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A B S T R A C T

Objective: To investigate whether articular chondrocytes from rheumatoid arthritis (RA) patients have acquired a
proinflammatory phenotype.
Method: Articular cartilage explants from RA patients and healthy controls (HC) were cultured with or without
interleukin (IL)-1β for two weeks. Protein levels of cytokines and metalloproteinases (MMPs) in the supernatant
were measured by LUMINEX, mRNA with qPCR and nitrogen oxide (NO) levels with Griess assay.
Results: Within 24 h after culture, cartilage explants from RA spontaneously produced MMP-1 and MMP-13, and
matrix components (aggrecan and collagen type IV) were released. In addition, the RA explants released higher
levels of tumor necrosis factor, interferon-γ, IL-33, IL-18, vascular endothelial growth factor-A, IL-6 but not IL-8,
and granulocyte-macrophage colony-stimulating factor (GM-CSF) as compared with HC. During two weeks of
incubation the higher levels did not diminish. IL-1β stimulation further increased the levels of IL-6, IL-8 and GM-
CSF, mainly in RA explants, and induced increased levels of NO in the supernatant from both HC and RA explants,
as a result of chondrocyte activation.
Conclusions: RA chondrocytes are activated with a proinflammatory profile involving the production of cytokines
as well as MMP-1 and MMP-13, that can lead to release of matrix molecules after activation, which suggests that
the chondrocytes have a proinflammatory phenotype and thereby an active role in the pathogenesis.
1. Introduction

Rheumatoid arthritis (RA) is characterized by chronic inflammation
of cartilaginous diarthrodial joints leading to bone and cartilage degra-
dation and erosions. The inflammatory cells in the synovia are patho-
genic by producing proinflammatory cytokines and enzymes driving the
chronic inflammatory process. Inhibition of pathogenic cytokines such as
tumor necrosis factor (TNF) and interleukin (IL)-6 are today well-
established therapies [1]. The chronic active inflammation in the joints
is characterized by the transformation of the synovia into a pannus tissue
which is composed of activated cells, mainly macrophages and fibro-
blasts. The inflammation leads to the activation of osteoclasts and severe
erosions of joint proximal bone. The joint cartilage is destabilized and
show signs of erosions on the surface but are seldom completely eroded.
With time the joints are deformed leading to severe dysfunction and
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chronic pain.
The chondrocytes, being the only cell in articular cartilage, are

responsible for maintaining the extracellular cartilage matrix (ECM), but
during joint inflammation the metabolic balance is disturbed resulting in
cartilage loss [2]. Cartilage is believed to be damaged by several different
mediators such as proinflammatory factors released from inflammatory
synoviocytes, e.g. IL-1β, TNF and IL-6, proteases such as matrix metal-
loproteinases (MMP) and nitrogen oxide (NO) [3,4]. Many studies on
articular chondrocytes have been performed on cartilage from osteoar-
thritis (OA) patients. If and how human articular chondrocytes can
contribute to the cartilage destruction in RA due to cytokine and MMP
production is not well investigated.

Articular cartilage is an avascular tissue and the limited supply of
both oxygen and nutrients is through diffusion resulting in a slow
regenerative ability. Nutrition comes from the surrounding synovial fluid
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by diffusion facilitated by varying compression of the cartilage tissue [5].
The articular cartilage normally has a low turnover where the major
protein, collagen type II, has a half-life of over 100 years while the
proteoglycan aggrecan has been estimated to 3–24 years [6,7]. Chon-
drocytes constitute only 1–2% of the matrix and produce a low but steady
level of components that supports the ECM during normal conditions. In
a chronic inflammatory disease such as RA, the equilibrium between
anabolism and catabolism is disturbed and the joint tissue is degraded
faster than it is rebuilt [2]. Degradation of ECM is orchestrated by both
MMPs and a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS) that target the two major components in articular
cartilage, collagen type II and aggrecan [8]. Leucocytes attracted to the
inflammation and surrounding synovial fibroblast all produce proin-
flammatory cytokines such as TNF and IL-1β, that can alter the phenotype
of the chondrocytes by suppressing synthesis of collagen type II and
aggrecan, stimulate expression of proteases that can break down ECM,
inhibit chondrocyte proliferation and cause production of matrix com-
ponents not present in normal cartilage [4,9].

Studies regarding the contribution by chondrocytes to the synthesis of
proinflammatory cytokines are scarce and mainly focused on chon-
drocytes from OA patients [10]. To the best of our knowledge, very little
is known about production of cytokines and other proinflammatory
mediators from chondrocytes in explant from RA patients. We hypothe-
sized that human articular chondrocytes from patients with RA
contribute to local inflammation in the joint, which is further enhanced
by addition of IL-1β. The aim of this study was to investigate this hy-
pothesis by comparing the production of proinflammatory proteins and
cartilage components from explants derived from RA patients and
healthy controls.

2. Material and methods

2.1. Cartilage sampling

RA patients undergoing prosthetic hip or knee replacement surgery
and patients with fractured femur head (HC) were enrolled in this study
to collect human articular cartilage. The study was approved by the
ethical committee (Dnr 334-15, 2015-05-18; T1075-17, 2017-12-18
2019–04373 2019-09-11) and all patients signed an informed written
consent before entering the study. Demographic characteristics regarding
patients in the study can be seen in Table 1.

2.2. Explants cultures

After surgery, cartilage samples were placed in phosphate buffered
saline (PBS) and stored at 4 �C until further handling. Full thickness
cartilage was carved of within 24 h after surgery and explants, 4 mm in
diameter, were punched out using a biopsy punch. Explants were washed
in PBS before in vitro cultivation in a Nunclon Delta Surface 96 wells plate
at 37 �C with 5% CO2. 200 μl cultivation medium Dulbecco's Modified
Table 1
Demographic characteristics of patients included in the study.

HC (n ¼ 10) RA (n ¼ 8)

Age at time for surgery (median, min; max) 76 (61; 93) 67 (49; 75)
Female n, (%) 8 (80%) 6 (75%)
Disease duration at time for surgery (median, min;
max)

10 (2; 17)

RF positivity n, (%) N/A 7 (88%)
Anti-rheumatic treatment
DMARDs
Methotrexate n, (%) N/A 6 (75%)
Biologics (infliximab) n, (%) N/A 2 (25%)
Prednisolon N/A 1 (12%)
No DMARDs or prednisolon N/A 1 (12)

Healthy controls (HC), rheumatoid arthritis (RA), Not Applicable (N/A), rheu-
matoid factor (RF), disease modifying anti rheumatoid drugs (DMARDs).
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Eagle Medium (DMEM) (Gibco by Life Technologies, Paisley, UK) sup-
plemented with 10% fetal bovine serum (Gibco by Life Technologies,
Paisley, UK), 1% ascorbic acid and 1% penicillin and streptomycin was
added to each well. Stimulation was performed with IL-1β (0.01 μg/ml)
(Peprotech, Stockholm, Sweden) and explants in cultivation medium
without stimulation served as medium control. Medium was changes for
all samples at day 0, 1, 3, 6, 9, 12 and 14 and the supernatants were
harvested. Day 0 samples was obtained after 16–24 h incubation in
culture medium and serve as baseline before IL-1β stimulation. All
stimulations were performed on duplicate explants (with exception for
day 0 that are based on the medium value from five duplicates) from each
patient/healthy control and the supernatants from these duplicates were
pooled and frozen immediately at �80 �C until further analysis. Values
presented for day 0 are based on five measurements from the pooled
duplicates, and the median value for each patient and each time point is
presented.

2.3. Cytokine and protein levels in supernatants

A Human Premixed Multi-Analyte Magnetic Luminex Assay (R&D
systems, Minneapolis, MN, USA) was used to measure the protein levels
of granulocyte-macrophage colony-stimulating factor (GM-CSF) GM-CSF,
C-X-C Motif Chemokine Ligand 8 (CXCL8)/IL-8, IL-33, TNF, interferon-γ,
IL-6, IL-18, ADAMTS13, MMP-1 (propeptide), MMP-8, MMP-13 (pro-
peptide), vascular endothelial growth factor A (VEGF-A), collagen IV a1
and aggrecan in supernatants according to the manufacturer's protocol.
Briefly, a 1:3 dilution of supernatants from day 0, 3, 6, 9, 14 together with
standards were mixed with magnetic beads and incubated for 2 h on a
shaker in room temperature. After washing, a biotinylated antibody mix
was added to all samples and incubated for 1 h. The plates were washed,
and streptavidin-PE was added to all wells and incubated for 30 min.
Using a Bio-Plex 200 system (Bio-Rad Laboratories, Hercules, CA, USA)
the magnetic beads-antibody complexes was quantified and analyzed
with a five parametric logistic standard curve, which was used for
interpolation, recovery rate 80–120.

2.4. Chondrocyte qPCR

Chondrocytes were isolated at day 0 from ECM derived from n¼ 6 HC
and n ¼ 5 RA by treatment with 0.3% collagenase (Worthington
Biochemical Corporation, Lakewook, CA, USA) as previously described
[11]. The isolated chondrocytes were frozen in fetal bovine serum with
10% DMSO (Sigma-Aldrich, Stockholm, Sweden) and stored at �150○C
until further use. RNA was isolated using a RNeasy Mini kit (Qiagen,
Hilden, Germany) and cDNA, 20 μl/reaction, was synthesized using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA), both according to the manufacturer's instructions.

Gene expression was investigated using quantitative real-time PCR
(qRT-PCR) with TaqMan™ Universal Master Mix II with UNG (Applied
Biosystems, Waltham, MA, USA) and primers for IL-6 (Hs00174131_m1),
MMP-13 (Hs00942584_m1), IL-8 (Hs00174103_m1), TNF
(Hs00174128_m1) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Hs03929097_g1) as housekeeping gene (all from Applied
Biosystems, Waltham, MA, USA) according to manufacturer's in-
structions. Assays were run in MicroAmp Fast 96-well Reaction Plate
(0.1 ml) (Applied Biosystems, Waltham, MA, USA), using ViiA7 Real-
Time PCR System (Applied Biosystems, Waltham, MA, USA). Patient
samples were run in single wells and the negative controls in duplicates.

Gene expression is presented as fold change and calculated using the
2^-ΔΔCt formula where the individual values were normalized to the
average of the healthy control group.

2.5. Confocal microscopy

Explants were snap frozen in optimal cutting temperature (OCT)
(Sakura, Tokyo, Japan)maximum 24 h after surgery or after incubation
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for 14 days. They were further sectioned in a cryostat to 12 μm, dried in
room temperature for 1 h before fixation in acetone and placed in�20 �C
until use. Mouse sera and avidin was used for blocking before incubation
with 5 μg/ml biotinylated monoclonal antibody against MMP-13
(Novusbio NBP2–72740B, Centennial, CO, USA) or biotinylated isotype
control IgG2a (GeneTex Inc. Irvine, CA, USA) before adding Alexa Fluor
555 conjugate streptavidin (Thermo Fisher Scientific, Waltham, MA,
USA). Hoechst 34580 (Life technologies, Carlsbad, CA, USA) was used for
nuclei staining. Stained sections were mounted with ProLong Gold
antifade reagent (Invitrogen, Waltham, MA, USA) and analyzed using a
LSM700 confocal microscope (Zeiss, Stockholm, Sweden).
Fig. 1. Cytokine production from unstimulated explants and chondrocytes mR
and RA (n ¼ 6) incubated for 16–24 h in vitro without stimulation measured with LU
before incubation HC (n ¼ 6) RA (n ¼ 5) measured with qPCR. Rheumatoid arthritis (
values from each patient were used and statistical differences were calculated using
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2.6. Nitric oxide

By measuring the stable NO metabolite, nitrite, in the supernatants
NO levels were monitored during the two weeks of incubation. Briefly, a
microplate adaptation of the Griess assay was used where 50 μl of culture
supernatants was mixed with 50 μl of Griess reagent (1% sulfanilamide in
5% H3PO4 and 0,1% N-(1-Naphthyl)ethylenediamine dihydrochloride)
in a 96 well plate. After 10 min incubation at room temperature, the
optical density was measured with a CLARIOstar microplate reader (BMG
Labtech, Ortenberg, Germany) 540 nm. A four parametric logistic stan-
dard curve with sodium nitrite in fresh culture medium was used for
interpolation to calculate the concentration given in μM NO.
NA expression. A-H. Cytokine levels in supernatants from HC explants (n ¼ 7)
MINEX. I–K. mRNA expression of TNF, IL-6 and IL-8 from chondrocytes isolated
RA), healthy controls (HC), tumor necrosis factor (TNF), interleukin (IL). Median
Mann Whitney. *p < 0.05, **p < 0.01.
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2.7. Immunohistochemistry

Frozen explants from day 0, before incubation, were sectioned to 12
μm thickness. Human thymus was used as control, sectioned in 12 μm
thickness and fixed in cold acetone. Thymus tissue samples were ob-
tained from children undergoing corrective cardiac surgery where the
thymus is removed to gain access to the heart and all parents gave
informed consent. This study was approved by the ethical committee
(Dnr 217-12, 2012-04-26). Sections were incubated in PBS, followed by
cold 0.3% H2O2 in PBS before blocking with 2,5% horse serum. Sections
were stained with mouse anti-human CD45 at 5 μg/ml (clone HI30,
Biolegend, San Diego, CA, USA) or IgG1 isotype control (clone MOPC-21,
Biolegend, San Diego, CA, USA), followed by ImmPRESS Horse Anti-
Mouse IgG Polymer Reagent (ImmPRESS Horse Anti-Mouse IgG PLUS
Polymer Kit, MP-7402, Vector laboratories, Burlingame, CA,USA).
Staining was developed using ImmPACT AMEC (Vector laboratories,
Burlingame, CA, USA), counterstained with Meyer's hematoxylin (VWR,
Gothenburg, Sweden) and mounted with a glass coverslip using Vecta-
Mount AQ Mounting Medium (Vector laboratories, Burlingame, CA,
USA).

2.8. Statistics

Statistical differences between day zero samples were calculated
using Mann Whitney U test. For the kinetic data a mixed model was used
with matched values stacked in subcolumns, followed by Tukey's mul-
tiple comparisons test. Statistical calculations were performed by
GraphPad Prism 8 (GraphPad Software). P < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Spontaneously elevated cytokine levels from RA explants

To monitor spontaneous release of cytokines from RA and HC ex-
plants, the explants were cultured in cultivation medium for 16–24 h.
The result showed that chondrocytes from both RA and HC explants
spontaneously produced several cytokines and that the levels of TNF,
INF-γ, IL-33, IL-18, VEGF-A and IL-6 were increased in RA explants
compared to HC (Fig. 1A–F). Although the levels of IL-8 did not reach
significance (p ¼ 0.05), there was a tendency toward a higher sponta-
neous production in RA explants with a median value two times higher
from RA compared to HC explants (Fig. 1 G). The production of GM-CSF
was not statistically different between the groups (Fig. 1 H). To rule out
that any leucocytes had infiltrated the cartilage and could contribute to
the cytokine production, explants from three RA and three HC were
stained for CD45. No positive staining could be seen in either of the ex-
plants, compared to thymus tissue that was used as a positive control (Fig
S1).

A qPCR could verify that the elevated levels of cytokines were pro-
duced by the chondrocytes and not released from the ECM. The mRNA
expression of TNF and IL-8 (Fig. 1I, K) was higher in chondrocytes from
RA-cartilage compared to HC-cartilage. The same tendency was seen also
for the mRNA expression of IL-6 (Fig. 1J).

Taken together, the elevated production of proinflammatory proteins
from RA explants compared to HC indicates that RA chondrocytes are
primed in vivo and posed to produce proinflammatory cytokines. How-
ever, it cannot be excluded that some of the proinflammatory cytokines
detected could be released from the ECM.

3.2. RA explants spontaneously produce high levels of metalloproteases
and matrix components

MMPs have been identified to participate in the pathology of cartilage
destruction hence taking part in the proteolytic degradation of ECM [8].
MMP-1 (interstitial collagenase) is mainly involved in the degradation of
4

collagen type I, II, and III and have earlier been described to be consti-
tutively expressed in adult cartilage [11]. MMP-1 was detected in its
propeptide form in both RA and HC explants (Fig. 2A), with about 10
times higher levels in supernatants of RA compared to HC explants. There
was no difference in the levels MMP-8, detected as both propeptide and
mature protein, between RA and HC explants (Fig. 2B) while MMP-13
propeptide showed very similar results to MMP-1 (Fig. 2C). To investi-
gate whether MMPs were stored in matrix and released upon incubation
or synthesized and newly released, the MMP-13 mRNA expression from
chondrocytes isolated from RA or HC before incubation were analyzed.
Further, the mRNA expression of MMP-13 was significantly higher in
chondrocytes from RA-cartilage compared with chondrocytes from
HC-cartilage (Fig. 2D). This was also confirmed by staining cryosections
from RA explants day 0 and 14 and the positive MMP-13 staining was
localized within the chondrons of the cartilage (Fig. 2G). These findings
show that RA chondrocytes have an elevated and spontaneous produc-
tion of MMPs.

The levels of ECM components collagen IV a1 and aggrecan were
significantly increased from RA explants compared to HC explants after
24 h of incubation without stimulation (Fig. 2E–F). Collagen IV a1 is a
minor collagen in articular cartilage and only makes up 1% of total
collagen in adult articular cartilage. It is mainly located in the pericellular
matrix and involved in the attachment and integrity of chondrocytes
[12]. Soluble collagen IV a1 has also been shown to promote prolifera-
tion of chondrocytes in both healthy and osteoarthritic chondrocytes
[13]. The collagen IV a1 levels in the supernatants from RA explants were
significantly increased compared to those from HC (Fig. 2E). Aggrecan,
the major proteoglycan in articular cartilage, here measured as both
intact and cleaved protein, was also significantly increased from RA ex-
plants compared to HC explants (Fig. 2F).

3.3. Effect of IL-1β stimulation on cytokine production during 14 days

After assessment of the spontaneous protein levels from RA and HC
explants, we evaluated protein expression during 14 days of stimulation
with or without IL-1β stimulation. During this time period different ki-
netic patterns were observed. The cytokines TNF, IFNγ, IL-33 and IL-18
were increased in RA compared to HC explants irrespective of IL-1β
stimulation (Fig. 3A–D). VEGF-A showed a different pattern. Stimulation
of RA explants with IL-1β significantly increased levels of VEGF-A during
the first 9 days where after it declined (Fig. 3E). At the same time, the
VEGF-A levels from unstimulated HC and RA explants declined over time.
IL-1β stimulation of HC explants did not differ significantly from those
that were unstimulated. RA explants responded to IL-1β stimulation with
a significant and swift increase in IL-6 compared to unstimulated samples
and HC explants. The levels of IL-6 from the IL-1β then remained mostly
stable from day 3 until day 14 while the RA unstimulated sample and the
HC IL-1β stimulate sample showed an increase at day 14 compared to day
9. (Fig. 3G). GM-CSF levels from RA explants also rose significantly after
IL-1β stimulation compared to unstimulated samples and HC explants,
although with a delayed kinetics (Fig. 3H). IL-8 levels increased by IL-1β
stimulation in both RA and HC explants while both unstimulated samples
remained stable during the culture.

3.4. Effect of IL-1β stimulation during 14 days on matrix components and
metalloproteases

The release of matrix components collagen IV a1 and aggrecan were
significantly and constantly higher from RA compared to HC explants,
independently of IL-1β stimulation (Fig. 4A–B).

Metalloproteases showed a different pattern. The release of MMP-1,
MMP-8 and MMP-13 were all enhanced by IL-1β stimulation in RA but
not in HC explants (Fig. 5). MMP-1 levels in unstimulated RA explants
increased over time. HC explants stimulated with IL-1β showed a slight
increasing of MMP-1, reaching a peak at day 6 after which it declined
(Fig. 5A). MMP-8 showed no differences in HC explants treated with IL-



Fig. 2. Metalloproteinase and matrix components produced from unstimulated explants and chondrocytes mRNA expression. Supernatants from HC (n ¼ 7)
and RA (n ¼ 6) explants analyzed for A. MMP-1, B. MMP-8, C. MMP-13 E. collagen IV a1 and F. aggrecan after 16–24 h incubation with LUMINEX. D. mRNA
expression of MMP-13 from chondrocytes isolated from cartilage before incubation measured with qPCR HC (n ¼ 6) RA (n ¼ 5). Confocal images of cryosections from
RA explants stained with biotinylated antibody against MMP-13 or isotype control IgG1 followed by streptavidin conjugate Alexa 55. G. Positive MMP-13 staining in
green day 0, before incubation, (40� objective) with a widefield overlay to visualize the MMP-13 located in the chondrons. H. MMP-13 staining day 14 after in-
cubation in medium (60� objective) and I. isotype control IgG1 (60� objective). Scalebar in red indicate 50 μm. Rheumatoid arthritis (RA), healthy controls (HC),
metalloproteinases (MMP). Median values from each patient were used and statistical differences were calculated using Mann Whitney. *p < 0.05, **p < 0.01.
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1β compared to medium (Fig. 5B) while MMP-13 could be triggered
giving 10 times more MMP-8 compared to unstimulated (Fig. 5C). In
summary, our initial observation that RA explants produce higher levels
of both ECM components and metalloproteases remained true during two
weeks’ observation indicating that the in vivo triggered chondrocytes in
RA cartilage have a stable phenotype even if removed from the inflam-
matory milieu. Further, IL-1β stimulation proved to be able to affect
metalloproteases levels in RA chondrocytes most effectively but had no
effect on the measured ECM components in either RA or HC.
3.5. Nitric oxide can be triggered by IL-1β in both healthy and RA
chondrocytes

Chondrocytes have been shown to express inducible nitric oxide
synthase (iNOS) through which they can produce NO in response to IL-
1β, TNF and bacterial lipopolysaccharides [14]. Elevated levels of NO
have been associated with both osteoarthritis and RA. We compared NO
levels released from explants from RA and HC that were incubated with
and without IL-1β (Fig. 6). All samples showed low, but detectable levels
5

of NO before stimulation at day 0. Further, no significant differences
could be seen between RA and HC explants regarding NO levels in
unstimulated explants during two weeks’ incubation. However, both RA
and HC explants showed an increased production of NO when stimulated
with IL-1β with significantly higher levels of NO in RA compared to HC.
In summary, explants from both RA and HC produce NO, and the pro-
duction is increased by IL-1β.

4. Discussion

In line with our hypothesis, we show that chondrocytes from RA
cartilage explants spontaneously produce higher levels of cytokines and
MMPs compared to explants from HC. We also demonstrate that the
initial levels of most analytes remain stable over two weeks incubation ex
vivo indicating that the proinflammatory profile in RA chondrocytes is
long lasting. Stimulation with IL-1β increased production of both cyto-
kines and MMPs from RA, but not from HC explants. These findings
suggest that chondrocytes contribute to the chronic inflammation in RA
joints.



Fig. 3. Cytokines measured after IL-1β stimulation. Cytokine levels were measured in supernatants from healthy controls (HC) (white, n ¼ 7) and rheumatoid
arthritis (RA) (black, n ¼ 6) explants incubated with (broken line) and without interleukin (IL)-1β (unbroken line) harvested at day 0, 3, 6, 9, 14. Mean values � SEM
are shown for each time point and statistical differences were calculated using Mixed effect analysis, comparing the different groups. ****p < 0.0001.

Fig. 4. Extra cellular matrix components measured
after IL-1β stimulation. Levels were measured at day
0, 3, 6, 9, 14 in supernatants harvested from healthy
controls (HC) and rheumatoid arthritis (RA) explants
incubated with (broken line) and without interleukin
(IL)-1β (unbroken line). Duplicate explants were
incubated for each stimulation and supernatants were
pooled before analyzed, n ¼ 7 (HC, white) n ¼ 6 (RA,
black). Mean values � SEM are shown for each time
point and statistical differences were calculated using
Mixed effect analysis, comparing the different groups.
****p < 0.0001.
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Most studies on cartilage are performed in animal models or in
monolayer cultures, most often with chondrocytes from OA patients.
Chondrocytes in monolayer cultures quickly dedifferentiate into a more
fibroblast like phenotype and the production of cartilage EMC including
6

collagen type II, XI and IX and aggrecan is diminished and collagen type I
is increased, which makes a monolayer system unreliable [15–17]. Cul-
ture of chondrocytes in explants preserves the 3D structure and di-
minishes the risk for dedifferentiation, but also put an element of



Fig. 5. Metalloproteases measured after IL-1β stimulation. Levels of metalloproteases, (MMPs) were measured at day 0, 3, 6, 9, 14 in supernatants harvested from HC and
RA explants incubated with (broken line) and without interleukin (IL)-1β (unbroken line). Duplicate explants were incubated for each stimulation and supernatants were pooled
before analyzed, n ¼ 7 (HC, white) n ¼ 6 (RA, black). Rheumatoid arthritis (RA), healthy controls (HC). Mean values � SEM are shown for each time point and statistical
differences were calculated using Mixed effect analysis, comparing the different groups. ****p < 0.0001, **p < 0.01.

Fig. 6. Production of nitric oxide in IL-1β stimulated explants. RA and HC ex-
plants were stimulated with (broken line) and without IL-1β (unbroken line). Dupli-
cate explants were incubated for each stimulation and supernatants were harvested
day 0, 1, 3, 6, 9, 12, 14 and pooled. Nitric oxide (NO) concentration was
measured indirectly as nitrite (NO2

�) n ¼ 9 (healthy controls, HC, white) n ¼ 9
(rheumatoid arthritis, RA, black). Mean values � SEM are shown for each time point
and statistical differences were calculated using Mixed effect analysis, comparing the
different groups. ****p < 0.0001.
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discrepancy in studies using patient material since both the degree of
destruction and number of chondrocytes might vary within the same
joint [18]. To overcome this hurdle, we have used multiple explants
obtained from different areas from the same individual.

In RA, peripheral cartilaginous joints are major targets of the chronic
inflammatory process and multiple previous studies have found that
proinflammatory cytokines such as IL-1β, TNF and IL-6 are elevated in
synovial fluid of RA patients compare to other arthritic lesions such as OA
[19–21]. Although the major source of these cytokines has been
considered to be synovial fibroblasts as well as infiltrating leucocytes,
both ours and others’ results [22] suggest that also the chondrocytes
themselves could produce proinflammatory proteins and MMPs. How-
ever, many of these studies are performed in monolayer cultures or using
animal chondrocytes [22].

As the aim of this study was to determine the proinflammatory ac-
tivity in chondrocytes from RA patients, we used freshly cultured ex-
plants from these patients and compared those to HC. We found an
increased production of TNF, INF-γ, IL-33, IL-18, VEGF-A and IL-6 from
RA-explants that was sustained up to 14 days. Stimulation with IL-1β led
to a substantially increased of VEGF-A, IL-6, GM-CSF and IL-8 over 14
days from RA-explants, but not from the HC. In animal models it has been
shown that there is a crosstalk between chondrocytes and fibroblasts that
contribute to arthritic joint destruction [23,24]. It is thus very likely that
the same situation is in place also in the RA-joints and that the production
of proinflammatory cytokines becomes a vicious circle as they enhance
each other. In addition to increased inflammation, the chondrocytes also
facilitate angiogenesis that supports development of synovitis in the
7

inflamed joint through production of IL-8 [25] and VEGF-A [26]. Both
these cytokines are induced by IL-6, one of the main treatment targets in
RA [27]. However, the role of IL-6 in cartilage destruction is unclear. In
OA patients, IL-6 has been suggested to be associated with cartilage
repair [28–30]. Intraarticular injection in arthritis and OA patients with
TNF- [31] or IL-1 inhibition [32] have been studied although with
limited success, possibly due to toxic effects on the chondrocytes [33].

The proinflammatory cytokines in the joints stimulate the local pro-
duction of MMPs and aggrecanases, which can degrade all components of
the cartilage ECM, for instance during inflammations such as OA and RA
[34] Mehana, 2019 #285; [22] The cellular origin and properties of
different MMPs vary, and those that mainly have been implicated as
produced by chondrocytes are MMP-1, -3 and -13. Except for its ability to
degrade the cartilage, MMP-1 has been discussed in relation to bone
erosions [35–38] and MMP-3 has been referred to as a biomarker prog-
nosis and treatment responses in RA [39]. MMP-13 is one of the most
studied MMPs, and considered as one of the driving factors in OA [40,
41], andMMP-13 also resides in the ECM [42]. Indeed, loss of aggrecan, a
high molecular weight protein with a proteoglycan core to which long
chains of glycosaminoglycan (GAG) are attached, and proteoglycan are
considered an early marker of cartilage damage in both RA and OA and
associated with MMP production 34,40.. Also NO can induce MMP activity
[43] in response to cytokines such as TNF and IL-1β, especially the later
as it upregulates iNOS in OA chondrocytes [44].

In our study, we could detect protein levels of MMP-1 and -13 from
human primary chondrocytes from both HC and RA-patients. Chon-
drocytes from RA patients responded with a sustained increase of MMP-1
and -13 levels after IL-1β stimulation over time and the synthesis of MMP-
13 synthesis from chondrocytes could be confirmed by both confocal
microscopy and qPCR. The findings coincided with increased production
of both aggrecan and CIV, however whether this is due to novel synthesis
or a result of increased protease activity, or a combination of both is not
clear. These results suggests that also in human chondrocytes from RA
patients there is an ongoing production of cytokines and MMPs that is
sustainable over time and that most likely contribute to the local
inflammation.

Limitations of this study: The sample size is small, due to the
improved treatment of RA during the last decades and reduced need of
joint surgery. This has made it difficult to obtain a large number of
samples. The degree of destruction and the number of chondrocytes are
not evenly distributed in the cartilage. To overcome this hurdle, we have
used multiple explants from different areas to ensure as representative
material as possible.

The novel treatment strategies for RA that most often includes
methotrexate in a combination with a biologic disease modifying anti-
rheumatic drug have been very successful, however with increased
risks for infections. Significant efforts have also been made to target
MMPs in conditions such as OA, cancer and cardiovascular diseases,
albeit with limit success [45]. To further develop new and better treat-
ment strategies for patients with RA, it is important to understand the
inflammatory crosstalk in the joint, the function and sensibility of the



K. €Onnheim et al. Osteoarthritis and Cartilage Open 4 (2022) 100235
local cells, which not includes not only the synovial tissue but also the
chondrocytes.

In conclusion, chondrocytes in RA-patients are activated and produce
both cytokines and MMPs spontaneously and during long term stimula-
tion, including both TNF and IL-6 that are main target molecules in RA.
Our findings imply that the chondrocytes constitute a local source of
proinflammatory molecules and thus could provide an important novel
treatment target.
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