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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic and fatal interstitial lung disease.
Currently, no treatment can block or reverse the development of lung fibrosis in patients
suffering from IPF. Recent studies indicate that arsenic trioxide (ATO), a safe, effective anti-
cancer pro-oxidant drug, prevents the differentiation of normal human lung fibroblasts
(NHLFs) in vitro and reduces experimental pulmonary fibrosis in vivo. In this context, we
investigated the anti-fibrotic effects of ATO on the main fibrosis functions of human lung
fibroblasts (HLFs) isolated from patients with IPF.

IPF and non-IPF (control) HLFs were incubated with 0.01-1 uM ATO and stimulated with
pro-fibrotic factors (PDGF-BB or TGF-B1). We measured their rates of proliferation,
migration and differentiation and the cell stress response triggered by ATO.

ATO did not affect cell viability but strongly inhibited the proliferation and migration of
PDGF-BB-stimulated IPF and control HLFs. ATO also prevented myofibroblastic
differentiation, as assessed by the expression of a-smooth muscle actin (a-SMA) and
collagen-1, and the phosphorylation of SMAD2/3 in TGF-Bl-stimulated HLFs. These
antifibrotic effects were associated with increased expression of the transcription factor NRF2
and its target genes NQO1 and HMOX1. Genetic silencing of NRF2 inhibited the ATO-
induced cell stress response but did not prevent the ATO-dependent inhibition of a-SMA
expression in TGF-B1-stimulated HLFs.

The results demonstrate that ATO, at concentrations similar to exposure in blood plasma of
ATO-treated cancer patients, counteracted pro-fibrotic activities of HLFs from IPF patients.
We propose to consider ATO for clinical exploration to define the therapeutic potential in

patients with IPF.
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way analysis of variance, SEM: standard error of the mear.



1. Background

Patients diagnosed with idiopathic pulmonary fibrosis (IPF), the most frequent idiopathic
fibrosing interstitial lung disease (ILD), have an average life expectancy of 3-5 years (Lederer
and Martinez, 2018; Raghu et al., 2018). Despite intensive research, the cellular and
molecular mechanisms underlying the development of lung fibrosis remain unclear. The
disease is probably triggered by repeated injuries to the alveolar epithelium, due to agents
such as chronic cigarette smoking, viruses, or air pollutants. The resulting damage disturbes
tissue repair and promotes abnormal fibroproliferation, myon.roblast differentiation and
excessive collagen deposition eventually leading to chreric respiratory failure and death
(Lederer and Martinez, 2018). Profibrotic mediators like transforming growth factor (TGF)-8
and platelet-derived growth factor (PDGF), producea - epithelial, endothelial or infiltrating
immune cells, play crucial roles in IPF pathogel @.is by inducing the formation of fibroblastic
foci (Budi et al., 2021; Grimminger ct ., 2015). PDGF triggers the migration and
proliferation of fibroblasts while TG™-B8 induces the differentiation of lung fibroblasts into
myofibroblasts. These activated fibic olé sts markedly express the a-smooth muscle actin (a-
SMA\) and produce abnormal a nounts of collagen (Grimminger et al., 2015; Upagupta et al.,
2018).

Nintedanib and p. fn.4~ae are the only drugs that have been approved worldwide for
treating IPF (Raghu et a1., 2018). Low concentrations of these drugs decrease the proliferation
and migration of human lung fibroblasts (HLFs) from IPF patients in vitro. Although high
concentrations of them also prevent the differentiation of HLF into activated myofibroblasts,
such concentrations are seldom reached in the plasma of treated patients (Conte et al., 2014;
Hostettler et al., 2014; Rangarajan et al., 2016). The drugs reduce the progression of IPF by
slowing the rate of lung function decline but they do not reverse lung fibrosis (King et al.,
2014; Richeldi et al., 2020, 2014). Hence, new antifibrotic drugs are urgently required.

Arsenic trioxide (ATO) has been approved for the treatment of acute promyelocytic leukemia

4



(APL) that is driven by the t(15:17) translocation (Kumana et al., 2002; Soignet et al., 2001).
It is also being assessed for the management of solid tumors (Kim et al., 2020) and
immunological disorders such as systemic lupus erythematosus (Hamidou et al., 2021). The
concentrations of total arsenic measured in the plasma of patients treated with standard dosing
(0.15 mg/kg/d, intravenous), immediately after the completion of administration and during
the following hours, were in a range from 5-7 uM and 0.1-0.5 uM, respectively (Kumana et
al., 2002; Shen et al., 2001, 1997). ATO administration is generally well tolerated but in few
cases the treatment must be temporarily interrupted when adverse effects are observed and
judged to be possibly related to ATO. Interestingly, experimental studies have demonstrated
that these concentrations of ATO measured in the plasma of patients suffering from APL
exhibit, in vitro, strong antifibrotic actions. ATO decreases the myofibroblast differentiation
induced by TGF-B1 in both dermal and non-IPF HLFs in vitro (Luo et al., 2014; Zhong et al.,
2019) and decreased the proliferation of ocular fibroblasts in vitro (Su et al., 2015). It
attenuates both cisplatin-induced renal fibrosis in rats (Maghmomeh et al., 2020) and lung
fibrosis in a murine model of systemic sclerosis in vivo (Kavian et al., 2012). Finally, ATO
inhibits bleomycin-induced lung fibrosis in mice and rats by decreasing collagen deposition

and inhibiting a-SMA expression (Gao et al., 2014; Luo et al., 2014).

ATO is a pro-oxidant metalloid that up-regulates the redox-sensitive expression of the
transcription factor, NF-E2-related factor 2 (NRF2), in several cell types. NRF2 mediates the
ATO-dependent stress response by stimulating the expression of several antioxidant genes. It
also contributes to the arsenic effects on various major cell functions (Bourdonnay et al.,
2009; Morales et al., 2009; Wang et al., 2012). In addition, increased NRF2 expression
reduces the development of experimental lung fibrosis (Cho et al., 2004) and modulated the

differentiation of HLF in vitro (Artaud-Macari et al., 2013).



This study was designed to determine whether ATO could inhibit the pro-fibrotic functions
of HLFs from patients with IPF. We found that nanomolar concentrations of ATO, in the
range of plasmatic concentrations achieved in APL patients treated with conventional ATO
dosing, inhibited the proliferation and migration of HLFs from patients with IPF. In addition,
independently of its ability to induce NRF2 expression ATO reduced the differentiation of

fibroblasts to pro-fibrotic myofibroblasts.



2. Materials and Methods
2.1. Primary cultures of HLFs

IPF and control HLFs were isolated from lung tissue samples (Marchand-Adam et al., 2003).
The IPF samples were from patients undergoing open lung biopsy (median age 68 year; range
51-77 years). IPF was diagnosed according to the ATS/ERS/JRS/ALAT criteria, including
histopathological features of usual interstitial pneumonia (Raghu et al., 2018). Control
samples were from cancer patients undergoing lobectomy or pneumonectomy, away from the
tumor (median age 64.5 year; range 59-74 year). The absence of tumor tissue in control
samples was verified histologically. This study was approved by the local ethics committee
(Ethics Committee CHU Rennes, no 16123). Written informed consent was obtained from all
subjects. All experiments were performed in accordance with relevant guidelines and

regulations. Cell morphology was checked by phase contrast microscopy.

2.2. Cell culture and treatments

IPF (n=10) and control (n=6) HLFs were cultured in Dulbecco's Modified Eagle Medium
(DMEM) (Gibco™, Life Technologies, Courtaboeuf, France) supplemented with 10% fetal
calf serum (FCS) (Eurobio scientific, Evry, France), L-glutamine, antibiotic-antimycotic
solution (Gibco™, Life Technologies) and used at passages 5 and 6. The HLFs used to
analyze mRNA and protein expressions were seeded in 6-well plates for 24 h, and then
starved in FCS-free DMEM for 16 h. TGF-B1-induced myofibroblast differentiation was
measured by treating serum-starved HLFs with ATO (0.01-1 puM) (Formula: AS,03; CAS
number: 1327-53-3, molecular weight 197,84 g/mol; Sigma-Aldrich, St. Quentin Fallavier,
France) for 24 h and then with TGF-B1 (1 ng/ml; Preprotech, Neuilly-sur-Seine, France) for
24 h. The HLFs used for cell growth and cell cycle analysis were serum-starved for 16 h,
cultured in DMEM containing 1 % FCS and 0.01-1 uM ATO for 24 h, and finally stimulated

with PDGF-BB (50 ng/ml) (R&D Systems, Bio-Techne, Lille, France) for a further 72 h. The



HLFs were treated with ATO for 24 h as this incubation time is enough to significantly
modulate the phenotype of normal HLFs (Luo et al., 2014). The concentrations of ATO (0.01-
1uM) were in a comparable range to the plasma concentrations that can be reached in APL

patients treated with standard doses of ATO (Kumana et al., 2002; Shen et al., 2001, 1997).

2.3. Proliferation and viability

After ATO and PDGF-BB treatments, cells were dissociated with trysin, centrifugated
(1500g, 5 min) and resuspended in DMEM containing 10 % FCS. Proliferation and viability
were assessed with the acridine orange/propidium iodide staining (Logos Biosystems,
Villeneuve d’Ascq, France) and an automated fluorescence cell counter (Luna™, Logos
Biosystems). The cell viability dye causes viable nucleated cells to fluoresce green and
nonviable nucleated cells to fluoresce red. After cell counting, the relative cell proliferation
was calculated by dividing the number of viable cells exposed to ATO +/- PDGF-BB by the
number of viable untreated cells arbitrarily set at 1. The cell viability was defined by dividing
the number of viable cells by the number of viable and dead cells. It was expressed in

percentages (%).

2.4. Cell cycle analysis

The HLFs used to analyse the cell cycle distribution were fixed in ice-cold 70 % (v/v) ethanol
for 30 min at 4°C, and collected by centrifugation (900g/5 min). The cell pellets were washed,
suspended in PBS (pH 7.4) containing propidium iodide (50 pg/mL) and DNase-free RNase
A (100 pg/mL) (Sigma-Aldrich, St. Quentin Fallavier, France) and incubated at 4°C for 1 h.
DNA was quantified by flow cytometry using an LRSFortessa™X20 flow cytometer (BD
Biosciences, Paris, France). Data were analysed with flow cytometry data analysis software

FlowLogic (Miltenyi Biotech, Paris, France) using the Watson improved method.



2.5. Migration assay

HLF migration was assessed in a modified Boyden chamber assay, using a Transwell
permeable support (6.5 mm, 8 um) (Corning, Tewksbury, MA, USA) coated with fibronectin
(0.1 pg/ml) (Sigma-Aldrich, St. Quentin Fallavier, France). The medium in the upper
compartment (DMEM-0%FCS) contained 0.01-1uM ATO and that in the lower compartment
contained (DMEM-1%FCS) 25 ng/ml PDGF-BB. Cells werr incubated for 24 h at 37°C,
fixed in 70 % ethanol, and labelled with DAPI. Migratior wes assessed by counting the
number of cells on the lower surface of the filters. The re.ative cell migration was defined by
dividing the number of migrating cells stimulated with FDGF-BB by the number of migrating

cells left untreated and arbitrarily set at 1.

2.6. siRNA transfection

HLFs were transfected for 8 h with 25 nM Nrf2 siRNA (NM_006164) (Dharmacon
SMARTpool siRNA reagents, Fi bz Scientific, Illkirch, France), or negative control
(scramble) siRNA (D-0018012-10-20, Dharmacon, plus non-targeting pool) using
Lipofectamine RNAIMAX ReaYent (Invitrogen, Thermo Fisher scientific) according to the
manufacturer’s instru-ticns. [reated cells were starved, incubated with 1 uM ATO for 24 h

and stimulated with 1 ng/.nl TGF-B1 for a further 24 h.

2.7. Protein analysis

HLFs were lysed in ice-cold RIPA buffer containing cOmplete™ Protease Inhibitor Cocktail
(Roche, Sigma-Aldrich) and phosphatase inhibitor cocktail (Sigma-Aldrich). Proteins were
separated by electrophoresis on 10 % Tris-glycine SDS polyacrylamide gels and transferred to
nitrocellulose membranes (pore size: 0.2 um, Invitrogen). Free binding sites were blocked by

incubation in 5 % milk or bovine serum albumin (BSA) (Sigma-Aldrich, St. Quentin



Fallavier, France) for 2 h at room temperature. Membranes were then incubated with the
appropriate primary human antibody (Ab) overnight at 4°C. The primary Abs were anti-a-
SMA (clone 1A4, Sigma-Aldrich), anti-collagen | (Southern Biotechnology Associates,
Birmingham, AL), anti-NRF2 (ab62352, abcam, Amsterdam, Netherlands), anti-NADPH-
quinone-oxydoreductase-1 (NQO1) (sc-271116, Santa Cruz, Santa Cruz, USA), anti-heme
oxygenase-1 (HO-1) (ADI-SPA-895, Enzo Life Science, NY, USA), and anti-GAPDH
(mab90009-P, Covalab, Bron, France) Abs. Anti-phospho p44/42 MAPK (197G2), anti-
p44/42 MAPK (9101), anti-phospho SMAD2 (3104), anti-SMAD2 (D43B4), anti-phospho
SMAD3 (C25A9), anti-SMAD3 (C67H9), anti-phospho PDGF receptor (PDGFR) B (3161)
and anti-PDGFR (28E1) Abs were from Cell Signaling Technology (Massachusetts, USA).
Digital images were acquired on a gel imaging system (Chemi doc, BIO-RAD Laboratories,
Marnes-La-Coquette, France) equipped with a CCD camera. Western blots were quantified by
densitometry using Image Lab™ software (BIO-RAD) and normalized to GAPDH. The
relative protein expression in stimulated cells was determined by arbitrarily setting at 1 the

protein expression measured in untreated cells.

2.8. RNA isolation and RT-PCR assays

Total RNAs were extracted using the mRNA extraction kit from Macherey Nagel (Hoerdt,
France) according to the manufacturer’s instructions. RNA concentrations were measured by
spectrofluorimetry using a NanoDrop 1000 (Thermo Fisher scientific, Saint-Herblain, France)
and were in a range of 23.6 to 183.2 ng/ml. The purity (260/280 ratio) of each RNA sample
was between 2 and 2.2. mRNAs were reverse transcribed using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Thermo Fisher Scientific). Quantitative PCR
(polymerase chain reaction) was performed using the SYBR Green methodology on a
CFX384 Real-Time PCR System (Bio-Rad Laboratories) in duplicates. All the primers were

provided by Sigma-Aldrich (KiCqStart™ SYBR® Green Primers, St. Quentin Fallavier,

10



France). The specificity of gene amplification was checked at the end of PCR using the
comparative cycle threshold method (CFX Manager Software). The mean Cq values were
used to normalize the target MRNA concentrations to those of the 18S ribosomal protein by
the 207249 method. The relative mMRNA expression was defined by the ratio between the
treated conditions compared to the untreated condition which was arbitrarily set at 1.
2.9. Statistical analysis

All results are presented as means =+ standard errors of mean (SEM) of the indicated numbers
of independent biological experiments. All biological experiments were performed with
different primary cell cultures. Statistical analyses were performed with Prism 5 (GraphPad
Software, La Jolla, CA). Significant differences were determined by Student’s t-test ($
p<0.05; $$ p<0.01; $$$ p<0.001) when two groups were compared, or by ANOVA followed
by the Dunnett’s Multiple comparison t-test (* p<0.05; ** p<0.01; *** p<0.001) for more

than 2 groups.
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3. Results
3.1. ATO inhibited PDGF-BB-induced proliferation of IPF and control HLFs

Fibroblast proliferation is a major contributor to the formation of fibroblastic foci in the lungs
of IPF patients (King et al., 2011). IPF and control cells were cultured with ATO for 72 h to
determine the effects of ATO on basal HLF growth. ATO did not alter the viability of HLF
under these conditions (supplemental Fig. 1A and 1B) or reduce the proliferation of IPF HLFs
(Fig. 1A) although 1 uM ATO significantly decreased the basal growth of control cells (Fig.
1B). Cell proliferation in lung fibrosis is stimulated by several pro-fibrotic cytokines,
particularly by PDGF-BB. We therefore investigated the capacity of ATO to prevent the
proliferative effects of PDGF-BB. ATO-treated IPF and control HLFs were incubated with
PDGF-BB for 72 h. As expected, PDGF-BB significantly increased the proliferation of both
IPF and control HLFs (Fig. 1C-1D). ATO did not reduce the viability of these activated HLFs
(supplemental Fig. 1C and 1D) but attenuated the PDGF-BB-induced proliferation in a
concentration-dependent manner (Fig. 1C-1D); the effect was numerically detectable at 0.01

uM and it was maximal at 0.3 UM in IPF HLF and at 1 uM in control HLF.

3.2. ATO modified the cell cycle of IPF and control HLFs.

We next determined the influence of ATO on the cell cycle of PDGF-BB-stimulated HLFs.
As shown in the representative pictures displayed in Figure 2A, after 72 h, most IPF HLFs
were in the GO/G1 phase whatever their treatment. ATO significantly decreased the
percentage of IPF HLFs arrested in GO/G1 while it markedly increased the percentage of cells
in G2/M phase after a 72 h-incubation with PDGF-BB (Fig. 2B). It had a similar effect on the
cell cycle distribution of activated control HLFs (supplemental Fig. 2A and 2B). The third set
of experiments examined the capacity of ATO to modulate cell cycle progression by altering
the expression of cell cycle regulatory proteins. PDGF-BB increased the expressions of the

cyclin D1/CDK4, cyclin A/ICDK2 and cyclin B/CDK1 that control progression in the G1, S
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and G2 phases, respectively (Figure 2C-2D). At 1 uM, ATO had no effect on cyclin D1
concentration while it slightly decreased the expressions of its CDK4 partner. It also

significantly reduced the expression of cyclin A/CDK2 and cyclin B (Figure 2C-2D).
3.3. ATO prevented the PDGF-BB-induced migration of IPF and control HLFs.

Fibroblast migration is another important step in the formation of fibroblastic foci (Chilosi et
al., 2006; King et al., 2011). PDGF-BB not only stimulates cell proliferation, its potent
chemoattractant properties also promote fibrogenesis in pulmonary tissues. We found that it
significantly increased the migration of IPF and control HLFs and that ATO reduced in a
concentration-dependent manner, the response of both IPF and control HLFs to PDGF-BB
stimulation (Figure 3). Its effect reached significance at 0.1 uM and maximum at 1 uM; 1 uM

ATO almost totally blocked the PDGF-BB-induced migration of IPF HLFs.

3.4. ATO reduced PDGF-BB-induced phosphorylation of p38-kinase.

We next determined if ATO could prevent the growth and migration of IPF HLFs through
inhibition of the PDGF-BB signaling by determining its effects on the phosphorylation of the
kinases induced by PDGF receptor (PDGFR) activation. As shown in Figures 4A and 4B,
PDGF-BB increased the levels of phosphorylated PDGFR, ERK, AKT and p38-kinase. ATO
had no effect on the phosphorylation of PDGFR, ERK and AKT but it significantly decreased

the phosphorylation of p38-kinase at 1uM.

3.5. ATO modulated the TGFp-1-induced differentiation of HLFs.

Activation of the TGF-p pathway drives the differentiation of fibroblasts to myofibroblasts
and is therefore an essential feature of fibrosis (Budi et al., 2021). We examined the capacity
of ATO to prevent the TGF-B1-dependent differentiation of IPF and control HLFs by first
determining the effects of ATO on the mRNA levels of two major pro-fibrosis genes,
COL1A1 and ACTAZ2. IPF and control HLFs were incubated with 1 ng/ml TGF-B1 for 24 h,

which increased the concentrations of COL1A1 and ACTA2 mRNA levels (Supplemental
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Figure 3). ATO did not prevent the increase in COL1A1 mRNA in IPF HLFs but it
significantly reduced the increase in ACTA2 mRNA in these cells (Supplemental Figure 3A-
3B). In contrast, it did not prevent the increase in this profibrotic gene expression in control
HLFs (Supplemental Figure 3D). ATO had no effect on the basal expression of COL-1 and a-
SMA proteins in HLFs (Supplemental Figure 4). However, as shown in the Figures 5A-5D,
ATO reduced, in a concentration dependent manner, the expression of COL-1 and a-SMA

protein levels in both IPF and control HLFs stimulated with TGF-p1.

Because activation of the SMAD2 and SMAD3 pathways plays a key role in the action of
TGF-B1, we next examined the capacity of ATO to prevent fibroblast differentiation by
inhibiting the phosphorylation of SMAD proteins. TGF-f1 stimulated the phosphorylation of
phospho-SMAD?2 and phospho-SMADS3 proteins in IPF and control HLFs (Figures 6). ATO
significantly reduced the levels of these phosphorylated proteins at its highest concentration
(1 uM) in IPF HLFs (Figures 6A-6B) but it decreased only the level of phosphorylated

SMAD3 in control cells (Figures 6C-6D).

3.6. ATO induced NRF2 and antioxidant protein expression in IPF and control

HLFs.

ATO can modulate cell functions by increasing the expression of the redox-sensitive
transcription factor NRF2 (Bourdonnay et al., 2009; Wang et al., 2012). NRF2 not only
controls the cell stress responses but it also limits the development of lung fibrosis by
interfering with the TGF-B1 signaling (Artaud-Macari et al., 2013; Gong and Yang, 2020).
Thus, we next determined if NRF2 could mediate, at least in part, the antifibrotic effects of
ATO on IPF and control HLFs. To this goal, we first studied the impact of ATO on NRF2
expression. Most cell types contain low concentrations of NRF2 because it is bound to Keapl
that promotes its ubiquitination by Cul3 ubiquitin ligase and its rapid degradation by the

proteasome. The oxidation of cysteine residues in Keapl that occurs in cell stress reduces the
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interaction of NRF2 with Cul3, so preventing its ubiquitination and subsequent degradation
(He and Ma, 2009). Stabilized NRF2 protein moves into the nuclei during cell stress, where it
promotes the expression of several antioxidant genes. We measured the influence of ATO on
NRF2 protein stabilization and the cell stress response in HLFs. As frequently observed in
other cell types (Bourdonnay et al., 2009), ATO rapidly increased the concentration of NRF2
protein in IPF HLFs (Fig. 7A); the maximum response was obtained after incubation with 0.5
uM ATO for 1 h (Fig. 7B). We next measured the activities of the antioxidant genes NQO1
and HMOX1, which encode proteins NQO1 and HO-1, as they are induced by NRF2 in many
cell types. ATO dose-dependently increased the concentrations of NQO1 and HO-1 in
unstimulated and TGF-B1-stimulated IPF HLFs (Figures 7C-7F). Maximal effects were
detected in cells treated with 1 uM ATO. TGF-B1 had no significant effect on the expression
of these proteins. ATO similarly stabilized NRF2 and stimulated NQO1 and HO-1 synthesis

in control HLFs (Supplemental Fig. 5).

3.7.NRF2 did not mediate the ATO-dependent inhibition of TGF-p1-induced

myofibroblast differentiation in IPF HLF.

In a last of experiments, we examined the contribution of NRF2 to the inhibition of the
TGF-B-dependent differentiation of IPF HLFs induced by ATO. We inhibited NRF2 gene
expression using SiRNA technology. Both unstimulated and TGF-B1-stimulated IPF cells
transfected with NRF2 SiRNA had decreased NRF2 mRNA levels whether or not they were
cultured in the presence of ATO (Fig. 8A). NRF2 gene silencing also significantly decreased
the concentration of basal NQO1 mRNA in unstimulated cell and prevented any increase in
stimulated cells that had been treated with ATO (Fig. 8B). However, this treatment neither
reduced the induction of ACTA2 mRNA by TGF-B1 nor blocked the inhibition of a-SMA

protein expression by ATO in TGF-B1-stimulated IPF HLFs (Fig. 8C).
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4. Discussion

Our results indicate that ATO inhibits major profibrotic processes in primary HLFs from
both IPF and normal lung tissue. It inhibits the proliferation and migration of PDGF-BB-
stimulated HLFs and reduces the myofibroblast differentiation induced by TGF-B1. ATO also
triggers a stress response controlled by the NRF2 transcription factor in IPF HLF. However,
inhibiting NRF2 synthesis did not block the antifibrotic effects of ATO on TGF-B1-stimulated

HLFs.

We first showed that ATO had little or no effects on the proliferation of unstimulated IPF
and control HLFs but that non-cytotoxic concentrations (0.1 - 1 uM) significantly inhibited
the proliferation of both IPF and control HLFs stimulated with PDGF-BB. This growth factor
plays a major role in lung fibrosis by promoting the formation of fibroblastic foci (Bonner,
2004). Its concentration is increased in murine models of lung fibrosis (Zhuo et al., 2004) and
inhibiting PDGF signaling markedly reduces pulmonary fibrosis in mice treated with
bleomycin (Aono et al., 2005). We have not identified the molecular mechanism by which
ATO reduced HLF proliferation but we have shown that it modulates the cell cycle in PDGF-
BB-stimulated HLFs. It significantly reduced the percentages of cells in the GO-G1 phase and
greatly increased those arrested in G2/M. These findings suggest that ATO does not alter
DNA synthesis but rather prevents the entry of HLFs into mitosis. ATO is known to disturb
the cell cycle by modulating the expression of cyclin and CDK (Liu et al., 2015; Park et al.,
2001; Su et al., 2015; Zhao et al., 2002). In HLF ATO did not alter the concentration of
cyclin-D1, which controls the GO to G1 progression, but it decreased the concentrations of
cyclin-A, cyclin-B and CDKZ2, all key regulators of the G2/M phase transition, so retarding

mitosis.
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We also found that increasing concentrations of ATO greatly reduced the migration of
PDGF-BB-stimulated IPF and control HLFs. This is relevant in the pathogenesis of the
disease because IPF fibroblasts have increased capacity for migration and invasion, making
them more destructive in lung tissue (Suganuma et al., 1995). ATO inhibits the migration of
several cell types, including vascular endothelial (YYang et al., 2017) , glioblastoma (Ghaffari
et al., 2016), hepatocellular carcinoma (Zhang et al., 2020), cervical (Wei et al., 2005), and
breast cancer cells (Zhang et al., 2016). However, its effect on the migration of HLFs had
never been reported. ATO seems to reduce cell migration by several molecular mechanisms.
It impairs the polymerization of microtubules (Gao et al., 2020), decreases the concentrations
of the matrix metalloproteinases MMP-2 and MMP-9 (Zhang et al., 2018), modulates the
concentrations of certain mi-RNAs (Shi et al., 2017; Zhang et al., 2016), and interferes with
key signalling pathways triggered by vascular endothelial growth factor, basic fibroblast
growth factor receptor, and PDGF (Tingting et al., 2010; Yang et al., 2017). We found that
ATO specifically reduced the phosphorylation of p38-kinase in PDGF-stimulated HLFs. This
kinase promotes the cell proliferation and migration induced by PDGF (Tangkijvanich et al.,
2002; Yamaguchi et al., 2001) and can contribute to lung fibrogenesis (Matsuoka et al., 2002).
It will be interesting to determine whether inhibiting p38-kinase prevents the proliferation
and/or migration of PDGF-stimulated IPF HLFs in order to further understand these

antifibrotic effects of ATO.

The TGF-B-dependent differentiation of fibroblasts to myofibroblasts is an important
pathogenic event in IPF fibrogenesis as myofibroblasts produce excess extracellular matrix
leading to lung tissue stiffness (Budi et al., 2021). We found that ATO significantly decreased
the TGF-p1-dependent synthesis of the myofibroblastic markers a-SMA and collagen-1 by
HLFs, probably by blocking the activation of SMAD2/3. This agrees well with reports

describing its impact on animal models of fibrosis. ATO was shown to decrease the
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development of pulmonary fibrosis and myofibroblastic marker concentrations in mice and
rats treated with bleomycin (Gao et al., 2014; Luo et al., 2014). It also limits dermal
thickening and inhibits collagen deposition in a mouse model of systemic sclerosis (Kavian et
al., 2012). However, ATO can promote fibrosis in organs such as heart and liver by increasing
TGF-B1 synthesis or TGF-B1 signaling in chronically exposed animals (Chu et al., 2012; Dai

et al., 2019).

In our latest experiments, we found an association between the antifibrotic effects of ATO
with a stress response controlled by the transcription factor NRF2. NRF2-dependent
expression of the HMOX1 and NQO1 genes was rapidly induced in ATO-treated HLF that
had been stimulated with TGF-B1 or left unstimulated. We thus hypothesized that NRF2
activation could mediate, at least in part, the ATO-dependent inhibition of TGF-B1 effects in
HLF. There is some support for this hypothesis. NRF2-deleted mice develop more severe
pulmonary fibrosis in response to bleomycin (Cho et al., 2004), whereas NRF2 inducers, such
as sulforaphane and esomeprazole, attenuate fibrotic responses in vitro and/or vivo by
activating the NRF2 pathway (Artaud-Macari et al., 2013; Ebrahimpour et al., 2021). NRF2
notably reduces the TGF-B-dependent production of reactive oxygen species by controlling
the synthesis of antioxidant proteins; the generation of reactive oxygen species reinforces the
TGF-B signaling and its subsequent profibrotic effects in several models (Guan et al., 2018;
Yang et al., 2013). Other studies indicate that NRF2 is a major molecular mediator of the
antifibrotic response and that stimulating its synthesis could be a novel strategy for limiting
fibrosis (Oh et al., 2012; Wei et al., 2017). Unfortunately, our results do not support this.
Blocking NRF2 synthesis by genetic silencing clearly inhibited NQO1 expression but not that
of a-SMA in TGF-B1-stimulated HLFs cultured with or without ATO. Other molecular
mechanisms must therefore drive the ATO-dependent inhibition of TGF-B1 affects. For

example, the reduction in phosphorylated SMAD3 concentrations in normal HLFs exposed to
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elemental arsenic is correlated with a concomitant decrease in promyelocytic leukemia (PML)
nuclear bodies and PML protein. PML knock-out mouse embryonic fibroblasts produce lower
concentrations of fibrotic markers in response to TGF-B1 (Luo et al., 2014). Arsenic inhibits
TGF-B1 signaling in human cancer cells by improving the expression of microRNA-155,
which could contribute to experimental fibrosis and IPF (Ji et al., 2014; Kurowska-Stolarska
et al., 2017). Additional experiments are required to determine whether such molecular

mechanisms are involved in the antifibrosis effects of ATO on IPF HLFs.

Our results indicate that ATO reduces the proliferation, migration and differentiation of IPF
HLF, as reported for nintedanib and pirfenidone, the two drugs approved for the treatment of
IPF. At low nanomolar concentrations, nintedanib binds to the ATP binding pocket of various
growth factor receptors, including the PDGF-BB receptor, resulting in the inhibition of the
receptor autophosphophorylation and the downstream signaling cascades that control
proliferation and migration (Hostettler et al., 2014; Wollin et al., 2015). At micromolar
concentration, nintedanib can also prevent the differentiation of HLFs by inhibiting the
activation of the TGF-p receptor (Rangarajan et al., 2016). However, such concentrations are
rarely achieved in the plasma of IPF patients treated with standard dosing of nintedanib.
Pirfenidone, a synthetic small-molecule deriving from pyridone, exerts antifibrotic effects by
molecular mechanisms that remain still unclear. Although it can interfere with the TGF-$§ and
PDGF-BB signaling, its molecular targets have not been identified yet (Conte et al., 2014;
Ruwanpura et al., 2020). Pirfenidone can also reduce the production of oxygen activated
species and limit inflammatory processes (Plataki et al., 2019). The antifibrotic effects of
pirfenidone are induced in vitro at concentrations that are generally much higher than those
measured in the plasma of IPF patient treated with standard drug dosing (Barranco-Gardufio
et al., 2020). The present study shows that ATO can block proliferation, migration and

differentiation of HLFs at non-cytotoxic concentrations that can be reached in the plasma of
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APL patients treated with ATO (0.15 mg/kg) (Kumana et al., 2002; Shen et al., 2001; Soignet
et al., 2001). These antifibrotic effects of ATO might thus occur in patients with IPF treated
with a similar dosing. Unexpectedly, the ATO concentrations used in our study were very
different from those inhibiting the myofibroblastic differentiation of normal HLFs in a
previous study (Luo et al., 2014). These authors showed that nanomolar concentrations (10-20
nM) of ATO inhibited TGF-B1-induced a-SMA and COL-1 synthesis while we found that
these low concentrations have no effect on the phenotype of HLFs. The difference may arise
from the commercial batches of normal HLFs used by Luo et al. The response of HLFs to

ATO may therefore vary from one patient to another.

5. Conclusion

We demonstrate that non-cytotoxic concentrations of ATO have potent antifibrotic effects in
IPF HLFs. This suggests that ATO should be considered for exploration of the therapeutic

potential in patients with IPF.
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13. Figure Legends
Figure 1: ATO reduces HLF proliferation. IPF and control HLFs were treated with 0.01-1
MM ATO alone for 72 h (A-B) or with 0.01-1 uM ATO for 24 h and then stimulated with 50
ng/ml PDGF-BB for 72 h (C-D). The proliferation of unstimulated and PDGF-BB-stimulated
cells were determined by fluorescent acridine orange/propidium iodide staining and
automated fluorescence cell counting. After cell counting, the relative cell proliferation was
calculated by dividing the number of viable cells exposed to ATO +/- PDGF-BB by the
number of viable untreated cells, which was arbitrarily set at 1. All results are expressed as
means + SEM of 6 independent experiments. Significant differences were determined by
Student’s t-test ($ p<0.05) or by ANOVA followed by the Dunnett’s multiple comparison t-

test (** p<0.01; *** p<0.001).

Figure 2: ATO alters cell cycle distribution in IPF HLFs. IPF HLFs were treated with 1
UM ATO for 24 h and then stimulated with 50 ng/ml PDGF-BB for 72 h (A-B) or 24 h (C-D).
A-B. Cells were washed, fixed and stained with propidium iodide to analyse the cell cycle by
flow cytometry. A: Representative graphs saved during flow cytometry analysis. B: Data for
each cell cycle phase expressed as percentages of total IPF HLFs. C: Representative Western
blot showing the cell cycle-related proteins in IPF HLFs. D: Proteins quantified by
densitometry and normalized to the GAPDH. The fold change in protein expression measured
in treated and stimulated cells was determined by arbitrarily setting at 1 the protein expression
measured in untreated cells. B, D: Results are expressed as means + SEM of 7 (B) and 4-9
(D) independent experiments. Significant differences were determined by Student’s t-test ($

p<0.05).
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Figure 3: ATO blocks the PDGF-BB-induced migration of IPF and control HLFs. IPF
(A) and control (B) HLFs were treated with ATO for 24 h and 25 ng/ml PDGF-BB was used
as a chemoattractant to induce cell migration. Values are expressed relative to the migration
of untreated HLFs (arbitrarily set at 1). Results are expressed as with means £ SEM of 6 (IPF)
and 5 (Control) independent experiments. Significant differences were determined by
Student’s t-test ($ p<0.05) or by ANOVA followed by the Dunnett’s multiple comparison t-

test (** p<0.01; *** p<0.001).

Figure 4: ATO reduces PDGF-BB-induced p38-kinase phosphorylation. IPF and control
HLFs were treated with 0.01-1 uM ATO for 24 h and then stimulated with 50 ng/ml PDGF-
BB for 10 min. A. Representative Western blots showing the phosphorylation of PDGFR,
ERK, AKT and p38-kinase in IPF HLFs. B. Proteins were quantified by densitometry and
then normalized to GAPDH. The fold change in the levels of phosphorylated proteins found
in stimulated cells was determined by arbitrarily setting at 1 the levels of phosphorylated
proteins measured in untreated cells. Results are expressed as with means + SEM of 5-8
independent experiments. Significant differences were determined by Student’s t-test ($
p<0.05; $$ p<0.01), or by ANOVA followed by the Dunnett’s multiple comparison t-test **

p<0.01).

Figure 5: ATO decreases TGF-p1-induced cell differentiation in IPF and control HLF.

IPF and control HLFs were treated with 0.01-1 uM ATO for 24 h and stimulated with 1 ng/ml
TGF-B1 for a further 24 h. A, C. Representative Western blots of collagen-1 (COL1) and a-
SMA. B, D. Proteins were quantified by densitometry and normalized to the GAPDH. The

fold change in protein expression in stimulated cells was determined by arbitrarily setting at 1
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the protein expression measured in untreated cells. Results are expressed as with means *
SEM of 8-10 (IPF) and 5-6 (Control) independent experiments. Significant differences were
determined by Student’s t-test ($ p<0.05; $$ p<0.01), or by ANOVA followed by the

Dunnett’s multiple comparison t-test (* p<0.05; ** p<0.01).

Figure 6: ATO prevents the phosphorylation of SMAD2/3 induced by TGF-1 in IPF
and control HLFs. A, C. Representative Western blots showing the phosphorylation of
SMAD?2 and SMAD3 in IPF (A) and control (C) HLFs treated with 0.01-1 uM ATO for 24 h
and then stimulated with 1 ng/ml TGF-B1 for 30 min. B, D. Proteins were quantified by
densitometry and then normalized to the GAPDH. The fold change in the levels of
phosphorylated proteins found in stimulated cells was determined by arbitrarily setting at 1
the levels of phosphorylated proteins measured in untreated cells. Results are expressed as
means £ SEM of 4-7 (B) and 4-5 (D) independent experiments. Significant differences were
determined by Student’s t-test ($ p<0.05), or by ANOVA followed by Dunnett’s multiple

comparison t-test (* p<0.05; ** p<0.01).

Figure 7: ATO induces the expression of NRF2 and antioxidant proteins in IPF HLFs.

IPF HLFs were treated with 0.1-0.5 uM ATO for the indicated times (A) or for 24 h (C, E)
and then stimulated with TGF-B1 for 24 h or left unstimulated (E). A, C, E. Representative
Western blots of NRF2, HO-1 and NQO-1. B, D, F. Proteins were quantified by densitometry
and normalized to the GAPDH. The fold change in protein expression found in treated and/or
stimulated cells was determined by arbitrarily setting at 1 the protein expression measured in

untreated cells. Results are expressed as means £ SEM of 3 (B), 6-7 (D) and 5-8 (E)
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independent experiments. Significant differences were determined by ANOVA followed by

the Dunnett’s multiple comparison t-test (* p<0.05; ** p<0.01; ***p<0.001).

Figure 8: NRF2 does not mediate the ATO-dependent inhibition of a-SMA expression
induced by TGF-B1. IPF HLFs were transfected with control-siRNA (si ctrl) or NRF2-
SIRNA (si Nrf2) for 8 h. They were then incubated with 1 uM ATO for 24 h and stimulated
with TGF-f1 (1 ng/ml) for a further 24 h. Relative NRF2, NQO1 and ACTA2 mRNA levels
were measured by quantitative RT-PCR and normalized to that of endogenous ribosomal 18S
RNA. The fold change in mRNA concentrations measured in treated and/or stimulated HLFs
was determined by arbitrarily setting at 1 mRNA concentrations measured in unstimulated
HLFs transfected with si ctrl. Results are expressed as with means £ SEM of 5 independent
experiments. Significant differences were determined by Student’s t-test ($ p<0.05; $$
p<0.01) or by ANOVA followed by Dunnett’s multiple comparison t-test (* p<0.05; **

p<0.01; *** p<0.001).
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Highlights

ATO counteracted pro-fibrotic activities of primary IPF and control Human Lung

Fibroblasts (HLFS).

ATO prevented the PDGF-BB-induced proliferation of IPF and control HLFs
ATO prevented the PDGF-BB-induced migration of IPF and control HLFs.
ATO decreased the TGFB-1-induced differentiation of HLFs.

ATO induced NRF2 and antioxidant proteins in IPF and control HLFs
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