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The inflammatory landscape of OA synovial fibroblasts (SFs), from hand, hip,
knee and foot joint synovial tissue, are independently impacted by obesity, joint
loading, and anatomical site. Resulting in significant heterogeneity between
obese and normal weight patients, due to the presence and predominance
of specific SF subsets, which can be defined by four functional molecular

endotypes.
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Background: Osteoarthritis (OA), a multifaceted condition, poses a signifi-
cant challenge for the successful clinical development of therapeutics due to
heterogeneity. However, classifying molecular endotypes of OA pathogenesis
could provide invaluable phenotype-directed routes for stratifying subgroups of
patients for targeted therapeutics, leading to greater chances of success in trials.
This study establishes endotypes in OA soft joint tissue driven by obesity in both
load-bearing and non-load bearing joints.

Methods: Hand, hip, knee and foot joint synovial tissue was obtained from OA
patients (n = 32) classified as obese (BMI > 30) or normal weight (BMI 18.5-24.9).
Isolated fibroblasts (OA SF) were assayed by Olink proteomic panel, seahorse
metabolic flux assay, Illumina’s NextSeq 500 bulk and Chromium 10X single cell
RNA-sequencing, validated by Luminex and immunofluorescence.

Results: Targeted proteomic, metabolic and transcriptomic analysis found the
inflammatory landscape of OA SFs are independently impacted by obesity, joint
loading and anatomical site with significant heterogeneity between obese and
normal weight patients, confirmed by bulk RNAseq. Further investigation by
single cell RNAseq identified four functional molecular endotypes including obe-
sity specific subsets defined by an inflammatory endotype related to immune cell
regulation, fibroblast activation and inflammatory signaling, with up-regulated
CXCL12, CFD and CHI3L1 expression. Luminex confirmed elevated chitase3-
like-1(229.5 vs. 49.5 ng/ml, p < .05) and inhibin (20.6 vs. 63.8 pg/ml, p < .05) in
obese and normal weight OA SFs, respectively. Lastly, we find SF subsets in obese
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1 | INTRODUCTION

Osteoarthritis (OA) is a major cause of disability and
globally the most common musculoskeletal health issue
with >30% of those over 45 years of age having sought
treatment.' > Despite this, there are currently no approved
disease-modifying drugs and only generic analgesic treat-
ments, which are of limited efficacy and associated with
toxicity over long term use. Consequently, the disease in
many patients will progress, both in terms of structural
damage and pain, before patients require joint replace-
ment surgery, a procedure with a high percentage of poor
post-operative outcome.* In recent attempts to develop
new treatments for patients it is now emerging that the
multifaceted clinical pathology of OA is underpinned by
particular molecular endotypes defined by distinct molec-
ular mechanisms and signaling pathways, which may
overlap. In OA these include ‘low repair’, ‘bone carti-
lage’, ‘metabolic’ and ‘inflammatory’ endotypes.’ Impor-
tantly, the inflammatory endotype, as reported by Angelini
2022, contains the highest proportion of pain-related pro-
gressors, correlating with patients who progress both in
pain and in structural joint damage.® Therefore, better
understanding of this inflammatory endotype represents
an opportunity for developing targeted therapeutics that
reduce both disease progression and joint pain.

In attempting to understand the drivers of these endo-
types, it is notable that obesity is a major risk factor for
the development of OA. A systematic review and meta-
analysis of risk factors for knee OA found obesity to be
one of the main risk factors, alongside previous knee
trauma,” whilst two meta-analyses by Jiang et al., 2011
and 2012 found a 5-unit increase in BMI was associ-
ated with a 35% increased risk of knee OA and an 11%

patients spatially localise in sublining and lining layers of OA synovium and can
be distinguished by differential expression of the transcriptional regulators MYC

Conclusion: These findings demonstrate the significance of obesity in chang-
ing the inflammatory landscape of synovial fibroblasts in both load bearing and
non-load bearing joints. Describing multiple heterogeneous OA SF populations
characterised by specific molecular endotypes, which drive heterogeneity in OA
disease pathogenesis. These molecular endotypes may provide a route for the
stratification of patients in clinical trials, providing a rational for the therapeu-
tic targeting of specific SF subsets in specific patient populations with arthritic

molecular endotypes, obesity, osteoarthritis, synovial fibroblasts

increased risk of developing hip OA.*° Importantly, obe-
sity is also associated with greater functional impairment
in patients with knee OA,'° increased musculoskeletal
pain'' and reduced responsiveness to therapeutic agents
in patients with rheumatoid arthritis.'> Excessive mechan-
ical loading of the joint is often cited as the cause of
the association between obesity and OA. However, stud-
ies also find that obesity increases the risk of developing
OA in the hands,” a non-load bearing joint, illustrating
that the association is not solely due to pathological load-
ing on the articular cartilage but may also be due to the
chronic inflammatory metabolic effects of obesity. Indeed,
we have reported that in patients with hip OA, obesity
exacerbates one of the key hallmarks of OA, namely syn-
ovial inflammation (synovitis). Synovitis, characterized by
hyperplasia of the resident synovial fibroblasts (SFs) and
the infiltration of innate immune cells, increases the secre-
tion of pro-inflammatory cytokines into the synovial fluid
driving matrix metalloprotease (MMP) and aggrecanase-
induced cartilage damage and promoting joint pain by
sensitizing peripheral nociceptors.">*"'” In our previous
studies, we found that the synovial joint fluid in obese
OA patients contains significantly greater levels of pro-
inflammatory cytokines, including IL6, CXCL8 and TNF«,
compared to patients of normal weight.'® Furthermore, we
found that obesity imparts an inflammatory SF phenotype,
with SFs from obese patients being more proliferative and
exhibiting an inflammatory transcriptome, compared to
fibroblasts from normal-weight patients,' including the
expression of several long non-coding RNAs that are found
to be associated with obesity-related inflammatory muscu-
loskeletal disorders.'® This is important as recent studies
suggest the inflammatory status of the synovial joint lin-
ing tissue is reflected in the imprinted phenotype of the
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SF, which maintains a stable phenotype and epigenetic
modifications such as DNA methylation in culture.’?!
The heterogeneity of inflammatory synovial tissue being
reflected in SFs as a stable trait has led to much focus on
the role of SFs in mediating joint inflammation. Recent
findings suggest there are functionally distinct populations
of SFs,?? which differentially contribute to the severity of
arthritis,”® and to the severity of joint pain.>'*?* Although
whether such populations are impacted by obesity is yet to
be determined.

Understanding the nature of inflammatory SF phe-
notype in the context of obesity and joint loading may
therefore help to better understand the metabolic and
inflammatory endotypes in OA, which ultimately will
facilitate stratification of patients for clinical trials and help
to identify targets for the development of new therapeu-
tics. As such, the aim of this study was to determine the
confounding impact of obesity and loading on OA patho-
genesis, comparing load-bearing and non-load bearing
joints, to identify differences in SF secretomes, transcrip-
tomes and cellular subsets that exhibit pathologically
inflammatory functions driven by obesity.

2 | PATIENTS AND METHODS

2.1 | Study recruitment

Ethical approval was granted by the UK National Research
Ethics Committee (NRES 16/SS/0172) to collect OA joint
tissue from consenting patients following elective total
joint replacement. Patients were recruited to the study
at the Royal Orthopaedic Hospital, Birmingham (United
Kingdom) and Russell’s Hall Hospital, Dudley (United
Kingdom).

2.2 | Primary SF isolation and
characterization

Synovial joint tissue (n = 32) was collected peri-operatively
and used to isolate and characterise primary SF as pre-
viously described.'®?*?> Each joint sample collected was
from an independent patient undergoing arthroscopy at a
single anatomical joint, see Supplementary Materials (SM.
1) for the summary of patient characteristics. Fibroblasts
were conditioned in low serum (1% fetal bovine serum)
media (n = 24), which was collected after 24 h for the Olink
Target 96 Inflammation panel consisting of 92 immune-
related proteins. Seahorse Xfe96 Analyzer (Agilent) was
used to assay metabolic flux of joint SFs (n = 24) seeded
at 30 000 cells per well with and without 24 h TNF«
stimulation at 10 ng/ml as previously described.? Cell dou-
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bling events were calculated using trypan blue staining and
Countess Automated Cell Counter (Invitrogen).

2.3 | RNA sequencing analysis

Total RNA was extracted from isolated hand, hip, knee and
foot OA SF (n = 24), from independent patients undergo-
ing arthroscopy at a single anatomical joint, using RNeasy
Mini Kit (Qiagen) and DNase treated (Qiagen DNase kit).
Library preparation and RNA-sequencing was performed
by Genomics Facility at University of Birmingham using
QuantSeq 3’ kit (Lexogen) and sequenced on Illumina’s
NextSeq 500. The sequence reads quality checks were car-
ried out using fastQC, following which the bbduk from
BBMap (version 38.87) software was used to trim Illumina
adapters and polyA tails. Reads were mapped to hg38 ref-
erence human genome using Star Aligner. The R package
DESeq2 was used to normalize raw read counts and per-
form statistical comparisons using VST transformations.
Sequence data are available through the GEO database
under accession number GSE219027.

2.4 | 3’-end single-cell RNA sequencing
and raw data processing

Chromium 10X, scRNAseq analysis (Genomics Facility,
University of Birmingham) was performed on a total of
~2485 SF pooled from n = 4 obese and n = 4 normal-weight
OA patients, representing ~310 cells/patient. Single cell
3’ cDNA libraries were constructed and sequenced using
the Nextseq 500 (Illumina) platform. Libraries were pooled
together and sequenced across four lanes, at an average
read depth of ~60 000 reads/cell. CellRanger version 3.0.1
was used to demultiplex the raw data and map to the hg38
reference genome (GRCh38.93). Sequence data are avail-
able through the GEO database (accession: GSE152815).
10x Genomic data sequencing metrics are detailed in
Supplement Materials (SM. 4).

2.5 | Data processing and analysis

Sequencing data were quality controlled and analysed
using Seurat version 2.3.4 software (https://satijalab.
org/seurat/). Datasets were merged, and low quality
cells or doublets were filtered by excluding cells that
expressed >6100 genes/cell and >20% mitochondrial gene
expression. Technical noise was accounted for by scal-
ing data based on nUMI and percentage of mitochon-
drial genes. Two thousand four hundred forty-three cells
remained post QC filtration. Lineage marker analysis as
detailed by Mizoguchi et al., 2018 was used to confirm
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cells were strictly a homogenous fibroblast population.??
Data were subjected to global-scale normalization and
log-transformed. Principal component analysis performed
based on the 625 highly variable genes identified in the
dataset and the most significant principal components
(top 15 PCs) used for downstream t-Distributed Stochastic
Neighbour Embedding (t-SNE) analysis to cluster the cells,
with a resolution of .6.

2.6 | Pseudotime analysis

Monocle version 2.9.0 was used to analyse pseudo-
time trajectories as detailed on monocle’s tutorial page
(http://monocle-bio.sourceforge.net/). Following data
normalization and variance estimation, genes used for
pseudotime ordering were selected based on differentially
expressed genes using ‘differentialGeneTest’ and filtering
for genes expressed by at least 10 cells and with a g-value
of <.01. Using the DDRTree method, the dimensionality
of the data was reduced, and cells were ordered in pseudo-
time. Full analysis script is detailed in Supplementary
Materials (SM. 6).

2.7 | Bioinformatic pathway analysis

DEG from each SF cluster (+1.5-fold change, p < .05)
was analysed using Ingenuity Pathway Analysis (IPA)
(www.ingenuity.com) software. Core functional analysis
was performed to identify canonical pathways and pre-
dicted upstream regulators significantly associated with
DEG in each cluster subset. Fisher’s exact test was used
to calculate a p-value of the association between DEGs,
canonical pathways and upstream regulators (USRs).

2.8 | Quantification of CHI3L1 and inhba
by multiplex bead assay

Concentrations of CHI3L1 and Total Inhibin in cell super-
natants (n = 8) were determined using multiplex technol-
ogy (Luminex Screening Assay, R&D Systems). Multi-plex
analysis was performed according to the manufacturer’s
instructions and concentrations analysed using a Luminex
200 instrument (Luminex Corporation, Austin, Texas,
USA).

2.9 | Immunofluorescence and confocal
microscopy

Tissues were embedded in Tissue-Tek OCT medium and
snap frozen in liquid nitrogen. For immunofluorescence,

10-um cryosections were rehydrated to water, postfixed
with 4% PFA/PBS (Sigma-Aldrich), blocked and perme-
abilized for 30 min in .25% Triton X-100/5% normal don-
key serum (NDS)/PBS (Vector Laboratories). Antibodies
were diluted in 5% NDS/.1% Tween-20/PBS. The follow-
ing primary antibodies were incubated at 4°C overnight:
anti-FAPa (AF3715, R&D Systems), anti-CXCLI12 (MAS5-
23759, Thermo Fisher Scientific), anti-THBD (hpa002982,
Atlas Antibodies), anti-NPM1 (FC61991, Thermo Fisher
Scientific), anti-FBLN1(hpa001612, Atlas Antibodies), anti-
CD90 (AF2067, R&D Systems), anti-c-Myc (MAB36961,
R&D Systems) and anti-c-Fos (PCO5L, Merck). Stain-
ing was visualized with secondary antibodies (IgG-NL493
(NL006) and IgG-NL557 (NLO010), 1:200, R&D Systems).
Nuclei were visualized using ProLong Gold Antifade
Mountant (P36931, Thermo Fisher Scientific). Stains were
evaluated with a Leica DM6000 fluorescence microscope
and using LAS AF Lite software.

2.10 | Statistical analysis

Statistical analysis detailed in results and figure legends
was performed using GraphPad Prism version 9 and SPSS
version 27.

3 | RESULTS

3.1 | Load-bearing and obesity
differentially affect the secretory
pro-inflammatory phenotype of SFs

Given our previous finding that the inflammatory phe-
notype of hip OA SFs was increased in patients who
were obese,'® we were keen to expand these findings
to other anatomical sites and to determine whether the
effect of obesity was solely due to increased load-bearing.
To this end, the secretory profiles of SFs from both
non-load-bearing (NLB, hand) and load-bearing (LB, hip,
knee, and foot) joints of both obese (OB, BMI > 30)
and normal-weight (NW, BMI 18.5-24.9) patients were
assayed using Olink’s Target 96-marker inflammation
panel (Figure 1A,B). In total, we identified 27 markers that
were in range of the assay and further analysis revealed sig-
nificant markers fell into three definitive categories, with
differentially abundant markers being specific to load-
bearing joints, whilst others were regulated by obesity or
specific to anatomical sites (Table 1).

Cytokines influenced by loading included CCL3 (.01
p-value) and TSLP (.04 p-value), which overall were ele-
vated in load-bearing joints compared to the non-loading-
bearing hand joint (Figure 1A). Cytokines influenced by
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obesity included LIF (.04 p-value) and MCP1 (.04 p-value),
which were elevated in the secretome of obese SFs com-
pared to normal weight SFs (Figure 1B). Additionally, a
similar trend was observed in the secretory concentra-
tion of MCP2 (.054 p-value) and MCP3 (.056 p-value)
(Figure 1B). Lastly, significant differences in the secre-
tory concentrations of specific cytokines were identified
upon comparing SFs from different anatomical joint sites,
irrespective of obesity or load-bearing, with SFs from the
hip joint exhibiting the most inflammatory secretome. For
example, CXCLI1 (p < .04) was highest in the secretome
from hip SFs, being significantly greater than in foot SF
secretome and similar trends were observed with IL-8 and
CXCL6 (Table 1). Similarly, hip SFs also contained the
greatest amount of OPG, being significantly greater than
in the secretome of knee (p < .007) and to a lesser extent,
that of hand SFs (Table 1). Together these data show SFs
from various anatomical sites were differentially impacted
by obesity and loading resulting in elevated secretion of
specific pro-inflammatory cytokine profiles compared to
normal-weight and non-loading joints, respectively.

3.2 | The proliferative activity of SFs is
increased in obese patients but is
dependent on anatomical site

In arthritic conditions, SFs adopt a hyperplastic phenotype
contributing to inflammation and joint destruction.?® As
such, we investigated whether anatomical location, obesity
and load-bearing played an integral role in influenc-
ing this proliferative phenotype. Comparing SFs isolated
from obese and normal-weight patients irrespective of
anatomical location, obese SFs proliferated at a signifi-
cantly greater rate than normal-weight SFs (7.3 X 1072 +
.008 vs. 4.7 x 1072 + .005, p < .01). The effect of obe-
sity on proliferative rate was in general more pronounced
in load-bearing joints, with the greatest effect of obesity
observed in foot (OB: 1.74 + .066 vs. NW: 1.00 + .13 vs., .008
p-value) and hip joints (OB: 1.90 + .08 vs. NW: 1.00 +
.18 vs., .003 p-value) (Figure 1C). However, comparing SFs
isolated from non-loading joints (i.e., hands) and load-
bearing joints (i.e., hips, knees, or foot) irrespective of
patient’s BMI, we observed no overall effect of load-bearing
on SF proliferative activity (NLB joints: 5.2 X 1072 +.006 vs.
LB joints: 6.3 X 1072 + .007, .4 p-value) (Figure 1D). Lastly,
we observed differences in the proliferative activity of
SFs from different anatomical joints, with fibroblasts from
hand (5.2 X 1072 + .02), hip (5.0 x 1072 + .02) and knee
(5.0 x 1072 + .02) proliferating at a similar rate, but those
from the foot (9.8 x 1072 + .03, .0007 p-value) proliferating
at a significantly greater rate (Figure 1D) suggesting load-
ing may be a contributor. Overall, we find the hyperplastic

CLINICAL AND TRANSLATIONAL MEDICINE

phenotype of SFs is severely impacted by obesity result-
ing in increased proliferation especially in the hip and foot
joint.

3.3 | SF metabolic phenotype differs
between anatomical sites and load-bearing
joints

Obesity results in significant metabolic complications that
contribute to chronic inflammation and our most recent
findings show the metabolic phenotype of hip OA SFs is
significantly influenced by obesity.””> Here, we expanded
this observation to different anatomical sites and inves-
tigated the effects of obesity and joint loading on the
metabolic prolife of SFs from different joints and how
they respond to inflammatory TNFa stimuli. We used
seahorse analysis to measure oxygen consumption rate
and extracellular acidification rate of joint SF to deter-
mine mitochondrial respiration and glycolysis, respec-
tively. Interestingly, the most significant observations were
driven by joint loading and anatomical location. Mito-
chondrial basal respiration and Adenosine 5’-triphosphate
(ATP) production was significantly altered in load-bearing
joints compared to non-load bearing joints upon stimu-
lation with TNFa, whilst no changes were observed in
glycolysis (Figure 1E,F). Further observation of differences
in SF metabolic phenotype between different joints found
that basal respiration was elevated in hip SFs (12.2 +
2.0), compared to either hand (5.9 + 3.6) or knee SFs
(4.9 £ 3.1), which indicates that SFs from specific joints
have differing energy requirements (Figure 1G). TNF«
stimulation elevated basal respiration levels in hip joint
(17.9 + 5.9) suggesting hip SFs are more responsive to
inflammatory stimuli compared to hand (4.9 + 2.5) and
knee (6.1 + 2.9) joint SF (Figure 1G). Similarly, ATP
production was particularly elevated in hip SFs (9.9 +
2.3) and further exasperated by TNFa stimulation (15.4
+ 4.6) suggesting higher energy demands in hip joint
SFs compared to fibroblasts from other joint types (4.7 +
2.5 knee, 6.0 + 2.3 hand) (Figure 1G). No significant dif-
ferences were noticed in basal levels of glycolysis between
joints (4.9 + 2.4 knee, 7.5 + 1.9 hand, 5.5 + 2.1 hip)
(Figure 1G,H). However, upon inflammatory challenge
with TNFa, hip SFs exhibited significantly greater induc-
tion in glycolysis from basal (8.0 + 3.9, .03 p-value) and
greater glycolytic capacity suggesting hip SFs are metabol-
ically more receptive to pro-inflammatory stimulus than
SFs from other joints (7.2 + 2.3 hand, 4.8 + 2.1 knee)
(Figure 1H). No significant observations of note were iden-
tified with respect to the overall effect of obesity across all
joints (Figure S1). These findings show SFs from loading
joints are sensitive to pro-inflammatory stimuli resulting
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in elevated mitochondrial respiration, largely driven by
hip SFs, which also have increased glycolysis and ATP
production, suggesting hip OA SFs have higher energy
demands.

3.4 | Obesity differentially affects the
transcriptomic phenotype of SFs from both
load-bearing and non-load-bearing joints

Having identified differences in the inflammatory, prolif-
erative and metabolic functional phenotype of fibroblasts
associated with either load-bearing, obesity or anatomical
site, we next determined the key transcriptomic differences
underpinning these findings. RNA-sequencing analysis
found distinct expression signatures exclusively regulated
by either obesity or loading, with DEGs confirmed by
RT-qPCR analysis (see Supplementary Materials—SM.
3). Comparing SFs from obese patients with those from
normal-weight patients irrespective of joint site, a total
of 416 DEGs (defined as +1.5-fold change, p < .05) were
identified (Figure 2A, Table S1) which IPA functional
annotations revealed to be involved in several metabolic
pathways including ‘NADH repair’, ‘ceramide biosynthe-
sis’, ‘protein ubiquitination’ and ‘pyrimidine salvage’ path-
ways (Figure 2B). Using IPA Upstream Regulator Analysis,
KRAS, PTPRR and NUPRI1 were identified as USRs of the
observed obese SF DEG dataset (Figure 2C).

Conversely, upon comparing SFs from the non-load
bearing hand joints with SFs from all load-bearing joints
(i.e., knee, hip, foot) irrespective of patient BMI, a total
of 606 DEGs were identified (Figure 2D, Table S2), with
IPA functional annotations of these DEGs revealing sev-
eral key inflammatory pathways including ‘RANK’, ‘IL-1’
and ‘IL-6, together with the USRs TNF, CEBPB, IL1B and
IFNG (Figure 2E,F). Notably, we found only 14 DEGs were
common to both obesity and joint-loading, of which only 4
genes had similar patterns of expression in both conditions
(Figure 2G).

Further to these findings, analysis of the effects of obe-
sity on individual joints established the profound effect
of obesity on the SF transcriptome phenotype, even in
non-load bearing hand joints, with joint specific DEGs
validated by RT-qPCR (see Supplementary Materials—
SM. 3). Specifically, 513 obesity DEGs were identified in
hand OA SFs (Figure 2H, Table S3), 616 DEGs in the hip
(Figure 21, Table S4), 692 DEGs in the knee (Figure 2J,
Table S5) and 672 DEGs in the foot (Figure 2K, Table
S6) when comparing cells from obese and normal-weight
patients (Supplementary Tables S3-S6). However, there
was little overlap between the identified obesity-associated
DEGs in different joints even between the different load-
bearingjoints, indicating that the effect of obesity on the SF

transcriptome is joint type specific irrespective of loading
(Figure 2L,M).

Conducting IPA on the obesity-associated DEGs identi-
fied in each individual joint revealed the most significant
canonical pathways and USRs involved in mediating the
obese SF phenotype within each joint type. In hand joints,
the top canonicals pathways included ‘phosphoinositide
biosynthesis and degradation’ as well as ‘Thl’, ‘IL-8" and
‘STAT3’ signalling, which surprisingly had negative z-
scores, indicating pathway inhibition in the obese cells
(Figure 2H). This was further supported by predicted
inhibition of USRs involved in inflammation, immune
activation and fibrosis (including CEBPB, CSF2, IFNG,
AREG), and the significant downregulation in the expres-
sion of MMP9, S100A8, TYROBP and ARG2 in obese hand
joint SFs compared to NW hand SFs (Figure 2H, Table
S3). In the hip joint, IPA analysis of the obesity-associated
DEGs revealed significant canonical pathways involved
in immune signalling pathways ‘CD27 and CD40 signal-
ing’ as well as ‘osteoarthritis’ and ‘senescence’ pathways
(Figure 2I). These pathways were in line with the up-
regulated expression of IKBKE, PALB2, UQCC3, COL4A4
and PTGS1 in the obese cells, which further correlated with
activated USRs (FOXM1, SP1, TLR9, AREG and CKAP2L)
involved in senescence and pro-inflammatory OA signal-
ing pathways (Figure 2I, Table S4). In the knee joint,
the identified obese DEGs were significantly aligned to
several inflammatory signaling pathways including ‘IL-
8 signaling’ and ‘interferon signaling’ (Figure 2J) which
were concomitant with up-regulated CXCL9, UBE2C and
ADAM17 expression and the predicted activation of the
USRs CGAS and IFNLI1 (Figure 2J, Table S5). Finally,
in the foot joint the identified obesity-associated DEGs
were significantly aligned to the canonical pathways ‘CD40
signaling’, ‘senescence’ and several ‘apoptosis’ signaling
pathways (Figure 2K) with predicted activated USRs of
senescence, cell cycle/ growth arrest (E2F4) and inhibited
USRs of apoptosis (TGM2, TNF and IFNG). (Figure 2K).
Comparing and contrasting the functional effects of obe-
sity on SFs from different anatomical joints suggested
the regulatory effects of obesity differed between joints.
Dysregulation of inflammatory signaling pathways was a
feature of both obese knee and hand SFs (Figure 2H,J,M),
with dysregulation of both ‘TL-8 and ‘IL-17A’ canonical
signaling pathways and in both cases the identification of
pro-inflammatory USRs, albeit these USRs were predicted
to be activated in the knee and inhibited in the hand result-
ing in in these pathways being positively enriched in the
hand and negatively enriched in the knee (Figure 2H,J,M).
Hip, knee and foot joints shared USRs or pathways of
senescence, including canonical signaling pathways ‘CD40
signaling’ and ‘senescence pathway’ (Figure 2M), whilst
hip and knee joints largely differed in other canonical



\
CLINICAL AND TRANSLATIONAL MEDICINE

v (B) R (o)) (G)
sxdg. 388 3 dgpvebe  E3 bhbted 63 Actwated
N Repai
covrmm— ST ot —
mRAsp PR — ©® Up-regulated
TN — ] i —
e o — [L——
SN\ —— PreRR =]
%:' NUPR1 ] Up or down-regulated
ER—————— et | — Up-regulated
miR-155.5p
ProeinKinase A Signang [ ] SR % == Down-regulated

B

» 3 s

B NW Hand g NW Hip Bl NW Knee pu NW Foot
LB % OB Hand W OB Hip M OB Knee N OB Foot acthaton zscore 10,2 A, 2V
=/

(D) £ -log prvalue. E9 hhbted B3 Actvated

PR
™NF [ANNNNNSNNNNNNNNNS

CEBPB [ ANNNNNNNNNNNNNY - /
e H o oeeened
it
v N
or04 ——|

oams [E——|

RaLo —n
v SN

woxo NN

(H) U B

1 0P B ngones
Methyimsiony Pathway S 1 o 9 ngenes [
R maimanis | ] NN S
Production of NO 3nd ROS in Mcrophages [—— Supeiparhity s enion De AR, :E;‘:] SN I BN\
== Kot e S e Y T OO TN
== oo Racoptor Signling SN ] X O Yy
£ Seneacance Patrway [ TN = m [N
0 TN Pyroptosis Signaling Pathway [ B 0
[} cos0 signaing g :\\::i\\\“ B3 o Y
c RAC et NN 2ol ot Osteobasts, Osteociass and Choncrocytes n RA SN
0/ s Pamy C NN s ES [ TSR
027 signaing in Lymphocytes N e siraing W\ [ERSRENN\
s oS s §F 5 8 RN S KK S I K
adiatonz score. 1 Imbted 3 Advied £ kgpiake o overp 3 bog e ctversp sctiatonz-score BN bded BN Actated £ log pske ofoverap S s K9 Actated £ logpacie of ovrep
e § . o senescence cany g INFinducable immune e N\
H 1 e § response apoe SN || senescence
LG\ proinfiammatory wacrowzat [N [ svoptoss LS NN\ ——— e ] | ceticyeter growth arrest
2¢P3s [ reguiaiors et KeNMA1 SO ] | neuronal excitation HRG. [N
PRz N\ NoD1 TRADD N NoNo [N —— 7
L\ S — | immune activation TR e2rs NN 1PN Beta N ] |antnflammatory
L\ N\ R — aes NS |"""'“"""‘""°" mE NN | ECM bone remodelling c .
AREG [N\ e— N Avec NS X2 W] LI N\ - —
RAsLs N | ceteyete cKrpzL ] | proinflammatory OA signaling carzL s ™ NN T T ] [ apoptosis
S = weoo RN T ] RaBLS NN\
N . < “ < - . - S o . . > & N + N
(L) (M) coorney
. 16:,84,11V
b 4
19:,74A,9Y

AVIML

Bueubs a¥N

uogemBay Juiodyoayd /19 3RAD IRD
weag

Aemgped Lul

femiey s0usosauss
Aemgeq squupeoasO
BugeuBis v aseun) uRoid
Bureubis
femipeq
Bueubis dsony
SuRRY U LL-T10 20y

o
ot
18+,24,19V

BuieuBis J0d303y uojoydik]

Bugeubis 0¥0D

ssayusorg sparsouioydsoyd-¢
spunodud gasu jo Aemupedsedns [

BuieuBis sisoydody pageIpay DAN

saBeydaey ul SOY PUE ON Jo UoSaNpald

FIGURE 2 Effects of obesity on synovial fibroblasts from different anatomical locations. (A and D) Heatmap of DEGs in
normal weight (NW, n = 12) versus obese (OB, n = 12), and load-bearing (LB, n = 18) versus non-load bearing (NLB, n = 6). (B, E, H-K) Most
significantly enriched canonical pathways associated with DEGs in OB versus NW, in LB versus NLB and in OB versus NW hand, hip, knee
and foot joints, respectively. Orange dash line denotes IPA z-score and blue dash line denotes p-value significance threshold of .05. (C, F,
H-K) Top enriched upstream regulators associated with DEGs in OB versus NW, in LB versus NLB and in OB versus NW hand, hip, knee and
foot joints, respectively. Orange dash line denotes IPA predicted activation score and blue dash line denotes p-value significance threshold of
.05. (G) Graphical venn diagram illustrates the number of significant DEGs identified in obese and load-bearing joints and the number of
DEGs, which are shared between these two analyses. (L) Graphical venn diagram illustrates the number of significant DEGs identified in
obese joints at different anatomical locations and the number of DEGs which are shared between these joints. (M) Heatmap comparing top
canonical pathways enriched in obese patients for each joint depicted by p-value of enrichment. DEGs identified +1.5-fold change, p < .05.

pathways and USR (Figure 2I,J,M). Together these data 3.5 | Obesity is associated with distinct
indicate that obesity and loading drive very specific tran-  SF subsets in hip OA

scriptomic phenotypes in SFs with little commonality

and finds that the inflammatory effect of obesity on the Collectively, our observations found the most profound

SF transcriptome is specific to each joint irrespective of  effects of obesity on the SF phenotype were in the
loading. hip joint, with effects on the inflammatory, proliferative
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FIGURE 3 Single cell RNA-sequencing identifies distinct synovial fibroblasts subsets in obese and normal-weight OA
patients. (A) t-SNE analysis of SF scRNAseq data showing eight fibroblast subsets. In total, scRNAseq was performed on 2485 SF from n = 4
normal-weight OA patients and n = 4 obese OA patients. (B) t-SNE plot showing the separation between fibroblasts from normal-weight OA
patients and fibroblasts from obese OA patients. (C) Heatmap showing the z-score average gene signature expression of the top 10 most
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and metabolic phenotype. As such we next investi-
gated whether these obesity-associated effects could be
attributed to heterogeneity in particular SF subsets using
scRNAseq. This analysis revealed eight fibroblast subsets
defined by specific transcriptomic profiles (Figure 3A,B),
with clusters 0, 4, 5, 6 and 7 present in obese hip OA
patients, and clusters 1, 2 and 3 found in normal-weight
OA patients. The fibroblast compositions of these clusters
included 510 cells in cluster 0 (98.6% OB; 1.4% NW), 369
cells in cluster 1 (0% OB; 100% NW), 357 cells in clus-
ter 2 (3.9% OB; 96.1% NW), 307 cells in cluster 3 (.7% OB;
99.3% NW), 306 cells in cluster 4 (95.4% OB; 4.6% NW),
211 cells in cluster 5 (99.1% OB, .9% NW), 195 cells in clus-
ter 6 (99.5% OB, .5% NW) and 188 cells in cluster 7 (87.2%
OB; 12.8% NW), see Supplementary Materials—SM. 5. The
cells in each cluster were defined by distinct gene expres-
sion patterns which define each population, as seen in the
expression heatmap of the top 10 genes in each cluster
(Figure 3C) and detailed in Tables S7 and S8.

We next examined the identified DEGs (x1.5 fold
change, p < .05) within each cluster using IPA software.
Core functional analyses identified canonical pathways
associated with the DEGs that functionally defined the
unique transcriptomic profile of each cluster (Figure 3D,
summarized in Figures S2-S9 highlighting the top 10
DEGs). Thus, the clusters were functionally assigned
into four endotypes, namely ‘activated fibroblasts’,
‘stressed/arresting fibroblasts’, ‘proliferating fibroblasts’
and ‘immune cell recruiters’ based on the canonical path-
ways identified (Figure 3E). Notably, ‘activated fibroblasts’
(clusters 4 and 6) and ‘immune cell recruiters’ (clusters
5 and 7) endotypes described transcriptome profiles that
were predominant in obese OA clusters. In contrast, the
‘stressed/arresting’ fibroblast endotypes (cluster 1 and
3) almost entirely represented normal-weight fibrob-
lasts. The ‘proliferating fibroblast’ endotype was present
in fibroblasts from both obese and normal-weight OA
patients, although these were defined by distinctive DEG
profiles (Figure 3D,E). t-SNE and violin plots featuring
gene expression (Figure 3F) showed that ‘activated fibrob-
lasts’ had gene expression signatures associated with the
production, maintenance and rearrangement of the extra-
cellular matrix including collagens (COL1A1, COL1A2),
the collagen-binding matrix protein osteonectin (secreted

protein acidic and rich in cysteine [SPARC]), tumor
necrosis factor-inducible gene 6 protein (TNFAIP6) and
osteonectin-related protein (SMOC?2) (Figure 3F, Figures
S2 and S3). The ‘immune cell recruiters’ subset consisted
of genes associated with the activation and recruitment
of leukocytes, neutrophils and monocytes, with high
expression of genes that mediate inflammation and innate
immune responses including Chemerin (RARRES2),
Chitinase3-like 1 (CHI3L1), SFRP1, Thyl (CD90), SFRP4
and Galectin-1 (LGALS1) (Figure 3F, Figures S4 and
S5). Normal-weight fibroblasts were largely represented
by gene signatures involved in apoptosis and cellular
stress response, with high expression of SERPINF1, CLU,
DNAJB1 and HSPA1A/HSPAIB (Figure 3F, Figures S6
and S7). Fibroblasts that were functionally defined as
‘proliferating’ were represented by both the gene signature
of LUM, INHBA and ELN in the normal weight cluster 2
cells, and by the expression of BGN, CTGF and CXCL12
in obese cluster 0 cells (Figure 3F, Figures S8 and S9).
Differences in cluster distribution between obese and
normal weight patients were validated in synovium tissue
using immunofluorescence. Normal weight cluster 3
markers Fibulin 1 and Thrombomodulin, encoded by
FBLNI1 and THBD, were co-localised with SFs enriched
in normal weight synovium tissue (Figure 4A,B). Whilst
obese cluster 0 markers Nucleophosmin and Stromal
cell-derived factor 1, encoded by NPM1 and CXCL12, were
colocalized with fibroblasts enriched in synovium tissue
from obese patients (Figure 4C,D). Overall, distinct SF
subpopulations were identified by scRNAseq which can
be grouped into four endotypes, with obese SFs predom-
inantly defined by pro-inflammatory SFs with ‘activated’
and ‘immune recruiter’ endotypes.

3.6 | Inflammatory SF subsets in obese
patients spatially localize in sublining and
lining layers of OA synovium and can be
distinguished by differential expression of
transcriptional regulators MYC and FOS

Next, we performed pseudo temporal ordering on normal-
weight and obese fibroblasts to investigate the dynamics
in changing expression patterns of DEGs identified in

differentially expressed genes within each of the 8 SF clusters. (D) Significant biological processes for each cluster. Differentially expressed
genes were analysed using IPA software. The significance of the association of a given disease function with the genes within a given subset
was measured in two ways. Firstly, by the ratio of the number of differentially expressed genes in the dataset that mapped to the

diseases/function divided by the total number of genes associated with that function. Secondly, Fisher’s exact test was used to calculate a

p-value of the association between the genes and the disease function. (E) Clusters were assigned functional endotypes based on the canonical

pathways identified in the IPA analysis. (F) FeaturePlots displaying expression of cluster specific markers on the t-SNE map along with violin
plots showing the expression levels (y-axis) of these markers for each cluster (x-axis). Additional enriched genes are detailed in Figures S2-S9.
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each cluster. Amongst these genes, we observed a striking
transition in the expression of the transcriptional regula-
tors MYC and FOS (Figure 5A). FOS was predominately
expressed in obese clusters whilst MYC was predominantly
expressed in normal-weight clusters (Figure 5B). Simi-
larly, pseudo temporal expression dynamics also identified
transitional expression changes in INHBA in normal-
weight clusters, and CHI3L1 present in the obese clus-
ters (Figure 5A,B). Since the gene products of INHBA
(Inhibin) and CHI3L1 (Chitase3-like 1) are secreted pro-
teins, we examined whether this was reflected in SF
conditioned media. In line with mRNA expression, SFs
from obese patients secreted significantly greater amounts
of Chitinase3-Like-1(229.5 ng/ml, 95% CI = 123.7-335.3 vs.
49.5ng/ml, 95% CI = —15.4-114.3, p < .05) and significantly
lower amounts of Inhibin (20.61 pg/ml, 95% CI = 20.16-
21.22 vs. 63.79 pg/ml, 95% CI = 18.82-108.7, p < .05), com-
pared to SFs from normal-weight patients (Figure 5C,D).
Additionally, immunofluorescence labelling of c-Myc and
c-Fos protein in synovial tissue from hip OA patients
confirmed both the observed differences in fibroblast
transcriptomic profiles in-situ at the protein level as
well as their spatial cellular localization (Figure 5E). c-
Myec staining appears more intense in normal-weight OA
synovial tissue than obese synovium, where there was
minimal expression observed in the synovial sublining
tissue, as supported by quantitative colocalization analy-
sis, which showed a trend for increased Myc staining in
normal-weight OA, although not significant (p = .0924)
(Figure 5F). Conversely, c-Fos staining was significantly
greater in obese OA synovial tissue (p = .0099), with
expression in both the synovial sublining and in the syn-
ovial lining layer where it was co-localized three times
more with fibroblast activation protein (FAP)-positive SFs
in obese tissue (Figure 5G). By comparison c-Fos expres-
sion in normal-weight synovium was largely confined to
the lining layer only (Figure 5E). Taken together, these
data suggest that pro-inflammatory SFs in obese patients
localize in the sublining and lining layers of OA synovium
tissue which can be distinguished by c-Fos whilst ‘stressed/
arresting’ SFs in normal weight patients are only present in
the lining layer and distinguished by c-Myc.

4 | DISCUSSION

OA is a multifaceted condition, which poses a significant
challenge for the successful clinical development of thera-
peutics due to its heterogeneity. However, understanding
and classifying the molecular phenotypes, also known
as endotypes, of OA pathogenesis could provide invalu-
able phenotype-directed routes for stratifying subgroups
of patients for targeted therapeutics, leading to greater

chances of success in trials. Our previous work identified
obesity as a critical factor in the heterogeneity of syn-
ovial joint inflammation in hip OA patients.16 As such,
this study aimed to expand these findings to both load-
bearing and non-load bearing joints to further investigate
the intersectional effects of obesity and loading on OA
synovial pathogenesis and to identify key molecular endo-
types that could stratify patients for targeted therapeutics.
Our findings demonstrate that the dynamic inflammatory
landscape of OA SFs is significantly impacted by joint load-
ing and obesity, as well as being influenced by anatomical
site. Additionally, we address the heterogeneity in obese
and normal-weight OA patients by identifying distinct dif-
ferences in SF subsets, which can be characterised into four
functional molecular endotypes. We find that the pres-
ence and predominance of these endotypes is distinctly
different in obese hip OA patients compared to normal-
weight patients. As such, this study highlights the disease
heterogeneity across OA joints and provides a compelling
rationale for the necessity of determining robust molec-
ular endotypes to effectively stratify patients for the best
therapeutic outcomes.

Obesity is a known risk factor for the development of
OA in both load bearing and non-load bearing joints,?’-*
suggesting the resulting inflammatory phenotypes are
not solely due to increased load as we report here.
Here, we confirm that obesity affects the inflamma-
tory phenotype of SFs even in non-load bearing hand
joints, with elevated secretion of MCP1, MCP2, MCP3
and LIF, and has a profound but anatomical-site specific
differential effect on their transcriptomic landscape. Ele-
vated MCP-1 in synovial fluid correlates with increased
macrophage activation in joint tissue,”” whilst LIF facil-
itates sustained inflammatory fibroblast activation®’ sug-
gesting these markers are fundamental in sustaining an
enhanced pro-inflammatory phenotype in obese patients.
This enhanced pro-inflammatory phenotype is also evi-
dent in the hyperplastic nature of obese SFs, which we find
have increased proliferation rates. Synovial hyperplasia
further contributes to inflammation and joint destruc-
tion in arthritis and our findings here suggest obesity
exacerbates these pathological effects regardless of the
joint location. Recent studies have provided evidence that
increases in RA fibroblast proliferative inflammatory activ-
ity are underpinned by alterations in the activity of key
metabolic pathways.*"*> However, despite previously find-
ing that SFs from obese hip OA patients exhibit a different
inflammatory metabotype,” in this study there was no
overall effect of obesity on the functional metabolic SF
phenotype when examining across all joint types.

We also identified CCL3 and TSLP as cytokines that
were more highly secreted from fibroblasts isolated from
load-bearing joints (knees, hips, foot) compared to the
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non-load-bearing hand joint but were not differentially
secreted by obesity, which might be indicative of their
induction in response to load-induced cartilage damage.
CCL3 is elevated in severe knee OA pathogenesis and
cited as a biomarker for severity of joint destruction with
respect to the degree of cartilage damage.*® Cartilage-
damage induces the release of DAMPs and activation of
toll-like receptors (TLR) known to induce TSLP, which is
elevated in RA patients and believed to drive inflammatory
arthritis.>*3’ Many of the pathways identified in our tran-
scriptomic analysis also allude to the effects of pathological
loading directly impacting joint inflammation and carti-
lage degradation further supporting these observations.
Interestingly, loading only appears to affect the prolifera-
tive rate of fibroblasts in the most load-bearing joint, that
is, the foot joint, suggesting the effects of loading differs
between anatomical locations. In addition to this, we also
note several markers that distinguish specific anatomical
sites, confirming a significant level of heterogeneity in the
SF phenotype between joints. This is further supported by
transcriptomic analysis where the effect of obesity on the
OA fibroblast transcriptome is markedly different between
SFs isolated from different anatomical sites.

We find the effect of obesity extends further to fibrob-
last subsets within the synovium, with distinct subset
endotypes responsible for specific inflammatory pheno-
types. These clusters draw similarity to fibroblast subsets
reported in RA, suggesting OA pathogenesis in obese
patients may be akin to the more inflammatory RA
joint. Obese OA specific clusters are involved in the
activation and recruitment of immune cells, which are
reminiscent of ‘immune-effector fibroblasts’ reported in
RA known to regulate and recruit immune cells.”® Here,
this subset expresses CHI3L1 a known autoantigen in
RA,*® which is associated with several inflammation-
related disorders.>**2 CHI3L1 mediates inflammation,>’
cartilage degradation and remodeling**** and regulates
macrophage and T-cell recruitment,®* supporting the
immune regulatory phenotype of this cluster. In contrast,
normal-weight SF populations are characterised as medi-
ating apoptosis and necrosis, in keeping with a lower pro-
liferative capacity.'® Necrotic cells trigger rapid inflamma-
tory responses,***> which activate SFs through TLRs and
downstream pro-inflammatory signaling pathways.***/

3

These normal-weight OA fibroblast clusters also express
INHBA, a component of activin known to rapidly transi-
tion apoptotic cells to secondary necrosis in the lungs.*®
Lastly, our results suggest an obesity-related regulatory
switch involving two transcription factors, MYC and FOS,
which may drive the distinctive endotypes we observe.
Interestingly, these two transcriptional regulators can be
used to distinguish spatial localization of SFs described
by endotypes. The immune regulatory inflammatory SFs
from obese patients appear to localize in the both sublin-
ing and lining layers of synovium tissue based on c-Fos
staining, reminiscent of inflammatory RA SFs described
by Croft et al. 2019, whilst subsets identified in normal
weight SFs, positive for c-Myc, are mostly confined to
the lining layer similar to previously reported OA fibrob-
lasts, suggesting obese OA synovium is more akin to
inflammatory RA synovium.?* MYC regulates SF prolifer-
ation, invasiveness,*” and apoptosis,” in keeping with the
apoptosis pathways established in normal-weight SF clus-
ters. Whilst many joint destructive cytokines and MMPs
are transcriptionally regulated by FOS/Activator Protein-1
(FOS/AP-1)’! supporting the ‘activated’ and ‘immune-cell
recruiter’ fibroblast subsets identified in obese SF pop-
ulations. Furthermore, a diet-induced weight-loss study
also demonstrated a similarly interesting regulatory switch
from NFKBI, an upstream regulator of FOS, to MYC/MAX
following weight loss.”> These results further suggest
that SFs from normal-weight and obese OA patients uti-
lize alternative pathways to mediate inflammation in the
joint. Targeting these specific pathways within patient
subgroups, defined by molecular and clinical endotypes,
could pave the way for overall better disease management.
Importantly, CHI3L1 and INBHA are secreted from obese
and normal weight OASF, respectively. As such these could
serve as patient stratification aids to identify those patients
with distinctive molecular endotypes for more targeted
therapeutics.

Collectively, these data emphasize the breadth, mag-
nitude and differential effect of obesity and load-bearing
on the SF phenotype, resulting in heterogeneous inflam-
matory fibroblast endotypes, and therefore the potential
of these factors to influence the inflammatory pathology
of OA. This begs the question of what impact do these
fundamental differences have on the likely efficacy of cur-

on differentially expressed genes (g-value < .01). (B) FeaturePlots displaying cluster specific expression of MYC, FOS, INHBA and CHI3L1 on

the t-SNE map along with violin plots showing the expression levels (y-axis) of these markers for each cluster (x-axis). (C and D) Median

concentrations of INHBA (inhibin) and CHI3L1 in 24-h conditioned media from normal-weight and obese OA SF by Luminex. Bars represent

median concentration in pg/ml from n = 4 patients per cohort. (E) Representative immunofluorescence imaging for c-Fos or c-Myc (GOI,

green) in OA hip synovial tissue from normal weight (NW) and obese (OB) patients. SF were visualized with FAP (pink), and nuclei were
stained with DAPI (blue), colocalization of FAP and GOI has been pseudo-coloured (white). See Figure S10 for additional panels. (F and G)
Quantification of colocalized c-Myc or c-Fos with FAP labelled SF. N = 8. Means plotted + SD and analysed by student’s ¢-test **p < .01.
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rent anti-inflammatory treatments and what are the impli-
cations for the development of new drugs, since targets
identified within a particular subgroup may not be rele-
vant across other joint types and patient groups. This also
raises the question as to what extent do researchers need
to interrogate SFs and other joint cell types from specific
sites, particularly in early drug discovery studies, in order
to identify appropriate and effective targets for the devel-
opment of therapeutics. An interesting observation made
in this study is the responsiveness of hip OA SFs, which
compared to SFs from other joints, have higher energy
demands and are more metabolically responsive to inflam-
matory stimuli. Such differences are also likely to impact
the responsiveness of these joint cells to therapeutics.
This is further complicated by the identification of mul-
tiple fibroblast clusters which differentiate normal-weight
and obese OA patient synovitis supporting a rationale
to therapeutically target specific fibroblast subsets that
are driving inflammatory versus proliferative phenotypes.
Whilst this may border on personalized drug development,
understanding the molecular endotypes that govern OA
pathogenesis across subgroups will undoubtedly aid in
the development of targeted therapies particularly when
coupled with clinical endotypes. Such targeted develop-
ments have already been evidenced in asthma research
with significant benefit.’

Lastly, it is important to consider the observations
reported here in view of limitations associated with a rel-
atively small sampling size. As such, the patients used
here are only representative of a small fraction of the
greater population of OA patients. Expanding such analy-
sis to encompass a larger cohort of patients will not only
power these observations but also refine the endotypes
identified here. Also, for single cell analysis the SFs used
were exclusively performed on the hip joint. Moreover,
whilst the number of cells used for 10X is within the rec-
ommended range (100-8000 cells), this is on the lower
end of the scale. As such, authors used SCOPIT statistical
tool to ensure confidence in the data presented. Retro-
spective statistical modelling determine only 201 cells are
required to detect subpopulations with a .95 probability,
suggesting over 10 times the necessary number of cells
were sequenced in this study which is greater than similar
publications characterising SFs in RA.?%?33

In conclusion, the findings of this study highlight the
significance of obesity in both load-bearing and non-load
bearing joints in changing the inflammatory molecular
endotype OA SFs. Refining these SF endotypes in rela-
tion to clinical phenotypes may identify different patient
subgroups with personalized targets for therapeutic inter-
vention, thus providing a critical line of sight between drug
targets and patient selection, facilitating optimal clinical
trial design.
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