Osteoarthritis and Cartilage 32 (2024) 561-573

Osteoarthritis T OSTEOARTHRITIS

and Cartilage

Importance of IL-6 trans-signaling and high autocrine IL-6 production in
human osteoarthritic chondrocyte metabolism

Check for
updates

Annett Eitner # *, Christian Konig , Felix C. Kohler #, Gunther O. Hofmann #,
Britt Wildemann #, Matthias Aurich i §, Hans-Georg Schaible

# Department of Trauma, Hand and Reconstructive Surgery, Experimental Trauma Surgery, Jena University Hospital, Friedrich-Schiller-University Jena, 07747 Jena,
Thuringia, Germany

+ Institute of Physiology 1/Neurophysiology, Jena University Hospital, Friedrich-Schiller-University Jena, 07743 Jena, Thuringia, Germany

i Department of Orthopaedics, Trauma, and Reconstructive Surgery, Halle University Hospital, Martin-Luther-University Halle-Wittenberg, 06120 Halle (Saale),
Saxony-Anhalt, Germany

§ BG Trauma Center Bergmannstrost, 06112 Halle (Saale), Saxony-Anhalt, Germany

ARTICLE INFO SUMMARY

Article history: Objective: Neutralization of Interleukin (IL)-6-signaling by antibodies is considered a promising tool for the
Received 10 August 2023 treatment of osteoarthritis (OA). To gain further insight into this potential treatment, this study investigated
Accepted 7 February 2024 the effects of IL-6-signaling and IL-6 neutralization on chondrocyte metabolism and the release of IL-6-
signaling-related mediators by human chondrocytes.
Keywords: N Design: Chondrocytes were collected from 49 patients with advanced knee/hip OA or femoral neck fracture.
2;te°;rth”t“5 Isolated chondrocytes were stimulated with different mediators to analyze the release of IL-6, soluble IL-6
lntg?le:ﬁgﬁ-ees receptor (sIL-6R) and soluble gp130 (sgp130). The effect of IL-6 and IL-6/sIL-6R complex as well as neu-
1L-6 neutralization tralization of IL-6-signaling on the metabolism was analyzed.
IL-6 signaling Results: OA chondrocytes showed high basal IL-6 production and release, which was strongly negatively corre-
lated with the production of cartilage-matrix-proteins. Chondrocytes produced and released sIL-6R and sgp130.
The IL-6/sIL-6R complex significantly increased nitric oxide, prostaglandin E; and matrix metalloproteinase 1
production, decreased Pro-Collagen Type Il and mitochondrial ATP production, and increased glycolysis in OA
chondrocytes. Neutralization of IL-6-signaling by antibodies did not significantly affect the metabolism of OA
chondrocytes, but blocking of glycoprotein 130 (gp130)-signaling by SC144 significantly reduced the basal IL-6
release.
Conclusion: Although IL-6 trans-signaling induced by IL-6/sIL-6R complex negatively affects OA chondrocytes,
antibodies against IL-6 or IL-6R did not affect chondrocyte metabolism. Since inhibition of gp130-signaling
reduced the enhanced basal release of IL-6, interfering with gp130-signaling may ameliorate OA progression
because high cellular release of IL-6 correlates with reduced production of cartilage-matrix-proteins.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction associations between Interleukin (IL)-6 in the joint and OA pa-
thology as well as OA pain,'© thus IL-6-signaling is an interesting

Currently, no disease modifying drugs are available for the target for OA treatment.' IL-6 levels in synovial fluid are elevated in
treatment of osteoarthritis (OA). Recent studies have found OA patients and are 30- to 1000-fold higher in synovial fluid than in
serum, suggesting production and release by cells in the

joint.">*7 Intra-articular application of IL-6 sensitizes joint noci-
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membrane-bound IL-6 receptor (IL-6R). After IL-6-binding, IL-6R
activates the receptor-associated glycoprotein 130 (gp130) unit in
the membrane to transduce the signal into the cell. However, most
IL-6-responsive cell types do not express membrane-bound IL-6R. In
these cells, the ubiquitously expressed gp130 is activated by so-
called IL-6-trans-signaling. Here, IL-6 forms a complex with soluble
IL-6R (sIL-6R), which is present e.g. in serum and synovial
fluid." Soluble gp130 (sgp130) can bind and neutralize IL-6/sIL-6R
complexes and inhibit IL-6-trans-signaling. Activation of gp130 in
the membrane induces phosphorylation of Janus kinases (JAK),
which can then activate canonical signaling via signal transducer
and activator of transcription 3 (STAT3) and non-canonical signaling
via mitogen-activated protein kinase cascade or phosphatidylino-
sitol 3-kinase/protein kinase B (PKB/Akt).!

Chondrocytes express membrane-bound IL-6R'° but few data
have shown sIL-6R and sgp130 in synovial fluid of healthy in-
dividuals or OA patients.' Thus, IL-6 may stimulate chondrocytes by
both IL-6 classic- and trans-signaling, but the functional importance
of both pathways should be evaluated in more detail. IL-6-induced
sensitization of joint nociceptors is mainly mediated by IL-6-trans-
signaling and prevented by sgp130.%

Both chondrodegenerative and chondroprotective effects of IL-6
have been reported. IL-6 induces the expression of metalloprotei-
nases and aggrecanases in chondrocytes that promote cartilage de-
generation.' IL-6 levels in synovial fluid correlate with progression
and severity of OA." In a murine OA model, systemic blockade of IL-6
or IL-6 signal transduction reduced cartilage lesions, osteophyte
formation and synovial inflammation."" However, especially in
healthy chondrocytes, IL-6 increased GAG production, a chon-
droprotective effect.'” Little is known about the release of sIL-6R and
sgp130 by chondrocytes. Chondrocytes express enzymes for shed-
ding of sIL-6R from membrane-bound IL-6R, but no sIL-6R release
has been detected under normal conditions.” Reports about a release
of sgp130 by chondrocytes could not be found.

The present study quantified the production and release of IL-6,
sIL-6R and sgp130 by human chondrocytes from patients with ad-
vanced knee and hip OA. Because of reported opposing effects of IL-6
on chondrocytes, the effects of IL-6 classic- and trans-signaling on
chondrocyte metabolism and the release of pain-related mediators
were evaluated. Furthermore, the effects of selective blockade of IL-
6-trans-signaling and neutralization of IL-6 were investigated. The
data obtained are necessary to evaluate the effects and con-
sequences of targeting IL-6-signaling for OA and OA pain treatment.

Methods
Reagents for cell culture experiments

We purchased human IL-6, sIL-6R, IL-8, IL-11, Transforming
growth factor g (TGF-B), Nerve growth factor (NGF) from Prospec
(Ness-Ziona, Israel), IL-1p, Tumor necrosis factor (TNF)
from PeproTech (Rocky Hill, NJ, USA), Prostaglandin E; and D,
(PGE, and PGD,), 2-(7-Fluoropyrrolo[1,2-a]quinoxalin-4-yl) 2-pyr-
azinecarboxylic acid hydrazide hydrochloride (SC144) from Cayman
Chemical (Ann Arbor, MI, USA), TNF protease inhibitor-2 (TAPI2)
from Tocris Bioscience (Bristol, UK), sgp130, anti-IL-6R antibody (IL-
6R AB) from R&D Systems (Minneapolis, MN, USA), anti-IL-6 anti-
body (IL-6 AB) from InvivoGen (Toulouse, France), pronase E from
Merck KGaA (Darnstadt, Germany), and collagenase P from Roche
Diagnostics GmbH (Mannheim, Germany). Substances were diluted
to the final concentration in chondrocyte culture medium consisting
of Chondrocyte Basal Medium + 10% Chondrocyte Growth Medium
SupplementMix (PromoCell GmbH, Heidelberg, Germany) + 1% pe-
nicillin/streptomycin solution (Life Technologies Europe BV, NN
Bleiswijk, Netherlands).

Patient group OA knee OA hip Non-OA hip
No. of patients 29 10 10
Age,y 68.45 + 8.9 69.30 + 6.8 73.10 + 8.8
Sex (female/male) 12/17 8/2 7/3
BMI, kg/m? 31.08 + 4.5 2814 + 39 2295 + 3.6

BMI, body mass index.

Table | Osteoarthritisand Cartilage

Demographic and laboratory parameters of included patients, va-
lues are expressed as number of patients or mean + standard
deviation.

Patient material

Human hip and knee chondrocytes were obtained from 49 pa-
tients with end-stage knee or hip OA or femoral neck fracture who
underwent joint arthroplasty (patient parameters in Table I). The
non-OA control group included only patients with femoral neck
fractures who had no evidence of osteoarthritic cartilage alterations
and pain before the fracture. All patients were informed about the
purpose of tissue sampling and gave written consent. The study was
approved by the Ethics Committee for Clinical Trials of the Friedrich
Schiller University of Jena and the Sdchsische Landesdrztekammer
(2020-1630-BO, 5208-07/17, EK-BR-81/17-1) and conducted in ac-
cordance with the Declaration of Helsinki.

Isolation of human chondrocytes

To isolate hip and knee chondrocytes, cartilage was cut into
pieces and treated with 0.01 mg/mL Pronase E in Dulbecco’s mod-
ified Eagles’s medium for 30 min at 37 °C following collagenase P
treatment (1.3 mg/mL in chondrocyte culture medium) for 16 hours
at 37 °C. Isolated cells were filtrated, washed, and seeded in cell
culture plates for stimulation experiments or frozen for analysis of
intracellular protein expression.

Stimulation of human chondrocytes

To analyze released substances, chondrocytes were plated on 24-
well culture plates at a density of 4 x 10* cells/cm? and cultured in
chondrocyte culture medium. The medium was renewed after 3
days. After another 2 days, chondrocytes were stimulated with IL-1p
(0.1 ng/mL), TNF, NGF, IL-8, IL-11, TGF-g (all 0.1 pg/mL), PGD,, PGE,
(10 pg/mL), IL-6 (0.1 pg/mL), or a IL-6 (0.1 pg/mL)/sIL-6R (0.3 pg/mL)
complex for 48 h. To block IL-6-trans-signaling or to neutralize IL-6-
signaling, chondrocytes were additionally treated with IL-6R AB, IL-6
AB, sgp130 (all 0.6 pg/mL) or TAPI2 (20 uM). Supernatant was col-
lected and stored at -80 °C until use. Cells were stimulated and
analyzed in duplicate for each condition. Experiments were per-
formed with a minimum of 6 replicates (donors) to ensure re-
producibility.

Analysis of produced mediators and cartilage-matrix-proteins

We used enzyme-linked immunosorbent assay kits for human IL-6,
sIL-6R, sgp130, PGE,, matrix-metalloproteinase 1 (MMP1), Pro-Collagen-
Type I, tissue inhibitor of metalloproteinases-1 (TIMP1), and glucose and
lactate specific assays (see Supplementary Table [) according to the
manufacturer’s instructions. Absorbance was analyzed at 450 nm using
the Epoch microplate spectrophotometer and Gen5 software (both
BioTek Instruments GmbH, Bad Friedrichshall, Germany).
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Expression and release of IL-6, IL-6R and gp130 by human chondrocytes. Comparison of intracellular expression of (A) IL-6 in non-OA hip (n = 4),
OA hip (n =5) and OA knee (n = 12) chondrocytes, (B) IL-6R in non-OA hip (n =4), OA hip (n =4) and OA knee (n = 10) chondrocytes and (C) gp130
in non-OA hip (n=4), OA hip (n=4) and OA knee (n = 10) chondrocytes. Comparison of basal release of (D) IL-6 in non-OA hip (n=10), OA hip
(n=10) and OA knee (n = 10) chondrocytes, (E) sIL-6R in non-OA hip (n = 10), OA hip (n = 10) and OA knee (n = 10) chondrocytes and (F) sgp130 in
non-OA hip (n =10), OA hip (n = 10) and OA knee (n = 9) chondrocytes. Release of (G) IL-6, (H) sIL-6R and () sgp130 by OA knee chondrocytes (all
n =9) after stimulation with different mediators. Possible IL-6-signaling activations (J). Statistical differences between groups or stimulated vs.
unstimulated cells (control), respectively: Mann-Whitney U test with Bonferroni adjustment for multiple comparisons, *** p < 0.005, **p < 0.01, *
p < 0.05. The patients included in each experiment and their demographic parameters are listed in Supplementary Table Ill. gp130, glyco-

protein 130.

For intracellular protein analysis, cells were physically disrupted
by repeated freezing and thawing to extract cellular components.

To measure nitrite in the supernatant as an indicator of nitric
oxide (NO) production we used the Griess Reagent Kit (#G7921,
Invitrogen) and analyzed absorbance (spectrophotometry see above)
at 548 nm.

Glycosaminoglycan (GAG) was measured spectrophotometrically
(see above) using 1,9-dimethylmethylene blue (DMB, Sigma-Aldrich,
Taufkirchen, Germany), absorbance was analyzed at 525 nm.

Analysis of mitochondrial function and glycolysis

Mitochondrial function and glycolysis were calculated from
oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) measured with the Seahorse XF Analyzer (Agilent, Santa
Clara, CA, USA) using the Seahorse XF Real-Time ATP Rate Assay
(#103592-100, Agilent), Cell Mito Stress Test (#103015-100, Agilent)
or Glycolysis Stress Test Kits (#103017-100, Agilent). Assays include
modulators of the mitochondrial respiratory chain to determine
mitochondrial adenosintriphosphat (ATP)-linked oxygen consump-
tion, glycolytic ATP-linked acidification, non-mitochondrial oxygen
consumption and non-glycolytic acidification. Total OCR and total
ECAR were measured before application of modulators. Parameters
were calculated using Seahorse XF Report Generator software
(Agilent).

Chondrocytes, plated on Seahorse cell culture plates (Agilent) at a
density of 3 x 10* cells/well and cultured in chondrocyte culture
medium at 37 °C for 6 days, were stimulated with IL-6 or IL-6/sIL-6R
complex for 24 h. Experiments were performed with a minimum of
6 replicates (donors).

Impact of mediators on the viability of chondrocytes

Chondrocytes, plated on 96-well culture plates at a density of
4 x 10* cells/cm? and cultured in chondrocyte culture medium (see
above), were stimulated with all mediators to test their effect on
viability. We used the Invitrogen LIVE/DEAD Viability/Cytotoxicity
Kit (#L3224) which determines the percentage of live and dead cells
in stimulated and unstimulated cells. Fluorescence intensity was
measured using the microplate reader CLARIOstar (BMG LABTECH
GmbH, De Meern, Netherlands).

Analysis of activation of IL-6-signaling pathways using western blot

Chondrocytes, plated on 12-well culture plates at a density of
4 x 10* cells/cm? and cultured in chondrocyte culture medium (see
above) were stimulated with IL-6 or IL-6/sIL-6R complex for 30 min
or 48 h. Cells were lysed on ice using RIPA lysis buffer (Cell Signaling,
Danvers, MA, USA) freshly supplemented with protease inhibitor
cocktail tables (Roche, Mannheim, Germany), and frozen at —80 °C.

Immunoblotting was performed with primary antibodies against
total STAT3, phospho-STAT3-Tyr705, phospho-PKB/AKT-Ser473,

phospho-ERK1/2-Thr202/Tyr204,  phospho-STAT3-Ser727,  sup-
pressor of cytokine signaling 3 (SOCS3), vinculin and peroxidase-
labeled secondary antibodies (antibody information in
Supplementary Table I). Signals were visualized with an enhanced
chemiluminescence reaction (#34075, Thermo Fisher, Darmstadt,
Germany) according to the manufacturer, using a camera system
with GeneSnap 7.12 software (Synoptics, Cambridge, UK). Densito-
metry of related Western blot band intensities from the same blot
was performed using Image ] 1.52a software (https://imagej.nih.gov/
ij/). Phosphorylated proteins were calculated relative to unpho-
sphorylated proteins or to reference vinculin.

Statistical analysis

SPSS statistics 27 software (SPSS, Inc, Chicago, IL, USA) was used for
statistical analysis. Demographic parameters of included patients were
expressed as mean + standard deviation. Experimental results were
presented as scatter plots including mean with 95% confidence interval
(CI) which were generated in GraphPad Prism 10. Unstimulated cells
were defined as control. Groups were compared with Mann-Whitney U
test. Bonferroni adjustment was performed for multiple comparisons.
Effect sizes between groups were expressed as Cohen’s |d| and calcu-
lated as the difference between means divided by the pooled standard
deviation. For normalized data, the one-sample Wilcoxon signed rank
test was used. Correlation analysis was performed using Spearman’s
rank correlation. Effect sizes were expressed as the correlation coeffi-
cient R, and R uncertainty was expressed as the 95% CI. Significance
was accepted at p < 0.05.

Results

This study included 29 patients with advanced knee OA, 10 patients
with advanced hip OA and 10 patients with femoral neck fracture (non-
OA) who underwent arthroplasty. Demographic parameters of all pa-
tients are shown in Table 1. Age and body mass index of the knee and
hip OA patients were comparable, but patients of the non-OA hip group
were older and had a lower body mass index than OA groups (Table I).

Expression and release of IL-6, IL-6R and gp130 by non-OA and OA
chondrocytes

Intracellular expression and basal release of IL-6 were sig-
nificantly higher in OA than in non-OA chondrocytes (Fig. 1A,D), but
comparable in hip and knee OA chondrocytes. Between non-OA and
OA hip chondrocytes, the effect size was very large for intracellular
IL-6 (|d| = 1.64, p = 0.043) and basal release of IL-6 (|d| = 1.65,
p < 0.001). Correlation analysis including chondrocytes from non-
OA and OA patients revealed a strong correlation between basal IL-6
release and intracellular IL-6 expression (N = 15; R = 0.786 CI: 0.368,
0.960; p < 0.001).

Both non-OA and OA chondrocytes exhibited quantitatively si-
milar intracellular expression of IL-6R and gp130 (Fig. 1B,C). Non-OA
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and OA hip chondrocytes showed a quantitatively similar release of
sIL-6R and sgp130, but the release from OA knee chondrocytes was
significantly higher (Fig. 1E,F).

Pro- and anti-inflammatory mediators known to be present in
synovial fluid, modified the release. IL-6 secretion was increased by
stimulation with IL-1g, TNF, and PGE,, and unaffected by stimulation
with NGF, IL-8, IL-11, TGF-p, and PGD, (Fig. 1G). The sIL-6R release
was decreased after stimulation with IL-1p, TNF, TGF-p, IL-6, and
upregulated after stimulation with PGD, (Fig. 1H). The release of
sgp130 was increased by stimulation with IL-1p, TNF, PGD, and de-
creased by TGF-p and PGE, (Fig. 11I). Calculated |d| are presented in
Supplementary Table II.

Since OA chondrocytes can produce and release IL-6, IL-6sR and
sgp130, IL-6 classic- and trans-signaling and inhibition of IL-6-sig-
naling are possible (Fig. 1]).

Association of basal IL-6 and cartilage-matrix-protein production in OA
chondrocytes

To evaluate whether basal IL-6 production affects the production
of cartilage-matrix-proteins in OA chondrocytes, a correlation ana-
lysis was performed including all values of GAG and Pro-Collagen-

Type Il production in OA hip and OA knee chondrocytes, as shown in
Fig. 2. The production of both cartilage-matrix-proteins was similar
between OA hip and OA knee chondrocytes (Fig. 2A,B), whereas non-
OA hip chondrocytes produced significantly more Pro-Collagen-Type
11 (|d| = 1.72, p=0.0058) and GAG (|d|=2.33, p < 0.001) than OA hip
chondrocytes. However, basal IL-6 release showed a strong negative
correlation with the production of Pro-Collagen-Type II (Fig. 2C,
R=-0.729 CI: -0.892, -0.376; p < 0.001) and GAG (Fig. 2D, R=-0.757
Cl: -0.918, -0.399; p < 0.001) in hip and knee OA chondrocytes.

Impact of IL-6-signaling on pain mediators and cartilage-matrix-
proteins in knee OA chondrocytes

To evaluate the potency of IL-6 classic- and trans-signaling in the
induction and release of pain-related mediators and cartilage-ma-
trix-components, knee OA chondrocytes were stimulated with either
IL-6 alone or IL-6/sIL-6R complex. Stimulation with IL-6 alone did
not significantly affect the production of NO, PGE,, GAG, Pro-
Collagen-Type I, MMP1 and TIMP1 (Fig. 3). The IL-6/sIL-6R complex
significantly increased the release of NO (Fig. 3A, |d|=3.14,
p < 0.001) and PGE, compared to unstimulated control (Fig. 3C,
|d|=2.69, p < 0.001). The IL-6/sIL-6 complex only slightly reduced
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Effect of IL-6 classic- and trans-signaling on the release of mediators and cartilage-matrix-proteins from human knee OA chondrocytes. Effect of IL-
6 and IL-6/sIL-6R complex on the release of the pain mediators (A, B) NO (A: n = 12; B: after blockade of gp130-signaling by SC144, n =6) and (C)
PGE; (prostaglandin E2) (n=12), the cartilage-matrix-proteins (D) GAG (glycosaminoglycan) (n=12) and (E) Pro-Collagen-Type Il (n=12), the
matrix-metalloproteinase (F) MMP1 (matrix-metalloproteinase 1) (n = 10) and (G) the metallopeptidase inhibitor TIMP1 (n = 8). Effect of IL-6 classic-
signaling via simultaneous blockade of IL-6 trans-signaling by TAPI2 or sgp130 on the production/release of (H) NO, (l) PGE,, (J) GAG and (K) Pro-
Collagen-Type Il (H-K: n=6). Statistical differences between groups or stimulated vs. unstimulated cells (control), Mann-Whitney U test with
Bonferroni adjustment for multiple comparisons, **p < 0.005, *p < 0.05. The patients included in each experiment and their demographic
parameters are listed in Supplementary Table Ill. gp130, glycoprotein 130; NO, nitric oxide; SC144, 2-(7-Fluoropyrrolo[1,2-a]quinoxalin-4-yl)
2-pyrazinecarboxylic acid hydrazide hydrochloride; TAPI2, TNF protease inhibitor-2; TIMP1, tissue inhibitor of metalloproteinases-1.
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the production of GAG (Fig. 3D), but significantly reduced the release
of Pro-Collagen-Type II (Fig. 3E, |d| = 1.08, p=0.033) and upregulated
the production of MMP1 (Fig. 3F, |d|=1.12, p=0.038). IL-6/sIL-6
complex only slightly increased the production of the MMP-inhibitor
TIMP1 (Fig. 3G). The upregulation of NO evoked by IL-6/sIL-6R
complex was reduced by the gp130 inhibitor SC144 at a concentra-
tion of 1 uM (Fig. 3B, p =0.049).

IL-6 stimulation had no effect on NO, PGE,, GAG or Pro-
Collagen-Type II production when IL-6-trans-signaling was
blocked by either TAPI2 (inhibits shedding of sIL-6R from mem-
brane-bound IL-6R by a disintegrin and metalloproteinase), or
sgp130 (neutralizes IL-6/sIL-6R complexes) (Fig. 3H-K). Thus, only
IL-6-trans-signaling but not classic-signaling mediates IL-6 effects
in OA chondrocytes.



A. Eitner et al. / Osteoarthritis and Cartilage 32 (2024) 561-573

567

A
ATP production
300 l_l*
o * L] o control
I T . A IL-6
S -
5 T 200 B b o
£ 200 A '& S 2t == = IL-6/sIL-6R
SR .
£ £ 100+ L3
o
£ ol 2 o .
<
0
glycoATP mitoATP totalATP
B C D E
total oxygen consumption total acidification non-mito oxygen consumption non-glycolytic acidification
*
40— s 60 I—*I 30 30
1
—_ — —_ —
= Ko c c £ L)
£ 30+ = . = L] o
E r ! E g o £ 204 £ 204 S e ﬁ_
E = S-S R IC I T O i e
- 0
e O E |78 5 . £
[ ° % 20 o 10 . 10
< ° o <
S 104 G | i
o 2 o : "é" . 2
0 0 0 0
control  IL-6 IL-6/sIL-6R control  IL-6 IL-6/sIL-6R control  IL-6 IL-6/sIL-6R control  IL-6 IL-6/sIL-6R
F G H !
glucose consumption lactate production viability cytotoxicity
15+ 10 . 150 _ 150
() [7)
8- °¢° 3 3
— o
Z 1o 5 + 100 e £ 100- i
E10q o, z . : »2 100 e .%— 25 100 %.E— =
q, tﬂi = ° 23 X3
¢ . s . g, 2E 2E
S 5+ st v = o g Z 2 50 T2 50
a L] L] - 3 =1
2 5 5
v 2 2
0 0 0 0
medium control  IL-6 IL-6/sIL-6R medium control  IL-6 IL-6/sIL-6R IL-6 IL-6/sIL-6R IL-6 IL-6/sIL-6R
w)

Osteoarthritisand Cartilage

Effect of IL-6 and IL-6/sIL-6R complex on ATP production, metabolic parameters and viability of human knee OA chondrocytes. Effect of IL-6
and IL-6/sIL-6R complex on (A) mitochondrial, glycolytic and total ATP production rate (n=8), (B) total oxygen consumption rate (n=8), (C)
glycolytic acidification rate (n = 8), (D) non-mitochondrial oxygen consumption rate (n = 8), (E) non-glycolytic acidification rate (n = 6), (F) glucose
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(without cells) (n=6), (H) viability (n=7) and (I) cytotoxicity (n=7). Statistical differences between groups or stimulated vs. unstimulated cells
(control): Mann-Whitney U test with Bonferroni adjustment for multiple comparisons. Statistical analysis of normalized data vs. control value (H,
1): one-sample Wilcoxon signed rank test with Bonferroni adjustment for multiple comparisons. **p < 0.005, *p < 0.05. The patients included in

each experiment and their demographic parameters are listed in Supplementary Table Ill. ATP, adenosintriphosphat.

Impact of IL-6-signaling on ATP production, metabolism and viability in
knee OA chondrocytes

Since OA affects mitochondria and glycolysis, the effect of IL-6-
signaling on both was determined by measuring oxygen consump-
tion rate (OCR) and ECAR using Seahorse analyzer (Fig. 4, all |d| in
Supplementary Table II). IL-6/sIL-6R complexes increased glycolytic
ATP production (p=0.047) and decreased mitochondrial ATP

(p=0.002), whereas total ATP production was comparable in all
groups (Fig. 4A). Total OCR was significantly decreased (p =0.0046)
and total ECAR was significantly increased (p=0.036) after stimu-
lation with IL-6/sIL-6R complex, but not after stimulation with IL-6
alone (Fig. 4B,C). Non-mitochondrial oxygen consumption was si-
milar in stimulated and unstimulated chondrocytes (Fig. 4D). Non-
glycolytic acidification was slightly (but not significantly) increased
after stimulation with IL-6/sIL-6R complex (Fig. 4E). Glucose
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Effect of IL-6 and IL-6/sIL-6R complex on IL-6-signaling in human knee OA chondrocytes. Representative Western blots and densitometric

quantification of signaling molecules after stimulation with IL-6 or IL-6/sIL-6R complex for 30 min: (A) phosphorylation of STAT3 at tyrosine 705
(n=7), (B) phosphorylation of STAT3 at serine 727 (n=7), (C) phosphorylation of Erk1/2 (n =7), (D) phosphorylation of PKB/Akt (n = 6), and after
stimulation with IL-6 or IL-6/sIL-6R complex for 48 h: (E) phosphorylation of STAT3 at tyrosine 705 (n = 11), (F) phosphorylation of STAT3 at serine
727 (n=9), (G) phosphorylation of Erk1/2 (extracellular signal-regulated kinase) (n = 10), (H) phosphorylation of PKB/Akt (n = 10). The effects of IL-
6 classic- and trans-signaling in OA chondrocytes are summarized in Fig. 5I. Statistical analysis: one-sample Wilcoxon signed rank test was used
to test for differences between stimulated vs. normalized control value (1), “p < 0.05, **p < 0.01; Mann-Whitney U test was used to test for

differences between IL-6-stimulated vs. IL-6/sIL-6R-stimulated cells,

H#H#H#

p < 0.005, *p < 0.05. Bonferroni adjustment was performed for multiple

comparisons. The patients included in each experiment and their demographic parameters are listed in Supplementary Table Ill. PKB/Akt,
protein kinase B; STAT3, signal transducer and activator of transcription 3.

consumption was approximately 2.6-2.9 mM after 48 h of cell cul-
ture and not affected by IL-6 or IL-6/sIL-6R complex (Fig. 4F). Simi-
larly, lactate was increased by approximately 6 mM within 48 h and
not affected by IL-6-signaling (Fig. 4G). Neither IL-6 nor IL-6/sIL-6R
complexes altered chondrocyte viability or were cytotoxic (Fig. 4H,I).

IL-6-signaling in knee OA chondrocytes

The activation of typical IL-6-pathway molecules (see Fig. 51) was
evaluated in unstimulated OA chondrocytes and after stimulation
with IL-6 or IL-6/sIL-6R complexes. Unstimulated knee OA chon-
drocytes exhibited phosphorylated STAT3 at tyrosine 705 and serine
727 residues (Fig. 5A,B). Stimulation with either IL-6 or IL-6/sIL-6R
complexes for 30 min slightly increased the amount of phosphory-
lated STAT3 at tyrosine 705 (by approximately 17% and 21%, re-
spectively), but only IL-6/sIL-6R complexes activated the Erk1/2-
pathway (Fig. 5A,C). After stimulation with IL-6/sIL-6R complex for
48 h, the amount of phosphorylated STAT3 at tyrosine 705 was re-
duced, whereas the Erk1/2 pathway was still activated (Fig. 5E,G,
Supplementary Fig. 1). Stimulation with IL-6 or IL-6/sIL-6R complex
did not significantly change the level of phosphorylated STAT3 at
serine 727 or PKB/Akt (Fig. 5B,D,FH) or SOCS3 expression
(Supplementary Fig. 1). Fig. 51 visualizes the observed effects of IL-6
classic- and trans-signaling in OA chondrocytes.

Impact of neutralization of IL-6-signaling in knee OA chondrocytes

To evaluate whether IL-6 neutralization as a potential OA therapy
affects chondrocyte metabolism, neutralizing antibodies against IL-6
and IL-6R, or sgp130, or TAPI2 were applied to OA chondrocytes. The
antibody against IL-6 reduced IL-6 levels in the supernatant by 96%
(p=0.009), and the antibody against IL-6R reduced sIL-6R levels in
the supernatant by 70% (p=0.009), indicating effective neutraliza-
tion (Fig. 6A,B). Application of IL-6R AB, sgp130 or TAPI2 had no
significant effect on the basal release of IL-6 (Fig. 6A). Neither the
viability of chondrocytes nor the release of NO and PGE; or the
production of cartilage-matrix-proteins were affected by the neu-
tralization of IL-6-signaling with these compounds (Fig. 6C-H).

However, blockade of gp130-signaling by SC144 significantly re-
duced the basal release of NO (|d|=1.53, p=0.037) and IL-6
(|d|=1.29, p=0.037) with no effect on GAG production and cyto-
toxicity (Fig. 61-L, all |d| in Supplementary Table II).

Discussion

IL-6 is known to play a role in OA progression and pain, and could
be a potential target for a therapeutic approach. Interestingly, we
found high autocrine IL-6 production and persistent STAT3 activa-
tion in human OA chondrocytes. The amount of autocrine IL-6 was
significantly negatively correlated with Pro-Collagen-Type II and
proteoglycan production. Both non-OA and OA chondrocytes express

and release sIL-6R and sgp130, which can be modulated by various
mediators. Induced IL-6-trans-signaling by IL-6/sIL-6R complexes,
but not IL-6 classic-signaling, increased the production of NO, PGE;
and MMP1, glycolytic ATP, and decreased the production of cartilage-
matrix-proteins and mitochondrial ATP. Neutralization of IL-6-sig-
naling by antibodies against IL-6 or IL-6R for 48 h had no negative or
positive effects on OA chondrocyte metabolism. Only blockade of IL-
6 signal transduction by a gp130 inhibitor reduced NO and IL-6 re-
lease.

The tonic release of IL-6 by OA chondrocytes is an important
finding. IL-6 from chondrocytes contributes to the IL-6 con-
centration in synovial fluid, which is much higher than the serum
concentration.>’ Since IL-6-signaling activates STAT3, the strong
STAT3 activation in the absence of exogenous IL-6 or IL-6/sIL-6R
complexes may reflect persistent endogenous IL-6-signaling (but
see below). In general, STAT3 activation up-regulates IL-6 auto-
crine production through IL-6 gene expression. Cancer cells and
osteoblastic cells may show a feed-forward autocrine feedback
loop with persistent high STAT3 activation, which cannot be fur-
ther up-regulated by IL-6."°"'° Since IL-6 production was nega-
tively correlated with cartilage-matrix-protein production in OA
chondrocytes, high autocrine IL-6 production and persistent
STAT3 activation may reflect an osteoarthritic chondrocyte phe-
notype, indicating a deregulation of chondrocyte metabolism and
a switch to catabolic processes.

Our results provide the first evidence that non-OA and OA
chondrocytes produce and release sIL-6R (essential for IL-6-trans-
signaling) and sgp130 (may limit IL-6-trans-signaling). Little is
known about the regulation of sIL-6R and sgp130, which is based on
differential messenger ribonucleic acid splicing and proteolytic
cleavage.'” Numerous clinical disorders are characterized by altered
levels of sIL-6R and sgp130.'”

The basal release of IL-6, sIL-6R and sgp130 was modified by pro-
and anti-inflammatory mediators, in some cases in opposite direc-
tions. The strongest stimulators of IL-6 release were IL-18 and TNF
both of are important in OA pathogenesis. Interestingly, both cyto-
kines decreased the release of sIL-6R and increased the release of
sgp130, thus possibly limiting IL-6 effects to some extent.

An important question of the study was whether the induced IL-6
effects are mediated by IL-6 classic- or trans-signaling. We found
that all evoked IL-6 effects were mediated by IL-6/sIL-6R complexes
and not by IL-6 alone, including increased release of NO, PGE,,
MMP1, reduced production of cartilage-matrix-proteins, and meta-
bolic switch to aerobic glycolysis. All of these effects contribute to
OA pathology, suggesting that the degenerative effects of IL-6 re-
ported in previous studies'"'®~?° are produced by IL-6 trans-sig-
naling.

In OA chondrocytes of the present study, the protective effects of
IL-6 classic-signaling observed in regenerative and healthy chon-
drocytes'? were not found. It is possible that IL-6 classic-signaling is
no longer functional in OA chondrocytes. This is important because
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Effect of neutralization of IL-6 signaling on the basal release of (A) IL-6, (B) sIL-6R, on the production/release of (C) NO, (D) PGE; (prostaglandin E2),
(E) GAG (glycosaminoglycan) and (F) Pro-Collagen-Type I, and on (G) viability and (H) cytotoxicity of human chondrocytes (all n=#6). Effect of
blocking gp130 signaling by SC144 on the basal release of () NO, (J) IL-6, (K) GAG, and on (L) viability and cytotoxicity (all n=6). Statistical
differences between stimulated vs. unstimulated cells (control): Mann-Whitney U test with Bonferroni adjustment for multiple comparisons. Statistical
analysis of normalized data vs. control value (G, H, L): one-sample Wilcoxon signed rank test with Bonferroni adjustment for multiple comparisons.
*p < 0.01, *p < 0.05. The patients included in each experiment and their demographic parameters are listed in Supplementary Table lll. gp130,
glycoprotein 130; NO, nitric oxide; SC144, 2-(7-Fluoropyrrolo[1,2-a]quinoxalin-4-yl) 2-pyrazinecarboxylic acid hydrazide hydrochloride.

then therapeutic neutralization of IL-6-signaling, e.g. with the aim of
treating OA pain, does not additionally harm chondrocytes.

The STAT3 pathway is essential for the effects of IL-6. In tumor
cells, STAT3-mediated metabolic transformation leads to a metabolic
switch towards aerobic glycolysis by transcriptional up-regulation of
glycolytic proteins and by direct regulation of mitochondrial func-
tion independent of transcriptional activity.?' Similarly, we found an
increased aerobic glycolysis in OA chondrocytes after stimulation
with IL-6/sIL-6R complexes. Furthermore, STAT3 activation in
chondrocytes, also found by Latourte et al.,'’ mediates IL-6-induced
down-regulation of Collagen-Type II and proteoglycan.’>**> We
clearly show that autocrine IL-6 production is strongly negatively
correlated with the production of cartilage-matrix-proteins. There-
fore, the amount of autocrine IL-6 production and release may reflect
the transformation process of OA chondrocytes. This may explain
why IL-6 concentration in synovial fluid is associated with increased
risk of OA progression in patients after meniscectomy,”* and why IL-
6 is a significant predictor of OA.%>2°

In our study, application of IL-6 or IL-6/sIL-6R complex further
increased the high level of tyrosine phosphorylation of STAT3, and
additionally, the IL-6/sIL-6R complexes activated the extracellular
signal-regulated kinase (ERK) pathway. Interestingly, long-term ac-
tivation of the ERK pathway corresponds to decreased tyrosine
phosphorylation of STAT3 in our experiments. Erk1/2-mediated in-
hibition of STAT3 has also been found in cancer cells, suggesting that
ERK activation provides negative feedback by limiting STAT3 acti-
vation.””*® Modulation of SOCS3 expression by IL-6-induced STAT3
activation, another negative feedback mechanism which down-reg-
ulates the JAK/STAT pathway, was not found in OA chondrocytes.

Neutralization of IL-6 or blocking of IL-6R by antibodies is con-
sidered a promising OA therapy. In animals, IL-6 neutralization had a
protective effect in experimental OA.'"'® However, the first clinical
trial, which applied systemically tocilizumab to neutralize IL-6R,
failed to improve OA pain in hand OA.?° Here we found that anti-
bodies against IL-6 or IL-6R successfully neutralized IL-6 and sIL-6R
released from chondrocytes of patients with late-stage OA, but
conspicuously these antibodies did not improve chondrocyte me-
tabolism and cartilage-matrix-protein production. One reason may
be that STAT3 activation is not only induced by IL-6-signaling at the
outer cell membrane. Autocrine production of IL-6 can in-
tracellularly induce IL-6 classic- and trans-signaling by activation of
intracellular gp130 and IL-6R, which may be located in endosomes,
endoplasmic reticulum or Golgi bodies.’” Lamertz et al. showed that
neutralization of IL-6-signaling by extracellular inhibitors or by an-
tibodies had no effect on intracellular induced IL-6-signaling or
STAT3 activation.®' Since an intracellularly active JAK inhibitor pre-
vented IL-6-signaling, they concluded that autocrine signaling may
be initiated from intracellular compartments.’' Also in liver carci-
noma, neutralizing gp130 antibodies were found to fail to inhibit
STAT3 activation in cells, which showed gp130 mutations with
persistent high gp130-signaling and ligand-independent STAT3
phosphorylation.’? Blocking gp130-signaling with an intracellularly
active gp130 inhibitor such as SC144 is a promising approach for
cancer therapy.>*>>* First experiments with a gp130 modulator in a

surgically-induced OA model showed promising results.! In our ex-
periments, application of a gp130 inhibitor reduced the high basal
IL-6 release from OA chondrocytes. The protective effects of IL-6
neutralization in experimental OA models'"'® may result from early
blocking of IL-6-signaling during OA induction. Once OA is estab-
lished, systemically applied neutralizing IL-6R antibodies may not
sufficiently inhibit the continuous high production of IL-6 nor may
they be able to affect the ligand-independent intracellular me-
chanisms. Thus, in advanced OA, blocking intracellular IL-6-signaling
may be a better target, in combination with a local application of
drugs. Whether long-term inhibition of IL-6-signaling can abolish
autocrine IL-6 release and STAT3 activation, increase cartilage-ma-
trix-protein production and finally ameliorate OA should be eval-
uated.

A limitation of the present study is the limited number of ex-
periments with healthy chondrocytes. Thus, the effects of IL-6-sig-
naling were analyzed in knee OA chondrocytes, but not in healthy
chondrocytes. For evaluation of IL-6 neutralization for OA treatment,
additional experiments on healthy chondrocytes are necessary.
Additional limitations of the study include: a) study design may have
introduced donor-specific effects, b) results were not validated at the
tissue level, c) results were not tested for effects of sexual di-
morphism. Sexual dimorphism can influence the onset and devel-
opment of OA, and recent work has also shown sex differences in
chondrocyte biology.*® Hernandez et al. found sexual dimorphism in
the pericellular matrix, but gene expression of proteoglycan, col-
lagen type II, and IL-6 were not significantly different between fe-
males and males.”® In addition, Jain et al. found sexual dimorphism
in phenotype and energy metabolism, including higher Collagen-
Type Il release in male vs. female chondrocytes, but similar Collagen-
Type II gene expression.”’
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