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Abstract: This study aimed to examine the role of CD70, which is highly expressed on fibroblast-
like synoviocytes (FLS), in rheumatoid arthritis (RA) patients. FLS isolated from RA (n = 14) and
osteoarthritis (OA, n = 4) patients were stimulated with recombinant interleukin-17 (IL-17; 5 ng/mL)
and tumor necrosis factor alpha (TNF-α; 5 ng/mL) for 24 h. Expression of CD70, CD27/soluble CD27
(sCD27), and hypoxia-inducible factor-2 alpha (HIF-2α) was analyzed by RT-qPCR, flow cytometry,
and ELISA assays, respectively. Reactive oxygen species (ROS) expression and cell migration were
also examined. The HIF-2α inhibitor PT-2385 and CD70 inhibitor BU69 were used to specifically
suppress these pathways. Stimulation with IL-17 and TNF-α significantly induced CD70 expression
in RA FLS. Although the synovial fluids from patients with RA contained high levels of sCD27,
surface expression of CD27, a ligand of CD70, was rarely detected in RA FLS. Cytokine-induced
CD70 expression was significantly decreased following antioxidant treatment. Following HIF-2α
inhibition, RA FLS had decreased expression of CD70 and ROS levels. Migration of RA FLS was also
inhibited by inhibition of CD70 or HIF-2α. The surface expression of CD70 is regulated by HIF-2α
and ROS levels and is a key contributor to cytokine-enhanced migration in RA FLS.

Keywords: rheumatoid arthritis; reactive oxygen species; cytokines; antioxidants; synovial fluid

1. Introduction

Rheumatoid arthritis (RA) is a progressive chronic inflammatory autoimmune disease
characterized by synovial hyperplasia, pannus formation, synovium inflammation, and
bone destruction [1,2]. The pathogenesis of RA has been characterized as an excessive
infiltration of immune cells into synovial joints, stimulating the migration of fibroblast-
like synoviocytes (FLS) into unaffected joints, encouraging excessive oxidative stress in
synovium [3–5]. Recently, we reported that reactive oxygen species (ROS) are critical
factors for vascular cell adhesion protein 1 (VCAM1)—vascular endothelial growth factor
(VEGF)-migration signaling in RA FLS [6]. Although ROS levels and the migratory ability
of RA FLS are considered important contributors to disease severity, the cause of RA
remains unclear.

CD70 is a member of the tumor necrosis factor (TNF) superfamily and a ligand for
CD27 [7–9]. CD70, mainly expressed on T cells, B cells, and tumor cells, leads to activation
of immune cells [10,11]. CD70/CD27 signaling is a primarily regulated by the expression
of CD70 and can directly regulate T-cell–T-cell interactions and influence the development
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of effector T cells [12]. Therefore, high expression of CD70 directly induces excessive
infiltration of CD27+ lymphocytes and is associated with hematologic malignancies [13,14].
Additionally, CD27 and CD70 interactions produce soluble CD27 (sCD27) [15]. A high
concentration of sCD27 in the sera is a marker of poor prognosis in T-cell lymphoma [16].
Additionally, the level of sCD27 is higher in sera from patients with juvenile idiopathic
arthritis compared to healthy controls [17]. CD70-expressing T cells are more enriched in
the peripheral blood of patients with RA than that of healthy controls and are correlated
with increased production of interferon (IFN)-γ and interleukin (IL)-17 [18,19]. However,
the expression and role of CD70 is still unknown in FLS from patients with RA.

The inflamed synovium in RA is generally induced by low-oxygen conditions (hy-
poxia) in proliferating FLS, accumulation of inflammatory cells, and formation of angiogen-
esis [20,21]. Hypoxia-inducible factor-2 alpha (HIF-2α) is a transcriptional factor that acts as
an essential catabolic regulator in the hypoxic and inflamed synovium [22]. The expression
of HIF-2α is up-regulated in the intimal lining of the human RA synovium [23]. In cancer,
HIF-2α enhances CD70 expression, which mediates tumor progression and aggressiveness
and is associated with poor prognosis [24]. In this study, we investigated the role of CD70
in FLS migration and the correlation with HIF-2α expression in patients with RA. We found
that the surface expression of CD70 is modulated by HIF-2α-mediated ROS levels, and
RA FLS is controlled by HIF-2α/ROS/CD70-mediated signaling. These findings suggest a
novel approach to suppress the initiation and development of RA through ROS regulation
in FLS.

2. Results
2.1. IL-17- and TNF-α-Induced CD70 Expression in RA FLS

The surface expression of CD70 on RA FLS is still unknown. We first examined the
level of CD70 in RA FLS and OA FLS. For induction of pro-inflammatory conditions, FLS
were stimulated with recombinant human IL-17 and TNF-a, which were detected with
higher levels in synovial fluid from the patients with RA than OA [25]. CD70 mRNA levels
were significantly increased by cytokine treatment in both RA FLS (0.009 ± 0.001 versus no
treatment 0.001 ± 0.001; n = 3) and OA FLS (0.014 ± 0.002 versus no treatment 0.003 ± 0.001;
n = 4) (Figure 1A). The intrinsic surface expression of CD70 was also determined in RA FLS
and OA FLS (Figure 1B). RA FLS (2.003 ± 0.247; n = 14) had higher cytokine-induced CD70
expression than OA FLS (1.560 ± 0.002; n = 4) (Figure 1C). These data indicate that RA FLS
had increased surface expression of CD70 in response to IL-17 and TNF-α stimulation in
comparison to OA FLS.

2.2. CD27 Is Difficult to Detect in RA FLS

Next, we determined the surface expression of CD27, which is a ligand for CD70 [8].
The intrinsic expression of CD27 was not detected in RA FLS or OA FLS (Figure 2A,B).
Even after stimulation with IL-17 and TNF-α, CD27 expression did not change from the
control. The production of sCD27 was accessed using sera and synovial fluids. Patients
with RA had the higher expression of sCD27 than patients with OA (n = 6 per group;
Figure 2C). When sCD27 expression was analyzed in paired samples of sera and synovial
fluids from patients with RA, synovial fluids had higher sCD27 levels than sera. There
were no differences between the two groups of patients based on RA severity (n = 3 per
group; Figure 2D). Treatment with IL-17 and TNF-α did not significantly increase levels of
sCD27 in RA FLS (n = 2 per group; Figure 2E). Taken together, these results suggest that
sCD27 in synovial fluids from patients with RA may be produced from immune cells, such
as T cells. We also showed that RA FLS expressed CD70, but CD27 was not detectable.
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Figure 1. IL-17 and TNF-α stimulate CD70 expression in RA FLS and OA FLS. (A) RA FLS (n = 3; 
white bar) and OA FLS (n = 4; grey bar) were cultured with or without IL-17 (5 ng/mL) and TNF-α 
(5 ng/mL) for 24 h. CD70 mRNA levels were quantified using RT-PCR and β-actin as a housekeeping 
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FLS and OA FLS were stimulated with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. 

Figure 1. IL-17 and TNF-α stimulate CD70 expression in RA FLS and OA FLS. (A) RA FLS (n = 3;
white bar) and OA FLS (n = 4; grey bar) were cultured with or without IL-17 (5 ng/mL) and TNF-α
(5 ng/mL) for 24 h. CD70 mRNA levels were quantified using RT-PCR and β-actin as a housekeeping
gene. Statistical differences between groups were determined using a Mann–Whitney test. (B) RA
FLS and OA FLS were stimulated with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h.
(C) RA FLS (n = 14; white bar) and OA FLS (n = 4; grey bar) were stimulated with or without IL-17
(5 ng/mL) and TNF-α (5 ng/mL) for 24 h. To analyze the surface expressions of CD70, flow cytometry
was performed using PE-conjugated anti-CD70. Average CD70 expression is displayed as fold change
of the mean fluorescence intensity (MFI) compared to control. Data are presented as mean ± standard
deviation. Statistical analysis was performed by using a Mann–Whitney test (RA) or a paired t-test
(OA). * indicates p < 0.05. *** indicates p < 0.001.
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Figure 2. CD27 and sCD27 expression in RA FLS and OA FLS are unchanged by IL-17 and TNF-α
stimulation. (A) RA FLS and (B) OA FLS were stimulated with or without IL-17 (5 ng/mL) and TNF-α
(5 ng/mL) for 24 h. The surface expression of CD27 was stained using PerCP-Cy5.5-conjugated
anti-CD27. Experiments were performed in triplicate; data from one representative experiment are
presented. (C) Levels of secreted sCD27 were measured in serum and synovial fluids (SF) from
patients with RA and OA (n = 6 per group). Statistical differences between groups were determined
using a Mann–Whitney test. (D) RA activity was categorized according to the Disease Activity
Score 28 (DAS28): active (DAS28 > 5.1; 3 patients) and inactive (DAS28 < 2.6; 3 patients). Levels of
secreted sCD27 were measured in synovial fluids (SF) these subgroups (n = 3 per group). (E) RA FLS
(n = 2) were stimulated with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL). After 24 h, culture
supernatants were analyzed by ELISA to measure secreted levels of sCD27. ** indicates p < 0.01. NS,
not significant.
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2.3. CD70 Expression Is Regulated by ROS in RA FLS

Synovial fluids in patients with RA contain many inflammatory cells and ROS, which
mediate disease severity [26]. We investigated whether IL-17 and TNF-α induce cellular
ROS expression in FLS from patients with RA. Intracellular ROS levels in RA FLS were
elevated by 1.7-fold after stimulation with cytokines compared to control (n = 8; Figure 3A).
When RA FLS were pre-treated with NAC for 1 h, ROS levels were significantly reduced
by 35.3% in RA FLS stimulated with cytokines compared to those without NAC (n = 8;
Figure 3B). Furthermore, surface expression of CD70 was decreased by 19.1% after treatment
with both NAC and cytokines compared to treatment with cytokines alone (n = 5; Figure 3C).
These data suggest that ROS may induce the increase in surface expression of CD70 in
RA FLS.
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Figure 3. IL-17 and TNF-α enhance ROS expression in RA FLS. (A) RA FLS (n = 8) were cultured
with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. To analyze ROS expression, flow
cytometry analysis was performed using DCFDA. Data from one representative experiment are
presented (left). Average ROS expression was displayed as fold change of the MFI compared to
control (right). (B) RA FLS (n = 8) were pre-incubated with 10 nM of NAC for 1 h, and then, cells
were stimulated with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. To analyze ROS
expression, flow cytometry analysis was performed using DCFDA. Data from one representative
experiment are presented (left). Average ROS expression is displayed as fold change of the MFI
compared to control (right). (C) RA FLS (n = 5) were pre-incubated with 10 nM of NAC for 1 h, and
then, cells were stimulated with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. To analyze
the surface expressions of CD70, flow cytometry analysis was performed using PE-conjugated anti-
CD70. Data from one representative experiment are presented (left). Average CD70 expression was
calculated as fold change of the MFI compared to control (right). Statistical analysis was performed
using a Mann–Whitney test. * indicates p < 0.05; ** indicates p < 0.01.
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2.4. HIF-2α Inhibition Decreased CD70 Expression in RA FLS

HIF-2α is a representative key protein regulating the cellular response to hypoxia [22].
When RA FLS were incubated with IL-17 and TNF-α, mRNA expression of HIF-2α was
synergistically elevated in IL-17/TNF-α-treated cells (0.035 ± 0.006) compared unstim-
ulated control FLS (0.137 ± 0.036) (n = 6; Figure 4A,B). HIF-2α protein levels were also
markedly elevated by 9.01-fold in cytokine stimulation compared to control (Figure 4C). To
determine whether HIF-2α influenced CD70, HIF-2α was inhibited by PT-2385 treatment.
The cytokine-induced CD70 levels were significantly decreased by 21.9% following 20 uM
of HIF-2α inhibitor treatment (n = 4; Figure 4D). ROS levels were also significantly down-
regulated by 18.7% following 20 uM of HIF-2α inhibitor treatment (n = 5; Figure 4E). These
results suggest that HIF-2α modulates the surface expression of CD70 in RA FLS through
ROS regulation.
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Figure 4. CD70 expression in RA FLS is downregulated by HIF-2α-specific inhibition. (A) RA FLS
were cultured with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. (B) RA FLS (n = 6)
were cultured with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. mRNA levels of CD70
or HIF-2α were assessed by RT-PCR, using β-actin as the housekeeping gene. Statistical differences
were determined using one-way ANOVA. (C) To analyze the intracellular expressions of HIF-2α, RA
FLS were cultured with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. Following fixation
and permeabilization, RA FLS were stained using rabbit anti-human HIF-2α with FITC-conjugated
anti-rabbit IgG secondary antibody. Data from one representative experiment are presented (left).
The averages of HIF-2α expression are displayed as fold change of the MFI compared to control
(right). (D) RA FLS (n = 4) were cultured with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL)
for 24 h. To inhibit HIF-2α, cells were co-treated with 5, 10, or 20 µM of PT-2385 for 24 h. To analyze
surface expression of CD70, flow cytometry analysis was performed using PE-conjugated anti-CD70.
Data from one representative experiment are presented (left). The averages of CD70 expression are
displayed as fold change of the MFI compared to cytokine-stimulated cells (right). Statistical analysis
was performed using a Mann–Whitney test. (E) RA FLS (n = 5) were cultured with or without IL-17
(5 ng/mL) and TNF-α (5 ng/mL) for 24 h. To inhibit HIF-2α, cells were co-treated with 5, 10, and
20 µM of PT-2385 for 24 h. To analyze ROS levels, flow cytometry was performed using DCFDA. Data
from one representative experiment are presented (left). Average ROS levels are displayed as fold
change of the MFI compared to cytokine-stimulated cells (right). Statistical analysis was performed
using a Mann–Whitney test. The bar represents the mean. * indicates p < 0.05; ** indicates p < 0.01.
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2.5. Enhanced Expression of CD70 Is Associated with Increased Migration in RS FLS

Migration of activated FLS mediates bone damage in RA progression via invasion
through the cartilage [27]. We therefore investigated whether RA FLS cell migration is
associated with increased CD70 expression. Stimulation with IL-17 and TNF-α enhanced
cell movement into the wounded area, and cytokine-induced cell movement was decreased
by PT-2385 (HIF-2α inhibitor) or BU69 (CD70-blocking antibody) (Figure 5A). When cell
migration was analyzed using a transwell membrane, IL-17 and TNF-α stimulation also
enhanced the migratory ability of RA FLS compared to unstimulated RA FLS controls, and
inhibition of HIF-2α (33.0% less) and CD70 (29.4% less) attenuated cell migration (n = 5;
Figure 5B,C). Based on these results, we suggest that CD70 influences cell migration via
regulation of HIF-2α and ROS in RA FLS.
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FLS were cultured with or without IL-17 (5 ng/mL) and TNF-α (5 ng/mL) for 24 h. To inhibit HIF-2α,
20 µM PT-2385 was added to the culture for 24 h. To inhibit CD70, 1 µg/mL BU69 was added to
the culture for 24 h. Following the scratch assay, migrated cells were photographed after cytokine
stimulation for 24 h. Magnification is 40×. (B,C) Cell migration of RA FLS (n = 4) was measured using
a transwell chamber after 16 h and visualized with crystal violet staining. Following solubilization,
the crystal violet dye was quantitated using optical density. Data represent the fold change of the
optical density compared to control. Statistical analysis was performed using a Mann–Whitney test.
Magnification is 200×. * indicates p < 0.05.
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3. Discussion

RA FLS were stimulated with IL-17 and TNF-α, which are regarded as key cytokines
in RA pathogenesis but not in OA [28,29]. These cytokines are detected in RA synovium,
and their inhibition is a therapeutic target for RA treatments [30]. Here, IL-17 and TNF-α
significantly enhanced the expression of CD70 in RA FLS compared to OA FLS (Figure 1).
This is the first study, to our knowledge, to report the presence of CD70 in RA FLS. Surface
expression of CD70 has been associated with a higher risk of cancer malignancy and
aberrant T-cell activation [13] in part due to CD70/CD27 interactions that can induce
excessive infiltration of T cells and cause autoimmune disease [18,19]. Although CD27 was
not detected on the surface of RA FLS, sCD27 was detected in synovial fluid from patients
with RA (Figure 2). These results suggest that the high level of sCD27 could originate from
activated T cells through interactions with CD70 expressing FLS in RA. Subsequently, CD70
could act as an important co-stimulatory molecule in the development of RA. Furthermore,
the difference in expression of sCD27 between RA and OA in synovial fluids could be a
potential diagnostic marker for RA or an active inflammation state.

CD70 expression is modulated by ROS levels [31]. In RA FLS, surface expression of
CD70 was also inhibited by pretreatment with antioxidants (Figure 3C). Production of
ROS is increased in patients with RA relative to healthy controls due to an insufficient
antioxidant defense system [32,33]. Oxidative stress leads to the generation of deleterious
byproducts that mediate cell toxicity, the production of pro-inflammatory cytokines, and
ultimately damage to structural and functional cartilage [33]. Several transcription factors,
including nuclear factor kappa-light-chain-enhancer of activated B cells, activating protein-
1, p53, HIF-1α, and HIF-2α, have been shown to be redox-sensitive [34,35]. Following
stimulation with IL-17 and TNF-α, mRNA and protein levels of HIF-2α were elevated in
RA FLS (Figure 4A–C). After HIF-2α-specific inhibition in RA FLS, the surface expression
of CD70 and ROS levels were significantly reduced (Figure 4D,E). Although the correlation
between ROS and CD70 has been suggested as an important signaling pathway in RA,
few studies have investigated the relationship between HIF-2α and CD70. These results
suggest IL-17 and TNF-α-mediated HIF-2α expression activates ROS-CD70 signaling.

FLS in the synovial intimal lining are the major cause of cartilage destruction due to
migration to the unaffected joints in RA [36]. The active migratory phenotype and strong
cartilage invasiveness are unique characters of RA FLS [37]. Previous studies showed that
CD70-expressing cancer-associated fibroblasts showed increased migratory capacities [38],
and inhibition of CD70 in primary glioblastoma suppressed tumor migration [39]. In
mice, HIF-2α was also regulated by stimulating FLS migration and invasion, leading to
cartilage erosion during RA pathogenesis [40]. We showed that inhibition of HIF-2α or
CD70 attenuated the migratory ability of RA FLS using wound and transwell migration
assays (Figure 5). From these results, we suggest that CD70 influences FLS migration via
regulation of HIF-2α and ROS in RA. In a collagen-induced arthritis model, treatment
with CD70-blocking antibody resulted in marked improvements in disease severity and a
significant reduction in the production of autoantibodies [41]. Further studies are needed
to analyze the suppressive function of T cells in synovial fluid with CD70-decreased RA
FLS. Our findings suggest HIF-2α/ROS/CD70 signaling could be a novel therapeutic
strategy for RA treatment and may contribute to a better understanding of RA initiation
and progression.

4. Materials and Methods
4.1. Human Subjects

Whole blood and synovial fluid samples were collected from patients with RA (n = 6)
and osteoarthritis (OA, n = 6) using heparin tubes at Chungnam National University
Hospital (Daejeon, Korea). Patients were diagnosed with RA according to the American
College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) 2010
classification criteria [42]. RA patients were excluded as a result of any of the following
disorders: infectious disease, overlap of autoimmune conditions suspected, septic arthri-
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tis, osteoarthritis, lupus, cancer, multiple sclerosis, and stroke. Patients with OA were
diagnosed according to the 1985 ACR criteria [43]. OA patients were excluded in the
event of any of the following disorders: inflammatory diseases, such as septic arthritis and
rheumatoid arthritis; history of knee surgery, infectious diseases, cancer, multiple sclerosis,
stroke, and immune system disorder. Synovial fluid samples were obtained from knee
arthrocentesis, which was performed for diagnosis or treatment. Sera and synovial fluids
were centrifuged, and the supernatant was stored at −80 ◦C. Synovial tissues were obtained
from patients with RA (n = 14; Table 1) and OA (n = 4) who had undergone synovectomy
or joint replacement. After removing fat and fibrous tissues, the synovium was cut into
small pieces and incubated with 0.1% collagenase (Sigma-Aldrich, MO, USA) in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, MA, USA) at 37 ◦C for 2 h. Cells were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin,
and 100 mg/mL streptomycin and maintained in a 5% CO2 incubator at 37 ◦C. The purity
of isolated FLS (CD90+) was determined to be >95% (data not shown). FLS were used for
experiments after three to six passages.

Table 1. Baseline characteristics of all patients.

VARIABLES RA (n = 41) OA (n = 4)

Female (n, %) 10 (71.4%) 3 (75.0%)
Age (year, mean ± SD) 63.86 ± 1.77 70.0 ± 6.39

BMI (Kg/m2 ± SD) 23.78 ± 0.62 27.79 ± 1.32

Laboratory features
(n, %)

Antinuclear antibody (ANA) 4 (28.6%) -
Rheumatoid factor (RF) 13 (92.9%) -

Anti CCP Ab 11 (78.9%) -

Treatment
(n, %)

Methotrexate 11 (78.9%) -
Hydroxychloroquine 8 (57.1%) -

Sulfasalazine 6 (42.9%) -
Leflunomide 2 (14.3%) -
Tacrolimus 1 (7.1%) -

Steroid 11 (78.9%) -
SD, standard deviation.

4.2. Ethics Statement

This study was performed according to the recommendations of the Declaration of
Helsinki and approved by the Institutional Review Board of Chungnam National Uni-
versity Hospital (2017-12-024-002). All study patients signed informed written consent
before participation.

4.3. Real-Time PCR and RT-PCR

Total RNA was extracted using TRI Reagent (Molecular Research Center, OH, USA),
according to the manufacturer’s instructions. Extracted RNA was used in reverse tran-
scription reactions with ReverTra Ace® qPCR RT Master Mix (TOYOBO, Osaka, Japan),
according to the manufacturer’s instructions. SYBR® Green Realtime PCR Master Mix
(TOYOBO) was used for RT-PCR analysis of cDNA following the manufacturer’s instruc-
tions. The primers were synthesized by Bioneer (Daejoen, Korea; see Table 2 for primer
sequences). Thermal cycling conditions were as follows: initial denaturation at 95 ◦C for
5 min, 40 cycles of 95 ◦C for 10 s, 60 ◦C for 15 s, and 72 ◦C for 20 s. A melting step was per-
formed by raising the temperature from 72 ◦C to 95 ◦C after the last cycle. Thermal cycling
was conducted using a CFX Connect RT-PCR Detection System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The target gene expression levels are shown as a ratio in comparison
with the levels of β-actin in the same sample via calculation of the cycle threshold (Ct)
value. The relative expression levels of target genes were calculated by the 2−∆∆CT relative
quantification method.
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Table 2. Primers used for PCR.

Sense Primer Antisense Primer

CD70 TCTCAGCTTCCACCAAGGTT AAGTGTCCCAGTGAGGTTGG
HIF-2α CCTTAAGACAAGGTCTGCA TTCATCCGTTTCCACATCAA
β-actin ACAATGAGCTGCTGGTGGCT TGGGCACAGTGTGGGTGA

For RT-PCR, the synthesized cDNA was mixed with Solg™ 2X Taq PCR Pre-Mix
(SolGent, Daejoen, Korea) and 10 pmol of each specific PCR primer, as specified in the man-
ufacturer’s protocol. Amplified products were separated on 2% agarose gels, stained with
Midori green advance (NIPPON Genetics EUROPE, Düren, Germany), and photographed
under UV illumination using a GelDoc system (Bio-Rad Laboratories, Inc.).

4.4. Flow Cytometry Analysis

To analyze the surface expression of CD70 or CD27, FLS were stained using phyco-
erythrin (PE)-conjugated anti-CD70 (cat# 555835; BD Biosciences, NJ, USA) and PerCP-
Cy5.5-conjugated anti-CD27 (cat# 560612; BD Biosciences). Intracellular expression of
HIF-2α was detected using rabbit anti-human HIF-2α (cat# NB100-122; NovusBio, CO,
USA) with FITC-conjugated anti-rabbit IgG secondary antibody (cat# ab150077; Abcam,
Cambridge, UK).

To detect ROS levels, cells were stained with DCFDA (cat# C6827; Invitrogen, MA,
USA), according to the manufacturer’s instructions. The antioxidant, N-acetyl-L-cysteine
(NAC, cat# A7250), was obtained from Sigma-Aldrich. Cells were analyzed with a FAC-
SCanto II flow cytometer (BD Biosciences), and data were processed with FlowJo software
(Tree Star, OR, USA).

4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

An ELISA kit for human soluble CD27 (Invitrogen) was used to measure sCD27 accord-
ing to the manufacturer’s instructions, and sCD27 levels were estimated by interpolation
from a standard curve generated using a Sunrise absorbance reader (Tecan, Männedorf,
Switzerland) at 450 nm. Data were analyzed using XFLUOR4 (Tecan, Version 4.51).

4.6. Wound Migration Assay

When FLS cultures were approximately 90% confluent, cells were incubated with
DMEM supplemented with 1% FBS for 4 h. FLS monolayers were wounded with pipette
tips and treated for 24 h with recombinant human IL-17 (PeproTech, Cranbury, NJ, USA)
and TNF-α (PeproTech). During the blocking assays, the cultures were treated with HIF-2α
inhibitor (PT-2385; Abcam) or CD70-blocking antibody (BU69; Abcam). Wound closure
was monitored and photographed at 0 and 24 h with an Olympus inverted microscope
(magnification 40×; 0.55 numerical aperture dry objective; Tokyo, Japan). To quantify
the migrated cells, pictures of the initial wounded monolayers were compared with the
corresponding pictures of cells at the end of the incubation.

4.7. Transwell Migration Assay

RA FLS were stimulated with recombinant IL-17 (5 ng/mL, PeproTech) and TNF-α
(5 ng/mL, PeproTech) for 24 h. For the transwell migration assay, cells were centrifuged
and loaded onto the top of transwell filters with an 8-µm pore opening (Corning, Inc.,
New York, NY, USA). DMEM containing 10% FBS was transferred to the bottom chamber
of the transwell plate as a chemoattractant for 16 h. Then, transwells were fixed with 100%
methanol and stained with dilute crystal violet (Sigma-Aldrich). Non-migrating cells on the
top membrane surface were removed by washing with PBS and cotton swabs. Invaded cells
were manually counted in five random fields per sample under an inverted microscope
(magnification 200×; 0.55 numerical aperture dry objective; Olympus). The crystal violet
dye was diluted with 0.1% sodium dodecyl sulfate (SDS; ELPIS biotech, Daejoen, Korea).



Int. J. Mol. Sci. 2022, 23, 2342 10 of 12

The number of cells marked with crystal violet was quantified using the optical density
and a Sunrise absorbance reader (Tecan) at 595 nm.

4.8. Statistical Analysis

Results are expressed as the mean ± standard deviation. Data were first tested for
conformation to a normal distribution. For comparison between two groups, Student’s t-test
or nonparametric Mann–Whitney tests were applied depending on the data distribution.
For comparison between three or more groups, one-way analysis of variance (ANOVA)
test or nonparametric Kruskal–Wallis test was applied. p-Values < 0.05 were considered
statistically significant. All analyses were performed using SPSS version 26 (IBM, Armonk,
NY, USA).

Author Contributions: Conceptualization, project administration, validation, and writing, S.-J.Y.,
H.-R.L. and S.W.K.; methodology, S.-J.Y., H.-R.L., J.K., I.S.Y. and C.K.P.; resources, S.-J.Y., J.K., I.S.Y.,
C.K.P. and S.W.K.; visualization, formal analysis, investigation, and data curation, S.-J.Y.; supervision,
S.W.K.; funding acquisition, S.-J.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the research fund of Rheumatology Research Foundation (RRF-
2017-05), Chungnam National University Hospital Research Fund, 2018, and the National Research
Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (NRF-2021R1G1A1005712).

Institutional Review Board Statement: This study was performed according to the recommenda-
tions of the Declaration of Helsinki and approved by the Institutional Review Board of Chungnam
National University Hospital (2017-12-024-002).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Firestein, G.S. Evolving concepts of rheumatoid arthritis. Nature 2003, 423, 356–361. [CrossRef]
2. Miossec, P. Rheumatoid arthritis: Still a chronic disease. Lancet 2013, 381, 884–886. [CrossRef]
3. Lundy, S.K.; Sarkar, S.; Tesmer, L.A.; Fox, D.A. Cells of the synovium in rheumatoid arthritis. T lymphocytes. Arthritis Res. Ther.

2007, 9, 202. [CrossRef]
4. Nevius, E.; Gomes, A.C.; Pereira, J.P. Inflammatory Cell Migration in Rheumatoid Arthritis: A Comprehensive Review. Clin. Rev.

Allergy Immunol. 2016, 51, 59–78. [CrossRef]
5. Phull, A.R.; Nasir, B.; Haq, I.U.; Kim, S.J. Oxidative stress, consequences and ROS mediated cellular signaling in rheumatoid

arthritis. Chem. Biol. Interact. 2018, 281, 121–136. [CrossRef]
6. Lee, H.R.; Yoo, S.J.; Kim, J.; Yoo, I.S.; Park, C.K.; Kang, S.W. The effect of nicotinamide adenine dinucleotide phosphate oxidase 4

on migration and invasion of fibroblast-like synoviocytes in rheumatoid arthritis. Arthritis Res. Ther. 2020, 22, 116. [CrossRef]
7. Goodwin, R.G.; Alderson, M.R.; Smith, C.A.; Armitage, R.J.; VandenBos, T.; Jerzy, R.; Tough, T.W.; Schoenborn, M.A.;

Davis-Smith, T.; Hennen, K.; et al. Molecular and biological characterization of a ligand for CD27 defines a new family of
cytokines with homology to tumor necrosis factor. Cell 1993, 73, 447–456. [CrossRef]

8. Hintzen, R.Q.; Lens, S.M.; Koopman, G.; Pals, S.T.; Spits, H.; van Lier, R.A. CD70 represents the human ligand for CD27. Int.
Immunol. 1994, 6, 477–480. [CrossRef]

9. Hintzen, R.Q.; Lens, S.M.; Lammers, K.; Kuiper, H.; Beckmann, M.P.; van Lier, R.A. Engagement of CD27 with its ligand CD70
provides a second signal for T cell activation. J. Immunol. 1995, 154, 2612–2623.

10. Tesselaar, K.; Gravestein, L.A.; van Schijndel, G.M.; Borst, J.; van Lier, R.A. Characterization of murine CD70, the ligand of the
TNF receptor family member CD27. J. Immunol. 1997, 159, 4959–4965.

11. Watts, T.H. TNF/TNFR family members in costimulation of T cell responses. Annu. Rev. Immunol. 2005, 23, 23–68. [CrossRef]
12. Croft, M. The role of TNF superfamily members in T-cell function and diseases. Nat. Rev. Immunol. 2009, 9, 271–285. [CrossRef]
13. Law, C.L.; Gordon, K.A.; Toki, B.E.; Yamane, A.K.; Hering, M.A.; Cerveny, C.G.; Petroziello, J.M.; Ryan, M.C.; Smith, L.;

Simon, R.; et al. Lymphocyte activation antigen CD70 expressed by renal cell carcinoma is a potential therapeutic target for
anti-CD70 antibody-drug conjugates. Cancer Res. 2006, 66, 2328–2337. [CrossRef]

http://doi.org/10.1038/nature01661
http://doi.org/10.1016/S0140-6736(12)62192-8
http://doi.org/10.1186/ar2107
http://doi.org/10.1007/s12016-015-8520-9
http://doi.org/10.1016/j.cbi.2017.12.024
http://doi.org/10.1186/s13075-020-02204-0
http://doi.org/10.1016/0092-8674(93)90133-B
http://doi.org/10.1093/intimm/6.3.477
http://doi.org/10.1146/annurev.immunol.23.021704.115839
http://doi.org/10.1038/nri2526
http://doi.org/10.1158/0008-5472.CAN-05-2883


Int. J. Mol. Sci. 2022, 23, 2342 11 of 12

14. Ruf, M.; Mittmann, C.; Nowicka, A.M.; Hartmann, A.; Hermanns, T.; Poyet, C.; van den Broek, M.; Sulser, T.; Moch, H.; Schraml, P.
pVHL/HIF-regulated CD70 expression is associated with infiltration of CD27+ lymphocytes and increased serum levels of
soluble CD27 in clear cell renal cell carcinoma. Clin. Cancer Res. 2015, 21, 889–898. [CrossRef]

15. Burchill, M.A.; Tamburini, B.A.; Kedl, R.M. T cells compete by cleaving cell surface CD27 and blocking access to CD70-bearing
APCs. Eur. J. Immunol. 2015, 45, 3140–3149. [CrossRef]

16. Yoshino, K.; Kishibe, K.; Nagato, T.; Ueda, S.; Komabayashi, Y.; Takahara, M.; Harabuchi, Y. Expression of CD70 in nasal natural
killer/T cell lymphoma cell lines and patients; its role for cell proliferation through binding to soluble CD27. Br. J. Haematol. 2013,
160, 331–342. [CrossRef]

17. Gattorno, M.; Prigione, I.; Vignola, S.; Falcini, F.; Chiesa, S.; Morandi, F.; Picco, P.; Buoncompagni, A.; Martini, A.; Pistoia, V. Levels
of soluble CD27 in sera and synovial fluid and its expression on memory T cells in patients with juvenile idiopathic arthritides.
Clin. Exp. Rheumatol. 2002, 20, 863–866.

18. Lee, W.W.; Yang, Z.Z.; Li, G.; Weyand, C.M.; Goronzy, J.J. Unchecked CD70 expression on T cells lowers threshold for T cell
activation in rheumatoid arthritis. J. Immunol. 2007, 179, 2609–2615. [CrossRef]

19. Park, J.K.; Han, B.K.; Park, J.A.; Woo, Y.J.; Kim, S.Y.; Lee, E.Y.; Lee, E.B.; Chalan, P.; Boots, A.M.; Song, Y.W. CD70-expressing CD4
T cells produce IFN-gamma and IL-17 in rheumatoid arthritis. Rheumatology 2014, 53, 1896–1900. [CrossRef]

20. Fearon, U.; Canavan, M.; Biniecka, M.; Veale, D.J. Hypoxia, mitochondrial dysfunction and synovial invasiveness in rheumatoid
arthritis. Nat. Rev. Rheumatol. 2016, 12, 385–397. [CrossRef]

21. Konisti, S.; Kiriakidis, S.; Paleolog, E.M. Hypoxia—A key regulator of angiogenesis and inflammation in rheumatoid arthritis.
Nat. Rev. Rheumatol. 2012, 8, 153–162. [CrossRef]

22. Gaber, T.; Dziurla, R.; Tripmacher, R.; Burmester, G.R.; Buttgereit, F. Hypoxia inducible factor (HIF) in rheumatology: Low O2!
See what HIF can do! Ann. Rheum. Dis. 2005, 64, 971–980. [CrossRef]

23. Ryu, J.H.; Chae, C.S.; Kwak, J.S.; Oh, H.; Shin, Y.; Huh, Y.H.; Lee, C.G.; Park, Y.W.; Chun, C.H.; Kim, Y.M.; et al. Hypoxia-inducible
factor-2alpha is an essential catabolic regulator of inflammatory rheumatoid arthritis. PLoS Biol. 2014, 12, e1001881. [CrossRef]

24. Kitajima, S.; Lee, K.L.; Fujioka, M.; Sun, W.; You, J.; Chia, G.S.; Wanibuchi, H.; Tomita, S.; Araki, M.; Kato, H.; et al. Hypoxia-
inducible factor-2 alpha up-regulates CD70 under hypoxia and enhances anchorage-independent growth and aggressiveness in
cancer cells. Oncotarget 2018, 9, 19123–19135. [CrossRef]

25. Santos Savio, A.; Machado Diaz, A.C.; Chico Capote, A.; Miranda Navarro, J.; Rodriguez Alvarez, Y.; Bringas Perez, R.;
Estevez del Toro, M.; Guillen Nieto, G.E. Differential expression of pro-inflammatory cytokines IL-15Ralpha, IL-15, IL-6 and
TNFalpha in synovial fluid from rheumatoid arthritis patients. BMC Musculoskeleta Disord. 2015, 16, 51. [CrossRef]

26. Lee, H.R.; Yoo, S.J.; Kim, J.; Park, C.K.; Kang, S.W. Reduction of Oxidative Stress in Peripheral Blood Mononuclear Cells Attenuates
the Inflammatory Response of Fibroblast-like Synoviocytes in Rheumatoid Arthritis. Int. J. Mol. Sci. 2021, 22, 12411. [CrossRef]

27. Pap, T.; Muller-Ladner, U.; Gay, R.E.; Gay, S. Fibroblast biology. Role of synovial fibroblasts in the pathogenesis of rheumatoid
arthritis. Arthritis Res. 2000, 2, 361–367. [CrossRef]

28. Chabaud, M.; Garnero, P.; Dayer, J.M.; Guerne, P.A.; Fossiez, F.; Miossec, P. Contribution of interleukin 17 to synovium matrix
destruction in rheumatoid arthritis. Cytokine 2000, 12, 1092–1099. [CrossRef]

29. Xu, T.; Ying, T.; Wang, L.; Zhang, X.D.; Wang, Y.; Kang, L.; Huang, T.; Cheng, L.; Wang, L.; Zhao, Q. A native-like bispecific
antibody suppresses the inflammatory cytokine response by simultaneously neutralizing tumor necrosis factor-alpha and
interleukin-17A. Oncotarget 2017, 8, 81860–81872. [CrossRef]

30. Hueber, A.J.; Asquith, D.L.; Miller, A.M.; Reilly, J.; Kerr, S.; Leipe, J.; Melendez, A.J.; McInnes, I.B. Mast cells express IL-17A in
rheumatoid arthritis synovium. J. Immunol. 2010, 184, 3336–3340. [CrossRef]

31. Park, G.B.; Kim, Y.S.; Lee, H.K.; Song, H.; Cho, D.H.; Lee, W.J.; Hur, D.Y. Endoplasmic reticulum stress-mediated apoptosis of
EBV-transformed B cells by cross-linking of CD70 is dependent upon generation of reactive oxygen species and activation of p38
MAPK and JNK pathway. J. Immunol. 2010, 185, 7274–7284. [CrossRef] [PubMed]

32. Mateen, S.; Moin, S.; Khan, A.Q.; Zafar, A.; Fatima, N. Increased Reactive Oxygen Species Formation and Oxidative Stress in
Rheumatoid Arthritis. PLoS ONE 2016, 11, e0152925. [CrossRef] [PubMed]

33. Ozturk, H.S.; Cimen, M.Y.; Cimen, O.B.; Kacmaz, M.; Durak, I. Oxidant/antioxidant status of plasma samples from patients with
rheumatoid arthritis. Rheumatol. Int. 1999, 19, 35–37. [PubMed]

34. Henrotin, Y.E.; Bruckner, P.; Pujol, J.P. The role of reactive oxygen species in homeostasis and degradation of cartilage. Osteoarthr.
Cartil. 2003, 11, 747–755. [CrossRef]

35. Hua, S.; Dias, T.H. Hypoxia-Inducible Factor (HIF) as a Target for Novel Therapies in Rheumatoid Arthritis. Front. Pharmacol.
2016, 7, 184. [CrossRef] [PubMed]

36. Bartok, B.; Firestein, G.S. Fibroblast-like synoviocytes: Key effector cells in rheumatoid arthritis. Immunol. Rev. 2010, 233, 233–255.
[CrossRef] [PubMed]

37. Lefevre, S.; Knedla, A.; Tennie, C.; Kampmann, A.; Wunrau, C.; Dinser, R.; Korb, A.; Schnaker, E.M.; Tarner, I.H.;
Robbins, P.D.; et al. Synovial fibroblasts spread rheumatoid arthritis to unaffected joints. Nat. Med. 2009, 15, 1414–1420.
[CrossRef]

38. Jacobs, J.; Deschoolmeester, V.; Zwaenepoel, K.; Flieswasser, T.; Deben, C.; Van den Bossche, J.; Hermans, C.; Rolfo, C.; Peeters, M.;
De Wever, O.; et al. Unveiling a CD70-positive subset of cancer-associated fibroblasts marked by pro-migratory activity and
thriving regulatory T cell accumulation. Oncoimmunology 2018, 7, e1440167. [CrossRef]

http://doi.org/10.1158/1078-0432.CCR-14-1425
http://doi.org/10.1002/eji.201545749
http://doi.org/10.1111/bjh.12136
http://doi.org/10.4049/jimmunol.179.4.2609
http://doi.org/10.1093/rheumatology/keu171
http://doi.org/10.1038/nrrheum.2016.69
http://doi.org/10.1038/nrrheum.2011.205
http://doi.org/10.1136/ard.2004.031641
http://doi.org/10.1371/journal.pbio.1001881
http://doi.org/10.18632/oncotarget.24919
http://doi.org/10.1186/s12891-015-0516-3
http://doi.org/10.3390/ijms222212411
http://doi.org/10.1186/ar113
http://doi.org/10.1006/cyto.2000.0681
http://doi.org/10.18632/oncotarget.19899
http://doi.org/10.4049/jimmunol.0903566
http://doi.org/10.4049/jimmunol.1001547
http://www.ncbi.nlm.nih.gov/pubmed/21078900
http://doi.org/10.1371/journal.pone.0152925
http://www.ncbi.nlm.nih.gov/pubmed/27043143
http://www.ncbi.nlm.nih.gov/pubmed/10651080
http://doi.org/10.1016/S1063-4584(03)00150-X
http://doi.org/10.3389/fphar.2016.00184
http://www.ncbi.nlm.nih.gov/pubmed/27445820
http://doi.org/10.1111/j.0105-2896.2009.00859.x
http://www.ncbi.nlm.nih.gov/pubmed/20193003
http://doi.org/10.1038/nm.2050
http://doi.org/10.1080/2162402X.2018.1440167


Int. J. Mol. Sci. 2022, 23, 2342 12 of 12

39. Ge, H.; Mu, L.; Jin, L.; Yang, C.; Chang, Y.E.; Long, Y.; DeLeon, G.; Deleyrolle, L.; Mitchell, D.A.; Kubilis, P.S.; et al. Tumor
associated CD70 expression is involved in promoting tumor migration and macrophage infiltration in GBM. Int. J. Cancer 2017,
141, 1434–1444. [CrossRef]

40. Huh, Y.H.; Lee, G.; Lee, K.B.; Koh, J.T.; Chun, J.S.; Ryu, J.H. HIF-2alpha-induced chemokines stimulate motility of fibroblast-like
synoviocytes and chondrocytes into the cartilage-pannus interface in experimental rheumatoid arthritis mouse models. Arthritis
Res. Ther. 2015, 17, 302. [CrossRef] [PubMed]

41. Oflazoglu, E.; Boursalian, T.E.; Zeng, W.; Edwards, A.C.; Duniho, S.; McEarchern, J.A.; Law, C.L.; Gerber, H.P.; Grewal, I.S.
Blocking of CD27-CD70 pathway by anti-CD70 antibody ameliorates joint disease in murine collagen-induced arthritis. J. Immunol.
2009, 183, 3770–3777. [CrossRef] [PubMed]

42. Aletaha, D.; Neogi, T.; Silman, A.J.; Funovits, J.; Felson, D.T.; Bingham, C.O., 3rd; Birnbaum, N.S.; Burmester, G.R.; Bykerk, V.P.;
Cohen, M.D.; et al. 2010 Rheumatoid arthritis classification criteria: An American College of Rheumatology/European League
Against Rheumatism collaborative initiative. Arthritis Rheum. 2010, 62, 2569–2581. [CrossRef] [PubMed]

43. Altman, R.; Asch, E.; Bloch, D.; Bole, G.; Borenstein, D.; Brandt, K.; Christy, W.; Cooke, T.D.; Greenwald, R.; Hochberg, M.; et al.
Development of criteria for the classification and reporting of osteoarthritis. Classification of osteoarthritis of the knee. Diagnostic
and Therapeutic Criteria Committee of the American Rheumatism Association. Arthritis Rheum. 1986, 29, 1039–1049. [CrossRef]

http://doi.org/10.1002/ijc.30830
http://doi.org/10.1186/s13075-015-0816-x
http://www.ncbi.nlm.nih.gov/pubmed/26510617
http://doi.org/10.4049/jimmunol.0901637
http://www.ncbi.nlm.nih.gov/pubmed/19710474
http://doi.org/10.1002/art.27584
http://www.ncbi.nlm.nih.gov/pubmed/20872595
http://doi.org/10.1002/art.1780290816

	Introduction 
	Results 
	IL-17- and TNF–Induced CD70 Expression in RA FLS 
	CD27 Is Difficult to Detect in RA FLS 
	CD70 Expression Is Regulated by ROS in RA FLS 
	HIF-2 Inhibition Decreased CD70 Expression in RA FLS 
	Enhanced Expression of CD70 Is Associated with Increased Migration in RS FLS 

	Discussion 
	Materials and Methods 
	Human Subjects 
	Ethics Statement 
	Real-Time PCR and RT-PCR 
	Flow Cytometry Analysis 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Wound Migration Assay 
	Transwell Migration Assay 
	Statistical Analysis 

	References

