of lung
fibrosis and in human lungs with IPF.38,40 TGF-b1 is
involved in a range of cellular changes, including prolifer-
ation, differentiation, apoptosis, and death.41 TGF-b1 acti-
vation induces extracellular matrix production, and its
effects are mediated through the SMAD2/3 pathway, as
illustrated through SMAD3 knockout that was found to
prevent fibrosis in the bleomycin mouse model.42 Recent
publications have highlighted the role of TGF-b1/SMAD/
RUNX1 signaling in IPF.3 There has been growing interest
in the role of RUNX1 inhibition in preventing fibrosis in
various organ systems, including renal tubular epithelial
cells, in which RUNX1 was found to regulate markers of
epithelial-to-mesenchymal transition and knockout of
RUNX1 prevented kidney fibrosis.43 In addition, RUNX1
has been suggested to have an important role in fibroblast
activation and proliferation.44 RUNX1 is highly expressed
in lipofibroblasts that are believed to be a source of
ajp.amjpathol.org - The American Journal of Pathology
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myofibroblasts that contribute to IPF.45 Activation of fi-
broblasts and myofibroblasts results in an excessive depo-
sition of extracellular matrix proteins, an important
pathogenic event that impairs lung function.46

The mechanism of how SARS-CoV-2 leads to pulmonary
fibrosis is yet to be determined. However, it is known that
viral infection is a risk factor for pulmonary fibrosis.47 TNF-
a has been implicated during respiratory virus infections
and accelerates the development of pulmonary fibrosis.48

TNF-a can act as an amplifier of inflammation and has an
important role in a range of acute inflammatory reactions.49

TNF-a is considered to be pro-angiogenic in vivo, and
elevated levels of TNF-a are implicated in several respira-
tory diseases, including asthma, chronic obstructive pul-
monary disorder, and acute respiratory distress
syndrome.50e53 More important, TNF-a expression directly
is correlated with increased endothelial permeability.54 In
endothelial cells, TNF-a signals to RUNX1 through a JNK
pathway feedback loop.27 Specifically, in the lung, inhibi-
tion of TNF-a signaling has been shown to reduce collagen
deposition, and additionally regulate the expression of the
profibrotic mediator TGF-b1.39,52

Current drugs with antifibrotic activity, such as nintedanib
and pirfenidone, have been found to slow IPF progress.4 Our
data indicate that RUNX1 inhibition may operate via multiple
pathways, impacting different stages of PF progression. We
have demonstrated in vitro and in vivo that RUNX1 inhibition
prevents pathologic changes in the presence of TGF-b1 and
TNF-a in human alveolar epithelial cells and human vascular
endothelial cells, respectively. Cytokine signaling, caused by
immune cell activation, cellular damage, and inflammation,
activates downstream pathways, including the JNK pathway
in endothelial cells and the SMAD pathway in lung epithelial
cells.27,55,56 Both the JNK and SMAD pathways converge on
AP-1, as each is capable of activating/phosphorylating c-Jun,
which dimerizes with c-Fos to form AP-1. AP-1 is known to
cause the further production of inflammatory cytokines and is
also linked to RUNX1 expression (Figure 4H).27,57 These data
clarify the role of cytokine signaling in mediating convergent
RUNX1 activity in the bleomycin-induced model of IPF.

Previous studies evaluating the role of RUNX1 in lung
epithelium have shown increased RUNX1 expression in
lung tissue in response to acute lung injury via lipopoly-
saccharide exposure.58 Thus, it seems that elevated RUNX1
expression is a common response to lung injury. Condi-
tional knockout of RUNX1 within the lung epithelium
increased susceptibility of acute lung injury to lipopoly-
saccharide via activation of NF-kB.59 Our work shows that
pharmacologic inhibition of RUNX1 inhibition via Ro24-
7429 inhibits inflammation in adult tissues, suggesting that
pharmacologic inhibition may allow for normal baseline
RUNX1 activity, while inhibiting aberrant activity of
RUNX1. It is also possible that the developmental tran-
scriptional targets of RUNX1 may be different from the
transcriptional targets in adult tissues. Furthermore, we
inhibit RUNX1 systemically, allowing for inhibition within
The American Journal of Pathology - ajp.amjpathol.org
multiple cell types beyond epithelium, including fibroblasts,
vascular endothelium, and inflammatory cells.

A potential limitation of the study is that we cannot rule
out additional effects beyond RUNX1 inhibition of Ro24-
7429 as it has also been investigated as a Tat antagonist.30,31

However, to validate the effects of RUNX1 inhibition
in vitro, we used AI-14-91, a validated RUNX1 inhibitor, in
the HMEC-Ls. In addition, we have shown that Ro24-7429
causes a reduction in fibrotic makers, a phenotype also re-
ported in studies that inhibited RUNX1 through molecular
approaches.3 We report that RUNX1 localization and signal
is increased in a subset of human lungs infected with SARS-
CoV-2. This finding needs to be explored further in a larger
sample once our understanding of COVID-19 pathobiology
increases. Interestingly, RUNX1 has recently been predicted
to modulate ACE2 and FURIN expression based on
genomic-guided molecular maps of upstream regulatory
elements.33 We report for the first time that RUNX1
expression directly correlates with ACE2 and FURIN
expression levels both in vitro and in vivo.

FURIN is a ubiquitous proprotein convertase involved in
the proteolytic processing of a wide range of precursor
proteins and activates several factors that are believed to be
important in IPF, including TGF-b1, a major contributing
factor to the fibrotic changes associated with IPF. Initially,
TGF-b1 is produced as an inactive polypeptide that requires
correct proteolytic cleavage for its activation. The TGF-b1
cleavage site consists of an R-H-R-R sequence similar to the
proprotein convertase recognition motifs. Interestingly, this
cleavage site is correctly cleaved by FURIN, a member of
the proprotein convertase family.60,61 However, TGF-b1 is
also cleaved by several other factors, including integrin
avb6 and the serine protease plasmin.38 FURIN is also
known to activate matrix metalloproteinase 28. Matrix
metalloproteinase 28 is known to promote PF in bleomycin-
treated mice by inducing macrophages to change from the
classically activated (M1) phenotype to an alternatively
activated (M2) phenotype that has an important impact on
collagen deposition.62 Moreover, this observation warrants
the investigation of Ro24-7429 as a potential therapeutic
target in the battle with SARS-CoV-2 as this may have
multiple avenues of efficacy as we and others have identi-
fied RUNX1 up-regulation in lung tissue from postmortem
lungs of COVID-19 patients.16 FURIN is a critical enzyme
involved in the cleavage of the spike protein S1/S2 to allow
subsequent interaction with ACE2 and viral internalization,
and more important, Ro24-7429 could have the potential to
prevent postinfection associated fibrosis.

In conclusion, these data indicate that RUNX1 is
involved in multiple steps of the pathobiology of pulmonary
fibrosis, and RUNX1 inhibition may lead to an effective
new therapy for PF of multiple etiologies. Our data suggest
that RUNX1 transcriptional activity likely plays a critical
role in the pathologic host response to SARS-CoV-2
infection, regulating the epithelial, fibroblast, and endothe-
lial cell response. Our oPOSSUM analysis of TFBSs in
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genes found to be dysregulated in patients with COVID-19
revealed that 78% of these genes contain RUNX1 TFBSs,
suggesting that RUNX1 has an important role in the
pathobiology of COVID-19.16 We surmise that repurposing
of Ro24-7429 for the treatment of PF in patients with or
without COVID-19 should be examined in clinical trials.
Ro24-7429 was tested in a phase 2 clinical trial in patients
with HIV. Ro24-7429 did not have sufficient antiviral ac-
tivity but was found to be safe at doses �300 mg/day orally.
A rash that appeared in a dose-dependent manner and
recovered shortly after withdrawal was the only major
adverse effect after 12 weeks of treatment. Because Ro24-
7429 was already used in immunocompromised patients, it
is likely to be safe to test in COVID-19 patients as means to
prevent or treat life-threatening complications.

Data and Materials Availability

Clinical and imaging data are available on request, subject
to an internal review by L.A.K., J.F.A.-V., and D.S.-F. to
ensure that the participants’ anonymity and confidentiality
are protected. Experimental data are available on request.
Material requests and data requests will be considered on
the basis of a proposal review, completion of a material
transfer agreement and/or a data use agreement, and in
accordance with the Schepens Eye Research Institute of
Mass Eye and Ear institutional guidelines. Please submit
requests for data to L.A.K. (leo_kim@meei.harvard.edu) or
J.F.A.-V.
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