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IL-17 in OA

Abstract

Increased interleukin (IL)-17A has been identified in joints affected by osteoarthritis (OA),
but it is unclear how IL-17A, and its family members IL-17AF and IL-17F, can contribute to
human OA pathophysiology. Therefore, we aimed to evaluate the gene expression and
signalling pathway activation effects of the different IL-17 family members in fibroblasts
derived from cartilage and synovium of patients with end-stage knee OA.
Immunohistochemistry staining confirmed that IL-17 receptors A (IL-17RA) and IL-17RC
are expressed in end-stage OA-derived cartilage and synovium. Chondrocytes and synovial
fibroblasts derived from end-stage OA patients were treated with IL-17A, IL-17AF, or IL-
17F, and gene expression was assessed with bulk RNA-Seq. Hallmark pathway analysis
showed that IL-17 cytokines regulated several OA pathophysiology-related pathways
including immune-, angiogenesis-, and complement-pathways in both chondrocytes and
synovial fibroblasts derived from end-stage OA patients. While overall IL-17A induced the
strongest transcriptional response, followed by IL-17AF and IL-17F, not all genes followed
this pattern. Disease-Gene Network analysis revealed that IL-17A-related changes in gene
expression in these cells are associated with experimental arthritis, knee arthritis, and
musculoskeletal disease gene-sets. Western blot analysis confirmed that IL-17A significantly
activates p38 and p65 NF-kB. Incubation of chondrocytes and synovial fibroblasts with IL-
17A antibody secukinumab significantly inhibited IL-17A-induced gene expression. In
conclusion, the association of IL-17-induced transcriptional changes with arthritic gene-sets
supports a role for IL-17A in OA pathophysiology. Therefore, secukinumab could be

investigated as a potential therapeutic option in OA patients.
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1 Introduction

Osteoarthritis (OA) is the most common musculoskeletal disease, affecting 8.75 million
people in the UK alone. Characterised by the loss of articular cartilage, it causes pain,
disability, a reduced quality of life, and has a significant socioeconomic impact[1]. There are
currently no disease-modifying treatments for OA and treatment is limited to joint
replacement surgery with its associated costs and morbidity. OA is a multifactorial disease
with a complex pathophysiology[1, 2]. Newly gained knowledge on the pathophysiology of
osteoarthritis (OA) has shifted the traditional dogma of OA as a degenerative “wear-and-tear”

disease of the articular cartilage to a hypothesis that OA is a whole joint disease with a

significant inflammatory component.

Despite the loss of articular cartilage being hallmark feature of OA, the mechanisms
underlying this OA-related cartilage degradation are poorly understood. Histological analyses
have shown a clear infiltration of inflammatory cells into the synovium. Molecular
interrogation has shown complement pathway activation in cartilage, synovium, and synovial
fluid , and an increase in inflammatory mediators in synovium and synovial fluid[3—5]. Many
of these mediators are hypothesized to be (over)produced by the resident stromal cells -
chondrocytes in cartilage and synovial fibroblasts in synovium([5]. In addition, there is

evidence for angiogenesis in OA cartilage, subchondral bone, synovium, and menisci[6, 7].

The IL-17 family of cytokines is increasingly identified as a contributor to OA pathogenesis.
IL-17 is a family of 6 cytokines (IL-17A-F), from which homodimers IL-17A, IL-17F and
their heterodimer IL-17AF are most studied[8—11]. IL-17A has been found in increased
concentrations in serum and synovial fluid from OA patients compared to healthy controls,
showing positive correlations with different pain, function, and disease severity scores[ 12—
15]. When comparing inflamed with non-inflamed synovium from OA patients, an increased
concentration of IL-17A was found in inflamed OA tissue, correlating with the release of IL-
6, IL-23, and TGF-B1[16]. Another study identified a subgroup of patients with high IL-17A
in their synovial fluid, alongside higher concentrations of inflammatory mediators (including
IL-6, leptin, resistin, CCL7, and NGF), and reduced osteophytes, sclerosis, and minimum
joint space width, thereby describing a potential inflammatory OA phenotype[17]. Genetic
associations between polymorphisms in IL-17 genes and OA have been reported in different

populations[ 18, 19]. Several animal models have studied the role of IL-17A and its receptors
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in (inflammatory) arthritis; injection of IL-17A induced the manifestations of OA in a rabbit

model[20].

IL-17A, IL-17F, and IL-17AF all signal through the same heterometric receptor complex,
which consists of IL-17 receptor A (IL-17RA) and IL-17RC[21, 22]. Both of these receptor
subunits are essential for IL-17A/F signalling. While these cytokines seem to induce
qualitatively similar signals, IL-17A homodimer produces a much more potent signal than the
IL-17F homodimer in human primary foreskin fibroblasts and mouse embryonic fibroblasts,
with the IL-17AF heterodimer producing an intermediate signal[11, 23, 24]. IL-17RA is
expressed by nearly every cell type of the body with particularly high expression on immune
cells, in contrast, IL-17RC is mostly expressed by non-immune cells, thereby mainly limiting
IL-17 signalling to non-hematopoietic epithelial and stromal cells[22, 25]. However, IL-17-
induced effects can differ between cell types, underlining the importance of studying its

effects in each specific cell type or organ system[26, 27].

Although a growing number of clinical, animal, and genetic studies have identified a
potential role for IL-17 in OA, the molecular mechanisms underpinning its role in OA
pathophysiology is unknown. In cells from end-stage OA patients, IL-17A can increase the
gene or protein expression of selected inflammatory mediators, including 1L-6, IL-8, CXCLI,
CCL2, COX2, and iNOS[28, 29]. In addition, IL-17A has been shown to affect ECM by
increasing MMP production[30]. However, the individual effects of IL-17A, IL-17F, and IL-
17AF in cells derived from OA patients throughout the whole transcriptome remain
understudied. Therefore, this study aimed to identify and compare the changes in gene
expression and activation of intracellular signalling pathways induced by IL-17A, IL-17F,
and IL-17AF in chondrocytes and synovial fibroblasts derived from patients with end-stage
knee OA. A better understanding of the similarities and differences of the effects of these
three IL-17 cytokines in OA-derived primary cells will provide critical insight to their

contribution to OA pathogenesis.
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98 2 Materials and methods

99
100 2.1 Ethics approval
101  Ethical approval was granted for the Oxford Musculoskeletal Biobank (09/H0606/11) and
102 (19/SC/0134) by the local research ethics committee (Oxford Research Ethics Committee B)
103 for all work on human cartilage and human synovium, and informed consent was obtained
104  from all patients according to the Declaration of Helsinki.
105
106 2.2 Immunohistochemistry
107  Cartilage and synovial tissue from end-stage OA patients was collected during total knee
108  replacement surgery. Cartilage was dissected from the tibial plateau. Cartilage and synovial
109  samples were immersed in 10% formalin for 0.5 mm/hour, embedded in paraffin before
110 cutting Sum sections and baking onto adhesive glass slides. Deparaffinisation and antigen
111  retrieval procedure was performed using a PT Link machine (Dako, Glostrup, Demark) using
112 FLEX TRS antigen retrieval fluid (Dako). Immunostaining was performed using an
113 Autostainer Link 48 machine using the EnVision FLEX visualisation system (Dako) with
114  anti-human IL-17RA, anti-human IL-17RC antibodies (R&D systems, Abingdon, UK) or
115  universal negative control mouse (Dako) (Supplementary Table 1). Antibody binding was
116  visualized by FLEX 3,3’-diaminobenzidine (DAB) substrate working solution and
117 haematoxylin counterstain (Dako) following the protocols provided by the manufacturer.
118  Antibodies were validated in-house to determine the concentration of antibody needed for
119  positive staining with minimal artefact from the tissue. After staining, slides were dehydrated
120  before mounting using Pertex mounting medium (Histolab, Gothenburg, Sweden). Negative
121 controls are provided in Supplementary Fig. 1.
122
123 23 Isolation of primary OA chondrocytes and synovial fibroblasts for in vitro
124 culture
125  Tissue from end-stage OA patients was collected during total knee replacement surgery.
126  Cartilage was dissected from the tibial plateau and minced before overnight collagenase
127  digestion in DMEM-F12 supplemented with 1% P/S and 1mg/ml collagenase 1A (Sigma,
128  supplied by Merck, Darmstadt, Germany). Synovium was minced before being collagenase
129  digested for 2 hours. Collagenase-digested tissue was filtered through a 70um cell strainer,
130  and cells were plated out in 10-cm dishes in D10 (DMEM-F12 (Gibco, supplied by Fisher
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131  Scientific, Loughborough, UK) with 10% Foetal Bovine Serum (FBS) (Labtech International,
132 Heathfield, UK) and 1% Penicillin/Streptomycin (P/S) (Gibco)). Once 95% confluent,

133 chondrocytes were cryopreserved, while synovial fibroblasts were passaged once (p=1) and
134 then cryopreserved.

135

136 2.4  Cell culture for RNA Sequencing

137  Chondrocytes (n=6 patients) were expanded to p=2 and synovial fibroblasts (n=6 patients) to
138  p=3 in D10 after which they were plated out in 12-well plates. Cells were left to attach for 24
139 hours, before medium was changed to serum-free DMEM-F12 with P/S (DO0) and left for 24
140  hours. On the day of the experiments, vehicle control, and 10ng/ml IL-17A, IL-17F, or IL-
141  17AF (all from Biolegend UK Ltd, London, UK) was made up in D0. Old DO was removed
142  and DO with vehicle control or IL-17 was added. After 24 hours, treatment medium was

143 removed and cells were washed with PBS, before being harvested in Trizol (Invitrogen,

144 supplied by ThermoFisher Scientific, Waltham, MA, USA), and stored at -80°C.

145

146 2.5  Bulk RNA Sequencing

147  RNA was extracted using a Direct-zol MicroPrep kit with DNase treatment (Zymo Research,
148  Irvine, CA, USA) following the manufacturer’s instructions. RNA concentration was

149  measured using a NanoDrop spectrophotometer. RNA quality of eight randomly chosen

150  samples were assessed using High Sensitivity RNA ScreenTapes (Agilent) on an Agilent

151 2200 TapeStation. Library preparation was done using a NEBNext Ultra II Directional RNA
152 Library Prep Kit for [llumina with poly-A selection (Illumina, San Diego, CA, USA)

153  following the manufacturer’s instructions. Every library was quantified for DNA content with
154  High Sensitivity DNA ScreenTapes (Agilent). Libraries from 24 samples with unique

155  identifiers were pooled and run on an [llumina NextSeq 500 using the 75 cycles NextSeq
156  High Output kit (Illumina).

157

158  Raw FASTAQ files containing reads were generated by the Illumina software CASAVA v1.8.
159  The raw FASTQ files were processed using CGAT-flow readqc and mapping workflows

160  (https://github.com/cgat-developers/cgat-flow)[31]. The quality of the reads was assessed
161  using FASTQC and ReadQC. Raw reads were aligned to the GRCh38 reference genome

162  using HiSat2 (v2.0.5). The mapped reads were visualised using IGV (v2.3.74) to further

163  assess quality of mapping. The quantification of mapped reads against GCRh38 reference
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164  genome annotation was carried out using FeatureCounts (v1.5.0). Downstream analyses were
165  performed using R version 3.5.1 (R Foundation, Vienna, Austria), and RStudio version

166  1.1.456 (RStudio, Boston, MA, USA). Differential expression analysis was performed using
167  the DESeq2 package[32] using ‘apeglm’ method to apply the shrinkage of logarithmic fold
168  change[33]. The adjusted p-value (padj) and significance of changes in gene expression were
169  determined by applying the Bonferroni-Hochberg correction of 5% false discovery rate. PCA
170  plots were generated using the package ggplot2[34], heatmaps were generated using the

171  package pheatmap (PCA and heatmaps in Supplementary Fig. 2 and 3), and

172 EnhancedVolcano was used to create volcano plots. Gene-set enrichment analysis for

173 hallmark pathways were performed using clusterProfiler on genes that were significantly
174  changed compared to control (padj < 0.05) ranked by log2 fold change (LFC)[35]. Disease-
175  gene network (DisGeNET) analysis was performed using the DOSE package on genes

176  padj<0.05 and LFC£1[36].

177

178 2.6  Cell culture for western blot

179  Chondrocytes (n=3) and synovial fibroblasts (n=3) were expanded, seeded in 12-well plates
180  as described before. On the day of the experiments, vehicle control, IL-17A, IL-17F, and IL-
181  17AF were diluted in DO medium to 10ng/ml. Old DO medium was removed and stimulation
182  medium was added. Cells were harvested for western blotting 0 mins, 10 mins, 30 mins, 1
183  hour and 8 hours after treatment commenced as described previously[37], frozen, and stored
184  at -20°C until analysis.

185

186 2.7  SDS-PAGE and Western blot

187  Cell lysates were mixed with 2x Laemmli Sample Buffer (Bio-Rad) in a 1-to-1 ratio and

188  separated by gel electrophoresis in a 10% Mini-PROTEAN TGX Precast gels (Bio-Rad

189  Watford, UK). After gel electrophoresis, proteins were blotted on PVDF membrane (Bio-
190  Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked in

191  blocking buffer (10% milk powder and 2% BSA in TBS-T) and subsequently stained with
192 loading control (vinculin) and phosphorylated-protein antibody overnight in antibody buffer
193 (5% BSA and 1% Tween-20 in TBS-T) (Supplementary Table 2). The blots were washed in
194  TBS-T and incubated in secondary antibody in antibody buffer for 2 hours before washing
195  again in TBS-T before visualising with ECL (GE Healthcare, Chicago, IL, USA) and

196  imaging in an ALLIANCE 6.7 Chemiluminescence Imaging System (UVITEC, Cambridge,
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197  UK). The membranes were subsequently stripped (Takara Biolnc, Kusatsu, Japan), blocked,
198  and stained with total-protein antibody in antibody buffer overnight. Blots were then washed,
199  stained with secondary antibody, washed again, and imaged. ImageJ was used to analyse the
200  intensity of the stained bands for semi-quantitative analysis using the Oh control for each
201  patient as a reference. Supplementary Fig. 4 shows representative western blots for each
202  antibody.

203

204 2.8 Cell culture for inhibitor treatment and cells-to-cDNA synthesis

205  Chondrocytes and synovial fibroblasts were cultured and plated out in 96-well plates as

206  described earlier. Secukinumab with 10ng/ml IL-17A or vehicle control was added to the
207  cells. After 24 hours, cells were washed with PBS before being harvested in cells-to-cDNA
208  Cell Lysis Buffer (Ambion Inc, Foster City, CA, USA), and transferred to a PCR plate for
209  cells-to-cDNA synthesis. cDNA was prepared using a cells-to-cDNA kit following the

210  manufacturer’s instructions (Ambion).

211

212 2.9  Real time quantitative PCR

213 Real-time quantitative polymerase chain reaction (RT-qPCR) were carried out in a 10uL.
214 volume in 384-well plates using Fast SYBR Green Master Mix (Applied Biosystems, Foster
215  City, California, USA). Primers (Supplementary Table 3) were purchased from Primerdesign
216  Ltd (Primerdesign Ltd, Eastleigh, UK). All RT-qPCRs were performed using a ViiA7 (Life
217  Technologies, Paisley, UK), which included 40 cycles and a melt-curve. Samples were

218 analysed against two reference genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
219  and B-actin (ACTB) (Primerdesign Ltd), using the delta-CT or delta-delta Ct method[38].
220

221  2.10 Statistical analysis

222 Statistical analyses for bulk RNA-Seq were performed using R and RStudio. All other

223 statistical analyses were performed using in GraphPad Prism 8.1.2 (GraphPad Software, La
224 Jolla, CA, USA). For treatment with IL-17 for western blot analysis, Friedman test with

225  Dunn’s multiple comparisons test was used and data is shown as mean+SD. For all

226  experiments with IL-17A and inhibitors, differences between treatment with IL-17A alone
227  and other treatments Friedman test with Dunn’s test to correct for multiple comparisons,

228  except when there was missing data in which Kruskal-Wallis test with Dunn’s multiple
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229  comparisons test was used. All data for inhibitor experiments is shown as the individual

230  measurements with mean. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<(0.0001.
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231 3 Results

232

233 3.1 IL-17 receptors are expressed by end-stage osteoarthritis chondrocytes and

234  synovial fibroblasts

235  Cartilage and synovium from end-stage OA patients undergoing total knee replacement

236  surgery were either formalin-fixed or digested to isolate and expand resident fibroblasts

237  (chondrocytes and synovial fibroblasts respectively). To validate that these fibroblasts can
238  respond to IL-17 cytokines, mRNA expression of their receptors /L/7RA and IL17RC was
239  assessed by RT-qPCR (Fig. 1A). Both genes were expressed by chondrocytes and synovial
240  fibroblasts, although /L17RA was more highly expressed than /L/7RC with a difference of
241  2.03 CT (n=5, 0.84-3.18) in chondrocytes and 3.39 CT (n=4, 2.79-4.20) in synovial

242  fibroblasts. Protein expression of IL-17RA and IL-17RC was confirmed in end-stage OA
243 cartilage and synovial tissue (Fig. 1B).

244

245 3.2 IL-17A induces the most potent and greatest changes in gene expression

246  The transcriptome of sets of samples (24 samples of chondrocytes and 24 samples of synovial
247  fibroblasts representing n=6 patients, treated for 24 hours with vehicle control, or IL-17A, IL-
248  17F, or IL-17AF, all at 10 ng/ml) were analysed using poly-A tail selected, mRNA

249  sequencing. After normalisation and accounting for donor variability, log-fold2 (LFC)

250  changes were calculated with the adjusted p<0.05. Treatment with IL-17 cytokines

251  significantly changed a range of genes compared to control (Fig. 2). The number of changed
252 genes that were changed at least LFC+1 varied by IL-17 treatment type, with the highest

253  number changed by IL-17A (856 genes for chondrocytes, 330 for synovial fibroblasts),

254  followed by IL-17AF (188 genes/55 genes), and finally IL-17F (39 genes/17 genes) (full list
255  in Supplementary Tables 4 and 5; all volcano plots in Supplementary Fig. 5 and 6). The most
256  significantly changed gene in both cell types by all three IL-17 cytokines was NFKBIZ, a
257  gene that encodes for the protein “Inhibitor of NF-xB Zeta” (IkB{), a central regulator of IL-
258 17 signalling. The three most highly regulated genes by IL-17A were CCL20, IL6, and NOS?2
259  in chondrocytes, and CSF3, CXCLI, and CCL20 in synovial fibroblasts, which are known IL-
260  17-induced genes.

261

262 Overall, IL-17A induced the strongest transcriptional response, followed by IL-17AF, and
263  finally IL-17F. For 81% of these genes in chondrocytes and 91% in synovial fibroblasts, the

264  differences in transcriptional response between IL-17AF and IL-17A were larger than
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265  between IL-17AF and IL-17F. Therefore, IL-17AF-induced gene expression changes more
266  closely resemble IL-17F-induced effects than IL-17A-induced effects. However, not all genes
267  followed this pattern. For example, while IL-17A, IL-17AF, and IL-17F all induced a similar
268 increase in NFKBIZ in synovial fibroblasts (padj=2.09E-163, LFC of 3.68, 3.03, and 2.95
269  respectively), only IL-17A induced the expression of CCL20 (padj=3.46E-15, LFC of 6.25,
270  0.07, and 0.02, respectively), and only IL-17A and IL-17AF were induced the expression of
271  CSF3 (padj=8.69E-18, LFC of 8.82, 5.97, and 0.02, respectively). In addition, some genes
272 were only expressed and strongly increased in either chondrocytes (NOS2, padj=7.49E-36,
273  LFC 7.42, 5.15, and 4.31, respectively) or synovial fibroblasts (CSF3 as described above),
274  showing that IL-17 cytokine culture can induce transcriptional responses that are cell type
275  dependent.

276

277 3.3 IL-17A treatment causes changes in inflammation-related biological pathways
278  To elucidate the biological processes that are affected by IL-17 in chondrocytes and synovial
279  fibroblasts, the dataset was analysed using the Gene Set Enrichment Analysis (GSEA)

280  hallmark gene set. The GSEA is a collection of 50 hallmark gene pathways which condense
281  information from over 4,000 original overlapping gene sets from specific collections[39]. In
282  chondrocytes, 21, 24, and 21 pathways were significantly changed by treatment with IL-17A,
283  IL-17AF, and IL-17F, respectively. In synovial fibroblasts, IL-17 cytokines caused

284  significant changes in 20, 14, and 11 pathways after treatment with IL-17A, IL-17F, and IL-
285  17AF, respectively. Generally, the largest changes were made by IL-17A, followed by IL-
286  17AF, and finally IL-17F (Fig. 3A-B, Supplementary Table 6). Pathways including

287  inflammatory responses, complement, hypoxia, angiogenesis, and glycolysis were changed in
288  both chondrocytes and synovial fibroblasts and have been linked to OA pathophysiology.
289

290 3.4  IL-17A induced changes are associated with experimental arthritis

291  Disease-gene network (DisGeNET) analysis was used to study the gene-disease associations
292  of the IL-17-induced changes in gene expression (padj<0.05, LFC>+1). The 25 most

293  significantly associated diseases after IL-17A treatment in chondrocytes included juvenile
294  arthritis, experimental arthritis, musculoskeletal diseases, anoxia, and hyperalgesia (Fig. 4A)
295  In synovial fibroblasts the 25 most significantly associated diseases after IL-17A treatment
296  included experimental arthritis, musculoskeletal diseases, and pain, but mostly included IL-
297 17 associated diseases including lung disease, viral bronchiolitis, and respiratory syncytial

298  virus infections (Fig. 4B). Although the 25 most significantly associated disease after IL-
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299  17AF- and IL-17F treatment were similar to those induced by IL-17A, the gene counts were
300 notably lower than the changes associated with IL-17A.

301

302 3.5 IL-17A activates p38 and NF-kB pathways

303  To better understand the similarities and differences between the signalling induced by IL-17
304  cytokines, chondrocytes or synovial fibroblasts from end-stage OA patients were treated with
305  control medium or 10ng/ml IL-17 for 10 minutes (Fig. 5), 30 mins, 1 hour, or 8 hours

306  (Supplementary Fig. 7). Activation of the ERK1/2 (p44/p42 MAP kinases), p38 and p65 NF-
307 B intracellular cell signalling pathways was assessed by western blot analysis. Semi-

308  quantitative analysis showed that IL-17A induced the strongest activation in p38 and NF-kB,
309  followed by IL-17AF, with IL-17F causing only subtle activation. In contrast, ERK1/2 was
310  most strongly activated by IL-17AF, followed by IL-17A and IL-17F which both caused

311  no/minor increases.

312

313 3.6  Secukinumab inhibits IL-17A-induced expression of OA-relevant genes

314  The clinically-used IL-17A-antibody secukinumab was used to confirm that IL-17A drives
315  the changes seen in expression of OA-relevant genes related to inflammation, matrix

316  turnover, fibroblast activation, and intracellular signalling. Chondrocytes and synovial

317  fibroblasts from end-stage OA patients were treated with 10ng/ml IL-17A for 24 hours

318  without or with increasing, clinically-relevant concentrations of secukinumab (0.5, 5.0, and
319 50 pg/ml), and changes in expression of 8 genes that were found to have been significantly
320  changed by IL-17A in the RNA-Seq experiment were analysed with RT-qPCR. Secukinumab
321  decreased the IL-17A-induced increase in gene expression for every gene tested in a dose-
322 related manner (Fig. 6). In chondrocytes, 5 pg/ml secukinumab caused a statistically

323  significant inhibition of IL-17A induced MMPI and MAP3K8 mRNA expression, and 50
324  pg/ml secukinumab was able to significantly inhibit IL-17A-induced gene expression for all
325  genes tested. In synovial fibroblasts, 5 pg/ml secukinumab caused a statistically significant
326  decrease in IL-17A-induced /L6, PDPN, and NFKBIZ mRNA expression, and 50 pg/ml

327  secukinumab caused a statistically significant decrease in the IL-17A-induced gene

328  expression of all genes tested except for PDPN. Inhibition of p38 or NF-kB p65 in end-stage
329  OA chondrocytes or synovial fibroblasts did not significantly decrease IL-17A-induces genes
330  in gene expression. These findings suggest that there is redundancy in IL-17A-induced

331 intracellular signalling (Supplementary Fig. 8 and 9).
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332 4 Discussion

333  There is a growing number of reports in clinical, animal, and genetic studies that support a
334 role for IL-17 cytokines (including IL-17A, IL-17AF, and IL-17F) in OA. However, the

335  specific effect IL-17 cytokines could have in OA disease pathophysiology remains unclear.
336  Therefore, the overarching aim of this study was to investigate and compare the effect of IL-
337  17A, IL-17AF, and IL-17F on the transcriptome and activation of intracellular signalling

338  pathways in end-stage OA derived fibroblasts. The most active IL-17 cytokine identified, IL-
339  17A, was then inhibited to assess its potential as a therapeutic option in OA.

340

341  IL-17 cytokines induced changes in expression of diverse set of genes in both chondrocytes
342  and synovial fibroblasts derived from end-stage OA patients. IL-17 targeted genes included
343  those encoding signalling molecules, cytokines, and chemokines. Overall, IL-17A caused the
344  strongest transcriptional response, followed by IL-17AF, and finally IL-17F. For most genes,
345  IL-17AF-induced strength of response was closer to that of IL-17F than IL-17A, suggesting
346  that the IL-17F-subunit strongly reduces its potential to induce transcriptional changes.

347  However, the fact that not all genes followed this pattern underlines the complexity of IL-17-
348  signalling and the likeliness that these cytokines have different roles[27, 40]. Therefore,

349  further work should investigate the similarities and differences of the effects of these three
350  cytokines and their potential role in the OA pathophysiology.

351

352 Pathway analysis of the IL-17-induced genes revealed regulation of multiple cellular

353  pathways including those related to immune responses, complement, and angiogenesis. Many
354  of these pathways have been implicated in the development and/or progression of OA.

355 DisGeNet analysis showed that especially IL-17A-induced changes in the transcriptome of
356  chondrocytes and synovial fibroblasts are associated with juvenile arthritis, experimental
357  arthritis, and musculoskeletal diseases, supporting that IL-17A could play an important role
358  in OA. While IL-17AF- and IL-17F-induced transcriptional changes were also associated
359  with these diseases, these associations the transcriptional changes were weaker for IL-17AF
360  and IL-17F compared to IL-17A. Therefore, if these cytokines occur at similar concentrations
361  in the joint, IL-17A is the most likely cytokine of this family to play a role in OA

362  pathophysiology.

363

364  Western blot analysis of the activation of intracellular signalling proteins was used to better

365  understand the differences in IL-17-induced gene expression between IL-17A, IL-17AF, and
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366  IL-17F. The intracellular signalling proteins p38 and NF-kB p65 were activated by IL-17
367  cytokines, the extent of the activation mirrored the number of genes transcriptionally

368 regulated by each of these cytokines in chondrocytes and synovial fibroblasts: IL-17A

369  causing a relatively strong activation, IL-17AF causing a modest activation, and IL-17F

370  causing a small activation. As the activation of NF-kB and p38 have led to increases

371  inflammation in other types of fibroblasts[41, 42], these results are consistent with the IL-17-
372 induced expression of immune-related genes seen in the RNA-Seq data. IL-17AF caused the
373  activation of ERK1/2, with both IL-17A and IL-17F causing no/minor activation. In IL-17
374  signalling in ST2 cells and mouse fibroblasts, ERK1/2 is not only able to induce transcription
375  of IL-17A/F target genes, but it can also contribute to the negatively regulation of IL-17

376  signalling by phosphorylating C/EBP3 which ultimately leads to the deubiquitylation of

377  TRAF®, a protein that when ubiquitinylated mediates MAPK and NF-«B signalling[43—46].
378  Therefore, IL-17AF-induced activation of ERK1/2 in this study suggests there is a higher
379  chance of ERK-dependent phosphorylation of C/EBPJ, leading to a stronger dampening of
380  IL-17-induced signalling. However, better insight in the differential signalling of the three
381  IL-17 cytokines in different cell types is needed to get a better understanding of their

382  potential functions, which can be used to further unravel their potential role in promoting
383 inflammation, influx of immune cells, and matrix destruction in OA.

384

385  AsIL-17A is already a clinical target in other inflammatory (musculoskeletal) diseases,

386  inhibition of IL-17A-induced gene expression was investigated. Inhibition of IL-17A-induced
387  gene expression changes by the IL-17A antibody secukinumab confirmed that the expression
388  of these genes is increased by IL-17A. As several clinical studies have demonstrated that OA
389  patients have increased concentrations of IL-17A in their synovial fluid[12—17], our results
390  suggest that secukinumab could be a potential therapeutic option for those OA patients with
391  high concentrations of IL-17A in the OA joint.

392

393  The limitations of this study include the use only one concentration of IL-17 cytokines at
394  only one time point for the gene expression studies. This concentration was selected based on
395  dose-response curves but was necessary due to the limited availability of primary fibroblasts
396  from OA patients. Future studies should study a range of concentrations over time to study
397  the concentration- and time dependent effects of IL-17, which could especially be important

398 as OA is a chronic disease that likely develops over several years or even decades. Lastly,
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399  expression changes in RNA-Seq do not necessarily correlate to changes in protein expression.
400  Therefore, it is crucial that future studies confirm that the IL-17-induced changes in gene

401  expression that were seen in this study are translated into changes in protein expression and
402  functional activity of hallmark pathways. This all will give more insight in the potential

403  benefit of inhibitors of these IL-17 cytokines for OA patients with increased concentrations
404  of IL-17 in OA joints.

405

406  Future studies should determine the (relative) concentrations of IL-17 cytokines in the OA
407  joint to determine which of these cytokines is likely to be most important in this disease. In
408  addition, not only chondrocytes and synovial fibroblasts, but also fibroblasts and immune
409  cells from other key joint tissues including meniscus and fat pad, should be used in isolation
410 and in combination to look at the effect these cytokines could have across the joint organ.
411

412 In conclusion, this study shows that [L-17A, and to a lower extent IL-17AF and IL-17F,

413 induced changes in many genes that are linked to several OA pathophysiology-related

414  pathways. While overall IL-17A caused the strongest transcriptional response, followed by
415  IL-17AF and IL-17F, not all genes followed this pattern. The chronic, low-grade

416  inflammation seen in OA fits well with the effects IL-17A on immune-related pathways.

417  Disease-gene network analysis showed that IL-17A-induced changes in chondrocytes and
418  synovial fibroblasts are associated with experimental arthritis, knee osteoarthritis, and

419  musculoskeletal disease, which further highlights the potential importance of this cytokine in
420  OA. The clinically-used IL-17A antibody secukinumab was able to significantly inhibit IL-
421  17A-induced gene expression, confirming that IL-17A is responsible for these changes in
422 gene expression. As there are currently no disease-modifying OA drugs, secukinumab should

423 be investigated as a potential therapeutic option in (a subgroup of) patients with OA.
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Figure 1. Expression of IL-17 receptor A (IL-17RA) and IL-17RC in end-stage OA. (A)
mRNA expression of /IL/7RA and IL17RC in primary cultured chondrocytes (n=5) and

synovial fibroblasts (n=4). Gene expression was calculated using the dCT-method using both

GAPDH and ACTB as housekeeper. (B) Protein expression of IL-17RA and IL-17RC in end-

stage OA cartilage and synovium. Antibodies were visualised with DAB (brown) and

counterstained with haematoxylin (blue). Images were taken at 40x magnification.
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Figure 2. Changes in gene expression after treatment with IL-17A, IL-17AF, or IL-17F
compared to vehicle control measured by bulk RNA-Seq. (A) Overview of changes induced
by IL-17 cytokines (padj<0.05). (B) Volcano plots showing the changes in gene expression
after treatment with IL-17A in chondrocytes (left) and synovial fibroblasts (right). Grey =
not significant (NS); green = Log2 fold change of at least 1 or -1, but p>0.05; blue = p-value
< 0.05, but log2 fold change >-1 and <I; red = p-value<0.05 and log?2 fold change of at least
-1 or +1. (C) Heatmap of the 25 most significantly differentially expressed genes by
chondrocytes (left) and synovial fibroblasts (right). Red = upregulated, blue =

downregulated. n=6
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Figure 3. Results from GSEA Hallmark pathway analysis. Dot plots representing the changes
in GSEA hallmark pathways after IL-17A, IL-17AF, and IL-17F treatment in (A)

chondrocytes and (B) synovial fibroblasts, including the gene ratio (ratio of DEG over the

total number of genes in pathway), gene count (number of DEG in pathway), and the adjusted

p-value.
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616  Figure 4. Results from Disease-Gene Network (DiGeNeT) in (A) chondrocytes and (B)
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617  synovial fibroblasts. Dotplots displaying 25 most significantly associated disease gene sets
618  with the differently expressed genes (DEGs) (padj<0.05, LFC*1) after treatment with IL-17A
619  (coral), IL-17AF (green), and IL-17F (blue), including gene count (number of DEG in each
620  disease geneset) and the adjusted p-value.
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621
622  Figure 5. Activation of p65 NF-kB, p38 MAP kinase, and ERK1/2 (p44/p42 MAP kinases)

623  in chondrocytes and synovial fibroblasts by IL-17A, IL-17AF, and IL-17F (all 10 ng/ml) after
624 10 minutes stimulation. (A) Relative ratio of phosphorylated protein over total protein

625  compared to baseline control (0 mins). Friedman test for each intracellular protein with

626  Dunn’s multiple comparisons test. Mean+SD. N=3. * = p<0.05, ** = p<0.01, *** = p<0.001,
627  *F*¥** =p<0.0001. (B) Representative western blots for vinculin (loading control),

628  phosphorylated, and total protein of each intracellular signalling protein.
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630  Figure 6. Gene expression of chondrocytes and synovial fibroblasts after treatment with IL-
631  17A (10 ng/ml) with or without clinically-used IL-17A-antibody secukinumab in different
632  concentrations (0.5, 5.0, or 50 pg/ml). Gene expression was calculated using the ddCT-

633  method using both GAPDH and ACTB as housekeepers. Gene expression is expressed as log2
634  fold change compared to control. Changes in gene expression were calculated comparing

635  each treatment to IL-17A treatment alone. Kruskal-Wallis test with Dunn’s multiple

636  comparisons test (/L6). Friedman test with Dunn’s multiple comparisons test (all other

637  genes). Individual values and mean. N=5. * = p<0.05, ** = p<0.01, *** = p<0.001, **** =
638  p<0.0001.

26/26


https://doi.org/10.1101/2021.03.05.434099
http://creativecommons.org/licenses/by/4.0/

