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Connecting the structure and function
of cartilage using spatial omics

Indira Prasadam & Xiwei Fan

R Check for updates

Advancesinspatial omics, such as
transcriptomics and proteomics, have
provided vitalinsightsinto cartilage
microenvironments, revealing cellular
diversity, zonal organization and links
between cartilage structure and function.
Analysing cartilage using spatial omics could
deepen the understanding of diseases such as
osteoarthritis and guide the development

of targeted, disease-modifying therapies.

Structure and function are intrinsically linked in biological systems,
with articular cartilage exemplifying this relationship. As a special-
ized connective tissue, cartilage can preserve jointintegrity even with
substantial mechanical stress. This resilience stems from the unique
3D zonal spatial organization of cartilage and the functional adapt-
ability of its sole cellular component, chondrocytes. However, the
limited regenerative capacity of cartilage and the pathological changes
observedin osteoarthritis (OA) present substantial challenges for clini-
calintervention. Advances in single-cell and spatial omics technologies,
including spatial proteomics and transcriptomics, are transforming
the understanding of cartilage biology by uncovering its molecular
complexity and redefining established paradigms. In this Comment,
we highlight the need toleverage spatial omics technologies to address
critical gaps in cartilage research, with the goal of translating these
advancements into personalized therapies and improved patient
outcomes for OA.

Spatial organization of articular cartilage

The distinct zones of cartilage optimise mechanical load distribu-
tion and maintain cartilage function, and, combined with the spatial
patterns of chondrocytes, these zonal arrangements collectively
facilitate nutrient diffusion and intercellular communication’.
Chondrocytes are heterogeneous, consisting of subpopulations
with zone-specific gene and protein expression and functions. In
OA, chondrocytes can undergo phenotypic changes, such asbecom-
ing senescent and pro-inflammatory, which contributes to extracel-
lular matrix degradation and zonal disintegration’. These changes
accelerate disease progression; thus, understanding chondrocyte
heterogeneity and spatial dynamics in this context could contrib-
ute to the development of targeted therapies. Moreover, the zonal
organization of cartilage and its disruption during OA progression
offer unique opportunities for therapeutic intervention, emphasiz-
ing the importance of preserving structural integrity to maintain
function.

Single-cell and spatial omics in cartilage biology

Historically, research on the structure and function of cartilage has
relied on histology, immunohistochemistry and imaging techniques.
In the past decade, considerable advances have been made through
the use of bulk omics approaches to analyse joint tissues from patients
with OA and from animal models of OA”. For example, large-scale
genetic studies in humans have uncovered loci and pathways asso-
ciated with OA®, and studies using transcriptomics have classified
OA into subtypes on the basis of mechanisms such as inflammation,
cartilage degradation and metabolic dysregulation®. This stratification
underscores the molecular heterogeneity of OA cartilage and high-
lights the need for subtype-specific therapeutic strategies. However,
bulk omics analyses lack the resolution to distinguish individual cell
types or capture spatial organization, limiting insights into cartilage
microenvironments.

Single-cell RNA sequencing (scRNA-seq) has addressed this
gap somewhat by providing high-resolution data on chondrocyte
heterogeneity. For instance, a study analysing 1,464 chondrocytes
from ten patients with OA undergoing knee arthroplasty identified
sevendistinct chondrocyte populations, including three novel pheno-
types with unique functions’. Another study that combined scRNA-seq
with spatial transcriptomics examined human knee articular cartilage
from both patients with OA and healthy individuals and identified
11 chondrocyte populations®. These populations included inflam-
matory, hypertrophic and prefibrocartilage chondrocytes and could
facilitate patient stratification, and highlighted dynamic chondrocyte
transitions and zone-specific expression of genes that are essential
for OA progression®. However, scRNA-seq inherently loses the spatial
and zonal context of these cells, which limits the ability to map their
precise organization and interactions within cartilage and therefore
highlights the need to use spatial omics to capture the molecular and
structural intricacies of the tissue.

Spatial transcriptomics and proteomics can bridge this gap. For
example, spatial transcriptomic platforms capture spatially resolved
gene expression data and enable researchers to map molecular pro-
cesses whilst maintaining structural integrity. Although spatial tran-
scriptomics are widely used in fields such as oncology, their application
in cartilage biology and OA research remains unexplored’, thus pro-
viding a research opportunity for uncovering the spatially regulated
mechanisms underlying OA. Integrating these advanced technologies
into OA studies could reveal previously unrecognized zonal patterns
of gene and protein expression, paving the way for the discovery of
novel therapeutic targets.

Although the central dogma suggests a linear flow from DNA
to RNA to protein, the reality is far more complex. The relationship
between messenger RNA and its corresponding proteins is highly
regulated and non-linear, with multiple control points affecting pro-
tein expression. Compared with transcriptomics, spatial proteom-
ics has provided greater insights into cartilage biology by enabling
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high-resolution analysis of protein expression, localization and interac-
tions within native tissue. To obtain meaningful insights into the rela-
tionships between structure and function, proteins should be studied
directly, as post-transcriptional and post-translational modifications
canoccur.

Techniques such as mass spectrometry imaging (MSI), including
MALDI-MSI (matrix-assisted laser desorption/ionization), TOF-SIMS
(time-of-flight secondary ion mass spectrometry) and DESI-MSI
(desorption electrospray ionization), have been used to analyse pro-
teins, lipids and metabolites in cartilage. MALDI-MSI has revealed
spatially distinct protein alterations linked to OA progression®.
A newly developed type of functional MSI has confirmed enzymes,
such as phospholipase A2 group IIA, as important contributors to
disease progression, offering insights to guide therapeutic strategies’.
Additionally, laser-capture microdissection combined with liquid
chromatography-mass spectrometry has been used to examine
zonal differences in cartilage, including calcified regions, revealing
region-specific protein alterations'. By directly mapping protein
expression, these approaches provide critical information that tran-
scends transcriptomics and reflects the functional heterogeneity of
the tissue.

Despite some advances, the application of spatial proteomics
in OA research remains limited. Current efforts have barely begun to
explore the potential of this technique, but rapidly advancing tech-
nologies and computational tools, including machine learning, offer
promising opportunities for addressing the complex molecular hetero-
geneity of OA. Itis becomingincreasingly apparent that the integration
of spatial transcriptomics and proteomics is essential to unravelling
the multifaceted biology of cartilage and OA.

Addressing challenges and advancing spatial omicsin
cartilageresearch

Compared with other fields, spatial omics remains underutilized
in cartilage research, owing to complex workflows, high costs and
challenges associated with the low chondrocyte density in cartilage.
This cellular sparsity complicates imaging and sequencing, as highly
sensitive tools are needed to extract meaningful data. Rapid techno-
logical advancements in the past 5 years have enabled the effective
analysis of low cellnumbers. The optimization of workflows, from sam-
ple preparation to data analysis, canyield valuable insights into zonal
differences, trends in gene and protein expression, and markers of
cartilage degeneration.

Scalability and resolution remain critical challenges, particu-
larly in cartilage zones with lower chondrocyte activity. Emerging
technologies, such as enhanced multiplexed imaging and advanced
single-molecule sequencing, are being developed to improve resolu-
tioninthese regions. Innovations in optics for deep tissue imaging and
machinelearning algorithms tointerpret complex datasets offer prom-
ising solutions to overcome these limitations and extract meaningful
insights from low-abundance transcripts and proteins.

The development of a 3D molecular map of chondrocytes that
integrates spatial, molecular and functional data would provide

unparalleled insightsintozonal adaptations and pathological changes
in OA.Samplesthat are discarded during surgery, which canbe graded
by disease severity, represent an accessible resource for studying
chondrocyte behaviour in both healthy states and diseased states.
Toensure reproducibility and clinical relevance, it will be essential to
develop standardized markers, protocols and reference atlases that
can be replicated across laboratories. Future research that aims to
identify the phenotypes and endotypes of OA should also investi-
gate interactions between chondrocytes and other cell types in the
joint, such as synoviocytes and immune cells, and systemic factors,
such as aging, obesity and metabolic disorders, which can influence
chondrocyte behaviour and spatial organization, should also be con-
sidered. Addressing these challenges will deepen understanding of
cartilage biology and support the development of precision therapies
for OA. Integrating spatial omics will be crucial, as it reveals distinct
molecular patterns and identifies potential biomarkers for targeted
interventions.
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Research highlights

Immunology

Targeting T cell-activating

NETs in uveitis

Retinal vasculitis isacommon
complication of autoimmune
uveitis that leads to vision
loss. Itis associated with a
breachintheblood-retina
barrier (BRB) and the concomi-
tant retinal accumulation of
pro-inflammatory immune cells,
mainly neutrophils and CD4*
T cells. Astudy by Li. et al. now
sheds light onto the mechanistic
link between neutrophils and
CD4" T cellsin the pathogenesis
of autoimmune uveitis.
Activated neutrophils produce
extracellular DNA-protein
complexes termed neutrophil
extracellular traps (NETs). NET
levels were higher in the blood of
patients with idiopathic uveitis or
Behget uveitis thanin the blood
of healthy donors, and were
correlated with disease activity.
Inaddition, invitro activation of
neutrophils from the blood of
patients with autoimmune uvei-
tis resulted in more NET forma-
tion (NETosis) than the NETosis
thatresulted from activated
neutrophils from healthy donors.
On the basis of those observa-
tions, the authorsinvestigated
the mechanistic links between
increased NETosis in uveitis and
retinal infiltration by activated
CD4'T cellsinamouse model of
experimental autoimmune uvei-
tis (EAU). Administration of the
NET-degrading enzyme DNAse |

oraneutrophil-depleting anti-
body to mice with EAU reduced
disease severity by both
minimizing the frequency of
intraocular T helper1(T,1) and
T, 17 CD4' T cells and restoring
the balance between splenic
CD4'regulatory T cellsand
effector T cells. In vitro assays
with primary human retinal
microvascular endothelial cells
(RMECs) or mouse-derived
endothelial cells further showed
that NETs increase endothe-

lial cell permeability, thereby
potentially disrupting the BRB,
and also upregulate the expres-
sion of molecules associated
with cell adhesion and anti-

gen presentation. Co-culture
assays with human RMECs and
patient-derived CD4" T cells
showed that the presence of
NETs increases the adhesion

of CD4" T cells to RMECs and
consequent effector T cell differ-
entiation. Moreover, preliminary
invitroresultsindicated that NETs
sensed by the cGAS-STING path-
way inendothelial cellsinduce a
pro-senescent gene expression
programme in these cells. Thus,
the authors suggest that targeting
of NETs or treatment with either
senolytics — to remove senescent
RMECs —or witha cGAS-STING
pathway inhibitor might help
restore the BRB and dampen CD4*
T cell-mediated autoimmunity
inuveitis.

Maria Papatriantafyllou

Original article: Li, Z. et al. Neutrophil
extracellular traps potentiate effector

T cells via endothelial senescence in

uveitis. JCI Insight https://doi.org/10.1172/
jci.insight.180248 (2025)

Related article: Clarke, S. L. N. et al. The
management of adult and paediatric uveitis
for rheumatologists. Nat. Rev. Rheumatol.
20, 795-808 (2024)
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TASLhasakeyroleinSLE

Endosome SLC15A4
mTASL
=g
TLR7/9 o
Downstream l
signalling

— @)

SLE IRF5 recruitment
development and activation

SLC15A4 ——

\ @ TASL ) —
No downstream IRF5\‘
fourstream ___ (ES)

signalling
No IRF5

1 recruitment and

. activation
No disease

Genome-wide association
studies have identified numer-
ous genes thatare linked to the
development of systemic lupus
erythematosus (SLE), includ-
ing TASL, IRF5, TLR7, TLR9 and
SLC15A4.Both Toll-like recep-
tor 7(TLR7) and TLR9 have
known pathogenicrolesin SLE
pathogenesis; TASL-SLC15A4
interactions mediate the activa-
tion of IRF5 downstream of TLR7
and TLRY signalling. Despite the
identification of this signalling
cascade, the functional role
that it has in SLE pathogenesis
isunclear.

Now, two studies published
simultaneously in Nature Com-
munications, by Lau et al. and by
Drobek et al., provide insights
into the function of TASLin
the pathogenesis of SLE. Paolo
Manzanillo, the corresponding
author of the Lau et al. study,

comments that “Our studies
notonly verify and repeat the
key data of one another but also
highlight unique aspects of TASL
biology,” and the corresponding
author of the Drobek et al. study,
Manuele Rebsamen, notes that
“Both papers mutually sup-
porteach other’s findings and
conclusions, with virtually no
discrepancies.”

The studies by Drobek et al.
and Lau et al. both demon-
strate that mice lacking TASL
have diminished TLR7 and
TLR9responses; in these mice,
IRF5 activation and cytokine
production areimpaired.
Notably, although loss of TASL
diminished these responses,
they were not fully impaired.
Inboth studies, Tas!-deficient
mice were protected from
pristane-induced lupus.

Inthe Drobek et al. study, the
authors note that loss of SLC15A4
resultsinacomplete loss of IRF5
activation, whereas loss of TASL
only impairs this activation.
Research to understand this
disparity led to the identification
of anovel paralogue of TASL,
termed TASL2, whichis not found
inhumans. The phenotype of
Tasl and Tasl2 double-knockout
mice was identical to that of mice
withmutant Slc15a4 (known as
feeblemice). This study provides
evidence that the primary func-
tion of the TASL-SLC15A4 axis
inthe TLR7 and TLR9 signal-
ling pathway is downstream
activation of IRF5 and that loss

of this axis is protective inmouse
models of SLE.

Lau et al. also explored the
functional link between
an SLE-associated single-
nucleotide polymorphism
(SNP) and TASL. They show
that this SNP alters the expres-
sion of TASL, cytokine pro-
ductionand TLR signalling
in human cells. This research
demonstrates the key role of
TASLinSLEin cells from mice
and humans.

When asked about the future
of thisresearch, both Manza-
nilloand Rebsamen noted
thatas TASL is found on the
X chromosome andis reported
to escape X chromosome
inactivation, the role of TASL
as a potential explanation for
why autoimmune diseases
(including SLE) preferen-
tially affect women should be
explored.

Taken together, these
studies indicate that the
SLC15A4-TASL axisis keyin
the pathogenesis of SLE and
that targeting this axis could
have therapeutic potential for
SLE and other autoimmune
diseases.

Holly Webster

Original articles: Drobek, A. et al. The
TLR7/9 adaptors TASL and TASL2 mediate
IRF5-dependent antiviral responses and
autoimmunity in mouse. Nat. Commun.
https://doi.org/10.1038/s41467-024-55692-y
(2025); Lau, L. et al. An essential role for
TASL in mouse autoimmune pathogenesis
and Toll-like receptor signaling. Nat. Commun.

https://doi.org/10.1038/s41467-024-55690-0
(2025)

naturereviews rheumatology

Volume 21| April 2025 | 191-193 | 192

CREDIT: STEVEN HALL/SPRINGER NATURE LIMITED


http://www.nature.com/nrrheum
https://doi.org/10.1038/s41467-024-55692-y
https://doi.org/10.1038/s41467-024-55690-0

News & views

Bone

https://doi.org/10.1038/s41584-025-01226-9

Towards better management
of sterile bone inflammation

Jiirgen Braun

R Check for updates

The first expert consensus recommendations
for the treatment and diagnosis of adult sterile
boneinflammation have been developed, in
which the term ‘chronic non-bacterial osteitis’
is proposed as a disease definition. Will these
recommendations pave the way for better
diagnosis, management and treatment of this
rare disease?

REFERS TO Winter, E. M. et al. Expert consensus recommendations for
the diagnosis and treatment of chronic non-bacterial osteitis (CNO)
in adults. Ann. Rheum. Dis. https://doi.org/10.1136/ard-2024-226446
(2024).

Sterile bone inflammation is a rare and heterogeneous syndrome that
affects children and adults. In the past, various terms have been used
to describe sterile bone inflammation, including chronic non-bacterial
osteomyelitis, chronic recurrent multifocal osteomyelitis (CRMO), syno-
vitis, acne, pustulosis, hyperostosis, osteitis syndrome, diffuse sclerosing
osteomyelitis, pustulotic arthro-osteitis, sternocostoclavicular hyper-
ostosis and others. Now, aninternational panel of experts has proposed
the term ‘chronic non-bacterial osteitis’ (CNO) as a disease definition
and has provided 16 recommendations for the management of CNO'.

The development of these recommendations is a good step for-
ward to increase awareness of this health problem, and to prompt
much-needed patient registries, translational research and multicenter
trials. This need is particularly pressing, owing to the lack of diagnostic
and classification criteria and standard outcome measures and the
impact of bone pain on the daily life of patients.

Notably, although CNO occurs more frequently in children, these
recommendations are specifically for adult-onset CNO. In a 2018 study
of 486 cases from the Eurofever international registry, the mean age
at disease onset was around 10 years?. In this study, the reported dis-
ease manifestations were rather heterogenous and included acne,
palmoplantar pustulosis, psoriasis and papulopustular lesions, which
together made up to <20% of the entire cohort. There are important
differences between childhood-onset CNO and adult-onset CNO. In
childhood-onset CNO, there is more systemic inflammation, and the
course of disease is often recurrent and multifocal and also involves
appendicular bones. By contrast, adults typically present with lesions
confined to one or two areas in the axial skeleton, often as osteitis of
the anterior chest wall, including the clavicles, upper ribs and sternum,
but vertebrae, mandible and pelvis can also be involved™*.

The recommendations for the initial laboratory tests for CNO
include a complete blood count with white cell differential, and

measuring the levels of inflammatory markers, renal function, alkaline
phosphatase, calcium, 25-hydroxy vitamin D, parathyroid hormone,
phosphate and, in some cases, bone-turnover makers and HLA-B27
positivity'. For the initial imaging evaluation of adults with suspected
CNO, whole-body MRI is recommended. Routine bone biopsies
are discouraged"*. The most important recommendations are shown
inBox1.

For therapy, the expert panel recommends NSAIDs as a first-line
treatment of active CNO; for second-line treatment, individualised
management, intravenous bisphosphonates (this optionis preferred)
and tumour necrosis factor inhibitors are recommended'. A relevant
healthcare problem is that it is often unclear who is responsible for
the care of patients with CNO. My personal view is that inflammatory
changes should be taken care of by rheumatologists.

When considering adult CNO in general, itisimportant to realize
that theinitial MRIfindings of bone marrow oedema and osteolysis can
be later followed by structural changes, such as sclerosis, hyperosto-
sis, erosions, soft-tissue ossification and ankylosis®. Apart from bone
inflammation, patients can present with musculoskeletal features
(arthritis, sacroiliitis, dactylitis and enthesitis), dermatological fea-
tures, uveitis and inflammatory bowel disease’®. The role of these mani-
festations in disease pathogenesis is unclear, which is similar to axial
spondyloarthritis (axSpA). The similarity between these two related
diseases in several clinical feature is evident in the literature® and in
the Venn diagram presented in the new recommendations’. InaxSpA,
bone marrow oedemais frequently observed in the axial skeleton but
is often related to entheseal structures; however, the appearance of
spondyliticlesions in axSpA’ can be difficult to distinguish from those
observed in CRMO.

The most severe multifocal form of CNO, CRMO, first described in
1972 (ref. 6), has similarities to reactive arthritis. An infectious aetiol-
ogy had been considered for CRMO for decades, owing to theisolation
of Cutibacterium acnes (formerly known as Propionibacterium acnes)
from bone lesions of individual patients’. However, this concept has
now been discarded, as even long-term antibiotic therapy did not
change the course of disease, and PCR tests failed to detect bacte-
rial DNA in bone specimens; similar observations have been made
in reactive arthritis. Patients with psoriatic arthritis can have axial
involvement, and an association with skin changes related to inflam-
matory bone disorders has also been described for synovitis, acne,
pustulosis, hyperostosis and osteitis (SAPHO) syndrome; this term
was first proposed in1987 (ref. 8).

InCNO, SAPHO and axSpA, osteodestructive changes (such asero-
sions) canfollow the initial inflammatory changes (such as bone mar-
row oedema), especially in the sacroiliac joints. Such erosive changes
rarely occurinthe spine and are dependent on the degree and duration
of inflammation in axSpA°. However, inflammation can also lead to
osteoproliferative changes, which can manifest as hyperostosis and
ankylosis. These changes have a pathognomonic appearancein axSpA,
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Box 1| The most important
recommendations for the management
of CNO

Although all the new recommendations' for the management of
chronic non-bacterial osteitis (CNO) should be considered, some
of these recommendations are particularly important.
= Consider performing whole-body imaging, preferably MRI, in all
patients at the initial evaluation to detect both clinically silent
and active lesions.
= Routine bone biopsies are not necessary. Bone biopsies
should be reserved for cases with inconclusive imaging and/or
suspicion of malignancy or infectious osteomyelitis.
= Assess disease activity on the basis of clinical symptoms
(bone pain s likely to be caused by osteitis) and radiological
disease activity; consider all possible combinations (presence
of both, one or neither).
= Initially treatment response evaluations should be conducted
after 2-4 weeks, and then every 12 weeks (treat-to-target
approach).
= For cases that resemble axial spondyloarthritis, intravenous
bisphosphonates (which is generally preferred) or tumour
necrosis factor inhibitors should be used (no randomized
controlled trials are available thus fat for either treatment in
CNO). Prior treatment with conventional DMARDSs, such as
methotrexate, is not required.

with syndesmophytes and ankylosis of the spine (accordingly, axSpA
was previously known as ankylosing spondylitis). Another rather fre-
quent form of bone formation is diffuse skeletal hyperostosis, which
shows some similarities to but also distinct differences from axSpA.
Among the differences are the much younger disease onset and the
genetic association with HLA-B27 in axSpA.

However, osteodestructive and osteoproliferative changes, many
of which are degenerative, occur in numerous rheumatic musculo-
skeletal diseases, including osteoarthritis. A common example of
degenerative changes occurring at entheses are calcaneal spurs, which
occurinabout 15% of the general population but do not typically cause
symptoms’, whereas inflammation-induced heel pain in the form of
Achilles enthesitis or plantar fasciitis is frequently observed in spon-
dyloarthritides. Another example is Tietze’s syndrome, a benign,
self-limiting entity with tender, non-suppurative swelling in the upper
anterior chest wall, especially at the second and third costosternal
junctions and the sternoclavicular joint'°. In the most common man-
ifestation of CNO, the anterior chest wall is also involved, but the

location of this involvement is often slightly different than that in
axSpA, and the early inflammatory phase of CNO more often causes
clinical symptoms.

Thus, thereis substantial overlap among CNO, axSpA, SAPHO and
other rheumatic musculoskeletal diseases; however, osteitis that does
not present at entheses is more specific to CNO. The whole spectrum
ofthese diseases could, for example, be named ‘spondylorthritis-like
diseases’. However, to find out more about the pathogenesis of these
disease, it will be necessary to look at the individual clinical presenta-
tions and disease tropism. The role of the bone and possibly the bone
marrow is an area of particular interest in the pathogenesis of these
diseases.

These recommendations for the management of CNO will hope-
fully trigger research and international collaborations to improve
disease management for patients. This research should include quan-
tification of the duration of response to therapy and better evaluation
of the burden of this orphan disease, which clearly needs to be com-
municated torheumatologists and other healthcare professionals who
treat patients with CNO.

Jiirgen Braun®?
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Abstract

Sections

Gout is the most common form of inflammatory arthritis in adults
worldwide. There has been asteady increase in prevalence, which
varies across different geographic areas and is high in the Indigenous
(First Nations) peoples of the Pacific region. Palaeo-archaeological
studies demonstrate that gout was present in the Pacific region prior to
European colonization, which is suggestive of genetic predisposition.
Geneticrisk factors, including population-specific genetic variants

and genetic variants shared across populations, particularly those
influencing urate transporters, have beenidentified in Indigenous
peoples of the Pacific that partly explain the earlier age of onset of gout.
Indigenous peoples of the Pacific experience severe gout, with frequent
flares, high hospitalization rates and tophaceous gout, all aggravated
by socio-cultural factors. Despite a specific need for effective gout
management, Indigenous peoples of the Pacific are under-represented
ingoutresearch and inequitiesin care continue. Indigenous
peoples-led, holistic gout management programmes are systematically
and urgently required in this region, where gout is amajor public
healthissue. Importantly, afoundation of cultural safety is necessary
tounderpinsuch programmes.
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Key points

= Indigenous peoples of the Pacific, particularly those of Polynesian
descent, have a high prevalence of hyperuricaemia and gout.

= The genetic basis of gout in Indigenous peoples of the Pacific
is a composite of risk alleles shared between populations and
population-specific risk alleles.

= Gout in Indigenous peoples of the Pacific is severe, associated with
family history and is experienced at a relatively young age.

= Cardiometabolic and renal comorbidities are common in people
with gout throughout the Pacific region, and their management and
prevention are also required.

= Health inequities continue to affect gout care for Indigenous peoples
of the Pacific region.

= Territorial, holistic health programmes are systematically and
urgently required in this region, particularly to improve access to
urate-lowering therapy.

Introduction

Gout is the most common type of inflammatory arthritis in adults
worldwide'. Itis the result of high levels of urate in the serum (hyper-
uricaemia), which leads to crystallization of monosodium urate
(MSU) and the deposition of MSU crystals in and around the joints’.
Persistent hyperuricaemia is the causal prerequisite for developing
gout and reducing serum-urate levels is therefore the main target for
long-term treatments*. The phases of this chronic disease are typi-
cally a progression from hyperuricaemia to the deposition of MSU
crystals to the subsequent immune response to these crystals, which
trigger severely painful episodes of arthritis, known as gout flares>®.
Without appropriate treatment with urate-lowering therapy (ULT),
people experience recurrent flares, and eventually tophi develop and
jointdamage known as erosive gout occurs’. Comorbidities, including
cardiovascular diseases, chronic kidney disease, diabetes mellitus and
obesity often accompany gout, with a causal role for hyperuricaemia
and gout either strongly suspected or established”"'°, and there is
evidence that gout flares have a causal role in cardiovascular events.
Despite being a potentially ‘curable’ rheumatic disease, with many
guidelines for readily available and inexpensive medications, gout
remains poorly managed throughout the world>™, incurringaburden
on quality of life with substantial societal costs™ .

Epidemiological studies demonstrate that the prevalence of gout
continuesto increase worldwide. This prevalence varies widely, accord-
ing to age, sex, the population studied and the study methods used,
from 0.9% in metropolitan France to 5.1% in the USA* and 6.2% in
Taiwan?®. Prevalence of gout in Indigenous (First Nations) peoples of
the Pacific region often exceeds 5% of the adult population* (Box 1and
Fig.1). The high prevalence of goutin these populations has been attrib-
uted togenetic predisposition and possibly unique environmental and
socio-cultural exposures.

Goutrepresentsacentral public healthissue for the Pacificregion,
and people with gout in the Pacific continue to be adversely affected
by suboptimal management, despite the development of some local

programmesto address thisissue. This narrative Review is aimed at pro-
viding an overview of gout and hyperuricaemiain the Pacific, including
discussion of trends over time, and to provide abetter understanding
of the disease and its genetic, clinical and cultural aspects. It is also a
call to prioritize gout as an urgent public health issue.

Epidemiology of hyperuricaemia and gout in

the Pacific

Early findings

Early epidemiological studies from the 1950s to the 1980s consistently
reported high serum-urate levels but varying prevalences of gout in
Indigenous peoples of the Pacific, particularly in people of Polyne-
sian ancestry*~°, It was reported that men in American Samoa had
high serum-urate levels, comparable with the values in Maori (Indig-
enous Aotearoa New Zealanders), Indigenous peoples of Pukapuka
and Rarotonga (Cook Islands), and higher than in Native Hawaiians
and men of European ancestry®*. In Fiji, hyperuricaemia was nota-
bly high (27%) among Indigenous men and women, although clini-
cally diagnosed gout was uncommon (2 cases described out of 1,340
patients). High serum-urate levels and a low frequency of clinical gout
were also found inindividuals from the Marshall Islands (mean serum
urate 6.6 mg dI” for men and 5.6 mg dI™ for women; gout prevalence
1.7%)*’.Inthe Marianalslands, data fromasurvey designed for astudy
of neurological disorders thatincluded 390 Pacific people >40 years of
age showed that 22.8% had hyperuricaemia (defined as a serum-urate
level >7.0 mg dI™in men and >6.0 mg dI”'inwomen) and an estimated
11.5% had definite gout®.

Trends over time

Epidemiological data over time show that the prevalence of gout in
peoples throughout the Pacific is increasing, whereas serum-urate
levels seem to be consistent (Table 1). In Aotearoa New Zealand, sig-
nificantly more cases of clinical gout were reported in Maori than in
non-Maoripeopleintwo surveys during the 1950s*°, and in the 1970s a
gout prevalence 0f10.2% was reported in Maori men compared with 2%
in non-Maori men**.In1978, in the first epidemiological study to focus
onMaori, the prevalence of hyperuricaemia (defined asaserum-urate
level >7.0 mg dI™' in men and >6.0 mg dI™ in women) was 49% in men
and 42% in women, whereas the prevalence of gout was 8.8% in men
and 0.8% inwomen™. Ina follow-up study involving 531 of the 766 initial
participants, re-interviewed 11 years later, the incidence of goutin the
intervening period was 10.3% for men and 4.3% for women®, In the
past six decades, the prevalence of gout has increased throughout
the Pacific, as it has elsewhere in the world*°. The relationship between
the prevalence of hyperuricaemia and time in Pacific populations is
less clear.In Aotearoa New Zealand, the prevalence of hyperuricaemia
was more than 45% in Maoriin the 1960s” and 1970s*, greater thanits
prevalence in the 2010s (17.0% with serum-urate levels >0.40 mmol/I
(6.8 mgdi™))*>.

Contemporary data

Anational-level survey from 2019 showed that Maori and Pacific Peoples
living in Aotearoa New Zealand had a prevalence of gout of 8.5% and
14.8%, respectively (by comparison, for other non-Maori, non-Pacific
New Zealanders the prevalence was 4.7%). Moreover, a previous study
publishedin2012 based on drug-dispensing data estimated the preva-
lence of gout in older (=65 years of age) Maori and Pacific men to be
>30%, whereas the prevalence of gout for allmen >20 years old was esti-
mated tobe 7.3%>**°. The first cross-sectional epidemiological studyin
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New Caledonia, published in2021 and involving 1,144 people, reported
a3.3% adjusted prevalence of gout and a 67% prevalence of hyperuri-
caemia, with prevalence of both being highest in people of Polynesian
descent (6.7% for gout; 86.3% for hyperuricaemia)*’. To estimate the
prevalence of gout in this study, analgorithm for epidemiological stud-
ies using a questionnaire to detect gout by non-physicians that was
applicable to large-scale (in-person or remote) surveys developed in
France*was adapted to the New Caledonian perceptions of disease, to
be usedinthe national health survey. Self-reported gout dataand appli-
cation of the algorithm showed that gout was less prevalent in Kanak
people (Indigenous people of New Caledonia) (2.6%) thanin people of
European descent (4.1%) whereas hyperuricaemia was greater among
people of Polynesian and Kanak descent*. French Polynesia comprises
more than 120 islands spread over five archipelagos covering an area
the size of Europe in the Southeast Pacific, with Tahiti being the largest
island in which 80% of the country’s population resides. A total of 896
randomly selected individuals from French Polynesiawere interviewed
inthe epidemiological Ma’i u’u survey conducted in2021 (ref. 23]), and
their datawere extrapolated nationwide ina modelling study to repre-
sent the country’s 196,630 inhabitants. Using the same algorithm as that
usedinNew Caldeonia**, the study showed that hyperuricaemia preva-
lence was 71.6%, and that gout prevalence was 14.5% (3.5% in women
and 25.5%inmen), among the general adult population. Self-report of
gout provided a similar prevalence of the disease”. A 2018 review of
gout in Hawai’i showed that nearly every major ethnocultural group,
including Native Hawaiians, has an increased risk of hyperuricaemia
compared with US mainland populations®. A study using 2011-2017
data from the Hawaiian healthcare system showed that Native
Hawaiians with gout had a more severe disease, younger age at onset,
more tophi and higher serum-urate levels than people of European
descent (mean serum-urate level 7.6 mg dl™ versus 6.9 mg dl™, respec-
tively)*. The results of astudy performed in Guam from 2019 t0 2022,
including 356 participants, 221 (62%) of whom declared Chamorro
(Indigenous people of the Mariana Islands) ancestry, showed an esti-
mated 28% prevalence of gout, and 42% of participants had serum-urate
levels>6.8 mgdI™*, These studies suggest that the reported prevalence
of goutisincreasingin the Pacific, based on both self-reports by study
participants and classification by algorithms, probably reflecting a
genuineincreaseinthe prevalence of the disease over the past10 years.

Environmental influence

The influence of environmental factors on gout in the Pacific, for
example, the westernization of diets, particularly in urban areas, is
unclear®”*** An attempt was made from the 1960s to the 1980s to
examine the role of different environments by comparing serum-urate
levels and gout prevalence in migration studies. Acomparison between
two populations from Tokelau, one that migrated to an urban lifestyle
in Aotearoa New Zealand and the other of which stayed in their atoll
homeland, had similar serum-urate levels but the risk of gout was signifi-
cantly higheramong migrant men (relative risk 3.7)**. Gout occurred ata
younger age and became more common as the length of stay of Tokelau
men in Aotearoa New Zealand increased. Gout was more prevalentin
Maoriwho lived in urban Aotearoa New Zealand, particularly in men
(10.2%), thanin Pukapukamen (5.3%) who lived in rural conditions in the
isolated atoll of Pukapuka (Cook Islands), whereas hyperuricaemia was
reported in more than 40% of both men and womenin all groups”. On
the central Pacificisland of Nauru, a high prevalence of hyperuricaemia
(64% of men with a serum-urate level >7.0 mg dI™ and 60% of women
with a serum-urate level >6.0 mg dI™), with a high prevalence of gout

inmen (6.9%, defined by prior episodes of podagra), was observed in
an urbanized population®. By contrast, Chamorro people who had
migrated to California had significantly lower serum-urate levels than
Chamorro peoplelivingin Guamandin Rota (Marianalslands) and who
had aruralway of life, and Palaua (Western Caroline Islands) people had
similar serum-urate values regardless of environmental conditions®.
Indigenous people in the Eastern Highlands of New Guinea with a tra-
ditional diet and no exposure to alcohol also had significantly higher
serum-urate levels than Indigenous people and Europeans living in
urbanareasin New Guinea®.In Samoa, hyperuricaemiawas highin both
rural and urban regions in both men and women®.. All of these studies
consistently suggested that most Pacific peoples areinherently hyperu-
ricaemic, with serum-urate levels unaffected by migration, and that the
western environment promotes the progression from hyperuricaemia
to gout. Factors contributing to the transition from asymptomatic
hyperuricaemia are, however, still unknown. Food triggers similar to
those established as triggers of gout flares in people with gout could
be suspected, and can be hypothesized as being involved in the tran-
sition from hyperuricaemia to gout™. These factors will hopefully be
elucidated by the results of the TIGER (Transition in Gout Research)
international cohort study, which completed enrolmentin August 2024
with 270 participants (more than halffrom Aotearoa New Zealand) with
asymptomatic hyperuricaemia; these participants will be followed
up for Syears, with a primary end point of the development of gout™’.

Box 1| The Pacific region and its peoples

The Pacific region is a large area spanning one-third of the planet,
encompassing many countries and comprising three large
territories historically described by European geographers of the
nineteenth century. The Polynesian triangle is geographically
delimited by Hawai'i to the north, Rapa Nui (Easter Island) to the
east and Aotearoa New Zealand to the south, with French Polynesia,
Cook Islands, Tuvalu, Tokelau, Niue, Wallis (Uvea) and Futuna in
the centre, and Samoa and Tonga on the Western boundary of

the triangle. To the west of the Polynesian triangle is Melanesia,
which includes Papua New-Guinea, the Solomon and Fiji Islands,
Vanuatu and New Caledonia. Micronesia comprises ~2,000
islands, including the Federated States of Micronesia, Kiribati and
the Marshall Islands. However, these geographical groupings,
which are sometimes based on linguistic commonalities, do not
represent the diversity of the people inhabiting this region. Beyond
an obvious historical, cultural and linguistic diversity, the complex
and recurrently redefined history of migrations of the Indigenous
peoples of the Pacific Islands contributed to a diversity of genetic
ancestries’’®, both locally and throughout the region.

For the purposes of this paper, Indigenous peoples of the
Pacific are collective terms for individuals who have a Pacific nation
genealogical connection, and do not imply homogeneity, but are
terms that are generally accepted. Use of terminology describing
populations originating from certain geographic areas, such
as ‘Micronesians’ or ‘Melanesians’, ascribed by early European
geographers, and often used in articles reporting study results that are
included in this Review, is minimized in this article to reduce colonial
reduction of the multiplicity of ancestors, cultures, languages, beliefs
and environments that are widespread in the Pacific region.

Nature Reviews Rheumatology | Volume 21| April 2025 | 197-210

199


http://www.nature.com/nrrheum

Review article

Wake Island
(USA)
Philippines ," Federated states
of Micronesia .
- Chamorro people . Marshall
_ palau 36.0% " islands
ot B 23.0% ’ .
w% . New . ¥
L P \;‘?ﬁ*ﬁi‘"\‘fi -Papua New Nauru¢ "
: . eER Ry "~ Guinea,: 'Solomon 63.6%
N ! Indonesia . * # \5 LE“Q{}{; \ig!ands 6.9%
e, . o ¥ .- TN 1
o > RS Tuvalu
. East : "\i’s, - \\i v
Cast e - - .
< Timor » ] . Ve
/ Coral Sea  vanuatu:.
© .lslands . wi

(Australia) - °, ol

“New o L Fiji
" Caledonia ™. . 271%
(France) 07%
Kanak people
67.0%
3.3%
North
N.Z. 2 Island
; Maori
0 Y Pacific Peoples
mTasmania 5.7%
South
Island

M Prevalence of hyperuricaemia
Prevalence of gout

4 Data for men

M Main Indigenous population

Fig.1|Map of the Pacific region with the known national prevalences of
hyperuricaemia and gout. The prevalence of gout and hyperuricaemia is
high throughout the Pacific region, comprising the Polynesian triangle and
the Western Pacific (see Box 1). The values shown are the latest available for
each country (see Table 1). There is lack of data for certain locations, and for

Hawai'i
(USA)
“ = Native Hawaiians
®

Kingman Reef
- (USA)
Palmyra Atoll - .

(USA) N .
Polynesian

Triangle

Samoabv
- 39.9%
- - Cook Islands™ = French Polynesia
-|- TANZ)e . *(France)
“Tonga :
9 Pukapuka people 17;23’
o o
Raroto::;;eople Pitcairn Rapa Nui
.5% Islands (Chile)
- Kermadec 5.3% (UK)
Islands
(N.Z)
Chatham
Islands
(N.Z)
%

some locations (denoted by a black diamond symbol) the values shown are

the prevalence of gout and hyperuricaemiain men only. The names of the
Indigenous peoples of the Pacific are provided for some countries for the reader’s
information. N.Z., New Zealand.

Palaeopathological studies of gout in the Pacific

Gout has affected humanity for thousands of years. Bioarchaeological
studies have shown skeletal evidence of gout worldwide, including in
prehistoric Pacific populations®. A common thread is that the num-
ber of individuals with features of gout in skeletal remains reflects
modern-day prevalences. Skeletal evidence of gout was foundin 7 out
of20 male adults froma-~3,000-year-old site in Teouma, Vanuatu, and
bony lesions consistent with gout were identified in 6 out of 42 male
adults from asettlement dating from ~1288-1300 AD in Aotearoa New
Zealand>°. Fifteen cases of gout were reported from a skeletal assem-
blage dating between 950 and 1450 AD in Guam, with bone erosions con-
sistent with goutin 7 female and 8 male individuals, mostly young and
middle-aged adults, representing 5.6% of all individuals”. Atasecond
sitein Guam from the same period skeletal evidence of gout was found
in4individuals, 3 menand 1woman, out of 152 individuals*®. An excep-
tionisastudy that reported possible evidence of goutin only oneindi-
vidual from among 349 individuals from the Mokapussite in Hawai’i*’. In
general, bone changes consistent with gout seem to reflect modern-day
prevalencesin all populations, including in Europe, among whom the

prevalence of gout in skeletons in medieval Britain (fourteenth and
fifteenth centuries) was estimated to be between 1and 3%°*%%°',

Known genetic determinants of gout in the Pacific
Inpeople of European and East Asian ancestry, it has been convincingly
demonstrated during the past two decades that genetics has a central
role in the determination of gout and hyperuricaemia, with genetic
variants explaining a substantial component of variance in serum-urate
levels®>“°, The heritability of serum-urate levels is estimated at ~-50%°¢;
thus, the prevalence of gout and hyperuricaemia in Pacific peoples,
particularly pre-colonizationin the eighteenth and nineteenth centu-
ries, has generated the hypothesis that Pacific peoples have a genetic
background that increases the risk of gout.

Commonrisk-conferring genetic variants shared between popula-
tions tend to have similar effect sizes across populations®, including
those populationsindigenous to the Pacific. Genome-wide association
studies (GWAS) have provided insight into the molecular pathogenesis
of hyperuricaemiaand gout in non-Pacific populations®and these find-
ings have been strengthened by genetic studies involving Indigenous
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Table 1| Prevalence of hyperuricaemia and gout across the Pacific region

Location Setting Data Age Definition of Prevalence of Prevalence of gout (%) Ref.
collection (years) hyperuricaemia hyperuricaemia (%)
period
French Random samples of 2021 >18 >6.0mgdl” 71.6 (66.7-76.6) Overall: 14.5 23
Polynesia households; self-questionnaire Men: 25.5%
for gout diagnosis Women: 3.5%
Guam Stratified sampling in local 2019-2022 >18 >6.8mgdl” Overall: 36.0 Overall: 23.0 45
census; questionnaire for gout Chamorro people: 42.1 Chamorro people: 28.5
diagnosis Other Micronesian®: 25.3  Other Micronesian®: 8.9
Filipino: 26.8 (16-41) Filipino:
Aotearoa Hospitalization rate and 2019 >20 NR NR Overall: 5.7 38
New Zealand drug-dispensing claims from Men: 9.0
two independent data sources Women: 2.7
Maori: men: 13.1; women:
4.3
Pacific Peoples: men: 22.8;
women: 7.0
Others: men: 7.4; women:
21
New Random samples of 2015-2016 18-60 >6.0mg dl” Overall: 67.0 (61.9-71.6) Overall: 3.3 (3.5-8.5) 41
Caledonia households; questionnaire for Polynesian: 86.3 Polynesian: 6.7 (2.5-16.8)
gout diagnosis (72.3-93.8) Kanak people: 4.1 (1.8-8.9)
Kanak people: 74.7 European: 2.6 (1.4-4.7)
Gl Others: 1.9 (0.5-6.6)
European: 49.3
(38.8-60.0)
Others: 61.6 (49.5-72.4)
Aotearoa Random selection from the 2012 20-64 >6.8mgdl” Overall: 13.7 Overall: 7.6 37
New Zealand  electoralroll; self-declared Maori: 17.0 Maori: 10.3
diagnosis - -
Non-Maori: 7.5 Non-Maori: 2.3
Aotearoa New  Hospitalization rate and 2009 >20 NR Overall: 3.8 39
Zealand drug-dispensing claims from Men: 6.0
two independent data sources Women: 1.8
Maori: 6.1
Pacific Peoples: 7.6
Asian: 2.0
European or other: 3.2
Tokelau Cross-sectional survey based 1968-1982 >15 NR Migrant men: 5.1 48
on registers; diagnosis based Non-migrant men: 1.5
on history of typical flare
Marshall Annual medical examinations ~ 1974-1978 >15 NR Men: 1.7 32
Islands from one site
Fiji Random selectionintwo areas 1980 >20 >70mgdl™ formen, Indigenous Fijian men: Indigenous Fijian men: 0.2 31
(urban and rural) >6.0mg dl™ for 26.6 Indigenous Fijian women:
women Indigenous Fijian 0.2
women: 27.1 Asian Indian men: 0.7
Asian Indian men: 21.7 Asian Indian women: 0.3
Asian Indian women: 10.9
Aotearoa Random selection of Maori 1978 >15 >7.0mgdl™ for men, Maori men 49% Maori men 8.8% 35
New Zealand peoples >6.0mg dl" for Maori women 42% Maori women 0.8%
women
Western House-to-house census 1978 >20 >0.7mg [ men; Indigenous Samoan Indigenous Samoan men: 51
Samoa >0.6mg [ women men: 39.9; women: 26.4 2.3
Indigenous Samoan
women: 1.3
Nauru Random selection 1978 >0 >7.0mg dl™ men; Indigenous people Indigenous people of 25
>6.0mg dl” women  of Nauru: men: 63.6; Nauru: men: 6.9; women:
women: 60.0 0.4
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Table 1 (continued) | Prevalence of hyperuricaemia and gout across the Pacific region

Location Setting Data Age Definition of Prevalence of Prevalence of gout (%) Ref.
collection (years) hyperuricaemia hyperuricaemia (%)
period
Aotearoa New  Random selection from 1966 >20 >7.0mg dl™ men; NZ Maori: 47.5; NZ Maori men: 10.2 27
Zealand and household census >6.0mg dl"women  Rarotongan: 44; NZ Maori women: 1.8
Cook Islands Pukapukan: 48.5 Rarotonga men: 2.4
Rarotonga women: O
Pukapuka men: 5.3
Pukapuka women: O
Aotearoa Two separate surveys in Maori 1960 Adults NR NR Whanau-a-apanui tribe 30
New Zealand  and non-Maori Maori: 4.7

Arawa tribe Maori: 2.7
Non-Maori: 0.3%

“Including Chuukese, Kosraean, Marshallese, Palauan, Pohnpeian and Yapese. NR, not reported; NZ, New Zealand.

peoples of the Pacific (Table 2). Genetic variantsinvolved in controlling
renal clearance of urate contribute to differences in hyperuricaemia
and gout prevalence. ABCG2 is an ATP-dependent exogenous trans-
porter located both on the apical membrane in the proximal renal
tubule and in enterocytes, and mediates the excretion of uric acid in
theurine and intestinal lumen®. The ABCG2 missense Q141K variant is
associated with both age at onset and tophaceous disease®®”°, higher
serum-urate levels, a higher risk of gout and gout flare frequency” in
Pacific Peoples residing in Aotearoa New Zealand.

Selective pressures and/or bottlenecking events could partly
underlie the highoccurrence of gout across the Pacific region. Archaeo-
logical, linguistic and palacogenomic studies tracing human migration
indicate that early individuals migrated from East Asia and moved to
Southeast Asia and the wider Pacific ~4,000 years ago. Subsequent
studies suggest serial migrations expanding between unoccupied
archipelagos, with a final expansion to Rapa Nui (Easter Island) and
Aotearoa New Zealand approximately 800 years ago’> . Indigenous
knowledge, however, indicates that Maori presence in Aotearoa New
Zealand dates back even further and puts the studies often performed
by European scholars into perspective”. The history of these migra-
tions provides insightinto the shared ancestral features of predisposi-
tion to gout shared by Indigenous Taiwanese and Indigenous peoples
ofthe Pacific, asIndigenous Taiwanese peoples also exhibit a high con-
temporary prevalence of gout?’®””, The history of Pacific migrations,
which involved long sea journeys followed by settlement in insular
environments, thus likely contributing to genetic drift and bottleneck-
ingevents, could have contributed to changing allele frequencies from
the ancestral population, which in turn can be expected to influence
the prevalence of conditions with a genetic basis’®. In support of this
idea, the aforementioned ABCG2 gout-risk variant is fivefold more
prevalent in people of Western Polynesian ancestry than in those of
Eastern Polynesian ancestry”, and whole-genome sequencing indicates
that Pacific peoples (Polynesian people in Aotearoa New Zealand)
have thousands of genetic variants potentially influencing protein
function that are either unique to these populations or much more
common inthese populations thanin others”.

Further supporting the theory of an increased prevalence
of genetic risk alleles in Indigenous peoples of the Pacific, there is
increasing evidence that population-specific genetic variants also
contribute to the risk of gout in these populations®®. A variant in
ABCC4, which encodes the unidirectional renal urate efflux pump

MRP4, was associated with gout in Maori and Indigenous Pacific male
individuals®. Polymorphisms of the SLC2A9 gene, which encodes a
renal transporterinvolvedin urate excretioninthe urine, are associated
with higher serum-urate levels and gout®"**, with SLC2A9variants affect-
ing renal handling of hyperuricaemia induced by sugar-sweetened
beverage intake in Maori and Pacific Peoples living in Aotearoa New
Zealand®®*, SLC22A12 encodes the URAT1 transporter, responsible
for most renal-urate reabsorption. Alleles of SNP variant across the
SLC22A11-SLC22A12 locus were associated with an increased risk of
gout in Maori and people of Western Polynesian ancestry®.

Although the variants described so far probably increase the
risk of gout by increasing serum-urate levels, other variants are likely
to be involved in increased inflammatory responsiveness. IL-37 is
a pivotal anti-inflammatory cytokine that suppresses the activity
of IL-1f3, which mediates MSU crystal-induced inflammation. Vari-
ants in the /L37 gene are associated with an increased risk of gout
in hyperuricaemic individuals of self-reported Eastern or Western
Polynesian ancestry®®. Variants in CLNK, agene in close proximity to
the SLC2A91ocus, were suspected to confer, through the modulation
of innate immunity, a higher risk of gout in a Polynesian popula-
tion, including Maori from Aotearoa New Zealand and the Cook
Islands and Pacific people from Samoa, Tonga, Tuvalu, Tokelau and
Niue residing in Aotearoa New Zealand®. Wang et al.*® identified a
Polynesian-specific deletion associated with gout that implicated
class-l MHC-mediated antigen presentation in gout. Finally, a rare
variant of LDHD leading to lactate dehydrogenase D deficiency and
associated with autosomal-recessive early-onset gout was reported
in a Kanak family from New Caledonia®.

Beyond adominantrolein determining the onset of hyperuricae-
miaand gout, genetics has animportantinfluence on treatment out-
comes, particularly the safety of the main first-line ULT allopurinol,
whichinhibits xanthine oxidoreductase. HLA-B*58:01 has been shown
to increase the risk of severe cutaneous events during allopurinol
use and explains the increased frequency of these events in specific
populations, notably Han Chinese and Vietnamese populations® %,
HLA-B*58:01 was found to be almost absent in Indigenous peoples
of French Polynesia, in contrast to people living in French Polynesia
reporting Chinese ancestry, providing reassurance about the safety
of allopurinol to reduce the burden of gout in Indigenous peoples
in French Polynesia®. Furthermore, poor metabolizers of CYP2C9
could beatincreased risk of hepatotoxicity induced by the uricosuric
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drug benzbromarone, and frequencies of CYP2C9 poor-metabolizer
alleles were found to be significantly lower in peoples reporting
Eastern and Western Polynesian ancestries than in individuals of
European descent™.

Identifying genetic signatures of gout holds considerable promise
for the future healthcare of all populations. For other cardiometabolic
conditions, diagnostic panels and genetic scores are already being
usedin clinic settings for assessing drug reactions and successful early
disease-risk predictions (for example, clinicalimplementation by the
eMERGE Network in the USA”. However, the large genetic studies
driving these clinical advances lack data from Indigenous peoples,
including Pacific populations (Box 2).

Clinical presentation and experience of gout

in the Pacific

In addition to a high prevalence of gout (Table 1), Indigenous peoples
ofthe Pacific experience early-onset and severe gout. Family history of
goutand earlier age of onset are more commoninthese groups thanin
other ethnicgroups according to most epidemiological studies of gout
in the Pacific?****%, In Aotearoa New Zealand, first-degree relatives
with gout have been reported for 71.8% of Maori and 62.8% of Pacific
Peoples, compared with 51.2% of non-Maori, non-Pacific Peoples®.
In French Polynesia, 51.9% of the population reported having at least
one first-degree relative affected by gout™. The estimated mean age
at onset was 39 years for Maori and 34 years for Pacific Peoples liv-
ing in Aotearoa New Zealand, compared with 46 years for non-Maori,

non-Pacific Peoples®?. The 2021 epidemiological Ma’i u’u survey con-
ducted in French Polynesia showed a prevalence of 1.6% in the 18-29
years age group rising t0 16.9% in the 30-39 years age group®, being
particularly highin men (32.3%), whereas the prevalence of gout (deter-
mined using the same algorithm to classify people with and without
gout that was used in French Polynesia and metropolitan France*) in
New Caledonia, where Kanak ancestry is predominant, was estimated
tobel.1%inthe18-39 years age group*. Earlier onset of disease is also
observed in Native Hawaiians thaninindividuals of European descent
(50 versus 57 years of age)**. An earlier onset of gout is logically associ-
ated with a longer disease duration, which no doubt contributes to a
more severe clinical presentation of gout, particularly in the setting
of suboptimal treatment”. Cases of extensive tophaceous disease and
a high flare frequency are also present in Indigenous peoples of the
Pacific, withareported mean of 2.3 flares in 3 months in Maori or Pacific
Peoples compared with 0.3 flares in non-Maori non-Pacific Peoples,
and ahigher number of tophi in Native Hawaiians compared with peo-
ple fromother ancestries living in Hawai’i****%°°, As a consequence,
hospitalization rates for gout are high**'°°'°!, In a national study of
hospital admissions in Aotearoa New Zealand from 1999 to 2009 that
were attributable to or complicated by gout, Pacific Peoples and Maori
were over-represented (2.5% and 2.2% of 1-year hospital admissions,
respectively) compared with people of Asian (0.6%) and European or
other (0.8%) ancestry'®. A qualitative study demonstrated that the
personal impact of gout for Maori was considerable and worsened
the experience of the disease'*®>. Maori men with gout experienced

Table 2 | Genetic variants associated with gout in Indigenous peoples of the Pacific

Gene name Gene product Function Cellortissue Associated risks with variants Population Refs.
distribution
ABCG2 ABCG2 Urate excretion Kidney and other Increased serum urate levels and gout risk  Polynesian 68-71
tissues Increased gout flare frequency
Tophaceous disease
Earlier gout onset
SLC2A9 GLUT9 Urate reabsorption Liver and kidney Increased serum-urate levels and gout risk  Polynesian 81,82,84
Maori
SLC22A12 URAT1 Urate reabsorption Kidney Increased serum-urate levels and gout risk  Western 85
Polynesian
Maori
ABCC4 MRP4 Urate excretion Kidney and other Increased serum-urate levels and gout risk  Western 80
tissues Polynesian
Maori
MICA MHC class | Immune response Cell surface Increased gout risk Western 88
polypeptide-related receptor, Polynesian
sequence A non-specific Maori
CLNK Cytokine-dependent Immune response T cells, natural Increased gout risk Eastern and 87
hematopoietic cell killer cells, Western
linker mast cells Polynesian
Maori
IL37 IL-37 Immune response Skin, lung Increased gout risk in hyperuricaemic Eastern and 86
individuals Western
Polynesian
Maori
LDHD LDHD Urate excretion Non-specific Autosomal-recessive early-onset gout Kanaks (New 89

Caledonia)

ABCG2, ATP-binding cassette subfamily G member 2; CLNK, cytokine-dependant hematopoietic cell linker; GLUTY, glucose transporter protein 9; LDHD, lactate dehydrogenase D; MRP4,

multidrug resistance protein 4; URAT1, urate transporter 1.
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Box 2 | Addressing underrepresentation in gout genetics research

Less than 1% of genome-wide association studies (GWAS)

include participants from Oceania and this underrepresentation
threatens to exacerbate the health inequities already faced by
these populations''. Additionally, commonly overlooked is the
fundamental right that Indigenous populations have to equitable
representation in research projects. For example, in Aotearoa New
Zealand, there is a responsibility under Te Tiriti o Waitangi (The Treaty
between Indigenous Maori and the Crown) to ensure equitable
health outcomes (Article 3 of Te Tiriti) for Maori while guaranteeing
tino rangatiratanga (absolute sovereignty) over genetic data®.
Appropriate and ethical representation of Indigenous peoples in
genetic datasets is also crucial to ensure that these data are used to
maximize benefits for Indigenous peoples®.

Underrepresentation of Indigenous populations in genetic
research is a result of several issues that do not affect genetics
research in larger population groups, and which need to be
addressed if Indigenous peoples are to receive equitable
representation in genetic studies that would translate into equitable
medical care. These issues include mistrust of Western institutions,
ongoing colonization, misuse of samples and deficit framing (that is,
defining groups of people by their problems) in study reporting™"'#.
An additional issue for genetics research in Indigenous populations in
the Pacific is the generation of datasets of a sufficient size to enable
the conceptual advances that routinely come from genetics studies
in major population groups (for example, GWAS). Moreover, ancillary
data such as reference panels for imputation and expression data
such as Genotype-Tissue Expression database'**'**, equivalent
data for identification of candidate causal genes from GWAS and
linking to molecular mechanisms are lacking for populations of
Pacific ancestry. Further compounding these issues is a scarcity
of Indigenous researchers with the human genetics capabilities to
rectify these shortcomings.

To combat the issues described above, research projects
must ensure authentic engagement and partnership in the long

overwhelming pain symptoms, isolation and a negative effect of gout
on employment and relationships, not just for the individual but for
their whanau (family) and the wider community'®. Most considered
the disease with stoicism and all participants believed or had been
informed that gout is caused by dietary habits and/or drinking habits,
whichledtoaperception of self-inflicted disease and afeeling of guilt.

Gout, comorbidities and social determinants of
health in the Pacific

Goutis strongly associated with renal, cardiovascular and metabolic
diseases'®. These common comorbidities impose considerable chal-
lenges for the management and outcomes of gout, with cardiovascular
disease being the major cause of increased mortality in people with
gout'®.In Aotearoa New Zealand, metabolic syndrome, diabetes mel-
litus, cardiovascular disease and hypertension are common in people
with gout'®. The risk of cardiovascular disease remains high among
Maori and Pacific Peoples, with or without the additional risk factor
of gout'. Social determinants of health, including income, housing
conditions, work opportunities and access to health services, are

term. In the past decade there have been numerous examples

of successful engagement, consultation, relationship building,
workforce development and application of Indigenous-centric
ethical frameworks in genomics research with Indigenous Pacific
communities®'"4%%, For example, consistent and continuous
engagement with Ngati Porou Oranga, an Iwi (tribe)-led health
provider in Aotearoa New Zealand has led to a formalized
agreement between the Ngati Porou Oranga Charitable Trust and
the University of Otago outlining a framework for the use, storage
and protection of genetic data from participants, to workforce
development in the field of genetics of gout for young Maori

who whakapapa (genealogically connect) to the Ngati Porou

iwi with participants from the iwi included in genetic studies of
gout®®eoee88147 and to additional genetics projects including the
Variome and Rakeiora projects established by Genomics Aotearoa.
Programmes focused on workforce development and upskilling
of Pacific researchers have also been established, through

which dozens of Indigenous peoples from the Pacific are trained
every year'**7*°, Capacity and capability in genetic research are
critical to ensuring that Indigenous peoples retain rangatiratanga
(self-determination). In French Polynesia, community engagement
through interviews with community leaders was undertaken

prior to the Ma'i u’u study to assess the acceptability of the study,
and to determine how the collected data could be used and
returned to the community*"®, In summary, Indigenous-centric
ethical frameworks and approaches are essential for genetic
studies partnering Indigenous peoples with common principles
of genetic data sovereignty, transparency in data collection,
culturally appropriate narratives, dissemination of findings and
resources enabling communities to co-govern in the research
processes®'". Studies prioritizing these frameworks have the
potential to address the critical issue of the inequity of Indigenous
participations in genetic research, furthering genomic justice and
equity in genomics research for all population groups.

central in explaining the increased risk of cardiovascular disease in
Maoriand Pacific Peoples living in Aotearoa New Zealand'””. An asso-
ciation between gout and cardiovascular disease was reported ina
study using linked administrative data, highlighting worse outcomes
for Maori. For both men and women, compared with New Zealand-
ers of European descent, Maori had a much higher risk of a fatal or
non-fatal cardiovascular event within 5 years irrespective of gout
status (adjusted hazard ratio (HR) 1.79 for women and 1.59 for men)'°®,
Gout was associated was cardiovascular disease in both sexes (HR for
women1.34 and 1.18 for men). Although NSAIDs are generally recom-
mended for the treatment of gout flares, repeated courses of NSAIDs
for gout flares without the use of ULT reflect poor care and contribute
to the risk of kidney and cardiovascular disease'**". In 2016, 37% of
people with gout were dispensed an NSAID compared with23% of the
resident adult population in Aotearoa New Zealand; moreover, 47%
of Pacific Peoples and 41% of Maori with gout aged 20-44 years were
dispensed an NSAID compared with 34% of non-Maori non-Pacific
Peoples, according to National drug-dispensing claims'®. In the epide-
miological Ma’i u'u study in French Polynesia, strong associations were
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shownbetween gout and type 2 diabetes mellitus (odds ratio (OR) 2.1),
particularly in women with gout, 73.4% of whom also had diabetes®.
In New Caledonia, gout prevalence was associated overall with BMI
(adjusted OR, 1.2 per kg/m?) and waist circumference (adjusted OR 1.1
percm)*. In Hawai’i, diabetes mellitus, obesity and hypertension were
common among Native Hawaiian people with gout, at rates 0f 10.4%,
22.2% and 60.7%, respectively**. Putting these numbersinto context,
the NHANES studies, which involved a representative sample of US
adults, showed that type 2 diabetes mellitus was present in 33.1% of
people with gout versus 10.8% of those without, and the prevalence
of abdominal obesity was greater in people with gout (62.9% versus
35.3%), as was hypertension (69.1% versus 30.3%)"2. These comorbidi-
ties are therefore common in people with gout worldwide’ but are of
considerableimportance in the Pacific and they are highly influenced
by socialinequities, as the same barriers that prevent optimal manage-
ment of gout also affect management of these comorbidities. Inequity
occurs for Maori and Pacific Peoples across the entire causal pathway
of these co-morbidities.

Chronicinflammation secondary to uncontrolled gout might also
explain other associated comorbidities. A report from New Caledo-
nia showed an overrepresentation of amyloid A amyloidosis among
people of Kanak and Wallisian ancestry, being notably associated
with gout in a case series of 20 patients™®. Amyloid A amyloidosis is
generally secondary to chronic inflammatory diseases. This associa-
tion with gout could be explained by much longer and polyarticular
flares, and also by a high rate of skin infections, which frequently
trigger local gout flares.

Cultural experiences of illness and gout in

the Pacific

Experiences of gout in the Pacific have a specificimpact because the
disease isomnipresentin daily life owing to its high prevalence, and
because of local perceptions of disease and medicine. Contemporary
legacies of colonialism led among other effects to the eradication
of traditional practices, and current systems are designed around
western perceptions of illness and healthcare (Box 3). In Aotearoa
New Zealand, the traditional Maori perception of ilinesses considers
the general balance of health rather than each specific disease, and
gout is seen as an inherent part of this balance, which might not be
compatible with the perceptions of disease and medicine held by
European physicians*'>. To Maori, hauora refers to ‘holistic health
and wellbeing’, which means being well and in balance with the physi-
cal, spiritual and environmental community in which people live,
domains that are not all captured by quality-of-life indicators usu-
ally used in clinical studies™. Participants in interview studies have
described the recurrent experience of gout as eroding their wairua
(spirit)"™. Also, the role of whanau, a Maori concept of the collec-
tive representation of generations who share genealogical descent
(biologically or not), isimportantin how anindividual perceives the
disease and how it should be managed. “Gout runsin the whanau” has
been reported in participants’ interviews, demonstrating not only
a cultural understanding of the heredity of gout but also a shared
experience of how it should be managed (with ULT and/or sympto-
matic treatment depending on how other members of the whanau
had been treated)™.

Box 3 | Colonization and its impact on the health of Indigenous peoples of the Pacific

The arrival of European settlers in the South Pacific during the
eighteenth and nineteenth centuries had an enormous effect on

the region and its population. In addition to introducing infectious
diseases that took a heavy toll on Indigenous peoples of the Pacific,
colonization imposed abusive, exploitative and racist power relations
on local societies, and imposed Christianity. In Aotearoa New Zealand,
the confiscation of most of the whenua (land) by the British Crown

led to deep and consistent hardship, with resultant effects on critical
cultural assets by preventing Maori knowledge from being passed on
between generations'®*'**, Historical trauma caused by land loss was
also experienced by many other Indigenous peoples of the Pacific,
with inequitable health outcomes™™*'*°. The consequences of land
alienation for wellbeing and health, including debilitating sadness,
grief, anger, identity damage and cultural erosion'®, reverberate
down the generations and continue to this day, affecting interpersonal
and environmental relationships in communities™*"*”. Demography
and life expectancy as crude markers of health and wellbeing were
seriously affected, with a drastically contracted (almost halved) Maori
population until the twentieth century, as mortality increased and
fertility decreased owing to epidemics, warfare, land confiscation,
economic impoverishment and mass settler immigration'®.
Disparities between Maori and non-Maori life expectancy of ~7 years
have continued since the mid-1990s™°. Contemporary legacies of
colonialism are ongoing in the oppression and marginalization of
many Indigenous peoples of the Pacific, which are also reflected in
the eradication of ways of life, including traditional practices, social

structures, or traditional ways of knowing or knowledge creation'.
Most local health systems are primarily designed around a Western
model of health and illness in which Indigenous healthcare providers
are under-represented, far removed from traditional medicine and the
traditional views of health. This maladaptation of the health system
and social inequities contribute to the unequal access to health and
social services by Indigenous peoples™°.

Language can also be a substantial barrier to healthcare, as
healthcare providers usually use the language of the colonizers. In
the case of French Polynesia, although seven different Indigenous
languages are used across the >100 islands, doctors use French to
communicate with patients, whose command of the language varies
depending on their age, educational level and the remoteness of their
island from Tahiti"®. Social determinants of health also contribute
to ethnic differences in gout outcomes'®'®, The historical context
is important when considering health outcomes in Indigenous
peoples of the Pacific, and it gives the opportunity to reflect on how
Indigenous knowledge can provide possible solutions for current
public health crises and well-being in general’®'®*, Interventions
founded on these insights are relevant on a cultural and a community
level, to enable healing from historic injustices inherited from
colonization. In addition, local measures and health providers must
increasingly attempt to encompass traditional models of health to
promote holistic approaches and decolonize healthcare'®. Dealing
with the consequences of colonization has been a consistent part of
the Pacific region’s history for a long period of time.
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Similar representations of gout have been described in French
Polynesia. However, the perception of gout as a self-inflicted dis-
ease can also affect representations and experience of the disease.
Excessive intake of alcohol and food are seen as major determinants
of the disease and increase the perceived guilt (whakama) of being
‘afflicted’ by it, and this message continues to be conveyed by health-
care professionals’*"°, This sense of guilt from being afflicted with
a disease considered to be the consequence of ‘sins’ is fuelled by
the strong presence of European settler religions'”. However, the
literature does not uphold the perception of gout as self-inflicted
owingtodietand alcohol. For example, the Ma’i u’u survey in French
Polynesia demonstrated that alcohol consumption did not correlate
with having developed gout?’, and gout was not associated with
dietary factorsin New Caledonia*. Genuine community engagement
has also helped to destigmatize gout; providing the results of the
2021 study to people with gout living in Tahiti in 2023 was extremely
beneficial to the participants as it improved the perception of the
disease in the general population®", The understanding of the
importance of genetics in gout and genetic literacy is also helping
to eradicate this view'”’.

Current management and health programmes for
gout in the Pacific

Gout management methods are well established, with many treat-
ment guidelines recommending what should be the standard of
care!®1120121 Nevertheless, although the burden of gout continues
torise, its managementin clinical practice worldwide is notimprov-
ing, including throughout the Pacific'*%. Multiple factors explain the
poor management of gout, from social inequities in access to the
health system and medicines to inadequate training for health profes-
sionalsingout management. Accordingto a 2012 French Polynesian
survey of general practitioners comparing common practices there
and in metropolitan France, doctors in French Polynesia had suffi-
cient theoretical knowledge of how to manage gout, but, despite the
high prevalence of the disease, they did not adhere to international
guidelines; all of the physicians surveyed identified patients’ poor
compliance and failure to attend follow-up consultations as the main
obstacles'. A decade later, despite doctors dealing with gouton a
daily basis, only aminority of people with gout received an appropri-
ate prescription of ULT. Indeed, only 16.2% of participants with gout
had aserum-uratelevel of <6.0 mg dl™, and many patients had never

heard of ULT*. In addition to being a potential sign of miscommunica-
tion between doctors and people with gout, this under-prescribing
and lack ofinformation about the importance of ULT whilst providing
symptomatic treatment alone has been perceived in French Polynesia
and Aotearoa New Zealand as working in health professionals’ favour
by ensuring revenue*" . In the survey from New Caledonia, less than
half of people with gout were receiving ULT (45.9%), and only 29.6%
of them were at the target serum-urate level of <6.0 mg dI™, despite
the fact that the cost of these drugs were covered by the healthcare
system*.

The cost of chronic disease management and long-term medica-
tions is a further barrier for patients throughout the Pacific region.
Anoverview by the Pharmaceutical Management agency of New Zea-
land emphasized inequities in gout management, including that the
ULT dispensing rate according to clinical need was lower for Pacific
Peopleslivingin Aotearoa New Zealand than for non-Pacific Peoples,
which was attributed to reduced access to primary healthcare'*.
In addition to the cost and physical barriers from reaching clinics
to seek healthcare (for example, lack of public transport, opening
hours)™, structural barriers created by prescribing biases and a
lack of cultural safety further limit effective gout management. In
Aotearoa New Zealand, Maori and Pacific Peoples also receive less
regular ULT”. There is no evidence that the available gout treat-
ments are less effective in Indigenous peoples of the Pacific, but
higher doses of ULT can be required to achieve therapeutic targets'”.
Indeed, Wright et al. showed that Pacific Peoples living in Aotearoa
New Zealand need higher doses of allopurinol than Maoriand other
New Zealanders to achieve the target serum-urate level”. This need
mightbe attributable to the ABCG2rs2231142 (Q141K) gout-riskallele,
which is more common in Pacific Peoples and which is consistently
associated with the need for more allopurinol to achieve the target
serum-urate level**?1%%,

Aotearoa New Zealand national health data from 2016-2017 found
that 13.8% of Maori adults and 15.5% of Pacific Peoples adults did not
take prescribed medications because of costs. Health-related costs (for
example, for medicines, travel to clinics or time off work) are also com-
monly seento compete with the primary needs of daily life, particularly
foryounger people with gout™. From the perspective of patients, the
community and health professionals ingeneral practice, when inequity
remains pervasive, general-practice initiatives are inhibited without

aligned resourcing or incentives'”.

Table 3 | Examples of current programmes for the management of gout in the Pacific region

Location Programme Description Ref.
Aotearoa Ola Manuia: Pacific Health and Accompanying actions for the health and disability system for Pacific Peoples 139
New Zealand Wellbeing Action Plan 2020-2025 to achieve equitable health outcomes

Aotearoa Counties Manukau DHB ‘Owning My Improving ULT using culturally appropriate communication in Maori and Pacific 131
New Zealand Gout’ Peoples with gout

Aotearoa Northland DHB ‘Gout Stop’ Improving ULT using culturally appropriate communication in Maori and Pacific ~ 130
New Zealand Peoples with gout

Aotearoa Quantitative assessment of Pacific Observational study using routinely collected data to determine the prevalence 138
New Zealand Peoples’ gout health burden and of patients with gout, the proportion whose serum urate level is monitored and

treatment need

prescriptions of ULT

Local therapeutic education focusing
on gout

French Polynesia

People with gout diagnosed at the Taaone hospital 17
Individual interviews and providing of information on gout and its treatments

DHB, district health board; ULT, urate-lowering therapy.
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Future directions for research and management of

gout in the Pacific

Recognizing the needs of Maori and Pacific Peoples in Aotearoa New
Zealand, the ‘Gout Stop’ and ‘Owning My Gout’ programmes were devel-
oped for primary care to optimize the use of ULT"°. These programmes
included culturally appropriate education and support for patients and
primary healthcare professionals. In the Gout Stop programme, more
non-Maorinon-Pacific New Zealanders fully completed the programme
(thatis, they achieved full titration of ULT doses), but of those who
completed the programme, more Maori than non-Maori maintained
long-termadherence to ULT. Initially,179 people were enrolled but 64%
were not visibly active in the programme after 3 months. Ofthose who
achieved a serum-urate level <0.36 mmol I (<0.6 mgdI™), 17% identi-
fied asMaoriand 29% as Pacific Peoples, compared with 40% non-Maori,
non-Pacific New Zealanders, making this an anti-equity programme®".
Similarly, with Gout Stop the programme completion rate was 55%
for Maori and Pacific Peoples compared with 84% in the non-Maori,
non-Pacific Peoples group. Non-Maori, non-Pacific participants were
more likely to achieve the target serum-urate level (50%) than Maori
(39%) or Pacific Peoples (30%) participants. These results from real-life
clinicalinterventions demonstrated animprovement of ULT prescrip-
tion and adherence, but were still far from the near-perfect results
reportedinthenurse-led carerandomized controlled trial carried out
in the UK™*', Patient preconceptions relating to gout were identified
asstrongly influencing participationin the Gout Stop and Owning My
Gout programmes'”, These preconceptionsincluded old beliefs about
the causes of gout, whakama or shame associated with gout and lack
of acceptance that gout is along-term condition.

Driving change in gout management for Indigenous peoples of
the Pacific requires partnership with recognition of their realities,
worldviews and health™*"”. New endeavoursin Aotearoa New Zealand
are taking place (Table 3); for example, a new programme is being
co-designed with community members from the Pacific People’s
Health Advisory Group, clinical staff from the Pacific Practice-Based
Research Network and University of Auckland researchers toimprove
successful ULT management in Pacific Peoples from Aotearoa New
Zealand™®, Another example is the Pacific Health and Wellbeing Action
Plan 2020-2025, a holistic approach to healthcare that includes rec-
ognition of traditional healing modalities of Pacific Peoples™’; there
are no implementation data yet from this programme. The commu-
nity’s involvement in developing, implementing and delivering a
Pacific-specific ULT management programme was recommended as
part of the Te Mana Ola (Pacific Health Strategy plan), one of the five
key priorities of which is Autonomy/Determination (Soalaupule), on
whichthese new approaches are based. Others have called for a national
gout-specific strategy, with the development being framed authenti-
cally with co-creation in structure, legislation, policy and delivery™.
Finally, including Indigenous people of the Pacific in the early phases
of new drug development is needed.

Conclusions

Hyperuricaemiaand gout are notably prevalentinIndigenous peoples
throughout the Pacific. Cardiometabolic and renal comorbidities are
often present, and associated mortality is high. The genetic basis of
goutinIndigenous peoples of the Pacific is acomposite of risk alleles
shared between populations and population-specific risk alleles. Gout
remains an equity issue with suboptimal management, particularly for
Indigenous Peoples of the Pacific. Culturally safe programmes that
deliver appropriate patientinformation and enable the diagnosis and

management of gout and its comorbidities are needed to control this
major public health issue in the Pacific region. Adequate teaching
and activation of the health workforce should be prioritized around
appropriate ULT prescribing and management, and debunking colonial
views of gout as a self-inflicted disease caused by dietary indiscretion.
Respective governments should ensure the urgentimplementation of
pro-equity strategiesin partnership with Indigenous communities. This
approach could be overseeninamulti-country, pan-Pacificapproach,
with appropriate resourcing and sharing of knowledge.
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Stem and progenitor cellsinthe

synovial joint as targets for
regenerative therapy
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Abstract

Sections

Damage to articular cartilage, tendons, ligaments and enthesesas a
result of trauma, degeneration or inflammation in rheumatic diseases
is prevalent. Regenerative medicine offers promising strategies

for repairing damaged tissues, with the aim of restoring both their
structure and function. While these strategies have traditionally relied
ontissue engineering approaches using exogenous cells, interventions
based onthe activation of endogenous repair mechanisms are

an attractive alternative. Key to advancing such approachesisa
comprehensive understanding of the diversity of the stem and
progenitor cells that reside in the adult synovial joint and how they
function to repair damaged tissues. Advances in developmental
biology have provided alens through which to understand the origins,
identities and functions of these cells, and insights into the roles of
stem and progenitor cells in joint tissue repair, as well as their complex
relationship with fibroblasts, have emerged. Integration of knowledge
obtained through studies using advanced single-cell technologies will
be crucial to establishing unified models of cell populations, lineage
hierarchies and their molecular regulation. Ultimately, amore complete
understanding of how cells repair tissues in adult life will guide the
development of innovative pro-regenerative drugs, which are poised
to enter clinical practice in musculoskeletal medicine.
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Key points

= Joint tissues are susceptible to damage that often does not
adequately heal without intervention and can predispose to
osteoarthritis.

= Understanding the regenerative biology of the synovial joint
will guide the development of therapeutic strategies to activate
endogenous repair mechanisms and improve outcomes.

= In adult joint tissues, stem and progenitor cell niches are present
in the synovial lining and sublining, the paratenon and tendon sheath,
the superficial zone of cartilage and the subchondral bone marrow.

= The identity and functions of the different stem and progenitor cell
populations in adult joint tissues can be understood in the context
of their diverse developmental origins.

= The synovium could be a reservoir of joint-repairing cells,
and cells from bone marrow can contribute to the repair of
osteochondral defects.

= Single-cell technologies offer the opportunity to establish integrated
models of cell populations and lineage hierarchies and their molecular
regulation.

Introduction

Damage of joint tissues is very common and is typically the result of
high-impact or cumulative low-impact repetitive trauma, age-related
degeneration or inflammation in rheumatic conditions. Cartilage
defects are detected in -60% of all arthroscopic procedures'’.
Osteoarthritis (OA) is a degenerative joint disease characterized by
loss of cartilage, and its prevalence is increasing owing to ageing of the
population®. Theincidence of early-onset OAis also rising, attributable
in parttotheincreased prevalence of obesity*. Knee OA is the most com-
mon and disabling form of OA and accounts for ~85% of the disability
burden of OA*’. In addition, patients with inflammatory arthritis often
develop cartilage and enthesis damage. Repair of damaged tissues is
therefore an unmet clinical need inrheumatology.

Regenerative medicine, which is aimed at repairing damaged
tissues without scar formation and restoring structure and function,
involves two main therapeutic strategies. The first strategy reflects
traditional tissue engineering and relies onimplantation at the site of
damage of exogenous cells, often after expansionin culture, or of tissue
constructs generated in vitro by combining cells and biomaterials, with
or without growth factors (Box 1). The second approach relies on the
activation of intrinsic repair mechanisms by pharmacologically target-
ingendogenous stemand progenitor cells and related morphogenetic
pathways®. Although tissue engineering approaches can, theoretically,
provide alifelong solution, the manufacturingis expensive and labori-
ous, leadstoaproductthatis often unreliable andis subject to the sub-
stantial challenges posed by the regulatory requirements for advanced
therapy medicinal products, which are primarily related to the ex vivo
manipulation of cells. Instead, atraditional pharmacological approach
based on pro-regenerative drugs with consistent composition and
reliable potency would be highly desirable for ease of production
and regulation. The development of these pro-regenerative drugs

would be enabled by an in-depth understanding of the regenerative
biology of the tissues to be repaired.

For centuries, the articular cartilage has been deemed unable
to heal itself after injury. However, growing evidence suggests that,
under certain conditions, the joint surface has intrinsic healing ability’.
Inhumans, interventions that target joint biomechanics, such asjoint
distraction, canresultinincreased cartilage thickness, presumably due
tointrinsic repair®. Similarly, some mouse strains have the capacity to
heal cartilage defects™. These observations prompted investigation
of the underpinning repair mechanisms.

Postnatally, tissue healing is believed to recapitulate, to some
extent, the processes of tissue formation during embryonic develop-
ment, involving a series of spatiotemporally patterned events that
include the proliferation of stem and progenitor cells and their migra-
tion and differentiation into mature cell types". In adult life, stem-cell
function persistsin tissues and organs, including the synovial joint, to
replace cells that are lost to physiological turnover, injury or disease.
Numerous studies have identified stem cells in bone marrow, which
are often referred to as skeletal stem cells. However, the distinction
between stem cells and progenitor cells is often not clear, primarily
owing to limited evidence of self-renewal ability, and we therefore col-
lectively refer to stem cells and progenitor cells as SPCs throughout this
Review. Inthisarticle, we review fromadevelopmental perspective the
endogenous SPCsthatresidein various nichesinthe adult synovialjoint
inmammals and their roles inrepair, and provide examples of how this
knowledge is informing the development of pro-regenerative drugs.

Regenerative biology of the synovial joint

The musculoskeletal system is a complex integration of morphologi-
cally heterogeneous components and different tissues. It seems unlikely
that a single hierarchical cell-lineage tree similar to, for example, the
haematopoietic system, could exist to maintain and repair skeletal
tissuesinadultlife. Instead, accumulating evidence points to the exist-
ence of multiple SPC populations with diverse developmental origins
and functions residing in the various tissues. Of note, skeletal cells
remain confined within their local environment. Tracing of perichon-
drial cells from mouse embryonic life on the basis of expression of
Hoxall, which has a critical role in morphogenesis, specifically of the
zeugopod (consisting of the radius and ulna, and the tibiaand fibula)™,
showed that these cells give rise to chondrocytes, osteoblasts and
bone-marrow adipocytes, and persist up to at least 1 year of age, while
remaining restricted to their anatomical domain, the zeugopod"
(Fig. 1). Hoxall continues to be expressed in the zeugopod tissues in
adult mice™", and Hox11 loss of function results in impaired fracture
healing in the ulna (zeugopod) but not the femur (stylopod)*, indicat-
ing that Hox genes remain functionally importantinadult SPCs. These
findings supportamodel whereby the ‘seeding’ of skeletal tissues with
lifelong SPCs occurs around the time that tissues form and mature, in
the embryo orinearly postnatal life, and these cells specialize to locally
maintain and repair the tissue and/or organ they reside in.

Stem and progenitor cells in bone marrow

Fibroblast-like cells with chondro-osteogenic differentiation potency
can beisolated and culture expanded from bone marrow. This obser-
vation, together with the view that microfracture would enable sub-
chondral marrow cells to move into the cartilage lesion and promote
repair, contributed to the idea that bone marrow could be a source of
cartilage-repairing cells. Prospective isolation of cells from human
bone marrow using cell-surface markers such as STRO-1 (ref.15), CD271
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Box 1| Exogenous cell therapy

Cell therapy for repair of cartilage defects

Most defects of the articular cartilage are partial thickness and do not
reach bone, and only about 5% are full thickness'. However, as partial-
thickness lesions are debrided during surgery to full thickness, repair
strategies focus on the treatment of full-thickness cartilage defects.

Autologous chondrocyte implantation (ACI): culture-expanded
chondrocytes, isolated from a biopsy sample taken from a healthy
and unloaded area of knee cartilage, are implanted into the defect'.
= Results from up to 20 years’ follow-up demonstrated that ACl is
an effective and durable treatment of large cartilage defects in
the knee'™.
= Prospective, randomized, multicentre trials comparing ACI
with microfracture, in which subchondral bone is perforated to
enable cells and factors from bone marrow to stimulate repair™,
have shown structurally superior repair tissue following ACI at
12 months'®, with a superior clinical outcome at 36 months™®.
A clinically superior outcome at 5 years was reported only
in participants with symptom duration <3 years'". A separate
study reported no difference between ACIl and microfracture at
14-15 years’ follow-up™®.

« ACI has evolved through studies aiming to improve and
standardize the manufacturing of the chondrocyte preparation
and to optimize delivery, for example, through arthroscopy, the
use of a hydrogel as a carrier and the implantation of cultured
chondrocytes seeded on a collagen membrane'®®.

« Afurther advancement is matrix-associated ACI using

spheroids, which utilizes aggregates of culture-expanded

(ref.16),CD146 (ref.17), CD51and PDGFRa'®, or amore elaborate com-
bination of markers'’, together with cell transplantation experimentsin
animal models to demonstrate in vivo multipotency, and insome cases
self-renewal ability, identified partly overlapping SPC populations.
Genetic cell-labelling and tracing studies in mice further enhanced
our understanding of the identity, location and function of the SPCs
inbone marrow. Seminal studies identified perivascular SPCs marked
by expression of Pdgfra and Scal (ref. 20), Nestin**? or leptin receptor
(LepR)**?**, again with some overlap between populations, which were
found to support haematopoiesis and to contribute to osteogenic and
adipogenic lineages®**. In addition, a distinct population of osteo-
chondroreticular SPCs expressing Gremlin-1was described and shown
to contribute to early postnatal bone growth and fracture repair in
adult mice”. These and other studies revealed how SPCs identified
in adult bone marrow are heterogeneous and specialize to primarily
support bone turnover and repair, or marrow functions®. The exist-
ence of asingle stem cell giving rise to all cartilage, bone and stromal
lineages through adefined hierarchy of lineage-restricted progenitors
that could each beidentified by acombination of cell-surface markers
was proposed in mice” and humans'®, although the co-existence of dis-
tinct stem cells has since been recognized®, as supported by previous
studies (reviewed elsewhere®). Studies from the past few years have
continued to add to our understanding of how SPC populations change
at different stages of life to support development, postnatal growth,
homeostasis and repair after injury”®***°, and how alterations in SPCs,
including reductionintheir skeletogenic potential, can contribute to or

autologous chondrocytes and their self-synthesized extracellular

matrix".

Mesenchymal stromal cell (MSC) implantation: culture-expanded
or minimally manipulated MSCs are used in an ACI-like procedure.
= Several clinical studies using MSCs, primarily from bone marrow
or adipose tissue, for cartilage repair have shown promising
results, albeit with variable structural outcomes ranging from
hyaline-like cartilage to fibrous tissue, and allogeneic MSCs have
shown a satisfactory safety profile'®*'*°.,

Cell therapy for osteoarthritis

= A systematic review of evidence from 16 randomized clinical
trials that included 612 patients showed that intra-articular
injection of autologous or allogeneic MSCs provides better
pain relief and functional improvement than cell-free therapy
for knee OA™'.

= MSCs seem to mediate beneficial effects primarily via
paracrine signals such as the release of growth factors and
immunomodulatory properties'®®.

= However, a multicentre, single-blind randomized controlled trial
involving 480 patients with knee OA investigated the safety and
efficacy of cell injections from autologous bone marrow aspirate
concentrate, autologous adipose stromal vascular fraction
and allogeneic human umbilical cord tissue-derived MSCs, in
comparison with corticosteroid injection. At 1-year post-injection,
there was no difference in clinical outcome between groups, and
no evidence of structural improvement on MRI'%,

result from ageing®*2. Key studies and their findings are summarized
in Table 1. It remains challenging, however, to integrate findings from
various studies into unified models, partly owing to the use of different
markers that could identify cells at different stages of lineage commit-
ment and might not retain consistent expression patterns at different
life stages or in different contexts, such as after injury.

Many studies have shown that various SPC populations contrib-
ute to the transient cartilage of the callus in models of bone fracture
(Table1). However, few studies have evaluated their response in models
of osteochondralinjury. Lepr-lineage cells were found to make aminor
contribution to the repair of deep osteochondral defects*, and SPCs
as previously defined by a set of cell-surface markers” were detected
in the repair tissue of osteochondral lesions that were deep enough
to access the underlying bone marrow™. Conversely, tracing of SPCs
marked by perinatal and postnatal expression of osterix, which had
previously been shown to contribute to fracture callus formation®,
showed that these cells made a negligible contributionto the repair tis-
suefilling the osteochondral defects. The extent of the contribution of
bone marrow SPCs to the repair of osteochondral defects thus remains
unclear and could represent a context-dependent stochastic event.

Stem and progenitor cellsin the synovial joint

Initial evidence of the existence of SPCs in the synovial joint in vivo
came from a study that used a double-nucleoside-analogue labelling
schemein amouse model of articular cartilage injury to show the pres-
ence of label-retaining (that is, slow-cycling) cells in both the lining
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Fig.1| Overview of limb development and synovial joint formation. During
embryogenesis, the embryo organizes into three germ layers, the ectoderm,
mesoderm and endoderm, in a process called gastrulation. The mesoderm,
which eventually gives rise to tissues that include muscle, dermis, cartilage and
bone, undergoes segmentation to form axial, paraxial, intermediate and lateral
domains. The paraxial mesoderm segments into somites, which later contribute
to the formation of the axial skeleton and skeletal muscles of the trunk. As the
somites mature, different regions of the somites commit to diverging cell fates.
The sclerotome, which eventually forms cartilage and bone, differentiates first,
followed by differentiation of the dermomyotome into the dermatome and
myotome. Finally, the syndetome, which gives rise to tendons, forms from the
dorsolateral domain of the sclerotome, induced by signals from the adjacent
myotome. Cells within the sclerotome, myotome and syndetome migrate

into the developing limb bud and contribute to fibroblast populations within
thelimb and to the formation of entheses, myotendinous junctions and bone
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superstructures. The limb bud mainly forms from the somatic layer of the lateral
plate mesoderm, with patterning across the limb directed by the differential
expression of Hox genes. Cartilage templates, from which the long bones form,
develop by chondrogenesis of mesenchymal condensations and are surrounded
by the perichondrium. At the site of a prospective joint, a cluster of mesenchymal
cells assembles, called the joint interzone. Characterized by the expression of
genes involved in the specification of cells for joint formation, such as Gdf3,
thejointinterzone cells give rise to various joint tissues, contributed toby a
continuous influx of cells from the surrounding tissue. Further development
ofthe limb occurs in a proximodistal fashion, starting with the proximal-most
compartment of the limb (humerus or femur), called the stylopod, followed

by development of the middle limb compartment (radius/ulna or tibia/fibula),
the zeugopod, then the distal-most limb compartment (carpals/metacarpals,
tarsals/metatarsals, phalanges), the autopod.

and sublining synovium that were distinct from pericytes and that,
after cartilage injury, proliferated and formed ectopic cartilage in
the synovium®. Subsequently, lineage-tracing studies advanced the
understanding of the developmental origins and biology of SPCs in
thejointtissues. In mouse embryos, the development of the appendicu-
lar skeleton starts with the emergence of the limb bud from the lateral
plate mesoderm at around embryonic day 9 (E9). From around E11.5,
mesenchymal cell condensations undergo chondrogenesis to giverise
tocylindrical primary cartilage templates sheathed by perichondrium.
At the site of a prospective joint, a stripe of mesenchymal cells, called
thejointinterzone and characterized by the expression of distinct genes
such as Gdf5 (encoding growth differentiation factor 5), emerges that
segments the cartilage template. Lineage-tracing of Gdf5-expressing
jointinterzone cells revealed that these cells give rise to various joint
tissues, including articular cartilage, intra-articular ligaments and parts
of the synovium®*~*°, The joint interzone cells are recruited, at least in
part, from the surrounding tissue flanking the cartilage template*’,
and the continuous influx of SPCs into the joint interzone sustains
joint development* (Fig. 1). Tracing of Gdf5-lineage cells into adult-
hood, using a model controlled by a Gdf5 regulatory sequence that
is active in the mouse knee joint interzone during development but
not in adult knees**** showed that Gdf5-lineage cells persist in the
jointtissues throughout life** %, suggesting that this lineage contains
lifelong self-renewing stem cells. In adult synovium, Gdf5-lineage cells
are a subpopulation of Pdgfra-expressing stromal cells with minimal

overlap with cells expressing the bone marrow SPC markers Nestin,
LepR or Gremlin-1, and were shown in vitro to have superior ability
to form cartilage and a synovial-lining-like layer but poor osteogenic
capacity®®. After cartilage injury, the Gdf5-lineage cells proliferated
(resulting in synovial hyperplasia), populated the cartilage defect and
underwent chondrogenic differentiation to effect cartilage repair™.
Conditional ablation of the transcriptional cofactor Yes-associated
proteininthe Gdf5-lineage cells prevented synovial lining hyperplasia
and markedly reduced the contribution of Gdf5-lineage cells to cartilage
repair®®. These findings demonstrated a functional heterogeneity of
joint-resident SPCs, with Gdf5-lineage cells repairing articular cartilage
afterinjury. However, the tissue of origin of the cartilage-repairing cells
remains undefined.

Articular cartilage itself contains progenitor cells located at the
surface of the tissue*. Tracing of Prg4-expressing cells from the superfi-
ciallayer of the developingarticular cartilage showed that their progeny
gradually gaverise to chondrocytesinto deeper regions of the cartilage
asmiceaged*. Cells in the superficial layer of cartilage were also shown
to divide slowly and to express SPC markers*. Prg4-lineage cells have
been shown to populate cartilage defects after injury***%, and to dif-
ferentiate into aggrecan-expressing chondrocytes®. However, Prg4
is also expressed by Gdf5-lineage cells in the synovial lining, and the
extensive expansion of both Gdf5and Prg4lineagesin the hyperplastic
synovium following cartilage injury, together with a general absence of
proliferating cellsin the cartilage surrounding the defect®®**®and alack
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of detectable contribution from lineage-traced Aggrecan-expressing
cartilage cells to the repair tissue**, led to the suggestion that the chon-
droprogenitors that repair cartilage could originate primarily from
synovium rather than the superficial zone of cartilage. The in vivo
chondrogenic potency of Prg4-expressing cells in the synovial lining is
further demonstrated by their progeny giving rise to chondrocytesin
developing osteophytesin experimental OA, with lineage-traced Prg4-
expressing cells persisting in the cartilage cap of mature osteophytes®,
which overlies the newly formed bone, likely originating from SPCs
in the periosteum***°. Of note, Prg4 expression itself is downregu-
lated after injury*® and Prg4-null mice display extensive ectopic
chondrogenesis, as demonstrated in the temporomandibular joint®".

The adult subchondral bone and marrow are also populated by
GdfS-lineage cells®, which probably arise during formation of the

secondary ossification centre. Unlike the primary ossification cen-
tre, which forms in the embryo through the invasion of the miner-
alized cartilage by blood vessels and associated osteoprogenitors
from the surrounding perichondrium®, secondary ossification is
initiated after birth by invagination at the periarticular surface and
the invasion of SPCs into the epiphyseal cartilage, which precedes
mineralization and vascular invasion®***, These invading periarticu-
lar cells give rise to osteo-lineage cells, adipocytes and perivascu-
lar cells within the epiphyseal bone compartment™. It thus seems that
the subchondral bone compartment houses a distinct stromal cell
lineage that shares a developmental origin with the overlying carti-
lage. Whether these cells are functionally distinct from other bone
marrow SPCs and have a role in maintaining or repairing cartilage
isunclear.

Table 1| Key studies reporting skeletal stem and progenitor cell populations in mouse bone

Refs. Main marker(s) Other marker(s) Anatomical site Function
Morikawa Pdgfra, Sca-1 CD29, CD49e, CD44, Perivascular Differentiate into osteoblasts, adipocytes and HSC
etal.”® CD105, CD133, niche cells following transplantation

PdgfrB, Ang-1

Méndez-Ferrer ~ Nestin Cxcl12, Adrb3, Ang-1 Perivascular Contribute to skeletal remodelling and HSC maintenance
etal.”!
Kunisakietal.”  Nestin Nes—GFbe‘g“‘: Ng2; Nes-GFPb_"gh‘: periarteriolar; Periarteriolar Nestin-expressing cells co-expressing the
Nes-GFP™: Lepr Nes-GFPY™; perisinusoidal pericyte marker NG2 are required for HSC maintenance
and to promote HSC quiescence
Arranz et al.'®® Nestin Cxcl12 Perivascular Cxcl12 production by Nestin-expressing cells negatively
regulates HSC activity
Ding etal.”® Lepr Scf, Pdgfra, Pdgfr3, Cxcl12  Perivascular Support HSC maintenance in adult bone marrow
Zhou et al.** Lepr Prx1, Pdgfra, CD51, PdgfrB, Perisinusoidal, periarteriolar Main source of new bone and adipocytes in adult bone
CD105, Scf, Cxcl12 marrow; contribute to repair following bone fracture or
osteochondral injury
Shen et al.*® Lepr Oln Periarteriolar Osteogenic progenitors maintained by mechanical
stimulation; increase in number after fracture and are
depleted during ageing
Pineaultetal.®, Hoxall Pdgfra, CD51, Lepr Zeugopod Contribute to bone, cartilage and bone marrow
Rux et al.* adipocytes; contribute to fracture repair in the zeugopod
Worthley etal.”®> Grem1 CD105, distinct from Trabecular bone and growth Osteochondroreticular cells; lack adipogenic potential;
Nes-GFP cells plate region; not perisinusoidal involved in postnatal bone growth, bone remodelling and
fracture repair
Chan et al.” CD45Ter1197Tie2” Not reported Isolated from long bones Expand following fracture; give rise to chondrocytes and

CD51"
CD90”

6C3°CD105°CD200"

osteocytes following transplantation

Ambrosi et al.*”

CD457Ter1197Tie2”
CD51"
CD90”

6C3°CD105°CD200"

Not reported

Isolated from long bone

Decreased activity in aged mice compared with
young mature mice following transplantation and in
fracture repair

Mizuhashi Pthrp Subset of CD457Ter119” Growth plate (resting zone) Contribute to growth plate, bone and bone marrow
etal.™® CD31°CD51'CD90 CD105™ stromal cells but not adipocytes

CD200" cells
Muruganandan  Foxa2 Not reported Growth plate (resting zone) Can become Pthrp* cells; contribute to growth plate
etal.” cartilage maintenance and repair following injury
Matsushita Fgofr3 Subset of CD45 Ter119” Endosteum Following transplantation, contribute to chondrocytes and
etal.® CD31°CD51°CD90" osteoblasts in fracture callus, as well as reticular cells and

CD200" cells

marrow adipocytes; supply osteoblasts to the repair of
cortical bone injury in juvenile mice but not in aged mice

HSC, haematopoietic stem cell; MSC, mesenchymal stromal cell; Nes-GFP, Nestin-green fluorescent protein.
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Fig.2|Overview of skeletal stem and progenitor
cell populations in the synovial joint. Stem

and progenitor cells (SPCs) have been identified
within various joint-associated tissues. Among
the most highly investigated are SPC populations
residing within bone marrow, whichinclude cells
around sinusoids and arterioles, and at endosteal
surfaces. SPCs are also present in the superficial
zone of articular cartilage and in the membranes
that surround the joint and its related structures,
including the synovium and periosteum. In the
synovium, SPCs are present among the Prg4-
expressing cellsin the lining and among the
fibroblasts in the vascularized sublining. FLS,
fibroblast-like synoviocyte; MLS, macrophage-like
synoviocyte.

In summary, the synovial joint holds multiple spatially distinct
SPCs across its tissues (Fig. 2), with the ability to repair cartilage
and participate in tissue-remodelling processes such as osteophyte
formation in OA. It remains to be fully clarified whether these
tissue-resident SPCs in the synovial joint have equal functional plastic-
ity with stochastic, context-dependent outcomes or diverse, intrinsic
tissue-formation abilities.

Stem and progenitor cellsin the tendon and enthesis

Tendons and ligamentsinsertintointra-articular or periarticular bone
viafibrocartilaginous entheses, which are vulnerable to inflammation
and injury®. Damage to the enthesis in adulthood often resultsin a
disorganized, scar-mediated repair tissue with inferior biomechanical
properties and susceptibility to repeatinjuries. Inthe past decade or so,
elegant studies have uncovered mechanisms of bone superstructure
formation that result in the three-dimensional shaping of the bones,
including condyles at articulating surfaces, bone eminences that
serve as tendon-attachment sites and sesamoid bones**°°. Shortly
after the establishment of the cartilage template, distinct bipotent
Sox9'Scx* progenitors arise at its boundaries with the surrounding
Scx-expressing tendon primordia®*° and differentiate into either
chondrocytes or tenocytes to formthe bone eminences and attachment
units®*2, which postnatally mature to form the entheses. Interestingly,
althoughthecellsintheearly lateral plate mesodermal condensations
are generally thought to give rise to the limb mesenchymal cells®?,
an SPC population characterized and regulated by expression of the
transcription factor Hicl was shown to migrate into the developing
limb bud from the syndetome and sclerotome compartments of the

somite, alongside myogenic progenitors migrating from the dermo-
myotome and projecting nerve axons®* (Fig. 1). Progeny of Hicl" cells
gave rise to various fibroblast populations throughout the limb®*,
as well as the bipotent progenitors forming the bone eminences
and fibrocartilaginous entheses®. The latter also derive from Gdf5s-
lineage progenitors®®®, indicating at least partial overlap between the
somite-derived migratory progenitor population and the cells of the
jointinterzone that give rise to the joint tissues.

Both articular hyaline cartilage and entheseal fibrocartilage
continue to develop and mature postnatally under the influence of
mechanical forces, withinterstitial growth of the tissue driven primarily
by an increase in cell size and extracellular matrix deposition rather
than by proliferation, and these cartilage tissues are protected from
undergoing remodelling to bone***”"*°, Enthesis formation is driven
by Hedgehog signalling®$’%”!, which is regulated by primary cilia that
link mechanosensing to enthesis formation and response to loading.
Hedgehog-responsive Glil" cells persist in the mature enthesis at the
border between the non-mineralized and mineralized fibrocartilage,
but their repair response was shown to be overwhelmed by fibrous
scarringinamouse model of full-depth supraspinatus enthesis injury’.
Interestingly, sorted and cultured Glil* cells isolated from developing
entheses in early postnatal mice promoted regeneration after trans-
plantation into the same adult injury model™, suggesting that failure
torepair mightbeattributable toalimited presence or reduced activity
of SPCsinthe mature enthesis. This and other studies using single-cell
transcriptomics are corroborating and extending our understanding
of the cellular and molecular mechanisms of enthesis development
and maturation®”*”, which could help to informstrategies to promote
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repair of the mature enthesis, for example, through moderate exercise
to stimulate the recruitment of Prrx1* progenitors via ciliary TGF(3
receptor 2 signalling”.

Cells have been isolated from tendons that, following culture
expansion, were able to form tendon-like or enthesis-like tissues in
models of heterotopic transplantation’. On the basis of the presence
of nucleoside-analogue-retaining cells, it was suggested that these
SPCs reside within the tendon midsubstance, interspersed among
tenocytes’™. However, convincing evidence of their in vivo location
was lacking. The tendon midsubstance is surrounded by membranes,
the epitenonand paratenon, and at areas of high frictioniswrappedin
synovium, known asthe tendon sheath. Lineage-tracing and single-cell
transcriptomic studies have revealed that tendon repair following
injury is mediated primarily by SPCs in the paratenon or synovial
tendon sheath®’7-%2, These cells extensively proliferate after injury
and supply progeny that infiltrate the injured tendon and undergo
tenocyte differentiation’”%%%2, Sheath SPCs were identified as a
Tppp3* subset of Pdgfra* cells” that are also marked by expression
of Bglap (encoding osteocalcin)’’. Hedgehog signalling is upregu-
lated after tendoninjury and stimulates Tgfp signalling that promotes
the proliferation of tendon sheath cells and upregulates tenogenic
gene expression, mediated at least in part by Smad3 binding to the
Mohawk promoter”, a key tenogenic transcription factor®. Their
proliferation and tenogenic differentiation is also dependent on Pdgf
signalling, with conditional knockout of Pdgfrain Tppp3° cells result-
ing in impaired proliferation and tenocyte differentiation, leading
instead to poor fibrotic repair by other Pdgfra* cells”. This observation
highlights the notion that injury-induced signals in the synovial joint
can drive different repair outcomes depending on local target cell
populations, with tendon-sheath SPCs possibly primed to undergo
tenocyte differentiation. However, they show multilineage potential
invitro’’, and Tppp3" cells can contribute to ectopic cartilage forma-
tion and subsequent endochondral bone formationinduced either by
tendoninjury or by hip dislocation and acetabular reaming as amodel
of osteophyte formation after arthroplasty®. Itis unclear whether the
Tppp3* SPCs that form ectopic cartilage are distinct from the Tppp3*
SPCs that undergo tenocyte differentiation to repair the tendon or
whether these are the same cells with dual potency.

Relationship between stem and progenitor cells

and fibroblasts

The relationship between SPCs and fibroblasts has long been unde-
fined. Cells with the ability to form fibroblastoid colonies and multiline-
age differentiation in vitro have been derived from most connective
tissues. The protocols to obtain mesenchymal stromal cells (MSCs)
invitro, based onattachmentto tissue-culture plastic, areidentical to
those used to obtain fibroblasts and no markers discriminate between
cultured MSCs and fibroblasts. Whether SPCs are distinct from fibro-
blasts in their native tissues remains a matter of debate. Single-cell
technologies have greatly advanced our understanding of the fibro-
blasts and are defining spatiotemporal hierarchies in physiology and
pathology. Large-scale integration of single-cell RNA-sequencing data
from fibroblasts derived from multiple tissues and disease states identi-
fiedacommon population of fibroblasts thought to reside near blood
vessels, marked by expression of Pi16 and Dpp4, that was postulated to
representareservoir of non-specialized, universal fibroblasts that can
develop into specialized, tissue-specific fibroblasts®*. An equivalent
fibroblast subpopulation was shown to be presentinmouse knee joints
withinboth the Gdf5-lineage population and other fibroblasts and was

bioinformatically predicted to give rise to differentiated cell types®*®.

Lineage tracing of Dpp4-expressing cells, which include cells in syn-
oviumlining theinfrapatellat fat pad, demonstrated that cells express-
ing Dpp4 possess SPC properties with the ability to give rise to both
fibroblast-like synoviocytes (FLSs, a specialized subset of synovial
fibroblasts residing in synovial lining) and adipocytesin the fat during
growthand OA progression®. The equivalent cells were also identified
in humans®. Itis possible, however, that in response to challenging
scenarios such as an acute injury, the proliferation and adoption of a
multipotent state represents an opportunistic functional state of plas-
tic fibroblasts, a concept that is supported by the apparent de novo
emergence of fibroblasts co-expressing Sox9, Runx2 and Scxinamodel
of joint-surface injury®. Indeed, it is becoming increasingly appar-
ent that the traditional stem-cell hierarchical model inspired by the
haematopoietic system might not universally apply, and thatin other
adult tissues and organs, potentially any cell type can adopt stem-cell
functions to repair damage®®.

Single-cell transcriptomic analysis has also uncovered heteroge-
neity in the Prg4-expressing synovial lining fibroblasts, with a distinct
population of Prg4-expressing SPCs that are located adjacent to the
mature FLSs (Fig. 2) and proliferate to supply new FLSs in response
toinjury®. The existence of synovial lining SPCs could help to explain
why the FLSs remain largely of Gdf5-lineage ontogeny in adult life,
whereas the sub-lining is of mixed ontogeny, although there is com-
pensatory recruitment from both Gdf3-lineage and non-Gdf5-lineage
sub-lining cells into the Prg4-expressing synovial-lining population
afterinjury®. Thediscovery of synovial-lining SPCs also sheds new light
on the identification of Prg4-expressing cells as chondroprogenitors
in models of articular cartilage repair***® and osteophyte formation*’
discussed above, suggesting that this chondrogenic activity results
from the bipotency of Prg4-expressing SPCs in the synovial lining
towards FLSs and chondrocytes, rather than the differentiation of FLSs
into chondrocytes, although direct evidence is awaited. In this respect,
trajectory and gene-regulatory network analysis based on single-cell
transcriptomic data obtained from models of acute joint-surface injury,
and of anterior-cruciate-ligament rupture leading to post-traumatic
OA, identified Sox5and Foxol as candidate transcription factors regu-
lating FLS differentiation®*®. These transcription factors also have
key roles in articular chondrocytes®*~*?, with Foxol upregulation due
to lipid scarcity in an avascular environment driving Sox9-mediated
chondrogenesis and cellular metabolic adaptation®. Thus, there seem
to be commonalities in the molecular mechanisms governing the
differentiation and maintenance of FLSs and chondrocytes, suggest-
ing an intricate balance in the regulation of SPC fate that remains to
be elucidated.

Finally, the relationship between tendon and enthesis SPCs and
synovial fibroblasts remains to be clarified. Tendon and enthesis SPCs
identified via single-cell RNA-sequencing analyses’”””® show overlap
in their marker gene expression profile with synovial fibroblasts®*®.
Notably, Prg4, Itga6 and Tspanli5 were reported to be expressed by
acell clusteridentified as undifferentiated tendon and ligament SPCs’®,
but these markers are now widely recognized as identifiers of mature
FLSs****. Such findings might be explained by the small number of cells
typically obtained from mouse joint tissues, which provides limited
ability to discriminate the rare Prg4-expressing SPCs from the Prg4-
expressing FLSs*. The integration of single-cell datasets together with
spatial expression data will help to increase resolution to reveal the
full scale of cellular heterogeneity, while at the same time unifying cell
populations, lineages and molecular pathways across time and space.
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Towards pro-regenerative therapies

Since adult cartilage was regarded as having poor repair capacity,
therapeutic development over the past decades focused primarily on
targetinginflammatory and catabolic pathways to halt tissue damage
and deterioration. However, so far, none of the randomized controlled
clinical trials targeting pro-inflammatory cytokines or proteasesin OA
has met its primary endpoints®. Studies in the past decade are pro-
viding support to a different approach to disease modification in OA
thatisbased ontargeting cartilage anabolism and regeneration. Some
anabolic or pro-regenerative drugs are already in advanced stages of
clinical testing for OA. These drugs include sprifermin (recombinant
FGF18), which promotes cartilage anabolism through the activation
of FGF receptor 3 (refs. 96-99), lorecivivint (SM04690), a small mol-
ecule inhibitor of Wnt signalling downstream of 3-catenin'®*"%?, and
LNAO043, a deletion mutant of angiopoietin-like 3 encompassing the
C-terminalfibrinogen-like domain to remove its pro-angiogenic effect
while preserving chondrogenic activity'®. Meanwhile, advances in
our understanding of the developmental and regenerative biology
of the synovial-joint tissues are inspiring preclinical studies aimed
at promoting endogenous repair via targeting SPCs and related
signalling pathways.

The canonical Wnt signalling, mediated by [3-catenin, is known
to have key roles in cartilage formation, maintenance and repair, and
excessive activation of Wnt signalling results in cartilage breakdown
and development and progression of OA (reviewed elsewhere").
The signalling proteoglycan Agrin, which was shown to have
pro-regenerative and chondrogenic effects dependent on the activa-
tion of CREB signalling and simultaneous suppression of canonical
Wntsignalling, when delivered inacollagen gelinto an osteochondral
defect in mice, enhanced regeneration through the recruitment of
endogenous Gdf5-lineage SPCs', The results of this study indicate the
importance of timely targeting of the morphogenetic pathways that
orchestrateregeneration.Ina2023 studyinrodents, researchers used
the temporomandibular joint, in which the adult condylar cartilage is
covered by a perichondrium-like fibrous tissue, as amodel to identify
Lgr5-expressing secretory cellsinthe outer zone of the perichondrium
as crucial for inhibiting the canonical Wnt signalling pathway in the
underlying chondroprogenitors and chondrocytes, thereby actingasa
Wnt-inhibitory niche for cartilage'®. Diphtheria-toxin-mediated abla-
tion of the Lgr5-expressing cells during joint development resulted in
depletion of chondroprogenitors and marked chondrocyte phenotypic
instability with expression of osteoblast markers, presumably second-
ary to high canonical Wntsignalling activity'®. Lgr5* cells decreasedin
ageingand OA, withaconcomitantincrease in canonical Wnt signalling
activity in cartilage'®. These findings inspired the development of an
injectable hydrogel therapy combining hyaluronic acid and the Wnt
inhibitor sclerostin, which, delivered intra-articularly to post-traumatic
osteoarthritic jaw and knee joints in rabbit, rat, and minipig models,
ameliorated OA by suppressing Wnt activity and restoring chondrocyte
phenotypicidentity'®.

Itislikely that the type and quality of the endogenous repair tissue
ultimately result from combinations of context-dependent environ-
mental cues, reflecting the site and extent of damage, the anatomical
proximity of the SPCs that might be opportunistically recruited to the
site of injury, and their cell-intrinsic differentiation potency. Inthe case
ofjoint-surface defects, the repairing cells can originate fromthe artic-
ular cartilageitself, the synoviumand/or the subchondral bone marrow,
depending onthe size and depth of the defect, for example, whether the
defectis apartial-thickness or full-thickness chondral defect confined

tothearticular cartilage or an osteochondral defect extending through
the underlying subchondral bone toits marrow content. Fromaclinical
perspective, opportunity liesin activating and influencing endogenous
reparative processes towards the best possible structural outcome.
For example, microfracture typically results in a fibrocartilaginous
repairtissue, whichis generally accepted to be biomechanically inferior
tohyaline cartilage and not durable'®®. The outcome of cartilage repair
couldbeimproved by locally delivering factors that enhance the qual-
ity of the repair tissue, as demonstrated in a proof-of-concept study
in which co-delivery of BMP2 and soluble VEGFRI, a VEGF receptor
antagonist, inahydrogel into an osteochondral defect in mice skewed
differentiation from fibrous to cartilage tissue®.

Most studies are typically performed in young adult mice, and
often do not address the quality and durability of the repair tissue;
hence, it is unclear to what extent these models study true tissue regen-
eration. Complete regeneration of joint tissues to their complex and
non-uniform structures will depend on appropriate spatiotemporal
activationand control of morphogenetic mechanisms, a consideration
thatemphasizes theimportance of developmental biology studies to
understand joint morphogenesis. Altogether, these studies are gener-
ating essential knowledge that isinforming the development of novel
pro-regenerative drugs. Translation to clinical use will require suitable
models that address the shortcomings of mouse models.

Conclusions

In summary, regenerative medicine and tissue engineering have
entered orthopaedic clinical practice. The development of injectable
pro-regenerative drugs and biologics will introduce regenerative
medicine to the armamentarium of the rheumatologist, not only for
the treatment of joints damaged by trauma and OA but also for the
holistic management of inflammatory arthritis that causes damage to
thearticular cartilage and other joint structures. The mounting knowl-
edge of the mechanisms of joint homeostasis, remodelling, scarless
repair or regeneration, and disease progression is helping to inform
the development of pharmacological interventions. These advances,
together with patient phenotyping and stratification, will enable the
delivery of the right treatment to the right patient at the right time.

Published online: 5 March 2025
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Abstract
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Osteoarthritis (OA) is a chronic joint disease that has long been
considered a simple wear-and-tear condition. Over the past decade,
research has revealed that various inflammatory features of OA,

such as low-grade peripheral inflammation and synovitis, contribute
substantially to the pathophysiology of the disease. Technological
advancesinthe past 5years have revealed a large diversity of innate
and adaptiveimmune cells in the joints, particularly in the synovium
and infrapatellar fat pad. Notably, the presence of synovial lymphoid
structures, circulating autoantibodies and alterations in memory

T celland B cell populations have been documented in OA. These
dataindicate a potential contribution of self-reactivity to the disease
pathogenesis, blurring the often narrow and inaccurate line between
chronicinflammatory and autoimmune diseases. The diverse
immune changes associated with OA pathogenesis can vary across
disease phenotypes, and a better characterization of their underlying
molecular endotypes will be key to stratifying patients, designing
novel therapeutic approaches and ultimately ameliorating treatment
allocation. Furthermore, examining both articular and systemic
alterations, including changes in the gut-joint axis and microbial
dysbiosis, could open up novel avenues for OA management.
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Key points

= Technological advances, such as single-cell RNA sequencing, have
revealed an unexpected diversity of immune cells within joint tissues in
osteoarthritis (OA), particularly in the synovium and infrapatellar fat pad.

= At advanced stages of OA, aggregates that comprise B cells and
T cells surrounded by plasma cells are observed in synovial tissues.

= The presence of circulating autoantibodies and alterations in memory
T cell and B cell populations that are reported in OA indicate a potential
contribution of self-reactivity to disease pathogenesis.

= Immune changes in OA contribute to both articular and systemic
low-grade inflammation, the underlying mechanisms of which might
vary depending on the OA phenotype, representing potential clinically
relevant therapeutic targets.

= The gut microbiota and associated immune responses have a role in OA
pathophysiology, and potentially represent novel therapeutic targets.

Introduction
Osteoarthritis (OA) is the most common rheumatic disease, causing pain,
stiffness andloss ofjoint function. The prevalence of this disease is stead-
ily rising' and, although OA represents a major socio-economic burden,
only temporary symptomatic treatments are available to relieve painand
swelling. Ultimately, total joint replacement, an expensive and sometimes
unsatisfactory procedure?’, is often inevitable in the late stages of the
disease. As aresult, OA hasbeenincluded in the WHO list of top priority
diseases and, as of 2018, is considered a serious condition by the FDA®.
OA is a whole-joint disease that encompasses cartilage and bone
damage, synovial tissue inflammation (synovitis) and infrapatellar fat
pad (IFP, also known as Hoffa’s fat pad) inflammation and fibrosis, as well
assystemic changes such aslow-grade inflammation and gut microbiota
alterations’. In the past 10 years, data have revealed a large diversity of
immune cell types present in different organs including connective
tissues, such as synovial tissue, thanks to technological advancements
inbulk, single-cell and spatial transcriptomics®®. The understanding of
the complexity of synovial tissue composition has now greatly advanced,
particularly through studies of rheumatoid arthritis (RA), aprototypical
synovitis-driven disease. Longitudinal in-depth characterization of RA
synovial tissue, which has been facilitated by the development of mini-
mally invasive and safe ultrasound-guided biopsies’ and the optimization
of cryopreservation and dissociation procedures®, hasrevealed that the
array of cell populations and subsets within the synovium, including fibro-
blasts, macrophages, T cellsand B cells, are more detailed and diverse than
previously known'*, Similarly, the development of high-throughput
approaches has enabled an unprecedented description of the cellular
changes associated with OA progression. Notably, these approaches
have assisted in the identification of multiple immune cell types in the
joint, including neutrophils, monocytes, macrophages, B cells, T cells,
naturalkiller (NK) cells and dendritic cells. Of these cells, monocyte and
macrophage populations are the most abundant synovialimmune cells”
and two studies, one of whichis a preprint™®, highlighted that these cells
exhibit the most considerable changes across disease stages in mouse
models®. Alongside this molecular characterization, the understanding
of OA has also evolved towards a more holistic medical approach. OA is

nowrecognized as amultifaceted joint disease involving systemic modi-
fications and a wide range of comorbidities (including cardiovascular
disease, type 2 diabetes mellitus, obesity and metabolic syndrome) that
influence the overall health, quality of life and the therapeutic manage-
ment of patients™. In addition, low-grade systemic inflammation might
have a key role in the progression of OA and pain, particularly in the
context of obesity and metabolic syndrome. Adipose tissue can release
pro-inflammatory cytokines and other soluble mediators that could
contribute to both systemic inflammation and joint damage?.

Here, we provide a narrative Review that contextualizes the litera-
ture fromthe past 20 years on the involvement of innate and adaptive
immune cells in the pathophysiology of OA, both from alocal and a
systemic perspective. Special attention is given to the relationship
betweenthe dysregulatedimmuneresponseinthejoint, andits effect
on low-grade inflammation and gut microbiota dysbiosis. Finally,
we summarize the current development of immunomodulatory and
biologic drugs aimed at addressing the challenge of personalized and
targeted treatment approaches for patients with OA. We also address
whether cell-based therapies, initially contemplated for their regen-
erative and structural effects, could be considered clinically relevant
because of theirimmunomodulatory properties.

Insights into innate immune cell diversity

in osteoarthritis

For decades, synovial tissue has been described as a connective tissue
composed mainly of type A (macrophage-like) synoviocytes, whichare
responsible for maintaining joint integrity and defence against infec-
tion, and type B (fibroblast-like) synoviocytes, described as the sole
producers of synovial fluid. In this binary and oversimplified picture,
only afewimmune cells were described asimmune sentinels. The under-
standing of the complex composition of OA synovial tissue has greatly
evolved and highlights anotable involvement of innateimmune cellsin
the pathophysiology of the disease. Indeed, innate receptors, inflamma-
some pathways, proteins of the complement cascade” and cytokines
and chemokinesreleased by activated innate immune cells have been
shown to mediate joint damage and pain in OA?*,

Initial joint damage can have diverse origins related to the vari-
ous aetiologies of OA (such as ageing, metabolic disease and traumatic
injuries), notably involving cartilage degradation owing to the loss of
proteoglycans and collagen, chondrocyte stress or death, and subchon-
dral bone remodelling (such as sclerosis and bone marrow lesions).
Damage to cartilage extracellular matrix triggers the innate immune
system by releasing damage-associated molecular patterns, which, in
turn, activate pattern recognition receptors (such as Toll-like receptors
(TLRs)) onimmune cells. Triggering the innate immune system leads to
the production of pro-inflammatory cytokines and matrix-degrading
enzymes. Notably, the pathological cleavage of several matrix compo-
nents (suchas collagen and aggrecan) and pro-inflammatory molecules
(such as C-reactive protein) leads to the development of neoepitopes
that might enhance the inflammatory processes involved in OA; this
concept hasbeen reviewed elsewhere”. Moreover, damage to the menis-
cus, ligaments or joint capsule can destabilize the joint and exacerbate
wear. Mild synovitis occurs early in disease development®®, with synovial
immune cells releasing pro-inflammatory cytokines. Bothinflammation
and tissue damage create a vicious circle that further enhances dam-
age and the release of self-antigens, which are presented by antigen-
presenting cellsto T cells, thereby engaging the adaptiveimmune system.
Table 1 summarizes the phenotypic markers described to characterize
eachinnateimmune cell type and subtype observed in the OA joint.
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Table 1| High-throughput identification of innate immune cell subtypes in OA tissues

Tissue Celltype Technical Ref.
approaches
Name Subtype Phenotypic markers Ppr
Human
Synovium Macrophages Immune regulatory CD14, CD163, FCGR3A, CD169, STAB1, TXNIP, SEPP1, FLOR2 Single-cell RNA 88
macrophages sequencing
Inflammatory macrophages CD14, CD163, IL1B, IL1A, IL6, TNF, CCL2, CCL3, CCL4
Dendritic cells N/A FCERIA, CDIC
Mast cells N/A N/A
Synovium Myeloid cells 15 subclusters Various myeloid and NK cell-associated markers Single-cell CITE 10
sequencing
NK cells 14 subclusters
Synovium Macrophages Resident macrophages F13A1, SELENOP, LYVET1, MAN1A1, SLC40A1 Single-celland 36
and IFP single-nuclei
Inflammatory macrophages CCL3, TNF, IL1B, OLR1, CCL3L1 RNA sequencing
Monocytes N/A FCGR3A, TIMD4, MARCO, FN1
Dendritic cells N/A HLA-DPBT1, HLA-DQA1, HLA-DQB1, FCER1A, CD1C
Mast cells N/A TPSB2, TPSAB1, CPA3, MS4A2, CD69
Granulocytes N/A FCNT1, STO0A9, S100A12, EREG, STO0A8
Osteoclast-like cells N/A ACP5, CTSK, SPP1, MMP9, TNFRSF11A
Synovium Macrophages Monocytes/macrophages LY6C, CD14, CX3CR1, VIM Imaging mass 37
and IFP - cytometry
Mature myeloid cells F4/80 (ADGRET)
Antigen-presenting cells MHCII
Undefined myeloid cells F4/80*", various myeloid-associated markers
IFP Macrophages Subcluster O P2RY14, MAN1A1, FGF13, DSCAMLI, PID1 Single-nuclei 38
bel RNA sequencing
Subcluster 1 FN1, TPRG1, KCNQ3, PDE3A, FMNL2 and spatial
Subcluster 2 TTN, STAB1, AHNAK, RBM25, PRRC2C transcriptomics
Subcluster 3 ADH1B, DLC1, FBN1, NEGR1
Dendritic cells N/A ITGAX, HLA-DRBT1, HLA-DRA
Mast cells N/A KIT
Mouse
Joint Macrophages Trem2"Ferls* Itgam, Cd14, Cd68, Trem2, Fcrls, Ms4a7, Apoe, Fabp5, Cd63, Clga,  Single-cell RNA 19
(cartilage, Clgb, Cigc, Mrct sequencing
synovial T )
fluid, Crip1"Cav1 Itgam, Cd(4, Cd68, Trem2, Ms4a7, Clqa, Clgb, Clqc, Crip1,
synovium S100a4, Vim, Tagln2, Cspg4
and IFP) MHCI" Itgam, Cd14, Cd68, Cd74, H2-Aa, H2-Ab1, H2-Eb1, Il1b
Lyvel"Folr2" Itgam, Cd14, Cd68, Adgrel, Lyvel, Folr2, Timd4, Sparc, Vsig4, Mrc1
Monocytes and Ifn-r Itgam, Cd14, Ifit1, Ifit2, Ifit3, Isg15, Cxcl10, Cccli2
Macrophages
Monocytes S$100a8" Itgam, Cd14, S100a8, Lcn2, Retnlg, Mmp8, Mmp39, Il1b, Ly6c2, Plac8
Ly6c2" Iltgam, Cd14, Ly6c2, Plac8, Il1b
Hspalb" Itgam, Cd14, Ly6c2, Plac8, Hspalb, Ccr2, Tmpo, Rhob
Dendritic cells moDC Itgam, Cd14, Cd74, H2-Aa, H2-Ab1, H2-EbT1, Il1b
N/A Cd209a, Lag3
Neutrophils Cerl2" S100a8, Ccrl2, Il1b, Ptgs2, Cxcl2
Mmp8" S$100a8, Mmp8, Mmp9, Retnlg, Ly6c2
Chila" $100a8, Chi3l1, Ngp, Lcn2
Ifn-r S100a8, Ifit1, Isg15
NK cells N/A Gzma, Nkg7
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Table 1 (continued) | High-throughput identification of innate immune cell subtypes in OA tissues

Tissue Celltype Technical Ref.
Name Subtype Phenotypic markers ZERioaches
Mouse (continued)
Synovium Macrophages Basal resident Timd4, Lyvel, Folr2 Single-cell RNA 18
sequencing

Resident-like A

Mrcl, Ly6e, Gas6

Resident-like B

Cd9, Spp1, Trem2

Infiltrating Ccr2, MHC Class Il
Dendritic cells N/A Clga, Cd209a
Monocytes N/A Ly6¢c2, Plac8, Chil3
Neutrophils 1and 2 Retnlg, Ly6c2

3 Retnlg, Ly6c2, Cd79a
Mast cells N/A Fcerla

CITE sequencing, cellular indexing of transcriptomes and epitopes by sequencing; IFP, infrapatellar fat pad; N/A, not applicable; NK cells, natural killer cells.

Macrophages in the synovium, infrapatellar fat pad and

other tissues

Importantly, synovitis, subsequent joint effusion and particularly the
infiltration of macrophages, correlate with osteophyte formation,
OA-related pain and severity, loss of joint function and the likelihood
of joint replacement”*°, Experiments in mouse models of OA have
provided a causal mechanistic link between synovial macrophage infil-
trates and cartilage destruction and pain®-*2. This section describes
both how human studies have demonstrated the diversity of mac-
rophage populations and how animal experiments further established
the fundamental role of these cells in the OA joint.

Descriptive findings from human studies. Through the use of flow
cytometry and RNA sequencing, a2019 study identified two main sub-
groups of patients on the basis of the presence of distinct macrophage
subpopulations, namely classical OA and inflammatory-like OA, but not
characterized by specific clinical features”. Beyond this preliminary
characterization, the presence of 12 clusters of cells in the synovium
(including innate immune cells such as pro-inflammatory and regula-
tory macrophages, dendritic cellsand mast cells) have been identified
by single-cellRNA sequencing®. The diversity of synovialimmune cells
has further beeninvestigated by integrating single-cell transcriptom-
ics and mass cytometry, focusing primarily on RA but including nine
patients with OA as comparators, shedding light on the rich synovial
immune cell component in OA'. Overall, synovial macrophage phe-
notypes are altered in OA, and might even show an altered response
to palliative treatments, such as glucocorticoids®.

During the past decade, several studies have suggested that
macrophages infiltrating other joint tissues, such as the IFP of the
knee, could also influence joint pathology. Indeed, the IFP is in direct
contact with the synovium via its sublining layer on the joint capsule
side, forming an anatomo-functional unit® (Fig. 1), and crosstalk
therefore exists between these tissues. Accordingly, the immune-cell
diversity revealed by single-cell RNA sequencing in both tissues is
very similar®. Imaging mass-cytometry analyses have also identified
11 myeloid-cell populations in the synovium and IFP¥. Importantly,
apolipoprotein E, whichis predominantly expressed by synovial mac-
rophages, hasbeenshown to mediate a deleterious crosstalk between
IFP and cartilage, but also synovium and cartilage®®. Moreover, asmall

population of osteoclast-like cells, characterized by the expression of
receptor activator of NF-kB (RANK), cathepsin K (CTSK) and matrix
metalloproteinase-9 (MMP-9) are found in the synovium and IFP,
which could contribute to articular destruction®®. In a 2024 study, an
intricate relationship between fibroblasts and other cell types, such
as macrophages, was identified in the human IFP through the use of
single-nuclei and spatial transcriptomics®. Interestingly, this study
indicates that macrophage-fibroblastinteractions are strongerinknee
OA than in healthy counterparts; these interactions involve diverse
pathways and molecules (such as peroxisome proliferator-activated
receptor a, fibronectin-1and platelet-derived growth factors)*®.

Functional findings from animal studies. Similar to observations
made in human studies, mouse models of joint destabilization-
induced OA describe innate immune cell diversity’®'? and substantial
alterationsintheinnateimmune cell compartmentinthe joint, which
can be observed from day 1 to day 30 after injury”. Macrophages
represent the main synovial immune cells in mice and their pheno-
typesare altered in OA models. In particular, a preprint published in
2023 demonstrated that the role of key transcription factors, such
as CCAAT/enhancer-binding protein (C/EBP) family members or
JUN, are predicted to drive pro-inflammatory synovial macrophage
differentiation'®. Notably, in a rat destabilization-induced model
of OA, signal transducer and activator of transcription 6 (STAT6)
signalling has been shown to be a major driver of macrophage acti-
vation and is likely to be involved in macrophage-associated pain
sensitivity®. In line with the findings from a 2024 study*’, which
demonstrated that the macrophages from patients with OA experi-
encing worse pain had alower phagocytic capacity than macrophages
from patients with less pain, future studies should further investi-
gate the link between macrophage functions and pain in OA.In a
mouse model of OA, the deficiency of TREM2 (triggering receptor
expressed on myeloid cells 2) significantly exacerbates the joint
inflammatory response and accelerates disease progression, high-
lighting its protective function*. In accordance with the expres-
sion and role of TREM2" synovial macrophages, which form a tight
anti-inflammatory immune barrier in the healthy synovial tissue in
both mice and humans', it seems important to decipher the function
of these cells in the human OA synovium. Consistent with human
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findings, anti-apolipoprotein E antibodies can attenuate synovial
inflammation and cartilage degradation in a collagenase-induced
murine model of OA*,

Macrophages also infiltrate lumbar dorsal root ganglia (DRG)
on the ipsilateral side during murine OA. Total depletion of mac-
rophages or switching these macrophages from pro-inflammatory
to anti-inflammatory phenotypes leads to an alleviation of OA pain
in animal models. Both CXCL11 and myostatin can be involved in
the interaction between macrophages and nociceptive neurons
(neuro-immune communication), and to subsequent OA pain®***,
Furthermore, 20-month-old mice with mild OA associated with
mechanical allodynia also exhibit joint hyperalgesia**. Moreover,
this study highlighted that ageing was associated with significant
and sex-specificimmune-cell phenotype changes in DRG, a feature
that was also observed in older humans. Collectively, dissecting
neurogenic inflammation and especially the crosstalk between
macrophages and afferent nociceptive neurons seems critical for
understanding the inflammatory mechanisms of OA-related pain
and hyperalgesia®. Inaddition, inan organ culture of rat lumbar DRG,
treatment with conditioned media prepared with synovial cells from
patients with worse painincreased neuronal stress signals compared
with DRGs treated with unconditioned media*’.

Overall, the heterogeneity of macrophages and the complex cross-
talk these cells have with other innate and adaptive immune cells and
stromal cells might have akey role in orchestrating joint homeostasis
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Fig.1|Immune cellsin the synovium and infrapatellar fat pad in health
and osteoarthritis. Various innate and adaptive immune cells are differently
distributed in the synovial tissue and infrapatellar fat pad (IFP) in healthy
joints and those with osteoarthritis (OA). The diversity and distribution of
innate immune cells (macrophages, dendritic cells, mast cells, neutrophils and
innate lymphocytes, including natural killer (NK) cells and innate lymphoid
cells (ILCs)) and adaptive immune cells (plasma cells, B cellsand T cells, which
form aggregatesin OA) in the synovium (lining and sublining) and IFP of
healthy joints and those with OA are represented. Structural cells, including
adipocytes, fibroblasts and endothelial cells forming vessels and nerve fibres
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and OA development. As described later in this Review, other innate
immune cells, such as neutrophils, mast cells, NK cells and innate lym-
phoid cells (ILCs) canalso contribute to perpetuating the inflammatory
milieuwithin the joint (Fig. 1).

Mast cells in the synovial joint

Mast cells are typically known for their involvement in IgE-mediated
allergic reactions but are increasingly recognized for their multifunc-
tionality in several health and disease states*®, including inflammatory
disorders and autoimmune diseases. Mast cells are presentin healthy
synoviumand represent up to 3% of total cells, which increases further
in the inflamed synovium®*. The presence of mast cells in the synovial
tissue in OA is one of the defining factors that discriminates OA from
RAinthe histopathological classification of tissue*’. Mast cells are also
partoftherich cellular composition of IFP*®, Through their expression
of IL-18, mast cells are believed to influence the phenotypic changes of
chondrocytes in OA cartilage®. Mast cells are also capable of produc-
ingtryptase 3, whichinturn hasbeen shownto cleave proteoglycan4,
leading to areduction in joint lubrication and this process is associ-
ated with OA severity in a post-traumatic OA mouse model*®, Tryptase
levels are significantly higher in the synovial fluid of patients with OA
thanin healthy individuals; genetic or pharmacological ablation of
mast cellsin mice confirmed their pathogenicinvolvementinthe devel-
opment of OA, through mast-cell-derived tryptase*. More specifically,
IgE-mediated activation of mast cells via binding to the high-affinity IgE
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arealso represented. In OA, the synovial lining thickens and the protective
barrier that hindersimmune-cell trafficking in the steady state is disrupted.
Neovascularization also occurs in OA tissues. Numerous mediators (such as
cytokines, adipokines or matrix-degrading enzymes) are released by cells in the
synoviumand IFP and caninduce cartilage damage in OA. In turn, the degraded
cartilage produces damage-associated molecular patterns (DAMPs) that further
enhance pattern-recognition receptors (PRR) activation and synovial and IFP
inflammation. The cleavage of matrix componentsincreases the formation of
neoepitopes and can enhance the inflammatory processes involved in OA.
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receptor (FceRI) activates the spleen tyrosine kinase (SYK) pathway,
and mediates inflammation and tissue damage*’. These findings align
with datafroma 2024 study that suggested that atopic diseases, such
as asthma and/or allergic rhinitis, could be risk factors for OA owing
to shared genetic variants between diseases™.

Neutrophils in the synovial joint

Neutrophils havearolein the pathogenesis ofjoint diseases, particularly
indriving inflammation and contributing to joint damage. Neutrophils
release pro-inflammatory cytokines (such as IL-1§ and IL-6), reactive
oxygen species and contribute to the activation of matrix-degrading
enzymes (such as MMP)*, which contribute to cartilage breakdown.
Notably, the mostimportant cartilage-degrading collagenase involved
in OA, MMP-13, is activated by neutrophil elastase®. Furthermore, neu-
trophil extracellular traps are known to amplify joint inflammation
and tissue destruction in RA, and are also highly suspected for their
rolein the pathophysiology of OA®***, Neutrophils are mostly found in
the synovial fluid and the bloodstream. Although neutrophils can be
observedin20% of RA synovial tissues, they infiltrate less than 1% of OA
tissues®’. Notably, synovial fluid neutrophils collected from the knee of
patients with OA are phenotypically altered and are characterized by a
decreased expression of CD11b, CD54 and CD64, increased expression
of CD62L, TLR2 and TLR4 and increased production of reactive oxy-
genspecies and phagocytic activity when compared with neutrophils
collected from individuals with knee infections™.

Other innate immune cells in the synovial joint

ILCs (includingILC1, ILC2 and ILC3) are innate lymphocytes character-
ized by theirlack of the recombinantactivating gene (RAG)-dependent
rearranged antigen receptors. The function of ILCs in the OA syn-
ovium is poorly described. In the blood, the percentage of ILC3s is
notably reduced in several autoimmune and autoinflammatory dis-
eases, including OA”. NK cells have been shown to infiltrate the OA
synovium®®. Given the role of both NK cells and ILCs in the context of
chronicinflammation®, the distribution and diversity of these cellsin
OA would be worth investigating in the future.

Peripheral innate immune cells in osteoarthritis

Circulating innate immune cells are also altered in OA; dysregulation
ofthelocalinnateimmune response could have substantial effects on
circulatingimmune cells and soluble biomarkers. Joint degeneration
products, such as cartilage oligomeric matrix protein®®, can diffuse
into theblood and mightalso activate circulating innateimmune cells.
A study published in 2018 suggested that circulating monocytes pre-
sent several features of activation, such as higher expression of CD16,
CCR2and MHCllinwomenwithknee OA¥. Inastudy published in 2020,
the majority of circulating monocytes in OA were shown to express
CCR1and CCR2, resulting in these cells migrating to the joint through
chemoattraction®. The data connecting the diversity and abundance
of peripheral immune cells to OA features remain scarce, and further
studies are needed to refine this concept.

Overall, a wide range of innate immune cells are described in
the OA joint, and their role as drivers of disease is increasingly rec-
ognized. The complex and interactive crosstalk between innate and
adaptiveimmune cells, a hallmark of several chronic and inflammatory
diseases®, is animportant aspect of the pathophysiology of OA. How
the activation of innate immune cells and their intricate relationship
with adaptive immune cells relates to OA progression is discussed in
the next section.

Effect of adaptive immune cell activation on
chronic inflammation in osteoarthritis
Chronicinflammation is a prolonged and persistent inflammatory
response that can last for months or even years. Such inflammation
in OA might sometimes remain silent before the onset of established
disease and symptoms, such as articular pain and articular damage.
In vivo mouse studies and analysis of samples obtained from organ
donors have revealed the complex development of the adaptive
immune system throughout life, from embryonic stages to adult-
hood, bothin physiological and disease conditions, includingin the
context of chronic inflammation. In particular, T cell subsets with
specialized functions vary according to life stage and anatomical
location, showing distinct patterns of change in blood, lymphoid
organs and tissues with age®”. This concept is particularly relevant
to OA, given that ageingis amajor risk factor for this chronicinflam-
matory disease; the few studies that have investigated the presence,
distribution and repertoires of B cellsand T cells in OA joint tissues,
how their circulating counterparts vary across disease stages and
the overall contribution of these cells to the pathogenesis of OA are
detailed in this section.

Subsets of T cells and B cells in the osteoarthritis synovium
Within the OA synovium, T cell infiltration and polarization occur
early in disease development®’; in a post-traumatic mouse model of
OA,CD4' T cell deficiency reduces cartilage degeneration®. Although
CD8"cytotoxic T cellscan be foundin OA tissues, CD4" T helper cellsare
the major T cell subtype present in the synovial tissue®. The study of
T cell-deficient mice (TCRa”~ mice) with OA has demonstrated reduced
cartilage degeneration and osteophyte formation compared with
wild type mice with OA®¢. Additionally, inhibiting T cell egress from
lymph nodes using fingolimod reduces load-induced cartilage deg-
radation and the number of T cells in the synovium in mice with OA®°,
Alow proportion of infiltrating regulatory T (T,,) cells (CD4'CD25"/"&"
CD127"°"") in the synovial tissue also relates to increased pain and func-
tional disability inknee OA®. Changes in the proportion of CD8* T cells
havebeen observed in OAblood, synovial fluid and tissue®® . Notably,
compared with peripheralblood, the proportion of activated cytotoxic
CDS8'IFNY" cells (known as Tcl cells) and cytotoxic CD8"IL-17A" cells
(known as Tcl7 cells) is significantly higher in the synovial fluid, sug-
gesting alocalized activation within the OA joint. Furthermore, the
proportionof suchCD8'T cell subtypes vary depending on the stage
andlocalization of OA. Inthe synovial fluid collected from 119 patients
with OA, a2022study also identified fourimmune-phenotypes associ-
ated with distinct clinical trajectories that were based on the propor-
tion of T cells and monocyte-macrophage lineage cells”. Importantly,
the authors of this study defined an ‘aggressive’ phenotype that was
characterized by a high percentage of synovial fluid monocytes and
macrophages, neutrophils, HLA-DR" CD4" T cells and CD8" T cells;
this ‘aggressive’ phenotype was associated with the poorest disease
outcome’, Although several studies have highlighted that distinct
populations of T cells might not just be innocent bystanders in OA,
studies on B cells in OA remain sparse, but these cells are becoming
anincreasing area of interest in OA research’. IgM" CD27" B cells are
present in the synovial fluid of patients with OA and can secrete the
regulatory cytokine IL-10, which can exert regulatory functions”.
Naive and memory B cells with specific transcriptomic signatures can
be found in the synovial tissue and IFP of patients with OA; however,
as shown in Table 2, data on the diversity of B cells and T cells in OA
tissues remain fragmented.
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Table 2 | High-throughput identification of adaptive immune cell subtypes in OA

Tissue Celltype Technical approaches Ref.
Name Subtype Phenotypic markers
Human
Synovium Bcells N/A MZB1, TNFRSF17, CD79A Single-cell RNA sequencing 33
T cells N/A CD3
Synovium Bcells 9 subclusters Various B cell- and Single-cell CITE sequencing 10
T cells 24 subclusters T cell-associated markers
Synovium and B cells Naive CD79A, HLA-DRA, MS4A1, CD74, Imaging mass cytometry 36
IFP CD83
Memory IGHGA4, IGLCI1, IGKC, IGLC2,
IGLC3
Tcells N/A IL7R, FOS, FOSB, LTB, KLF6
NKT cell N/A NKG7, GZMB, KLRD1, GZMH, GNLY
Fat pad Tcells CD247, THEMIS Single-nuclei RNA sequencing and spatial 38
transcriptomics
Mouse
Synovium B cells N/A CD79a Single-cell RNA sequencing 18
Tcellsand NKcells N/A Lck, Ly6c2
Joint (cartilage,  Bcells Rag1" Cd79a, Rag1, Sox4, Myb Single-cell RNA sequencing 19
zz:gx:iln?:fd Len2™ Cd79a, Lcn2, Retnlg, Mmp8
IFP) Ms4at" Cd79a, Ms4al, Igke, Ifi30
Cd74" Cd79a, CD74, H2-Ab1, H2-Eb1
T cells N/A Thy1, Cd3e

CITE sequencing, cellular indexing of transcriptomes and epitopes by sequencing; IFP, infrapatellar fat pad; N/A, not applicable; NK cells, natural killer cells; NKT cells, natural killer T cells.

Function of T cells and B cells in osteoarthritis joint tissues
Tcellsand B cells that are presentin the OA synovium can contribute to
jointinflammation through the release of cytokines and to the degra-
dationofthe cartilage matrix. Indeed, B cells can directly orindirectly
promote the production of MMPs and aggrecanases (ADAMTS), which
leads to the breakdown of cartilage™. Synovial B cells can also function
as antigen-presenting cells and could also potentially contribute to
local autoimmune responses, as suggested by the observed retention
of autoantibodies within the OA joint”. In addition, pro-inflammatory
cytokines produced by T cells, such asIL-17 and TNF, induce oxidative
stressand apoptosis in chondrocytes, resulting in chondrocyte death”™,
atypical feature observed in the cartilage of patients with OA.

In the synovial tissue, it is likely that T cell-derived IL-17 drives
synovitis by activating synovial fibroblasts and stimulating the release
of pro-inflammatory cytokines”. Such cytokine production driven by
lymphocytes induces synovial MMP-9 (ref. 78), which contributes to
the degradation of cartilage and has effects on adipose tissue, notably
thelFP, causingtheincreased production of adipokines, such asleptin
and resistin’. Adipokines have been shown to accelerate cartilage
catabolism and synovitis®’. Furthermore, the infiltration of T cells
and B cells into the IFP sustains a pro-inflammatory environment,
perpetuating joint inflammation and damage®.. Although the exact
role of adaptiveimmunity in OA remains to be fully elucidated, a2024
Mendelian randomization study suggested a causal link between dys-
regulated innate and adaptive immune cells, including T, cells, and
OA at various anatomical sites®.,

Peripheral T cells and B cells in osteoarthritis

Beyond the synovial tissue, emerging evidence indicates systemic
changesin the adaptiveimmune system in OA. Notably, alterationsin
the peripheral blood immune cell composition, particularly in mem-
ory T cells and B cells, have been observed in patients with OA®**, an
observation that is independent of age®®. Deep immunophenotyping
of blood samples from patients with knee OA, compared with15 other
autoimmune and autoinflammatory diseases (including RA, spondy-
loarthritis and Crohn’s disease), reveals distinct immune alterations.
Specifically, T, cell subsets are generally over-represented in patients
with OA compared with healthy individuals, although the percentage of
T,eg cellsexpressing ICOS (inducible T cell costimulator) is significantly
reduced in OA®. Interestingly, in a 2024 preprint, an association was
identified between peripheral T, cell dysfunction and OA-related
painin patients with knee OA®*. Patients with OA who experienced pain
exhibited a reduction in functional T, cell subsets (CD95" T,,, cells,
FOXP3*CTLA4" T, cellsand CD45RA" T, cells). B cell subsets are also
alteredin OA; there are substantially fewer CD32 B cells and transitional
B cells in the blood of patients with OA than in healthy individuals®.
Circulating B cellsinindividuals with OA have amore mature phenotype
than those from healthy individuals, suggesting an immunological
memory response and a potential role of these B cells in sustaining
inflammation and tissue damage®. It willbe important to determineiif
this B cell activation is a result of the chronic low-grade inflammation
that is associated with OA or if it represents an active and targetable
pathophysiological process directed against specific antigens’.
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Overall, future studies are needed to better understand the effect
of peripheral adaptive immune cell alterations on features of OA and
disease location (such as single-joint versus multi-joint involvement).

Evidence for T cells and B cells driving autoimmunity

in osteoarthritis

Early studies have identified that T cells infiltrating the synovium
exhibit a restricted repertoire®, primarily targeting products of
cartilage breakdown such as chitinase-3-like protein 2 and type Il
collagen®¥, This observation is supported by findings that indicate
that peripheral T cells from patients with OA show a stronger response
toautologous chondrocytes than those from healthy individuals®. This
responseis partially inhibited by antibodies against HLA classland HLA
classll, aswell as CD4 and CD8 (ref. 88). Additionally, some individu-
alswith OA have T cells that recognize peptides from specific regions
(such as the amino acid regions 16-39 and 263-282) of the human
cartilage proteoglycanaggrecan®; peripheral blood mononuclear cells
from these individuals produce higher levels of pro-inflammatory
cytokines and chemokines when stimulated with human cartilage
proteoglycan aggrecan peptides than unstimulated cells. Moreover,
autoantibodies against methionine adenosyltransferase 2 3 have
been detected in patients with OA, suggesting that mechanisms of
self-reactivity are involved in disease pathogenesis’’. These autoan-
tibodies might target cartilage components, contributing to further
tissue damage and inflammation. Interestingly, autoantibodies against
post-translationally modified proteins are found in the sera of patients
with OA, but, as expected, at alower frequency than in patients with
RA”. T cell and B cell aggregates that are surrounded by plasma cells
have beenidentified in the synovial tissue of more than half of patients
with OA in the late stages of the disease” (Fig.1). Such organized syno-
vial structures are associated with peripheral inflammatory changes,
such as the ratio of monocytes to lymphocytes and neutrophils to
lymphocytes, and further investigationis required to better decipher
the pathogenic role of these aggregates in OA. Notably, the infiltra-
tion of adaptive immune cells is also observed in the IFP?%, but their
histological organizationis not described.

Technological advances in single-cell sequencing approaches
have enabled the definition of the sequences recognized by T cell and
B cell receptors. By combining methods that can predict the structure
of epitopesrecognized by these sequences and the current accelerated
development of artificial intelligence and machine-learning struc-
ture prediction tools, it will soon be possible to identify the antigen
specificity of these adaptive immune cells, which will advance the
understanding of numerous diseases, including OA.

Systemic consequences of osteoarthritis-related
immune dysregulation

Itis now well-recognized that disease is not restricted to the joint in
OA and systemic immune dysregulation in OA can affect the entire
body. This section explores the underlying causes and consequences of
systemicinflammation, theinterplay between disease features and gut
microbiotaalterations and the multi-tissue damage associated with OA.

Consequences of systemic inflammation

The development of OAis often accompanied by comorbidities such as
cardiovascular disease, obesity and metabolic syndrome’. Distinguish-
ing OA-induced systemic inflammation and immune dysfunction from
responses thatare aresult of associated diseases is challenging owing
to their close interdependency. This interdependency is particularly

relevant for obesity, a major systemic risk factor for knee and hip OA,
which underscores the importance of studying inflammatory and
immune processes in non-weight-bearing joints, such as the hands,
to better understand the effect of systemic inflammation on OA®.

From a whole-body perspective, however, low-grade systemic
inflammation clearly seems to be abiologically and clinically relevant
hallmark of OA. This inflammation is associated with pain regard-
less of its location®, as well as with radiographic severity and disease
progression®. The origins of this low-grade inflammation are multifac-
eted and closely linked to different risk factor-based OA phenotypes,
suchas metabolic and age-related OA. Specifically, these phenotypes
involve two underlying biological processes: metainflammation®
(which refers to inflammation driven by metabolic disorders) and
inflammaging’® (which describes the chronic inflammatory state asso-
ciated with ageing). Although both processes contribute to chronic
systemic low-grade inflammation, they manifest through distinct
immune dysregulation that can disruptjoint homeostasis and contrib-
ute to the development of OA. There are numerous different types of
inflammation and tissue sources of inflammation, which are discussed
in this section.

Metainflammation. Metainflammation serves as the systemic path-
way that links obesity, metabolic syndrome and OA, in addition to the
effects of mechanical overload”. It is the consequence of excessive
unhealthy visceral fat accumulation and adipose tissue dysfunction
that strongly contributes to the onset of obesity-related comor-
bidities including OA. The underlying mechanisms of adipose tissue
dysfunction include adipocyte hypertrophy and the infiltration of
pro-inflammatory macrophages to adipose tissue. This dysfunction
resultsintherelease of various mediators from adipose tissue, includ-
ing pro-inflammatory cytokines (such as TNF and IL-6), adipokines,
free fatty acids, lipid mediators and reactive oxygen species'*'%". Adi-
pokines, such as leptin, adiponectin and visfatin, have been exten-
sively studied for their pro-inflammatory and/or anti-inflammatory
properties and their effects on joint homeostasis. Their assessment
as biomarkers in biological samples (including blood and synovial
fluid) has been the focus of numerous studies'®. Notably, the serum
leptin:adiponectinratiois considered an accurate estimate of visceral
adipose tissue dysfunction'®and is associated with painlevelsinlower
limb OA, independent of radiographic severity'**.

Inflammaging and senescence. Inflammaging is a hallmark of
age-related chronic diseases such as OA”®, This complex process
involves many biological phenomena (such as defective autophagy,
epigenetic changes, telomere shortening and oxidative stress). As
individuals age, damage-associated molecular patterns, such as
alarmins, serve as danger signals, leading to the activation of inflam-
masomes such as NLRP3. This activation is crucial for promoting
systemic inflammation and joint destruction'**'°°, Another mecha-
nism by which ageing promotes inflammationis cellular senescence.
Although senescence is a physiological response that prevents the
accumulation of damaged cells, senescent cells can accumulate in
the OA joint, leading to a senescence-associated secretory pheno-
type (SASP)'%. SASP is characterized by the increased production
of cytokines, chemokines, growth factors and MMPs and can lead to
joint damage'””. During ageing, senescence also affects the immune
system, a process known as immunosenescence, which results from
the accumulation of ‘antigenic load’ over time'®®. This process has
specificeffectson both the adaptiveimmune system (including thymic
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involution, adecrease inthe number of naive T cells, impaired efficient
adaptive immune responses and alterations of the immune synapse)
and theinnateimmune system leading to a sustained activated state.
A 2023 preprintsuggests that pathogenic B cell subsets can also drive
immunosenescence of T cells via clonal TCR restriction'?. In this
context, treatment with anti-CD20 monoclonal antibodies seems to
be aninteresting strategy to counteract T cell ageing and associated
immunosenescence. Various immune cells, including lymphocytes,
macrophages and mastcells, areinvolved in senescence-related pro-
cesses associated with OA™’. Immunosenescence can lead to a defec-
tive immune response and chronic low-grade inflammation, which
could also be involved in OA per se”. Senescent immune cells, via
their SASP, which sustains chronicjointinflammation, canalsoinduce
senescenceinsurroundingresidentjoint cells, such as chondrocytes
or synovial fibroblasts, and contribute to tissue damage that spans the
entirejoint"’; this processis known as bystander senescence. Among
the wide range of mediatorsreleased in SASP, IL-6 is particularly nota-
ble, as its elevated blood levels are associated with overall mortality™.
IL-6 can function as an enhancer of chronicinflammation and oxidative
stress associated with both ageing and pathological conditions such
as OA; this cytokine could represent a ‘gerokine’ (soluble molecule
associated with ageing), which is involved in the switch from physi-
ological ageing to age-related diseases™?. IL-11, another cytokinein the
IL-6 family, has also been proposed as a ‘gerokine’ thatisinvolved in the
pathological processes related to ageing™. Collectively, joint inflam-
mation drives immunosenescence, and senescent immune cells, in
turn, exacerbate chronicinflammationin OA, providing anexplanation
for the chronicity of the disease.

Overall, understanding the immunological aspects of metabolic
dysregulation and ageing at both the joint and the systemic levels in
the context of OA will be critical for developing targeted interventions
thataddress the unique needs of older patients or patients with obesity.

Effects ofimmune dysregulation on gut microbiota

in osteoarthritis

Increasing evidence suggests alink between OA and the gut microbiota,
but the current understanding of this relationship remains limited".
Gut microbiota and immunity are deeply intertwined; gut microbes
influence both intestinal and systemic immunity, and, conversely,
immunogenetics regulate microbiota composition'. Mouse models
of OA have demonstrated that alterations in gut microbiota can alter
disease progression"®'”, Prebiotic agents can mitigate the effects of a
high-fat diet on OA by modulating gut microbiota, thereby attenuat-
ing metainflammation"®. In addition, the disruption of the gut micro-
biota through antibiotic treatment can also alleviate the progression
of OA™, These findings are in line with previous work showing that
germ-free mice have areduced OA severity and synovitis following joint
destabilization compared with specific pathogen-free mice, empha-
sizing that gut microbiota-related factors promote post-traumatic
OA development'’.

Multiple studies in human cohorts further support the hypoth-
esis that gut bacteria and their metabolites have an active role in OA
aetiology™”"?". High levels of lipopolysaccharide and lipopolysaccha-
ride-binding protein, which are indicators of systemic chronic low-
grade inflammation and intestinal barrier dysfunction, are positively
associated with the severity of knee OA and the abundance of activated
macrophages in the synovium"”'?2, As for systemic low-grade inflam-
mation, discriminating microbiotaalterations related to OA from those
related to obesity in the context of weight-bearingjointsis a challenge;

however, gut dysbiosis has also been found in people with hand OA™.
Moreover, anincreased abundance of Streptococcusinthe microbiome
correlates with knee OA pain, probably through the modulation of syno-
vial inflammation, reinforcing the connection between gut dysbiosis
andjoint pathology'. A striking example of the gut-joint relationship
is the change in the tryptophan metabolic pathway, which is linked
to both gut microbiota and intestinal permeability biomarkers. The
changesin this pathway are associated with erosive hand OA and pain,
emphasizing the role of low-grade inflammation and gut dysbiosis in
disease'*'>. This association is in line with a 2023 study in RA, which
found that tryptophan metabolism had an active role inthe pathogen-
esis of the disease'®. Short-chain fatty acids, such as butyrate, might
also be involved in the modulation of the disease course and pain in
OA'”,Notably, faecal microbiota transplantation from patients with OA
and metabolic syndrome to germ-free mice significantly exacerbates
disease severity and systemic alterations compared with transplants
from healthy donors',

Collectively, these findings underscore the intricate relationship
between gut microbiotaand OA pathogenesis, notably throughinnate
immune response and low-grade inflammation (Fig. 2). Thus, modulat-
ingthe microbiotathrough the use of prebiotics and probiotics could
represent a potential therapeutic strategy for OA.

Decipheringimmune dysregulation: anintegrative approach
to understanding multi-tissue damage in osteoarthritis
Chronic low-grade inflammation and immune responses form the
common foundation of many chronic diseases, including OA, cardio-
vascular diseases, metabolic disorders, neurodegenerative conditions
and other comorbidities associated with OA™. Moreover, patients often
present withacombination of these conditions. Therefore, these shared
systemic biological phenomena and the overlap of these diseases in
patients encourage an integrated approach to understanding their
pathophysiology, including that of OA.

It is increasingly recognized that OA should be studied within
the context of various interconnected axes, such as the brain-joint
axis, gut-joint axis and cardiovascular-joint axis as all are involved
in chronic systemic inflammation. Interestingly, a 2024 study sug-
gests that genetic factors shared between OA and cardiovascular
diseases might contribute to the development of both conditions™°.
This finding challenges the simplistic notion that the link between
OA and cardiovascular diseases can be solely attributed to physical
inactivity. Similarly, epidemiological studies suggest an association
between OA and dementia™. In line with this work, the induction of
OAinamurine model of Alzheimer’s disease was shown to exacerbate
and accelerate the progression of neuroinflammation and amyloid
plaque deposition',

These emerging insights highlight the need to view OA as a con-
dition deeply interconnected with systemic, multi-organ low-grade
inflammation, warranting a more integrated and interdisciplinary
research approach to improve patient care.

Future strategies for targeting the immune system
in osteoarthritis

This Review underscores the considerable advances made over the past
decadein understanding theimmune components of OA; however, the
therapeutic benefits of these discoveries have yet to be appreciated.
This section is aimed at highlighting the avenues pursued thus far,
including the development of conventional and biologic therapies
and the use of cell therapy for the treatment of OA.
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Conventional and biologic therapies to targetimmune
dysregulationin osteoarthritis

Building on the extensive data from clinical studies in RA, conven-
tional and biologic therapies, such as anti-cytokine strategies and
non-specific anti-inflammatory agents, have emerged as promising
approaches to targeting immune dysregulation in OA, with the goal
of mitigating inflammation and ameliorating disease progression.
The development of novel approaches, specifically those targeting
disease-specific pathways, and better stratification of patients with
OA, are important for improving patient care.

Anti-cytokine therapeutic approaches. Various anti-cytokine
strategies have been explored in OA with the objective of replicat-
ingwhat hasbeen achievedin RA, onthe assumption that there are
sufficient similarities between the immune abnormalities found
in OA and those found in RA to reposition treatments. Notably,
many of the studies of conventional and biologic therapies have
primarily been conducted in erosive hand OA because of the rec-
ognized importance of the inflammatory component in this dis-
ease subtype'. Etanercept, a soluble TNF receptor, showed no
symptomatic benefit in 90 patients treated for 24 weeks™*, nor
did adalimumab, an anti-TNF antibody, in a 6-month randomized
controlled trialin 85 patients treated with two subcutaneous injec-
tions 15 days apart or with placebo'. Targeting IL-6 also failed in
a 6-week study of 91 patients who received two infusions 4 weeks
apart (weeks 0 and 4) of tocilizumab, a humanized anti-IL-6 recep-
tor antibody, or placebo'°. Moreover, a clinical trial testing the
efficacy of the anti-granulocyte-macrophage colony-stimulating
factor antibody otilimab demonstrated no benefitin a pilot study of
44 patients who received either subcutaneous otilimab or placebo
administered weekly from week O to week 4, then every 2 weeks
untilweek 10 (ref.137). Finally, targeting IL-1, considered as the most
potent pro-inflammatory and pro-damaging mediator in OA, has
alsobeen evaluated. Lutikizumab, an antibody thatinhibits IL-1accand
IL-1B, has been tested in two pivotal clinical trials, both in patients
with erosive hand OA and in patients with knee OA presenting

with synovitis"*"°. Both trials failed to demonstrate a superior
efficacy of lutikizumab over placebo. However, a post hoc analysis
fromthe CANTOS trial, arandomized, placebo-controlled trial that
evaluated the anti-IL-1antibody canakinumab (subcutaneous injec-
tion once every 3 months) in 10,061 patients with prior myocardial
infarction and elevated C-reactive protein (15.6% of whom reported
amedical history of OA) at baseline, showed a40% reductioninthe
rate of total knee replacement after a mean follow-up of 3.7 years,
re-opening the door for anti-IL-1 therapies in knee OA™°. In 2024,
arandomized controlled trial demonstrated that denosumab, an
inhibitor of receptor activator of nuclear NF-kB ligand (RANKL),
had astructural effect on erosive hand OA by inducing remodelling
and preventing new erosive lesions''. Interestingly, such an effect
could be mediated by targeting synovitis since denosumab reduced
synovitis and effusion scores compared with baseline'*'.

Despite these efforts, it remains unclear whether systemically deliv-
eredtherapies effectively reach the joint spacein sufficient concentra-
tions tomodulate local inflammation and joint damage. This limitation
could contribute to the lack of efficacy observed in these studies.

Non-specific anti-inflammatory therapeutic agents. Beyond the
specific targeting of pro-inflammatory cytokines, non-specific anti-
inflammatory strategies have been tested in the context of OA. Metho-
trexate, the gold-standard treatment for RA, showed amoderate effect
onpainintwoindependent 6-month randomized, placebo-controlled
trials in symptomatic knee and hand OA"*'**, Compared with previ-
ous trials showing no effect of methotrexate on pain relief"**, these
studies, published in 2023 and 2024, call for a better definition of
the appropriate methotrexate dose to administer, and an evaluation
of its cost-effectiveness before considering this therapy for a larger
population of patients. The efficacy of glucocorticoids, potent anti-
inflammatory agents with known immunomodulatory effects, fol-
lowing intra-articular injection has long been established for OA';
however, the benefit-risk balance of repeated intra-articular injections
of glucocorticoids remains debatable'*®. The randomized, placebo-
controlled HOPE trial, in which the efficacy of a short (6-week) course
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of oral prednisolone or placebo was evaluated in 92 patients with hand
OA presenting with synovitis, demonstrated that prednisolone had a
clinically relevant effect on pain'’. Other drugs with anti-inflammatory
or immunomodulatory properties, such as colchicine™*"*°, hydroxy-
chloroquine®™® and statins™', have been examined in clinical investiga-
tions in the context of OA. Although interesting, these drugs have so
far failed to demonstrate their efficacy for this indication.

Future directions. Overall, except for non-specific treatments such as
glucocorticoids, targeting theimmune systemin OA has not yet proven
to be highly beneficial. Beyond the disappointing evidence available,
several explanations could be proposed.

First, althoughtherepositioning of RA treatment initially seemed
to be arelevant strategy, it is not clear whether inflammatory and
catabolic mediators involved in OA are the same as those involved in
RA, and whether these mediators function within the same time and
spatial frameworks following disease initiation. Given the clinical
and structural differences between these rheumatic conditions, the
development of therapeutic strategies targeting pro-inflammatory
pathways and/or fibrosis associated with OA is utterly indispensable.
Current therapeutic strategies under development include targeting
IL-10 using gene therapy and the use of liraglutide, a glucagon-like
peptide-1receptoragonistusedintype 2 diabetes mellitus and obesity
management that has beenshown to reduce synovitis in experimental
models of OA; both of these strategies are being tested in humans™>',
Inadvanced OA, chronic synovialinflammation can progress to synovial
fibrosis, characterized by excessive collagen accumulation, abnormal
fibrin deposition and synovial fibroblast proliferation™*. Nintedanib,
an antifibrotic agent, attenuates synovial inflammation, fibrosis and
cartilage degradation through the inhibition of pro-inflammatory
polarization of OA synovial macrophagesin adestabilization-induced
mouse model of OA™. Future directions for the treatment of OA also
include modulation of the gut microbiota through distinct strate-
gies, including the use of prebiotic and probiotic agents and faecal
microbiota transplantation. None of these strategies is yet included
intheguidelines of scientific societies for alleviating OA symptoms™®,
although clinical studies are emerging (for example, NCT06459700);
however, physical activity and a healthy whole-food plant-based diet
both exert beneficial effects on OA symptoms, in part through the

modulation of the gut microbiota'’.

Second, past clinical failures could be attributed to the current
inability to differentiate between OA endotypes, whichinfluence clinical
phenotypes™. Itis now clear that there are different joint and peripheral
molecular signatures in OA and that inclusion and exclusion criteria
for different signatures should be incorporated into clinical trials to
facilitate more targeted treatment approaches in OA (Fig. 3). The pres-
ence of soluble biomarkers in the blood of patients with OA might help
to define disease subgroups linked to phenotypes and endotypes and
stratify patients.In2022, three endotypes (low tissue turnover, structural
damage and systemic inflammation) were defined on the basis of the
expression of 14 circulating biochemical markers, and were shown tobe
associated with clinical phenotypes and disease evolution'. Future stud-
ies should further explore the relationship between these biochemical
biomarkers and the phenotypic, genomic and demographic characteris-
tics of patients with OA to enhance patient stratification and advance the
challenging development of precision medicine'®. Several other chal-
lenges must be addressed toimprove the stratification of patients with
OA.Theyinclude, butarenotlimitedto, thetechnicalapproaches needed
for routineimplementation in patient care, the economicimplications
of such advancements and the associated ethical considerations.

Immunomodulatory properties of cell therapy for
osteoarthritis management

Cell-based therapies have gained attention for their immunomodu-
latory properties, offering a novel approach to managing immune
dysregulation and inflammation in OA. Among these therapies, mes-
enchymal stem cells (MSCs) are the most extensively studied; in this
section we also discuss emergent strategies such as the injection of
genetically modified chondrocytes, macrophages and stem cells.

Mesenchymal stem cell-based cell therapy. Interest in MSCs
(also known as mesenchymal stromal cells) has grown in rheuma-
tology, especially in the context of OA, owing to their trophic and
immunomodulatory properties'®’. MSCs are found in almost all
tissues and were originally identified in the bone marrow as haema-
topoietic support cells. Over the past decade, MSCs have elicited
enthusiasm in a wide range of clinical applications owing to the
ease of collecting these cells, not only from the bone marrow but
alsofrom other accessible sources such as adipose tissue, synovium
and umbilical cord.
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Minimal joint disease
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(OA). The main clinical phenotypes of OA, which
have previously described'®, could be associated
with distinct or overlapping molecular endotypes;
the number of possible subgroups based on these
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MSCs are characterized by their immune-evading properties'®;
they expresslow levels of MHC classand do not typically express MHC
class Il under normal conditions, thereby reducing the detection of
these cells by the hostimmune system. Inaddition, MSCs express com-
plement regulatory proteins, such as CD46, CD55 and CD59 (ref.163),
which protect them from complement-mediated lysis. Such features
have made allogeneic MSCs particularly attractive for the develop-
ment of cell-based therapy in OA as they offer several advantages
over autologous MSCs, including off-the-shelf availability, reduced
inter-donor variability, enhanced clinical consistency and reduced
cost and logistical complexity'*. Although allogeneic cell therapies
are promising, further researchis needed to establish their long-term
safety, notably related toimmunogenicity, rejection risk and adaptive
immune response after repeated injections.

Althoughsstill controversial, itis increasingly accepted that MSCs
respondtotheir environment by secreting (either directly or mediated
viathe production of extracellular vesicles containing specific cargo'®)
trophic and immunomodulatory factors, such as prostaglandin E,,
transforming growth factor  (TGFf), indoleamine 2,3-dioxygenase,
IL-10 and hepatocyte growth factor'®®. As such, MSCs have immu-
nomodulatory and anti-inflammatory capabilities'’. Of relevance to
OA management, the ability of MSCs to produce biomolecules that
can modulate innate and adaptive immunity was first identified in
graft-versus-host disease'*®. In particular, MSCs can alter macrophage
polarization from a pro-inflammatory to a pro-regenerative state'.
MSCs also affect the differentiation, maturation and function of
dendritic cells, resulting in reduced antigen presentation and T cell
activation"°. Inaddition, MSCs inhibit the proliferation, cytokine pro-
duction and cytotoxic activity of NK cells'". These cells also inhibit T cell
proliferation and activity”” but stimulate the development of T cells,
which are essential for maintainingimmune tolerance and preventing
autoimmune responses’”’. Likewise, MSCs reduce B cell proliferation
and differentiation, thereby reducing antibody production'. Over-
all, the interactions between MSCs and various immune cells exert a
global anti-inflammatory and immunomodulatory effect, which, inthe
context of OA, could lead to areduction in disease severity.

Owing to the effects of MSCs on immune cells in OA, a large
number of human clinical trials have beeninitiated. A comprehensive
meta-analysis of randomized and non-randomized controlled trials
through the use of intra-articular injections of MSCs in patients with
knee OA indicates clinically relevant pain reduction, improved joint
function and cartilage protection at final follow-up endpoints'”.
Limitations such as small sample size, lack of clear patient stratifi-
cation and variability in cell origin and dosage prevent definitive
conclusions. This difficulty to unequivocally address the relevance of
MSCs has been further reinforced by amulticentre human phase II-1II
clinical trial that failed to demonstrate the therapeutic superiority
of MSCs over glucocorticoids 1 year after intra-articular injection
inknee OA",

Future research on MSCs in OA should focus on defining the
subsets of patients that could benefit from MSC-base cell therapy,
identifying the optimal cell sources and dosages and establishing
standards and quality-control procedures for the production of MSCs.
Inaddition, issues related to the administration route and cell-delivery
systemshould also be addressed. Therefore, preclinical developments
now include the use of biomaterial scaffolds to promote MSC secre-
tory functions and improve MSC-based therapy for OA"’. Hopefully,
such improvements could help clinicians to match available treat-
ment options with the clinical phenotypes and molecular endotypes

of patients with OA to ensure consistent and reproducible clinical
outcomes from a personalized medicine perspective.

Other cell-based therapies. Beyond the aforementioned applica-
tions of MSCs, other immunomodulatory cell-based therapies have
shown promise in preclinical and clinical trials for patients with OA,
although the results of these trials still require further validation. These
innovative approachesincludeintra-articularinjection of genetically
modified allogeneic chondrocytes that overexpress TGFB'® and of
autologous peripheral blood mononuclear cells”’.

Given the pivotal role of macrophages in OA pathogenesis, sev-
eral macrophage-based immunomodulatory cell therapies are also
under investigation. These studies are investigating approaches
that include intra-articular injection of genetically engineered mac-
rophages thatare ‘locked’in ananti-inflammatory and pro-regenerative
M2-like phenotype'® or of allogeneic mononuclear cells from
non-HLA-matched healthy donors induced to a stable apoptotic
state (NCT06459063) to promote the pro-resolving features of
macrophages. Furthermore, macrophage derivatives, including
exosomes'™ and cytoplasmic membrane fragments' could also be
used to bypass regulatory hurdles related to classical cell therapies.

Finally, induced pluripotent stem cells and embryonic pluri-
potent stem cells have been contemplated with interest because
of their unprecedented capabilities of indefinite self-renewal and
differentiationinto any somatic cell lineages, including those found
in joints'®*'%*, These properties have made these cells attractive for
in vitro OA disease modelling. Interestingly, the ability of induced
pluripotent stem cells to give rise to MSCs (known as iMSCs) which
exhibit similar biological behaviour to classical MSCs but with
enhanced scalability, inter-donor reproducibility and improved
immune properties, have also made iMSCs candidates for immu-
nomodulatory intervention in various diseases'®. iMSCs are being
assessed in a multicentre, single-arm, phase I trial (NCT06049342)
for safety and efficacy assessment in knee OA.

Altogether, these transformative therapies hold potential as opti-
mal strategies for disease-modifying OA therapy by simultaneously
delivering anti-inflammatory and pro-regenerative signals. However,
extensive experiments are required before clinical translation can
reasonably be considered and rigorous evaluation of the safety, effi-
cacy and long-term outcomes of these therapies remains paramount
inadvancing these innovative approaches from bench to bedside.

Overall, the OA therapeuticlandscapeis evolving with the explora-
tion of conventional, biological, gene- and cell-therapy approaches.
Although current clinical results are not yet satisfactory, specific
subsets of patients with OA presenting with clinical phenotypes, asso-
ciated with precisely defined underlying molecular endotypes, will
probably benefit from these therapies. By taking advantage of the
development of cutting-edge technologies during the past decade
and by improving patient stratification, the ultimate goal is toimprove
therapeutic outcomes and quality of life for individuals with OA.
Notably, high-throughput omics approaches provide sensitivity and
accuracy to gene- and protein-expression analyses and could be of
prognostic and therapeutic relevance; however, the high cost and
lack of reproducibility and standardization across centres still limit
their clinical use™.

Conclusions
The relationship between OA and the immune system is both multi-
faceted and dynamic. Although inflammation is a central feature in
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OA pathogenesis, theinterplay betweeninnate and adaptive immune
responses adds substantial complexity to the understanding of the
disease. The involvement of various immune cells, cytokines and sig-
nalling pathways underscores the need for anuanced approach to OA
management.

Research published in the past 20 years highlights the poten-
tial of exploring novel therapeutic avenues, particularly through
immunomodulatory strategies and regenerative medicine. These
approaches areaimed at addressing not only the symptoms of OA but
also theunderlyingimmune mechanisms driving disease progression.
Immunomodulatory therapies, such as targeting specific cytokines
or immune cell subsets, offer the promise of reducing inflammation
and slowing disease advancement. Regenerative medicine, including
the use of MSCs and tissue engineering, holds potential for repairing
damaged cartilage and restoring joint function.

Asresearch continuesto delveinto theimmunologicalintricacies
of OA, a more comprehensive understanding of innate and adaptive
immune cells in OA will be crucial. This knowledge will pave the way
for innovative and targeted interventions, potentially transforming
the management of OA. By integrating insights from both basic and
clinical research, future therapies could offer more effective and per-
sonalized treatments, ultimately improving outcomes and quality of
life for individuals affected by OA.

Published online: 13 March 2025
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Abstract

Sections

Psoriatic arthritis (PsA) is anatomically much more heterogeneous
thanrheumatoid arthritis, as, beyond synovitis, it often also involves
enthesitis, peritendinitis, tenosynovitis, osteitis and periostitis. This
heterogeneity currently precludes a gold standard for objectively
defining resolution of inflammation following treatment, with enthesitis
posing a particular challenge. Despite these difficulties, we apply
lessons learned from rheumatoid arthritis to describe how patients with
PsA and aninadequate response to therapy can be designated within
two patient subgroups, characterized by persistentinflammatory

PsA (PIPsA) and non-inflammatory PsA (NIPsA), respectively. The
NIPsA phenotype is defined by the lack of ongoing joint inflammation,
as confirmed through clinical assessment and imaging, along with
normalized inflammatory marker levels. NIPsA might be associated
with obesity, biomechanical-related pain, osteoarthritis, fibromyalgia,
secondary post-inflammatory damage and central pain mechanisms.
In this article, we frame PSA composite outcomes measuresin
relationship to the PIPsA and NIPsA phenotypes and propose that this
approach might help to minimize unnecessary or ineffective cycling

of PsA therapy in patients who acquire dominant non-inflammatory
mechanisms and might also inform future trial design.
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Key points

= For optimal management of patients with psoriatic arthritis
(PsA) and an inadequate response to treatment (particularly in
cases that are difficult to treat or refractory), we propose two main
disease subcategories: persistent inflammatory PsA (PIPsA) and
non-inflammatory PsA (NIPsA).

= Despite the complexity of PsA in terms of the structures involved
(enthesis, synovium, tendons, para-tendinous soft tissue and bone),
the best clinical feature for the routine recognition of genuine
inflammatory arthritis is joint swelling (synovitis or dactylitis), which
can be confirmed by ultrasonography (PIPsA phenotype).

= In symptomatic patients with persistent pain and high composite
scores, but without objective clinical signs of inflammation, the
absence of ‘active’ inflammation on ultrasonography suggests a NIPsA
phenotype that is likely to be associated with comorbidities, such

as obesity and osteoarthritis; however, distinguishing ‘pure’ and less
common isolated entheseal phenotypes remains challenging for this
less common clinical phenotype.

= The exhaustion of therapeutic options define treatment-refractory
PsA; however, it is recognized that non-response, as measured by
composite outcomes, might involve non-inflammatory components,
highlighting the need for imaging.

= Accurate characterization of the PIPsA phenotype will facilitate
clinical trials, including combinations of advanced therapies using
existing composite outcomes for PsA.

Introduction

The success of biological disease-modifying anti-rheumatic drugs
(bDMARDs) and targeted synthetic DMARDs (tsDMARDs) in rheumatol-
ogy forboth rheumatoid arthritis (RA) and psoriatic arthritis (PsA) has
revolutionized the management and even resulted in dose optimiza-
tion or tapering strategies as key features in disease management'?.
Despite these therapeutic advances, there hasbeenincreasing recogni-
tion of patients with inflammatory arthritis that is non-responsive or
refractory to treatment, initially in RA and later in PsA*”.

Patients with RA who have been exposed to multiple DMARDs
without apparent benefit are variously designated as having
‘difficult-to-treat’, ‘treatment-resistant’ or ‘refractory’ RA*¢. We previ-
ously suggested that patients with RA in whom all available classes
of drug have failed could be designated as having ‘poly-refractory
RA’, as there are no therapeutic options left®. In RA, the ‘difficult-to-
treat’ terminology is the best agreed term and defines individuals
with signs of active disease in whom at least two bDMARD or
tsDMARD classes have failed following conventional DMARDs".
The ‘difficult-to-treat’ terminology as articulated for RA was also used
inPsA, with ‘difficult-to-treat’ PsA having been suggested to also rep-
resent failure of at least one conventional DMARD and two bDMARD
or tsDMARD classes*’ (Table 1). An attempt has also been made to
differentiate ‘difficult-to-treat’ PsA from ‘treatment-resistant’ PsA
driven by comorbidities (also defined as ‘complex-to-manage’ PsA,
abbreviated to C2M PsA)*'°. However, universal agreement on these
definitionsis still lacking.

Inthis article, we propose that patients with PsA and aninadequate
response to therapy, starting with patients who are unresponsive to
conventional DMARDs and extending to individuals with ‘difficult-to-
treat’ PsA and refractory PsA (in whom treatments from all available
classes have failed) can be classified into two distinct disease sub-
groups: asubgroup with a persistentinflammatory PsA (PIPsA) pheno-
type, whichis marked by active joint inflammation (typically clinically
manifesting as joint swelling) and confirmed on imaging; and a sub-
group with non-inflammatory PsA (NIPsA) phenotype, which is often
linked to comorbidities such as obesity and osteoarthritis (OA). Inaddi-
tion, we discuss potential mechanisms underlying these phenotypes,
aswell as considerations for treatment strategies and trial design.

Inadequate therapy responses in PsA

A Northern European registry study of over 10,000 patients demon-
strated that patients with PsA who received more than four bDMARDs
or tsDMARDs — that is, patients representing an approximation for
arefractory or near-refractory state — have a very low likelihood of
achieving remission as assessed using the Disease Activity in Pso-
riatic Arthritis (DAPSA) score, with number needed to treat of 63
(ref. 11). In such patients, differentiation between inflammatory (that
is PIPsA-associated) and non-inflammatory (thatis NIPsA-associated)
mechanismes, is vital to prevent futile therapy cycling and ensure
optimal PsA management in the real-world setting.

Multiple treatment failures make it essential toidentify the under-
lying mechanisms driving inadequate responses to therapy. Several
patients with PsA who are cycling through bDMARDs or tsDMARDs
show little objective evidence of jointinflammation. International reg-
istries data, observational studies and clinical trials reveal that only 10%
to40% of patients with PsA achieve remission'>'* despite very low rates
of radiographic disease progression. Hence, a failure to differentiate
between PsA associated with traceable inflammatory mechanisms (that
is, PIPsA) versus PsA where non-inflammatory mechanisms mightbein
place (thatis, NIPsA) might explain why alarge population of patients
with PsA do not achieve remission or low disease activity. The existing
burden of apparent treatment failure in PsA has shifted the focus from
Minimal Disease Activity (MDA) or DAPSA remission onto ‘Patient
Acceptable Symptom State”™'°, which we propose should be assessed
through the perspective of both inflammatory and non-inflammatory
mechanisms to optimize treatment strategies. At first glance, our
newly suggested term NIPsA might appear to be contradictory, as the
term ‘arthritis’inherently implies the presence of inflammation. How-
ever, chronicinflammatory conditions, including PsA, often progress
through an initial inflammatory phase to post-inflammatory phases.
The latter may be characterized by secondary OA and joint malalign-
ment, both of which involve pain sensitization mechanisms and are,
thus, painful. Differentiating between disease phases presents a clini-
cal challenge, as purely inflammatory or non-inflammatory states are
rarely observed, not only in PsA but also in conditions suchasRA, and
overlapping mechanisms frequently coexist”.

Outside of rheumatology, similar dynamics between pro-
inflammatory and post-inflammatory disease states are observed.
For instance, in multiple sclerosis, patients with severe disability are
unlikely to respond to therapy if inflammation is no longer active,
as evidenced by negative MRI scans'®". Similarly, validated com-
posite outcome measures in PsA, such as DAPSA, Psoriatic Arthritis
Disease Activity Score (PASDAS) and MDA, encompass patients with
treatment-resistant disease. Such apparent resistance, whichemerges
fromthe clinimetricindices, might stem not fromactive inflammation
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Table 1| Psoriatic arthritis phenotypes: terms and definitions

Patients with active disease in whom at least two
different lines of biologic or targeted synthetic
therapy and at least one conventional DMARD
have failed

Difficult to treat PsA
(clinical classification)

Refractory PsA
(clinical classification)

Failure owing to treatment inefficacy or intolerance,
or treatment exclusion based on contraindications,
for at least one drug of each advanced therapy
(biologic or targeted synthetic DMARDs) licensed
for PsA. This criterion applies to patients with active
disease as determined by a validated composite
outcome measure

Persistent
inflammatory PsA
(clinical and imaging
classification)

Patients with active disease with imaging evidence
of ongoing inflammation (based on ultrasonography
or MRI), despite undergoing at least one
recommended therapy from any single DMARD
class (either conventional or biologic and targeted
synthetic DMARDs)

Non-inflammatory PsA
(clinical and imaging
classification)

Patients with active disease without imaging
evidence of ongoing inflammation (based on
ultrasonography or MRI), despite undergoing at least
one recommended therapy from any single DMARD
class (either conventional or biologic and targeted
synthetic DMARDSs)

Active disease
(clinical classification)

Ongoing peripheral and/or axial musculoskeletal
symptoms. Conventionally characterized by

a DAPSA score >14 or an alternative validated
outcome measure and ASDAS >2.1 for isolated spinal
symptoms

ASDAS, Ankylosing Spondylitis Disease Activity Score; DAPSA score, Disease Activity in
Psoriatic Arthritis score; PsA, psoriatic arthritis.

atthe time of assessment but rather from the residual damage inflicted
by prior inflammation.

To avoid confusion and the implication that such patients with
high composite scores are no longer considered to have PsA, it is
more accurate to describe the mechanisms driving their symptoms
as non-inflammatory or representative of a NIPsA phenotype. This
terminology provides a nuanced perspective on their condition,
acknowledging its complexity while maintaining the validity of their
diagnosis.

Anatomical challenges in PsA

The heterogeneity of musculoskeletal involvement in PsA, including
synovitis, osteitis, enthesitis, peritendinitis and periostitis, compli-
cates the detection and definition of PsA withinadequate response to
treatement*?., Isolated axial disease or peripheral enthesitis without
adjacent synovio-entheseal involvement are rare manifestations but
importanttorecognizeinorder toavoid misdiagnoses and inappropri-
ate therapeutic approaches (Fig. 1). Furthermore, it is acknowledged
that the persistence of pain and joint tenderness in the absence of joint
swelling and of elevated C-reactive protein (CRP) levels are more likely
tobereportedinPsAthaninRA, owingtothe entheseal and extracapsu-
lar centricinflammation in PsA? (Fig. 1). Such PsA cases might represent
immunologically driven refractory disease that is difficult to demon-
strate objectively?>** %, The pathological variability of the affected
tissues, combined with the challenges in assessing enthesitis, makes
distinguishing between inflammatory and non-inflammatory mecha-
nisms more challenging than RA (Fig. 1). In particular, the correlation
between entheseal tenderness and imaging findings varies according
to the studies from poor to suboptimal, hence a gold standard test is

lacking®, However, similar to RA, PsA is most commonly character-
ized by joint swelling, and the presence or absence of this clinical lesion
isalso akey parameter for the delineation between inflammatory and
non-inflammatory mechanismsin PsA.

Lessons from refractory RA
Lessons learned from refractory RA can help to better understand
inflammatory mechanismsin PsA patients withinadequate response to
therapy. We previously proposed two major subdivisions for the clini-
cal assessment of RA towards switching DMARD class and especially
switchingacross bDMARDs or tsDMARDSs: non-inflammatory refractory
RA (NIRRA) and persistent inflammatory refractory RA (PIRRA)*". The
NIRRA group, as designated by the absence of ultrasonographic power
Doppler changes in clinically swollen joints correlated more strongly
with obesity, OA and fibromyalgia, as well as with lower CRP and lower
SJC compared with the PIRRA group, with NIRRA representing 40% of
total refractory RA cases®. The primacy of synovitis and secondary
nature of erosion in RA is well established, as is the control of joint
inflammation towards structural damage prevention®”. RA-associated
synovitis is readily evaluable using ultrasonography in clinically acces-
siblelocations and furthermore®, thereis a clear link between synovial
inflammation and bone erosion — a key prognostic surrogate in RA.
Compared with RA, erosive disease is less prevalent and disease
progressionis slower in PsA, with only a subset of patients experienc-
ing substantial radiographic progression®-*>, However, analogous to
RA, baseline radiographic erosive damage, raised CRP levels and per-
sistent synovitis are also major risk factors for PsA progression®-*%,
underscoring the key importance of synovitis and outcomes in PsA.
Damage in PsA also includes post-inflammatory lesions including
both juxta-articular and entheseal new bone formation in both the
peripheral and axial skeleton”*®, but at the population level persistent
inflammatory disease is mostly readily recognized in relation to joint
swelling associated with synovitis.

Recognizing the PIPsA landscape

PIPsA refers to cases where patients continue to show active disease
with clearimaging evidence of ongoinginflammation, such as through
ultrasonography or MRI, despite having received at least one recom-
mended therapy from a DMARD class, including conventional, bio-
logic, or targeted synthetic options (Table 1). The temporal concept
referenced with ‘persistent’in the PIPsA classificationisimportantand
refers to alack of reduction in disease activity by at least 50% within
3 months or not reaching the treatment target within 6 months, in
accordance with the treat-to-target approach and the European Alli-
ance of Associations for Rheumatology (EULAR) recommendation
on PsA treatment’.

Both animal studies and human imaging analyses suggest that
initial PsA involvementis entheseal and includes the synovio-entheseal
complex (SEC) structure, and this explains the focal joint swelling
(Fig. 1a) or entire digital swelling (dactylitis)***"~*°, Dactylitis encom-
passes most of the primary lesions of psoriatic finger involvement,
ranging from tenosynovitis and subcutaneous edema (also called
pseudotenosynovitis), which are characteristic of the acute phases,
to articular synovitis and erosions observed in the chronic phases
(Fig.1a).Indeed, apart from the rare pure axial PsA phenotypes oriso-
lated peripheral entheseal phenotypes, persistent swelling is clearly
linked to PsA clinical expression, progression joint erosion, destruc-
tion and joint deformity (Fig. 1). Accordingly, the concept of NIRRA
and PIRRA relating to objective evidence of synovitis in RA may be
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Tendonitis, paratendonitis and tenosynovitis are all manifestations ~ Synovitis linked to SEC and easier to appreciate on imaging than isolated enthesitis
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Persistently elevated CRP linked to clinical joint swelling
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Extensor tendon
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Tenosynovitis Synovitis leads to joint destruction and deformities

Flexor tendon Clinical swelling is easier to recognize  Synovitis is the most common PsA manifestation

in accessible synovial joints during the progression from arthralgia to PsA
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Large joint synovitis

Isolated peripheral enthesitis
| | or isolated polyenthesitis
Periostitis +/- osteitis
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Fig.1| The complexity of psoriatic arthritis-related joint disease.

a, The central role of synovitis in psoriatic arthritis (PsA) and its various clinical
implications are highlighted towards defining imaging and possibly tissue
assessment as the gold standard for exclusion of non-inflammatory PsA (NIPsA)
phenotypes. Synovitis is the most common manifestation of early PsAin
patients with arthralgia follow-up. Synovitis linked with the synovio-entheseal
complex (SEC) is easier to detect than enthesitis alone, with synovitis often
acting as a ‘smoking gun’ for other pathology. Clinically, synovitis is easy to
recognize owing to visible joint swelling and can be confirmed through imaging
techniques. Persistent raised C-reactive protein (CRP) levelsin trials, indicating a
non-response, are linked to joint swelling. Additionally, synovitis contributes to
joint destruction and deformity like those observed in rheumatoid arthritis (RA)

and is associated with PsA-related erosion and outcomes. b, The pathological
tissue heterogeneity of musculoskeletal pathological involvement in PsA-related
jointdisease, and the associated difficulty in objectively measuringjoint

target tissues, complicates the detection and definition of refractory PsA.
PsAinvolvements include not only synovitis but also osteitis, enthesitis,
peritendinitis, and periostitis of both the peripheral and axial skeleton.

At the population level, isolated axial disease and isolated peripheral enthesitis
without adjacent synovio-entheseal soft-tissue involvement are uncommon PsA
manifestations. Ultrasonography can be used to identify inflammatory changes
inall soft-tissue structures that are affected in PsA, including the synovial cavities
and bursae, tenosynovial structures and adjacent soft tissues, enabling the
diagnosis of PsA with inadequate response to treatment.

broadly applicable to PsA patients withinadequate response to therapy
wherejoint synovitis is often central to the patient outcomes®. Hence,
most NIPsA and PIPsA phenotypes can be clinically gleaned from joint
tenderness and swelling, as documented by ultrasonography (Fig. 2).

Assessing enthesitis, peritendinitis, periostitis and osteitis is
comparatively more challenging than evaluating clinical joint swell-
ing that is often associated with joint cavity synovitis and effusion"*!
(Fig. 1b). When clinically accessible, entheseal structures are, unlike
the synovium, relatively avascular and, although painful or tender,
might not display ultrasonographic changes. Inaddition, whereas the
association between joint synovitis and structural damage has been
well established, especially inRA, the link between the involvement of
peri-articular structures (such as peritendinitis), which are commonly
seenin PsA, and structural damage is less defined. Results from the
phase lllb ACHILLES randomized controlled trial, where secukinumab
for peripheral enthesitis showed statistically significantimprovements
over the placebo onlyin theretrocalcaneal bursitis component of the
SECstructure, thus highlight the utility of synovitis evaluationin a pri-
mary entheseal pathology*>**. These findings suggest that the synovial
component of the SEC is more responsive to change, which is why we
willfocus onthis SEC componentin PIPsA phenotype definitions —even
when enthesitis is the specific lesion under evaluation** 5,

Importance of objective measurement of joint inflammation
PsA-related oligoarthritis and PsA-polyarthritis (the latter defined by
the presence of at least five swollen joints, which is considered a poor
prognostic factor according to EULAR recommendations’) are read-
ily evaluable in the clinic, and the presence or absence of synovitis or
peritendinitis can be easily detected using ultrasonography (Fig. 2).
Dactylitisisincludedin the EULAR recommendations for polyarthritis
owing to the presence of synovitis and has a poor prognosis for the
association with radiographic damage, especially when more than one
finger or toe are affected"”.

Compared withjoint swelling withevidence of activeinflammation
on imaging, PIPsA phenotypes with isolated entheseal involvement
are substantially more challenging to objectively assess, especially in
patients with persistent inflammatory enthesitis symptoms despite
treatment*’. Also, the persistence of pain in a particular enthesis might
be related to mechanical enthesopathies or non-inflammatory pain
mechanismstriggered after aninflammatory process, oracombination
of both?*?**%*! In this scenario, detection of entheseal tenderness dur-
ing the physical examination would not be sufficient to define a PIPsA
phenotype. The same limitation applies to the axial disease, where the
inflammatory and non-inflammatory mechanisms are both likely to

impact the same patient, sometimes simultaneously. In patients with
axial symptomatic PsA, and especially in HLA-B27-negative individuals,
MRI is often negative despite the presence of inflammation®. Thus,
although collectively there might be imaging “blind spots” for the
detectionof bothisolated peripheral entheseal and axial inflammation,
joint or digit swelling appearing at physical examination in patients
withinadequate responseto therapy canstillbe anindicator of aPIPsA
phenotype, hence the suggested focus on swelling that is likely to be
linked to SEC disease (Fig.1).

Ultrasonography for defining PIPsA and NIPsA

Despite the challenges posed by the heterogeneity of the structures
involved, especially when compared with RA, imaging has potentially
akey role in defining PIPsA and NIPsA phenotypes. In patients with
elevated disease activity scores and joint swelling (which is the best
surrogate for jointinflammation in PsA), the presence of ‘active’ inflam-
mation on ultrasonography should be used for confirming the PIPsA
phenotype, especially in doubtful cases, asin the presence of obesity or
joint deformities****, Ina patient with a confirmed PIPsA phenotype,
imaging can also help to identify the specific anatomical siteinvolved
(forexample, in the case of amini-enthesitis of the digit)******. In ad di-
tion, ultrasonography has the potential to detect PsA-independent
factors that promote persistent inflammation, such as concomitant
crystal arthritis****. In patients with joint tenderness but without
any clinical evidence of inflammation, for example, in those with no
jointswelling and normal CRP levels*® %, inwhom aNIPsAis suspected,
imaging, and particularly ultrasonography, can be used to exclude
the presence of SEC inflammation®. Furthermore, although isolated
enthesitis (that is, enthesitis without joint or tendon manifestations)
isuncommonin patients with PsA, the detection of anentheseal power
Doppler signal, with or without other indicators of ‘active’ entheseal
inflammation (such as hypoechoic areas or entheseal thickening*”¢*)
orstructural damage (such as bone erosions) — especially at the Achil-
les enthesis, might indicate an entheseal PIPsA phenotype. Whereas
ultrasonography is anaffordable and accessible approach to assessing
synovitisin PsAitis stillnot able to detect peri-entheseal osteitis. There-
fore, in patients with ongoing features of inflammatory pain, an MRI
scan should be considered for further evaluation if ultrasonography
findings are negative.

Potential pathogenetic mechanisms in PIPsA

Theimmunopathogenesis of PIPsAis poorly understood, as few stud-
ies have so far focused on treatment-refractory PsA. Genome-Wide
Association Studies (GWAS), as well as results from translational studies

Nature Reviews Rheumatology | Volume 21| April 2025 | 237-248

241


http://www.nature.com/nrrheum

Perspective

B-MODE

Synovitis

Enthesitis

Peritendinitis

J——

* T T ————

Fig.2|Imaging peripheral inflammation in psoriatic arthritis. In rheumatoid
arthritis (RA), the persistent inflammatory refractory RA (PIRRA) phenotype
isbased on the presence of joint synovitis, as determined in B-mode, as
synovial hypertrophy (Aa) and concomitant power Doppler (PD) changes (Ab).
Likewise, in psoriatic arthritis (PsA), synovitis is a central disease component

to the persistent inflammatory PsA (PIPsA) phenotype. However, given the
synovio-entheseal complex (SEC) centricity of disease, other lesions, including
tenosynovitis (Baand Bb), enthesitis (Ca and Cb) and peritendinitis (Daand Db),
should be evaluated in a patient with an inadequate response to therapy.

testing inhibitors of the tumour necrosis factor (TNF), interleukin-23
(IL-23) and IL-17 pathways strongly incriminate the IL-23-IL-17 axisand
the NF-kB-TNF pathways in PsA pathogenesis®, but there are very lim-
ited dataonthe contribution of these pathways to treatment-refractory
disease. Also, the MHC-1 associations beyond HLA-B27 in PsA, as well
as mechanistic studies using patient-derived samples or humanized
mouse models of PsA all point to a key role for CD8" T cells and their
associated cytokines®® 5,

As the PIPsA phenotype is likely to arise in patients previously
exposed to TNF, IL-17 or IL-23 inhibition, and in cases where drug com-
pliance and the absence of neutralizing antibodies are confirmed,
geneticassociations might help to explain PIPsAimmunopathogenesis.
In fact, genetic variants affecting many cytokine pathways including
those downstream of IL-1, IL-4 or IL-13 and IL-6 have emerged from
GWAS®. The reverse translational immunology studies investigat-
ing arole for these cytokines in refractory PsA are rudimentary, but
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case series of refractory PsA responding to IL-6 inhibition have been
reported’’. Furthermore, the use of IL-4- or IL-13-blocking strategies
for eczema is associated with the development of both psoriasis and
PsA, implicating type 2 cytokine dysregulation in the induction of
PsA”'. GWAS have also linked genetic variants of the type 1 interferon
and JAK-STAT pathways with PsA. Accordingly, it will be interesting to
see how many patients inwhomJAK pathway inhibition has failed have
aPIPsA phenotype. Other potential molecular mechanismsleading to
PIPsA mightinclude rare monogenic forms of PsA, especially in younger
patients, epigenetic modifications and somatic mutations, but this
is largely speculative owing to the paucity of data. Synovial biopsies
from patients with a defined PIPsA phenotype might help to dissect
the immunopathogenesis of non-response to two or more classes of
therapy in PsA7>72,

Potential mechanisms in NIPsA

Evidence supporting the concept that the NIPsA phenotype is common
comes from evaluations of patients with PsA 12 months after initiat-
ing afirst anti-TNF therapy, which showed that almost 40% reported
unacceptable pain and that nearly two-thirds of this remaining pain
load was attributed to a pain patternindicative of anon-inflammatory
mechanism (defined as refractory painin thatstudy)’. The refractory
painwas defined as acombination of pain of >40 mm on the visual ana-
logue scale, a CRP value of below 10 mg/l and fewer than one swollen
joint’. More swollen joints and higher global assessment at the start
of anti-TNF therapy were associated with a significantly lower risk of
12-monthrefractory pain, suggesting that patients with higher initial
inflammation might be less prone to present with unresolved pain
indicative of a non-inflammatory mechanism later on”.

One of the most interesting research areas in difficult-to-treat
or refractory PsA, as defined by composite outcome measures, is the
exploration of pain persistence mechanisms that are not directly medi-
ated by active inflammation. The International Association for the
Study of Pain has developed definitions for three general categories
of pain: nociceptive, neuropathic and nociplastic”. These types of
pain can occur simultaneously, increasing both the severity and the
interference of the overall pain experience”. In patients with NIPsA,
persistence of disease activity assessed using traditional composite
scores is likely to be mediated by nociplastic and neuropathic pain
mechanisms, rather than nociceptive mechanisms’®. Accurately and
reliably characterizing these complex types of pain is crucial for cus-
tomizing appropriate treatment strategies and enhancing patient out-
comes. Evenwheninflammationis clinically controlled, patients with
chronicarthritis still experience pain and this residual pain appears to
be more pronounced in PsA thanin RA”,

In patients with aNIPsA phenotypeitisalsoimportant to exclude
anyrecurrent, short-duration, inflammatory flares that have subsided
prior toclinical assessment, as these might warrant therapy switching.
Using astatistical methodology known as mediation analysis, various
DMARDs have been assessed for pain reduction resulting from inflam-
mation and neuroinflammation control versus a direct pain-relieving
effect, as some DMARDs might act directly on the nervous system as
neuromodulatory agents”*,

Local and systemic inflammation might contribute to nociplastic
pain, and detecting systemic inflammation can be challenging, espe-
ciallyin PsA, where systemic inflammation levels are frequently low®".
Neuroinflammation has been associated with a specificinflammatory
patternin PsA, that involves IL-23 and IL-17 signalling, the JAK-STAT
pathway, TNF and IL-6 cytokines, although the field is still rudimentary

compared with knowledge about central pain mechanisms and how
these impact neural connectivity in RA®. Disentangling the NIPsA
phenotype will also facilitate research into how pro-inflammatory
cytokines might contribute to pain via neuropathic pain mechanismsin
nerves and dorsal root gangliaand alsoin nociplastic pain mechanisms
inthe central nervous system.

Composite outcomes through the NIPsA

and PIPsA lens

Contemporary composite outcomes represent the mainstay of disease
activity and response assessment in PsA and mainly include DAPSA,
Disease Activity Score 28 and MDA®*#* (Fig. 3). There areimportant vari-
ationsinthe frequency of remission status according to the definition
used, varying between 13.1% (very low disease activity) to 42.1% (Disease
Activity Score 28), depending on the score used, and this indicates that
achieving remission in PsA might be unattainable for many patients'.
There hasbeenashift towards amore patient-centred disease perspec-
tive with increased adoption of patient-reported outcomes®. Given
the multifaceted nature of painin chronic PsA, we believe that a more
formal differentiation between PIPsA and NIPsA components might not
only benefit patients, but also help physicians and the pharmaceuti-
cal industry to better charter novel therapy development courses.
We propose that the non-inflammatory and persistent inflammatory
aspects of PsA composite outcomes canbe set out along a continuum
of inflammatory to non-inflammatory features and a dissociation
between these features will help to quickly delineate PIPsA or NIPsA
phenotypes (Fig. 3).

In composite PsA indices, pain has a substantial impact on
the total score as, for example, in MDA, 3 out of 7 components are
patient-reported outcomes (pain visual analogue scale, patient global
assessment and health assessment questionnaire), 2 out of 7compo-
nents are related to tenderness in joints and entheses, although not
necessarily indicating inflammation, and only two MDA components
are associated with objective signs of inflammation (PASI and swol-
len joints). The proportion of subjective measures in those scores
partly explains discrepancies in reported responses to bDMARDs or
tsDMARDs, where a PASI9O0 response is generally expected in over
80% of treated patients with psoriasis®®, whereas an MDA response
is expected in only 30-40% of patients treated for PsA** (Fig. 3).
This disparity certainly reflects the complexity of PsA, with possible
involvement of multiple domains (joints, entheses, axial), but failure
to achieve MDA might be mediated independently of PsA-driven
inflammation with astrong NIPsA component. Thus, the persistence
of inflammation in a patient with PsA showing inadequate response
to therapy ideally requires investigation of the inflammation in all
potential domains, before concluding by classifying them under
aNIPsA phenotype.

With respect to enthesitis, a high number of tender entheseal
points, ismore suggestive of widespread pain syndromes than genuine
inflammatory disease’®****%, Improvement in SJC and CRP values, for
example, alongside dramatic concurrentimprovementsin other com-
posite outcome measure components, attests to the utility of composite
outcome measures in capturing excellent clinical responses. By contrast
improvementinjoint swelling, psoriasis and CRP but not composite out-
come measure componentsis more likely to indicate aNIPsA phenotype
(Fig. 3). Accordingly, we propose that a focus on the NIPsA and PIPsA
phenotype with objective measurement of the most measurable PsA
lesion, that s, synovitis, is key to avoiding futile or erroneous switching
of therapy and for dissecting disease mechanisms (Fig. 3).
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PIPsA
ACR 20/50 sSJC Physician global VAS
CRP TIC
DAPSA SJC
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MDA Tender entheseal points
PASI or body surface area TJIC
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PASDAS
Tender dactylitis count Physician global VAS TJ)C
DAS-28 CRP | SIC
CRP TIC
Physician global assessment
PsARC SJC (Likert scale)
TIC
9“?'3' S — Enthesitis indices
indices Dactylitis indices

Fig.3|Evaluating psoriatic arthritis through the
perspective of composite outcomes. Psoriatic
arthritis (PsA) isaclinically defined multidomain
disease, typically assessed using composite
outcomes. Some composite outcome components
might strongly align with non-inflammatory PsA
(NIPsA) and others with persistent inflammatory
PsA (PIPsA) phenotypes. Common composite
outcome measures, including American College of
Rheumatology 20 (ACR20)'* and ACRS0 (ref.123),
areused in clinical trials. In addition, Disease Activity
in Psoriatic Arthritis (DAPSA) score'?*, minimal
disease activity (MDA)®, Psoriatic Arthritis Disease
Activity Score (PASDAS)'?, Disease Activity Score 28
(DAS28)?* and Psoriatic Arthritis Response Criteria
(PsARC)"*"*8 are also used regularly in the clinic.
Here, we display how certain domains, including
swollen joint count (SJC), dactylitis resolution,
C-reactive protein (CRP) and Psoriasis Area Severity
Index (PASI), are strongly aligned with PIPsAimmune
mechanisms, whereas other domains, including
patient visual analogue scale (VAS) pain and global
assessment, are aligned more closely with NIPsA
and are likely to inflate composite outcomes via

the non-inflammatory component of the disease.
Unfortunately, outcome domains, such as enthesitis,
or the cardinallesion, are difficult to measure
objectively and align more closely with the NIPsA
rather than the PIPsA concept. Isolated high patient-
reported outcome measures with resolution of joint
swelling, CRP normalization (if elevated initially)
and substantial skinimprovement or clearance
point towards NIPsA mechanisms. HAQ-DI, Health
Assessment Questionnaire-Disability Index; SF-36
PCS, Short Form 36 Physical Component Summary;
TJC, tender joint count.
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Comorbidity factors in refractory PsA

Various comorbidities, including obesity, depression, fibromyal-
gia and concomitant or secondary post-inflammatory OA, might
affect the development of NIPsA phenotypes and thus contribute
toreduced PsA therapy responses and an apparent refractory PsA
phenotype>'°®’, The link between obesity and persistent inflamma-
tory or non-inflammatory phenotypes might be much more complex
in PsA thanin RA, as obesity is a risk factor for PsA development’*”’,
with weight loss being associated with non-progression to PsA and
withimproved efficacy of biological therapy®> Furthermore, obesity
is linked to an increased rate of subclinical entheseal sonographic
abnormalities in healthy people, thus complicating the interpreta-
tion of imaging in PsA?**”%, In addition, increased skeletal stress
in obesity might also contribute to the Koebner phenomenon,
biomechanical-related pain, or physical stress-related enthesitis,
which is well described in animal models*>**. Thus, mechanical
enthesopathies in obesity and inflammatory enthesitis pose a par-
ticular challenge in defining immune or non-immune disease mech-
anisms, with the likelihood of both mechanisms being integrated
or overlapping. In terms of comorbidity, such as obesity, PsA sits at
the boundary between inflammatory and metabolic rheumatism
with the frequent co-occurrence of gout®. In patients with PIPsA, the

presence of monosodium urate crystals might promote the persis-
tence of synovial inflammation through mechanisms that differ from
those observed in PsA”. Concomitant gout or calcium pyrophosphate
deposition disease might also contribute torefractory RA, especially
in seronegative disease’®””. Concomitant gout should be evaluated
in the PIPsA phenotype and treated with urate-lowering therapy if
confirmed or suspected.

Other considerations on NIPsA and PIPsA

Thelack of a“gold-standard” histological confirmation, tissue inacces-
sibility, difficulty visualizing painful entheseal structures and the usu-
allymodestinflammatory responses make the differentiation between
a persistent inflammatory and a non-inflammatory phenotype more
challengingin PsA thanin RA. Also, some manifestations of PsA, such
as axial disease, show a disconnect between symptoms and imaging,
asasymptomatic new bone formationis sometimes detected. Clearly,
such silent lesions do not warrant therapy unless it is considered that
thereis arisk of inflammation-driven extensive spinal fusion, some-
thing that hasnot been addressed to date. Not being able to objectively
distinguish NIPsA from PIPsA mechanisms in such cases thus shifts
the option more towards drug cycling or a trial of therapy to support
a PIPsA phenotype.
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Treating PsA with extra-articular inflammatory
manifestations

Patients with PsA often have extra-articular inflammatory manifesta-
tions, including anterior uveitis, inflammatory bowel disease (IBD) and
psoriasis, and therapy selection for PsA is usually based on ability to
treat these associated extra-articular manifestations, if present*%5100,
However, the coexistence of articular and extra-articular involvement
iscertainly anelement that might complicate treatment and promote
a PIPsA pattern (Fig. 4) or limit therapy options, for example, in the
case of patients with PsA and IBD, where the IL-17 inhibitor should be
avoided'®"'>, An asynchronous response, when, for example, cutaneous
involvementbut notjointinvolvement might respond to treatment, or
the persistence of activity at the extra-articular level, as in the case of

IBD, can contribute to the persistence of disease activity at the articu-
lar level and impact patients’ function and quality of life, even in the
absence of joint disease®>',

Although RA is associated with some extra-articular or extra-
synovial features that might render disease more ‘complex to manage’,
we did not find these to be major considerations in our refractory
RA cohort®. Other non-articular features, including interstitial lung
disease'**' and vasculitis'°®, might contribute to difficult-to-treat
RA, butin our cohort of 1600 patients on biologic drugs these were
relatively uncommon®. The term C2M-PsA, emphasizing the potential
influence of comorbidities in influencing disease treatment and out-
comes, has recently been introduced for PsA but this did not include
any criteriafor stratification into inflammatory and non-inflammatory

PsA with inadequate response to therapy

Phenotype and categorize
= Clinical examination

= Imaging

= Laboratory assessment
= Timing of therapy changes

NIPsA
Clinical Peripheral joint swelling
examination (including dactylitis) absent
Imaging SEC inflammation absent

on imaging
Laboratory  CRP and ESR are usually
assessment normal
Timing of Frequent cycling of treatment
therapy in a brief period of time
changes

NIPsA
= Metabolic syndrome (obesity, diabetes)

PIPsA

Peripheral joint swelling
(including dactylitis) often
present

SEC inflammation present
on imaging

CRP and ESR potentially
elevated

Fluctuations with periods of
low/moderate disease activity

PIPsA
= Truly inflammatory active disease

A

= Osteoarthritis
= Widespread chronic pain (fibromyalgia,
anxiety, depression)
Fig. 4| Stratification of patients with psoriatic arthritis who respond
inadequately to therapy. This figureillustrates the categorization of psoriatic
arthritis (PsA) into two distinct phenotypes: non-inflammatory PsA (NIPsA) and
persistentinflammatory PsA (PIPsA). Patients with PsA can be classified into one
ofthese two phenotypes based on their clinical features, imaging features, timing
of treatment responses and laboratory examinations. Patients with NIPsA do not
exhibit objective inflammation but have other conditions contributing to their
symptoms, such as osteoarthritis and fibromyalgia. These patients often have

= Concomitant disease linked to PsA
spectrum (PsO, 1BD)

\ 4

obesity or diabetes as well. By contrast, PIPsA is defined by continuous objective
inflammatory activity including joint swelling, raised C-reactive protein (CRP)
levels and imaging abnormalities indicative of active disease. The figure
highlights the main features and differences between these two phenotypes,
showing that although they are distinct, they can be interchangeable over time
inasingle patient, as their conditions evolve. ESR, erythrocyte sedimentation
rate; IBD, inflammatory bowel disease; PsO, psoriasis; SEC, synovio-entheseal
complex.
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mechanisms®'”’. Given the relative safety of the IL-23 and IL-17 target-
ing monoclonal antibody therapies, management is potentially more
straightforward in complex cases.

InRA, the presence of OAis unsurprisingly associated witha NIRRA
phenotype®. However, the influence of OA on refractory PsA pheno-
types might be much more complex, as some forms of OA and PsA share
similar features, including distal interphalangeal joint and cervical
spine involvement that can complicate both diagnosis evaluation of
theresponse to therapy'*®'®”. The processes of joint degeneration and
remodelling, which are typical of OA, and of inflammation, which is
usually linked to PsA, are often considered to be distinct; nevertheless,
the psoriatic phenotype mightinfluence the underlying OA, making it
more inflammatory in nature and responsive to systemic treatment,
especiallyintheearly,inflammatory, disease phase. This opens up the
possibility that OA as acomorbidity might frequently promote a NIPsA
phenotype"*" but also generate an initial PIPsA phenotype.

Finally, clinicians need to consider sex-related differences in the
context of difficult-to-treat and refractory"? PsA. Observational stud-
ies investigating the effectiveness of bDMARDSs consistently report
that women have poorer treatment outcomes and lower drug per-
sistence rates than men'>", and that this is primarily due to higher
levels of pain, fatigue and worse quality of life. By contrast, men with
PsA often exhibit more severe radiographic structural damage in
both axial and peripheral joints, as well as greater progression of this
damage, than women'>"¢, This highlights the necessity of gaining a
deeper understanding of the mechanisms behind arthritis pain and
how the mechanisms that promote PIPsA and NIPsA may be sex- and
gender-related™”",

Implications for clinical trials designs

Theselection of patients with a PIPsA phenotype, based on the presence
of joint swelling withimaging-confirmed synovitis, is likely toincrease
the chances of success for any inflammation-targeting interventions,
including the combination of bDMARDs and tsDMARDs. Conversely,
excluding the NIPsA phenotype from the trial landscape might help
to minimize inconsistencies in the next phase of trials in PsA (Fig. 4).
Combinations of bDMARDs and tsDMARDs have the potential for
improved disease control but are currently underutilized in PsA and
inrheumatic and musculoskeletal diseases in general™'*?, Data from
the VEGA trialin IBD suggests that combination therapy with the IL-23
inhibitor guselkumab and the TNF inhibitor golimumab might be more
effective for ulcerative colitis than therapy with either drug alone'”.
A similar trial in PsA is comparing guselkumab in combination with
golimumab, versus guselkumab or golimumab alone in patients withan
inadequate response to TNF inhibitors alone (NCT05071664). Whereas
the IBD combination trial includes objective colonoscopic and his-
tological confirmation of intestinal inflammation, the PsA trials lack
objective confirmation of jointinflammation. These differences could
have disappointing translational consequences. Nevertheless, the
preliminary case series in PsA and spondyloarthritis support the use
of bDMARD and tsDMARDs in combination or as add-on therapies in
disease settings"*"?, and the implementation of a strategy forimproved
patient stratification might help to deliver promising results.

Conclusions

In this article, we have pragmatically extrapolated the similarities
between ‘difficult-to-treat’and refractory RA and PsA, with afocus on
synovial and soft-tissue inflammation, and delineate the PIPsA and
NIPsA phenotypes for patient stratification. Inthe absence of reliable

serum biomarkers that predict responses to advanced therapies for
PsA, we propose a focus onimaging, and particularly the use of ultra-
sonography, toidentify clinically accessibleinflamed structures at the
peripheral skeleton and disentangle the PIPsA phenotype from the
NIPsA phenotype. We next propose that new biological therapy strat-
egies, including combination therapy strategies, should be focussed
on patients with a PIPsA phenotype. Ultimately, this will help to opti-
mize use of biological therapy and identify truly refractory PIPsA.
Furthermore, a formal focus on the NIPsA phenotypes will facilitate
new research avenues in patients without any objectively detectable
ongoing inflammation who still experience disabling pain, and this
dichotomy will be important for targeting central pain mechanisms.

Published online: 12 March 2025
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