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A B S T R A C T

Background: Synovial inflammation is associated with pain severity in patients with knee osteoarthritis (OA).
The aim here was to determine in a population with knee OA, whether synovial tissue from areas associated
with pain exhibited different synovial fibroblast subsets, compared to synovial tissue from sites not associ-
ated with pain. A further aim was to compare differences between early and end-stage disease synovial fibro-
blast subsets.
Methods: Patients with early knee OA (n = 29) and end-stage knee OA (n = 22) were recruited. Patient
reported pain was recorded by questionnaire and using an anatomical knee pain map. Proton density fat sup-
pressed MRI axial and sagittal sequences were analysed and scored for synovitis. Synovial tissue was
obtained from the medial and lateral parapatellar and suprapatellar sites. Fibroblast single cell RNA sequenc-
ing was performed using Chromium 10X and analysed using Seurat. Transcriptomes were functionally char-
acterised using Ingenuity Pathway Analysis and the effect of fibroblast secretome on neuronal growth
assessed using rat DRGN.
Findings: Parapatellar synovitis was significantly associated with the pattern of patient-reported pain in knee
OA patients. Synovial tissue from sites of patient-reported pain exhibited a differential transcriptomic pheno-
type, with distinct synovial fibroblast subsets in early OA and end-stage OA. Functional pathway analysis
revealed that synovial tissue and fibroblast subsets from painful sites promoted fibrosis, inflammation and
the growth and activity of neurons. The secretome of fibroblasts from early OA painful sites induced greater
survival and neurite outgrowth in dissociated adult rodent dorsal root ganglion neurons.
Interpretation: Sites of patient-reported pain in knee OA exhibit a different synovial tissue phenotype and dis-
tinct synovial fibroblast subsets. Further interrogation of these fibroblast pathotypes will increase our under-
standing of the role of synovitis in OA joint pain and provide a rationale for the therapeutic targeting of
fibroblast subsets to alleviate pain in patients.
Funding: This study was funded by Versus Arthritis, UK (21530; 21812)
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Joint pain in osteoarthritis (OA) is a leading cause of disability and
shortening of adult-working life [1]. Despite the significant impact on
quality of life, effective alleviation of joint pain remains elusive since
generic analgesics provide minimal relief and are associated with
significant side effects when taken chronically [2]. Understanding the
molecular basis for OA joint pain is important in seeking to develop
targeted and more efficacious analgesic therapies.

Inflammation of the synovial membrane, termed synovitis, is
strongly associated with pain severity in patients with knee OA [3].
Synovitis presents early in the disease course, when radiographic
signs of cartilage damage is minimal, and is typified by hyperplasia of
synovial fibroblasts, which are a major source of the increased pro-
inflammatory cytokines present within the OA synovial joint [4,5],
and increased infiltration of activated immune cells [6,7]. OA pain is

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2021.103618&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:s.w.jones@bham.ac.uk
https://doi.org/10.1016/j.ebiom.2021.103618
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2021.103618
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom


Research in context

Evidence before this study

Despite the significant impact on quality of life, effective allevi-
ation of joint pain in OA remains elusive and generic analgesics
provide minimal relief and are associated with significant side
effects. Understanding the molecular basis for OA joint pain is
important in seeking to develop targeted and more efficacious
analgesic therapies.

Added value of this study

Our study is the first to report a differential transcriptome and
distinct synovial fibroblast subsets in parapatellar synovial
issue from sites of patient-reported pain in knee OA, with dis-
tinct differences in the predominance of clusters between OA
disease stage and the presence of pain.

Implications of all the available evidence

Our study has implications for understanding the role of the
synovial membrane in OA pain and disease progression. The
observation that painful synovial sites in early OA patients
exhibit a distinct subset of synovial fibroblasts with a gene sig-
nature and secretome that promotes the formation and devel-
opment of neurites provides a rationale for the therapeutic
targeting of fibroblast subsets to alleviate pain in OA patients.
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generated via nociceptive peripheral input from the tissues of the OA
joint, including the synovium. These afferent nerve fibres and noci-
ceptors can be activated and sensitised by pro-inflammatory cyto-
kines present in the OA synovial fluid including TNF-a, IL-1b, CCL2
(MCP1) and IL-6 [8], the concentrations of which correlate with
patient-reported pain [9]. Indeed, compared to healthy synovial fluid,
synovial fluid from patients with knee OA increases the excitability of
sensory neurones [10].

Notably, it was recently reported that pain in knee OA patients
was associated with distinct patterns of synovitis, particularly in
regions around the patellar [11]. Furthermore, single-cell RNA
sequencing (scRNA-seq) has identified the existence of different sub-
set populations of synovial fibroblasts in patients with rheumatoid
arthritis (RA) [12], which differentially drive inflammation [13].
Therefore, the aim of this study was firstly to determine in a popula-
tion with either early or end-stage knee OA the relationship between
patterns of patient-reported knee pain, pain severity and the anatom-
ical site and degree of synovitis. Secondly, to determine whether sites
of patient-reported pain exhibit synovial tissue with a different tran-
scriptomic phenotype containing different cellular subsets of synovial
fibroblasts, compared to sites of no pain.

2. Methods

2.1. Patient recruitment, pain scoring and tissue collection

Following ethical approval (NRES 17/SC/0456), 51 patients were
recruited who either had early knee OA (n = 29) or end-stage knee
OA (n = 22) and were scheduled for elective knee arthroscopy or
arthroplasty at either The Royal Orthopaedic Hospital NHS Founda-
tion Trust (Birmingham, UK) or Russell’s Hall Hospital, Dudley, UK
(Table 1). Prior to surgery, patients completed EQ-5D and Oxford
Knee Score (OKS) questionnaires, a visual analog scale (VAS) to record
pain severity and a patient-reported knee pain map [11], to record
anatomical sites of most and least pain. Intra-operatively, synovial
fluid was aspirated and synovial tissue collected from four anatomical
sites, namely the inferior and superior patellar sites from both lateral
and medial sides of the joint.

2.2. Synovitis scoring using MRIs

Pre-surgical PDFS (proton density fat suppressed) images were
scored for synovitis at 11 different sites, namely the medial parapa-
tellar recess, lateral parapatellar recess, suprapatellar, infrapatellar,
intercondylar, adjacent to PCL (posterior cruciate ligament), adjacent
to ACL (anterior cruciate ligament), medial perimeniscal, lateral peri-
meniscal, within Baker’s cyst and presence or absence of loose bodies
according to the protocol of Guermazi et al [14]. These were per-
formed by a Consultant Musculoskeletal Radiologist and research fel-
low.

2.3. RNA sequencing analysis

Total RNA was extracted from snap-frozen whole synovium tissue
from painful and non-painful samples from n = 6 patients with early
OA and n = 6 patients with end-stage OA (Supplementary Table 1)
using Trizol (Life Technologies, UK) and DNase treated (Qiagen DNase
kit). RNA integrity Number (RIN) values were > 7 (Agilent Bioana-
lyser). Library preparation and RNA-sequencing was performed by
Genomics Facility at University of Birmingham using QuantSeq 3’ kit
(Lexogen, Austria) and sequenced on Illumina’s NextSeq 500. RNA-
sequencing data was imported to the Galaxy web platform (usega-
laxy.org) [15] and aligned with HISAT2. Aligned BAM files where
imported into Qlucore Omics Explorer v3.6 (Qlucore AB, Lund, Swe-
den) and differential gene expression analysis performed following
TMM (Trimmed Mean of M values) normalisation. Data was filtered
to identify differentially expressed genes (DEGs) using two-group
statistical comparison for > 1.5 fold change and p < 0.05. Sequence
data is available through the GEO database under accession number
GSE176223.

2.4. Single-cell RNA sequencing analysis

Synovial tissue from painful and non-painful sites of n = 4 early OA
patients and from painful sites of n=4 end-stage OA patients (Supple-
mentary Table 1) was diced and cultured in growth media (RPMI
1640 containing 10% FCS, 1% penicillin/streptomycin, 5% L-glutamine,
5% sodium pyruvate and 5% non-essential amino acids (Sigma
Aldrich, Dorset, UK)) for primary synovial fibroblasts outgrowth over
3�7 days as previously described [16]. scRNA-seq (Chromium 10X,
Genomics Facility, University of Birmingham) was performed on a
total of »4247 cells (representing »353 cells per patient sample). In
brief, individual cells were partitioned into nanolitre-scale Gel Bead-
In-Emulsions (GEMs) such that reverse transcription produced spe-
cific bar-coded cDNA for each cell. Following cDNA amplification, sin-
gle cell 3’ cDNA libraries were constructed, pooled and sequenced
using the Nextseq 500 (Illumina) platform. Sequencing data was ana-
lysed using Seurat v2.3.4 (https://satijalab.org/seurat/). Individual
datasets were merged and low quality cells or doublets were filtered
by excluding cells that expressed > 7,100 genes/cell and > 15% mito-
chondrial gene expression. 4180 cells remained post quality control
(QC). Data was subjected to global-scale normalisation and log-trans-
formed. Technical noise was accounted for by scaling data based on
nUMI and % mitochondrial genes. Highly variable genes were identi-
fied and used to perform principal component analysis (PCA). Using
the top 15 PCs, t-distributed stochastic neighbour embedding (t-SNE)
analysis was performed to cluster the cells, with a resolution of 0.6.
Monocle v2.9.0 was used to analyse pseudotime trajectories (http://
monocle-bio.sourceforge.net/). Genes were selected based on differ-
entially expressed genes that were expressed by at least 10 cells and
with q < 0.01. Using the DDRTree method, the dimensionality of the
data was reduced and cells were ordered in pseudotime. Sequence
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Table 1
Anthropometric data and patient reported outcome measures.

All Patients Early OA End-stage OA p-value

Agea 61 § 1.8 54 § 2.2 69 § 2.0 < 0.001
Gender (male:female) 25:26 12:17 13:9
Height (cm)a 169 § 1.5 169 § 2.0 169 § 2.3 0.92
Weight (kg)a 92 § 2.8 96 § 4.0 85 § 3.5 < 0.05
BMIa 31.9 § 0.8 33.6 § 1.2 29.6 § 0.9 < 0.05
Waist circumference (cm)a 102 § 2 102 § 3 102 § 3 0.86
Hip circumference (cm)a 113 § 1.9 115 § 2.8 110 § 2.2 0.25
W:Ha 0.91 § 0.01 0.89 § 0.02 0.92 § 0.02 0.15
Oxford Knee Score (0-48)b Median 18.5 (13.8�37) 24 (15.5�29.5) 16 (11.8�37) < 0.05
Oxford Knee Score Category c Severe (0�19) 53% (27) 41% (12) 68% (15) < 0.05

Moderate (20�29) 31% (16) 34% (10) 27% (6) < 0.05
Mild (30�39) 16% (8) 24% (7) 5% (1) < 0.05
Normal (40�48) - - - -

EQ5D summative 8.6 § 0.20 8.4 § 0.26 8.9 § 0.32 0.43

P-values represents the comparison between early OA and end-stage OA patients.
a values represent mean § SEM for All patients (n = 51), early OA patients (n = 29) and end-stage OA patients (n = 22).
b values represent median (interquartile range).
c values represent % (number) of patients in each category.
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data is available through the GEO database under accession number
GSE176308.

2.5. Pathway analysis

Differentially expressed genes from each cluster (> 1.5 fold
change, p < 0.05) were analysed using Ingenuity Pathway Analysis
(IPA; Qiagen, UK) to determine the significance of the association
with a particular pathway/function. Fisher's exact test was used to
calculate a p-value of the association between the genes and the
pathway or function. The identification of upstream regulators by IPA
utilised information derived from the IPA Knowledge Base, which is
the largest knowledge base of its kind, including modelled relation-
ships between proteins, genes, complexes, cells, tissues, drugs, path-
ways, and diseases. The IPA knowledge base includes information
from curated literature, internally curated knowledge, and a wide
variety of trusted 3rd party sources and databases (including NCBI
databases-EntrezGene, RefSeq, OMIM disease associations, targets
and pharmacological relevance of FDA-approved and clinical trial
drugs, clinical biomarkers, Gene Ontology annotations, a normal
gene expression body atlas for over 30 tissues and the NCI-60 panel
of cancer cell lines, microRNA-mRNA target databases, GWAS data-
bases, HumanCyc metabolic pathways and reactions. For the predic-
tion of upstream regulators, a p-value and z-score was computed
based on the significant overlap between genes in the dataset and
known targets regulated by the transcriptional regulator.

2.6. Isolation of adult rat dorsal root ganglion neurons

Primary dorsal root ganglion neurons (DRGN) from 6�8 week old
Sprague-Dawley rats (Charles River, UK) were dissociated and cul-
tured in Neurobasal-A supplemented media (NBA) in 8-well chamber
slides, as we have previously described [17]. After 24 h, the media
was replaced with fresh NBA media containing either conditioned
media from fibroblasts from non-painful or painful sites (n = 4
patients), or control medium (diluted 1:4) and cultured for a further
24 h. Cell soma and neurites (n = 4 wells/condition) were immunos-
tained with an anti-bIII tubulin antibody (Sigma-Aldrich), imaged
using an Axioplan 2 epi-fluorescent microscope equipped with an
AxioCam HRc and controlled through Axiovision Software (Carl Zeiss,
UK). Quantification of DRGN survival, the longest DRGN neurite
length and % DRGN with neurites was assessed by an investigator
masked to the treatment conditions, as described by us previously
[17]. Briefly, each 8-well chamber slide was divided into 9 quadrants
and random images of each quadrant were used to measure the
longest DRGN neurite (at least 144 DRGN/condition) using the mea-
surement function in Axiovision Software, % DRGN was determined
in 36 images of each condition by counting DRGN with neurites ver-
sus those without neurites whilst DRGN survival was determined in
each quadrant (36 images/condition) by counting the number of bIII-
tubulin+ DRGN.

2.7. Statistical analysis

Data were analysed using Graphpad Prism v7. Specific tests per-
formed are detailed within the figure legends, with statistical signifi-
cance determined to be p < 0.05. To avoid bias the investigators were
blinded during data analysis. OA patient synovial values of pro-
inflammatory cytokines and synovial fibroblast RNA sequencing data
from previously published articles were used to calculate sample
sizes [4,5,13].

2.8. Role of the funding source

The funder (Versus Arthritis) had no involvement in the study or
any role in the writing of the manuscript or the decision to submit it
for publication.

2.9. Ethics statement

Ethical approval was granted by the UK National Research Ethics
Committee (NRES 17/SC/0456). Consent was provided by all patients.

3. Results

3.1. Patient reported pain and synovitis in patients with early and end-
stage knee OA

Based on pre-operative OKS, the majority of patients were charac-
terised as having either moderate or severe OA. However, as
expected, end-stage OA patients (median OKS= 16) were character-
ised as having significantly (p < 0.05) more severe arthritis, com-
pared to early OA patients (median OKS = 24) (Table 1). End-stage OA
patients were also on average older, and exhibited lower body weight
and BMI than early stage OA patients (Table 1).

Summing the total synovitis scores from MRI analysis at 11 ana-
tomical locations (Fig. 1a, b), patients with end-stage OA exhibited
significantly greater total synovitis (15.91 § 0.51), compared to early
stage OA patients (13.07 § 0.52). Indeed, 95% of end-stage OA
patients were designated as having severe synovitis (score > 13),



Fig. 1. The relationship between synovitis and patient-reported knee pain in early knee OA and end-stage knee OA
(a) Representative proton-density MRI scans of OA patient knee joint (axial, coronal and sagittal scans), showing effusive synovitis (white/greying regions) across different ana-

tomical sites. (b) Total synovitis score in early OA patients (n = 29) and end-stage OA patients (n = 22). ***= p < 0.001 (unpaired t-test), significantly different between early and
end-stage OA. (c) Synovitis grading at each of 11 anatomical sites in early OA patients (n = 29) and end-stage OA patients (n = 22). ***= p < 0.001 (1-way ANOVA with Tukey’s multi-
ple comparison post-hoc test), significantly different between parapatellar compared to either paraligamentous or parameniscal. (d) Patient reported pain severity by VAS in early
OA and end-stage OA patients. **= p < 0.01 (Mann Whitney test), significantly different between early and end-stage OA. (e) Correlation between OA patient reported pain severity
(VAS) and total synovitis score. (f) Representative example of a completed patient-reported knee pain map. Crosses (x) represent sites of patient-reported pain, circles (o) represent
sites of patient-reported no pain. LS and MS refer to lateral and medial supraparapatellar respectively. LI and MI refer to lateral and medial infraparapatellar respectively. (g) Differ-
ent patterns of knee pain reported in early OA (n = 29 patients) and end-stage OA patients (n = 22). Greyed circles within either LS, MS, LI or MI represent sites of patient reported
pain. (h) Supraparapatellar synovitis (mm) in patients who report pain in suprapatellar compartments (medial vs lateral vs medial+lateral), compared to those who report no pain.
**=p < 0.01 (2-way ANOVA), significantly different between pain and no pain.
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compared to only 48% of early OA patients (Table 2). Comparing syno-
vitis across the different anatomical sites revealed that in both early
and end-stage OA patients the majority of synovitis was in the para-
patellar region, with significantly greater synovitis in parapatellar
sites (p < 0.001), compared to either paraligamentous or paramenis-
cal sites (Fig. 1c). Furthermore, total parapatellar synovitis was signif-
icantly greater (p < 0.05) in end-stage OA patients (7.64 § 0.39),
compared to early OA patients (6.67 § 0.42) (Table 2).

Examining the relationship between synovitis and patient
reported knee pain we found that end-stage OA patients reported
significantly (p < 0.01) greater pain severity (VAS = 4.8 § 0.49) than
patients with early OA (VAS = 3.1 § 0.32) (Fig. 1d). Furthermore, VAS
was significantly correlated (p < 0.05) to total synovitis scores
(Fig. 1e). However, assessment of the patient-reported anatomical
knee pain maps showed considerable heterogeneity in the pattern of
patient reported pain in both early OA and end-stage OA patients
(Fig. 1f, g).

Notably, the majority of either early OA or end-stage OA patients
(70%) reported pain that was localised with at least 1 compartment (i.
e. medial or lateral supra or infraparapatellar) being pain-free
(Fig. 1g). In early OA, 43% of patients report pain that is either local-
ised to the medial or lateral side of the joint, in contrast to only 18%
of end-stage OA patients. Indeed, a higher proportion of end-stage
OA patients (82% vs 55%) reported pain involving both lateral and
medial compartments (Fig. 1g). Examining the relationship between
patient-reported pain maps and synovitis we found a highly signifi-
cant relationship between synovitis and the pattern of patient-
reported knee pain (p< 0.01). In particular, supraparapatellar synovi-
tis was found to be significantly greater in patients who reported pain
that involved supraparapatellar sites (either medial or lateral),



Table 2
MRI synovitis grades in early and end-stage knee OA patients.

All patients Early OA End-stage OA

Supra parapatellar 1.27 § 0.11 1.26 § 0.15 1.27 § 0.16
Infra parapatellar 1.04 § 0.11 0.89 § 0.15 1.23 § 0.15
Intercondylar 1.74 § 0.08 1.63 § 0.13 1.86 § 0.07
Medial parapatellar 1.57 § 0.08 1.52 § 0.10 1.64 § 0.12
Lateral parapatellar 1.49 § 0.10 1.37 § 0.15 1.64 § 0.12
Adjacent to ACL 1.35 § 0.08 1.26 § 0.11 1.46 § 0.11
Adjacent to PCL 1.82 § 0.06 1.74 § 0.10 1.91 § 0.06
Lateral parameniscal 1.59 § 0.08 1.56 § 0.11 1.64 § 0.11
Medial parameniscal 1.25 § 0.11 0.93 § 0.15 1.65 § 0.12
Bakers cysts 0.89 § 0.14 0.85 § 0.18 0.95 § 0.21
Loose bodies 0.35 § 0.11 0.07 § 0.07 0.68 § 0.20
Parapatellar total 7.10 § 0.29 z 6.67 § 0.42 z 7.64 § 0.39 z,*
Paraligamentous total 3.16 § 0.11 3.00 § 0.16 3.36 § 0.14
Parameniscal total 2.84 § 0.15 2.48 § 0.22 3.27 § 0.15
Total 14.35 § 0.42 13.07 § 0.52 15.91 § 0.51 c

% Normal (0�4) - - -
% Mild (5�8) 2% 4% -
% Moderate (9�11) 29% 48% 5%
% Severe (> 13) 69% 48% 95%

Values represent synovitis grade (0, 1 or 2) mean § SEM for All patients
(n = 51), early OA patients (n = 29) and end-stage OA patients (n = 22).

z = p < 0.001, significantly different from paraligamentous total and para-
meniscal total.
* = p < 0.01, significantly different between early and end-stage OA.
c = p < 0.001, significantly different between early and end-stage OA.
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compared to patients who reported no pain in supraparapatellar
compartments (Fig. 1h).

3.2. RNA sequencing analysis of synovium from sites of patient-reported
pain and no pain in early and end-stage OA

Having found that synovitis was predominantly located at parapa-
tellar sites and that the pattern of knee pain is related to synovitis we
next examined the transcriptome of parapatellar synovial tissue from
patient-matched painful and non-painful sites from early OA patients
(n = 6) or end-stage OA patients (n = 6) by RNAseq. Comparing pain-
associated with no-pain synovial tissue in early OA patients, a total of
667 genes were differentially expressed (> 1.5 fold change, p < 0.05)
of which 469 were upregulated and 198 were downregulated genes
in pain-associated synovium. This included 567 protein coding genes,
68 long non-coding RNAs, 29 pseudogenes, 1 vault RNA and 2 mis-
cRNAs (Fig. 2a; Supplementary Tables 2 & 3). Functional pathway
analysis (ingenuity Pathway Analysis) of these differentially
expressed genes revealed that the most significant canonical path-
ways were “Fibrosis Signalling”, “HIF1a Signalling”, “Osteoarthritis
Pathway” and “p38 MAPK Signalling”. Furthermore, amongst the top
20 most significant canonical pathways were several known pain-
mediator pathways, namely “Reelin Signalling in Neurones”, “Endo-
cannabinoid Developing Neuron Pathway” and “NGF Signalling”
(Fig. 2b). In line with the pathway analysis, the most differentially
expressed genes included genes that mediate fibrosis, inflammatory
signalling and neuronal growth/nociceptive signalling (Fig. 2c).

Comparing pain-associated with no-pain synovial tissue in end-
stage OA patients, a total of 390 genes were differentially expressed
(> 1.5 fold change, p < 0.05) of which 258 were upregulated and 132
were downregulated genes in pain-associated synovium. This
included 331 protein coding genes, 38 long non-coding RNAs, 18
pseudogenes, and 3 miscRNAs (Fig. 2d; Supplementary Tables 4 & 5).
Functional pathway analysis of these differentially expressed genes
revealed that the most significant canonical pathways were “tRNA
Charging”, “G-protein Signalling Mediated by Tubby”, “RhoGDI Sig-
nalling” and “Leukocyte Extravasation Signalling”. Furthermore, simi-
larly to the early OA pain synovium, amongst the top 20 most
significant canonical pathways were several known pain-mediator
pathways, namely “Neuropathic Pain in Dorsal Root Horn Neurons”,
“Endocannabinoid Developing Neuron Pathway”, “Ephrin Receptor
Signalling and “Ephrin B Signalling” (Fig. 2e). In line with the pathway
analysis, the most differentially expressed genes included genes that
mediate protein biosynthesis, metabolic signalling and neuronal
growth/nociceptive signalling (Fig. 2f). Of interest, only a small num-
ber of genes were differentially expressed in both early OA pain and
end-stage OA (Fig. 2g), which could indicate that different pathways
mediate pain in early stage disease compared to late stage disease. To
further investigate these findings we then performed an upstream
analysis to identify any activated or inhibited upstream regulators of
the pain-associated transcriptomes. In early OA pain, NFkB, TGFB,
TNF, HIF1A, IL-33, KDM5B, EPSA1 and ERN were identified as acti-
vated upstream regulators, whilst RARRES2, miR10, DUSP1 and KLF3
were identified as inhibited upstream regulators. In end-stage OA
pain, CLOCK was identified as an inhibited upstream regulator
(Fig. 2h). To evaluate whether these differences could be due to dif-
ferences in anatomical site rather than the patient-reported painful/
non-painful designation, we re-analysed the RNA sequencing data to
compare synovial tissue frommedial, lateral, infra or supra parapatel-
lar sites of the same patient-reported pain designation i.e either all
painful or all non-painful. Although a number of genes were found to
be differentially expressed in synovium from different anatomical
sites, the the pathway analysis did not reveal that these genes medi-
ated fibrotic, inflammatory or neuronal growth/nociceptive signalling
pathways (Supplementary Fig. 1).

3.3. Single-cell RNA sequencing identifies differences in synovial
fibroblast subsets between early and end-stage knee OA and between
painful and non-painful synovial sites

Having found differences in the transcriptome of synovial tissue
from patient-reported pain sites we next examined whether synovial
fibroblasts from pain-associated synovial tissue exhibited different
cellular subsets. To this end, synovial fibroblasts from early OA pain
and non-pain sites (n = 4), and from end-stage OA pain sites (n = 4)
were subjected to scRNA-seq.

PCA and t-SNE analysis revealed seven distinct subsets of synovial
fibroblasts (clusters 0�6) with clear differences between early OA
and end-stage disease, as well as between painful and non-painful
sites in early OA disease (Fig. 3a). Specifically, synovial fibroblasts iso-
lated from end-stage OA patients were predominantly observed in
cluster 0. In contrast, in early OA, fibroblasts from non-painful regions
were predominantly observed in cluster 1 and cluster 6, whereas
those fibroblasts isolated from painful regions were predominant in
clusters 2�5 (Fig. 3b). The cells in each cluster showed distinct gene
expression patterns, as visualised by the expression heatmap (Fig. 3c;
Supplementary Table 6). t-SNE and violin plots featuring gene
expression were then used to visualise gene expression signatures
within each specific cluster 0�6 (Supplementary Figs. 2�8) and
within patient cohorts. For example, expression of DNAJB1 was sig-
nificantly associated with Cluster 0, a cluster predominant in fibro-
blasts from painful sites in end-stage. Expression of RARRES1 and
TYPMS were significantly associated with Cluster 1 and Cluster 6
respectively, clusters predominant in fibroblasts from non-painful
sites in early OA. Expression of PTGDS (Cluster 2), CXCL3 (Cluster 3),
RSPO3 (Cluster 4), and NRN1 (Cluster 5) were all significantly associ-
ated with specific fibroblasts clusters predominantly found in early
OA painful synovial sites (Fig. 3d). Furthermore, analysis of genes
associated with particular patient cohorts, rather than any one spe-
cific cluster, revealed that fibroblasts from early OA painful synovial
sites exhibited high gene expression of NFKBIA, CXCL2, GEM, VCAM1,
LIF, IL-6 and INHBA, whilst fibroblasts from end-stage OA painful
synovial sites were characterised by high expression of HSPA1A,
DNAJB1, SLC39A8, HTRA3, ATF3, PTGIS and BNIP3 (Fig. 3e; Supple-
mentary Tables 7 & 8). Examining the bulk expression of these genes



Fig. 2. RNA-sequencing of synovial tissue from painful and non-painful sites in early OA and end-stage knee OA patients
(a) Heatmap of differentially expressed genes (FC > 1.5) in synovial tissue from painful sites, compared to non-painful sites in patients with early OA (n = 6). (b) Most significant

canonical signalling pathways associated with the differential transcriptome of early OA painful synovial tissue. (c) LogP and fold-change values of upregulated and downregulated
genes in early OA painful synovial tissue grouped into functional categories. (d) Heatmap of differentially expressed genes (FC> 1.5, p < 0.05) in synovial tissue from painful sites,
compared to non-painful sites in patients with end-stage OA (n = 6). (e) Most significant canonical signalling pathways associated with the differential transcriptome of end-stage
OA painful synovial tissue, as identified using IPA software. (f) LogP and fold-change values of upregulated and downregulated genes in end-stage OA painful synovial tissue
grouped into functional categories. (g) Venn diagram showing the overlap and total numbers of significantly upregulated (> 1.5 FC) and down-regulated (< 1.5 FC) in painful syno-
vial tissue in early OA and end-stage OA. (h) Z-scores of the identified upstream regulators of the transcriptome of painful synovial tissue in early OA and in end-stage OA. Positive
z-scores (red bars) represent a predicted “activated” upstream regulator, negative z-scores (blue bars) represent a predicted “inhibited” upstream regulator.
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in early OA and end-stage OA synovial tissue from patient-reported
painful and non-painful joint sites we found that CXCL2, GEM, NRN1
and HSPA1A were significantly upregulated in early OA painful syno-
vium, whilst INHBA was significantly increased in painful synovium
irrespective of disease stage. In addition, RSPO3 exhibited on average
greater expression in early OA painful synovium, whereas CXCL3,
PTGDS, DNAJB1 and HTRA were on average more highly expressed in
end-stage OA synovium (Fig. 3f).

3.4. Functional characterisation of synovial fibroblast clusters

To investigate the functional characteristics of these newly identi-
fied fibroblast populations we performed pathway analysis of the dif-
ferentially expressed gene signatures for each fibroblast cluster
(> 1.5 fold change, p < 0.05) to identify significantly associated
canonical pathways, cellular functions and upstream regulators
(Fig. 4a�c).

Notably, the gene expression profile of fibroblasts in cluster 0
(predominantly representing end-stage OA pain) was significantly
associated with “Eicosanoid Signalling” and “Prostanoid Biosynthe-
sis”, both of which are purported to be contributors of OA pain, as
well as “IGF-1 signalling”. The most significant cellular functions
were “migration of cells” and “cell viability”, indicative of an
activated fibroblast phenotype in synovial tissue from painful sites in
end-stage OA.

Similar to the end-stage OA pain fibroblast cluster, the gene signa-
tures of fibroblast subsets predominantly found in early OA painful
synovial sites (Clusters 2�5) were also significantly associated with
the canonical pathway “IGF-1 Signalling”. In addition, Cluster 2 was
significantly associated with the canonical signalling pathways “MIF-
regulation of immunity” and “eicosanoid signalling”, and character-
ised by the cellular functions “quantity of cells”, “accumulation of
cells”, and “microtubule dynamics”. The gene signature of fibroblasts
in cluster 3 was associated with the pathways “MIF-mediated gluco-
corticoid regulation”, “Agranulocyte Adhesion and Diapedesis”,
“Granulocyte Adhesion and Diapedesis” and “Oncostatin M signal-
ling”, and characterised by mediating innate immune cell recruit-
ment, including the “recruitment of granulocytes”, “cellular
infiltration of myeloid cells”, “cellular infiltration of leukocytes and
”recruitment of phagocytes”. Cluster 4 fibroblasts were associated
with the canonical signalling pathways of “Fibrosis Signalling”, “GP6
signalling pathway and “Intrinsic Prothrombin Activation Pathway”,
indicating a role in the collagen-induced activation and aggregation
of platelets. The cellular functions most associated with Cluster 4
fibroblasts were “Inflammation of Organ” and “Inflammation of Ana-
tomical Region”. Finally, Cluster 5 fibroblasts were significantly



Fig. 3. Single cell RNA-sequencing identifies distinct synovial fibroblasts subsets in the synovium from painful and non-painful sites in early OA and in end stage OA
patients. (a) T-distributed stochastic neighbour embedding (t-SNE) plots of scRNAseq of synovial fibroblasts showing the separation between fibroblasts from painful and non-pain-
ful synovial sites in early OA patients, and between early and end-stage OA painful sites, with identification of 7 fibroblast subsets based on transcript profile. In total, scRNAseq was
performed on synovial fibroblasts from painful and non-painful synovial patient-matched sites of n=4 early OA patients, and on synovial fibroblasts from painful sites of n = 4 end-
stage OA patients. (b) Percentage distribution of the 7 different subsets according to either early OA pain, early OA no pain or end-stage OA pain. (c) Heatmap showing the z-score
average gene signature expression of the top 10 most differentially expressed genes within each of the 7 synovial fibroblast clusters. (d) FeaturePlots displaying expression of subset
specific markers for each of the 7 subsets (clusters 0-6) on the t-SNE map with violin plots below showing the expression levels of these markers (y-axis) across the different subsets
(x-axis). (e) FeaturePlots displaying expression of sample specific markers (identified by performing differential expression analysis on the non-parametric Wilcoxon rank sum test)
on the t-SNE map with violin plots below showing the expression levels of these markers (y-axis) across the different sample cohorts, early OA pain, early OA no-pain or end-stage
OA pain (x-axis). (f) Bulk expression of specific synovial fibroblast genes in OA synovial tissue from either early OA patient matched painful (+) and non-painful (-) sites (n = 6) or
end-stage OA patient-matched painful (+) and non-painful (-) sites (n = 6). *= p < 0.05, **= p < 0.01, ***= p < 0.001 significantly different between painful and non-painful synovial
sites as determined by ANOVA with Tukey post-hoc test.
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associated with activation of cellular functions involved in the devel-
opment of neurons, including “neuritogenesis”, “sprouting”, “quan-
tity of neurones” and “development of neurones”. Further, the most
significantly associated canonical pathway was “inhibition of matrix
metalloproteases”, a pathway that is known to mediate neural plas-
ticity via the modification of the extracellular matrix.

Differentiating the fibroblast subsets that were predominantly
found in early OA non-painful synovial sites (Clusters 1 and 6), it was
found that the gene signature of Cluster 1 fibroblasts was associated
with the canonical pathway “Role of IL-17A in RA” and the inhibition
of the cellular functions of “Cell Proliferation of Fibroblasts”, “Differ-
entiation of Neurones” and “Cellular Viability of Neurones”. Similarly,
the gene signature of Cluster 6 was also associated with the inhibition
of neuronal cell viability, with inhibition of the cellular function “Cell
viability of CNS cells” and “Cell Survival”, whilst significant canonical
pathways also included “Role of IL-17A in RA” and several to cytokine
signalling pathways and the “Neuroinflammation Signalling” path-
way.

To further interrogate the functional characterisation of these sub-
sets we then performed an upstream analysis to identify any acti-
vated or inhibited upstream regulators of the individual clusters
(Fig. 4c). Compared to the non-painful Clusters (Clusters 1 and 6),
painful subsets showed increased activation of several known inflam-
matory upstream regulators including TNFa, IL-1b, NFkB, RELA and
p38 MAPK. Furthermore, the anti-inflammatory glucocorticoid recep-
tor NR3C1 was identified as an activated upstream regulator of the
non-painful Cluster 1 fibroblast subset. In addition, TGFB1 was identi-
fied as an activated upstream regulator of the early OA pain Clusters 2



Fig. 4. Functional characteristics of OA synovial fibroblasts clusters.
(a) Heatmap of canonical signalling pathways significantly associated with the transcriptome of each of the 7 synovial fibroblast subsets (C0-C6) as identified using IPA software,

and coloured by logp value. (b) Heatmap of significant cellular functions for each of the 7 synovial fibroblast subsets (C0-C6) as identified using IPA software, and coloured by activa-
tion z-score with a positive z-score representing activation and a negative z-score representing inhibition. (c) Heatmap of identified upstream regulators for each of the 7 synovial
fibroblast subsets (C0-C6) as identified using IPA software, and coloured by activation z-score with a positive z-score representing activation and a negative z-score representing
inhibition. (d) Immunofluorescent images of rat DRGN stained with anti-bIII tubulin antibody (Sigma Aldrich; green) and after 4’,6-diamidino-2-phenylindole (DAPI; blue) nuclear
stain after 24 h treatment with either fibroblast culture media diluted 1:4 in NBA-supplemented media (Control medium) or with synovial fibroblast conditioned media diluted 1:4
in NBA-supplemented media (SFCM) from either non-painful SFCM � non-pain) or painful (SFCM � pain). Stained DRGN (n = 4 per treatment group) were imaged using Axiovision
Software (Carl Zeiss). (e) Quantification of the % surviving bIII-tubulin+ DRGN (36 images/condition) in control and SFCM � non pain and SFCM - pain treated DRGN 24 h after treat-
ment. Quantification of neurite outgrowth in terms of (f) the longest DRGN neurite length (n = 144 DRGN/condition) and (g) % DRGN with neurites (36 images/condition) in control
and SFCM � non-pain and SFCM � pain treated DRGN after 24 h treatment. *** = p < 0.001 and * = p < 0.05, one-way ANOVA with Dunnett’s post hoc test.
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and 5, the mitochondrial enzyme PPIF as an activated regulator of
Cluster 3, and the Aryl Hydrocarbon Receptor (AHR), SMAD7 and FAS
identified as activated regulators of Cluster 4 (Fig. 4c).

Given that fibroblast clusters found predominantly in early OA
painful synovial sites exhibited gene signatures that mediate cellular
migration, inflammation and the development of neurons we next
performed a cellular cross-talk assay utilising primary adult rat
DRGN to examine the effect of the secretome of these cells on neuro-
nal growth. To this end, we subjected DRGN to conditioned medium
obtained from cultures of fibroblasts isolated from early OA painful
and non-painful synovial sites. Incubation of DRGN with the fibro-
blast conditioned media from non-painful and painful sites for 24 h
resulted in a significant (p < 0.0001) induction of DRGN survival
(Fig. 4d and e) and neurite outgrowth (mean longest neurite length
and % DRGN with neurites), compared to the DRGN incubated in con-
trol medium (Fig. 4d�g). Notably, both DRGN survival and neurite
outgrowth (longest neurite length and % DRGN with neurites) were
significantly increased in DRGN treated with conditioned medium
from painful sites compared to those treated with fibroblast condi-
tioned medium from non-painful sites (Fig. 4d�g). Analysis of the
fibroblast secretome using an inflammatory proteomic array (Olink,
Sweden) of patient matched conditioned media of fibroblasts from
painful and non-painful sites (n = 4 patients) detected the presence of
numerous neurotrophic factors including members of the CNTF fam-
ily- IL-6, LIF and OSM, glial cell line-derived neurotrophic factor
(GDNF), and other neurotrophins including VEGF, FGF21, CSF-1, IL-8
and HGF. Comparing differences between the fibroblast conditioned
medial from painful and non-painful sites we did not find any
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individual factor to be significantly different. Instead, numerous fac-
tors were slightly elevated in the fibroblast conditioned media from
painful sites, suggesting that an overall increase in the inflammatory
mileu could be responsible for mediating the greater effect on neuro-
nal growth and survival observed with fibroblasts from painful sites
(Supplementary Fig. 9).

3.5. Transcriptional switch in fibroblast phenotype associated with OA
progression and development of early OA pain

Having identified differences in fibroblast subsets between early
OA pain and end-stage OA pain, we next constructed pseudotime tra-
jectories (using Monocle) to investigate transcriptional changes in
fibroblasts associated with OA disease progression. By analysing
pseudotemporal expression dynamics, we observed a number of
genes that were upregulated upon progression towards end-stage
OA, namely CXCL14, DNAJB1, HSPA1A, HTRA3, MFAP5, NDUFA4L2
and PTGIS. We also observed a number of genes that were downregu-
lated during OA progression, namely CEBPB, DDIT4, IGFBP7, INHBA,
LIF, LINC01423 and VCAM1 (Fig. 5). Finally, we computationally
ordered fibroblasts from early OA non-painful sites and early OA
Fig. 5. Transcriptional switch in fibroblast phenotype associated with OA disease progression
(a) t-SNE analysis of synovial fibroblast scRNAseq data showing the differential between

ocle pseudotime trajectory of the transition from early OA painful to end-stage OA painful s
sample distribution (right panel). Cells are ordered in pseudotime based on differentially exp
regulated genes (d) upon progression of synovial fibroblast phenotype towards end-stage O
plots showing the expression levels (y-axis) of the upregulated/downregulated genes for eac
painful sites along pseudotime trajectories to investigate transcrip-
tional changes during the transition from non-pain-associated
towards pain-associated fibroblasts in early OA. Pseudotemporal
expression dynamics revealed a number of genes that were upregu-
lated genes with the transition towards pain-associated fibroblasts
(ANGPTL4, BHLHE40, CXCL1, CXCL2, IL6, INHBA, KCNMA1 and LIF)
and several genes that were down-regulated (ACKR4, CSTA, GSN,
HSPB6, DKK1, FBLN1, GPX3 and PLTP) (Fig. 6).

4. Discussion

This is the first study to compare patterns of patient-reported
knee pain in early OA patients and end-stage OA patients and exam-
ine the relationship to synovitis and pain severity. This is also the first
report of differences in synovial tissue phenotype and in synovial
fibroblast subsets between painful and non-painful joint sites in
patients with early OA or end-stage OA.

MRI analysis provided further evidence that synovitis is a key fea-
ture of knee OA pathology irrespective of disease stage, with all
patients exhibiting significant synovitis, and the majority graded as
having moderate to severe synovitis. Similar to the findings of de
.
fibroblasts from early OA painful sites and end-stage OA painful synovial sites. (b) Mon-
ynovial fibroblast transcriptome phenotype (left panel). The trajectory is overlaid with
ressed genes (q-value< 0.01). Expression dynamics of upregulated genes (c) and down-
A overlaid with sample distribution. T-SNE map together with violin plots and feature-
h sample (x-axis).



Fig. 6. Transcriptional switch in fibroblast phenotype associated with development of pain in early OA.
(a) t-SNE analysis of synovial fibroblast scRNAseq data showing the differential between fibroblasts from early OA non-painful sites and painful synovial samples. (b) Monocle

pseudotime trajectory of the transition from early OA non-painful to early OA painful synovial fibroblast transcriptome phenotype (left panel). The trajectory is overlaid with sample
distribution (right panel). Cells are ordered in pseudotime based on differentially expressed genes (q-value < 0.01). Expression dynamics of upregulated genes (c) and downregu-
lated genes (d) upon progression of synovial fibroblast phenotype towards early OA pain overlaid with sample distribution.
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Lange-Brokaar et al [11], we also report a significant relationship
between patterns of synovitis and patient-reported pain. Impor-
tantly, we show that although total synovitis score correlates with
overall pain severity > 70% of knee early OA or end-stage OA patients
reported pain that is to some degree localised, with 1 or more com-
partments being pain-free. Significantly, despite heterogeneity, the
pattern of patient-reported knee pain was significantly associated
with sites of synovitis. Indeed, patients who reported pain in either
the medial or lateral supraparapatallar compartment exhibited sig-
nificantly greater synovitis at this anatomical location, compared to
those patients reporting no pain.

Our analysis of synovial tissue from sites of patient-reported pain
and no-pain in early knee OA and end-stage knee OA patients pro-
vides the first evidence linking a differential synovium transcriptome
to knee OA joint pain. Analysis of early OA synovium demonstrated
an exacerbated pro-fibrotic and pro-inflammatory synovial tissue
transcriptomic phenotype at sites of patient-reported pain. Further-
more, intriguingly, the transcriptomes of synovial tissue from sites of
patient-reported pain in both early OA and end-stage OA was shown
to activate several neuronal growth and nociceptive signalling path-
ways, providing evidence that a differential synovium phenotype
participates in mediating pain perception by promoting neuronal
growth and sensitisation of afferent nociceptors. However, it should
be noted that one limitation of the current study is that synovitis was
determined by MRI only, and not confirmed by histopathology.
Therefore, we cannot be sure whether all synovial tissue biopsies
used for the transcriptomic analysis were similar in terms of histolog-
ical grading of inflammation.



D.E. Nanus et al. / EBioMedicine 72 (2021) 103618 11
Our single cell analysis showed that the differential pain tran-
scriptome of knee OA synovial tissue extends to the cellular level
of the OA synovial fibroblast. In total, we determined the exis-
tence of 7 transcriptionally distinct synovial fibroblast subsets,
with differences in their predominance between disease stage
and presence of pain.

Changes in the synovium occur early in the disease course, often
preceding cartilage damage [7]. Therefore, our observation of the
existence of different populations of synovial fibroblasts in early OA
has implications for understanding the role of the synovial mem-
brane in OA progression. Previously, Zhang et al. [18] performed sin-
gle cell analysis of RA fibroblast and end-stage OA fibroblast samples
and identified four fibroblast subsets, with two subsets (SC-F1 and
SC-F2) which were more prominent in the leukocyte-rich RA fibro-
blast samples, one subset (SC-F3) with markers evenly expressed in
RA and OA fibroblast samples, and one subset (SC-F4) that was more
prominent in OA samples. Interestingly, in contrasting our early OA
fibroblast samples to our end-stage OA fibroblast samples, we found
the cluster predominant in our end-stage OA fibroblast samples more
closely resembled the clusters that Zhang et al found to be predomi-
nant in leukocyte-rich RA fibroblasts (SC-F1 and SC-F2), with greater
expression of SERPINF1, VCAN, DCN, C3 and MFAP5 (SC-F1) and HLA-
B, CXCL12, B2M and C1S (SC-F2). This could reflect the greater degree
of synovitis we found in our end-stage OA patients, compared to our
early OA patients, In contrast, our early OA clusters bore greater
resemblance to the sublining SC-F3 and lining SC-F4 subsets, which
Zhang et al. found to be more predominant in OA fibroblast samples,
with greater expression of PDGFRB, ASPN, CADM1, OGN, VIM,
ABHD2, AHNAK and VIM (SC-F3) and TIMP3, HTRA1, ITGB8, NTN4,
PRG4, HBEGF, ERRF1Z (SC-F4).

Synovial fibroblasts from non-painful synovial sites of patients
with early OA were mainly observed in a single cluster (Cluster 1)
and formed majority of the cells within the smallest cluster (Cluster
6). In contrast, fibroblasts from the painful sites of these early OA
patients were more diverse, being distributed into four distinct clus-
ters (Clusters 2�5). However, in end-stage OA the majority of fibro-
blasts were present in one large cluster (Cluster 0), suggesting a shift
with disease progression towards a more succinct OA-diseased fibro-
blast pathotype. Notably, the gene signatures of these end-stage OA
fibroblasts were associated with eicosanoid and prostanoid signalling
pathways, which are known mediators of inflammatory pain provid-
ing the rationale for NSAID analgesia [2]. End-stage OA fibroblasts
were also characterised by high expression of the stress-response
genes ATF3, HSPA1A and DNAJB1 (Supplementary Fig. 2). Interest-
ingly, serum and synovial fluid concentrations of HSP70 (encoded by
HSPA1A), correlate with knee OA severity [19] and are increased in
synovial fibroblasts from RA-diseased joints [20]. End-stage OA pain
fibroblasts also exhibited high expression of HTRA3, a serine protein-
ase implicated in the degradation of extracellular matrix [21], which
could indicate that these cells also mediate cartilage destruction as
disease progresses. Notably, the differential expression of HTRA3 in
end-stage OA pain was observed in the bulk expression of synovial
tissue.

In line with the bulk transcriptomic analysis of the synovial
tissue, our finding that painful synovial tissue sites in early OA
contain fibroblast subsets with high expression of pro-inflamma-
tory mediators including CXCL1, CXCL2, IL-6 and LIF provides fur-
ther evidence for the role of synovial inflammation in the
development of early OA pain. CXCL1 enhances inflammatory
pain via ERK activation, synaptic transmission and COX-2 expres-
sion in dorsal horn neurons [22], LIF alters neuropeptide content
following axonal injury [23], and intrathecal administration of
CXCL2 mediated hypersensitivity to thermal and mechanical stim-
uli in naïve mice [24]. Similarly, IL-6 is implicated in mediating
inflammatory pain in the rodent antigen-induced arthritis model
[25]. These data are further supported by our finding of increased
KCNMA1 and decreased ACKR4 expression in fibroblast subsets
from painful synovial sites in early OA patients. KCNMA1, a cal-
cium-sensitive potassium ion channel, is involved in the regula-
tion of pro-inflammatory and pro-invasive properties of synovial
fibroblasts and its targeting has been suggested in the treatment
of RA [26]. ACKR4, an atypical chemokine receptor, functions to
scavenge chemokines and regulate leukocyte migration [27].

We also observed a reduction in GPX3 expression associated with
both pain and OA disease progression. GPX3 protects against oxida-
tive damage and decreased levels have been reported in OA cartilage
[28]. Conceivably, the down-regulation of fibroblast GPX3 expression
in the latter stages of OA we observe here could increase reactive
oxygen species, which is a known driver of cartilage aggrecan proteo-
glycan degradation [29]. Our “non-painful” early OA synovial fibro-
blast subsets were also characterised by higher expression of GSN,
coding for gelsolin, an actin binding protein. Experimental removal of
GSN in synovial fibroblasts has been shown to cause synovial hyper-
plasia [30]. Based on our pseudotemporal expression dynamics it
appears that fibroblast protective mechanisms against inflammation
and oxidative damage are gradually lost during OA progression,
whilst there is a simultaneous increase in expression of pro-inflam-
matory mediators.

One of the most notable findings from this study was the finding
that painful synovial sites in early OA patients exhibit a distinct sub-
set of synovial fibroblasts with a gene signature supporting the for-
mation and development of neurites, in line with the transcriptome
of the pain-associated synovial tissue. This specific fibroblast subset
exhibited high expression of neuritin 1 and sulfatase 1, which are
known promoters of neuronal survival, development and outgrowth
[31,32]. Indeed, we demonstrated that the secretome of fibroblasts
from painful sites promoted the greatest amounts of adult rodent
DRGN survival and neurite outgrowth. This is the first time that the
human OA synovial fibroblast secretome has been reported to induce
survival and neurite outgrowth.

In summary, synovial tissue from sites of patient-reported pain in
early OA and end-stage OA patients exhibits a differential transcrip-
tomic phenotype with distinct synovial fibroblast subsets. Notably,
subsets of fibroblasts from painful sites of early OA patients exhibit
gene signatures that promote fibrosis, inflammation and neuronal
growth and nociceptive signalling pathways and the secretome from
these cells promoted neurite outgrowth. Further understanding of
the precise cellular functions of these fibroblast subsets will help to
identify new candidate targets and provide a rationale for the thera-
peutic targeting of specific fibroblast pathotypes to alleviate pain in
OA.
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