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Nintedanib inhibits keloid fibroblast functions by blocking
the phosphorylation of multiple kinases and enhancing

receptor internalization

Bo-ya Zhou', Wen-bo Wang', Xiao-li Wu', Wen-jie Zhang', Guang-dong Zhou', Zhen Gao' and Wei Liu'

Keloid is a benign skin tumor characterized by its cell hyperproliferative activity, invasion into normal skin, uncontrolled growth,
overproduction and deposition of extracellular matrices and high recurrence rate after various therapies. Nintedanib is a receptor
tyrosine kinase inhibitor targeting VEGF, PDGF, FGF, and TGF-f3 receptors with proved efficacy in anti-angiogenesis and in treating
various types of cancers. In this study, we investigated the effects of nintedanib on keloid fibroblasts in both in vitro and ex vivo
models. Keloid fibroblasts were prepared from 54 keloid scar samples in active stages collected from 49 patients. We found that
nintedanib (1—4 pM) dose-dependently suppressed cell proliferation, induced Go/G; cell cycle arrest, and inhibited migration and
invasion of keloid fibroblasts. The drug also significantly inhibited the gene and protein expression of collagen | (COL-1) and /il (COL-
3), fibronectin (FN), and connective growth factor (CTGF), as well as the gene expression of other pathological factors, such as alpha
smooth muscle actin (a-SMA), plasminogen activator inhibitor-1 (PAIl-1), FK506-binding protein 10 (FKBP10), and heat shock protein 47
(HSP47) in keloid fibroblasts. Furthermore, nintedanib treatment significantly suppressed the phosphorylation of p38, JNK, ERK,
STAT3, and Smad, enhanced endocytosis of various growth factor receptors. Using an ex vivo tissue explant model, we showed that
nintedanib significantly suppressed cell proliferation, migration, and collagen production. The drug also significantly disrupted
microvessel structure ex vivo. In summary, our results demonstrate that nintedanib is likely to become a potential targeted drug for
keloid systemic therapy.
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INTRODUCTION

Keloids are characterized by uncontrolled growth beyond the
original lesion, hyperproliferative fibroblasts and overproduction
and deposition of extracellular matrices (ECM). Thus, keloids are
considered as benign skin tumors [1, 2], and are suitable for
anticancer strategies [3, 4]. In addition, chemotherapy agents
targeting signaling pathways are good drug candidates for cancer
therapy.

Previous studies showed the involvement of abnormal signaling
pathways, including the transforming growth factor-3 (TGF-)/Smad,
phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin
(mTOR) and mitogen-activated protein kinase (MAPK)-signaling
pathways, in keloid development [5, 6]. Additionally, enhanced cell
proliferative and migratory abilities, abnormal angiogenesis, and
vascular hyperpermeability have also been found to be enhanced by
vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and fibroblast growth factor (FGF) in keloid
development [4, 7]. Recent progress in this field also demonstrated
that inhibitors of multiple signaling pathways are the preferred
targeted drugs due to their synergistic mechanisms of antagonizing

different signaling pathways [8]. Nintedanib (BIBF-1120) is a receptor
tyrosine kinase inhibitor (TKI) targeting VEGF receptors (VEGFRs), FGF
receptors (FGFRs), and PDGF receptors (PDGFRs) [9] with proven
efficacy in antiangiogenesis and in treating various types of cancers,
including hepatocellular carcinoma (HCC), renal cell carcinoma
(RCQ), colorectal cancer (CRC), prostate cancer, and gynecologic
malignancies [10]. For example, nintedanib reduced vessel density,
vessel permeability, and tumor growth by inhibiting the PI3K-AKT
and MAPK-signaling pathways [10]. Nintedanib was also reported to
reduce fibrotic progression by inhibiting early events in TGF-3
signaling, involving phosphorylation of the type Il TGF-B receptor,
activation of Smad3, and p38 MAPK phosphorylation [11]. In
particular, nintedanib is the first targeted chemotherapy drug for
idiopathic pulmonary fibrosis (IPF) therapy in patients, indicating the
therapeutic potential of TKls in the treatment of nonmalignant
diseases.

Previous studies have demonstrated that PDGFR, VEGFR, and
FGFR are usually localized at low-density, detergent-resistant
membrane domains called lipid rafts/caveolae [12, 13]. Lipid rafts/
caveolae are small cholesterol-enriched domains present on the cell
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membrane. When cholesterol is depleted, receptors are retained in
the residual elements of the caveolae, and remain able to bind the
ligand, but the downstream cascades are blocked due to steric
inhibition and the inability to form a signaling complex [12].

It has been shown that the keloid mechanism involves multiple
signaling pathways, such as VEGF, PDGF, FGF, and TGF-$, but there
has been no report on a drug that could target more than three
growth factors among the studies on drugs targeting keloid cell
behavior [5, 14, 15]. This study aimed to explore the targeted drug
effect of nintedanib on antagonizing multiple signaling pathways
related to VEGF-R, FGF-R, PDGF-R, and TGF-3-R and examine its
therapeutic effect on keloid fibroblast behaviors, including cell
proliferation, cell cycle progression, overproduction of extracellular
matrix, cell migration, and cell invasion, using in vitro and ex vivo
models. In addition, we also investigated whether disruption of the
lipid raft/caveolae structure is involved in the drug effects.

MATERIALS AND METHODS

Patients and keloid samples

Fifty-four keloid scar samples in active stages were collected from
49 patients without any previous treatment before surgery (see
details listed in Table 1). Keloid specimens derived from surgical
excision were donated by the patients for research purposes only
with written informed consent. The procedures for processing
human tissues and cells were approved by the Ethics Committee
of the Shanghai Jiao Tong University School of Medicine.

Chemical reagents

Nintedanib (Selleck Chemicals, Houston, TX, USA) was dissolved in
100% dimethyl sulfoxide (DMSO) to a stock concentration of 5 mM
and stored at —20°C under light-protected conditions. The
reagent was diluted directly to the desired dose upon use, with
an identical final concentration of DMSO in both the experimental
and control groups. The final concentration of DMSO was
maintained below 0.1% (v/v) in all of the following experiments
to ensure no cytotoxic effect on the cultured KFs.

Isolation and culture of keloid fibroblasts

Isolation and culture of keloid fibroblasts were performed
according to a previous protocol [5]. Keloid tissues were treated
with collagenase NB4 (SERVA Electrophoresis, Heidelberg, Ger-
many) dissolved in Dulbecco’s modified Eagle’s medium (DMEM,
HyClone, Logan, UT, USA, 0.3% v/v) for 4 h at 37 °C with rotation.
After digestion, cells were collected and resuspended in DMEM
supplemented with 10% fetal bovine serum (FBS, Gibco-Invitrogen
Corp., Grand Island, NY, USA) and penicillin/streptomycin (Gibco)
and seeded onto 10-cm culture dishes. The primary, first-passage
cells were utilized in the subsequent experiments. To better
represent the keloid cases, KFs derived from three patient tissue
samples were mixed as a pooled cell sample.

Cell counting kit-8 (CCK-8) assay

The drug effect on KF proliferation was analyzed by CCK-8
(Dojindo Laboratories, Mashiki, Japan). Briefly, 1000 primary
cultured KFs were seeded in 96-well plates per well and starved
for 24 h. Then, the medium was replaced with culture medium
with or without nintedanib, and the cells were tested with CCK-8
reagent at days 1, 3, 5, 7, and 9. The medium optical density value
of each well was measured at 450 nm using a microplate reader
(Thermo Fisher Scientific,c Waltham, MA, USA). The assay was
carried out in quadruplicate and repeated with three independent
pooled cell samples.

Cell cycle analysis

As previously described [5], KFs treated with nintedanib at different
concentrations (0, 0.5, 1, 2, 4 uM) for 5 days were collected. The cells
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Table 1. Patients and anatomic locations of keloid tissue samples
Sample Gender Ethnic Age Site(s) of specimen
no. background collected
1 Female Asian 26 Chest

2 Female Asian 22 Arm

3 Male Asian 50 Chest

4 Female Asian 37 Shoulder
5 Female Asian 25 Shoulder
6 Male Asian 21 Chest

7 Female Asian 38 Chest

8 Male Asian 32 Chest

9 Female Asian 23 Perineum
10 Female Asian 26 Chest

1 Male Asian 63 Chest

12 Female Asian 20 Chest

13 Female Asian 36 Chest

14 Male Asian 33 Chest

15 Female Asian 39 Thigh

16 Female Asian 36 Abdomen
17 Male Asian 24 Arm

18 Female Asian 35 Chest

19 Female Asian 31 Back

20 Male Asian 42 Chest

21 Male Asian 22 Chest

22 Female Asian 68 Abdomen
23 Male Asian 14 Ear lobe
24 Female Asian 31 Shoulder
25 Female Asian 23 Shoulder
26 Female Asian 27 Chest

27 Male Asian 23 Neck

28 Female Asian 24 Chest

29 Male Asian 21 Chest

30 Female Asian 28 Chest

31 Female Asian 51 Arm

32 Female Asian 36 Shoulder
33 Female Asian 22 Chest

34 Female Asian 63 Chest

35 Male Asian 39 Chest

36 Female Asian 22 Ear lobe
37 Male Asian 12 Chest

38 Female Asian 10 Arm

39 Female Asian 52 Abdomen
40 Male Asian 21 Chest

41 Male Asian 28 Chest

42 Female Asian 20 Back

43 Female Asian 28 Back

44 Female Asian 32 Abdomen
45 Female Asian 33 Back

46 Male Asian 45 Chest

47 Female Asian 32 Chest

48 Female Asian 48 Back

49 Male Asian 13 Abdomen

were then fixed in 70% ethanol at 4°C overnight followed by
staining with a cell cycle analysis kit (7sea Biotech, Shanghai, China).
Afterwards, a flow cytometer (Beckman Coulter, Fullerton, CA, USA)
equipped with ModiFit LT v2.0 software was used for flow
cytometric analyses, and the experiment was repeated in four
independent pooled cell samples.
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EdU incorporation assay

After KFs were treated with different concentrations of nintedanib
for 72 h, 5-ethynyl-20-deoxyuridine (EdU) was added to the culture
medium and incubated for 3 h. Detection of EdU incorporation
was performed with the Click-iT™ EdU Alexa Fluor Imaging kit
(Invitrogen/Molecular Probes, Eugene, OR, USA) following the
manufacturer’s instructions. The EdU-positive cells (red) and
Hoechst-positive cells (blue) were imaged under a fluorescence
microscope (Olympus, Tokyo, Japan) and counted using Image-
Pro Plus (IPP) 6.0 software (Media Cybernetics, Silver Spring, MD,
USA). The incorporation ratio of EdU-positive cells is shown as the
percentage of EdU-positive cells of the total Hoechst-positive cells.
The results were derived from the average cell counts in five
randomly selected fields in a well and repeated with three
independent pooled cell samples.

Cell migration assay

For the scratch assay, as previously described [5], the cell
monolayer was scratched using a 200-pL pipette tip when the
cells reached more than 90% confluence, and the cells were then
cultured in serum-free medium with or without nintedanib for 48
h. Images were acquired at 0, 24, and 48 h after scratching. The
results were derived from measured areas in six randomly selected
fields in a well and repeated with six independent pooled cell
samples.

A transwell system (8-um pore size) was also utilized for the
migration assay as reported [5]. In brief, 3 x 10* serum-starved KFs
were seeded in the upper compartment of the Boyden chamber in
a 24-well plate in serum-free medium containing nintedanib or
vehicle control. After incubation for 24 h, the migrated cells were
fixed with 4% paraformaldehyde and stained with 4’,6-diamidino-
2-phenylindole (DAPI, Sigma, Chemical Co., St. Louis, MO, USA).
Five high-power fields were randomly selected, and the migrated
cells were counted by Image-Pro Plus. This assay was performed in
three independent pooled cell samples.

Furthermore, an Oris™ cell migration assay kit (Platypus
Technologies, Madison, WI, USA) was used as reported [14].
Briefly, 2.5 x 10* KFs were seeded in each well, and after 24 h,
the medium was replaced with 100 uL serum-free medium
containing different concentrations of nintedanib after remov-
ing the stoppers. After another 24-h incubation, cells were
stained with calcein-AM (Maiyuer Bio, Shanghai, China). The
cell number in the migration zone was counted by Image-Pro
Plus. This assay was performed with three independent pooled
cell samples.

Cell invasion assay
For the transwell assay, 6 x 10* serum-starved KFs were placed in
the upper well of a Boyden chamber coated with Matrigel
(Corning). After a 48-h incubation, invaded cells were fixed and
stained with DAPI. Cell numbers in five randomly selected high-
power fields were counted by Image-Pro Plus. The assay was
repeated with three independent pooled cell samples.
Furthermore, an Oris™ 3D embedded invasion assay (Platypus
Technologies) was performed to confirm the inhibitory effect of
the drug on KF invasive ability as previously described [16]. Briefly,
2.5x 10* KFs per well were seeded, and after 24 h, the medium
was replaced by 40 pL rat-tail collagen | (COL-1) solution. After
incubation for 30 min, serum-free medium containing nintedanib
or vehicle control was added to each well. Images of KFs stained
with calcein-AM were obtained at 48 h post treatment. Cells in the
detection zone were counted by Image-Pro Plus. This assay was
performed with three independent pooled cell samples.

Ex vivo explant culture of human keloid tissues

Keloid tissue after epidermal removal was minced into 3 mm x
2mm x2mm fragments. The dermal fragments were equally
treated, seeded onto three 10-cm culture dishes and incubated
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in DMEM containing 10% FBS until attachment. Then, the
medium was replaced with fresh medium containing nintedanib
or vehicle control. Representative images were acquired at the
same location on days 0, 3, 5, and 7 after the KFs migrated from
the edge of the tissue. On day 7, the tissue fragments were
collected for RT-qPCR and Western blotting assays, and the KFs
growing in the dishes were collected and counted using a
hematocytometer.

RNA isolation and real-time quantitative PCR

After treatment with nintedanib or vehicle control for 72h in
DMEM plus 5% FBS, the cultured KFs were harvested for total RNA
extraction using TRIzol reagent (Invitrogen Life Technologies Inc.,
Grand Island, NY, USA) as previously reported [17]. For the ex vivo
explants, the tissues were minced with scissors and ground by a
Pro-200 tissue homogenizer (Pro Scientific, Monroe, CT, USA) to a
homogeneous lysate and prepared for RNA isolation using TRIzol
reagent.

Complementary DNA (cDNA) was synthesized from 1 ug total
RNA per sample using AMV reverse transcriptase (Promega,
Madison, WI, USA). cDNA was amplified using RT-gPCR in a real-
time thermal cycler (Stratagene, La Jolla, CA, USA) with Power
SYBR Green PCR master mix (2x) (Applied Biosystems, Foster City,
CA, USA) as previously described [18]. The housekeeping gene
B-actin was used as an internal control. Each assay was performed
in triplicate and repeated with three independent pooled cell
samples. The human primers for real-time gPCR analysis are
displayed in Table 2.

Immunofluorescence assay
Briefly, 1 x 10° KFs per well (for alpha smooth muscle actin, a-SMA
detection) or 2 x 10° KFs (for COL-1 detection) were seeded in six-
well plates and preincubated for 24 h in regular culture medium.
Afterwards, the medium was replaced with DMEM containing 5%
FBS with or without nintedanib for 72 h (for a-SMA detection)
or 7 days (for COL-1 detection) followed by fixation in 4%
paraformaldehyde overnight.

The primary and secondary antibodies (Table 3) were diluted
according to the instructions. DAPlI was used for nuclear

Table 2. Primers used in quantitative PCR analysis

Gene Primer sequence (5'-3) Product size (bp)

COL-1 Sense: GGCGGCCAGGGCTCCGACCC 347
Antisense: AATTCCTGGTCTGGGGCACC

COoL-3 Sense: TGGTGTTGGAGCCGCTGCCA 373
Antisense: CTCAGCACTAGAATCTGTCC

CTGF Sense: ACAAGGGCCTCTTCTGTGACTT 102
Antisense: GGTACACCGTACCACCGAAGAT

FN Sense: GCCACTGGAGTCTTTACCACA 121
Antisense: CCTCGGTGTTGTAAGGTGGA

PAI-1 Sense: CGCTGTCAAGAAGACCCACA 108
Antisense: AGTTCTCAGAGGTGCCTTGC

a-SMA  Sense: CATCATGCGTCTGGATCTGG 107
Antisense: GGACAATCTCACGCTCAGCA

HSP-47  Sense: CCATGTTCTTCAAGCCACACT 132
Antisense: CGTAGTAGTTGTAGAGGCCTGT

FKBP10  Sense: TGCGGATGTGGTGGAAATCA 141
Antisense: CCGTAGTCATGCGAGGTGAA

MMP1 Sense: GGAGCTGTAGATGTCCTTGGGGT 139
Antisense: GCCACAACTGCCAAATGGGCTT

MMP3 Sense: AGGACAAAGCAGGATCACAGTTG 68
Antisense: CCTGGTACCCACGGAACCT

B-ACTIN Sense: ATCATGTTTGAGACCTTCAA 318
Antisense: CATCTCTTGCTCGAAGTCCA
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Table 3. Antibodies used in Western blotting and immunohistochemical staining
Targets Source Species reaction Usage
COL-1 Abcam, ab6308 Mouse-anti-human WB
FN Abcam, ab45688 Rabbit-anti-human WB
CTGF Abcam, ab209780 Rabbit-anti-human WB
Erk Abcam, ab32537 Rabbit-anti-human WB
p-Erk Abcam, ab131438 Rabbit-anti-human WB
P38 Abcam, ab170099 Rabbit-anti-human WB
p-P38 Abcam, ab47363 Rabbit-anti-human WB
INK Abcam, ab110724 Rabbit-anti-human WB
p-JNK Abcam, ab47337 Rabbit-anti-human WB
Smad 2/3 Abcam, ab202445 Rabbit-anti-human WB
p-Smad2 Abcam, ab63399 Rabbit-anti-human WB
p-Smad3 Abcam, ab193297 Rabbit-anti-human WB
STAT3 Abcam, ab68153 Rabbit-anti-human WB
p-STAT3 Abcam, ab76315 Rabbit-anti-human WB
VEGF Receptor 1 Abcam ab32152 Rabbit-anti-human WB
VEGF Receptor 2 Abcam ab39638 Rabbit-anti-human WB
VEGF Receptor 3 Abcam ab27278 Rabbit-anti-human WB
FGF Receptor 1 Abcam ab76464 Rabbit-anti-human WB
FGF Receptor 2 Abcam ab109372 Rabbit-anti-human WB
FGF Receptor 3 Abcam ab133644 Rabbit-anti-human WB
PDGF Receptor alpha Abcam ab203491 Rabbit-anti-human WB
PDGF Receptor beta Abcam ab32570 Rabbit-anti-human WB
B-Actin Abcam, ab8227 Mouse-anti-human WB
Secondary antibody Abbkine, A21010; A21020 Goat-anti-mouse/rabbit WB
Type | Collagen Servicebio, GB13022 Rabbit-anti-human IHC
FN Abcam, ab45688 Rabbit-anti-human IHC
CD31 Servicebio, GB13063 Goat-anti-human IHC
CD34 Servicebio, GB13013 Goat-anti-human IHC
Secondary antibody Servicebio, GB23204 Rabbit-anti-goat IHC
COL-1 Abcam, ab6308 Mouse-anti-human IF
a-SMA Abcam, ab5694 Rabbit-anti-human IF
Secondary antibody Jackson ImmunoResearch, 111-095-003 Goat-anti-rabbit IF

counterstaining. Images of a-SMA-positive or COL-1-positive
(green) and DAPI nuclear-stained (blue) cells were obtained under
a fluorescence microscope (Olympus). This assay was performed
with three independent pooled cell samples.

Immunohistochemical analyses

Keloid specimens with a size of 3 mm x 2 mm x 2 mm were fixed
in 4% paraformaldehyde at 4 °C overnight after being cultured
in DMEM plus 10% FBS with nintedanib or vehicle control for
7 days. Afterwards, the specimens were embedded in paraffin
and sectioned to 5 pm thickness. Following incubation of the
sections with antibodies against COL-1, fibronectin (FN), CD31,
and CD34 (see details in Table 3), 3,3’-diaminobenzidine (DAB,
G1211, Servicebio, Wuhan, China) was used as a chromogen
to visualize the bound antibodies, and the slides were counter-
stained with hematoxylin. CD31" and CD34" vessels were
counted in five randomly selected fields under a microscope
for semiquantification. This assay was performed with four
independent samples.

Western blotting analysis

For ex vivo explants, 50 mg/each of treated or nontreated
tissues were washed and cut into small pieces in PBS. The tissues
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were then homogenized with a Pro-200 tissue homogenizer (Pro
Scientific) in lysis buffer supplemented with a protease inhibitor
cocktail (Thermo Fisher Scientific, Rockford, IL, USA). The lysate
was centrifuged at 12,000xg for 10 min at 4°C. For protein
production in cells, KFs were treated with or without nintedanib
(1, 2, 4 uM) for 6 or 72 h to examine cellular signaling molecules or
other antigens. Protein extraction and Western blotting analysis
were performed as previously described [19]. Detailed information
on the antibodies is listed in Table 3. This assay was performed
with three independent samples.

Cholesterol assay

To determine whether lipid rafts/caveolae were related to the
inhibitory effect of nintedanib on keloid fibroblasts, disruption of lipid
rafts/caveolae was carried out by incubating cells in the presence of
1TmM MBCD (Sigma) dissolved in double-distilled water (ddH,0).
CCK-8 and scratch assays were used to measure cell proliferation and
migration, respectively. Western blotting was also performed to
examine the expression of receptors. Cells were treated with vehicle
control, MBCD (1 mM) or nintedanib (4 uM) alone or in combination
in growth medium. For the combination treatment, the cells were
pretreated with 1TmM MPBCD for 30min at 37°C before the
experiment. For the CCK-8 assay, cells were tested on days 1, 3,
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and 5, and for the scratch assay, images were obtained at 0 and 48 h
after scratching. For Western blotting assays, cells were collected
3 days after treatment. Detailed methods are described above.

Statistical analysis

All the data are presented as the mean * standard deviation (SD)
and were statistically analyzed with one-way ANOVA followed by
Student-Newman-Keuls (S-N-K) post hoc test after confirming
the normal distribution of the data. For ratio data of the EdU assay,
nonparametric Kruskal-Wallis test plus Dunn’s post hoc test with
Bonferroni correction was employed. All statistical analyses were
performed with the statistical software SPSS (version 22.0; SPSS,
Inc,, Chicago, IL, USA). A P-value < 0.05 was considered statistically
significant.

RESULTS

Nintedanib suppressed KF proliferation and induced Go/G; cell
cycle arrest

As shown in Fig. 1a, the CCK-8 assay demonstrated a significant
inhibitory effect of nintedanib on KF proliferation in a dose-
dependent manner during the 9-day time period compared to the
vehicle control group. ANOVA plus the S-N-K test demonstrated
significant differences among the groups (Supplementary Fig. S1,
P <0.05).

Next, cell cycle analysis revealed a dose-dependent increase in
the cell percentage in Go/G; phase, whereas a dose-dependent
decrease in the cell percentage was found in S phase with
significant differences among the groups treated with 1, 2 and 4
MM nintedanib (P <0.05, Fig. 1b, ¢), indicating that nintedanib
induced cell cycle arrest at Go/G; phase. Additionally, an EdU-
incorporation assay also showed significant inhibition of DNA
synthesis in KFs by nintedanib treatment because much less EdU
labeling was observed in the treated cells than in the control cells
(Fig. 1d). Semiquantitative analysis showed a reduction in EdU
labeling among the groups (P < 0.05, Fig. 1e).

Nintedanib attenuated the migratory capacity of cultured KFs
After 24 and 48 h of nintedanib treatment, the scratch assay
demonstrated a significant inhibitory effect on KF migration
compared to that in nontreated cells when observed under a
microscope (Fig. 2a). At both time points, quantitative analysis
further confirmed a significant dose-dependent reduction in cell
migration in the treated groups (P < 0.05, Fig. 2b).

Similarly, the transwell assay also revealed the inhibitory effect of
nintedanib on cell migration by reducing the number of cells that
migrated to the bottom surface of the upper chamber in the treated
group at 24h post treatment (Fig. 2c). Semiquantitative analysis
showed a dose-dependent reduction in the migrated cell numbers
with significant differences among the groups, as revealed by
ANOVA plus the S-N-K test (P < 0.05, Fig. 2d). Furthermore, the Oris
migration assay also confirmed the inhibitory effect of nintedanib on
cell migration by both microscopic observation (Fig. 2e) and
quantitative analysis (Fig. 2f), which revealed a dose-dependent
reduction in migrated cell numbers with significant differences
among the groups after 24 h of nintedanib treatment (P < 0.05).

Nintedanib inhibited the invasive capacity of KFs
Both the transwell assay and Oris invasion assay combined with
matrix coating were also performed to investigate the drug effect.
As shown in Fig. 3a, b, much fewer cells were able to successfully
traverse the Matrigel-coated chamber after nintedanib treatment
compared to the control group at 24 h post treatment, and the
effect was dose-dependent.

A similar trend was also confirmed in the Oris invasion assay,
which used COL-1 coating as the matrix material. As shown in
Fig. 3¢ (microscopic view) and Fig. 3d (quantitative analysis), a
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dose-dependent decrease in cell numbers in the detection zone
was found with increasing drug concentrations (P < 0.05).

Nintedanib suppressed the migration and proliferation of cultured
keloid explants
To further verify the inhibitory effect of nintedanib on cell
migration and proliferation, an ex vivo keloid explant culture
model was also established. As shown in Fig. 3e, f, spindle-shaped
KFs of the vehicle group migrated out of the edges of the cultured
keloid explants and gradually spread over the Petri dish within a
week with a total cell number of 1.84 x 10° after 7 days of culture.
However, treatment with increasing concentrations of nintedanib
for 7 days significantly inhibited KFs from migrating out of the
tissue explants in a dose-dependent manner with significant
differences from that of the control group (P < 0.05).
Interestingly, the inhibitory effect of the drug was also supported
by decreased gene expression of matrix metalloproteinases (MMPs).
As shown in Fig. 3g, h, MMP1 and MMP3 gene levels were
significantly reduced in the drug-treated groups, as demonstrated
by RT-qPCR analysis (P < 0.05).

Nintedanib suppressed the expression of fibrotic factors related to
keloid pathogenesis

Using an in vitro cell culture model, the drug effects on the
expression of fibrotic factors at both the gene and protein levels
were investigated. As presented in Fig. 4a, at the transcriptional
level, treatment with the drug at concentrations of 1, 2, and 4 uyM
for 72 h significantly suppressed the gene expression of COL-1, FN,
connective tissue growth factor (CTGF), plasminogen activator
inhibitor-1 (PAI-1), and FK506-binding protein 10 (FKBP10) in a
dose-dependent manner, with significant differences among the
groups (P < 0.05). The suppression of a-SMA and heat shock protein
47 (HSP47) occurred at higher concentrations, and no significant
effect was found on COL-3.

Consistent with the gene expression results, Western blotting
also showed significant suppression of the protein production of
COL-1, FN, and CTGF, as shown in Fig. 4b, and semiquantitative
analysis revealed significant differences among the different
groups (Fig. 4c). The suppressed protein production of a-SMA
and COL-1 was also confirmed by immunofluorescence staining of
KFs treated with different concentrations of nintedanib (Fig. 4d, e),
which showed decreasing protein expression with increasing drug
concentrations. In addition, the drug treatment also disrupted the
intracellular collagen pattern (Fig. 4e).

Nintedanib inhibited collagen production and disrupted
angiogenesis in keloid tissue explants

To better mimic the clinical scenario, an ex vivo model of tissue
explants was generated for the investigation. Immunohistochem-
ical staining of the keloid tissue explants exposed to nintedanib
showed a marked decrease in the intensity of COL-1 staining and
a reduced FN staining area, which indicated significantly
decreased production of COL-1 and FN (Fig. 5a). Consistent with
these findings, gPCR and Western blotting analyses of tissue
explants also showed a reduction in COL-1 and FN expression at
both the transcriptional and translational levels (Fig. 5b-d).
Furthermore, a reduced number of CD31-positive and CD34-
positive microvessels as well as disrupted capillary structure were
also observed with nintedanib treatment (Fig. 5a, e, f).

Nintedanib attenuated various intracellular signaling pathways in
treated KFs

To further define the potential mechanism of the above findings,
the effect of nintedanib on various signaling pathways was
investigated using an in vitro cell culture model. As shown in
Fig. 6, treatment of KFs with nintedanib significantly inhibited the
phosphorylation of Smad2 and Smad3 at higher concentrations.
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Fig. 1

Nintedanib inhibits the proliferation of treated keloid fibroblasts. a The CCK-8 assay was used to analyze the proliferation of KFs

treated with different concentrations of nintedanib at days 1, 3, 5, 7, and 9. b Flow cytometry analysis of the cell cycle of treated keloid
fibroblasts. ¢ Representative cell cycle data were plotted for each group. d After treatment with nintedanib (1, 2, 4 uM) or vehicle control for
72 h, KFs were incubated with EdU for an additional 3 h. The samples were imaged under a fluorescence microscope at x200 (bar = 100 pm). e
The ratio of EdU-positive cells to DAPI-labeled cells in each group was determined. *P < 0.05 vs control, *P <0.05 vs 0.5 uM, $P<0.05 vs
1 uM. Abbreviations: Go/G;, period between the end of M phase and the start of S phase; S, DNA duplication phase; G,, period between the

end of S phase and the start of M phase; M, mitosis.

It also significantly inhibited the phosphorylation of MAPK pathway
components including p38, JNK, and ERK, as well as signal
transducer and activator of transcription 3 (STAT3), in a dose-
dependent manner (Fig. 6a).

Disruption of lipid rafts decreased the inhibitory effect of
nintedanib on KFs

Cholesterol is the major structural component of lipid rafts/caveolae;
thus, cholesterol depletion was performed to determine whether
lipid rafts/caveolae mediate the cellular response to nintedanib.

Acta Pharmacologica Sinica (2020) 41:1234-1245

Among various approaches, MBCD is the most common method for
removing cellular cholesterol [12].

CCK-8 and scratch assays were used to measure proliferation
and migration. The results showed that MBCD treatment alone
could have a minor inhibitory effect on cell proliferation and
migration, which was significantly different from the control
treatment. Nevertheless, MBCD was able to rescue to a certain
degree the inhibitory effect of nintedanib on KF proliferation and
migration when compared to treatment with nintedanib alone
(Fig. 6b—d). Interestingly, Western blotting assays demonstrated
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Fig. 2 The inhibitory effect of nintedanib on the migration of keloid fibroblasts. a Confluent monolayers of cells were wounded with a
scratch and incubated in the presence or absence of nintedanib (0.5, 1, 2, 4 uM) as indicated for 24 and 48 h. Images indicate a relative wound
closure as monitored by visual examination using a Nikon phase-contrast microscope at x40 (bar =200 pm). b Semiquantitative analysis of
the scratch assay results with the indicated significant differences. ¢ Cells that penetrated through the micropore membrane to the lower
surface of the filter were stained with DAPI and observed under a light microscope at X200 (bar = 100 pm). d Semiquantitative analysis of cells
in the lower chambers. e A COL-1-coated Oris migration assay was used to show the effect of nintedanib on keloid fibroblast migration (x40,

bar =200 pm). f Semiquantitative ana{l}(lsis of the Oris migration assay results with the indicated significant differences. *P < 0.05 vs control,

#P <0.05 vs 0.5 uM, $P<0.05 vs 1 pM, P < 0.05 vs 2 pM.

increased protein expression of growth factor receptors in the
MPBCD and nintedanib combined treatment group relative to the
expression levels of nintedanib only treatment group (Fig. 6e),
providing supporting evidence that nintedanib may affect the
functions of growth factor receptors by enhancing their endocy-
tosis, which can be disrupted by removing cellular cholesterol in
the lipid raft domain.

DISCUSSION
Keloids are benign skin tumors in which keloid fibroblasts display
tumor cell-like biological behaviors [1, 4]. Keloids inevitably recur
after various treatments, and thus, new therapeutic approaches
are needed. Targeted therapy is considered an effective strategy
for cancer treatment and includes various targets for drug
intervention, such as rhodopsin-like G protein-coupled receptors
(GPCRs), ion channels, protein kinases, and nuclear hormone
receptors, with kinase inhibitors being an important part of
targeted drugs for cancer therapy [20, 21].

Keloid formation is driven by multiple growth factors, including
TGF-3, PDGF, and VEGF. TGF-B promotes keloid fibroblast
proliferation, collagen production, inhibition of MMPs [22, 23],
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and the Smad-signaling pathway [24]. PDGF and VEGF also
contribute to keloid pathogenesis by stimulating collagen
production and angiogenesis [4]. Additionally, PDGF contributes
to the chemotaxis of fibroblasts, cell proliferation, migration, and
collagen synthesis during wound healing [25].

Studies also demonstrated elevated PDGF receptor expression
in keloid fibroblasts, which responded to PDGF more potently
than normal dermal fibroblasts [7].

Elevated VEGF in keloid tissue and circulation of keloid patients
[26] could lead to imbalanced angiogenesis and contribute to keloid
formation [26, 27]. Moreover, bFGF is also indicated to be involved in
keloid angiogenesis [4]. Preclinical data also demonstrated that the
inhibition of FGFR signaling could suppress the proliferation of cells
derived from many tissue types [28-30]. This collected evidence
provides an excellent strategy for targeted drug therapy of keloids.

There have been several studies on the targeted therapy of
keloids. Palomid 529 (P529), which inhibits the PI3K/Akt/mTOR
pathway by targeting both mTOR complex 1 (mTORC-1) and
mTORC-2 signaling, caused keloid tissue shrinkage, growth arrest,
and apoptosis [6]. Sorafenib, a potent TKI targeting VEGFR2 and
PDGFRB, has been shown to effectively inhibit keloid cell
proliferation, migration, invasion, and collagen production [5].
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Fig.3 The inhibitory effect of nintedanib on keloid fibroblast invasion. a Cells that penetrated through the Matrigel to the lower surface of
the filter were stained with DAPI and observed under a light microscope at x200 (bar =100 pm). b Semiquantification of cells in the lower
chambers. ¢ Keloid fibroblasts crawled into the 2-mm invasion zone in an in vitro three-dimensional basement membrane extract model (x40,
bar =200 pm). d Semiquantitative analysis of the cell numbers inside the invasion zone. e Representative images of tissue explants cultured
with or without different concentrations of nintedanib at days 0, 3, 5, and 7 (x40, bar = 200 pm). f Semiquantification of the cell numbers that
migrated out of the tissue explants at day 7. g and h qPCR analysis revealed decreased gene expression of MMP1 and MMP3 with nintedanib
treatment. *P < 0.05 vs control, *P < 0.05 vs 1 uM, P <0.05 vs 2 uM.
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Fig.4 The antifibrotic effect of nintedanib on reducing ECM gene expression and inhibiting related protein production. a qPCR analysis of
COL-1, COL-3, FN, CTGF, a-SMA, PAI-1, FKBP10, and HSP47 expression in keloid fibroblasts in the presence or absence of nintedanib (1, 2, 4 pM) after
72 h of treatment. b Western blotting analysis of COL-1, FN, and CTGF production at 72 h post treatment. ¢ Semiquantification of the Western
blotting results. d Immunofluorescence analysis of a-SMA expression at 72 h post treatment (x200, bar = 100 pm). e Fluorescence microscopy
image of intracellular COL-1 expression at 72 h post treatment (x40, bar = 200 pm). *P < 0.05 vs control, *P < 0.05 vs 1 pM, %P < 0.05 vs 2 M.

Antisense therapy specific to TGF-B mRNA transcripts demon-
strated downregulation of MMP-9 in keloid fibroblasts [15].
However, these studies focused on only one or two targets. We
thus hypothesized that the use of a chemical compound that
targets multiple signaling pathways would be a more efficient
approach to keloid-targeted therapy.

Nintedanib was reported as an angiogenesis inhibitor of
PDGFR-a and (, VEGFR-1, 2, and 3 and FGFR-1, 2, and 3 and
was proven effective in the therapy of many types of cancers
[10]. Moreover, the antifibrotic effects of nintedanib have
also been utilized in treating several fibrosis-related disorders,
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such as IPF and systemic sclerosis [9, 31]. Recent studies also
showed that nintedanib likely targets the TGF-B-signaling
pathway [11].

As TGF-B, VEGF, PDGF, and bFGF are involved in keloid
mechanisms [4, 26], and nintedanib is a good candidate for
targeted drug therapy for keloids, it would be interesting to
explore the roles of nintedanib in inhibiting various pathological
activities of keloid fibroblasts as preclinical experimental evidence
for future clinical studies.

This study demonstrated that nintedanib could inhibit various
pathological phenotypes, including inhibition of cell proliferation,

Acta Pharmacologica Sinica (2020) 41:1234-1245
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Fig. 5 Nintedanib inhibited collagen accumulation and disrupted microvessels in cultured keloid explants. a Immunohistochemical
analysis of COL-1, FN, CD31, and CD34 expression in cultured keloid tissue explants (X200, bar = 100 pm). b and ¢ qPCR analysis of COL-7 and
FN expression in keloid tissue explants in the presence or absence of nintedanib (2, 4 uM) treatment at day 7. d Western blot analysis of COL-1
and FN expression in keloid tissue explants in the presence or absence of nintedanib (2, 4 pM) treatment at day 7. e and f Semiquantitative
analysis of CD31" and CD34" microvessel numbers in immunohistochemically stained tissue sections. *P < 0.05 vs control.

cell cycle arrest at Go/G, phase in vitro (Fig. 1) and inhibition of KF
migration and invasion in vitro and ex vivo (Figs. 2 and 3). In
addition, it also significantly inhibited the gene expression of COL-
1, FN, a-SMA, and their protein production in vitro (Fig. 4). The
reduced protein production was also confirmed in an ex vivo
model (Fig. 5). In addition, matrix degradation is likely to be
enhanced by drug treatment, as the gene expression of PAI-1, a
serine protease inhibitor that is often highly expressed in keloid
fibroblasts [32], was significantly inhibited (Fig. 4). In addition,
nintedanib also significantly inhibited the gene expression of
FKBP10 and HSP47, both of which are highly expressed in fibrotic
tissues [33, 34]. Moreover, this study showed that MMP-1 and
MMP-3 gene expression was inhibited by the drug, which may also
partially account for the inhibited cell migration in cultured tissue
explants (Fig. 3), in which matrix degradation was also required for
cell migration out of the tissue explants.

As these pathological aspects of keloids are mediated by growth
factors, including TGF-, PDGF, VEGF, and bFGF, drug treatments are
likely to inhibit the functions of these factors. For example, CTGF, a
growth factor downstream of TGF-B [35, 36], was found to be
downregulated at both the gene and protein levels, which may
account for the inhibition of cell proliferation and matrix production.

As further evidence of the inhibition of multiple signaling
pathways, the results of Fig. 6 demonstrated that nintedanib
noticeably inhibited the phosphorylation of Smad2 and Smad3 at
higher concentrations and the MAPK pathway dose-dependently,
including the pathway components p38, ERK, and JNK. A previous
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study showed that the MAPK pathway is involved in TGF-3
transcription, in which p38 participates in the phosphorylation of
Smad2/3 in KFs, while ERK and JNK promote Smad2/3/4 complex
translocation and then regulate the expression of related genes,
such as PAI-1 [37, 38].

Consistent with the elevated Smad2 and Smad3 phosphoryla-
tion levels in keloid fibroblasts which were related to cell
proliferation, matrix synthesis, and MMP regulation in keloids
[5, 39], downregulation of Smad2 and Smad3 by RNA interference
resulted in a significant decrease in procollagen expression in
keloids [40, 41]. Thus, the observed inhibition of cell migration and
invasion as well as reduced matrix production is likely mediated
by drug inhibition of Smad-related pathways. Moreover, increase
in STAT3 activation was also found in KFs and may contribute to
keloid formation by promoting cell proliferation, migration, and
collagen production [42], while STAT3 phosphorylation was
inhibited by the drug (Fig. 6a).

In addition, VEGF, PDGF, and bFGF are also involved in keloid
pathogenesis by enhancing angiogenesis, cell proliferation, and
migration through the p38, PI3K/Akt, and MAPK pathways. The
ex vivo model study demonstrated that nintedanib significantly
inhibited the expression of CD31 and CD34 and disrupted
microvessel formation (Fig. 5), as previously reported [43]. Overall,
this study demonstrated that nintedanib could exert its therapeutic
effects on various aspects of keloid pathogenesis likely by
attenuating various signaling pathways and thus could serve as a
blocker of multiple signaling pathways.
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Fig. 6 Nintedanib inhibited intracellular signaling pathways in vitro and enhanced receptor internalization. a Western blotting showed
decreased phosphorylation of various signaling molecules at 6 h post-treatment in groups which were treated with different drug
concentrations (1, 2, 4uM). b and ¢ CCK-8 and scratch assays, respectively, showed partial rescue by MBCD of the inhibitory effect of
nintedanib on cell proliferation and migration. d Semiquantitative data analysis of the scratch assay results. e Western blotting showed partial
rescue by MBCD of the |nh|b|tory effect nintedanib on internalization of multiple growth factor receptors after 72 h of drug treatment. *P <

0.05 vs control,
MBCD (1 mM) and nintedanib (4 pM) group.

According to the literature, most protein kinase antagonists are
competitive inhibitors that interact with the ATP-binding pocket
to interfere with receptor dimerization and block the phosphor-
ylation of kinases and downstream signaling cascades [10, 21].
However, it has also been reported recently that certain drugs
indirectly block signaling pathways by promoting receptor
internalization and degradation [44]. Most of the protein kinases
are localized in regions of cholesterol-rich lipid rafts/caveolae on
cell membranes [12]. Studies have shown that MBCD can block
receptor internalization by removing cholesterol [12]. Our results
also demonstrated that MBCD was able to rescue nintedanib-
mediated receptor internalization to a certain degree, suggesting
a dual mechanism for nintedanib-mediated inhibition of signaling
pathways, i.e., it blocked the kinase ATP-binding sites as the main
mechanism, while it also promoted kinase internalization.

The drawback of this drug is that it also inhibited the
proliferation of normal dermal fibroblasts (data not shown) and
likely affected other physiological activities. A previous study on
pulmonary fibrosis also showed that nintedanib had similar
inhibitory effects on both normal pulmonary fibroblasts and
fibroblasts in IPF [45] in terms of cell proliferation, a-SMA
expression, and myofibroblast appearance. This evidence suggests
that nintedanib is less likely to be keloid cell specific and that
certain toxic effects on normal cells are possible. Therefore,
localized use of this drug for keloid treatment would be an ideal
method.

In summary, this study demonstrates that inhibition of the
TGF-B/Smad and MAPK-signaling pathways by nintedanib can
effectively inhibit the proliferation, migration, invasion, and ECM
deposition of KFs by blocking kinase ATP binding and by
enhancing kinase internalization. Although further exploration of
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*P<0.05 vs M, °P<0.05 vs N. Abbreviations: M, MBCD (1 mM) group; N, nintedanib (4 pM) group; M + N, cotreatment with

the detailed mechanism is still needed, the results revealed by the
current study support the conclusion that nintedanib is likely to
become a promising drug candidate for keloid-targeted therapy,
which deserves clinical study in the future.
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