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Abstract

The signaling pathways of growth factors including platelet-derived growth factor

(PDGF) can be considered specific targets for overcoming the poor prognosis of

idiopathic pulmonary fibrosis (IPF). Nintedanib, the recently approved multiple kinase

inhibitor, has shown promising anti-fibrotic effects in IPF patients; however, its

efficacy is still limited, and in some cases, treatment discontinuation is necessary due

to toxicities such as gastrointestinal disorders. Therefore, more effective agents with

less toxicity are still needed. TAS-115 is a novel multiple tyrosine kinase inhibitor that

preferably targets PDGF receptor (PDGFR), vascular endothelial growth factor

receptor (VEGFR) and c-FMS in addition to other molecules. In this study, we

evaluated the anti-fibrotic effect of TAS-115 on pulmonary fibrosis in vitro and in vivo.

TAS-115 inhibited the phosphorylation of PDGFR on human lung fibroblast cell line

MRC-5 cells and suppressed their PDGF-induced proliferation and migration.

Furthermore, TAS-115 inhibited the phosphorylation of c-FMS, a receptor of

macrophage colony-stimulating factor (M-CSF), in murine bone marrow-derived

macrophages (BMDMs) and decreased the production of CCL2, another key

molecule for inducing pulmonary fibrosis, under the stimulation of M-CSF. Importantly,



the inhibitory effects of TAS-115 on both PDGFR and c-FMS were 3- to 10-fold higher

than those of nintedanib. In a mouse model of bleomycin-induced pulmonary fibrosis,

TAS-115 significantly inhibited the development of pulmonary fibrosis and the

collagen deposition in bleomycin-treated lungs. These data suggest that the strong

inhibition of PDGFR and c-FMS by TAS-115 may be a promising strategy for

overcoming the intractable pathogenesis of pulmonary fibrosis.

Key words: TAS-115; pulmonary fibrosis; platelet-derived growth factor receptor;

c-FMS



Abbreviations:

IPF idiopathic pulmonary fibrosis

ECM extracellular matrix

PDGF platelet-derived growth factor

PDGFR PDGF receptor

FGF fibroblast growth factor

FGFR FGF receptor

VEGFR vascular endothelial growth factor receptor
CCL2 C-C motif chemokine ligand 2

M-CSF macrophage colony-stimulating factor
ICso the half-maximal inhibitory concentration
a-SMA a-smooth muscle actin

BMDM bone marrow-derived macrophage
[*H] thymidine deoxyribose °*H-TdR

BAL bronchoalveolar lavage

BALF BAL fluid

BLM bleomycin



HGF hepatocyte growth factor

EMT epithelial-mesenchymal transition

TGF transforming growth factor

TNF tumor necrosis factor

IL interleukin

Cmax maximum plasma concentration

Ti half-life



Introduction

Idiopathic pulmonary fibrosis (IPF) is a life-threatening and chronic progressive

fibrotic lung disease (1). Its pathological findings are characterized by excessive

accumulation of extracellular matrix (ECM) and irreversible destruction of lung

architecture. Although its detailed etiology is unknown, lung epithelial damage and

subsequent excessive production of ECM, including collagen fibers, are considered

clues to help understanding the disease behavior. Since these pathogeneses are

regulated by a variety of growth factors, targeting those molecules is suggested to be

a promising strategy for treating patients with pulmonary fibrosis.

Among the growth factors involved in the pathogenesis of pulmonary fibrosis,

we have previously shown that the platelet-derived growth factor (PDGF)-PDGF

receptor (PDGFR) axis plays a crucial role in lung fibrosis in mice by enhancing the

proliferation and migration of fibroblasts and fibrocytes (2-5). We demonstrated that

the multiple kinase inhibitor imatinib mesylate, a drug originally developed to treat

chronic myeloid leukemia by targeting BCR-ABL, possessed an anti-fibrotic effect by

suppressing PDGF signaling (4, 5). Although the results of the clinical trial assessing

the anti-fibrotic effect of imatinib on IPF were negative (6), the significance of the



blockade of growth factor signaling on pulmonary fibrosis was recently demonstrated

by clinical trials using nintedanib, which also targets multiple kinases, including

PDGFR (7). The results showed that nintedanib reduced the decline in the respiratory

function compared with placebo treatment in IPF patients. The difference between

the results of imatinib and nintedanib trials may be partly explained by differences in

their inhibitory activities against PDGFR phosphorylation. The inhibitory effect of

nintedanib on PDGF signaling is approximately 10-fold stronger than that of imatinib

(8). However, whether or not nintedanib improves the survival of IPF patients remains

unclear, suggesting that treatment with nintedanib is still insufficient to overcome the

intractable pathogenesis of pulmonary fibrosis. Furthermore, nintedanib often causes

toxicities, such as gastrointestinal disorders, that can result in treatment

discontinuation. Therefore, further efforts are needed to develop more selective and

effective agents with less toxicity that target growth factor signaling in order to

improve the prognosis of patients with pulmonary fibrosis.

TAS-115 is an oral tyrosine kinase inhibitor that suppresses the phosphorylation

of PDGFR, vascular endothelial growth factor recetor (VEGFR), c-FMS and MET (9,

10). A previous study using murine tumor models showed that the phosphorylation of



PDGFR was suppressed with TAS-115 at less than 10 nM, which was lower than the

corresponding concentration of nintedanib (the 1Cso of nintedanib for PDGFRa and 3

was reported as 59 and 65 nM, respectively) (9, 11), suggesting that TAS-115 might

also be useful as an anti-fibrotic drug. Furthermore, in addition to the blockade of

PDGFR, TAS-115 inhibits macrophage colony-stimulating factor (M-CSF) signaling

by inhibiting the phosphorylation of c-FMS, a receptor of M-CSF. M-CSF was

reported to be involved in lung fibrotic change in mouse models by the induction of

C-C motif chemokine ligand 2 (CCL2) (12), which is a key chemoattractant for

fibrocytes (13). These results suggest that TAS-115 may exert favorable effects on

pulmonary fibrosis by targeting the M-CSF-CCL2 axis in addition to PDGFR.

At present, the pharmacological activity and preferable potency of TAS-115 to

inhibit PDGFR and c-FMS have been shown only in tumor models (9, 10). We

therefore hypothesized that TAS-115 also effectively attenuates lung fibrosis by

inhibiting the phosphorylation of PDGFR and c-FMS. To assess this hypothesis, we

conducted in vitro and in vivo studies to evaluate the effect of TAS-115 on pulmonary

fibrosis and assessed its usefulness compared to nintedanib.



Materials and Methods

The detailed methods are described in the online supplementary materials.

Mice and agents

Eight-week-old C57BL/6 male mice were purchased from Charles River Japan Inc.

(Tokyo, Japan) The mice were maintained in the animal facility of the Tokushima

University according to the guidelines of Tokushima University (4). All experimental

protocols were approved by the animal research committee of Tokuhsima University.

TAS-115 was provided by Taiho Pharmaceutical (Tokyo, Japan). Nintedanib and

bleomycin were purchased from Chemscene (Monmouth Junction, NJ, USA) and

Nippon Kayaku Co. (Tokyo, Japan), respectively. Recombinant human cytokines

including PDGF-BB, M-CSF and transforming growth factor-p (TGF-p) were

purchased from R&D Systems (Minneapolis, MN, USA). Antibodies for PDGFR},

phosphor-PDGFRa/B, c-FMS, phospho-c-FMS were purchased from Cell Signaling

Technology (Danvers, MA, USA). Anti-collagen 1 antibody was purchased from

Abcam (Cambridge, MA, USA). Anti-a smooth muscle actin (a—SMA) antibody was

purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-actin § was purchased
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from Santa Cruz Biotechnology (Santa. Cruz, CA, USA). MRC-5 cells were
purchased from DS PHARMA BIOMEDICAL (Osaka, Japan). Murine lung fibroblasts
were isolated according to the method reported previously (14). Bone marrow-derived

macrophages (BMDMs) were obtained from mice as previously described (12).

Half-maximal inhibitory concentration (ICsp)

Enzyme inhibition studies were performed using a mobility shift assay.

Analyses of the expression of proteins
Immunoblotting was performed to assess the expression of proteins and the
phosphorylation of PDGFR (15). Simple Western™ System (ProteinSimple, Santa

Clara, CA, USA) was used to determine the phosphorylation of c-FMS.

Cell proliferation assay

A [*H] thymidine deoxyribose (*H-TdR) incorporation assay was performed to assess

the proliferation of the fibroblasts.

11



Cell migration assay

The migration of fibroblasts was evaluated using a trans-well cell migration assay.

gRT-PCR

RT-PCR was performed as previously described (16). The sequences of primers

were described in the online supplementary materials.

Measurement of cytokine concentrations

Concentrations of CCL2 and M-CSF were examined with an enzyme-linked

immunosorbent assay (ELISA) kit (R&D Systems). The concentrations of the other

cytokines were measured by Bio-Plex assay (Bio-Rad Laboratories, Hercules, CA,

USA).

Bleomycin-induced pulmonary fibrosis in mice

The mice received a single transbronchial instillation of 3.0 mg/kg BLM on day O.

TAS-115, nintedanib or distilled water was administered daily by gavage from day 0.
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The dosage of TAS-115 was 30mg/kg or 100mg/kg that was determined based on

previous study evaluating its anti-tumor effect in vivo (9).

BAL

BAL was performed with saline (1 ml) using a soft cannula. After counting the cell

numbers in the BAL fluid (BALF), cells were stained with Diff-Quick for cell

classification (2).

Hydroxyproline assay

The hydroxyproline contents of the BLM-treated lungs were measured using a

Hydroxyproline Colorimetric Assay kit (BioVision, Milpitas, CA, USA).

Histopathology

Murine lungs were embedded in paraffin, and the sections were stained with

hematoxylin-eosin stain and Azan Mallory staining. The fibrotic changes were

evaluated by the Ashcroft score (17).
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Statistical analyses

The significance of differences was analyzed using the one-way ANOVA, followed by

Tukey’s multiple-comparison post-hoc test. p values of less than 0.05 were

considered to be significant.
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Results

Inhibitory activities of TAS-115 on growth factor receptors

Enzyme inhibition studies were performed to determine the I1Cso of TAS-115 on
PDGFRa, PDGFRpB, VEGFR1-2, c-FMS and fibroblast growth factor receptor
(FGFR)1-3. The evaluated values of ICsy were shown in Table 1. TAS-115 inhibited
the phosphorylation of PDGFRa, PDGFRB, VEGFR1l, VEGFR2 and c-FMS
effectively. In contrast, the 1Cso values of TAS-115 against FGFRs were relatively

high.

TAS-115 suppresses the proliferation and migration of fibroblasts via the inhibition of
PDGFR signaling

We evaluated the effect of TAS-115 on the phosphorylation of PDGFR in human
fibroblast MRC-5 cells (Figure 1A and B). TAS-115 inhibited the phosphorylation of
PDGFR in a dose-dependent manner, and its inhibitory effect was observed at 3 nM,
which was lower than that of nintedanib. We then examined whether or not TAS-115
affected fibroblasts’ biological responses to PDGF-BB treatment using a *H-TdR

incorporation assay and trans-well migration assay (Figure 1C and D). The *H-TdR
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incorporation assay showed that TAS-115 inhibited the PDGF-BB-induced

proliferation of MRC-5 cells in a dose-dependent manner (Figure 1C). In addition, the

trans-well migration assay showed that TAS-115 suppressed the PDGF-BB-induced

migration of MRC-5 cells in a dose-dependent manner (Figure 1D). Of note, TAS-115

suppressed the proliferation of MRC-5 cells at 3nM and migration of cells at 1 nM,

although nintedanib failed to inhibit the migration at the same concentration. Similar

effects of TAS-115 on PDGFR phosphorylation, cell proliferation and cell migration

were observed in murine primary lung fibroblasts (Figure E1). These data indicated

that TAS-115 inhibited the phosphorylation of PDGFR and suppressed the biological

activities of fibroblasts more effectively than nintedanib.

The production of ECM and o-SMA, which are strongly induced by

TGF-p stimulation, is the hallmark of pulmonary fibrosis (13). We next explored if

TAS-115 had an activity to suppress TGF-p-stimulated expression of collagen 1 and

a-SMA in MRC-5 cells (Figure E2). The results indicated that TAS-115 as well as

nintedanib did not suppress the production of collagen 1 or a-SMA.

TAS-115 inhibits phosphorylation of c-FMS
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TAS-115 was reported to inhibit the phosphorylation of c-FMS in tumor cells (10, 18).

We investigated the effect of this compound on M-CSF-induced c-FMS

phosphorylation in BMDMs compared with nintedanib. TAS-115 inhibited the tyrosine

phosphorylation of c-FMS at 10 nM, whereas 100 nM or more was needed for

nintedanib to express the similar inhibitory effects (Figure 2A, B). These results

indicated that TAS-115 effectively suppressed the phosphorylation of c-FMS

compared to nintedanib.

TAS-115 suppresses CCL2 production in vitro and in vivo via the blockade of the

M-CSF-c-FMS axis

Induction of CCL2 expression by the M-CSF-c-FMS axis contributes to the fibrotic

changes in the lungs (12). CCL2 has been reported to be produced in the damaged

lung (12, 19), and it regulates the recruitment and activation of fibrocytes and

fibroblasts that express C-C chemokine receptor type 2 (13, 20-22). One of the

anti-fibrotic activities of pirfenidone, another clinically approved anti-fibrotic drug, is

considered to be the inhibition of the migration of fibrocytes via the suppression of

CCL2 production (23). Therefore, we hypothesized that the inhibition of the
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phosphorylation of c-FMS by TAS-115 decreases the CCL2 production in the lungs

and thereby attenuates the fibrotic process. To confirm this, we evaluated whether or

not TAS-115 inhibits the M-CSF-dependent CCL2 production in BMDMS in vitro. As

expected, M-CSF stimulation increased the CCL2 production of BMDMs, and

TAS-115 effectively inhibited the CCL2 production at a lower dose than nintedanib

(Figure 3A).

We next assessed the inhibitory effect of TAS-115 on the M-CSF-CCL2 axis in

BLM-induced murine pulmonary fibrosis. TAS-115, nintedanib or vehicle was

administered for 3 days starting at 7 days after BLM treatment, and then the BALF

was collected and analyzed to assess the CCL2 or M-CSF concentration (Figure 3B).

The concentration of CCL2 in the BALF was increased by BLM treatment, which was

consistent to the previous reports using mouse model of infectious or non-infectious

lung injury (12, 19). Administration of TAS-115 significantly reduced the concentration

of CCL2 (Figure 3C) without affecting M-CSF concentration (Figure 3D). Meanwhile,

treatment with nintedanib failed to suppress CCL2 expression. These results indicate

that TAS-115 has a potent effect on inhibiting M-CSF-CCL2 axis, but not MCSF

production, and this characteristic is not found in the pharmacodynamics of

18



nintedanib in vivo.

TAS-115 attenuates bleomycin-induced lung fibrosis

To examine the anti-fibrotic effect of TAS-115 in vivo, we used a mouse model of

BLM-induced pulmonary fibrosis. After receiving a single transbronchial instillation of

3.0 mg/kg BLM, the mice were treated daily with TAS-115 (30 or 100 mg/kg/day),

nintedanib (60 mg/kg/day) or vehicle from day 0. On day 21, the mice were killed, and

the fibrotic changes in the lungs were assessed using the Ashcroft scoring system

and a hydroxyproline assay. The histological findings of the lungs showed that the

BLM treatment induced inflammatory and fibrotic changes leading to an increased

Ashcroft score and hydroxyproline content (Figure 4). The administration of TAS-115

significantly inhibited the histological changes and decreased both the Ashcroft score

and hydroxyproline content at a dose of 30 mg/kg. A similar effect was observed

when the mice were treated with nintedanib at 60 mg/kg.

Anti-fibrotic agents including nintedanib were reported to reduce the number of

inflammatory cells and inflammatory cytokines in BALF of BLM-treated mice (24-26).

Therefore we next examined the cell counts and the cytokine profiles in the BALF
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collected at 7, 14 and 21 days after BLM instillation (Figure 5, E3, E4). At both 14 and

21 days after BLM treatment, the concentration of TGF-f was lower in the

TAS-115-treated group (100 mg/kg/day) than in the nintedanib-treated group (Figure

5, E4B). Referring to the levels of inflammatory cytokines, TAS-115 more effectively

inhibited the production of tumor necrosis factor (TNF)-a than nintedanib, although

the inhibitory effects of TAS-115 and nintedanib on interleukin (IL)-6 and interferon

(IEN)-y production were similar (Figure 5, E4B). The inflammatory cell counts in the

BALF showed that both tyrosine kinase inhibitors decreased the numbers of

lymphocytes at the both day 14 and 21 as previously indicated in the experiment

using nintedanib (Figure 5, E4A) (24). On day 7, there were no differences in cytokine

profile and cell numbers by TAS-115 or nintedanib treatment (Figure E3). These data

indicated that TAS-115 effectively suppressed pro-inflammatory and pro-fibrotic

cytokines contributing to lung fibrosis in the fibrotic phase.
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Discussion

In the present study, we investigated the antifibrotic effects of a novel multiple

tyrosine kinase inhibitor TAS-115. TAS-115 clearly showed the higher inhibitory

activities on the phosphorylation of both PDGFR and c-FMS than nintedanib. The

migration and proliferation of lung fibroblasts mediated by PDGF and the CCL2

production of macrophages induced by M-CSF were more strongly inhibited by

TAS-115 as compared to nintedanib. The in vivo antifibrotic effects of TAS-115 were

also demonstrated in BLM-induced pulmonary fibrosis model.

Among several growth factors, PDGF-PDGFR axis has been consistently reported

to play important roles in suppressing lung fibrotic change by reducing the

proliferation and migration of fibroblasts (2-4, 27, 28). In this study, TAS-115 showed

lower ICsp values against PDGFRa/B (IC5,=0.81+£0.10/7.06+0.83 nM), nearly almost

equal values for VEGFR2 (IC5,=30£9 nM) and higher values for FGFR1 (IC5,>970

nM), FGFR2 (IC5,=340£130 nM), and FGFR3 (IC5>940 nM), compared with the

previously reported ICso values of nintedanib (PDGFRa/f 59+71/65+7 nM, VEGFR2

21+13 nM, FGFR1/2/3 69+70/37£2/108+41 nM) (11, 29). These data suggests that

TAS-115 strongly suppresses PDGF signaling in the local lung microenvironment and
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therefore may be a promising anti-fibrotic agent against IPF.

The roles of VEGFR and FGFR, the other molecules targeted by nintedanib, in

pulmonary fibrosis are controversial. For instance, a VEGFR antagonist was reported

to attenuate BLM-induced lung fibrosis in mice (30). Cao et al. reported that

VEGFR1-expressing macrophages enhance lung fibrotic change by stimulating

Notch signaling in fibroblasts (31). In a clinical study, Barratt et al. showed that the

VEGF-A splice variant affects the development of pulmonary fibrosis (32). These

findings suggest the pro-fibrotic role of VEGF in pulmonary fibrosis. However, Murray

et al. recently reported the protective role of VEGF during pulmonary fibrosis by

modulating epithelial homeostasis (33). Although we could not assess the effect of

TAS-115 on VEGF/VEGFR signaling in lung fibroblasts because the cell line we used

(MRC-5 cells) did not express VEGFR, the further study using primary fibroblasts and

animal models would be required. In terms of the FGF-FGFR axis, the blockade of

FGF signaling may show an anti-fibrotic effect via the inhibition of the proliferation of

fibroblasts (34). However, it may also worsen the excessive fibrotic changes in the

lung by mechanisms such as the inhibition of epithelial repair (35-37). Furthermore,

some FGFs, such as FGF1, have shown anti-fibrotic activities, including the inhibition
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of epithelial-mesenchymal transition (EMT), myofibroblast differentiation and collagen

production of fibroblasts (35, 38, 39). These results suggest that VEGF and FGF

regulate the process of pulmonary fibrosis through diverse mechanisms and can be

both pro- and anti-fibrotic. As such, careful attention is needed when developing

anti-fibrotic agents that target these molecules. In this study, we showed that the 1Csp

value of TAS-115 for FGFR was higher than that of nintedanib, suggesting that

TAS-115 may have a stronger anti-fibrotic effect.

Another considerable advantage of TAS-115 as an anti-fibrotic agent is that

TAS-115 suppresses the phosphorylation of c-FMS more effectively than nintedanib.

Although the data of precise ICso of nintedanib for c-FMS has not been referred in

previous article, Tandon et al. showed that inhibited the phosphorylation of c-FMS at

the concentration of 300nM (40). Together with our results, it is suggested that the

ICs0 of TAS-115 against c-FMS is lower compared with that of nintedanib. Regarding

the significance of M-CSF in pulmonary fibrosis, Baran et al. reported that M-CSF

aggravated fibrogenesis by inducing CCL2 production in the lung (12). This

M-CSF-CCL2 axis may be a potential treatment target, and TAS-115 has potency for

attenuating lung fibrosis via c-FMS blockade, resulting in the reduction of CCL2
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expression.

TAS-115 also differs from nintedanib with regard to its suppressive effect

against hepatocyte growth factor (HGF) signaling. Similar to nintedanib, TAS-115

was originally designed as a multi-tyrosine kinase inhibitor against cancer by

targeting VEGFR, EGFR and HGF receptor (MET) (10, 18, 41). Thus, this drug was

expected to have therapeutic potential against cancer, especially those with bone

metastasis and acquired resistance to cytotoxic agents by MET amplification.

However, previous reports have indicated that enhanced HGF/MET signaling with

HGF protein or gene transfer has a protective role in the pathogenesis of pulmonary

fibrosis (42-45). Although the physiological role of HGF in the fibrogenesis of the

lungs is still unclear, targeting MET may exacerbate pulmonary fibrosis. In the

present study, TAS-115 exerted a significant anti-fibrotic effect, possibly due to the

strong inhibition of PDGFR and c-FMS, and eliminating MET from the target might

further enhance the efficacy of this drug.

Our study showed that TAS-115 attenuated BLM-induced lung fibrosis as we

expected based on its profile of kinase inhibition. BALF examinations revealed that

TAS-115 reduced the lymphocyte count and concentrations of pro-inflammatory and
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pro-fibrotic cytokines in the fibrotic phase of BLM-treated mice, not in acute

inflammation phase. This phenomenon is consistent with our observation previously

shown in antifibrotic effects of imatinib(4) and previous experiment assessing the

anti-fibrotic effect of nintedanib (24), and is considered to be the reflection of

suppression of inflammation related to fibrotic change. Specifically, TAS-115

effectively suppressed the TNF-a and TGF-B expression more strongly than

nintedanib (Figure 6). Because those cytokines are known to play critical roles in

pulmonary fibrosis (46, 47), the favorable effect of TAS-115 on the TNF-a and TGF-f3

expression further supports the usefulness of TAS-115 as an anti-fibrotic agent for

pulmonary fibrosis. The expression of IL-6 was also inhibited in both tyrosine kinase

inhibitor-treated groups, although the level of suppressive effects of TAS-115 and

nintedanib on IL-6 was variable between days 14 and 21, suggesting that these

tyrosine kinase inhibitors affect late phase inflammation related to fibrotic change,

although they did not inhibit acute inflammation on day 7.

In terms of its safety, the results from a phase 1 study of TAS-115 in solid

tumors revealed its good clinical tolerability, including a low frequency of severe

diarrhea (Grade 1-2: 14.3%, Grade 3-4: 0%) (48), which is known to be a common
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problematic side effect of nintedanib (all grades: 62.4%) (7). In addition, TAS-115 has

better bioavailability than nintedanib (maximum plasma concentration at 200 mg/day:

TAS-115 2500-3000 ng/ml vs. nintedanib 30-50 ng/ml) (44-46), suggesting that

TAS-115 would effectively suppress the targeted receptors in patients with IPF.

In conclusion, TAS-115 has a preferable kinase inhibition profile that

suppresses the PDGFR and c-FMS signaling pathways and attenuates BLM-induced

lung fibrosis in mice. TAS-115 may be a new effective multiple kinase inhibitor for

treating patients with pulmonary fibrosis via the strong inhibition of target molecules

with favorable bioavailability. In the near future, the anti-fibrotic effects of TAS-115 will

be demonstrated by ongoing phase Il clinical trial to evaluate the efficacy and safety

for patients with IPF.
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Table 1. Kinase inhibition profile of TAS-115.

Kinase IC;, (M)
PDGFRa 0.81+0.10
PDGFRpB 7.06%0.83
VEGFR1 140440
VEGFR2 3049*

FGFR1 >970

FGFR2 3404130

FGFR3 >940

c-FMS 15*

*From the data published in Ref. 10.
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Figure Legends

Figure 1.

TAS-115 inhibits the phosphorylation of PDGFR on MRC-5 cells and suppresses the
PDGF-induced proliferation and migration. (A) Human lung fibroblast cell line MRC-5
cells were incubated with PDGF-BB (100 ng/ml) with or without different
concentrations (0-1000 nM) of TAS-115 or nintedanib. The phosphorylation of
PDGFR was analyzed by immunoblotting. (B) Relative intensities of the bands of
phosphorylated PDGFRa/p to PDGFR are shown. The intensities were determined
using a National Institutes of Health imaging program (n=3). (C) The proliferation of
MRC-5 cells was measured by a *H-TdR incorporation assay (n=4). MRC-5 cells
were incubated with PDGF-BB (100 ng/ml) with or without different concentrations
(0-100 nM) of TAS-115 or nintedanib. (D) The migration of MRC-5 cells was
assessed by a trans-well migration assay (n=3). Fibroblasts plated on the upper
chamber with a pore size of 8 ym were stimulated with PDGF-BB (100 ng/ml) added
to the lower chamber. The indicated concentrations of TAS-115 or nintedanib were
added to the upper chamber to assess their effect on cell migration. After 24 h, the
number of fibroblasts that had migrated to the bottom surface of the filter was counted.

*p<0.05 versus groups treated with PDGF-BB without TAS-115 or nintedanib.
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**p<0.005 versus groups treated with PDGF-BB without TAS-115 or nintedanib.

***p<0.001 versus groups treated with PDGF-BB without TAS-115 or nintedanib.

Figure 2.

TAS-115 inhibits the phosphorylation of c-FMS on murine BMDMs. (A) BMDMs were
incubated with M-CSF (100 ng/ml) with or without the indicated concentration (0-1000
nM) of TAS-115 or nintedanib. The phosphorylation of c-FMS was determined by a
Simple Western™ System. (B) The relative intensity of phosphorylated c-FMS to
c-FMS is shown (n=3). *p<0.01 versus groups treated with M-CSF without TAS-115

or nintedanib.

Figure 3.

TAS-115 suppresses M-CSF-induced c-FMS production by BMDMs. (A) MCSF
(100 ng/ml)-stimulated BMDMs were cultured with the indicated concentration of
TAS-115 or nintedanib for 24 h (n=4). The concentration of CCL2 in the culture
supernatant was measured by an ELISA. *p<0.001 versus groups treated with

PDGF-BB without TAS-115 or nintedanib. (B) TAS-115 (100 mg/kg/day), nintedanib
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(60 mg/kg/day) or vehicle was administered for 3 days starting at 7 days after a single

transbronchial instillation of 3.0 mg/kg BLM. On day 10, the mice were killed, and the

BALF was collected for further analyses (n=6). (C)(D) The concentrations of CCL2

and M-CSF in the BALF were determined by an ELISA. *p<0.05. **p<0.01

*xp<0.001.

Figure 4.

TAS-115 attenuates BLM-induced lung fibrosis. Mice received a single transbronchial

instillation of 3.0 mg/kg BLM on day 0, and TAS-115 (30 or 100 mg/kg/day),

nintedanib (60 mg/kg/day) or vehicle was administered daily from day 0. Mice were

killed, and the lungs were collected on day 21. Lung sections were stained with (A)

hematoxylin and eosin (H&E) stain or (B) azan Mallory. (C) The fibrotic changes in

the lungs were quantified with a numerical fibrotic score (Ashcroft score)

histopathologically (n=6). (D) Lungs were homogenized in distilled water, and the

hydroxyproline contents were measured by a hydroxyproline assay (n=6). *p<0.05

versus groups treated with BLM without TAS-115 or nintedanib. **p<0.01 versus

groups treated with BLM without TAS-115 or nintedanib. ***p<0.001 versus groups
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treated with BLM without TAS-115 or nintedanib.

Figure 5.

The assessment of the cell counts (A) and cytokine expression (B) in the BALF of

BLM-treated mice. Mice received a single transbronchial instillation of 3.0 mg/kg BLM

on day 0, and TAS-115 (30 or 100 mg/kg/day), nintedanib (60 mg/kg/day) or vehicle

was administered daily from day 0. Mice were killed, and the BALF was collected on

day 14 (n=6). *p<0.05 versus groups treated with BLM without TAS-115 or nintedanib.

**p<0.01 versus groups treated with BLM without TAS-115 or nintedanib. ***p<0.001

versus groups treated with BLM without TAS-115 or nintedanib.
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Novel multiple tyrosine kinase inhibitor TAS-115 attenuates bleomycin-induced

pulmonary fibrosis in mice.

Supplementary materials

Mice and agents

Eight-week-old C57BL/6 male mice were purchased from Charles River Japan Inc.

(Tokyo, Japan) The mice were maintained in the animal facility of the Tokushima

University under specific-pathogen-free conditions according to the guidelines of

Tokushima University (1). All experimental protocols were approved by the animal

research committee of the University of Tokushima, Japan. TAS-115 was kindly

provided by Taiho Pharmaceutical (Tokyo, Japan). Nintedanib was obtained from

Chemscene (Monmouth Junction, NJ, USA). Bleomycin (BLM) was purchased from

Nippon Kayaku Co. (Tokyo, Japan). Recombinant human cytokines including

PDGF-BB, M-CSF and transforming growth factor-pg (TGF-f) were purchased from

R&D  Systems (Minneapolis, MN, USA). Antibodies for PDGFR},

phosphor-PDGFRa/B, ¢c-FMS, phospho-c-FMS were purchased from Cell Signaling



Technology (Danvers, MA, USA). Anti-collagen 1 antibody was purchased from

Abcam (Cambridge, MA, USA). Anti-a smooth muscle actin (a-SMA) antibody was

purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-actin § was purchased from

Santa Cruz Biotechnology (Santa. Cruz, CA, USA). Human lung fibroblast cell line

MRC-5 cells was purchased from DS PHARMA BIOMEDICAL (Osaka, Japan).

Murine lung fibroblasts were isolated according to the method reported previously (2).

Fibroblasts were maintained in DMEM medium supplemented with 10% fetal bovine

serum (FBS), penicillin (100 U/ml) and streptomycin (50 ug/ml). Bone marrow-derived

macrophages (BMDMs) were obtained from male mice. To isolate bone marrow cell

suspensions, mice were Kkilled, and their femurs were flushed with RPMI 1640

medium. The collected cells were incubated in RPMI with 2% FBS and 20 ng/ml

M-CSF for 5-6 days to allow for their differentiation. Fresh M-CSF was added every 2

days (3). All cells were cultured at 37 °C in a humidified atmosphere of 5% CO. in air.

Half maximal inhibitory concentration (ICsg)



The method of the kinase assay using MET (Carna Bioscience, Inc., Hyogo, Japan)
and vascular endothelial growth factor receptor (VEGFR) 2 kinase (Upstate
Biotechnology, Lake Placid, NY, USA) was previously described (4).

The kinase assay using fibroblast growth factor receptor (FGFR) 1-4, VEGFR1,
PDGFRa and PDGFRpB kinase (Carna Bioscience, Inc.) was conducted using a
Mobility Shift Assay. In brief, the assay buffer was prepared from master buffer
(20 nmol/L HEPES, 0.01% Triton X-100, pH 7.5) by the addition of DTT (1 nmol/L).
The substrate mixture was composed of peptide substrate (CSKtide for FGFR1-4),
ATP and metal salt. Test compound solution, substrate mixture and kinase solution
were mixed and then incubated for 1 h at room temperature. The kinase reaction was
stopped by the addition of EDTA. The reaction mixture was applied to LabChip™ EZ
Reader Il Screening System, and the product and substrate peptide peaks were
guantitated. The kinase reaction was evaluated by the conversion (%), which was
calculated from the peak heights of the product (P) and substrate (S) peptides as
follows:

Conversion (%) =[P / (P+S)] x 100



The readout values of positive reaction control (complete reaction mixture

[Enzyme(+)]) and background(Enzyme[-]) were set as 0% and 100% inhibition,

respectively, and the percent inhibition of each test solution was calculated. The ICs

value was calculated from the concentration vs. %inhibition curve by fitting to a

four-parameter logistic curve.

The experiment was performed three times. The mean ICs, value and standard

deviation were determined based on three ICsg values.

Analyses of the phosphorylation of the receptors

Fibroblasts were cultured in DMEM with PDGF-BB (10 ng/ml) for 15 minutes after

incubation with DMEM and various concentrations (0-1000 nM) of TAS-115 or

nintedanib for 2 h. To confirm the phosphorylation of PDGFRa/B, these cell were

lysed and used for immunoblotting as described previously (5).

BMDMs were cultured in RPMI with M-CSF (100 ng/ml) for 1 minute after

incubation with DMEM and various concentrations (0-1000 nM) of TAS-115 or

nintedanib for 2 h. After stimulation with MCSF, BMDMs were lysed immediately, and



the phosphorylation of c-FMS was determined using the Simple Western™ System
(ProteinSimple, Santa Clara, CA, USA) according to a previous report (6).

Whole-cell extracts were prepared with M-PER reagents (Thermo Fisher
Scientific, Waltham, MA, USA) containing phosphatase and protease inhibitor

cocktails (Roche, Basel, Switzerland).

Analyses of the expression of the collagen 1 and a-SMA

MRC-5 cells were cultured in DMEM with or without TGF- (10 ng/ml), PDGF-BB
(100ng/ml), TAS-115 (300nM) or nintedanib (300nM). To evaluate the mRNA
expression of COL1A1 or a-SMA, cells were incubated for 12 h or 24 h, respectively,
and these cells were lysed and used for RT-PCR analysis as described below. To
assess the protein expression of collagen 1 or a-SMA, cells were cultured for 24 h or
48 h, respectively, and these cells were lysed and used for immunoblotting described

below.

Western blotting



Whole-cell extracts of cells were prepared with M-PER reagents (Thermo Fisher

Scientific, Waltham, MA, USA) containing phosphatase and protease inhibitor

cocktails (Roche, Basel, Switzerland).

Protein concentrations were measured using the Bradford method. The same

amounts of total cell extracts proteins were electrophoresed on 10% NuPAGE

Bis-Tris Mini Gels. Gel proteins were then electrophoretically transferred onto

polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) using the

WSE-4040 HorizeBLOT 4M-R system (ATTO, Tokyo, Japan). The membrane was

treated with Blocking One (Nacalai Tesque, Kyoto, Japan) for 1 h and incubated at

4 °C overnight with primary antibodies. Following four washes, the membrane was

incubated with horseradish peroxidase-conjugated secondary antibodies (GE

Healthcare, Fairfield, CT, USA) in buffer at room temperature for 1 h. The membrane

was washed and developed using Amersham ECL Western Blotting Detection

Reagents (GE Healthcare), and the signals were detected using an enhanced

chemiluminescence system (GE Healthcare). The intensity of the bands was

guantified using the public domain National Institutes of Health imaging program (W.



Rasband, Research Service Branch, National Institutes of Health, Bethesda, MD,

USA).

Simple Western™ System
Whole-cell extracts were prepared with M-PER reagents (Thermo Fisher Scientific)
containing phosphatase and protease inhibitor cocktails (Roche).

Protein concentrations were measured using the Bradford method. The same
amounts of total cell extracts proteins were used for the Simple Western™ System
(ProteinSimple, Santa Clara, CA, USA). We used the Simple Western™ System as
described in a previous report (6) and according to the manufacturer’s instructions,

and we analyzed the protein amounts based on the signal intensity.

Cell proliferation assay
Fibroblasts (1 x 10* cells/well) were seeded onto a 96-well plate and cultured in
DMEM with PDGF-BB (100 ng/ml) and the indicated concentrations of TAS-115 or

nintedanib (0-100 nM) for 72 h. [*H] thymidine deoxyribose (3H-TdR; 1 pCi/well) was



pulsed for the final 18 h, and the incorporation of *H-TdR was measured using a liquid

scintillation counter (7).

Cell migration assay

The migration assay was performed using cell culture inserts with a pore size of 8 um
(BD Biosicence, San Jose, CA, USA). Fibroblasts in DMEM containing 0.1% of FBS
were plated to the upper chamber of cell culture inserts with a pore size of 8 um in the
presence or absence of various concentrations of TAS-115 or nintedanib (0-100 nM).
PDGF-BB (100 ng/ml) was added to the lower chamber. After 24-h incubation,
fibroblasts that had migrated to the bottom surface of the filter were stained with
Diff-Quick (Baxter, Miami, FL, USA) and counted in 5 randomly selected fields on
each filter under a microscope at 200x magnification. All experiments were performed

in triplicate.

qRT-PCR
RT-PCR was performed as previously described (18). Total RNA was extracted from

MRC-5 wusing an RNeasy Mini Kit (Qiagen, Valencia, CA), and was



reverse-transcribed to cDNA using a High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Carlsbad, CA) according to the manufacturer’'s instructions.

RT-PCR was performed using the CFX96 real-time PCR system (Bio-Rad, Hercules,

CA) and the SYBR Premix Ex Tag (TAKARA, Kyoto, Japan). Human GAPDH mRNA

was used as housekeeping genes, and quantification was performed using the AA Ct

method. The sequences of primers were as follows: Collal forward,

5'-TCTGCGACAACGGCAAGGTG-3,, Collal reverse,
5-GACGCCGGTGGTTTCTTGGT-3, aSMA forward,
5-GAGCGTGGCTATTCCTTCGT-3, aSMA reverse,
5-GCCCATCAGGCAACTCGTAA-3, GAPDH forward,
5-GAAGGTGAAGGTCGGAGTC-3, GAPDH reverse,

5'-GAAGATGGTGATGGGATTTC-3'.

M-CSF-stimulated CCL2 production by BMDMs
BMDMs (1 x 10* cells/well) were seeded onto a 96-well plate and cultured in DMEM

with M-CSF (100 ng/ml) and the indicated concentrations of TAS-115 or nintedanib



(0-100 nM) for 24 h. Supernatants were collected and measured using an ELISA kit

(R&D Systems).

Bleomycin-induced pulmonary fibrosis in mice

Mice received a single transbronchial instillation of 3.0 mg/kg BLM on day O as

previously described (7). TAS-115 (30 or 60 mg/kg), nintedanib (100 mg/kg) or

distilled water was administered daily by gavage every day. The dosage of TAS-115

was 30mg/kg or 100mg/kg that was determined based on previous study evaluating

its anti-tumor effect in vivo (9).

Bronchoalveolar lavage

Mice were anesthetized, and a soft cannula was inserted into the trachea.

Bronchoalveolar lavage (BAL) was performed from both lungs with saline (1 ml) at

various time points. The total cell count of the BAL fluid was determined using Turk

staining solution. The BAL fluid was centrifuged, and the cell pellets were

re-suspended into saline and then cytospined onto glass slides. These cells were

stained with Diff-Quick staining solution (Baxter), and 200 cells were counted for cell
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classification (8). Supernatants were collected and their cytokine concentrations were

analyzed as described below.

Cytokine concentrations of BAL fluids

The concentrations of CCL2 and M-CSF of BAL fluids and supernatants of cell

cultures were examined using the ELISA kit (R&D Systems). The sensitivities of the

ELISA kit for CCL2 and M-CSF were 3.9 and 15.6 pg/ml, respectively. Other

cytokines were measured using a Bio-Plex assay (Bio-Rad Laboratories, Hercules,

CA, USA).

Hydroxyproline assay

Twenty-one days after BLM instillation, the lungs were harvested and homogenized in

distilled water, and the hydroxyproline contents were measured using a Bio-vision

hydroxyproline assay kit (BioVision, Mount View, CA, USA).

Histopathology
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BLM-treated lungs were harvested, fixed in 10% formalin, and embedded in paraffin.

Three-micrometer-thick sections were stained with hematoxylin and eosin (H&E) stain

or azan Mallory. In the quantitative analysis, a numeric fibrotic scale was used

(Ashcroft score) (9). The mean score was considered to be the fibrotic score.

Statistical analyses

The significance of differences was analyzed using the one-way ANOVA, followed by

Tukey’s multiple-comparison post-hoc test. p values of less than 0.05 were

considered to be significant. p values of less than 0.05 were considered to be

significant. Statistical analyses were performed using the GraphPad Prism software

program Ver. 6.01 (GraphPad Software Inc., San Diego, CA, USA).
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Figure legends

Figure E1. TAS-115 inhibits the phosphorylation of PDGFR on primary murine
fibroblasts and suppresses PDGF-induced proliferation and migration. (A) Primary
murine fibroblasts were incubated with PDGF-BB (100 ng/ml) with or without different
concentrations (0-1000 nM) of TAS-115 or nintedanib. The phosphorylation of
PDGFR was analyzed by immunoblotting. (B) Relative intensities of the bands of
phosphorylated PDGFRa/p to PDGFR[ are shown. The intensities were determined
using a National Institutes of Health imaging program (n=3). (C) The proliferation of
murine fibroblasts was measured by a *H-TdR incorporation assay (n=4). Murine
fibroblasts were incubated with PDGF-BB (100 ng/ml) with or without the different
concentrations (0-100 nM) of TAS-115 or nintedanib. (D) The effect of TAS-115 or
nintedanib on the migration of murine fibroblast was investigated by a trans-well
migration assay (n=3). Fibroblasts plated on the upper chamber with a pore size of 8
pm were stimulated with PDGF-BB (100 ng/ml) added to the lower chamber. The
indicated concentrations of TAS-115 or nintedanib were added to the upper chamber
to assess their effect on cell migration. After 24 h, the number of fibroblasts that had

migrated to the bottom surface of the filter was counted. *p<0.05 versus groups
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treated with PDGF-BB without TAS-115 or nintedanib. **p<0.005 versus groups

treated with PDGF-BB without TAS-115 or nintedanib. ***p<0.001 versus groups

treated with PDGF-BB without TAS-115 or nintedanib.

Figure E2. TAS-115 does not inhibit TGF-B-induced production of collagen 1 and

a-SMA. Human lung fibroblast cell line MRC-5 cells were incubated with or without

TGF- (10ng/ml), PDGF-BB (100 ng/ml), TAS-115 (300nM) or nintedanib (300nM).

(A)(B) Comparison of the mRNA expression in MRC-5 cells. After 12 h (A) or 24 h (B)

incubation, mMRNA expression of COL1Al1 (A) and a-SMA (B) was analyzed by

RT-PCR. *p<0.05 versus groups treated with TGF- without PDGF-BB, TAS-115 or

nintedanib. (C)(D) Immunoblotting showing the expression of collagen 1 (C) and

a-SMA (D). MRC-5 cells were incubated for 24 h (C) or 48 h (D).

Figure E3. TAS-115 treatment affects the cell counts (A) and the expression of

inflammatory cytokines (B) in the BALF of BLM-treated mice. Mice received a single

transbronchial instillation of 3.0 mg/kg BLM on day 0, and TAS-115 (30 or 100

mg/kg/day), nintedanib (60 mg/kg/day) or vehicle was administered daily from day O.
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Mice were killed, and the BALFs were collected on day 7 (n=6). Concentrations of

TNF-a and IFN-y on day7 were undetectable. *p<0.001 versus groups treated with

BLM without TAS-115 or nintedanib.

Figure E4. TAS-115 treatment affects the cell counts (A) and the expression of

inflammatory cytokines (B) in the BALF of BLM-treated mice. Mice received a single

transbronchial instillation of 3.0 mg/kg BLM on day 0, and TAS-115 (30 or 100

mg/kg/day), nintedanib (60 mg/kg/day) or vehicle was administered daily from day O.

Mice were killed, and the BALFs were collected on day 21 (n=6). *p<0.05 versus

groups treated with BLM without TAS-115 or nintedanib. **p<0.01 versus groups

treated with BLM without TAS-115 or nintedanib. ***p<0.001 versus groups treated

with BLM without TAS-115 or nintedanib.
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Figure E3
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