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Rheumatoid arthritis (RA) is an autoimmune disease causedybin ammation of the
synovium and characterized by chronic polyarthritis that estroys bone and cartilage.
Fibroblast-like synoviocytes (FLSs) in the synovium of pahts with RA can promote
cartilage and bone destruction by producing proteins such a matrix metalloproteinases
and receptor activator of NFkB ligand, thereby representing an important therapeutic
target for RA. FLSs have several phenotypes depending on wtt cell surface proteins
and adhesion factors are expressed. ldentifying the cellat functions associated with
different phenotypes and methods of controlling them are cosidered essential for
developing therapeutic strategies for RA. In this study, syvial tissue was collected
from patients with RA and control subjects who required surgry due to ligament
injury or fracture. Immunohistological analysis was usedotinvestigate the rates of
positivity for phosphorylated platelet-derived growth fetor receptor-ab (pbPDGFRab) and
cadherin-11 (CDH11) expression, and apoptosis-related m&ers were assessed for
each cell phenotype. Next, FLSs were isolateth vitroand stimulated with tumor necrosis
factor-a (TNFa) in addition to a combination of PDGF and transforming growat factor
(2GF) to investigate pPDGFBb and CDH11 expression and the effects of the inhibition
of TNF and cyclin-dependent kinase (CDK) 4/6 on FLSs. Immuihistological analysis
showed a large percentage of pPDGFRbCCDH11- cells in the sub-lining layer (SL)
of patients with RA. These cells exhibited increased B-celymphoma-2 expression,
reduced TNF receptor-1 expression, resistance to cell dedt, and abnormal proliferation,
suggesting a tendency to accumulate in the synovium. Furthein vitro 2GF stimulation
of FLSs lowered, whereas 2GFC TNF stimulation increased the pPDGF&/CDH11
ratio. Hypothesizing that FLSs stimulated with 2GFC TNF would accumulatein vivo
in RA, we determined the therapeutic effects of TNF and CDK&/inhibitors. The TNF
inhibitor lowered the pPDGFRb/CDH11 ratio, whereas the CDK4/6 inhibitor suppressed
cell proliferation. However, a synergistic effect was not lzserved by combining both
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the drugs. We observed an increase in pPDGF&CCDH11- cells in the SL of the RA
synovium and accumulation of these cells in the synovium. Wéound that the TNF
inhibitor suppressed FLS activity and the CDK4/6 inhibitoreduced cell proliferation.

Keywords: rheumatoid arthritis, chronic in ammation, brobl ast-like synoviocyte, cadherin-11, platelet-derived
growth factor receptor, apoptosis

INTRODUCTION growth factor (PDGF) signaling and the proliferation
and accumulation of PDGF receptor (PDGFR)-positive
Rheumatoid arthritis (RA) is anidiopathicform of arthritibat is mesenchyma| cells or broblasts in various organs, inchgjin
both chronic and progressive and undergoes repeated stagestgé kidneys, liver, myocardium/skeletal muscle, and bone
remission and are-up {). Advances in pharmacotherapies, suchmarrow (14-16). The synovium of RA patients has been
as with immunosuppressants and biological drugs, have raisedported to exhibit greater expression of phosphorylated
remission rates, although inducing remission remains diltin -~ pPDGFRib (pPDGFRab), an activated form of PDGFR,
30-40% of patients with RA, and joint destruction can progresghan the synovium of osteoarthritis patientsl . PDGF
even in remissionZ). Moreover, are-ups tend to occur when signaling promotes cell survival and cell proliferation
pharmacotherapy is halted, rendering it dicult to suspend yvia the PI3K-At pathway and Ras—MAPK pathwag4)
medication. A fundamental therapy for RA is still Iackin@).( which Strong|y Suggests that FLSs with a treatment-
In preViOUS studies on RA patients and RA model anima's, th@esistant, aggressive phenotype that accumulate in RA
accumulation of broblast-like synoviocytes (FLSs) in foeit  are pPDGFRb-positive. Therefore, this study aimed to
synovium was reported as the primary cause of joint destructiojnyestigate pPDGF& expression in FLSs accumulated
(4, 5). Cells in the synovium are categorized morphologicallyin the synovium during RA and to clarify their locations,
as macrophage-like cells with non- xed phagocytic capacity anphenotypes, and signals related to cell survival and
FLSs, which have spindle shapes and form regular netw6jks ( cell death.
There are several FLS phenotypes, including the expression of|n this study, pPDGFRb-positive cells that proliferate
cell-adhesion factors cadherin-11 (CDH11) and gp38, as Wedpeci cally in the SL of RA exhibited low expression of TNF-
as CD90, CD248, and others prOteinS that are also eXpreSS@;eptor_l (TNF_R]_) and the Ce||_cyc|e suppressor p]_6, as well
as surface antigens on regular broblast §). Among these, as high expression of B-cell lymphoma 2 (Bcl-2), which confers
CDH11 is expressed in the lining layer (LL) and sub-lining taye resistance to cell death. We also investigated resistancellto ¢
(SL) of the synovium¢). FLSs in the LL produce a particularly death after increased pPDGE&R expression in FLSs through
large amount of matrix metalloproteinases (MMPs), which argn vitro stimulation with PDGF-BB, TG, and TNF4, as well as
known as the main agents of joint destruction, and are thugandidate drugs for pPDGFR-positive cells. We propose that a
important therapeutic targets4( 7, 10, 11). At present, one new therapeutic strategy can potentially be developed for RA by
of the most e ective drugs are tumor necrosis factor (TNF)targeting pPDGFRbCCDH11- cells.
inhibitors, the therapeutic mechanism of which is reported to
be suppressing in ammation by reducing FLS in ux into the
LL (9). Nonetheless, TNF inhibitor therapy has little e ect on MATERIALS AND METHODS
FLSs in the SLY) and has even been reported to cause brosiPatients and Tissue Samples
of the SL (2. Therefore, improving SL-FLS accumulation iSExperiments using human samples were approved by the
thought to be di cult with existing therapies 13). Moreover, institutional review board at the Sapporo Medical University
compared to the LL, the SL has more blood vessels, lymphocytggpproval no., 292-3303), and all experiments were performed
plasma cells, and macrophages and is considered as a cenieaccordance with relevant guidelines and regulationsoSial
of synovial inammation (L0). Therefore, gaining a deeper tissues were obtained from patients undergoing arthroscopic
understanding of SL-FLS phenotypes and establishing methods arthroplastic surgery at the Sapporo Medical University
of controlling them could help to develop novel therapiesor Sapporo Maruyama Orthopedics Hospital, after informed
for RA. consent was obtained from the patients. All subjects provided
Tissue  brosis accompanying intractable  chronic written informed consent in accordance with the Declaratifn
inammation is associated with increased platelet-derivedHelsinki. Twenty- ve patients with RA ful lling the American
College of Rheumatology (ACR; formerly, the American
Abbreviations: RA, rheumatoid arthritis; FLSs, broblastlike synoviocytes; RNeumatism Association) criteria were included in thisdstu
CDH11, cadherin-11; LL, lining layer; SL, sub-lining layer; MMPs, rimat In addition, 13 patients who required arthroscopic surgery fo
metalloproteinases; TNF, tumor necrosis factor; PDGF, platelet-dedgvewth  ligament injury or fracture were included as control patient
factor; Bcl-2, B-cell lymphoma 2; HE, hematoxylin and eosin; PBS, phtespha with acute in ammation. Acute in ammation was de ned as tha
pu ered saline; BSA, bov?ne serum albumin; RT, room temperature; ICCSOCCurring less than 8 weeks after injury, as in previous ssidi
intraclass correlation coe cients; PSL, prednisolone; MTX, methaatex CAFs, A X !
cancer-associated broblasts; EMT, epithelial-mesenchymal itrans ECM, (19). The clinical features of the patients who donated samples
extracellular matrix. are summarized ifable 1
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TABLE 1 | Characteristics of patients with RA and acute in ammation (entrol synovium, and the LL thickness was expressed as the mean
subjects). number of cells in depth. High-magni cation imaging was used
to conrm the identity and analyze the distribution of cells.

E/TD 95 EOSUS DAPI staining was used to count separately pPD@PBRositive
and CDH11-positive cells and classify cells into three groups

Age (years) 58.2 (25-83) 36.6 (20-61) as follows: pPDGF&bCCDH11-, pPDGFRBRb-CDH11C, and
Gender (% female) 89% 31% pPDGFRIbCCDH1IC cells; next, the relative abundance of
Disease duration 11.7 (1-40) years 19.8 (3-56) days €ach cell type was evaluated. Similarly, cells positive for TNF-
Treatment Prednisolone 15 (63%) - R1, Bcl-2, p16, p53, or CD45 expression were counted. Brie'y,

Methotrexate 8 (33%) _ we classied cells into pPDGRRCCDH11-, pPDGFRb-

Biological drugs 8 (33%) _ CDH11C, and pPDGFRbCCDH11C cells by overlay image
ACPASs, positive patients (%) 11/14 (79%) _ of DAPI lter channel (excitation 360 nm, emission 460 nm;
RF, positive patients (%) 18/23 (82%) _ DAPI), GFP lter channel (excitation 470 nm, emission 525 nm;
CRP (mg/dL) 1.3(0.1-5.8) _ CDH11) and Cy5 lter channel (excitation 620 nm, emission
MMP3 (ng/mL) 206.2 (53-596) _ 700 nm; pPDGFRb); next, the TRITC lter channel (excitation

545 nm, emission 605nm; TNF-R1, Bcl-2, p16, p53 and CD45)
ACPAs, anti—citrullingted protein anFibodies; control,.traumg patientsCRB C—rgactive image was overlayed on the overlay image of DAPI, GFP and
Z:z:erlnna;ltg/ilgllfziiorrnatrlx metalloproteinase 3; RA, patients with rheumatoid tritis; RF, Cy5 lter channel to evaluate cells positive for TNF-R1, Bcl-

2, pl6, p53 and CDA45 in pPDGBBCCDH11-, pPDGFRb-

CDH11C, and pPDGFRbCCDH11C cells. Two researchers
Immunohistochemistry of Tissues independently assessed the number of cells positive for each
For immunohistochemistry studies, tissues were xed in 4%marker. Intraclass correlation coe cients (ICCs) for pPDG&R
paraformaldehyde overnight. The following day, the tissueee  and CDH11 re ected good (IC® 0.82) internal consistency.
transferred to 20% sucrose in phosphate bu er and incubated

overnight, frozen in OCT compound by using liquid nitrogen, Ce|| Preparation and Cell Proliferation
and stored at 80 C until use. Cryosections (B8m thick) Assays

were prepared using a cryostat. The sections were stained wi : . o .
. . . . . ynoviocytes were isolated from synovial tissue by usimglatd
hematoxylin and eosin (HE). For immunohistochemistry, the - . ’
rocedures 19). Synoviocytes from patients with RA were

sections were incubated in 0.01 M phosphate-bu ered saling. . . . .
(PBS) containing 0.3% Triton-X (PBS-T) and 2% bovine Serur_§|gested with Liberase TM Research Grade (Sigma—Aldrich)

. . or 90min at 37C. The digested synoviocyte slurries were
albumin (BSA) for 60 min at room temperature (RT). After the : . . .
sections were washed with 0.01 M PBS-T, they were incubat lfpred through a 10 cell strainer (EASYstraingf Cell

; . o . L reiner Bio-One, Kremsmunster, Austria). Cells were sudpdn
with primary antibodies at 4C overnight, followed by staining . . - X ) .

. N - . _in the growth medium consisting of Dulbecco’'s modi ed Eagle's
with secondary antibodies. Staining was performed usin

. : Ay ) 0 :
primary antibodies against anti-pPDGERYI849)b(Tyr857: fhedium (Sigma—Aldrich) supplemented with 10% fetal bovine

1:75: Cell Signaling Technology, Danvers, MN, USA), antSerum. 100 U/mL penicillin, and 106y/mL streptomycin and

I 0,
cadherin-11 (15ng/mL; R&D Systems, Minneapolis, MN, USA), :zgrgizgr?r;iﬁsm 5% CQ. Cells at passages 3 to 6 were used

TNF-R1 (1:500; Thermo Fisher Scientic, San Diego, CA, For cytokine stimulation, cells were treated with or without

UlSéA‘ )(’ll_az(z)lbz (Al\l;ig;mBchﬁiﬁfngeigagﬁlén Lsagke(sl,.é\ld]. ’ gasrf\‘)arious concentrations (1, 10, and 100ng/mL) of PDGF-BB
P L ’ g€, ’ P ) BioLegend; San Diego, CA, USA), TBGFBioLegend), or TNF-

Cruz Biotechnology, Santa Cruz, CA, USA), CD45 (1:100 (BioLegend) for 2 days, as per our approved experimental
Abcam). For secondary antibodies, we used Alexa Fluor 485(- - 9 yS: P PP pe
design. The role of therapeutic drugs was determined by

€, . ) . ) .
PA, USA), Alexa Fluor 647-conjugated IgG (1:100; Jacksc\){réatlng cells stimulated with cytokines with 10, 25, on&mL

mrnoResearn, and Cyaconigated 196 (100 e T (S 1Y, VS o T on 1ot pabockl
Millipore, Darmstadt, Germany). Nuclei were stained usiif-4 g : P

dimidino-2-phenylindole (DAPI; 1:1000; Dojindo, Kumamgto 7.5mM palbociclib for_l day, as per our experimental design.
: . These doses of cytokines and inhibitors were selected lmased
Japan). Sections were observed using a confocal laser sgan

. . . “he ndings of previous studies?(-23). WST-8 assays were
microscope (Nikon/AL; Nikon, Tokyo, Japan) and  uorescence rformed to assess cell proliferation by using the Cell Cagnti

microscopy (BZ-X800, Keyence Corp., Osaka, Japan). N o
elements (Nikon) and BZ-X800 analysis application (Keyencgt'8 (CKO4; Dojindo).
Corp.) were used for cell analysis. Images were acquired from .
eight di erent regions of each tissue section. Settings foe o IN-C€ll Enzyme-Linked Immunosorbent

staining experiment were maintained across all experimentéASSays

LL and SL were distinguished by morphology for each regioiCells were cultured in 96-well plates and treated with
by using low-magni cation imaging. The cell depth of the LL various concentrations of PDGF-BB, T@®F-and/or TNF-
was assessed for 3 regions of each high-power eld of the in combination with palbociclib and/or etanercept for 2
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FIGURE 1 | Accumulation of pPDGFRibCCDH11- cells in the sub-lining layer (SL) of the synovium iheumatoid arthritis (RA)(A) HE staining of the synovial tissue
collected from patients with RA and control subjects. Thickning of the lining layer (LL) and an elevated cell count indtSL were observed in RA(B) the RA group's
LL exhibited an increased cell depth(C) and the cell count was elevated in the SL(D) representative images of pPDGFRb and CDH11 staining of synovial tissue

(Continued)
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FIGURE 1 | from controls and patients with RA, and quantitative data or8 cell populations (pPDGFRbCCDH11-, pPDGFRab-CDH11C, and pPDGFRabCCDH11C
cells). The dotted line shows the margin of LL(E-G)the percentages of pPPDGFRbCCDH11-, pPDGFRib-CDH11C, and pPDGFRabCCDH11C cells in the LL did
not differ between the RA and control groups(E—G)the percentage of pPDGFRbCCDH11- cells in the SL was signi cantly higher in the RA groughian in the control
group (P D 0.019). The quantitative data show the percentages of pPDGRabCCDH11-, pPDGFRab-CDH11C, and pPDGFRabCCDH11C cells out of the total
number of cells. An unpairedt-test was used for statistical analysis. The signi cance lest was P < 0.05.

days. Cultured cells were xed with 4% paraformaldehydesell depth Figures 1A,B, but no di erences were noted in the
for 15min at RT and then incubated in 2% BSA in PBS-ercentages of pPPDGRBRCCDH11—, pPDGFRb-CDH11C, or
T for 60min at RT. After the cells were washed with PBSpPDGFRIbCCDH11C cells fFigures 1D-Q. In the SL, RA
T, they were incubated for 2h at RT with a primary Alexaexhibited a clearly elevated cell couft € 0.0001;Figure 10
Fluor 488-conjugated anti-PDGFRA(Tyr849)/PDGFRB(Tyi)857and an increased percentage of pPD@BRCDH11- cells P
antibody (1:20; Bioss, Boston, MA, USA) and a primary APCD 0.019;Figures 1D,B, but no di erences were noted in the
conjugated anti-cadherin-11 antibody (1:80; BioLegentliclei  percentages of pPDGRBRB-CDH11C or pPDGFRAbCCDH11C
were stained with DAPI (1:1000; Dojindo). The uorescencecells Figures 1D,F,G. Whether the pPDGF&C cells are
intensities of pPPDGF&b and CDH11 staining were measured of hematopoietic lineage was determined by performing
using a microplate reader (INFINITE M1000 PRO; Tecanmmunostaining against CD45, pPDGER and CDH11 in the
Trading AG, Switzerland) and normalized based on the DAPBSL; the percentage of CD45-positive cells per total cells was 33.9
staining intensity. 4.9% and that of cells double positive for CD45 and pPD&#R
was 1.28 1.2% Bupplemental Figure 2.

Statistical Analysis
Normality was assessed using the Shapiro-Wilk test. An unghaireC haracteristics of pPDGFR abCCDH11-

t-test was used to assess dierences in the percentage RS :
pPDGFRib- and CDH11-positive cells between the control andefells Accumulating in the Synovium of

RA synovium. One-way analysis of variance was used to assEs@t'en,tS With RA o
percentage di erences in histological cell staining undechea 'n€ attributes of pPDGF&CCDH11- cells accumulating in

culture condition. TheP-values for multiple comparisons were the RA-SL were clari ed by comparing the expression levels of

adjusted using the Tukey—Kramer test. Pearson's coregiati 1 NF-R1, Bcl-2, p16, and pS3 between pPD@BBCDH11-,
coe cient was used to assess the correlation. Dunnetts te?PPGFRIb-CDH1IC, and pPDGFRbCCDHIIC cells in the

was used to assess the concentration-dependent e ect of ea@i-SL Eigure 2A). The TNF-R1, Bcl-2, p16, and pS3 proteins

inhibitor. Statistical analyses were performed using EzR, $gulate cell death and cell proliferatio?y 2€). Increased
graphical user interface for R (The R Foundation for Statigti €XPression of Bel-2 and decreased expression of TNF-R1, p16,
Computing, Vienna, Austria)d4). Two-sidedP-values less than and p53 are reported to induce tissue brosis through apoptosis

0.05 were considered statistically signi cant. resistance and hyperproliferatior?¥ 26). The percentage of
TNF-R1-positive cells among pPDG&BCCDH11- cells was

signi cantly lower than that among pPDGFRRCCDH11C

RESULTS cells P < 0.0001Figure 2B). The percentage of Bcl-2-positive

. cells was signi cantly higher among pPDG&CCDH11—
Accumulation of pPDGFR abCCDH11-Cells 020 2mong pPDGRR-CDHLIC cells P < 0.0001L:
in the SL of the Synovium of Patients With Figure 2B); in contrast, the percentage in pPDG&RCDH11C
RA cells was signi cantly lower than that in pPDGEBCCDH11C
Immunostaining was performed to identify FLSs in the synawiu cells f < 0.043;Figure 2B). The percentage of pl6-positive
samples obtained during surgery from patients with RAL  cells among pPDGFR&CCDH11- cells was signi cantly
25) and those having acute in ammatiom © 13). The mean lower than that among pPDGFRRCCDH11- cells and
age of the patients with RA was 58.2 (25—-83) years, and thggPDGFRAbCCDH11C cells £ D 0.013 andP < 0.0001,
mean disease duration was 11.7 (1-40) years. The demograptespectively; Figure 2B). Signi cant dierences were not
data, including drug history, of the patients are showdable 1L ~ observed in the percentage of p53-positive cells. The above
HE staining was performed to compare the synovial tissuesidings show that pPDGFBbCCDH11- cells exhibited
between the RA and control groups. Compared to that in thdow TNF-R1 and p16 expression and high Bcl-2 expression.
control group, increased LL thickening and excess cellserh  Further, the apoptotic and hyperproliferative features of
were observed in RAFjgures 1A-C Supplemental Figure 1. the three types of cells were better understood by performing
Di erences between the RA and control groups regarding FL8mmunohistochemistry analysis in the RA and control synowi
protein expression and location were determined by performingVe found that Bcl-2 expression in RA was signi cantly
immunostaining against CDH115], a typical FLS marker, and higher than that in the control in pPDGF&CCDH11-,
pPDGFRib, which increases speci cally in the synovium of RApPDGFRib-CDH11C, and pPDGFRbCCDH11C populations
and is positive in RA-FLS1(). Compared to control subjects, (P D 0.0037,P < 00001, andP D 0.0012, respectively;
patients with RA exhibited LL thickening and a clearly eledate Supplemental Figure 3. In the RA group, the three types of cells
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FIGURE 2 | The pPDGFRabCCDH11- cells that accumulated in the SL of the synovium in RAxéibited reduced TNF-R1 and p16 expression and increased Be2
expression. (A) representative staining images showing pPDGF&b, CDH11, TNF-R1, Bcl-2, p16, and p53 expression in the RA-SL(B) quantitative expression data
for TNF-R1, Bcl-2, p16, and p53 in 3 cell populations (pPDGF&CCDH11—-, pPDGFRab-CDH11C, pPDGFRabCCDH11C cells). The percentage of TNF-R1-positive
(Continued)
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FIGURE 2 | cells among pPDGFRbCCDH11- cells was signi cantly lower than that among pPDGF&>-CDH11C and pPDGFRabCCDH11C cells. The percentage
of Bcl-2-positive cells among pPDGFRbCCDH11- cells was signi cantly higher than that among pPDGF&b-CDH11C cells. The percentage of Bcl-2-positive cells
among pPDGFRabCCDH11C cells was signi cantly higher than that among pPDGFRb-CDH11C cells. The percentage of p16-positive cells among
pPDGFRabCCDH11- cells was signi cantly lower than that among pPDGF&b-CDH11C and pPDGFRabCCDH11C cells. p53 expression did not differ signi cantly
between the 3 cell populations. The quantitative data showhte TNF-R1-, Bcl-2-, p16-, and p53-positive rates for the pPI5FRabCCDH11—-, pPDGFRab-CDH11C,
and pPDGFRabCCDH11C cells. One-way analysis of variance (ANOVA) was used for sigtical analysis, and Tukey—Kramer method was used for iatgroup
comparisons. The signi cance level wasP < 0.05.

showed a signi cant di erence; however, in the control group, pathology of RA. Because 2GF TNF stimulation conferred
Bcl-2 expression was not markedly di erent among the threeaggressive phenotypes to FLSs with elevated expression of IL-
types of cells. This suggests that pPD@BR cells have more 6, IL-8, and other in ammatory cytokines and factors such as
anti-apoptotic property compared to CDH11-positive cells inMMP3 (20, 21), we hypothesized that 2GE TNF-a would

RA. In the control, p16 expression of the pPDGHR CDH11C  increase the expression level of pPD@B FLSs. The number
population was signi cantly higher than that of the other of live cells did not dier between 2GF and 2GE TNF

cell types, and pl6 expression in the pPD@BRDH11C  (10ng/mL or 100ng/mL) stimulation of FLS$ (D 0.0631;
population was higher than that in the pPDGEBCCDH11- Supplemental Figure 4. Immunostaining against pPDGFR
population (pPDGFRbCCDH11C > pPDGFRib-CDH11C > and CDH11 was performed to examine pPDGHRnd CDH11
pPDGFRibCCDH11-;P< 0.0001 andP < 0.0001, respectively; expression after 2GF and 2@FTNF stimulation igure 4). In-
Supplemental Figure 3, this tendency was the same as thatcell enzyme-linked immunosorbent assays were also performed
in the RA group Figure 2B). However, pl6 expression in the to quantify CDH11 and pPDGF&b expression. Stimulation
pPDGFRbCCDH11C population in RA was signi cantly lower with PDGF-BB signi cantly increased CDH11 and pPDGHR
than that of the control P D 0.039;Supplemental Figure 3,  expression compared to that without stimulation and 2GF
suggesting that the pPDGRBCCDH11C population of RA  TNF stimulation Figures 4 5A). Stimulation with 2GFC TNF

might have greater proliferation capacity than in control. (200 mg/mL) signi cantly decreased CDH11 expression, bdt di
not signi cantly a ect pPDGFRb expression ® D 0.002 and

Correlations Between the Therapeutic P D 0.9123, respectivelfigures 4 5A). Further, stimulation

Duration and Expression Rates of Various with 2GF C TNF increased the pPDGFIR/CDH11 ratio in a

. . . TNF-concentration-dependent manner versus 2GF stimufgtio
Markers In Patlents With RA . making pPDGFRb expression predominant F{gures 5B,C
The relationships between RA patient characteristics and RAs _ 0001). Because 2GF stimulation caused predominant
SL attributes were determined by investigating the coti@hs CDH11 expression, 2GF stimulation appeared to generate a

of TNF-R1, pF_)DGFRb' and C[_)Hll expression with the_ henotype similar to FLSs in a state of acute in ammation.
treatment duration and therapeutic agents. TNF-R1 expressi his is because, during acute in ammation, the synovium

was not cqrrelated with age 0 0.042PD 0.§4Z;Figure 3A), exhibits increased CDH11-positive cells, but few cells exprgssin
although it was negatively correlated with RA treatmempPDGFFab (17). Further, because 2GE TNF stimulation
duration D 0.572,P D 0.0035;Figure 38). The longer increased the pPDGRR/CDH11 ratio, this was thought to

the duration of RA treatment with prednisolone (PSL)'represent a phenotype that resembled pPDGFRCDH11—
methotrexate (MTX), or biological drugs, the lower WaS qis that accumulate in the RA-$.vivo

the expression of TNF-R1 in SL cells. TNF-R1 expression

was signi cantly lower following PSL therapy than after .
MTX or biological drug therapy B D 0.0113;Figure 30). EﬁeCtS, of the TNF |nhlbltpr, E'ganercept .
Concomitant TNF and 2GF stimulation caused predominant

However, TNF-R1 expression was not signi cantly dierent N . S
between MTX and biological drug therapki¢ures 3D,B. The PPDGFRib expression in FLSs, suggesting that Talfshibited

percentage of pPDGRRCCDH11-, pPDGFRb-CDH11C, CDH11 expression, but did not a ect pPDGRER expression

and pPDGFRbCCDH11C cells were not signi cantly di erent in the FLSs. Next, we investigateq whether a TNF inhibitor
after PSL or MTX therapyFigures 3D,B, although biological (etanercept), most commonly used in RA therapy, could restore

drug therapy was associated with a signi cantly lower peragat the pPDGFRL/ICDH11 ratio after 2GFC TNF stimulation

of pPPDGFRbCCDH11- cellsP D 0.0332Figure 3B. (Figure 6). Adding etanercept to FLSs stimulated with 2GF
TNF did not lead to a signi cant decrease in the number of

. . live cells, according to WST-8 assays¥ 0.979;Figure 7A).
Increased pPDGFR ab Expression in Further, adding etanercept did not reduce the total cell count

RA-FLSs After PDGF-BB, TGF- b, and (P D 0.247;Figure 7B). However, etanercept at a concentration
TNF-a Stimulation of 50mg/mL signi cantly reduced pPDGF&b expression P
PDGF-BB and TGH (2GF) stimulation with or without TNF- D 0.0056;Figure 70), and that at a concentration of 25 or
a were performed to reproduce the pPDG&Rpredominant 50mg/mL signi cantly reduced the pPDGF®/CDH11 ratio
environmental characteristic of RA-FL$s vitro. PDGF-BB, (P D 0.00294 and® < 0.001, respectivel\Figure 7D). Since
TGFb, and TNFa are typical factors that exacerbate thea TNF inhibitor could reduce the pPDGFR expression and

Frontiers in Immunology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 241


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Matsumura et al.

PDGFR-Positive Cells and RA

A
god "= 0.0419, 95 % CI: -0.359 - 0.43, g0d "= -0.572, 95 % CI: -0.793 - -0.219,
@ P=0.842 @ P =0.0035
o} (o) fo) > %
(8] (8]
+ 601 (o) * 601
i o i o
[T o o L
z (o] z (o]
=40 o q —Q-QTU_ = 401
s} ks)
g oo 3 )
£ 204 (o]0} 2 201 oo
5 204 O 3 o 7 20 8
& &
01 01
40 60 80 (Years) 0 10 20 30
e Age Duration of Rheumatoid Arthritis
PSL-treated RA Synovium Sublining Layer
] pPDGFRaB+ pPDGFRaB- pPDGFRaB+
100 TNF-R1+ CDH11- CDH11+ CDH11+
754 *P=0.0113 © Another
oo @ PSL treated
°
501
i 8 * )
251 & & ‘ o 0w o
« 9> e oo o0
= ; estose . ® oo
0.
D MTX-treated RA Synovium Sublining Layer
] pPDGFRoB+ pPDGFRap- pPDGFRaB+
e TR+ CDH11- CDH11+ CDH11+
75 @ Another
[e) @ MTX treated
°
501 o)
i ; e - 2 o
e o oxu 8 H
1 % i ° ° ° .8. i
® oo ° w0 o
00 o
0-
E . . . ..
Biological drug-treated RA Synovium Sublining Layer
] pPDGFRap+ pPDGFRa- pPDGFRaB+
1007 TNF-R1+ CDH11- CDH11+ CDH11+
754 @ Another
o) @ Bio treated
°
50 % . * P=0.0332
© o0
°
°
1 8 ¢ 8 ookl B
- 000000 S
oo z o o
0-

FIGURE 3 | Reduced TNF-R1 expression in the RA-SL was associated with onger RA duration and the use of prednisolone (PSL). Coretlons between the rate of
TNF-R1 positivity in the SL andA) the age of RA patients and(B) RA duration. Although the TNF-R1 positivity rate did not coelate with age, a negative correlation
with RA duration was observed.(C—E) the TNF-R1-positive rate in the SL was compared with the peentages of pPDGFRIbCCDH11-, pPDGFRib-CDH11C, and
pPDGFRabCCDH11C cells, depending on whether methotrexate (MTX) or biologit drugs were used.(C) although the use of PSL reduced TNF-R1 expression in the
SL, signi cant differences were not observed in the percentges of pPPDGFRabCCDH11—-, pPDGFRab-CDH11C, or pPDGFRabCCDH11C cells. (D) MTX use was
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FIGURE 3 | not associated with signi cant differences in the TNF-R1 expgession rate or in the percentages of any of the cell populatns. (E) the TNF-R1 expression
rate did not differ signi cantly with the use of biological dugs, although a signi cant decrease in pPDGFRbCCDH11- cells was observed. Correlations were
examined statistically by using Pearson's correlation cdecient, and unpaired t-test was used to compare the effects of drugs. The signi cane level wasP < 0.05.

Phase contrast pPDGFRaf CDH11 DAPI

Merge

Phase contrast pPDGFRap CDH11 DAPI

Merge
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FIGURE 4 | pPDGFRab and CDH11 expression by PDGF-BB, TGH, and TNF-a stimulation of RA-FLS. The effects of PDGF-BB, TGB-stimulation alone, PDGF-BB
and TGFb (2GF) stimulation, 2GFC 10 ng/mL TNF, and 2GFC 100 ng/mL TNF stimulation on RA-FLSs were investigated. Repsentative images of immunostaining
for pPPDGFRab (green) and CDH11 (red) expression with FLSs stimulated WiPDGF, TGFb, and TNF in each combination.
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FIGURE 5 | PDGF-BB, TGFb, and TNF-a stimulation of RA-FLS resulted in
predominant pPDGFRab expression. (A—C) quantitative data for pPDGFRb
and CDH11 expression obtained by performing in-cell ELISAStimulation
with TNF in addition to 2GF reduced CDH11 expression, but nopPDGFRab
expression. Stimulation with 2GF reduced the pPDGF&b/CDH11 ratio and
elevated CDH11 expression. Stimulation with 2GE TNF caused
concentration-dependent increases in the pPDGFRb/CDH11 ratio and
elevated pPDGFRb expression. One-way ANOVA was used for statistical
analysis, and the Tukey—Kramer method was used to compare thgroups.
The signi cance level wasP < 0.05. *P < 0.05; **P < 0.01.

pPDGFRb/CDH11 ratio, this drug could suppress FLSs with
pPDGFRib expression, which is thought to have an aggressive
phenotype that contributes to RA.

Effects of the CDK4/6 Inhibitor, Palbociclib

While the TNF inhibitor caused a reduction in the
pPDGFRib/CDH11 ratio, it had no e ect on the cell count.
We conrmed an excess accumulation of cells in the SL
of the synovium of patients with RAn vivo (Figure 1A).
This nding indicates that, in addition to changing the
FLS phenotype, reducing the cell count is essential for RA
therapy. The cell senescent factor pl6 exhibited reduced
expression in the accumulated cells vivo (Figures 2A,B.
Because pl6 negatively regulates CDK446),(we surmised
that reduced pl6 expression in RA synovial tissue results
in elevated expression of CDK4/6. Reduced pl6 expression
and increased CDK4/6 expression are often observed in
cancer cells and cancer-associated broblasts (CAFs) in
breast cancer and head and neck cancer and can induce
hyperproliferation and cancer cell sprea@7( 28). Further,
CDKA4/6 inhibitors can e ectively suppress cell proliferationdan
the epithelial-mesenchymal transition (EMT2Z). Therefore,

we investigated whether the CDK4/6 inhibitor palbociclib
would reduce the number of FLSBigure 6). When palbociclib
was added at a concentration of T or 15mM to FLSs
stimulated with 2GFC TNF, signi cant reduction in the
number of live cells D 0.0204 and® D 0.0007, respectively;
Figure 7A) and reduction in the total cell countR < 0.0001
and P < 0.0001, respectivelysigure 7B) were observed in
WST-8 assays. Adding palbociclib signi cantly decreaseal th
total expression level of pPDGER and CDH11, but did not
signi cantly decrease the pPDGEB/CDH11 ratio and the
pPDGFRib and CDH11 expression level per cétigures 7C,0
Supplemental Figure 5. These ndings showed that CDK4/6
inhibition could suppress FLS proliferation and reduce the
cell count; therefore, palbociclib can be expected to exert a
therapeutic e ect on accumulated cells.

Effects of Combination Treatment With a
TNF Inhibitor and a CDK4/6 Inhibitor

To treat an increased number of FLSs that become pPDaBFR
predominant owing to 2GS TNF stimulation, we investigated
the combined e ects of a TNF inhibitor (which reduced the
expression of pPDGRid) and a CDK4/6 inhibitor (which
reduced the cell countigure 6). WST-8 assays showed that
the cell count did not decrease signicantly? (D 0.0783;
Figure 7A), although a reduction in the total cell count
was observed when in-cell enzyme-linked immunosorbent
assays were performed® (< 0.001; Figure 7B). Moreover,
the combination treatment with etanercept and palbociclib
signi cantly decreased the total expression level of pPD&FR
and CDH11 P < 0.0001Figure 70), but a signi cant di erence

in the pPDGFRb/CDH11 ratio (which was observed with a TNF
inhibitor alone) was not found with combination treatmeni® (

D 0.916;Figure 7D). The e ects of combined treatment with a
CDK4/6 inhibitor and a TNF inhibitor were similar to those of
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treatment with the CDK4/6 inhibitor alone, which indicatdsat  which is thought to inhibit cell death. Interestingly, the TAR1-
including a TNF inhibitor had little e ect. positive rate in SL synovial cells was correlated negativitly w
the duration of RA in patientsKigure 3B). That is, prolonged
aiction with RA was associated with reduced TNF-R1, which
DISCUSSION reduces the sensitivity to TN&- Thus, the synovium of patients
with long-term RA would exhibit reduced TNF-R1 expression
FLSs play a role in the maintenance of homeostasis of the glnovto help maintain chronic in ammation and promote brosis,
uid and a healthy synovium. In the case of acute in ammation which would inhibit cell death and cause cells to accumulate.
such as due to injury, FLSs are activated; they proliferate arul6 is an important factor in cell senescence that inhibits cell
mobilize immune cells in the early stages of in ammation,proliferation by suppressing cell cycle progression via the p16—
exerting anti-in ammatory e ects as in ammation subsides Rb pathway 25. Reduced pl6 is observed in breast cancer
and participating in synovial remodeling by producing theand other CAFs, and cells with reduced pl6 expression are
extracellular matrix (ECM). FLSs are essential for maintajn known to hyperproliferate and accumulate in tissuesi) (p53
and regenerating the synovium, 18). Nonetheless, while FLSs suppresses cell cycle progression and promotes cell death via
are activated and proliferate during chronic in ammatonagts the p53—-p21 pathway2f). Increased p53 expression in the
such as RA, they also acquire an aggressive phenotype wéhnovium of RA causes mutations that are reported to suppress
strong invasive properties and release ECM-degrading enzymemrmal p53 functions in a dominant-negative manné2(33).
thereby causing joint destruction4(7, 10, 17). In this study, As reported in this and other studies, while p53 expression is
we compared the FLS phenotypes activated during chronielevated, cell proliferation is not suppressed, which leadkédo t
in ammation in the synovium of patients with RA and those accumulation of cells in the synovium, suggesting that akey
with injuries. In the LL, the percentage of pPDGH CDH11- p53 in the RA synovium does not function normally. Bcl-2 is
cells did not di er between the groups. In the SL, the percentagavolved in controlling apoptosis in the mitochondria, andIBx
of pPDGFRbCCDH11- cells was higher in the RA group. expression in FLSs has been correlated with synovial hyp&plas
Moreover, pPPDGFRbCCDH11- cells exhibited resistance to and in ammation (34). Bcl-2 expression has been observed in
cell death. Based on these observations, we hypothesized tRA-FLSs and is thought to be associated with apoptosis resestan
the pPDGFRbCCDH11- cells in the RA-SL contributed to (26). The above ndings indicate that pPDGERBRCCDH11-
treatment resistance in patients with RA. Therefore, we erath  cells are resistant to cell death and are characterizeddoydehcy
the phenotypes of pPDGRIRCCDH11- cells in detail and to accumulate in the synovium, suggesting that they aretasi
identi ed the methods to control them. to treatment. In contrast, pPPDGRRCCDH11C cells, or cells
Previous studies have shown that FLSs in the LL of RAhat despite being pPDGFIRC also express CDH11, exhibited
synovial tissue exhibit pannus formation, produce MMPs andan interesting feature of increased TNF-R1 and p16 expression.
other substances, and have a direct e ect on joint destructio =~ CDH11 expression was observed in FLSs in healthy synovium;
SL FLSs have been indicated as a possible reservoir importamtaddition to being involved in maintaining the shape of the
for supplying FLSs to the LL7(29). LL FLSs exhibit expression synovium, CDH11 was involved in in ammation, which leads
of cell-adhesion factors such as CDH11 and gp38, where&s an increase in its expressiof)( CDH11 is considered an
SL FLSs express di erent markers such as CD90 and CD24#lhesion factor involved in calcium-dependent cell-cellesibn
(7). Cells that express gp38 and CD248 have been reportéd5), and elevated CDH11 expression in tumor cells can suppress
to be highly sensitive to TNE- (7, 8). The dierent cellular tumor formation by inducing tumor cell apoptosis, suppressing
functions of FLSs in the LL and SL indicate that di erent EMT, and reducing stemness6). Further, suppressing CDH11
therapies could be e ective against FLSs. In this study, CDH1é&xpression can exacerbate the proliferation and invasion of
and pPDGFRb expression was observed in both the LL anchead and neck cancer cell87. Thus, CDH11 in tumor cells
SL of RA synovium and acutely in amed synovium, althoughplays important roles in suppressing proliferation and invasion
we found that a larger number of pPDGBBCCDH11- cells Conversely, the expression of CDH11 has been reported to
was specic to the RA-SL. In general, PDGFRells in the activate tumor cells such as breast canc).(In FLSs from
synovium regulate synovial growth and invasion, anchoragepatients with RA, CDH11 has been shown to promote the
independent growth, and collagenase transcription in respongproduction of IL-6 and secretion of proin ammatory factorsavi
to PDGF stimulation {7, 30). Moreover, the activation of PDGF the MAPK and NKB signaling 89). Many of the functions of
signaling can promote cell survival and resistance to apoptosCDH 11 have not yet been elucidated, and further investigati
via the PI3K—Akt pathway14). pPDGFRb is activated when is required in this regard. The phenotypes of aggressive R¥sFL
PDGF stimulates PDGFR.{), suggesting that the pPDGBBC  can have tumor-like attributes in terms of excessive prdiifien,
cells identi ed in this study participated in synovial growth invasion, and migration capacitiesl@ 20), suggesting that
and invasion and accumulated in the synovium. In fact, thesuppressing pPDGFR® expression and promoting CDH11
pPDGFRibCCDH11- cells that were observed in large numberexpression in FLSs could be an e ective treatment strategy for
in the RA-SL were TNF-R1-negative, p16-negative, and Bcl-RA. Further, reducing the number of FLSs that accumulate
positive. TNF-R1 possesses a death domain and is characterizgzici cally in the RA-SL is necessary.
by an ability to induce apoptosis by activating caspa’®). ( We conducted ann vitro experiment to identify e ective
In fact, the RA-SL exhibited reduced TNF-R1 expressi®f),( therapies related to pPDGRBR and CDH11 expression in FLSs.
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FIGURE 6 | pPDGFRab and CDH11 expression by 2GFC TNF and a TNF inhibitor (etanercept) and a CDK4/6 inhibitorfbociclib) in RA-FLSs. Representative
images of immunostaining for pPPDGFRb and CDH11 expression with FLSs stimulated with 2GEE TNF and the TNF and CDK4/6 inhibitors in each combination.
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FIGURE 7 | Etanercept suppressed pPDGFRb expression in RA-FLSs stimulated with 2GEE TNF, and palbociclib reduced the cell count(A) cell proliferation assay
and (B-D) quantitative cell count and pPDGFRb/CDH11 ratio data obtained by performing in-cell ELISAs with[ESs stimulated with 2GFC TNF and exposed to
different concentrations of etanercept and palbociclib. Ading etanercept to FLSs stimulated with 2GFC TNF did not signi cantly decrease the number of live cells,
but signi cantly reduced the pPDGFRab/CDH11 ratio. Adding palbociclib signi cantly reduced the nunber of live cells, but did not signi cantly change the
pPDGFRab/CDH11 ratio. EtanerceptC palbociclib signi cantly reduced the number of live cells, bt did not signi cantly change the pPDGFRab/CDH11 ratio.
Dunnett's test was used to statistically analyze differeres occurring with 2GFC TNF stimulation. The signi cance level wa® < 0.05. *P < 0.05; **P < 0.01;

P < 0.001.

Rosengren et al.2() increased the synergistic response ofsuch as due to injury 42). Further, TNFa expression is
FLSs by including 2GF stimulatiom vitro and showed that known to be stronger in RA synovium compared to that in
the addition of TNFa increased the production of IL-6, IL- the synovium during acute in ammation 41). Accordingly,

8, and MMP3. Similarly, Shibuya et ak1j stimulated FLSs in vitro 2GF C TNF stimulation is thought to be a reliable
with 2GF C TNF, which increased PI3Kexpression and led model that accurately re ects the synovial environment of
to synovial hyperplasia by activating the PI3K—Akt pathway. IrRA and is useful for assessing the therapeutic e ects against
other words, the phenotype obtained by stimulating FLSs witlpPDGFRaIbCCDH11- cells. We found that a TNF inhibitor
2GFC TNF resembled that of the pPDGBBCCDH11- cells reduced the pPDGF&b/CDH11 ratio, which was elevated by
that were observeih vivo. Based on the pPDGRIR/ICDH11  2GF C TNF stimulation. We believe that the decrease in the
ratios, we found that stimulating FLSs obtained from RA withpPDGFRib/CDH11 ratio occurred because the TNF inhibitor
2GF caused the ratio to decrease, whereas stimulation V@t 2 suppressed TNF signaling and interactions between PDGFR and
C TNF caused it to increase. PDGF-BB, TGFand TNF- CDH11 occurred. In a previous study, TNEstimulation was

a are abundant in the synovial environment of patients withshown to increase PDGFR expression via MAPK and c-&ic (
RA (40, 41). Increased expression of PDGF-B and TkRas Moreover, although the detailed mechanism remains unclear,
been reported during acute in ammation of the synovium, TNF-a stimulation has been reported to create a feedback loop
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in which increased Rsk2 expression suppresses TNF signalimjury. We used post-traumatic synovium because our objecti
and CDH11 expressiord{). In fact, TNF inhibitors have been was to compare synovium in the acute and chronic in ammatory
shown to have high e cacy against RA in humans by suppressingtates to clarify the characteristics of the cells that acdarad.
TNF-a and inducing cell death in FLS€%). SL brosis has been With post-traumatic synovium, the control group was younger
reported to occur when TNF inhibitors are used in RA therapyand contained more men than in the RA group, indicating
(12). Although TNF inhibitor therapy can be expected to preventthat the groups were not matched for age or sex. Nevertheless,
cellaccumulation, it might only marginally a ect pre-exisgj cell  the percentages of cells expressing pPD&f&nd/or CDH11
accumulation {6). in this study did not correlate with age or sekigures 1E-G

We believe that reducing the accumulated FLSs is essentBlipplemental Figure §. Thus, although we cannot rule out the
for successful RA therapy. In this study, excessive ceh uence of age or sex, the increase in pPDG@GBR CDH11-
accumulation was noted in the SL, and many of these celksells in the RA-SL might not have been a ected by age or sex
were pPDGFBbCCDH11—-. Moreover, the percentage of pl6-and was highly likely a cause of pathology in RA. In this study,
positive pPDGFBbCCDH11- cells was low. The p16 protein we also found that TNF inhibitors increased the expression
inhibits cell proliferation by suppressing cell cycle progi@ss level of CDH11. Such an increase appeared to decrease Bcl-2
and negatively controlling CDK4/62¢). Therefore, we surmised expression and increase p16 expression, thereby suppressing the
that suppressing CDK4/6 would inhibit the proliferation resistance to cell death and causing excessive cell prabiera
of pPDGFRIbCCDH11- cells. A large-scale genome-wideof RA-FLSs. Although TNF inhibitors exert a strong therapeut
association study showed that CDK4/6 was a risk gene for R&,ect clinically, treatment-resistant cases are comméh (n
raising the possibility that CDK4/6 inhibitors could be e éa¢  particular, while TNF inhibitors are reported to act on the LL,
therapeutics for RA 47). Moreover, the CDK4/6 inhibitor they tend to have less e ect on the SB).(Because the cells
palbociclib suppressed arthritis in RA animal models, (48).  targeted in this study are abundant in the SL, enabling the
Therefore, we hypothesized that palbociclib could potentiallpharmacological e ects of TNF inhibitors to reach the SL could
suppress FLS proliferation and reduce the cell count, both dfe important for maximizing their therapeutic e ects. Future
which were con rmed experimentally. However, palbociclib wasn vivo experiments are warranted to identify e ective therapies
not found to reduce the pPDGRR/CDH11 ratio. Next, we that target pPDGFROCCDH11- cells accumulating in the SL,
tested combination treatment with a TNF inhibitor and CDKs4/ including the examination of drug delivery to the SL.
inhibitor, which decreased the cell count, but did not desse the In this study, we showed that pPDGRBCCDH11- cells
pPDGFRib/CDH11 ratio. Administering CDK4/6 for treating accumulated speci cally in the SL of the synovium in RA, and
breast cancer has been reported to increase @Nfeduction that their resistance to cell death could lead to the accutiana
and antigen presentatiordg). In this study, the e ects of CDK4/6 of synovial cells and resistance to treatment. Stimulatidti w
might have ampli ed the action of TNFxto mask the e ects of 2GF C TNF caused the cells to remain in a pPDGHR
the TNF inhibitor. predominant state, similar to the pPDGBBCCDH11- cells

The interesting nding of this study was the cell population observed in RA-SL, which indicates that therapies that are
that characteristically showed increased pPD@BRRCDH11- e ective against these cells could lead to treatments for cells
expression in the RA SL. pPDG&BCCDH11- cells exhibit cell accumulated in the synovium. Clarifying the charactecstof
death resistance and abnormal proliferation, which suggest treating FLSs with TNF or CDK4/6 inhibitors and using drugs
tendency to accumulate in the synovium. Other reported FL$1 ways that are adapted to the pathology of the synovium could
markers include CD90, CD248, and gp38g). We were unable lead to better therapeutic e ects.
to determine whether the pPDGRRCCDH11- cells identi ed

in this study diered from cell populations identied with AUTHOR CONTRIBUTIONS
other makers. However, we believe that pPD@BFRCDH11—

cells were almost mesenchymal cells because, among tg vS, and TS-C designed the experiments, performed the
total 8.3% pPDGF&CCDH11- cells, 1.3% were CD@5 experiments, analyzed the data, and drafted the manuscript. TS

hematopoietic cells, the percentage of which was very smallr, and YO obtained tissue samples from patients. TY and MF
(Supplemental Figure 2 Furthermore, cells that express gp38¢oauthored the paper.

and CD248 have been reported to be highly sensitive to TNF-

a (8, 50, indicating that they were di erent cell populations FUNDING

than pPDGFRbCCDH11- cells, which have low TNF-R1

expression. Moreover, CD90 is found not only in RA-FLSSypiq stydy was supported by JSPS KAKENHI (Grant Number,
but is a cell-surface marker that is also widely expressed 5> 16H07096).

normal FLSs 19), suggesting a high likelihood of expression in

pPDGFRbCCDH11- cells. The pPDGR® used in this study

was activated by PDGF signaling. Previous studies haversho®UPPLEMENTARY MATERIAL

that suppressing PDGFR suppresses FlSf (ndicating that

pPDGFRibis a marker that is intimately related to FLS functions.The Supplementary Material for this article can be found
Further, the control samples used in this study were obtaine@nline at: https://www.frontiersin.org/articles/10.388nmu.
from post-traumatic synovium, such as after fracture or anLAC 2019.00241/full#supplementary-material
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Supplemental Figure 1| The quantitative data show the cell density of
pPDGFRabCCDH11 , pPDGFRab CDH11C, and pPDGFRabCCDH11C cells.
The cell densities of pPPDGFRbC CDH11 , pPDGFRab CDH11C, and
pPDGFRabCCDH11C cells in the LL were not different between RA and control
groups. However, their densities in the SL were signi cantifrigher in the RA
group. An unpairedt-test was used for statistical analysis. The signi cance lesi
was P < 0.05.

Supplemental Figure 2| The percentages of cells expressing pPDGFé&b,
CDH11, and CD45. Representative images of pPDGF&b, CDH11, and CD45
staining and the percentages are shown in the pie chart.

Supplemental Figure 3| Comparison between the RA and the control group for
quantitative expression data for Bcl-2 and p16 in 3 cell poplations
(PPDGFRAIbCCDH11 , pPDGFRab CDH11C, pPDGFRabCCDH11C cells) in
the SL of the synovium. One-way ANOVA was used for statistié@nalysis. The
signi cance level wasP < 0.05.
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