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Rheumatoid arthritis (RA) is a multifactorial autoimmune disease that primarily manifests
as persistent synovitis and progressive joint destruction. Imatinib exhibited a therapeutic
effect in murine collagen-induced arthritis (CIA) via selective inhibition tyrosine kinases.
The second-generation tyrosine kinase inhibitor dasatinib exhibits more durable
hematological and cytogenetic effects and more potency compared to imatinib. However,
the effect of dasatinib on CIA is poorly understood. The present study investigated the
treatment effect of dasatinib on autoimmune arthritis. We demonstrated that dasatinib
alleviated arthritis symptoms and histopathological destruction in CIA mice. Dasatinib
treatment inhibited the production of proinflammatory cytokines including IL-18, TNF-a,
and IL-6, and promoted the production of the anti-inflammatory cytokine IL-10. Dasatinib
treatment also suppressed the expression of anti-mouse Cll antibodies including total
l9G, 1gG1, IgG2, and IgG2b, in CIA mice. We further demonstrated that dasatinib inhibited
the migration and proliferation of fibroblast-like synoviocytes (FLS) from RA patients and
promoted FLS apoptosis. The mRNA expression of MMP13, VEGF, FGF, and DKK1
was down-regulated in FLS treated with dasatinib. Our findings suggest that dasatinib
exhibited treatment effects on CIA mice and that FLS are an important target cell of
dasatinib treatment in autoimmune arthritis.

Keywords: rheumatoid arthritis, dasatinib, fibroblast-like synoviocyte, collagen-induced arthritis, tyrosine kinase

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, systemic, autoimmune inflammatory disease that causes
chronic inflammation in joints and subsequent cartilage destruction and bone loss. RA is a common
disease that leads to musculoskeletal disability. Small joints such as those in the hands and feet are
always involved in RA, and larger joints such as the knees are also frequently affected. RA affects
~0.5-1% of the adult population worldwide (1).

The mechanism of RA is not fully understood, but it is clear that fibroblast-like synoviocytes
(FLS) play an important role in RA (2, 3). FLS contribute to inflammation and joint destruction.
The synovium is a quiescent relatively acellular structure in normal people. Many factors such as
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high levels of cytokines, growth factors, and infiltrating
inflammatory cells, stimulate the synovium in RA, and it becomes
hyperplastic and invasive (4, 5). FLS migration and mobility
increase and FLS apoptosis is restrained in RA patients. The
synovium extends into the joint space and degrades the cartilage
matrix. Synovial cells in RA patients invade and destroy cartilage
and bone in joints. FLS strongly respond to the inflammatory
environment and contribute to joint damage. The targeting of
FLS may be an effective strategy for RA treatment.

Dasatinib is a second generation tyrosine kinase inhibitor
that is used for the treatment of chronic myeloid leukemia
or Philadelphia chromosome-positive acute lymphoblastic
leukemia (6, 7). Dasatinib exhibits more durable hematological
and cytogenetic effects and greater potency than the first-
generation tyrosine kinase inhibitor imatinib (8). Dasatinib is a
multitargeted inhibitor that inhibits BCR/ABL c¢-KIT, PDGFR,
and the SRC family kinases such as SRC, LCK, HCK, YES, and
FYN (9). Dasatinib also exhibits a better inhibitory effect on the
collagen receptor tyrosine kinases discoidin domain receptor 1
(DDR 1) and discoidin domain receptor 2 (DDR 2) than imatinib
and nilotinib (10). These tyrosine kinases play an important
role in the pathological process of RA. Inhibition of these
tyrosine kinases may be an effective treatment for RA. Previous
studies demonstrated that imatinib and nilotinib exhibited
therapeutical effects in mice with collagen-induced arthritis
(CIA) (11, 12). Dasatinib shares similar targets with imatinib
and nilotinib, but dasatinib is more potent than imatinib and
nilotinib at inhibiting tyrosine kinases (13). Dasatinib exhibits
its own specific targets, such as PI3K and ERK (14), which
are potent targets in RA treatment (15, 16). However, the
effect of dasatinib on CIA is not known. The present study
evaluated the therapeutic potency of dasatinib in CIA mice and
the effect of dasatinib on FLS from RA patients was further
demonstrated.

MATERIALS AND METHODS

Animals

Wild-type male DBA/1 mice (8-10 weeks old) were purchased
from Cavens lab animal company (Changzhou, China). DBA/1
mice were singly housed at room temperature (22 & 1°C) under a
12 h:12 h light-dark cycle with free access to water and food. The
Ethics Committee of Xijing Hospital, Fourth Military Medical
University, approved all animal and human experiments,
which were performed in accordance with institutional
regulations.

Dasatinib

Dasatinib was obtained from Bristol-Myers Squibb (USA).
Dasatinib solution was prepared as described previously.
Dasatinib was dissolved in 80 mM citric acid (pH = 2.1) as a stock
solution for in vivo experiments. The stock solution was diluted
with citrate buffer (pH = 3.1) prior to therapeutic treatment.
Dasatinib was dissolved in dimethyl sulfoxide (DMSO) as stock
solution for cell experiments.

Induction and Evaluation of

Collagen-Induced Arthritis (CIA)

CIA was induced in 8-10 weeks-old male DBA/1 mice as
previously described with some modifications. Chicken type II
collagen (CII, Sigma, USA) was dissolved in 0.01 M acetic acid
overnight at 4°C. Each mouse was injected intradermally at the
base of the tail with 150 pg of type II collagen emulsified with
an equal volume of complete Freund’s adjuvant (CFA, Sigma,
USA). Each mouse was boosted with an equal amount of 150
pg chicken type II collagen and an equal amount incomplete
Freund’s adjuvant (IFA, Sigma, USA) at the base of the tail 21 days
after the first injection. Therapeutic treatment was initiated after
the CIA model was established (arthritis score>2, approximately
at day 28). CIA mice were randomly divided into a dasatinib
group and vehicle group. Mice in the dasatinib group received
gavage of 10 mg/kg dasatinib (approximately 0.2 ml) once daily
from the 26th day to the 57th day. Mice in the vehicle group
received gavage at the same time with the same volume of citrate
buffer (pH 3.1). Mice were evaluated macroscopically for arthritis
and the thickness of each paw was measured using microcalipers
every 3 days. Mice were scored for clinical signs of arthritis in
each paw on a scale of 0-4, where 0 = normal, 1 = swelling
and/or redness in one joint, 2 = swelling and/or redness in more
than one joint, 3 = swelling and/or redness in the entire paw, and
4 = maximal swelling.

Micro CT Scan

Mice were euthanized via an intraperitoneal injection of
pentobarbital sodium on the 58th day. Ankle and knee joint
tissues were collected and scanned using an eXplore Locus SP
Pre-Clinical Specimen micro-CT (GE Healthcare, USA) with a
14 wm resolution, 80 kV tube voltage and 80 mA tube current.
The reconstruction and 3D quantitative analyses were performed
using the software provided with the micro-CT system (GE
Healthcare, USA). Bone trabecular in the distal femur with a
thickness of 1 mm was defined as a region of interest (ROI).
BMD, BV/TV, BS/BV, Tb.Th, Tb.N, and Tb.Sp were measured
and analyzed in the ROI using the software of the micro-CT
system for quantitative assessment (17, 18). The same settings for
scans and analyses were used for all samples.

Histopathological Examination

Mouse ankle joint tissues were fixed in 4% paraformaldehyde
for 2 days and decalcified in 17% EDTA. Decalcified tissues
were embedded in paraffin and sectioned. Sections (5pum)
were stained with hematoxylin and eosin to evaluate the
morphology, and toluidine blue and safranin O were used
to assess proteoglycans. Immunohistochemistry was performed
using CD31. Sections were incubated with a CD31 primary
antibody overnight at 4°C and incubated with a secondary
antibody for 1 h. Sections were counterstained with hematoxylin.
Sections were evaluated for bone and/or cartilage erosion,
synovitis, and pannus formation based on a previously described
scoring system: grade 0, normal; grade 1, mild inflammation,
mild cell infiltration, mild hyperplasia of the synovial lining layer,
mild cartilage destruction without bone erosion; and grades 2-
4, increasing degrees of inflammatory cell infiltrates, synovial
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lining hyperplasia, and pannus formation and cartilage and bone
destruction (19).

Measurement of Serum Cytokine Levels
Peripheral blood was collected on day 58 followed by
centrifugation at 2,000 rpm for 10min. The levels of the
inflammatory cytokines, including IL-1B, TNF-a, IL-6, and IL-
10 were measured using ELISA kits (PeproTech, USA) in serum
samples following the manufacturer’s instructions. Serum levels
of anti-mouse CII antibodies including total IgG, IgG1, IgG2,
and IgG2b were measured using ELISA kits(Invitrogen, USA)
according to the manufacturer’s instructions.

Cell Culture

Synovium tissues were obtained from RA patients undergoing
total knee replacement in the Department of Orthopedics, Xijing
Hospital. Two experienced doctors diagnosed RA patients in
conformance to the American College of Rheumatology 1987
revised criteria. Synovium tissues were cut into small pieces and
washed in cold sterile phosphate buffered saline (PBS). Then the
small pieces of synovium tissues were digested in a serum-free
DMEM solution with 1 mg/ml collagenase type I (Sigma, USA)
in 5% CO; and 37°C for 6 h with gentle rotation. Tissues were
washed three times and resuspended in DMEM solution with
20% fetal bovine serum (FBS). Cells were cultured for 24 h and
non-adherent cells were discarded. Adherent cells were cultured
in DMEM solution with 20% FBS, 100 U/ml penicillin and 100
U/ml streptomycin in 5% CO, and 37°C. Cells from passages 3-5
were used in the experiments.

Erasion Trace Test

The erasion trace test was used to assess the migration of FLS.
Cells were seeded on 6-well plates. Cells were cultured to ~80%
confluency, and parallel lines with 0.5 cm spacing were drawn
using 200 pl sterile tips on the bottom of each well. The scraped-
off cells were washed out. Cells were cultured in a 20% FBS-
DMEM solution with or without 2.5 g/ml dasatinib for 24 h.
Images were obtained under a microscope at 0, 12, and 24 h.
Migration was quantified via counting the number of cells that
crossed the parallel line.

Transwell Migration Assay

The transwell migration assay was also used to assess FLS
migration. A total of 1 x 10° cells were seeded into the
upper chamber of a transwell insert (Corning, USA) with 8 um
porosity polycarbonate filters in 200 pl of serum-free DMEM
with or without 2.5 pg/ml dasatinib. A 20% FBS-DMEM solution
(600 pm) with or without 2.5 jLg/ml dasatinib was added to the
lower chamber. Cells in the upper chamber were gently removed
after 24 h using cotton swabs. Cells that immigrated to the lower
surface of the inserts were fixed with 95% ethanol and stained
using crystal violet. Images were obtained under a microscope,

and migration was quantified via counting the number of cells in
each field.

Cell Proliferation Assay
Cell  proliferation  ability =~ was  assessed using 5-
bromodeoxyuridine (BrdU). Cells were seeded in 3 replicates

in 48-well plates with a 6 mm-diameter cover glass in each
well. Cells were cultured to approximately 70% confluency
and treated with or without 2.5 pg/ml dasatinib for 24 h. Cells
were incubated with 10 M BrdU (Sigma, USA) for 60 min
and fixed in 4% paraformaldehyde for 15min. Fixed cells
were permeabilized with 0.1% Triton X-100 and incubated
with 2N HCI for 30min at 37°C and 0.1 M borate buffer
for 10min at room temperature. Cells were blocked with
goat serum and incubated with an anti-BrdU antibody (BD
Biosciences, USA, 1:100) at 4°C overnight. Cells were reacted
with TRITC-labeled anti-rat IgG. The fluorescent signal was
captured using confocal laser-scanning microscopy (Nikon,
Japan).

Cell Apoptosis Assay

Cell apoptosis was detected using flow cytometry and an Annexin
V-FITC apoptosis detection kit (BD Biosciences, USA) according
to the manufacturers instructions. Cells were seeded in 3
replicates in 6-well plates and treated with or without 2.5 pg/ml
dasatinib for 1, 3, and 5 d. Cells were harvested using trypsin-
EDTA, washed twice with cold PBS, centrifuged and double-
stained with annexin V-FITC and PI in binding buffer for 15 min
in the dark at room temperature Stained cells were subjected to
flow cytometry.

Reverse Transcription Polymerase Chain

Reaction

Total cellular RNA was extracted using RNAiso Plus (Takara,
Japan) according to the manufacturer’s instructions. Total
RNA (500 ng) was reverse transcribed to ¢cDNA using the
PrimeScript™ RT reagent kit (Takara, Japan). RT-PCR was
performed using the CFX96 (BIO-RAD, USA) instrument (BIO-
RAD, USA), and individual PCRs were performed in 96-well
optical reaction plates using SYBR® Premix Ex Taq™ (Takara,
Japan) according to the manufacturer’s instructions. Target gene
(MMP13, DKK1, VEGF and FGF) expression was normalized
to the reference human gene 3-actin. The 2-A ACt method was
used to calculate the relative gene expression. PCR was performed
using a program of 40 cycles at 95°C for 5s and 60°C for
30s. PCR products were subjected to a melting curve analysis
and a standard curve to confirm the correct amplification. All
PCRs were performed in triplicate. The sense primer for f-actin
was TGACGGGGTCACCCACACTGTGCCCATCTA, and the
antisense primer was CTAGAAGCATTTGCGGTGGACGAT
GGAGGG. The sense primer for MMP13 was TCCTGGGCC
AAATTATGGAG, and the antisense primer was TTGCCGGTG
TAGGTGTAGATAGGAA. The sense primer for VEGF was GCA
GAATCATCACGAAGTGG, and the antisense primer was GCA
TGGTGATGTTGGACTCC. The sense primer for FGF was GAA
GAGCGACCCTCACATCAAG, and the antisense primer was C
TGCCCAGTTCGTTTCAGTG. The sense primer for DKK1 was
AGCACCTTGGATGGGTATTC, and the antisense primer was
CACACTTGACCTTCTTTCAGGA.

Statistical Analysis
All data are presented as the mean £ SEM and were analyzed
using the Statistical Package for the Social Sciences (SPSS)
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13.0 for Windows (Chicago, IL, USA). Groups were compared
using independent-samples t-tests. P < 0.05 was considered
significant.

RESULTS

Dasatinib Treatment Attenuated RA
Severity in CIA Mice

We first investigated the treatment effect of dasatinib in mice
with CIA. The CIA model was established in DBA/1] mouse. CIA
was induced via the injection of chicken CII emulsified in CFA
intradermally at the base of the tail. DBA/1 mice were boosted
with an injection of chicken CII emulsified in IFA on the 21st day.
Mice in the dasatinib group received 10 mg/kg (20, 21) dasatinib
from the day 26 to 57 orally once a day. Mice in the vehicle group
received the same volume of citrate buffer (pH 3.1) at the same
times.

The severity of CIA was evaluated using macroscopic
observation, arthritis scores and paw thickness. The body weights
of mice in the dasatinib group were markedly higher than
the vehicle group (Figure 1A). Dasatinib treatment significantly
decreased arthritis scores and paw thickness (Figures 1B,C).
CIA developed as paw swelling and redness 26 days after the
first injection. The plateaus of the peak arthritis scores and
paw thickness were obtained after the 36th day. Macroscopic
observation revealed significantly reduced paw redness and
swelling in the dasatinib group compared to the vehicle group
(Figure 1D).

Dasatinib Treatment Alleviated Bone
Destruction in Mice With CIA

Bone destruction of CIA mice was evaluated using micro-
CT. The knee joints, ankle joints and bone trabecular in the
distal femur were reconstructed using the software of the
micro-CT system. Bone destruction was observed. The vehicle
group exhibited severe bone erosion and large bone volume
loss in the 3D model (Figure 2A) of reconstruction and 2D
CT tomographic images (Figure 2B). The bone surface was
crude and the joint space was unclear in the vehicle group.
Bone erosion and the volume of bone loss were alleviated
in mice in the dasatinib group. The bone surface was much
smoother and the joint space was much clearer in ankle
joints of CIA mice treated with dasatinib (Figures2A,B).
The following 3D parameters were used to analyze the bone
trabecular and quantify the bone destruction level: bone mineral
density (BMD), bone volume to tissue volume (BV/TV), bone
surface to bone volume (BS/BV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), and trabecular separation (Tb.Sp).
BMD, BV/TV, Tb.Th, and Tb.N were significantly higher in
the dasatinib-treated group than the vehicle group, and BS/BV
and Tb.Sp were markedly lower in the dasatinib-treated group
than the vehicle group (Figure2C). The quantified indexes
demonstrated that dasatinib alleviated bone destruction in mice
with CIA.
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FIGURE 1 | Treatment with dasatinib attenuated the severity of arthritis in mice
with CIA. DBA/1J mice were immunized twice with chicken ClI150 g chicken
type Il collagen. Mice received gavage once daily from the 28th day to the 57th
day with 10 mg/kg dasatinib and the same volume of control vehicle. All data
are presented as the mean + SEM. *P < 0.05, #P < 0.01 vs. vehicle group (n
= 9 per group). (A-C) Weight (A), arthritis score (B), and mean paw thickness
(C) were calculated every 3 days from the 28th day to the 58th day after the
first injection. (D) Macroscopic observations of the front and hind paws of mice
on the 58th day.

Dasatinib Treatment Improved the Tissue
Structure of the Ankle Joint in Mice With
CIA

Histopathological analyses were performed on hind ankle
joints to evaluate the tissue structure alterations in CIA mice.
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FIGURE 2 | Micro-CT was used to evaluate bone destruction in CIA mice. (A) 3D model of knee joints, ankle joints, and bone trabecular in the distal femur
reconstructed using the software of the micro-CT system. (B) 2D CT tomographic images of ankle joints. (C) 3D parameters of bone trabecular in distal femur
analyzed using the software of the micro-CT system. *P < 0.05, **P < 0.01 vs. vehicle group (n = 4 per group).

Representative images of H&E stain, toluidine blue stain, safranin
O stain and CD31 immunohistochemistry stain of the ankle
are presented in Figure 3A. H&E stains revealed less severe
synovium hyperplasia, inflammation and bone loss in CIA
mice treated with dasatinib. Assessments of cartilage destruction
using toluidine blue and safranin O stains revealed that the
ankle joints from dasatinib-treated CIA mice exhibited marked
alleviation of cartilage damage compared to ankle joints from
vehicle-treated mice. CD31 immunohistochemistry was used to

access pannus formation. Fewer vessels were observed in the
dasatinib-treated group than the vehicle group. Vessels in the
dasatinib-treated group were much smaller than the vehicle
group. The histology scores of synovitis, inflammation, cartilage
damage, bone erosion, and pannus formation in ankle joints
from dasatinib-treated CIA mice were significantly lower than
vehicle-treated CIA mice (Figure 3B). These results suggest that
the administration of dasatinib inhibits the structural destruction
of ankle joints in mice with CIA.
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Dasatinib Treatment Suppressed
Inflammatory Responses in Mice With CIA

We measured the levels of proinflammatory cytokines including
IL-1B, TNF-a, and IL-6, and the anti-inflammatory cytokine IL-
10 in serum samples using ELISA to elucidate the mechanisms
underlying the observed decrease in CIA severity following
dasatinib treatment. The levels of IL-18, TNF-a, and IL-6 were
significantly lower in serum samples from CIA mice treated
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FIGURE 3 | Histopathological analyses were performed on hind ankle joints to
evaluate the tissue structure alterations in CIA mice. (A) H&E stain, toluidine
blue stain, safranin O stain and CD31 immunohistochemistry stain of ankle
slices. (B) Histology scores of synovitis, inflammation, cartilage damage, bone
erosion, and pannus formation in ankle joints. *P < 0.05, **P < 0.01 vs.
vehicle group (n = 6 per group).

with dasatinib than vehicle-treated CIA mice (Figures 4A-C).
The level of IL-10 in serum samples from the dasatinib group
was markedly higher than the vehicle group (Figure 4D). These
data suggest that dasatinib treatment exerts a therapeutic effect
on CIA severity via inhibition of proinflammatory cytokines
production, including IL-1f, TNF-a, and IL-6 and promotion of
the anti-inflammatory cytokine IL-10.

Dasatinib Treatment Decreased Serum

Anti-mouse CII Antibodies in Mice With CIA
We determined the levels of total IgG, 1gG1, 1gG2, and IgG2b in
serum samples to further investigate the mechanisms of dasatinib
suppression of arthritis induction in mice. The expression of total
IgG, IgGl, IgG2, and IgG2b decreased significantly in serum
samples from CIA mice treated with dasatinib compared to
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FIGURE 4 | The levels of proinflammatory cytokines including IL-18 (A), TNF-a
(B), IL-6 (C), and anti-inflammatory cytokine IL-10 (D), anti-mouse ClI
antibodies including total IgG (E), IgG1 (F), 1gG2 (G), and IgG2b (H) in serum
samples of CIA mice were measured using ELISA. *P < 0.05, **P < 0.01 vs.
vehicle group (n = 6 per group).
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vehicle-treated CIA mice (Figures 4E-H). These data indicate
that the treatment effect of dasatinib in mice with CIA
is associated with decreased serum level of anti-mouse CII
antibodies.

Dasatinib Suppressed the Migration of RA

FLS

We investigated the effects of dasatinib on FLS from RA patients
to elucidate the mechanisms of dasatinib treatment on CIA. FLS
were separated from synovial tissue of RA patients. The erasion
trace test and transwell migration assay were used to assess cell
migration. Cells treated with dasatinib migrated much slower
than control cells treated with DMSO in the erasion trace test
(Figure 5A). The number of cells that migrated to the wound
region at 12 and 24 h was significantly lower in dasatinib-treated
wells than control wells (Figure 5B). Only a few dasatinib-
treated cells migrated through porosity polycarbonate filters to
the lower surface of the inserts in the transwell migration assay
(Figure 5C). The number of cells on the lower surface of the
inserts in dasatinib-treated wells was much lower than the control
wells (Figure 5D). These results indicate that dasatinib strongly
inhibits the migration of FLS from RA patients.

Dasatinib Inhibited RA FLS Proliferation
5-Bromodeoxyuridine (BrdU) was used to evaluate cell
proliferation. Cell proliferation was markedly inhibited after a
24 h treatment with dasatinib. Few BrdU-positive cells (TRITC,
red) were observed in dasatinib-treated FLS (Figure 6A). The
number of BrdU-positive cells was significantly larger in control
FLS cells than dasatinib-treated cells (Figure 6B). This result
reveals that dasatinib suppresses the proliferation of FLS from
RA patients.

Dasatinib Promoted RA FLS Apoptosis

Cell apoptosis was detected using flow cytometry. The
percentages of early and late apoptosis increased after dasatinib
treatment (Figure 7A). Quantitative analyses revealed that the
total percentage of apoptosis (including early and late apoptosis)
increased significantly after treatment with dasatinib for 3 and 5
d (Figure 7B).

Dasatinib Down-Regulated mRNA
Expression of MMP13, VEGF, FGF, and

DKK1 in RA FLS

The mRNA expression of MMP13, VEGEF, FGE, and DKK1 in
FLS was measured using RT-PCR to further investigate the
mechanism of action of dasatinib treatment on CIA. The mRNA
expression of MMP13, VEGE, FGE and DKKI was significantly
lower in FLS treated with dasatinib for 24 h than FLS treated with
DMSO (Figure 8).

DISCUSSION

The present study investigated the treatment effect of dasatinib
on CIA mice. The alleviation of arthritis symptoms and
histopathological destruction was observed in CIA mice treated
with dasatinib. We also found that dasatinib inhibited the
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FIGURE 6 | The effect of dasatinib on FLS proliferation in RA patients was
evaluated using BrdU staining. (A) Microscope observation of FLS treated with
dasatinib and control vehicle. (B) The number of BrdU-positive cells in each
field. **P < 0.01 vs. vehicle group (n = 4 per group).

migration and proliferation of FLS from RA patients, and
dasatinib promoted RA FLS apoptosis. The mRNA expression
of MMP13, VEGE, FGE and DKK1 was down-regulated in FLS
treated with dasatinib.

RA is a heterogeneous disease with a complex
pathomechanism. Many cells participate in the pathophysiology
of RA. The treatment of RA requires multi-target drugs.
Dasatinib is a multitargeted inhibitor. Previous studies
demonstrated that dasatinib exhibited strong inhibition of ABL
and BCR/ABL tyrosine kinases and broad activity against Src-
family tyrosine kinases (22-24). Dasatinib is a second-generation
tyrosine kinase inhibitor. Tyrosine kinases play important roles
in a variety of cellular events, such as differentiation, metabolism,
proliferation, migration, and apoptosis (25, 26). Numerous
tyrosine kinases participate in the pathophysiology of RA,
including PDGFR, SCF-R/KIT, SRC, JAK, and SYK (27-29).
These tyrosine kinases may be potential targets in RA therapy
(30, 31).

Small-molecule tyrosine kinase inhibitors, such as imatinib,
nilotinib, and dasatinib are used in the treatment of chronic
myeloid leukemia. Imatinib exhibits preventive and treatment
effects in CIA mice (11). Imatinib suppresses many signaling
pathways implicated in RA pathological processes, such as
mast cell c-Kit signaling, TNF-a release, macrophage c-Fms
activation, cytokine production, and fibroblast PDGFR signaling
and proliferation (11). Nilotinib exhibits different mechanisms
than imatinib in the prevention of GPI-induced arthritis.
Imatinib suppresses inflammatory and T-cell-derived cytokine
production, and nilotinib only inhibits T-cell-derived cytokine
production. Dasatinib exhibits similar targets and clinic use as
imatinib and nilotinib (10), but it exhibits some differences in
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tyrosine kinase targeting and efficacy (13, 14). Dasatinib is more
potent than the other two tyrosine kinase inhibitors (32).

Synovial tissue exhibits remarkable changes in RA. The
synovium has two layers, an intimal lining layer and a
sublining layer (3). Both layers undergo dramatic changes
during RA pathophysiology. FLS, which are also known as type
B synoviocytes, are an important component of the intimal
lining layer. FLS are involved in many RA pathophysiological
mechanisms. FLS play a vital role in cartilage degeneration, bone
damage, inflammation reaction and pannus growth (4, 33-35).
FLS increase in number and become more aggressive in RA.
The balance between proliferation and apoptosis is disrupted.
FLS exhibit strong resistance to apoptosis. FLS are key effector
cells in RA and important target cells in RA treatment (3). The
present study found that dasatinib inhibited the migration and
proliferation of RA FLS and promoted RA FLS apoptosis. The
amount of synovium also decreased in CIA mice treated with
dasatinib.

Bone erosion is one striking features of RA. Osteoclasts
are primarily responsible for bone destruction. Osteoclasts are
activated in RA, and bone mass resorption occurs. Dasatinib

demonstrated convergent bone anabolic and reduced bone
resorption effects (36). It inhibited osteoclast formation in mouse
primary bone marrow-derived monocytes and PC-3 cell-induced
osteoclast differentiation (37). Dasatinib greatly alleviated bone
erosion in joints and bone trabecular in mice with CIA. FLS
play important roles in bone destruction. FLS produce massive
amounts of inflammatory mediators and degradative enzymes
in RA (38), including receptor activator of nuclear factor kappa
B ligand (RANKL) (39, 40), which is essential for osteoclast
differentiation and bone resorption (41, 42). FLS also prevent
bone formation via osteoblast inhibition. The overexpression of
Dickkopf-1 (DKK-1), which is an osteoblast inhibitor, was widely
detected in RA synovium, especially in FLS (43). The expression
of DKK-1 correlated with bone erosion and inflammation in
RA (44). DKK-1 induces bone destruction and enhances the
migration of FLS in RA (45, 46). Dasatinib suppressed the
migration and proliferation of FLS from RA patients in the
present study. The mRNA expression of DKK-1 was decreased
in FLS treated with dasatinib. RANKL and DKK-1 expression
in FLS may be downregulated because of the decrease in the
number of FLS. We found that the mRNA expression of DKK1
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was suppressed in FLS treated with dasatinib. This suppression
may be an important reason for the alleviation of bone erosion
by dasatinib in mice with CIA. These results indicate that the
synovium is an important target in the treatment of RA with
dasatinib.

Heightened inflammation always occurs in RA patients. The
magnitude of the inflammatory response is a major cause of
bone destruction and synovium invasion. The overexpression
of proinflammatory cytokines, such as IL-1B, TNF-a, and IL-
6, and low expression of the anti-inflammatory cytokine IL-
10 are important factors in the RA pathomechanism (2).
Anti-inflammatories are an important factor in RA therapy.
Dasatinib exhibits anti-inflammatory effects. Dasatinib treatment
suppressed the secretion of TNF-a in response to toll-like
receptor (TLR) in vitro and in vivo (47). TNF-a levels in
blood samples from a multiple sclerosis mouse model decreased
significantly after dasatinib therapy (48). Dasatinib elevated the
production of IL-10 and inhibited the expression of IL-6, IL-
12p40, and TNF-a in TLR-stimulated macrophages (49). The
present study found that dasatinib treatment alleviated paw
redness and swelling. We also found that the levels of IL-18, TNF-
a, and IL-6 were significantly suppressed and that the level of IL-
10 was markedly increased in serum samples of CIA mice treated
with dasatinib. These results indicate that dasatinib suppresses
inflammatory activity in mice with CIA.

Dasatinib exhibits potent DDR1 and DDR2 inhibitory activity
(10). DDR2 participates in the pathological processes of RA (50).

DDR2 is a key regulator of MMP13 expression (51), which is
crucial to articular cartilage damage in RA. MMPs are potent
destructors of the extracellular matrix. MMP13 exhibits high
affinity for cartilage and bone degradation. MMP13 exhibits
strong potency in the degradation of the cartilage proteoglycan
aggrecan and collagen types I, II, and III, especially collagen
type II. MMP13 expression was found in synovial tissues of
RA patients but not healthy people (52). The levels of MMP13
mRNA are associated with the destructive course of RA (53).
The expression of MMP13 mRNA was decreased in FLS treated
with dasatinib. This effect may contribute to the DDR2 inhibitory
activity of dasatinib. The inhibition of MMP13 mRNA may be an
important mechanism of dasatinib treatment effect in CIA mice.

Angiogenesis plays a critical role in the pathogenesis of RA
(54). The healthy two-layer lining structure becomes a pannus-
like structure with hyperplasia of synovium in FLS of RA
patients. More oxygen is consumed in the synovium because
of the hyperplasia of FLS. This hypoxic environment stimulates
vessel formation. Many newly formed blood vessels play an
important function in the pathological changes of the synovium.
FLS in RA are activated in a hypoxic environment and secrete
growth factors, including VEGF and FGF (55, 56), which are key
regulators of angiogenesis. The mRNA expression of VEGF and
FGF were suppressed in FLS treated with dasatinib in the present
study, and fewer pannus were observed in histopathological
examinations of ankle joints of CIA mice treated with dasatinib.
Previous study found that a host deficiency of DDR2 inhibited
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angiogenesis (57). These results suggest that dasatinib inhibits
angiogenesis in RA synovium via suppression of DDR2.

In conclusion, we found that dasatinib exhibited a therapy
effect in CIA mice. Dasatinib decreased the severity of
inflammation and joint destruction. FLS are important target
cells in dasatinib treatment of CIA mice. These results provide
a promising and powerful strategy for RA treatment.

ETHICS STATEMENT

All animal and human experiments were approved by the
Ethics Committee of Xijing hospital, Fourth Military Medical
University and were performed in accordance with institutional

REFERENCES

1. Firestein GS. Evolving concepts of rheumatoid arthritis. Nature (2003)
423:356-61. doi: 10.1038/nature01661

2. Noss EH, Brenner MB. The role and therapeutic implications of fibroblast-like
synoviocytes in inflammation and cartilage erosion in rheumatoid arthritis.
Immunol Rev. (2008) 223:252-70. doi: 10.1111/j.1600-065X.2008.00648.x

3. Bartok B, Firestein GS. Fibroblast-like synoviocytes: key effector
cells in rheumatoid arthritis. Immunol Rev. (2010) 233:233-55.
doi: 10.1111/j.0105-2896.2009.00859.x

4. Bottini N, Firestein GS. Duality of fibroblast-like synoviocytes in RA: passive
responders and imprinted aggressors. Nat Rev Rheumatol. (2013) 9:24-33.
doi: 10.1038/nrrheum.2012.190

5. Collison J. Rheumatoid arthritis: features of synovium in RA remission
revealed. Nat Rev Rheumatol. (2016) 12:316. doi: 10.1038/nrrheum.2016.63

6. Hekim C, Ilander M, Yan J, Michaud E, Smykla R, Vihi-Koskela M, et al.
Dasatinib changes immune cell profiles concomitant with reduced tumor
growth in several murine solid tumor models. Cancer Immunol Res. (2017)
5:157-69. doi: 10.1158/2326-6066.CIR-16-0061-T

7. Keating GM. Dasatinib: a in chronic myeloid leukaemia
and Ph+ acute lymphoblastic leukaemia. Drugs (2017) 77:85-96.
doi: 10.1007/s40265-016-0677-x

8. Chen R, Chen B. The role of dasatinib in the management of chronic myeloid
leukemia. Drug Des Devel Ther. (2015) 9:773-9. doi: 10.2147/DDDT.S80207

9. Korashy HM, Rahman AF, Kassem MG. Dasatinib. Profiles Drug Subst Excip
Relat Methodol. (2014) 39:205-37. doi: 10.1016/B978-0-12-800173-8.00004-0

10. Day E, Waters B, Spiegel K, Alnadaf T, Manley PW, Buchdunger E, et al.
Inhibition of collagen-induced discoidin domain receptor 1 and 2 activation
by imatinib, nilotinib and dasatinib. Eur ] Pharmacol. (2008) 599:44-53.
doi: 10.1016/j.ejphar.2008.10.014

11. Paniagua RT, Sharpe O, Ho PP, Chan SM, Chang A, Higgins JP,
et al. Selective tyrosine kinase inhibition by imatinib mesylate for the
treatment of autoimmune arthritis. J Clin Invest. (2006) 116:2633-42.
doi: 10.1172/JCI28546

12. Akashi N, Matsumoto I, Tanaka Y, Inoue A, Yamamoto K, Umeda N, et al.
Comparative suppressive effects of tyrosine kinase inhibitors imatinib and
nilotinib in models of autoimmune arthritis. Mod Rheumatol. (2011) 21:267—
75. doi: 10.3109/s10165-010-0392-5

13. Dohse M, Scharenberg C, Shukla S, Robey RW, Volkmann T, Deeken JE
et al. Comparison of ATP-binding cassette transporter interactions with the
tyrosine kinase inhibitors imatinib, nilotinib, and dasatinib. Drug Metab
Dispos. (2010) 38:1371-80. doi: 10.1124/dmd.109.031302

14. Salih J, Hilpert J, Placke T, Griinebach F Steinle A, Salih HR, et al. The
BCR/ABL-inhibitors imatinib, nilotinib and dasatinib differentially affect NK
cell reactivity. Int ] Cancer (2010) 127:2119-28. doi: 10.1002/ijc.25233

15. Pan Y], Wang WH, Huang TY, Weng H-S, Fang C-K, Chen Y-C, et al.
Quetiapine ameliorates collagen-induced arthritis in mice via the suppression
of the AKT and ERK signaling pathways. Inflamm Res. (2018) 67:847-61.
doi: 10.1007/s00011-018-1176-1

review

regulations. Synovium tissues were obtained from RA patients
undergoing total knee replacement in the department of
orthopedic, Xijing hospital. RA patients were informed and
agreed to donate their synovium tissues for the experiment and
signed written informed consent form before operation.

AUTHOR CONTRIBUTIONS

KG, JZ, XB, CY, QZ, and DZ conceived and designed the study.
KG, JZ, XB, CY, XC, and HB performed the experiments. KG,
XC, and HB wrote the paper. JZ, XB, QZ, and DZ reviewed
and edited the manuscript. All authors read and approved the
manuscript.

16. Lin J, He Y, Wang B, Xun Z, Chen S, Zeng Z, et al. Blocking of YY1
reduce neutrophil infiltration by inhibiting IL 8 production via the PI3K-Akt-
mTOR signaling pathway in rheumatoid arthritis. Clin Exp Immunol. (2018).
doi: 10.1111/cei.13218. [Epub ahead of print].

17. Wang X, Guo B, Li Q. miR-214 targets ATF4 to inhibit bone formation. Nat
Med. (2013) 19:93-100. doi: 10.1038/nm.3026

18. Hardy RS, Fenton C, Croft AP, Naylor AJ, Begum R, Desanti G, et al. 11 Beta-
hydroxysteroid dehydrogenase type 1 regulates synovitis, joint destruction,
and systemic bone loss in chronic polyarthritis. ] Autoimmun. (2018) 92:104-
13. doi: 10.1016/j.jaut.2018.05.010

19. Deng GM, Zheng L, Chan FK, Lenardo M. Amelioration of inflammatory
arthritis by targeting the pre-ligand assembly domain of tumor necrosis factor
receptors. Nat Med. (2005) 11:1066-72. doi: 10.1038/nm1304

20. Qian XL, Zhang J, Li PZ, Lang RG, Li WD, Sun H, et al. Dasatinib inhibits c-
src phosphorylation and prevents the proliferation of Triple-Negative Breast
Cancer (TNBC) cells which overexpress Syndecan-Binding Protein (SDCBP).
PLOS ONE (2017) 12:e171169. doi: 10.1371/journal.pone.0171169

21. Mittapalli RK, Vaidhyanathan S, Sane R, Elmquist WF. Impact of P-
glycoprotein (ABCB1) and breast cancer resistance protein (ABCG2)
on the brain distribution of a novel BRAF inhibitor: vemurafenib
(PLX4032). ] Pharmacol Exp Ther. (2012) 342:33-40. doi: 10.1124/jpet.112.
192195

22. Shah NP, Tran C, Lee FY, Chen P, Norris D, Sawyers CL. Overriding imatinib
resistance with a novel ABL kinase inhibitor. Science (2004) 305:399-401.
doi: 10.1126/science.1099480

23. Morita M, Nishinaka Y, Kato I, Saida S, Hiramatsu H, Kamikubo Y, et al.
Dasatinib induces autophagy in mice with Bcr-Abl-positive leukemia. Int |
Hematol. (2016) 105:335-40. doi: 10.1007/s12185-016-2137-5

24. Tiwari RK, Brown A, Sadeghiani N, Shirazi AN, Bolton J, Tse A, et al.
Design, synthesis, and evaluation of dasatinib-amino acid and dasatinib-fatty
acid conjugates as protein tyrosine kinase inhibitors. Chemmedchem (2017)
12:86-99. doi: 10.1002/cmdc.201600387

25. Chojnacka K, Mruk DD. The Src non-receptor tyrosine kinase paradigm:
new insights into mammalian Sertoli cell biology. Mol Cell Endocrinol. (2015)
415:133-42. doi: 10.1016/j.mce.2015.08.012

26. McDonell LM, Kernohan KD, Boycott KM, Sawyer SL. Receptor tyrosine
kinase mutations in developmental syndromes and cancer: two sides of the
same coin. Hum Mol Genet. (2015) 24:R60-6. doi: 10.1093/hmg/ddv254

27. Tristano AG. Tyrosine kinases as targets in rheumatoid arthritis. Int
Immunopharmacol. (2009) 9:1-9. doi: 10.1016/j.intimp.2008.09.010

28. Norman P. Investigational Bruton’s tyrosine kinase inhibitors for the
treatment of rheumatoid arthritis. Expert Opin Investig Drugs (2016) 25:891-
9. doi: 10.1080/13543784.2016.1182499

29. Hu Y, Wang X, Wu Y, Jin W, Cheng B, Fang X, et al. Role of EFNB1 and
EFNB?2 in mouse collagen-induced arthritis and human rheumatoid arthritis.
Arthritis Rheumatol. (2015) 67:1778-88. doi: 10.1002/art.39116

30. D’Aura SC, Paniagua RT, Lindstrom TM, Robinson WH. Tyrosine kinases as
targets for the treatment of rheumatoid arthritis. Nat Rev Rheumatol. (2009)
5:317-24. doi: 10.1038/nrrheum.2009.82

Frontiers in Immunology | www.frontiersin.org

January 2019 | Volume 9 | Article 3133


https://doi.org/10.1038/nature01661
https://doi.org/10.1111/j.1600-065X.2008.00648.x
https://doi.org/10.1111/j.0105-2896.2009.00859.x
https://doi.org/10.1038/nrrheum.2012.190
https://doi.org/10.1038/nrrheum.2016.63
https://doi.org/10.1158/2326-6066.CIR-16-0061-T
https://doi.org/10.1007/s40265-016-0677-x
https://doi.org/10.2147/DDDT.S80207
https://doi.org/10.1016/B978-0-12-800173-8.00004-0
https://doi.org/10.1016/j.ejphar.2008.10.014
https://doi.org/10.1172/JCI28546
https://doi.org/10.3109/s10165-010-0392-5
https://doi.org/10.1124/dmd.109.031302
https://doi.org/10.1002/ijc.25233
https://doi.org/10.1007/s00011-018-1176-1
https://doi.org/10.1111/cei.13218
https://doi.org/10.1038/nm.3026
https://doi.org/10.1016/j.jaut.2018.05.010
https://doi.org/10.1038/nm1304
https://doi.org/10.1371/journal.pone.0171169
https://doi.org/10.1124/jpet.112.192195
https://doi.org/10.1126/science.1099480
https://doi.org/10.1007/s12185-016-2137-5
https://doi.org/10.1002/cmdc.201600387
https://doi.org/10.1016/j.mce.2015.08.012
https://doi.org/10.1093/hmg/ddv254
https://doi.org/10.1016/j.intimp.2008.09.010
https://doi.org/10.1080/13543784.2016.1182499
https://doi.org/10.1002/art.39116
https://doi.org/10.1038/nrrheum.2009.82
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Guo et al.

Dasatinib Treats Autoimmune Arthritis

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gomez-Puerta JA, Mocsai A. Tyrosine kinase inhibitors for the treatment
of rheumatoid arthritis. Curr Top Med Chem. (2013) 13:760-73.
doi: 10.2174/15680266113139990094

Deguchi Y, Kimura S, Ashihara E, Niwa T, Hodohara K, Fujiyama
Y, et al. Comparison of imatinib, dasatinib, nilotinib and INNO-
406 in imatinib-resistant cell Leuk Res. (2008) 32:980-3.
doi: 10.1016/j.leukres.2007.11.008

Ahn JK, Kim S, Hwang J, Kim J, Kim KH, Cha HS. GC/TOF-MS-
based metabolomic profiling in cultured fibroblast-like synoviocytes
from rheumatoid arthritis. Joint Bone Spine (2016) 83:707-13.
doi: 10.1016/j.jbspin.2015.11.009

Liu Y, Sun Z, Xu D, Liu J, Li X, Wu X, et al. Hesperidin derivative-
11 inhibits fibroblast-like synoviocytes proliferation by activating Secreted
frizzled-related protein 2 in adjuvant arthritis rats. Eur | Pharmacol. (2017)
794:173-83. doi: 10.1016/j.ejphar.2016.10.004

Pan E, Zhu L, Lv H, Pei C. Quercetin promotes the apoptosis of fibroblast-like
synoviocytes in rheumatoid arthritis by upregulating IncRNA MALAT1. Int |
Mol Med. (2016) 38:1507-14. doi: 10.3892/ijmm.2016.2755

Garcia-Gomez A, Ocio EM, Crusoe E, Santamaria C, Hernandez-
Campo P, Blanco JE et al. Dasatinib as a bone-modifying agent:
anabolic and anti-resorptive effects. PLOS ONE (2012) 7:e34914.
doi: 10.1371/journal.pone.0034914

Vandyke K, Dewar AL, Diamond P, Fitter S, Schultz CG, Sims NA, et al.
The tyrosine kinase inhibitor dasatinib dysregulates bone remodeling through
inhibition of osteoclasts in vivo. ] Bone Miner Res. (2010) 25:1759-70.
doi: 10.1002/jbmr.85

Wei ZE Jiao XL, Wang T, Lu Q, Xia YE Wang ZT, et al. Norisoboldine
alleviates joint destruction in rats with adjuvant-induced arthritis by reducing
RANKL, IL-6, PGE(2), and MMP-13 expression. Acta Pharmacol Sin. (2013)
34:403-13. doi: 10.1038/aps.2012.187

Li CH, Xu LL, Zhao JX, Sun L, Yao ZQ, Deng XL, et al. CXCL16 upregulates
RANKL expression in rheumatoid arthritis synovial fibroblasts through the
JAK2/STAT3 and p38/MAPK signaling pathway. Inflamm Res. (2016) 65:193—
202. doi: 10.1007/s00011-015-0905-y

Wang XT, Li P, Xu TS, Ding R, Zhang X, Bi LQ, et al. Effect of iguratimod and
methotrexate on RANKL and OPG expression in serum and IL-1beta-induced
fibroblast-like synoviocytes from patients with rheumatoid arthritis. Cell Mol
Biol. (2016) 62:44-50. doi: 10.14715/cmb/2016.62.13.8

Nagasawa T, Kiji M, Yashiro R, Hormdee D, Lu H, Kunze M, et al
Roles of receptor activator of nuclear factor-kappaB ligand (RANKL) and
osteoprotegerin in periodontal health and disease. Periodontol 2000 (2007)
43:65-84. doi: 10.1111/j.1600-0757.2006.00185.x

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al.
Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation
and activation. Cell (1998) 93:165-76. doi: 10.1016/S0092-8674(00)81569-X
Diarra D, Stolina M, Polzer K, Zwerina ], Ominsky MS, Dwyer D, et al.
Dickkopf-1 is a master regulator of joint remodeling. Nat Med. (2007) 13:156-
63. doi: 10.1038/nm1538

Wang SY, Liu YY, Ye H, Guo JP, Li R, Liu X, et al. Circulating Dickkopf-1
is correlated with bone erosion and inflammation in rheumatoid arthritis. J
Rheumatol. (2011) 38:821-7. doi: 10.3899/jrheum.100089

Rossini M, Viapiana O, Adami S, Fracassi E, Idolazzi L, Dartizio C, et al.
In patients with rheumatoid arthritis, Dickkopf-1 serum levels are correlated
with parathyroid hormone, bone erosions and bone mineral density. Clin Exp
Rheumatol. (2015) 33:77-83.

lines.

46.

47.

48.

49.

51.

52.

53.

54.

55.

56.

57.

Choe JY, Hun K]J, Park KY, Choi CH, Kim SK. Activation of dickkopf-1
and focal adhesion kinase pathway by tumour necrosis factor alpha induces
enhanced migration of fibroblast-like synoviocytes in rheumatoid arthritis.
Rheumatology (2016) 55:928-38. doi: 10.1093/rheumatology/kev422

Fraser CK, Lousberg EL, Kumar R, Hughes TP, Diener KR, Hayball
JD. Dasatinib inhibits the secretion of TNF-alpha following TLR
stimulation in vitro and in vivo. Exp Hematol. (2009) 37:1435-44.
doi: 10.1016/j.exphem.2009.09.007

Azizi G, Goudarzvand M, Afraei S, Sedaghat R, Mirshafiey A. Therapeutic
effects of dasatinib in mouse model of multiple sclerosis. Immunopharmacol
Immunotoxicol.  (2015) 37:287-94. doi:  10.3109/08923973.2015.102
8074

Ozanne ], Prescott AR, Clark K. The clinically approved drugs dasatinib
and bosutinib induce anti-inflammatory macrophages by inhibiting the
salt-inducible kinases. Biochem J. (2015) 465:271-9. doi: 10.1042/BJ201
41165

. Li W, Zhang YQ, Liu XP, Yao LB, Sun L. Regular expression of

discoidin domain receptor 2 in the improved adjuvant-induced animal model
for rheumatoid arthritis. Chin Med Sci J. (2005) 20:133-7.

Su J, Yu J, Ren T, Zhang W, Zhang Y, Liu X. Discoidin domain receptor
2 is associated with the increased expression of matrix metalloproteinase-
13 in synovial fibroblasts of rheumatoid arthritis. Mol Cell Biochem. (2009)
330:141-52. doi: 10.1007/s11010-009-0127-0

Moore BA, Aznavoorian S, Engler JA, Windsor LJ. Induction of collagenase-3
(MMP-13) in rheumatoid arthritis synovial fibroblasts. Biochim Biophys Acta
(2000) 1502:307-18. doi: 10.1016/50925-4439(00)00056-9

Wernicke D, Seyfert C, Gromnica-Thle E, Stiehl P. The expression of
collagenase 3 (MMP-13) mRNA in the synovial tissue is associated with
histopathologic type II synovitis in rheumatoid arthritis. Autoimmunity
(2006) 39:307-13. doi: 10.1080/08916930600807709

Elshabrawy HA, Chen Z, Volin MV, Ravella S, Virupannavar S, Shahrara
S. The pathogenic role of angiogenesis in rheumatoid arthritis. Angiogenesis
(2015) 18:433-48. doi: 10.1007/s10456-015-9477-2

Konisti S, Kiriakidis S, Paleolog EM. Hypoxia—-a key regulator of angiogenesis
and inflammation in rheumatoid arthritis. Nat Rev Rheumatol. (2012) 8:153~
62. doi: 10.1038/nrrheum.2011.205

Marrelli A, Cipriani P, Liakouli V, Carubbi E Perricone C, Perricone R,
et al. Angiogenesis in rheumatoid arthritis: a disease specific process or a
common response to chronic inflammation? Autoimmun Rev. (2011) 10:595-
8. doi: 10.1016/j.autrev.2011.04.020

Zhang S, Bu X, Zhao H, Yu ], Wang Y, Li D, et al. A host deficiency of discoidin
domain receptor 2 (DDR2) inhibits both tumour angiogenesis and metastasis.
] Pathol. (2014) 232:436-48. doi: 10.1002/path.4311

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Guo, Bu, Yang, Cao, Bian, Zhu, Zhu and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

12

January 2019 | Volume 9 | Article 3133


https://doi.org/10.2174/15680266113139990094
https://doi.org/10.1016/j.leukres.2007.11.008
https://doi.org/10.1016/j.jbspin.2015.11.009
https://doi.org/10.1016/j.ejphar.2016.10.004
https://doi.org/10.3892/ijmm.2016.2755
https://doi.org/10.1371/journal.pone.0034914
https://doi.org/10.1002/jbmr.85
https://doi.org/10.1038/aps.2012.187
https://doi.org/10.1007/s00011-015-0905-y
https://doi.org/10.14715/cmb/2016.62.13.8
https://doi.org/10.1111/j.1600-0757.2006.00185.x
https://doi.org/10.1016/S0092-8674(00)81569-X
https://doi.org/10.1038/nm1538
https://doi.org/10.3899/jrheum.100089
https://doi.org/10.1093/rheumatology/kev422
https://doi.org/10.1016/j.exphem.2009.09.007
https://doi.org/10.3109/08923973.2015.1028074
https://doi.org/10.1042/BJ20141165
https://doi.org/10.1007/s11010-009-0127-0
https://doi.org/10.1016/S0925-4439(00)00056-9
https://doi.org/10.1080/08916930600807709
https://doi.org/10.1007/s10456-015-9477-2
https://doi.org/10.1038/nrrheum.2011.205
https://doi.org/10.1016/j.autrev.2011.04.020
https://doi.org/10.1002/path.4311
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Treatment Effects of the Second-Generation Tyrosine Kinase Inhibitor Dasatinib on Autoimmune Arthritis
	Introduction
	Materials and Methods
	Animals
	Dasatinib
	Induction and Evaluation of Collagen-Induced Arthritis (CIA)
	Micro CT Scan
	Histopathological Examination
	Measurement of Serum Cytokine Levels
	Cell Culture
	Erasion Trace Test
	Transwell Migration Assay
	Cell Proliferation Assay
	Cell Apoptosis Assay
	Reverse Transcription Polymerase Chain Reaction
	Statistical Analysis

	Results
	Dasatinib Treatment Attenuated RA Severity in CIA Mice
	Dasatinib Treatment Alleviated Bone Destruction in Mice With CIA
	Dasatinib Treatment Improved the Tissue Structure of the Ankle Joint in Mice With CIA
	Dasatinib Treatment Suppressed Inflammatory Responses in Mice With CIA
	Dasatinib Treatment Decreased Serum Anti-mouse CII Antibodies in Mice With CIA
	Dasatinib Suppressed the Migration of RA FLS
	Dasatinib Inhibited RA FLS Proliferation
	Dasatinib Promoted RA FLS Apoptosis
	Dasatinib Down-Regulated mRNA Expression of MMP13, VEGF, FGF, and DKK1 in RA FLS

	Discussion
	Ethics Statement
	Author Contributions
	References


