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Research highlights

Systemic lupus erythematosus

Mechanisticlink uncovered between EBV infectionand SLE

Epstein—-Barr virus (EBV) has long been
associated with systemic lupus erythema-
tosus (SLE) but the mechanisms linking
infection to autoimmunity have remained
unclear. A new study reveals that EBV infec-
tion reprogrammes autoreactive B cellsinto
pathogenic antigen-presenting cells that
amplify systemic autoimmunity.

Using a single-cell RNA sequencing
platform designed to detect EBV tran-
scripts (EBV-seq), the researchers identi-
fied EBV-infected B cells in the blood of
patients with SLE, noting that these cells
were present at a higher frequency than
in healthy individuals and were also

transcriptionally distinct from uninfected
counterparts.

The EBV-infected B cells were pre-
dominantly CD27°CD21"" memory cells
and showed upregulated expression of
genesinvolved in antigen processing
and presentation, B cell activation, inter-
feronresponsesand T cell activation. The
EBV-infected CD27°CD21'"" memory B cells
were also primed to differentiate into
plasmablasts, linking viral infection to the
expansion of antibody-secreting cells.

Integrative analyses combining EBV-seq
with ChIP-seq (chromatinimmunoprecipi-
tation followed by sequencing), ATAC-seq

(assay for transposase-accessible chromatin
using sequencing) and RNA polymerasell
occupancy revealed that the EBV protein
EBNA2binds regulatory elements near
ZEB2, TBX21, antigen-presentation genes
and other genes that are upregulated

in EBV-infected B cells, reprogramming
EBV-infected B cells towards enhanced sur-
vival, activation and antigen-presenting cell
functionality. The EBV-infected B cells also
had upregulated expression ofimmunoreg-
ulatory molecules suchas CD73,CD39 and
TGFf1, potentially enabling immune evasion
and persistence.

Functionally, the EBV-infected B cells pro-
duced autoantibodies against nuclear anti-
gens and activated T peripheral helper cells,
whichin turn stimulated uninfected autore-
active B cells, amplifying systemic immune
responses.

Given that EBV infects more than 94% of
the human population and yet only a small
fraction develop SLE, these findings establish
amechanistic link between infection and
disease initiation and persistence. This work
also highlights EBV-infected B cells as a thera-
peutic target and raises the possibility that
similar virus-driven reprogramming could
contribute to other autoimmune conditions.
Jessica McHugh
Original article: Younis, S. et al. Epstein-Barr virus
reprograms autoreactive B cells as antigen-presenting

cells in systemic lupus erythematosus. Sci. Transl. Med. 17,
eady0210 (2025)

Related article: Robinson, W. H. et al. Epstein-Barr virus as
a potentiator of autoimmune diseases. Nat. Rev. Rheumatol.
20, 729-740 (2024)
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Research highlights

Rheumatoid arthritis

ExT,17 cellsmaintain
chronicinflammationinRA

T helper17 (T,,17) cells occasion-
ally lose expression of IL-17 and
convertinto exT,17 cells that
sustaininflammation via IL-17-in-
dependent mechanisms. A study
published in Science Inmunology
uses a mouse model of rheuma-
toid arthritis (RA) to track the
fate of arthritogenic T,17 cells
over time and to investigate the
involvement of exT,17 cellsin
chronic disease.

“This paper was inspired by
the fact that T,17 cells are not
found in biopsies from patients
with established RA and [that]
anti-IL-17 agents have limited
efficacy in established RA,
[despite the fact that] arthritis
onset in several mouse models
of RAis T,17 cell dependent
and [that] a T,17-like signature
appearsinasubset of patients
with pre-RA or early RA,” notes
Nunzio Bottini, corresponding
author of the study.

Bottini and colleagues tracked
the fate of arthritogenic CD4"

T cells from SKG mice after their
adoptive transfer into immu-
nodeficient Rag2”’ mice and
subsequentinduction of inflam-
matory arthritis. The frequency
of T,17 cellsin the joints and
lymph nodes of recipient mice
was highest at the peak of
arthritic disease. In the chronic
phase of inflammatory arthritis,
the number of T, ;17 cells was
found to decrease, and the most
prominent CD4" T cell subset
was marked by previous expres-
sion of IL-17, expression of the
T,17-lineage transcription factor
RORyt, the pro-inflammatory
cytokines TNF and IL-6, and lack
of IL-10 or IFNy. Importantly,
when transferred alone into new
Rag2™" recipient mice, exT,17 cells
induced more-severe disease
than T,17 cells did.

The exT,17 transcriptional
signature included upregulation

of CD44 and the sphingosine 1P
receptor SIPR4. Analyses of tran-
scriptional profiles from human
RAjoint biopsies identified

T cells with similar transcriptional
profiles, suggesting exT,17 cells
as potential targets in RA.

The authors next investigated
the mechanisms of exT,,17 cell
differentiation and function.
Invitro co-cultures with mouse
exTy17 cells and fibroblast-like
synoviocytes (FLSs) indicated
that FLSs promote the dif-
ferentiation of exT,17 cellsin
an S1PR4-dependent manner.
Consistent with that, spatial
transcriptomics using human
biopsies from RA joints indicated
that T cells with an exT,17-like
transcriptional profile werein
close proximity to FLSs. “This is
aclassic case wherelocal T cell
behavioris determined by the
microenvironment,” highlights
Bottini, who next plans to con-
firm the mechanisms that drive
exTy17 cell formationin patients
withRA.

Lastly, TNF and IL-6 were
verified as mediators of exT,17
cell-driveninflammationin
the SKG-Rag2”’~ mouse model
of RA. Strikingly, blockade of
CD44 was even more efficient
thanIL-6 receptorinhibitionin
controlling disease, and CD44
expression onarthritogenic
exTy17 cells was required for
the upregulation of TNF and
IL-6. Together, these findings
highlight CD44 as a potential
targetinexT,17 cell-driven
RA. “[Another] key implication
for patientsis that perhaps we
should revisit IL-17 blockers for
pre-orearly RA,” adds Bottini.
Maria Papatriantafyllou
Original article: Zoccheddu, M. et al.

T17 cells converted into exTy17 cells
sustain rheumatoid-Llike IL-17-independent
inflammatory arthritis. Sci. Immunol.

https://doi.org/10.1126/sciimmunol.adm7800
(2025)

naturereviews rheumatology

Volume 22 | February 2026 | 73-74 | 74


http://www.nature.com/nrrheum
https://doi.org/10.1126/sciimmunol.adm7800

Year inreview

Personalized medicine in 2025

https://doi.org/10.1038/s41584-025-01337-3

Advances in Al-based patient stratification
for rheumatic diseases

Rachel Knevel

R Check for updates

Advancesinartificial intelligence (Al)

are transforming patient stratificationin
rheumatology. In 2025, three landmark studies
demonstrated how multimodal Alapproaches
spanning clinical, molecular and longitudinal
data can uncover distinct disease subtypes and
predict therapeutic response, advancing the
field towards precision rheumatology.

The past year has seen artificial intelligence (Al) move from proof of
concept to practical frameworks for stratifying patients with rheumatic
diseases. Al is defined as models that learn complex, often nonlinear
patterns from datawith limited humansupervision, such as deep neu-
ral networks, transformers or large multimodal architectures. These
systems perform inference or prediction beyond explicit program-
ming. Building on decades of work in clinical clustering and molecu-
lar profiling, researchers are now integrating complex, multimodal
data — from transcriptomes to electronic health records (EHRs) and
longitudinal registries — to define coherent patient subgroups. Three
studies published in2025 exemplify this progress (Table 1), showcasing
different types of Almethods and tasks, collectively marking a pivotal
step towards precision rheumatology.

At the molecular scale, Lewis et al. leveraged synovial RNA
sequencing from the STRAP precision medicine trial (n =208 people
with rheumatoid arthritis (RA)) to train machine learning models to
predict the response to three classes of biologic drugs: etanercept,
tocilizumab and rituximab'. The resulting algorithms showed good
performance and were externally validated using the independent
R4RA cohort, confirming robustness in performance.

Across treatments, those who responded to treatment showed
coordinated B cell and T cell activation, whereas those who did not
displayed fibroblast and matrix-remodelling gene signatures. B cell
modules predicted aresponse to etanercept and rituximab, and mye-
loid and interferonmodules predicted aresponse to tocilizumab. These
signatures were distilled into a 524-gene NanoString nCounter panel
for clinical patient stratification.

Within the STRAP cohort, the authors reproduced the clas-
sical Pathobiology of Early Arthritis Cohort (PEAC) pathotypes® —
‘lympho-myeloid’, ‘diffuse-myeloid’ and ‘pauci-immune fibroid’ — and
linked them to the Accelerating Medicines Partnership cell-type
abundance phenotype (CTAP) framework®. Shared cellular axes
underpinned treatment-response signatures: enrichment for IL-1B*
macrophages and B cell subsets predicted a response to etanercept,
whereas NUPR1* and interferon-activated macrophages character-
ized aresponsetocilizumab. This bridge between bulk and single-cell
frameworks shows how the PEAC and CTAP systems converge on

shared cellular axes of inflammation that define molecular subtypes
and therapeutic sensitivity.

At the clinical level, Maarseveen et al. applied multimodal deep
learning to EHR data from 1,387 patients with early RA to identify
latent patternsinjointinvolvement, serology and inflammation*. The
modelrevealed four reproducible joint involvement patterns (JIPs) —
‘foot-predominant’, ‘seropositive oligoarticular’, ‘hand-dominant’ and
‘polyarticular disease’ — validated across severalindependent cohorts.

Whether patients belonged to one of the four JIPs was not
explained by disease duration — the cluster with the longest duration
had lower joint counts — which suggests that high-activity JIPs do not
represent later disease stages. Instead, Maarseveen et al. describe
distinctinflammatory configurations at presentation, defined by both
activity and anatomical distribution®.

JIPs showed distinct prognoses; the ‘hand-dominant’ subgroup
(typically older adults who were seronegative) exhibited superior
methotrexate retention and remission, whereas ‘foot-predominant’
and ‘polyarticular disease’ phenotypes had higher treatment failurerates.
These associations were strongest among patients who were positive for
anti-citrullinated proteinantibodies. Histology from 194 biopsy-obtained
synovial samples showed differences in inflammatory infiltrates and
lining-layer hyperplasia: the ‘seropositive oligoarticular’ group showed
low-grade synovitis; those with ‘hand-dominant’ JIPs had moderate
inflammation but much higher stromal density; the ‘foot-predominant’
cluster displayed balanced moderate inflammation; and those with ‘pol-
yarticular disease’ JIP exhibited the most severe inflammatory activity.
These contrasts persisted after correction for disease activity.

A complementary commentary by Ospelt and Ciurea proposed
that biomechanical load and joint-specific fibroblast programming
influence the persistence of synovitis®. This perspective offers a plau-
sible explanation for the poor prognosis of the ‘foot-predominant’
cluster, in which patients often experience treatment-resistant disease.

Key advances

= Molecular machine learning models trained on synovial RNA
profiles predicted response to biologic therapies in rheumatoid
arthritis (RA), enabling development of a streamlined 524-gene
panel for clinical implementation'.

= Deep learning in routine clinical data identified four reproducible
RA phenotypes with distinct prognoses and histopathology,
highlighting the importance of considering joint location for
treatment decisions”.

= Semi-supervised multi-organ modelling uncovered five
hierarchical subtypes of systemic sclerosis, providing novel
insights into patients with high-risk disease®.
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Table 1] 2025 research on Al-based patient stratification in rheumatic diseases

Study Study design Patients (patient number) Type of Al method Primary findings
Lewis et al. Prospective Patients with RA treated Supervised machine  Machine-learning models predicted biologic therapy response
(STRAP cohort)'  precision medicine with etanercept, learning (predictive  (AUC 0.75-0.79).
trial with external tocilizumab or rituximab ~ modelling and Those who responded to treatment showed B cell and T cell
validation using (n =208 for the STRAP feature selectionon  4ctivation, and those who did not had fibroblast and ECM
RNA-sequencing data cohort, and n=100forthe transcriptomic data)  remodeling.
from synovial samples ~ R4RA validation cohort) A 524-gene NanoString panel reproduced the predictive signatures.
Maarseveen Multimodal deep Early RA cohorts (n=1,387 Unsupervised Identified four reproducible JIPs (foot, hand, oligo and poly) with
etal. (JIP learning analysis of for discovery cohort,and  deep learning distinct prognoses and histopathology.
framework)* EHRs n 22,000 validation (reprgsentation Differences in lining hyperplasia and infiltrate persisted after
cohort) learning and correction for disease activity, defining stable clinical-histological
clustering) subsets.
Trottet et al. Semi-supervised Patients with systemic Semi-supervised The model learned eight organ trajectories and defined five
(EUSTAR generative deep sclerosis in the EUSTAR generative modelling hierarchical multi-organ subtypes.
registry)® learning framework on registry (n =14,000) (trajectory prediction  The ‘limited-skin but high-risk’ subgroup was predictive of early

longitudinal registry

data features)

across multi-organ

lung and heart involvement (F1=0.77-0.83).
Demonstrated robust multi-organ disease-trajectory modelling.

Al, artificial intelligence; AUC, area under the receiver operating curve; ECM, extracellular matrix;

involvement patterns; RA, rheumatoid arthritis.

Taken together, these insights position the JIP framework as the
clinical systems counterpart to molecular and cellular stratification
efforts such as PEAC and Accelerating Medicines Partnership CTAP.
By demonstrating that reproducible disease structure is detectable
inroutine EHR data, Maarseveen et al. extend precision rheumatology
beyond tissue analysis®*.

Beyond RA and single-organ models, Trottet et al. applied a
semi-supervised generative deep learning framework to 67,000 clinical
visits from 14,000 patients in the European Scleroderma Trials and
Research (EUSTAR) systemic sclerosis registry®. The model integrated
longitudinal dataacross eight organ systems and expert severity scores
to learn multi-organ disease trajectories.

The algorithm identified five hierarchical subtypes of systemic
sclerosis spanning a mild-to-severe continuum. The ‘limited-skin but
high-risk’ group showed elevated risk of lung and heart involvement
despite minimal cutaneous disease. Other subtypes captured muscu-
loskeletal or vascular trajectories. Modelling disease as a trajectory
enabled prediction of organinvolvement several visitsinadvance of the
development of such involvement. Clinician-guided semi-supervision
enhanced interpretability by aligning latent dimensions with recogniz-
able organ systems. This work demonstrates how Al can synthesize
incomplete, heterogeneous longitudinal datainto coherent temporal
phenotypes —an approach that parallels a trajectory-based approach
using graph-based pseudotime clustering published in 2025 (ref. 7).

Although Al canreveal striking patterns, the value of thisinformation
depends on careful clinical and epidemiological interpretation. A cen-
tral question in RA stratification is whether observed heterogeneity
reflects fixed subsets or transient states®. Triaille et al. argued that cor-
relations between molecular profiles and current disease activity favour
astate-basedinterpretation®. However, the Maarseveen study shows that
histological differences between RA clusters persist after adjustment for
disease activity, and that clinical trajectories do not simply follow disease
duration*. Longitudinal analyses — such as the trajectory modelling in sys-
temicsclerosisby Trottet etal.®, and similar trajectory work now emerging
inRA’ — provide further insight into whether differences are stable over
time. Together, these findings suggest that activity-driven states alone
cannotaccountfor the diversity observed. Amore coherent view is that
RA heterogeneity arises frominteractions between dynamic inflamma-
tory states and more stable, anatomy or tissue-linked traits. This view
reconciles the critique from Triaille et al.* with newer data; inflammation
shapes much of the measurable variation, butit unfolds uponunderlying
predispositions that confer stability to specific disease patterns.

The three stratification studies highlighted here**® collectively
mark a transition from static classification to dynamic, data-driven

EHRs, electronic health records; EUSTAR, European Scleroderma Trials and Research; JIP, joint

stratification across rheumatic diseases. First, at the molecular level, tran-
scriptomic models connect tissue biology with therapeutic response’.
Second, attheclinicallevel, deep learning on routine dataexposes struc-
tures that are invisible to standard scores’. Finally, at the systems level,
generative modelling reconstructs multi-organ disease trajectories®.

Aunifying featureis the fusion of expert knowledge and Al, which
enhances interpretability and provides important mechanistic context
for Al discoveries. Rigorous replication* and expert-guided validation®
reinforce confidence that these findings are biologically grounded. The
next phase of disease stratification will probably adopt generative Al
principles, including those seenin large language models exemplified
by population-scale transformers such as DELPHI-2M, which learned
long-term disease trajectories and could forecast risk decades ahead
of time”’.

The advances in the three papers**° emphasize that precision
stratification depends on large, granular and diverse datasets. Future
progress will rely on capturing all dimensions of rheumatic diseases,
from detailed longitudinal EHRs and multi-omics tissue or blood data
toimagingand, where feasible, routine biopsy-obtained synovial sam-
ples. Evenat populationscale, as illustrated by the DELPHI-2M model’,
the temporal sequence of diagnoses and clinical notes carries strong
predictive power. For rheumatic diseases, richer data coupled with
clinician-guided annotation canaccelerate accessto the correct therapy
and inform strategies for early intervention or disease prevention.

Progress also requires inclusion of all patients. As emphasized in
the 2025 Nature Reviews Rheumatology Editorial, “the optimal path for-
ward is to ensure diversity in every aspect of clinical practice, so that the
breakthrough of early diagnosis and equitable care canbe celebrated at the
journal'snextnotableanniversary.”® Achieving true precisiondemands that
datafromeach patient contributetodiscovery. Aloffersaroutetothisgoal,as
itenablesstratificationwithin heterogeneous populations ratherthan neces-
sitatinghomogeneous cohorts, asintraditionaltrials. Thestudies highlighted
here demonstrate that Alcould enhance biological studies and clinical trials
by defining biologically coherent, reproducible subsets of patients.

Rachel Knevel ®'%?
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Immunotherapies in 2025
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The dawn of ‘off-the-shelf’ B cell-depleting
therapies for autoimmune diseases

Huiji Xu

% Check for updates

In 2025, a new wave of ‘off-the-shelf’ B cell-
depleting modalities for the treatment

of autoimmune diseases emerged, encompassing
allogeneic cellular therapies, in vivo chimeric
antigenreceptor engineering, and bispecific
antibodies.

By ablating pathogenic immune cells to re-establish durable homeo-
stasis of the immune system, immune system reset offers a promis-
ing path towards durable, drug-free remission in severe, refractory
autoimmune diseases. However, traditional approaches to immune
systemreset, such as bone marrow transplantation or autologous chi-
meric antigen receptor (CAR) T cell therapy, are limited by accessibil-
ity barriers and treatment-related toxicities. The year 2025 marked a
pivotal shift toward ‘off-the-shelf’ B cell-depletion strategies, including
universal allogeneic cellular products™?, in vivo engineering of host
effector cells**, and bispecific T cell engagers (TCEs)°.

Although both CD19-directed and BCMA-directed autologous
CART cell therapies have shown profound efficacy in the treatment
of autoimmune diseases, including ulcerative colitis and systemic
lupus erythematosus (SLE)®”, the heterogeneity in clinical responses
tothese therapies highlighted the need to delineate their effects on dif-
ferent B cell populations, whichled to work suggesting that successful
eradication of pathogenic clones could be achieved through combined
CD19- and BCMA-targeted CAR T cell therapy®’® (Fig. 1a). Also, despite
its potency, autologous CAR T cell therapy remains constrained by
high cost and complex manufacturinglogistics. The developmentsin
B cell-depletion strategiesin 2025 address these limitations of previous
CART celltherapies.

Allogeneic cell products, whichare manufactured ex vivo from cells
from healthy donors or a ‘master cell bank’, can be produced at scale
as ready-to-use, universal products, enabling timely intervention for
criticallyill patients. For instance, agenetically modified, hypoimmuno-
genic, donor-derived CD19-targeted T cell product demonstratedin vivo
persistence and clinical efficacy comparable to that of autologous
CART cellsin patients with severe SLE complicated by lupus nephritis,
withadesirable safety profile'. Beyond T cells, alternative effector cells,
suchasinduced pluripotent stem cell-derived natural killer (NK) cells,
were engineered to target both CD19 and BCMA for broad coverage of
potentially pathological relevant B cell subsets (Fig. 1a). As proof of con-
ceptforthisinnovative approach, four consecutive infusions ofinduced
pluripotent stem cell-derived CD19-BCMA-targeting CAR NK cells over
10 days achieved remarkable clinical efficacy in a patient with severe
diffuse cutaneous systemic sclerosis, comparable to the responses
seen after autologous and allogeneic CAR T cell therapy following a
singleinfusion, with only minimal toxicities beyond lymphodepletion?.

Invivo CAR engineering platforms have advanced rapidly, which
haseliminated the need for ex vivo cell manufacturing. Targeted lipid
nanoparticles, for instance, can deliver genes encoding B cell-targeting
CARs directly to a patient's effector cells, enabling them to achieve
depletion of B cells (Fig. 1b). Targeted lipid nanoparticles delivering
anti-CD19 CAR mRNA specifically to CD8" T cells successfully gener-
ated functional CART cells in vivo, achieving depletion of peripheral
B cells in humanized mice and cynomolgus monkeys, followed by
reconstitution of naive B cells’. A first-in-human trial of this approach
infive patients with SLE demonstrated transientin vivo CAR expression
for approximately 1 day and significant B cell reduction or depletion
thatlasted forabout1week*. All patients maintained the baseline level
of glucocorticoids and hydroxychloroquine throughout the treat-
ment and follow-up period, and a 5-mg dose of dexamethasone was
given prior to eachinfusion of targeted lipid nanoparticles. Fever was
observed in all patients, and transient cytokine-release syndrome
and liver toxicity were observed in some patients®. Although further
optimizationis needed to match the safety and efficacy profile of adop-
tive cell transfer, these proof-of-concept studies establish afoundation
for more-accessible immune system-resetting strategies.

Bispecific TCEs have also emerged as a potent ‘off-the-shelf’
B cell-depletion alternative. These TCEs bind simultaneously toaB cell
surface marker, such as CD19 or BCMA, and the T cell co-receptor
CD3, thereby directly engaging host T cells to mediate killing of B cells
(Fig. 1c). Administration of the BCMA-CD3 TCE teclistamab as stand-
ard step-up dosing (three escalating doses over 5 days) followed by
a one-time maintenance dose after 4 weeks induced a median B cell
aplasia of 157 days among ten patients with refractory autoimmune
disorders, and induced drug-free remission in six of the ten patients,
with amedian recorded response of 11 months (range, 8-15 months)°.
Incidents of cytokine-zrelease syndrome, hypoglobulinemia and

Key advances

= Allogeneic induced pluripotent stem cell-derived CD19-BCMA-
targeting chimeric antigen receptor (CAR) natural killer cell
therapy showed safety and strong efficacy in refractory systemic
sclerosis’.

= Atargeted lipid nanoparticle platform enables in vivo mRNA that
generates functional CAR T cells, achieving effective tumour
control and B cell depletion with immune system reset in
pre-clinical models®.

« A1-month course of the bispecific T cell engager teclistamab
successfully induced deep B cell depletion and lasting drug-
free remission in six of ten patients with refractory autoimmune
diseases’.
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'Off-the-shelf' product Mechanism of action
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Fig.1|‘Off-the-shelf’ B cell-deleting therapies for autoimmune diseases.
a, Allogeneic chimeric antigen receptor (CAR) T cells or CAR natural killer
(NK) cells engineered to target B cell markers (CD19 and BCMA). b, In vivo
CAR modification to generate functional CAR T cells. tLNP, targeted lipid
nanoparticle. ¢, T cell engager (TCE) activation of T cells (by targeting CD3)
after recognition of a B cell surface marker (CD19 or BCMA).

infections were common but manageable. This on-demand, ‘off-the-
shelf” modality offers an appealing balance between potency and
practicality.

In summary, 2025 solidified ‘off-the-shelf’ B cell depletion as a
transformative therapeutic paradigm. Allogeneic cellular products
and in vivo engineering platforms are addressing the manufactur-
ing and accessibility challenges of CAR-engineered cellular products,
while bispecific antibodies provide a highly practical complement.
Future efforts will focus on optimizing efficacy, managing toxicity,
and extending these strategies to a broader spectrum of autoimmune
diseases.
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Targeted therapies in 2025
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Advancesin RNA-based
nanotherapies for arthritis

Christine T. N. Pham & Farshid Guilak

% Check for updates

Many of the current therapies for arthritis lack a
targeted approach, limiting clinical benefits.
Nanoparticle-based delivery systems have
enabled more precise and efficient delivery of
therapeutic agents, particularly nucleic acids.
Studies in 2025 emphasize the promise of these
strategies for the treatment of various forms of
arthritis.

Arthritisencompasses autoimmune and degenerative conditions char-
acterized by dysregulated inflammatory responses and theinvolvement
of a variety ofimmune cells. Current therapies are thus focused on
targeting pro-inflammatory cytokines or the underlyingimmune cell
populations; however, these therapies have only shown partial clinical
success, in part owing to challenges in achieving targeted delivery to
specific cell types. The success of mRNA technology, most notable in
COVID-19 vaccines, has opened new avenues for the direct modifica-
tion of immune cell function in vivo'. Three studies published in 2025
demonstrate the potential of RNA-based nanotherapies for arthritis®*.

Autoimmune inflammatory arthritis includes rheumatoid arthritis
(RA), psoriatic arthritis and systemic lupus erythematosus (SLE) and
affects a considerable portion of the global population. These condi-
tions are triggered by autoreactive T cells that evade immune toler-
ance, enabling them to attack self-tissues and indirectly assist B cellsin
producing autoantibodies, leading to chronic inflammation and tissue
damage. Therefore, inducingimmune tolerance represents apromising
approach to treat autoimmune arthritis. One such strategy involves
generating tolerogenic antigen-presenting cells (APCs) to reduce the
activation of autoreactive T cells. Previous research has highlighted the
role of tolerogenic APCs in maintaining immune tolerance by inducing
Tcellanergy, promoting the differentiation of regulatory T (T,.) cellsand
eliminatingautoreactive T cells’. Notably, the development ofimmuno-
therapeutic strategies using tolerogenic dendritic cells (DCs) has shown
safety and efficacy in clinical trials for various autoimmune diseases.
However, traditional methods for generating tolerogenic APCs involve
the ex vivo manipulation of autologous cells, such as dendritic cells,
which s costly and requires customization for each patient®.

As an alternative approach, Liu et al.” present a new method for
the in vivo generation of tolerogenic APCs through the delivery of
mRNA that encodes PD-L1 (that is, CD274) within lipid nanoparticles
(LNPs). In a mouse model of RA, subcutaneous administration of
PD-L1-encoding LNPs induced high surface expression of PD-L1 on
APCs, generating in situ tolerogenic APCs that effectively reduced
activated T cell populations and promoted the expansion of T, cells.
This therapy provides a method for immune modulation that could

potentially be adapted for the generation of antigen-specific tolero-
genic APCs. By optimizing LNP formulations, this approach serves to
minimize immunogenicity, supporting the potential for improved
safety and efficacy. Thisapproach also circumvents the limitations of
traditional tolerogenic APC therapies by enabling the generation of
these cells without the need for ex vivo manipulation. However, the
long-term durability of the induced immune tolerance and T, cell
persistence remains to be evaluated. In addition, potential risks or
adverse effects associated with the in vivo generation of tolerogenic
APCs using mRNA technology still need to be determined.

Beyond T cells, the crucial role of B cells and plasma cells in the
pathogenesis of RAand SLE is well established. Existing therapies, such
asanti-CD20 and BAFF-targeting agents, have limitations indepleting
long-lived plasma cells, leading to suboptimal clinical outcomes and
emphasizing the need for more effective therapies that can specifically
deplete these cells’. Emerging CD19-targeting therapies, including
chimeric antigen receptor (CAR) T cell approaches, show promise in
depleting autoreactive B cells, but these therapies often require pre-
vious lymphodepletion and carry risks of severe adverse effects such
as cytokine release syndrome and immune effector cell-associated
neurotoxicity syndrome®. To address these challenges, investigators
have begun to explore new approaches to more effectively target
autoreactive B cells and plasma cells in autoimmune arthritis. This
strategy builds on previous research that demonstrates the safety and
efficacy of mRNA therapies, the need for targeted B cell depletion and
the limitations of existing monoclonal antibody therapies in treating
autoimmune arthritis.

Guoetal.’demonstrated that LNP-encapsulated mRNA-encoding
antibodies that target CD19 can effectively induce robust and sustained
production of anti-CD19 antibodies in vivo, leading to substantial

Key advances

« Subcutaneous delivery of CD274 mRNA (encoding PD-L1)
via lipid nanoparticles was used to generate tolerogenic
antigen-presenting cells in vivo, which could prevent disease
progression in mouse models of rheumatoid arthritis and
ulcerative colitis®.

= Lipid nanoparticle-encapsulated mRNA-encoding antibodies
that targeted CD19 induced the production of anti-CD19
antibodies in vivo, and reduced disease severity in mouse
models of rheumatoid arthritis and lupus®.

= An injectable microenvironment-responsive hydrogel delivery
system that encapsulated circular RNA for the NF-kB repressor
srlkBa reduced disease severity and enhanced cartilage repair in
arodent model of OA*.
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depletion of CD19" B cells and CD19°CD138" plasma cells in mouse
models of lupus and RA. As CD19 is expressed on a broad range of
B cells and plasma cells, targeting this marker might provide a more
comprehensive approach to depleting autoreactive cells. Although
the study demonstrates the efficacy of these LNPs in depleting CD19*
B cells and plasma cells, it does not address the potential impact of
CD19™ autoreactive B cells or the long-term effects of such depletion
on overall immune function. In addition, the authors use MRL/Ipr
lupus mice and collagen-induced arthritis models, which might not
fully recapitulate the complexity of human SLE and RA, thus limiting
the generalizability of the findings for humans. Nonetheless, these
LNP-encapsulated mRNA-encoding antibodies that target CD19 rep-
resents a promising and relatively unexplored strategy that could be
adapted for specific targets in future applications.

The application of RNA-based therapeutics hasbegun to extend to
osteoarthritis (OA)’, the most common form of arthritis characterized
by cartilage degeneration and jointinflammation. Existing treatments
primarily focus on symptom management rather than modifying the
disease process and often have limited efficacy owing to rapid clear-
ance of therapeutic agents from the joint space. The NF-kB signal-
ling pathway has been identified as a mediator in the pathogenesis
of OA that promotes inflammation and cartilage degradation. The
super-repressor IkBa (srlkBa) can effectively inhibit NF-kB signalling
and mitigate inflammatory responses in various contexts'.

“nanoparticle-based mRNA
therapies might provide
solutions to the unmet
needs in arthritis treatment”

Lietal.*introduced a new approach using circular RNA encapsu-
lated in LNPs to deliver the gene that encodes srlkBa (thatis, NFKBIA),
thereby enhancingstability and reducingimmunogenicity. These LNPs
were embedded inasilk fibroin composite hydrogel thatis responsive
to the OA joint microenvironment, and specifically targets areas of
increased matrix metalloproteinase activity, whichis associated with
cartilage degradation. In arodent model of papain-induced OA, this
innovative delivery system showed improved drug retention and tar-
geting of the joint, addressing the limitations of previous therapeutic
strategies.

These studies contribute to the growing body of research explor-
ing innovative therapeutic strategies that leverage the specificity
and versatility of mRNA technology. Such approaches might address
some of the limitations of traditional monoclonal antibody therapies
and highlight the importance of developing more targeted and per-
sonalized therapies that modulate, rather than merely suppress, the
immune system. Although further research is needed to assess the
long-term safety and clinical applicability of these emerging treat-
ments, nanoparticle-based mRNA therapies might provide solutions
to the unmet needs in arthritis treatment.
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Rheumatoid arthritis in 2025
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Advancesinunderstanding
preclinical rheumatoid arthritis
and prospects for prevention

Carol A. Hitchon & Hani S. El-Gabalawy

R Check for updates

New research published in 2025 sheds light
onthe pre-clinical period that precedes the
onset of classifiable rheumatoid arthritis,
fromrisk factors toimmunological events
and opportunities to prevent the transition
toclinical disease.

During the pre-clinical phase of rheumatoid arthritis (RA), environ-
mental factors triggerimmunological events in genetically susceptible
people at risk of RA that lead to clinical synovitis. Several impactful
publications from 2025 evaluated dietary environmental factorsrelated
totherisk of developing RA!, provided insights into pre-disease immu-
nological processes?, described criteria for clinical risk stratification
toinform potential intervention strategiesin people at risk of RA’ and
evaluated preventive interventions®.

Whileinhalational toxins are well-recognized triggers ofimmuno-
logical events associated with RA, studiesin the past few years have also
evaluated dietary factors, modification of which s easier than smoking
cessation. Reduced incidence of RA was associated with diets highin
vegetables and fruits but low in red meat (and seafood) in a Swedish
population-based study’, and with vitamin D plus omega-3 fatty acid
supplementation in the VITAL trial®. In 2025, Deng et al. provide addi-
tional insights into dietary polyunsaturated fatty acids and RA risk in
1,640 participants withincident RA and 188,597 RA-free participants’.
Incremental protective effects were seen with increasing intake of
omega-3 fatty acids, but not with that of omega-6 fatty acids, especially
for participants with high RA genetic risk scores. Proteomic analysis
foundbiological pathways relevant to RA were associated with RA risk
and intake of polyunsaturated fatty acids. Combined, these studies
suggest that diet composition influences RA risk and that intake of
omega-3fatty acids mitigates RAriskin genetically susceptible people
through effects onimmunological pathways.

Thus far, the key indicator for the development of future RA has
beenthedetection of circulating anti-citrullinated protein antibodies
(ACPAs). It is well established that these autoantibodies are detect-
able months to years before the onset of classifiable disease in most
people who develop seropositive RA. However, a substantial propor-
tion of ACPA" people at risk of RA do not develop RA and can become
seronegative with longitudinal follow-up. Thus, the immunological
events underpinning the progression from asymptomatic ACPA pos-
itivity to clinically detectable synovitis and classifiable RA remain
poorly understood. In 2025, He et al. published multi-omics analyses
that have provided important information about this progression?.

Inthis longitudinal study of 45 ACPA" people at risk of RA followed for
amean of 533 days, 16 (36%) developed RA. Compared with 38 ACPA~
people, the at-risk group showed plasma proteomic and transcriptional
changes in circulating immune cells indicative of an ongoing inflam-
matory state. Surprisingly, there was little at baseline to distinguish
people at risk of RA who eventually developed RA from those who did
not, although this study perhaps was underpowered to demonstrate
such differences.

Importantly, the transcriptional changes demonstrated in naive
Tcelland B cell subsets suggested that these cells are ina functionally
primed state prior to antigen exposure?, increasing the risk of progres-
sive autoimmunity that culminates in disease development. In the
people at risk of RA who did progress to RA (progressors), transcrip-
tional changes were most evident in activated CD4* memory T cells
with a B cell helper gene signature, and in CD27" atypical or effector
B cells. Interestingly, naive T cells seemed to be epigenetically biased
towards aBcell helper phenotypeinthese progressors. Thus, T celland
B cell subsets could be providing bidirectional activating signals that
support their mutual activation and expansion in the progression to
clinical RA. Circulating ACPA levels were quite varied in the progres-
sors and were similar to those in the non-progressors at baseline.In a
longitudinal evaluation of the serological profile of the 16 progressors,
perhapssurprisingly, there was no consistentincrease in ACPA levels?;
increasing ACPA levels have been associated in several multinational

Key advances

= Dietary polyunsaturated fatty acids, in particular omega-3 fatty
acids, reduce the risk of rheumatoid arthritis (RA) development
in genetically susceptible people at least in part through their
effects on immune pathways'.

« Naive T cell and B cell subsets are probably in a functionally
primed state prior to antigen exposure, and transcriptional
changes in activated CD4* memory T cells with a B cell helper
gene signature are seen in people at risk of RA who progress
to RA%

= Clinically relevant, data-driven guidelines for risk stratification
in people at risk of RA with arthralgia, using clinically feasible
measures, can effectively predict which groups will progress
to clinical disease and thus are most likely to benefit from
pre-disease interventions®.

« Hydroxychloroquine taken for 1 year does not prevent
anti-citrullinated protein antibody (ACPA)-positive people from
developing RA".
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cohorts withincreasing IgG ACPA variable domain glycosylation, and
with expansion of the autoantigens targeted’.

In a complementary paper® by many of the same authors as in
He et al.?, although in a different population, 52 people at risk of RA
who were ACPA" and/or were first-degree relatives of people with RA
underwent extensive analysis by multimodal single-cell technologies,
including mass cytometry and CITE-Seq (cellular indexing of transcrip-
tomes and epitopes, withsequencing)®. Compared with the abundance
of such cells in a group of healthy people, the people at risk of RA
demonstrated expansion of CCR2°CD4" T cells with high expression of
signature transcripts related tothe T;17 and T;22 helper T cell subsets,
aswellasof peripheral helper T cells, T,1 cellsand CXCR5°'CDS8" T cells;
expansion of anactivated naive B cell population was also seenin ACPA*
first-degreerelatives. In contrast to the study by He et al., no longitudi-
nal or progression data were presented®. Moreover, another study that
used mass spectrometry to evaluate the proteome across the evolution
of RArevealed upregulation of multiple proteinsin the pre-RA, at-risk
period’. The upregulated proteinsincluded those associated with neu-
trophil degranulation, cellular stress responses and cross-presentation
of soluble exogenous antigens, although more-intense abnormalities
inimmune and acute-phase processes were seen from time points after
the onset of clinical RA.

Together, these studies, including the work by He et al.?, provide
intriguing insightsinto the pre-clinical stages of ACPA* RA and demon-
strate progressive inflammatory changes, along with expansion and
activation of T cell and B cell subsets that provide mutual and reciprocal
activation, resulting in amplification loops that ultimately lead to the
development of classifiable RA. These studies suggest many potential
intervention points that could modulate this progression.

To this end, a joint EULAR-ACR task force has developed a
data-driventooltoidentify people at risk of RA presenting with arthral-
gia who are most likely to progress to inflammatory arthritis within
1year’. In pooled cohorts of people with DMARD-naive arthralgia at
risk of developing future inflammatory arthritis or RA, six clinical and
serological variables were associated with future inflammatory arthritis
(or RA). These variables — morning stiffness, patient-reported joint
swelling, difficulty making a fist, increased C-reactive protein level,
ACPA positivity and rheumatoid factor positivity — were incorporated
intoascore torisk-stratify symptomatic people at risk of RA. The addi-
tion of MRlincreased predictive ability but, surprisingly, the addition
ofultrasonography did not. These pragmatic guidelines will assist clini-
cians counselling symptomatic people at risk of RA about interventions
to prevent or ameliorate inflammatory arthritis. A parallel task force is
currently developing additional guidelines for population-based risk
stratification of people at risk of RA who have not yet presented to a
clinicbecause of arthralgia.

Unfortunately, choosing an effective intervention to prevent RAin
people atrisk of RA remains challenging. In 2025, the phase Il StopRA
trial demonstrated that 1 year of hydroxychloroquine did not delay

or prevent RA at 3 years in ACPA" people. In the broader landscape of
RA-prevention trials involving people known to be at increased risk
of developing RA*, thus far no agent has effectively prevented RA,
although abatacept substantially lowered rates of RA development
while participants were on the study drug — an effect that waned, but
was still present, about 12 months after the cessation of abatacept™.
This finding might reflect theimportance of T cellsin pre-RA*but also
couldindicate thatimmune system abnormalities might not be easily
reset, atleast with the time-limited interventions that have been tested,
once a certain level of autoimmunity has developed.

Preventing RA remains elusive. Identifying modifiable environ-
mental influences, combined with insights into immunological pro-
gression before the development of inflammatory arthritis and tools
for risk stratification, should inform feasible and effective strategies
for disease preventionin people at risk of RA.
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Fibromyalgia in 2025
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Progress in mechanismsand
therapy for fibromyalgia

Hance Clarke & Mary-Ann Fitzcharles

R Check for updates

Fibromyalgia remains a challenge for researchers
and clinicians. Three studies published in 2025
shed light on mechanisms and management
by implicating gut microbiotain symptom
perpetuation, demonstrating the potential of
home-based neuromodulation, and examining
the uncertainrole of low-dose naltrexone.

Fibromyalgia remains one of the most challenging chronic pain
conditions to understand and treat, characterized by widespread
pain, fatigue and cognitive symptoms without structural pathology.
Although central sensitizationis widely accepted as akey mechanism,
theinitiating and perpetuating factors remain elusive. Research has
explored the role of antibodies, cytokine profiles, glial-mediated
inflammatory responses and alterations in brain metabolism, struc-
ture and connectivity, yielding findings across multiple biological
levels but without pinpointing the definitive trigger'*. In 2025, research
continued to probe these complexities, with notable studies exploring
thegut-immune-brainaxis®, neuromodulationstrategies* and pharma-
cologicaliinterventions aimed at nociplastic pain®. These investigations
offer fresh insights into pathogenesis and therapeutic possibilities,
while underscoring the heterogeneity of fibromyalgia and the need
forindividualized approaches.

One striking finding from 2025 came from a study reporting the
transference of fibromyalgia pain to germ-free mice through faecal
microbiota transplantation from patients with fibromyalgia®. This work
builds onearlier evidence of altered microbiome profilesin fibromyal-
gia, including variable changes in the abundance of certain gut species®.
Transplantation of faecal microbiota from patients with fibromyalgia,
but not from healthy individuals, into germ-free mice induced spon-
taneous pain and pain hypersensitivity, along withimmune activation
and metabolomic changes®. This pain condition was reversed when
healthy microbiotareplaced the fibromyalgia microbiotain the mice.
These findings highlight the gut-immune-brain axis as a potential
therapeutic target.

Although the microbiome profile remains remarkably stable
after childhood, factors such as genotype, environment, diet, physical
activity and antibiotic use caninfluence its composition and function.
These latest findings raiseimportant questions regarding what factors
alter the microbiome profilein patients with fibromyalgiaand, if trans-
plantationis considered, how long the new profile would remain stable
(Box 1). Equally compelling is whether dietary changes — particularly
a shift towards a healthier plant-based diet with reduced fats and
sugars — could sufficiently alter the gut microbiome and alleviate pain.
Given the broad health benefits of a healthy diet, we advocate that
simple dietary advice should be anintegral component of routine care

for all patients, especially those with fibromyalgia. The microbiome
story represents a substantial step forwards in understanding the
pathogenesis and potential for shaping future treatment strategies
for fibromyalgia.

Beyond microbiome research, neuromodulation has emerged as
another promising avenue. In line with the concept of neuroplasticity
in fibromyalgia, the second notable 2025 paper examined treatment
interventions using neuromodulation®. Transcranial direct current
stimulation (tDCS) aims to modulate neuroplasticity by delivering
low-intensity electrical stimulation to the central nervous system.
Two previous 2025 systematic reviews reported that tDCS could reduce
pain compared with sham stimulation in patients with fibromyalgia”®.
However, questions remained regarding optimal stimulation sites,
treatment frequency and duration, persistence of treatment response
andtherole of concomitant therapy. Practical barriers —including cost
and the need for ‘in clinic’ treatment — continue to limit widespread
adoption of this procedure.

Caumo etal.* addressed some of these questions inahome-based,
sham-controlled randomized clinical trial. In this study, bifrontal tDCS
was appliedtothe dorsolateral prefrontal cortex, combined with exercise
and painneuroscience education. Over a4-week period, active treatment
resultedinreduced pain and pain-related disability and animprovement
in endogenous pain modulation, particularly inindividuals prone to a
placeboresponse*, with effects persisting for 4 months. Interestingly, the
study integrated placebo responsivenessintoits mechanistic framework,
notingthat tDCSinfluences connectivity patternslinked to placebo anal-
gesia.tDCSmodulates brainregionsinvolvedin painand emotion, includ-
ingtheinsula, thalamus and pathways connecting the prefrontal cortex
todeeper pain-control centres. These findings highlight the potential of
neuromodulation as a non-invasive, mechanism-focused intervention
for fibromyalgia and underscore the promise of home-based delivery
for reaching awide patient population ata considerably reduced cost.

Key advances

= Faecal microbiota transplantation from patients with
fibromyalgia induced pain and immune activation in germ-free
mice, highlighting the gut-immune-brain axis as a potential
therapeutic target®.

= Home-based transcranial direct current stimulation combined
with exercise improved pain and disability in fiboromyalgia, with
effects persisting for 4 months, supporting neuromodulation as
a non-invasive treatment option”.

« Low-dose naltrexone showed limited efficacy and no clear
mechanistic correlation in fiboromyalgia, emphasizing the
need for rigorous trials to define its role in nociplastic pain
management®.
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Box 1| Key unanswered questions

= Microbiota transplantation: How durable are the microbiome
changes? Can dietary interventions replicate the transplantation
effects?

= Neuromodulation: What is the optimal stimulation protocol?
Do the benefits persist long term?

« Low-dose naltrexone: Which patient phenotypes respond best?
What is the most effective dose?

The third noteworthy publication 0f 2025 — examining low-dose
naltrexone — might seem curious as it reported largely negative
findings’. Naltrexone is an opioid antagonist, but when administered
indoses of about one-tenth of usual dosing, has a paradoxical analge-
sic effect. Low-dose naltrexone has long held promise for nociplastic
pain conditions such as fibromyalgia. Nociplastic pain refers to pain
that cannot be fully explained by tissue damage, is associated with
sensitization of the nervous system, and often presents with salient
central symptoms such as fatigue and cognitive changes. Low-dose
naltrexone is postulated to attenuate neuroinflammation by antago-
nizing Toll-like receptor 4 (TLR4), and possibly other targets, on acti-
vated microglial cells, making it a plausible candidate for modulating
nervous system sensitization. An earlier study comparing low-dose
naltrexone (6 mg/day) with placebo in 99 women with fibromyalgia
found no overall superiority for pain relief, although almost half of
the participants receiving low-dose naltrexone achieved a 30% pain
reduction compared with one-quarterin the placebo group, suggesting
potential benefit for certain patient subgroups’. In the 2025 study’, the
same authors followed up these findings to explore whether improve-
ments in pain correlated with measures of central pain mechanisms
and functional capacity, including conditioned pain modulation, pain
tolerance, temporal summation and muscular endurance. Although
conditioned pain modulation improved in the low-dose naltrexone
group, this change did not normalize the measure, and could perhaps
evenreflectadecreasein conditioned painmodulationinthe placebo
group. Other indicators of central pain mechanisms were not associ-
ated with painreliefamong responders. These mostly negative findings
could possibly be explained as a dosing issue, as most prior studies
used <4.5 mg/day, with some preclinical studies even suggesting that
‘ultra-low’ doses could have analgesic effects. These findings highlight
the notion that preclinical evidence for an effect cannot immediately
be translated into the clinical context without rigorous evaluation.

These results are disappointing as low-dose naltrexone has long
held promise for the treatment of many chronic pain conditions,
including more recently the treatment of long COVID, a condition
with considerable overlap with fibromyalgia. Both disorders share
similaritiesin symptom profiles, neuroimmune mechanisms, brain-gut
axis involvement and treatment strategies, as highlighted in a recent
narrative review'’. Although no single pathophysiological mechanism
has been identified for either condition, evidence points to nervous
system dysfunction, including glial cell activation and central sensiti-
zation. Interest in low-dose naltrexone is reflected in the plethora of

publications over the past 5years and increasing reports of its off-label
use for long COVID, with many suggesting symptom improvement
and better functional status with minimal adverse effects. Given the
heterogeneity of both conditions, low-dose naltrexone might benefit
a selection of patients, although the phenotype predicting response
remains elusive. In the absence of effective treatments for these condi-
tions and with patients continuing to be affected, a cautious off-label
trial of low-dose naltrexone for at least 12 weeks could be considered
inselected patients. We argue that low-dose naltrexone should not be
discarded and call for well-designed clinical trials to clarify its role in
the challenging world of nociplastic pain management.
Nodrugtreatment currently provides consistent or substantial ben-
efitinfibromyalgia, prompting asearch for new non-pharmacological
interventions. Modulating the microbiome to influence the
gut-immune-brain axis represents a promising therapeutic strategy.
Similarly, neuromodulation using tDCS, particularly in home-based pro-
grammes, isemerging as anon-invasive treatment option. Finally, drugs
that target neuroinflammation, such as low-dose naltrexone, provide a
mechanistic explanation for alleviating nociplastic painin fibromyalgia.
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Fibroblast heterogeneity in 2025

Adam P. Croft & Annie Hackland

R Check for updates

Advancesin cellular and spatial profiling
technologies have rapidly expanded the
understanding of fibroblast heterogeneity
within the target tissues of disease. In 2025,
there has been a shift towards a consensus
definition of shared cross-tissue fibroblast states
and agreater understanding of their molecular
drivers and disease-relevant effector functions.

Fibroblasts have a crucial role in healthy tissue homeostasis; these
tissue-resident cells form the ‘scaffold’ upon which the inflammatory
response is conducted'. During chronic inflammation, fibroblasts
orchestrateimmune cell responses. They can acquire specific effector
phenotypes that directly contribute to inflammatory tissue pathology
and damage*?, but they can also regulate immune cells to promote
the resolution of inflammation*. Despite advances in the treatment of
immune-mediated inflammatory diseases (IMIDs), the current thera-
peutic emphasis on targeting pro-inflammatory pathways has not led
toacure. IMIDs are characterized by the persistence of inflammation
at distinct anatomical sites’. The tissue microenvironment in which
inflammationoccursisakey determinant of disease outcome and treat-
ment response’. Fibroblasts are promising therapeutic targets owing
to their capacity to modulate the inflamed tissue microenvironment
without the need for directimmunosuppression; however, they have yet
tobetherapeutically targeted. Amajor barrier to targeting these cells is
thelack of understanding of the molecular drivers underpinning their
heterogeneity and the functional role of specific fibroblast subtypes
in health and disease.

In 2025, three studies provided new insights into fibroblast het-
erogeneity, contributing to anew taxonomy of the fibroblast lineage®™®
(Fig.1).

The ability to perform minimally invasive biopsies of IMID target
tissues combined with advances in single-cell and spatial profiling
technologies has revolutionized the understanding of fibroblast het-
erogeneity. This understanding has led to the emergence of a large
number of cell atlas studies across IMID target tissues, providing a
timely opportunity to perform integrated cross-tissue comparative
studies designed to identify shared and unique fibroblast states.

In 2025, Steele et al.® constructed an integrated spatially resolved
atlas of fibroblasts from healthy adult skin, with reference mapping to 23
inflammatory and fibrotic skin diseases. The atlas comprised 2.1 million
skin cells, within which 357,276 fibroblasts were profiled from 251 indi-
vidual donors. Downstreamanalysis of this comprehensive dataset led to
theidentification of six healthy skin fibroblast states and three uniquely
disease-associated states. Two of these fibroblast states were found to be
conserved across tissues and were predicted to beimmune-interacting.

Firstly, afibroblasticreticular cell (FRC)-like state (expressing the
genes CCL19, CD74 and HLA-DRA; CCL19'CD74"HLA-DRA") was identi-
fied and localized to superficial perivascular immune niches within

the dermis. FRCs are known to display immunomodulatory proper-
ties and are responsible for the organization of specific immune cell
niches within lymphoid tissues’. Steele et al.® describe FRC-like skin
fibroblasts that are thought to similarly facilitate T cell-dendritic cell
interactions. Fibroblasts with an FRC-like phenotype have beenidenti-
fied in other organs, including the inflamed lung, bowel and salivary
gland™. The enrichment of FRC-like skin fibroblasts in human skin
probably underpins the prominent perivascular immune infiltrates
and ectopic lymphoid structures that are pathological hallmarks of
chronic inflammatory skin disease. This pathogenic fibroblast state
might represent a credible cross-tissue therapeutic target to disrupt
fibroblast-driven pathology in IMIDs.

Secondly, the authors describe an inflammatory myofibroblast
population (/LII'MMPI*CXCLS5*IL7R") that is similar in phenotype to
myofibroblast states described in cancer and other IMIDs. Importantly,
uniquely high prevalence of this fibroblast population characterized
skin conditions with high scarring risk, and these fibroblasts had a
predictedrolein neutrophiland monocyte recruitment across tissues.
These findings highlight how the composition of tissue fibroblast states
dictates immune cell dynamics and the outcome of tissue-specific
pathology, such as scarring versus non-scarring resolution.

Cell atlas studies have repeatedly identified similar sets of fibro-
blast transcriptional states across tissues; however, the molecular
mechanisms underpinningthe differentiation of these states are poorly
understood. Identification of the molecular regulators that govern
specific fibroblasts states could be therapeutically exploited to sup-
press pathogenic programs and augment homeostatic and reparative
functions through cellular reprogramming.

Southard et al.” used high-throughput CRISPR-based gene acti-
vation combined with single-cell RNA-sequencing (Perturb-seq) to
upregulate the expression of 1,836 candidate transcription factors

Key points

= Construction and analysis of a single-cell and spatial tissue
atlas of human skin fibroblasts revealed shared disease-related
fibroblast states, including two cross-tissue immune-interacting
fibroblast states implicated in distinct inflammatory tissue
pathologies in immune-mediated inflammatory diseases®.

= A CRISPR-based gene activation platform combined with
single-cell RNA sequencing revealed key transcription factors
that regulate disease-relevant fibroblast gene programs,
including a ‘universal’ program that innately antagonizes the
‘inflammatory’ program, highlighting the therapeutic potential
of fibroblast reprogramming’.

« Rheumatoid arthritis synovial fibroblasts that express MHC class Il
molecules demonstrate immunosuppressive functions via antigen
presentation to T cells without co-stimulation, which limits T cell
activation in the joint, adding to the emerging body of evidence of
the regulatory roles of fibroblasts in inflammatory diseases®.
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Fig.1| Advances infibroblast heterogeneity. Three 2025 studies® ® used
distinct approaches to investigate fibroblast heterogeneity, providing important
insights for the future development of fibroblast-targeting therapies. a, The
development of a fibroblast atlas of the human skin to identify shared and
common fibroblast states. b, Investigation of molecular regulators of fibroblast

state using Perturb-seq (CRISPR-based gene activation of transcription factors
combined with single-cell RNA-sequencing). ¢, Mechanistic study investigating
disease-relevant regulatory functions of synovial tissue fibroblasts. MHC-1I, MHC
class Ilmolecule; RA, rheumatoid arthritis; TCR, T cell receptor.

in dermal fibroblasts, enabling faithful recapitulation of in vivo gene
expression programs. The authorsidentified the transcription factors
KLF2 and KLF4, which are known to be enriched in healthy tissues, as
dominantregulators of the universal fibroblast state; these findings are
consistent with prior links between fibrotic diseases and KLF transcrip-
tion factor deficiency in fibroblasts. Notably, inducing the universal
fibroblast state suppressed the inflammatory program, suggesting a
potential therapeutic strategy that could be used across multiple tis-
sues to reprogram pathogenic fibroblasts towards a universal state,
rather than targeting disease-specific fibroblasts.

Targeting fibroblasts therapeutically requires the translation
of computational predictions of function into mechanistic roles in
disease. Fibroblasts have diverse roles in homeostasis and disease,
and strategies for therapeutic targeting of fibroblasts must consider
their emerging immunoregulatory roles in the tissue microenviron-
ment. Although computational predictions provide key insights into
fibroblast diversity, mechanistic studies are essential to establish
their effector functions. The importance of this approach has been
highlighted in studies of T cell activation in the inflamed synovium.

Fibroblasts that express MHC class Il molecules are present
across multiple human tissues, where they can present antigens to
CD4* T cells with context-dependent effects. Romoff et al.® demon-
strated that tissue-resident fibroblasts in the inflamed rheumatoid
arthritis synovium express MHC class Il molecules (HLA-D) but lack
the co-stimulatory signals typically required for T cell activation.
Compared with professional antigen-presenting cells, such as mac-
rophages, these fibroblasts produced high levels of IDO1and induced
low CD25and HLA-DR expression, reduced IL-2 and IFNy production
and suppressed proliferationin T cells. Uponinteraction with these
fibroblasts, T cells instead upregulate CD69, which limits cytokine
production, restrains T helper 17 cell differentiation, promotes a
regulatory T cell phenotype and inhibits tissue egress. Thus, fibro-
blast HLA-D expression stabilizes synovial fibroblast-T cell contact,

helping to retain T cells within a tryptophan-depleted immunosup-
pressive niche. These findings contribute to the growing body of
evidence regarding the immunoregulatory capacity of fibroblasts,
highlighting the importance of using precision-targeting approaches
inthe future.

The nextdecade will see research focus on maximizing the poten-
tial of the data generated as part of the Human Cell Atlas. The fibroblast
studies reviewed here highlight the power of large-scale integrated cell
atlas studies in the identification and definition of cellular states
across tissues using acommon nomenclature, revealing that the com-
position of fibroblasts within the tissue is afundamental determinant
of the subsequent response to injury and inflammation. Combined
with insights into the molecular circuitry responsible for specific
fibroblast states and their functional roles in diseased tissue, these
findings could offer therapeutic avenues to modulate fibroblast path-
ogenicity and permit precision approaches that preserve their regu-
latory and protective functions while suppressing their pathogenic
rolein disease.

Adam P. Croft® "< & Annie Hackland ®
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PD-1, BTLA and TIGIT as therapeutic
targets for rheumatic disease

Juhi R. Kuchroo'??, Naomi Goldman ®"%* & Arlene H. Sharpe ® "2

Abstract

Sections

Immune-checkpoint molecules have essential roles in regulating
immune responses, which maintain the delicate balance between
physiological immune reactions and autoimmunity. The clinical success
ofimmune checkpoint blockade for cancer therapy, and the occurrence
ofimmune-related adverse events during cancerimmunotherapy,
highlight the profound effect of modulating these receptors onboth
tumour-specific and ‘self’-specific responses. As aresult, interestin
exploring how these molecules can be targeted to treat autoimmune
and rheumatological diseases is expanding. Targeting of the immune-
checkpoint molecules PD-1, Band T lymphocyte attenuator (BTLA)

and T cellimmunoreceptor with Ig and ITIM domains (TIGIT) toinduce
immune tolerance has shown therapeutic promise in pre-clinical
models and, in some instances, clinical trials. Acomprehensive
understanding of how these receptors function in various immune cell
populations, particularly T cells, and across different diseases is crucial
for the successful translation of these findings to clinical applications.
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Key points

= Inhibitory immune-checkpoint receptors maintain immune tolerance.
Blocking these receptors during cancer treatment can disrupt tolerance
and result in new or worsening autoimmune manifestations known as
immune-related adverse events.

= Agonism of inhibitory immune-checkpoint receptors improves
rheumatic diseases in animal models and is under investigation in
clinical settings to treat autoimmunity.

= Strategies that activate PD-1 signalling, which could inhibit both
effector and regulatory T cell responses, have been translated to
clinical trials and have been well tolerated in patients.

= BTLA signalling has diverse roles in T cells and other immune cells.
Approaches to agonizing BTLA have moved to clinical trials but have
not yet demonstrated efficacy.

= TIGIT mediates inhibition of T cell responses through multiple cell-
intrinsic and -extrinsic mechanisms to maintain tolerance, making it
an attractive therapeutic target; it has yet to be developed clinically for
autoimmune diseases.

= Multiple other inhibitory receptors are being assessed as therapeutic
targets alone and in combination for rheumatic diseases.

Introduction
Tcellactivationisafinely regulated process. Initial activation of naive
Tcellsrequires twosignals: engagement of the T cell receptor (TCR) with
peptide-MHC complexes and co-stimulatory signalling. Interaction of
the CD28receptoronT cellswithitsligands CD80 (B7-1) and CD86 (B7-2)
deliversthe primary co-stimulatory signal needed for initial activation
of T cells' (Fig. 1). In addition, during early T cell activation, inhibitory
secondsignals areinduced to counterbalance the activation process' .
Co-inhibitory receptors, often termed ‘immune checkpoints’, serve as
brakes that regulate the strength and duration of immune responses.
Key co-inhibitory receptors include PD-1, T cell immunoreceptor
withIgand ITIM domains (TIGIT), cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4), T cellimmunoglobulin and mucin-domain con-
taining-3 (TIM-3), lymphocyte-activation gene 3 (LAG-3) and B and
T lymphocyte attenuator (BTLA)*. The inhibitory functions of these
receptorsare vital for maintaining the balance between effective pro-
tective immune responses and preventing immune-mediated tissue
damage and autoimmune disease. Furthermore, during chronic viral
infection or cancer, persistent antigen exposure leads to T cell exhaus-
tion, astate of reduced effector function** and anincreased, sustained
expression ofimmune-checkpointreceptors (Fig.2). These receptors
are often simultaneously upregulated on exhausted T cells and have
important roles in limiting the functions of exhausted T cells**°.
Anti-CTLA-4 and anti-PD-1 therapies highlight the therapeutic
potential of blocking immune-checkpoint receptors in cancer and
have become mainstay treatments for multiple cancer types since
their initial FDA approvals in 2011 and 2014, respectively. However,
approximately 7-12% of patients experience severe autoimmune-like
multi-organ tissue inflammation termed immune-related adverse
events (irAEs) that can limit cancer treatment®°. These irAEs are

hypothesized to occur, in part, owing to the activation of autoreactive
Tcellsthat are normally restrained by co-inhibitory molecules. These
irAEs can affect many organs, including the endocrine glands, skin,
intestine and liver”'®, Some patients who develop diabetes-like irAEs
or thyroiditis have evidence of autoantibody production analogous
to patients with autoimmune disease'*" 2. Similarly, HLA alleles that
conferriskin certainautoimmune diseases such as colitis and pruritus
are also associated with patients who are predisposed to developing
corresponding organ-specific irAEs”.

Although further workis required to better understand the patho-
genesis of irAEs versus traditional autoimmunity, interest in targeting
co-inhibitoryreceptors asastrategy for treating autoimmune diseases
isincreasing. CTLA-4, the first co-inhibitory receptor both discov-
ered and targeted for therapy, binds to CD80 and CD86 with higher
affinity than the CD28 co-stimulatory receptor thereby attenuating
T cell responses®. CTLA-4 Ig, a soluble fusion protein composed of
the extracellular domain of CTLA-4, antagonizes CD28 co-stimulation,
thusinhibiting T cell responsesin a variety of settings including rheu-
matoid arthritis (RA) and notably for treatment of irAE-associated
myocarditis®**. The FDA approval and wide use of CTLA-4 Ig thera-
pies, such as abatacept and belatacept, highlight the promise of
targeting other immune checkpoints for treating autoimmune and
inflammatory disease?.

Interestingly, an ‘exhaustion transcriptional signature’ in CD8"
T cells, which includes several immune checkpoint receptors, cor-
relates with poor viral clearance but indicates a better prognosis for
autoimmune disease®. These findings support the idea that T cell
exhaustion limitsimmunopathology during chronic antigen stimula-
tion, which canoccur during chronic viralinfection and autoimmunity.
Consequently, manipulating signals that regulate T cell exhaustion
has therapeutic promise for treating chronic autoimmune condi-
tions. Specifically, this approach would agonize, rather than inhibit,
immune-checkpointreceptors.

Inthis Review, we focus onthe three immune checkpoint receptors
PD-1, BTLA and TIGIT because they have had preclinical and, in some
cases, clinical successes in treating rheumatic diseases. We describe
their functionsin differentimmune-cell types, focusing on their effects
onTcellsand T cell-mediated inflammation (Table1), and highlight evi-
dence of theirinvolvementin rheumatic diseases (Table 2). We review
both preclinical and clinical studies (Table 3) of PD-1, BTLA and TIGIT
antibody agonists, considering their potential for treating rheumatic
diseases. Finally, we discuss other promising targets and the evolution
of the field as it moves towards more nuanced biologic therapies for
rheumatic disease aimed at enhancing treatment efficacy, limiting
off-target effects and promotinginduction of tolerance or exhaustion.

PD-1

The pivotal role of PD-1in regulating T cell responses and maintain-
ing immune tolerance provides a foundation for modulating T cell
functionin a variety of disease contexts. In cancer immunotherapy,
blockade of PD-1 has revolutionized cancer treatment by enhancing
antitumour T cell responses. Conversely, therapeutic approaches for
treating autoimmunity focus on activating PD-1 signalling to reduce
immune activation and promote tissue tolerance. Preclinical models
of autoimmunity have informed therapeutic strategy development,
leveraging the PD-1-PD-L1 axis to re-establish immune balance and
restore immune homeostasis. These strategies underscore the dual
potential of PD-1modulation to enhance or inhibitimmune responses,
depending on the disease setting.
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PD-1ligands

The PD-1receptor (CD279) is upregulated on T cells in response to
TCR activation and CD28-mediated T cell co-stimulation??, This
upregulation counterbalances T cell activation and controls the
resolution of inflammation, preventing overactive T cell responses.
When antigenis notacutely cleared, such as during chronic infections
and cancer, PD-1 expression persists (Fig. 2) and is associated with
impaired T cell function®”*', In addition to T cells, PD-1is expressed
on natural killer (NK) cells, NK T cells, activated B cells, innate lym-
phoid cells (ILCs), macrophages and neurons®****, The PD-1 ligands,
PD-L1(CD274) and PD-L2 (CD273), are expressed on a variety of cell
types®>*>*. Although PD-L1 is widely expressed on both haemat-
opoietic and non-haematopoietic cells, PD-L2 expression is mainly
restricted to haematopoietic cells, including dendritic cells (DCs),
B cells and macrophages, but PD-L2 can also be expressed on some
non-haematopoietic cells, including lung epithelial cells®>**. Notably,
both ligands can be expressed by cancer cells, often in response to
IFNy**. PD-1 ligands each have an additional unique binding partner
(Fig.1). PD-L1linteracts with CD80in cis (thatis, when both molecules are
expressed on the surface of the same cell) on antigen-presenting cells
(APCs), but notin trans (that is, when the molecules are expressed on
different cells), which sequesters PD-L1and preventsinteractions with
PD-1onT cells”. The affinity of PD-Llinteractions with PD-1(K; 0.77 mM)
intransis similar to that of PD-L1with CD80in cis (K;1.4 mM), suggest-
ing the possibility of competition, which might be influenced by the
locallevels of PD-L1and CD80 on the cell surface. PD-L2 also binds repul-
siveguidance molecule b (RGMb), whichis expressed onimmune cells,
including T cells and alveolar and interstitial macrophages, as well as
onnon-haematopoietic cells*. Studies from the past decade indicate
that PD-L2-RGMb interactions promote immune tolerance® and limit
antitumour immunity*°.

PD-1function

PD-linteractions withits ligands limit T cell activation by recruiting Src
homology region2 domain-containing phosphatase-1and 2 (SHP-1and
SHP-2). Thisrecruitment resultsin dephosphorylation of key molecules
downstreamofthe TCR, including Lck and Zap70 (refs. 41-44).In addi-
tion, PD-1engagementby PD-L1can cause dephosphorylation of CD28,
resultinginloss of co-stimulatory signalling®. PD-1signals also antago-
nize the downstream PI3K-AKT (phosphoinositide 3 kinase-protein
kinase B) and RAS-MEK-ERK (RAS/RAF-mitogen-activated protein
kinase-extracellular signal related kinase) pathways, which are crucial
for the survival and expansion of effector T cells***. This signalling
limits glucose uptake and glycolysis, which are essential for the expan-
sionand differentiation of T cells following activation*’. Consequently,
PD-1signals lead to reduced T cell proliferation®>***” and cytokine
production, including IL-2, IFNy and TNF*%*,

Therole of PD-1in autoimmune disease

As PD-1regulates T cell survival, growth, expansion and activation, it
hasacrucial role in maintaining immune tolerance and, consequently,
influences the onset and severity of autoimmune disease. Studies in
mouse models of T cell-mediated autoimmune diseases show that
loss of PD-1 expression results in increased tissue inflammation and,
insome cases, accelerated disease progression. Similarly, human stud-
ies have revealed correlations not only between PD-1 gene polymor-
phisms and the incidence of autoimmune diseases but also between
PD-1tissue expression and the severity of disease. Collectively, both
preclinical evidence and clinical evidence support the potential of
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Fig.1|Immune-checkpoint receptors and their ligands. Activation of naive

T cellsintegrates interactions of the T cell receptor (TCR) and peptide-MHC
(p—-MHC) complexes with a second co-stimulatory signal provided through
CD28-CD80 or CD86 interactions. Additional select co-stimulatory and
co-inhibitory receptors are depicted. Dotted lines indicate ligand-receptor
interactions. Select intracellular domains (includingimmunoreceptor tyrosine-
based inhibitory motif (ITIM), immunoreceptor tyrosine-based switch motif
(ITSM) and immunoglobulin tyrosine tail (ITT)) that mediate downstream
receptor signalling after phosphorylation are depicted. CD28 and cytotoxic

T lymphocyte-associated antigen 4 (CTLA-4) share CD80 and CD86 as ligands.
Although CD28 interactions with these ligands provide a T cell co-stimulatory
signal, binding of CTLA-4 to CD80 and CD86 opposes CD28 co-stimulation,
thereby inhibiting T cell responses. PD-1binding to its ligands PD-L1and PD-L2
opposes signals through the TCR and CD28, resulting ininhibition of T cell
responses. PD-L1can also interact with CD80 in cis (on the same cell) and PD-L2
canalso bind to repulsive guidance molecule b (RGMb). T cellimmunoreceptor
withimmunoglobulinand ITIM domains (TIGIT) and CD226 share the ligands
CD112 and CD155. CD226 binding these ligands provides a co-stimulatory signal,
whereas TIGIT binding to these ligands results in a co-inhibitory signal in T cells.
Binding of TIGIT to CD155 delivers aninhibitory signal into antigen-presenting
cells (APCs). TIGIT can also interact with CD226 in cis. Additional binding
partners for TIGIT ligands are depicted; CD155 binds CD96 and CD112 binds
CD112R. CD96 canbind to CD111. Band T lymphocyte attenuator (BTLA) can bind
its ligand herpesvirus entry mediator (HVEM) in cis or trans (on another cell).
HVEM also binds to CD160, LIGHT, and lymphotoxin-a (LTe). HVEM or LIGHT
engagementresultsinaT cell co-stimulatory signal, whereas BTLA or CD160
engagementleadstoaT cell co-inhibitory signal. HVEM engagement on APCs
canalso lead to a stimulatory signal. Stimulatory signals areindicated by ‘+’ signs,
and ‘~’signs indicate inhibitory signals.
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Fig.2|Immune-checkpoint receptor expression during T cell differentiation.
Relative expression profiles are depicted with ‘+’ symbols for PD-1,Band T
lymphocyte attenuator (BTLA) and T cellimmunoreceptor with Igand ITIM
domains (TIGIT) during phases of CD4" T cell and CD8* T cell differentiationin
response to acute and chronic antigen. Relative expression is shown between
memory T cell subsets (central memory versus tissue resident memory) as well as
regulatory T (T, cells.

PD-1as apromising therapeutic target for the treatment of rheumatic
diseases (Table 2).

Preclinical studies. Early studies in the non-obese diabetic (NOD)
mouse model (an autoimmune model of human type 1 diabetes mel-
litus (TIDM)), and the experimental autoimmune encephalomyelitis
(EAE) mouse model (a model for human multiple sclerosis), highlight
the function of PD-lin tolerance. Constitutive loss of PD-1in NOD mice,
orantibody-mediated PD-1blockade administered at any time between
1and 10 weeks of age, accelerates the onset of disease®. TIDM-like
disease elicited by PD-1blockadeis characterized by the expansion of
activated CD8* T cells in the pancreas and severe insulitis. Similarly,
in EAE, PD-1blockade or loss leads to earlier onset and more severe
disease, with an increased infiltration of immune cells in the central
nervous system (CNS) and a high frequency of pro-inflammatory IFNy
and IL-17-producing T cells in the CNS***,

Models of rheumatic disease have shown similar findings. In
NOD/ShiLt) mice, a model of Sjogren disease (SjD), PD-L1 block-
ade leads to an increased infiltration of T cells and B cells and an
upregulation of IFNy in the submandibular glands®*. Similarly, in the
collagen-induced arthritis (CIA) mouse model, loss of PD-1 leads to
an increased frequency and severity of disease with concomitant

increases in T cell proliferation and pro-inflammatory cytokine pro-
duction (IFNy and IL-17)>>*¢. This increased disease severity can be
reversed by inhibiting the PI3K-AKT-mTOR (the mechanistic tar-
get of rapamycin) pathway, suggesting a mechanism by which PD-1
restrains CIA.

Clinical evidence. Findings from patients with rheumatic disease
parallel studies in mouse models of autoimmunity. Considerable evi-
dence exists on therole of PD-1in human autoimmune and rheumatic
diseases. Associations between polymorphisms in the PDCDI gene
and rheumatic diseases have been reported. Specifically, the PDCD1
promoter SNP PD1.1is associated with increased susceptibility to RA
and juvenile-onset systemic lupus erythematosus (SLE)**°. PD-1.3 A,
located within a putative enhancer in intron 4, is associated with an
increased risk of SLE, lupus nephritis and RA®°-®*, This variant corre-
lates with reduced basal and induced PD-1 expression on CD4" T cells
inhomozygous but not heterozygous patients with SLE®*. Withinexon 5,
PD-1.5C/Cand PD-1.5 T are associated with increased susceptibility to
SLE® and RA®® respectively, whereas SNP PD-1.9 T is associated with
anincreased risk of ankylosing spondylitis®*°®, Notably, these genetic
polymorphisms are only associated with rheumatic diseasesin certain
ethnic groups.

Serum levels of autoantibodies against PD-1are higher in patients
with new-onset SLE compared with healthy individuals, providing
further evidence of the role of PD-1regulation in rheumatic disease;
anti-PD-11gG levels correlate positively with both the SLE disease
activity index score and erythrocyte sedimentation rate (ESR)*. In
addition, APCs from patients with SLE do not upregulate PD-L1 but
instead express co-stimulatory markers, a trend associated with an
increase in disease activity’®. By contrast, patients with SjD have ele-
vated expression of both PD-1and PD-L1 on tissue-infiltrating T cells
andincreased PD-L1 expression on ductal and acinar epithelial cells”.
Itremainsunclear if thisincreased expressionis because of increased
inflammatory responses.

InpatientswithRA, PD-1and PD-L1expressionareincreasedinthe
synovium®>’27>, A population of PD-1"CXCR5 CD4" T cells (a subset of
T peripheral helper cells) is expanded in the synovium and promotes
B cell antibody productionin the tissue™. Similarly, the proportion of
PD-1'CD4" T cells increases in the peripheral blood and synovium of
patients with RA”. These findings suggest that increased levels of PD-1
and PD-L1 might reflect highly activated effector cells in the tissue
(Fig. 2). However, other studies report reduced PD-1 expression on
peripheralblood CD4"and CD8'T cells from patientswith RA thatis asso-
ciated with positive C-reactive protein (CRP) and higher disease activity
scores, consistent with a role for PD-1in regulating disease course™.
Inaddition, soluble PD-1and PD-L1are found in the plasma of patients
with RA. Soluble PD-1lis aresult of alternative splicing, which produces
anisoform of PD-1that lacks the transmembrane domaininexon 3; solu-
ble PD-L1 can result from alternative splicing or proteolytic cleavage
from the cellmembrane””. Soluble forms of both PD-1and PD-L1 have
been profiled mostly in the setting of antitumour immunity, but their
potential use as biomarkers for responsiveness to immunotherapy
remains unclear’®”, Patients with RA have high serum and synovial
fluid levels of soluble PD-1, which correlate positively with disease
activity’**°®!, Further studies are needed to determine whether high
levels of soluble PD-1and PD-L1affect strategies to target PD-1in auto-
immunity. Across several rheumatic diseases, consistent differences
in PD-1 expression between patients and healthy individuals suggest
that differential PD-1 expression and signalling might be causal or
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responsive to inflammation, indicating that PD-1could be a promising
target for treating rheumatic diseases.

Perhapsthe strongest evidence of the role of PD-linregulating tis-
sueinflammationand autoimmune responsesis the emergence of irAEs
in patients treated with anti-PD-1and anti-PD-L1 for cancer. Between
7% and 12% of patients can present with severe (grade three or higher)
irAEs following treatment with anti-PD-1 therapy'®**®, In patients
treated with anti-PD-1 or PD-L1 cancer therapies there is evidence of
exacerbated SLE, new-onset lupus nephritis-like disease and check-
pointinhibitor-induced subacute cutaneous lupus erythematosus-like
symptoms®**8 Inflammatory arthritis has also emerged as acommon
irAE following anti-PD-1therapy and thereis evidence of the worsening
of new-onsetarthritis that resembles RA* "%, In one retrospective study,
50% of patients with pre-existing RA treated with immune-checkpoint
inhibitors (ICls), mostly anti-PD-1 therapy, experienced RA flare®.
Notably, patients can be negative for rheumatoid factor and cyclic
citrullinated peptide antibodies, which suggests that mechanisms of
disease pathogenesis might differ when comparing RA and anti-PD-
1-induced inflammatory arthritis®>*°°, Polymyalgia rheumatica is
also associated with anti-PD-1and PD-L1 therapies'*°"®. In addition,
myositis and exacerbation of pre-existing SjD and sicca syndrome
are associated with these therapies, although, as with inflammatory
arthritis, the mechanism of ICI-induced sicca syndrome probably dif-
fers from that of SjD'*"'?’, Finally, mucosal inflammation with flares of
pre-existing or new-onset psoriatic lesions and psoriatic arthritis-like
disease are associated with anti-PD-1therapy'**"?, Although the inci-
dence and prevalence of ICI-induced connective tissue disorders and
their mechanistic differences from classically defined diseases are
still debated, clear evidence indicates worsening or new-onset tissue
inflammation following PD-1blockade. These data highlight the role of
PD-1in maintaining tissue tolerance and the therapeutic promise of
targeting PD-1.

Therole of PD-1in T, cells. Although extensive research has focused
ontherole of PD-1ineffector T cells, studies over the past 10 years have
shed light on the function of PD-1in regulatory T (T,) cells. PD-1can
restrain T,  cell activity; in the peripheral blood of healthy individuals,
PD-1 expression is associated with diminished T, cell suppressive
capacity, increased IFNy expression, increased phosphorylation of
FOXO1 (and subsequent nuclear exclusion) and decreased demeth-
ylation of the T, cell-specific demethylated region locus, which sug-
gests decreased stability and expression of FOXP3. In addition, these
dysfunctional T, cells are enriched for components of the PI3K-AKT
and mTOR pathways™?. The PI3K-AKT pathway is known to restrain
T, cell function, owing, in part, to the phosphorylation and nuclear
exclusion of FOXO1 by PI3K-AKT"* "8,

Blockade or loss of PD-1 on T, cells enhances their suppres-
sive capacity" . In the lupus mouse model NZB/W F1, treatment
with anti-PD-1reduces the number of CD4" T cells in the kidneys,
promotes T, cell-mediated suppression of B cells and T helper (T)
cellsand ameliorates nephritis'*>'?>, In both the NOD and EAE mouse
models, selective genetic deletion of PD-1 specifically in T, cells
increases their suppressive capacity both in vitro and in vivo, which
is mediated, in part, through reduced PI3K-AKT pathway signal-
ling in PD-1-deficient T, cells'**. The role of PD-1in regulating the
PI3K-AKT pathway highlights a mechanism by which PD-1 directly
inhibits T, cell function.

Parallel observations in people with cancer indicate that PD-1

blockade can enhance the suppressive capacity of T, cells within

tumours, which limits the effectiveness of therapy. Studies in patients
with gastric cancer, non-small-cell lung cancer and glioblastoma
reveal that expression of PD-1on T, cells is associated with T, cell
dysfunction, including expression of the pro-inflammatory cytokine
IFNy™"12° In a subset of patients with cancer, hyperprogression of
disease can occur after PD-1 blockade'”. It has been hypothesized
that the balance between PD-1-expressing CD8" effector T cells and
PD-1-expressing T, cells might predict the response to PD-1 block-
ade.Indeed, inonesstudy, anincrease in PD-1-expressing T, cells was
associated with alack of clinical benefit fromanti-PD-1monotherapyin
patients with metastatic clear-cell renal cell carcinoma'. In this study
patients with a high ratio of PD-1" T, cells to PD-1'Tim-3"Lag-3"CD8"
Tcellshadshorter survival and alower response rate, suggesting that
this ratio might have predictive value and can serve as a biomarker
for response to treatment'”. The role of PD-1in effector T cells versus
T, cells makes PD-1a unique immune-checkpoint target, as a PD-1
agonist would inhibit both effector and regulatory T cell responses.
Whether these divergent cell-type-specific effects could dampen the
success of a PD-1agonist in treating rheumatic disease needs to be
critically assessed.

Strategies to target PD-1for autoimmune disease

Therapeutic strategies to target PD-1 for treatment of autoimmunity
are being investigated in vitro and in in vivo mouse models. In one
study, mice were treated with engineered DCs that expressed both
PD-L1and peptide-MHC complexes, which substantially ameliorated
EAE™. Agonist antibodies that specifically activate, rather thanblock,
PD-1receptor signalling are being explored as a potential therapeutic
approach to autoimmune disease. The generation of agonist antibodies
is complex and often requires empirical validation of antibody func-
tionin vitro and in vivo. Despite these challenges, agonist antibody
design canbeinformed by analytical approaches that consider factors
such as antibody binding affinity, epitope specificity and Fc receptor
engagement'”’ %,

To this end, a bispecific molecule, known as ImmTAIl (immune
modulating monoclonal TCR against autoimmunity) has been devel-
oped with the aim of providing tissue-specific protection by fusing
a PD-1agonist antibody with a high-affinity recombinant TCR that

Table 1| Downstream effects of immune-checkpoint
receptor signallingin T cells

Immune Conventional T cell Regulatory T cell

checkpoint (CD4*'FOXP3") (CD4* FOXP3')

receptor

PD-1 Decreased activation, Increase in IFNy production and
proliferation, cytokine the PIBK-AKT-mTOR pathway';
production, survival, decreased suppressive
glucose uptake and capactiy'?"1?3124
glycolysi532,41—43,47,48,261

BTLA Decreased activation, No direct effect of BTLA on T, cell
proliferation and cytokine suppressive function'®; HVEM*
production'#%14417% T,q cells inhibit BTLA® effector T cells'®

TIGIT Decreased activation, Increased suppressive function,

202,230 and

202

proliferation
cytokine production

FOXP3 expression, IL-10 and FGL2
production®®*?"°; decreased
PI3K-AKT pathway™

AKT, protein kinase B; BTLA, B and T lymphocyte attenuator; FGL2, fibrinogen-like protein 2;
HVEM, herpesvirus entry mediator; mTOR, mechanistic target of rapamycin; PI3K,
phosphoinositide 3 kinase; TIGIT, T cell immunoreceptor with Ig and ITIM domains; T, cells,

regulatory T cells.
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Table 2 | Summary of preclinical studies of immune-checkpoint receptors in models of autoimmune

and inflammatory diseases

Immune Agonism or activation Antagonism or genetic deletion
checkpoint
receptor
PD-1 Inhibits NFAT activation, IL-2 production and CD8" T cell cytotoxicity More severe insulitis and accelerated diabetes development in the
in vitro'™®© NOD mouse model**”'
Ameliorates GVHD and adoptive transfer colitis'*® Increases EAE disease severity®***
Reduces disease severity in the BM12 transfer model of lupus™? Increases tissue infiltration of T cells and B cells in a mouse model
Disruption of CD80-PD-L1 interactions with antibodies reduces disease of SjD**
severity and cytokine-producing cells in mouse models of arthritis Increases severity and frequency of CIA®
and SjD™* T.eq cell-specific deletion ameliorates disease in EAE and NOD mouse
models™
BTLA Delays NOD diabetes”""” Increases EAE disease severity'*°
Ameliorates disease in a mouse model of psoriasis'®® Accelerates diabetes in RIP-OVA model'®®
Loss of CD4* T cell-mediated oral tolerance'®
Increases autoantibodies and lymphocyte infiltration into tissue
in the MRL/lpr mouse model of lupus'®
TIGIT Reduces anti-collagen antibodies and disease severity in CIA*® Increases EAE disease severity?°"2%?

Ameliorates bone marrow failure in aplastic anaemia®’

Reduces autoantibodies and increases survival in lupus-prone
NSB/NZW mice?*®

Reduces EAE disease severity”**'

Reduces autoantibody production in imiquimod-induced lupus®'

BTLA, B and T lymphocyte attenuator; CIA, collagen-induced arthritis; EAE, experimental autoimmune encephalomyelitis; GVHD, graft-versus-host disease; NOD, non-obese diabetic;
SjD, Sjogren disease; SLE; systemic lupus erythematosus; TIGIT, T cellimmunoreceptor with Ig and ITIM domains.

is specific for pancreatic-restricted peptide-HLA complexes. These
bispecific antibodies use the TCR to direct PD-1 agonist antibodies
to cells presenting preproinsulin peptide, thereby locally inhibiting
autoreactive T cells, with potential application as a treatment for
T1IDM"°, Data from studies of cell lines and primary human T cells
indicate that ImnmTAIl successfully activates PD-1 signalling, inhib-
its nuclear factor of activated T cells (NFAT) activity, suppresses
IL-2 production and reduces CD8" T cell cytotoxicity in vitro™°. In
another study, acomputational approach was used to engineer novel
proteins to agonize PD-1 using a binding motif identified in both
human and mouse PD-L1, resulting in a soluble miniprotein called
PD-MP1. This 40-amino acid protein binds PD-1in monomeric and
trimeric forms. Co-culture of the miniprotein trimer with T cells from
mice reduced T cell activation, as measured by CD69 expression™.
Researchers have also screened anti-PD-1 antibodies for agonistic
function and found that agonist activity correlates with binding to
the membrane-proximal extracellular region of PD-1, which is dis-
tinct from binding epitopes of most PD-1 blocking antibodies and
requires Fc receptor-dependent cross-linking. In mouse models of
graft-versus-host disease and adoptive transfer colitis models, preven-
tative administration of this agonistic antibody ameliorates disease
severity and reduces cytokine-producing effector T cells'®. Another
PD-1agonist that ameliorates disease severity when delivered before
disease onset has been studied in the BM12 transfer model of lupus'™.
This PD-1agonist functions by excluding large receptor-type protein
tyrosine phosphatases, such as CD45, from the receptor complex
and enables recruitment of SHP-2. Additionally, human and mouse
antibodies that target CD80 have been developed to disrupt the cis
interactionbetween CD80 and PD-L1, thereby enabling uninterrupted
interactions between PD-L1and PD-1 (ref. 133). In several mouse mod-
els of rheumatic disease, including arthritis and SjD, treatment with

these anti-CD80 antibodies prior to disease onset (but after disease
induction) reduces disease severity and cytokine-producing T cells'.
These approachesillustrate the translational potential of harnessing

PD-1agonism for the treatment of autoimmune diseases.

PD-1agonistsin clinical trials

Giventhe successin preclinical studies, several PD-1agonists are now
being explored in clinical trials (Table 3). Rosnilimab is a humanized
IgGl-k antibody that targets PD-1. This therapy probably functions by
both depleting PD-1and acting as an agonist that binds a membrane
proximal epitope and has optimized Fc receptor binding affinity"**.
This drug is reported to specifically deplete activated PD-1" T cells,
including effector T cells, T follicular helper (T,) cells and peripheral
T helper cells, and agonize any remaining PD-1" T cells. This mecha-
nism is anticipated to lead to reduced T cell migration, proliferation
and cytokine secretion and also decreased plasma-cell generation
and autoantibody levels™*. In the CD4" T cell transfer mouse model
of colitis, rosnilimab-treated mice did not lose weight, had reduced
colon pathology and showed lower expression of pro-inflammatory
genes in colonic tissue than isotype-treated animals™*. Rosnilimab
waswelltolerated ina phase I trial; administration resulted inreduced
PD-1-expressing CD4" and CD8' T cells (without altering T,., cell num-
bers) and reduced effector T cell functions when restimulated ex vivo'.
Rosnilimab is now being studied in phase Il trials (NCT06041269 and
NCT06127043) in moderate-to-severe RA and ulcerative colitis. In a
phasellbtrial (NCT06041269) evaluation of placebo versus rosnilimab
in patients with moderate-to-severe RA, who were also being treated
with other anti-rheumatic drugs such as methotrexate, rosnilimab
showed a statistically significant reduction in disease activity after
12 weeks of treatment. Patients who received 100 mg every 4 weeks
and 600 mgevery 2 weeks had ameanreduction of2.06 inthe disease
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activity score in 28 joints using C-reactive protein concentrations
(DAS28-CRP) and patients who received 400 mg every 4 weeks had a
meanreduction of2.12in the DAS28-CRP score'**. By contrast, rosnili-
mab failed in a phasell trial (NCT05205070) for alopecia areata™’; the
reasons for these differences remain unclear.

Peresolimab is a humanized IgGl monoclonal antibody
designed to activate PD-1 signalling. Peresolimab showed efficacy
in a placebo-controlled phase Il trial (NCT04634253) of 98 patients
with mild-to-severe RA who had a poor response to conventional
therapies™®. Patients who received 700 mg of peresolimab had a sta-
tistically significant reductionin the DAS28-CRP score after 12 weeks,
which was the primary end point of the study, compared with the
placebo group™*'*, A phase IIb trial (NCT05516758) of peresolimab
in RA was terminated owing to evaluations of the risk:benefit ratio in
this setting. The future direction for the development of peresolimab
is currently unclear.

PD-1is a promising therapeutic target because its expression is
induced specifically upon T cell activation, meaning that strategies
toenhance its function will probably only affect antigen-specific T cell
responses rather than causing globalimmune suppression. However,
giventherole of PD-1in controllinginitial T cell activation, the balance
and activation of T effector cells versus T, cells and T cell exhaus-
tion, PD-1 agonist approaches require careful evaluation. Expanding
patient cohorts and extending clinical trials to assess long-term efficacy
and potential adverse effects, especially increased susceptibility to
infections or cancer, will be essential.

BTLA

BTLA was first identified in a microarray screen as a T,;1 cell-specific
transcript with predicted inhibitory function'°. BTLA has emerged
as akey receptor in a network of interactions that modulate immune
activation, with considerable implications for antitumour responses
and autoimmunity. Although ongoing researchis beginning to unravel
the mechanisms underlying therole of BTLA inrheumatic disease, this
researchis complexas herpesvirus entry mediator (HVEM, also known
as CD270), the ligand for BTLA, has multiple other binding partners
that are broadly expressed across immune-cell populations. Efforts
areunderway to translate research findings into clinical applications.

BTLA-HVEM interactions

BTLA is expressed by many immune cells, including B cells, T cells,
NK cells, monocytes and DCs'"'**, BTLA is constitutively expressed at
high levels on naive B cells, with lower expression on naive CD4" and
CD8' T cellsbut canbe induced upon activation'**'*¢, Inaddition, BTLA
is highly expressed on Ty, cells in germinal centres'”. In contrast to
otherinhibitory receptors, such as PD-1, BTLAis not highly expressed
on CD4'FOXP3' T, cells™**.

HVEM is a member of the TNF family of receptors. HVEM is
expressed on several immune-cell types, including B cells, T cells
(including CD4'FOXP3" T, cells), NK cells, DCs and other myeloid
cells™®, HVEM binding to BTLA induces phosphorylation of two
tyrosine-containing motifs in the cytoplasmic tail of BTLA (ITIM and
ITSM), which leads to the recruitment of SHP-1 and SHP-2 (ref. 140).

Table 3| Clinical trials of immune checkpoint agonists in autoimmune and inflammatory diseases

Agent NCT number Trial overview Status Results
PD-1
Rosnilimab NCT06127043 Phase Il efficacy and safety study in people with Recruiting Not applicable
moderate-to-severe ulcerative colitis (ROSETTA)
Rosnilimab NCT06041269 Phase IIb efficacy and safety study in people with  Active (not Met primary end point with statistically
moderate-to-severe RA (RENOIR) recruiting) significant change from baseline disease at
12 weeks”®?
Rosnilimab NCT05205070 Phase Il efficacy and safety study in people with Terminated No results posted
moderate-to-severe alopecia areata (AZURE)
Peresolimab NCT05959109 Phase | relative bioavailability study in healthy Completed No results posted
people
Peresolimab NCT05516758 Phase lIb study in people with moderately-to- Completed No results posted
severely active RA (RESOLUTION-1)
Peresolimab NCT04634253 Phase lla study in people with RA Completed Reduced
DAS28-CRP™*®
BTLA
LY3361237 NCT03695198 Phase | study in people with SLE Completed No results posted
LY3361237 NCT04975295 Phase | study in people with psoriasis Completed No results posted
LY3361237 NCT05123586 Phase Il study in people with at least moderately Terminated Lack of efficacy
active SLE
LY3361237 NCT03933943 Phase | study in people with SLE Completed No results posted
LY3361237 NCT05781451 Phase Il study in people with SjD Withdrawn No results posted
ANBO32 NCT05935085 Phase Il study to evaluate the safety, tolerability Terminated Did not meet primary or secondary end

and efficacy in people with moderate-to-severe
atopic dermatitis

points'®’

BTLA, Band T lymphocyte attenuator; DAS28-CRP, disease activity score in 28 joints using C-reactive protein concentrations; RA, rheumatoid arthritis; SjD, Sjoégren disease; SLE, systemic lupus

erythematosus.
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BTLA also contains a third tyrosine motif in its cytoplasmic domain
that binds Grb-2 and is thought to mediate interactions with PI3K'*.

HVEM has several ligands in addition to BTLA, including CD160,
lymphotoxin &, LIGHT (also known as TNFSF14), synaptic adhesion-like
molecule 5 and herpesvirus glycoprotein D¢, HVEM binding
to its other ligands induces effects that counteract BTLA inhibi-
tory signalling, such as lymphocyte activation, proliferation and
pro-inflammatory cytokine production™&15%157-159,

BTLA function

BTLA-HVEM interactions transmit signals bidirectionally. BTLA binding
to HVEM transmits an inhibitory signal into the BTLA-expressing cell.
This inhibitory signalling downregulates immune-cell function and
maintains tolerance'*’. This BTLA-HVEM interaction can also send a
co-stimulatory signal into HVEM-expressing cells that results in the
activation of NF-kB signalling and increased cell survival',

HVEM binding to BTLA on both mouse and human T effector
cells results in dephosphorylation of CD3¢ and CD28 (refs. 160,161).
Downstream effects include reduced proliferation, activation and
cytokine production (IFNy and IL-10)%***, HVEM-BTLA interactions
between T effector cells and T, cells serve as one mechanism of
inhibition. Effector T cells downregulate HVEM upon activation,
whereas T, cells upregulate HVEM expression upon activation; ele-
vated HVEM expression on T, cells enables these cells tointeract with
BTLA-expressing effector T cells and induce suppression of these effec-
tor T cells*®. In an MHC mismatched cardiac allograft mouse model,
HVEM™ T, cells were less suppressive than those from wild type
animalsinvitro and in vivo, which suggests a crucial role for HVEM in
T,z SUppressive function'.

B cellsinboth mice and humans express higher levels of BTLA than
Tcells,and the interaction of BTLA on B cells with HVEM leads to similar
inhibitory effects, including reduced B cell proliferation and cytokine
production (IL-6, IL-10 and TNF)**3152162163 BTLA can also be expressed
onDCs, and studiesin miceindicate thatit can suppress their prolifera-
tion, maturation and pro-inflammatory cytokine production'*!¢+1,
Thus, BTLA not only inhibits T cell and B cell responses but also
suppresses APCs.

BTLA can bind to HVEM in cis or trans”*'*°; BTLA-HVEM cis
interactions prevent HVEM from binding to its activating ligands on
other cells®**’, thereby serving as a mechanism by which BTLA limits
T cell activation.

Role of BTLA in autoimmune disease

Similar to PD-1, BTLA has a key role in the maintenance of tolerance
and controlling the onset and severity of autoimmune disease. Mouse
models of NOD diabetes and EAE have shown thatloss of BTLA leads to
accelerated disease, whereas the presence or agonism of BTLA inhibits
T cellresponses and delays disease onset. Studies in humans have found
differential expression of BTLA in patients and healthy individuals, and
potential defects in the BTLA axis that could contribute to disease.
Thus, BTLA represents a therapeutic target that has been studied in
both preclinical and clinical settings (Table 2).

Preclinical studies. In mouse models, BTLA has an essential role
in maintaining tolerance. BTLA-deficient 129/SVEV mice develop
spontaneous autoimmune hepatitis-like disease with features of
SjD, acommon complication of autoimmune hepatitis, including
pro-inflammatory cellinfiltratesin the salivary glands'®’. Loss of BTLA
inmiceleadstoincreased severity of EAE and reduced IL-10 production

from BTLA™" T, cells and B cells"**'*. BTLA deficiency prevents the
induction of ovalbumin (OVA) peptide-induced oral tolerance in CD4*
T cells'. In the RIP-OVA mouse model of TIDM, transfer of BTLA™~
OT-1CD8' T cells accelerates the development of disease compared
with control mice, which demonstrates a role for BTLA in CD8" T cell
tolerance'®’. Loss of BTLA in the MRL/Ipr mouse model of lupus accel-
erates disease, with elevated levels of autoantibodies and increased
lymphocyticinfiltratesin the salivary glands, kidneys and knee joints
compared with BTLA-sufficient MRL/Ipr mice"®.

Administering a BTLA-targeting antibody (clone 6F7), which
can both agonize BTLA and deplete BTLA-expressing cells, to NOD
mice increases the proportion of T, cells, reduces B cell and effec-
tor T cell populations and delays onset of disease. In addition, this
anti-BTLA antibody delays the onset of anti-PD-1-induced diabetes in
NOD mice when co-administered”". Transfer of bone-marrow-derived,
BTLA-transfected DCsinto NOD miceinhibits CD8" T cell responses and
also delays disease onset and incidence"? In a mouse model of islet
transplantation, anon-depleting BTLA antibody (clone PJ196) improved
graft survival”’. The PJ196 antibody downregulated the expression
of cell-surface BTLA without depleting BTLA-expressing cells"”*; how-
ever, PJ196 did not decrease T cell proliferation in vitro'*, which sug-
geststhatitlacks agonisticactivity. Further workis needed to elucidate
the mechanism of action of PJ196 in vivo. Despite these uncertainties,
these findings show the therapeutic potential of targeting BTLA in
autoimmunity.

Clinical evidence. Human studies parallel findings in mouse models
of disease and suggest a role for BTLA in maintaining immune
tolerance. Genetic polymorphisms in the BTLA gene are associated
with susceptibility to autoimmune disease in specific ethnic popula-
tions. The C+800 T SNP in exon 5 and 590 C SNP in exon 4 of BTLA
are associated with increased susceptibility to RA”>"°, In stimulated
Jurkat cells (an immortalized human T cell line), expression of BTLA
withthe 590 CSNP resultsinincreased IL-2 expression compared with
BTLA 590A-expressing control cells, suggesting that the 590 C SNP
impairs the inhibitory function of BTLA®. The SNP 1p36 in HVEM is
also associated with increased susceptibility to RA"77 %%,

Beyond genetic associations, a number of research groups have
reported differential BTLA protein expression in patients with rheu-
matic diseases'®* ', In individuals with active SLE, the percentage
of peripheral blood BTLA'CD4" T cells is reduced compared with
healthy individuals, despite no statistically significant difference in
BTLA expression levels on T, cells'®. Similarly, naive B cells from
people with SLE express lower levels of BTLA compared with those
from healthy individuals'*. Further research is needed to determine
whether patients who are predisposed to autoimmune diseases have
agenetic tendency towards lower BTLA expression or if these altera-
tionsinexpressionare aresponse to dysregulated tissue inflammation.
However, some evidence suggests that BTLA regulationand functionin
patients withrheumatic disease is defective; forexample, CD4" T cells
from people with SLE have impaired BTLA upregulation following
ex vivo activation, are less sensitive to BTLA-mediated inhibition,
as indicated by altered proliferation and CD25 expression, and have
reduced recruitment of the BTLA receptor to the TCR synapse upon
activation'®. The potential effects of such inherent BTLA defects on
BTLA-targeting therapies remain to be evaluated.

By contrast, studies in RA indicate elevated BTLA expression in
immune cells; in people with RA the percentages of CD3*, CD4" and
CD8" T cells that express BTLA are increased in peripheral blood,
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whereas the percentages of CD3*, CD4" and CD8" T cells that express
HVEM are decreased'®. The frequency of BTLA*CDS8" T cells correlates
negatively with swollen joint count'®®. Additionally, in people with RA,
BTLA expression is higher on synovial CD11c" DCs than those at the
periphery; HVEMis alsoincreased in the synovial tissue of patients with
RA'® Differences in SLE and RA might stem from differencesin cell
activation status and differences in tissue inflammation (synovium
inflammation in RA versus multi-organ inflammation in SLE). Further
studies are needed to better understand these differences and their
implications for disease pathogenesis.

There has been considerable interest in characterizing BTLA
expression on T, cells in people with autoimmune disease, as
T, cells are essential for maintaining tolerance and T, cell dysfunc-
tionisimplicated in several autoimmune diseases, including SLE and
RAP**, Activated T, cells isolated from peripheral mononuclear
blood cells (PBMCs) from patients with SLE express higher levels of
BTLA than those from healthy individuals, whereas no differences in
BTLA expression are observed in resting T,., cells'”. BTLA expression
on activated T, cells is particularly high in patients with mild-to-
severe SLE and is associated with circulating anti-double-stranded
DNA autoantibodies'”. The increased expression of BTLA on acti-
vated T, cells in patients with SLE” could prolong BTLA interactions
with HVEM in cis on T, cells and reduce the interactions of HVEM
on T, cells with BTLA on effector T cells. Prolonged BTLA-HVEM
cis interactions could also dampen trans engagement of HVEM with
other ligands.

BTLA dysregulation in autoimmune disease, coupled with its
established rolein T cell inhibition, has positioned BTLA as an attrac-
tive therapeutic target. A potential agonistic antibody, BTLA mono-
clonal antibody PK18, can reduce T cell proliferation, IL-2 secretion
and antigen-specific T cell activation in mouse CD4"and CD8" T cells
invitro'”™. Similarly, in studies using human PBMCs, crosslinking BTLA
on naive and pre-activated CD4" T cells in vitro inhibits proliferation
andreduces IFNyandIL-10 production.In CD8'T cells, however, these
inhibitory effects are only observed when pre-activated CD8* T cells
are cultured with anti-BTLA, probably owing to differences in BTLA
expression level; CD4" T cells express higher BTLA at baseline than
CD8' T cells'**. The ability of anti-BTLA to inhibit pre-activated T cells
is particularly relevant for treating autoimmunity and inflammatory
diseases as effector T cells are typically in an activated state during
autoimmune reactions.

In summary, studies in patients with autoimmune disease have
highlighted multiple mechanisms by which the BTLA-HVEM axis may
regulate tolerance, supporting its continued investigation as a thera-
peutic target. Further work is needed to dissect these possible inter-
actions and determine how BTLA-HVEM cis interactions on T, cells
contribute to the severity of inflammation observed in patients with
SLE and other autoimmune diseases. The differing responses of CD4"
Tcellsand CD8* T cells to BTLA agonists suggest that therapeutic ago-
nism strategies might be more effective against CD4" T cell-mediated
tissue inflammation than CD8" T cell-mediated tissue inflammation,
and more studies are needed to address thisissue.

BTLA agonists in clinical trials

Successes in preclinical studies have translated to the clinic with several
agonists currently undergoing clinical trials (Table 3). Three human-
ized BTLA agonistic antibodies have been developed that have unique
and non-overlapping epitope specificities and agonistic activity both
invitro and in a mouse model of psoriasis'®. One such antibody is the

monoclonal antibody 22B3, which not only binds BTLA and promotes
BTLA inhibitory signals but also antagonizes stimulatory HVEM sig-
nalling when bound to BTLA engaged with HVEM in cis"®; however,
aphase Il trial of 22B3 (LY3361237) in SLE was terminated owing to
alack of efficacy (NCT03933943). In a phase IIb trial, another BTLA
agonist, ANB032, did not meet primary or secondary endpoints for
moderate-to-severe atopic dermatitis'”’; ANBO32 development has now
been halted. Evaluating clinical outcomes and the extent of potential
adverse effects or safety concerns will be essential for identifying prom-
ising BTLA agonist agents that can effectively inhibit effector T cells
and B cells and activated APCs to treat ongoing tissue inflammation.

TIGIT

TIGIT (also known as Vstm3), was firstidentified as anovel co-inhibitory
receptor in 2009 by several research groups'*°°, Since that time,
TIGIT has gained considerable interest in the field of cancer immuno-
therapy, with many clinical trials underway to antagonizeitsinhibitory
functions'. Concurrently, TIGIT signalling is being studied extensively
as aregulator of tolerance in autoimmunity and could have potential
as atherapeutic target for multiple rheumatic diseases.

TIGIT ligands

TIGIT is expressed on a range of immune cell types, including CD4*
T cells, CD8 T cells, T, cells, Ty, cells, B cells, NK cells, ILCs and
macrophages'*®?°*, Similar to other immune-checkpoint receptors,
TIGITisupregulated upon T cell activation®*>, TIGIT and the costimula-
tory receptor CD226 share two ligands: CD155 (also known as poliovi-
rus receptor, PVR) and CD112 (also known as PVRL2 or nectin-2)"%%2%,
Both ligands are expressed on APCs, non-haematopoietic cells and
tumour cells!8199201204205 Each of these ligands has additional bind-
ing partners; CD112 binds to CD112R (also known as PVRIG), whereas
CD155 binds to CD96 (CD96 can also bind to CD111 (ref. 206)) (Fig. 1).

TIGIT function
Studiesinboth mice and humans demonstrate that TIGIT inhibits T cell
responses by both cell-intrinsic (signalling into TIGIT-expressing cells)
and cell-extrinsic mechanisms (interactions with other cells). The
high binding affinity of TIGIT enables it to outcompete CD226 for
their shared ligands'?®1%9201:204.205207.208 (Fjg 1), TIGIT also interacts
with CD226 in cis, preventing CD226 dimerization, a requisite step
for CD226 co-stimulatory signalling?®. TIGIT binding to CD155 on
APCs triggers ‘back-signalling’, which resultsinadecreaseinIL-12 pro-
duction and increased IL-10 production, leading to the generation of
tolerogenic DCs"®. TIGIT-ligand interactions on CD4'FOXP3™ T cells,
CDS8" T cells and NK cells inhibit their effector functions'®?°%. By con-
trast, TIGIT-ligand interactions on T, cells enhance their effector
functions®®?°, Thus, TIGIT caninduce bi-directional inhibition; TIGIT
signalling within T cells can promote T, cell activity and suppress
effector T cell function, whereas ‘back-signalling’ via its ligand CD155
sends anegative signal into APCs (such as DCs), which limits their abil-
ity to promote the generation of effector T cells'®. In addition, TIGIT
might directly inhibit TCR components and signalling, although this
mechanism is not fully understood”®.

In both mice and humans, TIGIT is constitutively expressed on
T, cells, unlike effector T cells*****?'*?"" and has a role in the main-
tenance and suppressive function of natural T, cells as well as in
the induction of induced T, cells*®. TIGIT" T, cells are more sup-
pressive in vitro, produce more IL-10 and express higher levels of
FOXP3 than TIGIT T, cells®****'°, TIGIT induces expression of the

reg
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immunoregulatory molecule FGL2inmouse T,, cells. FGL2 enhances
T, cell suppressive function and selectively inhibits T,1 and T,17
cellsratherthan T2 cells, thereby adjusting the balance of CD4* T cell
subsets®®. A potential molecular mechanism by which TIGIT signalling
enhances T, cell functionis by inhibiting the PI3K-Akt pathway. This
inhibition prevents PI3K-Akt pathway-mediated restraint of T, cell
function and thereby increases T,., cell suppressive activity 7>,

TIGIT expression is also induced following B cell activation and
can enhance the regulatory functions of these cells™. Selective dele-
tion of TIGIT in B cells leads to the development of spontaneous CNS
neuroinflammation, which results in a paralytic disease in mice”.
Invitro co-culture assays demonstrate that TIGIT" memory B cells from
human PBMCs express more IL-10 and granzyme B, inhibit CD4" T cell
proliferation and suppress both DC maturation and pro-inflammatory
cytokine production more efficiently than TIGIT B cells?™. Similarly,
TIGIT expression on B cellsinboth mice and humans is associated with
optimalIL-10 production®>*®, and analysis of TIGIT* B cells from PBMCs
obtained from healthy donors shows that these cells suppress T, cell
proliferation and IL-17 production in vitro?”. Patients with multiple
sclerosis who respond to B cell depletion therapy show an increased
frequency of TIM-1'TIGIT" B cells*®, which suggests that response to
therapy in these patients might depend on promoting TIM-1* TIGIT*
regulatory B cell reconstitution after depletion.

Role of TIGIT in autoimmune disease

Both preclinical and clinical studies demonstrate that TIGIT has a
regulatory role in autoimmune disease (Table 2); however, there
are currently no clinical trials underway to evaluate targeting TIGIT
therapeutically for rheumatic disease.

Preclinical studies. Preclinical models of autoimmune disease high-
light a crucial role for TIGIT in protecting against aberrant effector
T cell responses and tissue inflammation. Blockade or genetic dele-
tion of TIGIT exacerbates disease in mice with EAE, and the frequency
of antigen-specific CD4" T cells and pro-inflammatory cytokines are
increased upon restimulation with myelin peptide in vitro>*?°>?' In
addition, when 2D2 mice, TcR transgenic mice with a T cell receptor
recognizing myelin oligodendrocyte glycoprotein (MOG), are crossed
with TIGIT” mice, the resulting 2D2xTIGIT”" mice develop spontane-
ous neurological dysfunction as early as 28 weeks. Compared with
2D2 transgenic mice, 2D2xTIGIT” mice develop spontaneous clinical
signs of EAE that are more severe, which suggests a role for TIGIT in
maintaining tolerance in CNS autoimmune models*°*>. Overexpression
of TIGIT in the CIA mouse model of RA ameliorates disease severity,
with a concomitant reduction in the levels of anti-collagen type Il
antibodies?’. These findings support the therapeutic potential of
TIGIT agonismin RA.

Clinical evidence. TIGIT expression on T cells is altered in people
with rheumatic diseases. TIGIT expression correlates inversely with
disease activity?”. In patients with RA, the frequency of TIGIT'CD4"
T cells in the synovial fluid is lower during active disease than ininac-
tive disease. TIGIT expressionis also lower on NK cells in patients with
RA or SLE, and TIGIT expression correlates negatively with NK-cell
IFNy production®’. Patients with active SLE have lower frequencies
of TIGIT* NK cellsin PBMCs than patients with inactive disease. Block-
ade of TIGIT on these NK cells enhances IFNy production, which indi-
cates that even low cell-surface expression of TIGIT can still restrain
NK-cell function®”. Similarly, the frequencies of TIGIT'CD4" T cells

and TIGIT'CDS8" T cells are lower in the periphery of patients with SLE
and renal involvement than in healthy individuals?®. In patients with
psoriasis, TIGIT expressionis also reduced on CD4" T cells from PBMCs
compared with healthy individuals?*****, Treatment with the anti-TNF
therapy infliximab increases the expression of TIGIT on CD4" T cells
from people with psoriasis. Patients with lower baseline TIGIT expres-
sion on CD4" T cells have a greater reduction in psoriasis area and
severity index score than people with higher baseline expression. This
finding suggests that assessing TIGIT expression on circulating T cells
prior to treatment might predict responsiveness to infliximab?**.

Other studies, however, report elevated TIGIT expressionon T cells
inrheumatic diseases, which probably reflects their activation status,
as TIGIT expressionis increased upon T cell activation (Fig. 2). In SLE,
elevated TIGIT expression on CD4" T cells, particularly in patients
with high antibody titres, correlates positively with SLE disease activ-
ity index, CRP and ESR scores. TIGIT'CD4" T cells also exhibit higher
levels of CD69 expression than TIGIT counterparts, which suggests
that TIGIT expression might mark asubset of activated CD4 " T cellsin
patients with SLE?”. It remains unclear if a connection exists between
high autoantibody production in patients with SLE and the role of
TIGIT in Ty, cells or T follicular regulatory cells, which might regulate
autoreactive B cells and autoantibody production. Similarly, analysis
of PBMCs from patients with active SjD reveals higher frequencies of
CD4"and CD8' T cells that express CD226 and TIGIT compared with
those withinactive disease, and TIGIT'CD4" T cells correlate positively
with ESR?**. Toreconcile these findings, further functional analyses of
CD4"and CDS8' T cell subsets that express TIGIT in highly inflammatory
autoimmune microenvironments across various diseases and tissues
areneeded to distinguish correlation from causality.

Strategies to agonize TIGIT in autoimmune disease

Several approaches are being developed to activate TIGIT signalling.
These approaches, which include TIGIT overexpression, a recombi-
nant CD155 protein, TIGIT-Ig fusion proteins and agonist antibodies,
have shownsuccessin modulating T cell responses and disease in pre-
clinical models. Overexpression of TIGIT in CD4* T cells canameliorate
disease in the CIA mouse model of RA and mouse models of aplastic
anaemia®®*”, Overexpression of TIGIT (via transfection) in CD4* T cells
isolated from the synovial fluid of patients with RA inhibits proliferation
and pro-inflammatory cytokine production®®.

Recombinant human CD155-Fc protein binds to TIGIT and ago-
nizes receptor signalling; however, giventhat TIGIT ligands have several
binding partners, recombinant CD155 could engage TIGIT, CD226 and
CD96. Isolating CD4" T cells from psoriatic lesions from patients and
culturing these cells with soluble CD155-Fc protein reduces their prolif-
erationand pro-inflammatory cytokine production, withaconcomitant
increase inIL-10 production®”. Multiple autoimmune diseases are asso-
ciatedwithanincreased frequency of ‘T 1T, cells’, whichare character-
ized by reduced suppressive capacity and increased pro-inflammatory
cytokine production®”. Pre-treatment of IFNy* T,,1 T, cells isolated
from patients with multiple sclerosis with the CD155-Fc proteinreduces
IFNy production and increases the suppressive capacity of these cells??.
Administration of recombinant CD155-Fc protein also delays disease
onset in vivo in the MRL/Ipr model of lupus®*.

Administering a recombinant TIGIT-Ig fusion protein to
lupus-prone NSB/NZW mice prior to disease onset reduces autoanti-
body production, and increases survival compared with mice treated
witha controlIgG*”’. In the CIAmodel, treatment with a TIGIT tetramer
or TIGIT-Ig fusion protein causes statistically significant reductions
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in disease, decreases serum levels of IL-6 and IL-10 and reduces CD4"
Tcell production of IL-17A, TNF, IFNy and IL-10 (ref. 201). The observed
reduction in anti-inflammatory cytokines (such as IL-10) probably
results from an overall inhibition of CD4" effector T cell responses,
although T, cells might also be affected.

TIGIT agonist antibodies show inhibitory effects inmouse models
of autoimmunity and in human cellsin vitro. Both the low-affinity 1G9
and high-affinity 4D4 agonist antibodies ameliorate disease severity
inmice with EAE and reduce the frequency of IL-17-producing T cells in
the CNS?®.Human CD4"and CD8" T cells cultured with TIGIT-agonizing
antibodies exhibit reduced proliferation, activation (lower CD25 and
CD69 expression) and cytokine production (IL-2 and IFNy)****°, In
human TIGIT knock-inmice, administration of human TIGIT-agonizing
antibodies reduces EAE severity and increases suppression of
Tcell-dependent autoantibody productionin theimiquimod-induced
lupus disease model®*. Possible mechanisms include reduced activa-
tionof T, cellsand peripheral helper T cellsand increased suppressive
capacity of T, cells. These studies underscore how TIGIT agonism can
inhibit effector responses and ameliorate disease.

The dualfunctions of TIGIT on T, cells and effector T cells makes
it an attractive checkpoint molecule. TIGIT signalling not only sup-
presses effector cellsbutalso enhances T, cell function. TIGIT agonism
would, therefore, suppress tissue inflammation by inhibiting effector
Tcellsandincreasing T, cell functions. For this reason, TIGIT agonists
could offer greater promise in targeting tissue inflammation than
PD-1agonists. Although no clinical trials are currently underway, the
success observed in preclinical studies suggests that TIGIT would be
apromising target to pursue.

The future of immune-checkpoint modulation for
autoimmunity and inflammation

Checkpoint agonists hold considerable promise for treating rheu-
matic diseases by providing amore specific strategy toinhibit effector
responses, compared with current therapies, such as glucocorticoids
or cytokineinhibitors, which broadly inhibitimmune responses®>**,
Although checkpoint agonists for PD-1, BTLA and TIGIT have dem-
onstrated success in preclinical models of autoimmune disease, the
effectiveness of PD-1and BTLA agonists in clinical trials remains limited.
Considering the multiple mechanisms by which co-inhibitory receptors
exert their inhibitory functions isimportant; for example, both TIGIT
and BTLA can participate in cis interactions with their ligands CD226
and HVEM respectively, which limits T cell activation by sequestering
these activating receptors and simultaneously transmitting inhibitory
signalsin transinto TIGIT' or BTLA" cells. Therapeutic agonist design
should be aimed at preserving these interactions to supplement overall
inhibitory signalling. Intriguingly, rosnilimab, which has shown efficacy
inphasellb clinical trials for RA, has both depleting and agonistic prop-
erties. Thisfinding raises the question of whether itis advantageous to
design agonists with these dual properties to deplete activated T cells
and agonize remaining T cells to restore immune balance.

The co-expression of co-inhibitory receptors on T cells suggests
that there might be potential efficacy of dual agonism, such as PD-1and
TIGIT or TIGIT and BTLA. Combined agonism of both PD-1and TIGIT
with recombinant PD-L1and CD155in CD4" T cells from MRL/Ipr mice
synergistically inhibits CD4" T cell production of IFNy and prolifera-
tion compared with single-agent agonism**, These findings support
the potential of multi-receptor agonism as a promising therapeutic
strategy, particularly for patients who do not respond to first-line
treatments.

Although checkpoint agonism offers promise for treating auto-
immune diseases, critically evaluating this approach for potential
adverse effectsis essential. Phasel clinical trials of BTLA and PD-1ago-
nistsindicate good tolerability; however, because checkpoint agonist
therapy results in prolonged inhibition of immune activation, moni-
toring the increased risk of infection is crucial. The most concerning
adverse effect, which might require amuch longer timeline to assess,
is the potential for an increased risk of cancer. Adverse effects in the
phase Il trial of peresolimab include infections, such as skin bacterial
infections and candidiasis, over the 24 weeks of the trial*®. This time
frameisinsufficient to evaluate a heightened cancer risk, highlighting
theimportance of monitoring this factor over alonger period of time.

Other immune-checkpoint receptors are emerging as promis-
ing targets for modulating rheumatic disease. Among them is T cell
immunoglobulinmucinreceptor 3 (TIM-3),amember of the TIM family
of proteins. TIM-3 can bind to multiple ligands, including Galectin-9,
phosphatidylserine and high-mobility group box1(HMGBI1), and car-
cinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1)™.
TIM-3 is expressed on many cell types including CD4" T cells, CD8"
T cells, CD4'FOXP3" T, cells, NK cells, myeloid cells, mast cells and
B cells***. In mouse models, blockade of TIM-3 exacerbates autoim-
mune and inflammatory diseases, including EAE, NOD diabetes and
inflammatory bowel disease?*°*2, Similar to TIGIT, TIM-3 enhances
T, cellsuppressive function and inhibits effector T cell responses™*™*.
Polymorphismsin TIM-3 are associated with anincreased risk of auto-
immune diseases®**. Interestingly, although cellular TIM-3 expression
islowin patients with psoriasis, cellular and soluble TIM-3 expression
areelevated in RA*2%,

Another promising target, lymphocyte activation gene 3 protein
(LAG-3),isexpressed onactivated CD4" T cells,CD8' T cellsand T, cells,
asubset of NK cells and plasmacytoid DCs'>*. LAG-3 binds MHCII with
higher affinity than CD4 (ref. 252). LAG-3 also has several other ligands,
includingliver and lymph node sinusoidal endothelial cell C-typelectin
(LSECtin), FGL1, Galectin-3, a-synuclein and amyloid 3 precursor-like
protein 1>, Loss or blockade of LAG-3 in mouse models of autoim-
mune disease, including NOD diabetes and EAE in B6.SJL mice, results
in increased disease severity””*®, Findings suggest that the function
of LAG-3 on T, cells might be dependent on the disease context™"**.
Elevated levels of soluble LAG-3 are observed in patients with RAboth
at the periphery and in synovial fluid and are associated with disease
progression®®. Further research is needed to elucidate how LAG-3
affects disease outcomes in distinct mouse models of autoimmunity
and in patients with rheumatic diseases, and to determine if LAG-3
ligands have context-dependent effects.

As several immune-checkpoint receptors including podopla-
nin, protein C receptor and peptidoglycan recognition protein 1
(PGLYRP1) are upregulated simultaneously, or asamodule, inresponse
toinflammation and activation®, these inhibitory receptors also have
the potential to serve as promising targets for treating autoimmune
disease. A better understanding of how other checkpoint molecules
influence effector T cell and T, cell function and signalling could help
to identify the most promising targets for therapeutic agonism.

Conclusions

Dysregulation of PD-1, BTLA and TIGIT in patients with rheumatic
disease highlights their potential as therapeutic targets for autoim-
munity and inflammation. Preclinical studies demonstrate that PD-1,
BTLA and TIGIT agonists can modulate T effector cells and ameliorate
rheumatic disease in mouse models. Clinical trials with PD-1 agonists
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show promise, as these therapeutics are well tolerated. TIGIT is par-
ticularly appealing as it supports the maintenance of and suppres-
sive function of T, cells and also inhibits T effector cells****""*'%, By
contrast, PD-1 agonism inhibits both effector and T, cells. These
agonists can directly inhibit effector T cells, thereby reducing T effec-
tor cell-mediated inflammation and pro-inflammatory cytokine pro-
duction. Some agonists canenhanceregulatory functions ofboth T cells
and B cells, further inhibiting effector responses. In addition, some
agonists can prevent the differentiation of pro-inflammatory CD4" and
CD8' T cell subsets and alter DC function to decrease pro-inflammatory
cytokine production and DC-mediated induction of effector responses.
Although further evaluation is needed to address potential adverse
effects, includingincreased risks of infection or tumour development,
checkpointagonism represents a promising new therapeutic approach
to rheumatic diseases.

Published online: 2 December 2025
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Osteoarthritis as a systemic disease

Kelsey H. Collins®"2(, Ida K. Haugen ® **, Tuhina Neogi ® ® & Farshid Guilak ® ¢"8

Abstract

Sections

Osteoarthritis (OA) is a painful disorder of the synovial joints
characterized by dysfunctional cellular metabolism and extracellular
matrix degradation that activates maladaptive repair responses,
including pro-inflammatory pathways of innate immunity. OA has
historically been viewed as an unavoidable consequence of ageing
owing to wear-and-tear of the joint. Most strategies to mitigate OA
have primarily focused on the articular cartilage and, more recently,
other specificjoint tissues, which limits understanding of OA as a
systemic disease beyond the joint. Preclinical and clinical data support
aparadigm shiftin understanding OA as a disease of the whole person,
focusing on changes throughout the body that both promote and are
caused by OA. This shift provides novel insights into why preclinical
research findings have not been successfully translated into clinical
therapies. Moreover, aviable strategy for OA drug development could
be to treat pain separately from OA structural damage. Challenging
classically held views that lack evidence or have been disprovenis
required for progress. We explore some key emerging questions that
should be carefully considered in future OA studies. Adapting and
integrating new technologies, techniques, and tools into the rapidly
evolving understanding of OA could lead to the development of drugs
that might not only treat OA but also provide mechanistic insight

into other conditions that result from the dysregulation of systemic
factors or from the communication breakdownininter-organ crosstalk.
Such developments would reposition OA researchers from adapting
approaches from other fields of science and medicine to leadersin the
fight against chronic disease.

Introduction

Clinical problem and urgency

Historical view of OA

Factors beyond the joint

Future research opportunities

Conclusion
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Key points

= Osteoarthritis (OA) has been viewed historically as an inevitable
part of ageing owing to the gradual wear-and-tear of articular
joints. Consequently, research and treatment strategies have
focused primarily on cartilage or joint tissues.

= Preclinical and clinical evidence indicate that OA is a systemic,
whole-body disease, revealing biological changes that both drive
and result from OA and clarifying why preclinical discoveries rarely
translate clinically.

= OA research progress can occur by challenging outdated
assumptions to explore emerging ideas on how OA influences systemic
ageing, metabolic dysfunction and cardiovascular health, fostering a
deeper understanding of its broader impacts.

= Integrating emerging technologies and analytical tools into OA
research will enable the development of therapies that treat OA
while uncovering mechanisms underlying systemic dysfunction and
impaired inter-organ communication in related chronic diseases.

= This forward-looking approach positions OA researchers to shift from
adapting strategies across disciplines to pioneering new methods that
could redefine how chronic diseases are studied and treated.

Introduction

Osteoarthritis (OA), adisorder thatinvolves the synovialjoints, isalead-
ing cause of pain and disability worldwide. Despite this burden, existing
pain management strategies are inadequate’, which has, inturn, led to
musculoskeletal disorders becoming the leading indication for opioid
prescription? Furthermore, although OA is the most common form
of arthritis, affecting over 600 million people worldwide?, there are
no approved disease-modifying osteoarthritis drugs (DMOADs) that
alter the course of joint pathology'. Despite musculoskeletal condi-
tions directly leading to morbidity and reduced healthspan, the under-
standing of OA remains limited. Moreover, the age at which patients
arereceiving totaljoint replacementis becomingincreasingly younger,
further increasing the societal cost of OA*.

Historically, OA has been narrowly understood as an unavoidable,
cartilage-centric, wear-and-tear disease that is inevitable with ageing>®.
This narrow perspective has limited the mechanistic understanding of
changesbeyond the articular cartilage and fails to consider prevalent
risk factors, such asinjury, obesity or genetics’, which affect other tis-
sues and organs of the body and co-occur with OA. Approaches to study
this painful disease have often focused on evaluating single tissues in
isolation (such as cartilage, subchondral bone, bone marrow lesions
or synovitis) and assume that OA pathology is focused solely within the
joint, or the organ system, which is made up of several joint tissues®;
however, articular joints do not function inisolation, they are part of
acomplexorganism. Clinical dataillustrate that most individuals with
OA (59-87%) are managing at least one other chronic condition?; for
example, people with obesity are far more likely to develop OA°. Several
studies also indicate that OA disproportionally affects women' and
individuals from minority groups”, which contributes to the widen-
ing health disparities for OA care, consistent with many other chronic
diseases.

Intherheumatology field, the approach to OAis rather unique, as
it has historically been studied on an individual anatomic basis, such
as afocus on the knee joint or the hand joints in isolation from other
joint involvement. This anatomically focused categorization is likely
attributed to the focused end-stage treatment of OA, specifically total
jointreplacement, and the notion that the pathomechanisms of OA may
be joint or site-specific. Other rheumatic diseases also have variable
jointinvolvement; however, studies of those diseases do not typically
focus only on the most commonly involved joints.

The need for both phenotyping and endotyping in OA is becom-
ingincreasingly apparent. Clinical phenotypes might help to identify
individuals with OA who are at risk of more severe structural damage,
pain or developing comorbidities. Understanding the pathological
mechanisms of different endotypes of OA to develop first-in-class
therapeutic targets is urgent owing to the exponential increase in
disease burdenand to facilitate healthy ageing".

In this Review, we aim to summarize the current literature to fuel
an ongoing strategic shift in the field to consider OA as a systemic,
whole-person (or organism) disease, rather than focusing myopically
on studying a single joint (such as the knee, hand or hip) or tissue
(such as cartilage, bone or synovium) in isolation. First, we state the
clinical problem and urgency and summarize the historical view of
OA. We share insights from the literature on why preclinical findings
have yet to successfully translate to approved clinical therapeutics or
improve clinical outcomes. We highlight the ongoing work in the field,
such asthe 2024 call for aname change to ‘systemic OA’, which provides
evidence of systemic drivers of OA and musculoskeletal pain, and we
propose key research questions that the OA and rheumatology research
communities might consider in future studies and trials.

Clinical problem and urgency
One of the primary and most recognized risk factors for OA is ageing.
Among people with symptomatic OA, the median age at diagnosis is
estimated to be 55 years, with 73% of individuals being diagnosed by
the age of 65 (ref. 14). However, it is important to note that there are
individuals who do not demonstrate knee pain or structural damage
with age, indicating that ageing and OA can be distinct processes.
Moreover, other factors also demonstrate strong positive rela-
tionships with OA prevalence, including biological sex (that is, sex
assigned at birth, throughout the article, ‘sex’ is used as a shorthand
for biological sex). In addition to higher OA prevalence, women also
have worse clinical scores than men. In addition, lifetime OA risk is
highest in women with obesity and lowest in men without obesity™,
whichdemonstrates acomplexinteraction between sex as abiological
variable, comorbidities, ageing and OA. Neglecting to account for sex
as abiological variable might broaden health disparities, as observed
by dataonsex differencesinanatomy, injury responses and metabolic
signatures, which are not simply explained by sex hormones™'.
Clinically, adiscordance exists between pain and radiographic evi-
dence of structural damage in OA owing to the numerous other factors
that contribute to the pain experience”, and this discordance could be
more pronounced inwomen'®’*, When people with one painful and one
non-painful knee are evaluated, a clear association between structure
and pain is observed”. When individual joints are considered in hand
OA, the joints with structural damage are far more likely to be painful
than normal joints*’; however, when pain severity in the hand is con-
sidered with the severity of OA, the association is weak?. In the MOST
cohort, a pain susceptibility phenotype was identified that increased
the risk of developing persistent knee pain over a 2-year period.
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This group was characterized primarily by pain sensitization, and
these findings suggest that factors beyond pathology in the joint
predispose to chronic pain®. Together, these data support a compli-
cated relationship between OA pathology and pain but underline the
importance of also assessing other factors (such as systemic factors
and comorbidities) that contribute to the pain experience.

We and others? have proposed an alternative hypothesis to the
historical view of OA that obesity-associated systemic metabolic
changes are a causal pathogenic factor driving OA” . Acknowledg-
ing that OA is not simply a consequence of increased loading owing
to body mass is essential, and we and others have demonstrated that
signals from adipose tissue are necessary and sufficient to drive OAin
areversible manner**”. Moreover, loss of muscle* and a suboptimal
ratio of lean mass to adipose tissue are also associated with increased
risk of OA?’. Muscle loss in an individual with obesity, defined as sarco-
penicobesity®, canincrease the risk of OA and worse outcomes®. The
POMELO study demonstrated that personalized nutrition, resistance
exercise and self-management support for people with sarcopenic
obesity and OA improved muscle, mobility and quality of life when
compared with usual care, focusing on a primary outcome of weight
reductionin people with OA*’. These data suggest that systemic factors
candrive OAand, inturn, OA can have systemic consequences (Fig.1).
OA s aserious disease; it increases the prevalence of other chronic
diseases that directly reduce healthspan, and contributes to walking
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disability, which is associated with mortality®**>*, Although evidence
suggests that OA might not always directly lead to mortality, the influ-
ence of OA on lifespan or healthspan remains to be directly tested.
However, these data cannot be obtained if studies are not designed
toassess for these parameters; we advocate for acomprehensive view
of OA, which incorporates the contribution of multimorbidity and
systemicfactors, as doing so could provide animportant opportunity
for meaningful intervention for this increasingly prevalent, painful
disease. The compartmentalized, site-specific approach of many OA
studies compounded by the historically cartilage-centric focus in
OAresearch, has potentially hindered the opportunity to understand
OA as a systemic disease and a systemic driver of disease, or at least
theidentification of an endotype related to systemic mechanisms.
Endotypes are mechanistically defined as distinct pathways that
lead to disease end points**, which could mean that individuals advance
toasimilar clinical pain or structural end point through different mech-
anisms. In the APPROACH trial, investigators demonstrated that lon-
gitudinally stable structural disease endotypes might be leveraged to
generate biomarker-based endotypingin aclinical trial setting®. These
datapave the way to bothillustrate relationships between systemic fac-
torsand OA, and toidentify patients who might respond to a particular
therapy or intervention. However, treatments that target a particular
molecular pathway can only be successfulin trialsif people with OAwho
have disease that is driven by that specific pathway are identified for

Blood vessels

Fig.1| Effects of systemic factors onjoint health. The precise signals and
secreted factors involved in systemic osteoarthritis are unclear. In addition, the
tissues and/or cell typesin the joint that transduce these systemic signals remain
unknown. However, preliminary data indicate that the synovium, blood vessels
or bone marrow might be the key transducers of these signals. We posit that a
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tissue or cell type receives and integrates the signal and subsequently signals
to recipient cells, which remain to be determined. Ultimately, these signals
drive cartilage loss, bone remodelling, synovitis and other hallmark factors of
osteoarthritis. ACL, anterior cruciate ligament.
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enrolment into those trials, which demonstrates the need for patient
endotyping to maximize treatment efficacy.

Although several biologic drugs have been evaluated in OA, the
development of DMOADs has failed in a variety of contexts; for exam-
ple, in hand and knee OA*¢, studies of pharmacological inhibitors of
TNF7*°, IL-6*, IL-1, matrix metalloproteinases or senolytics have all
failed to meet their primary end point*’. There are many reasons why
these drugs have failed (reviewed elsewhere**), including short
duration of treatment and follow-up, enrolling individuals who are
too faralongintheir disease pathology trajectory, and not necessarily
including the right patients for the treatment targets being tested”*%.
Another reason for treatment failure might be because OA is treated
as one disease rather than as an umbrella term for acommon end
pathology that occurs through and is modified by many different
pathways, including injury, genetics, sex, obesity, ageing, malalign-
ment, altered biomechanics, inactivity or other reasons*¢. Moreover,
renewed excitement and more datato support the hypothesis that OA
isasystemicdisease are evidentinthe drugsthatare currently pursued
forsecondaryindications for OA, including systemic administration of
semaglutide, liraglutide, metforminand other drugs thataim to target
systemic hormone or metabolic dysfunctionin patients®’.

Historical view of OA

Convergingevidence implicates crosstalkamongjoint tissues,immune
pathways and systemic factors such as ageing, obesity and sex-specific
biologyindriving OA onset and progression. Despite advancesin molec-
ularandimaging technologies, translational progress remains hindered
by preclinical models thatinadequately capture the temporal, cellular
and systemic complexity of OA. Innovative approaches (including orga-
noid and ‘joint-on-a-chip’ platforms, context-relevant models, integra-
tive omics, pain assessments and multi-joint phenotyping) are poised
tobridge these gaps and advance a holistic framework that defines OA
as adisease of the whole organism rather than of a single joint.

Moving beyond afocus on cartilage damage

OA has been classically viewed as an inevitable condition of ageing,
caused purely by mechanical wear-and-tear of the articular cartilage,
with little attribution to the role of systemic biological processes in
maintaining the overall health of various joint tissues. Early analyses of
cartilage were focused onits mechanical function in transmitting joint
loads and providing abearing surface for movement, albeit with arecog-
nition of its lack of intrinsic repair properties*®. Through the increasing
understanding of the role of chondrocytes in the maintenance of carti-
lage homeostasis, the field has gained an improved understanding of
thebiological processes that govern the maintenance and health of the
joint*. Nonetheless, despite the recognition that both biomechanical
factorsandbiological signals (such asinflammation) havearolein OA,
thefield experienced substantial debate as to the ‘tissue of origin’ of the
disease (that is, bone versus cartilage)*° and whether joint inflammation
wasinvolvedin the disease process®. Even with the mounting evidence
thatindicates theinvolvement of multiple tissue types and both biologi-
caland biomechanical processes, 20-30 years ago, investigators were
still questioning whether OA was a disease of cartilage or whether it
should be termed ‘osteoarthrosis’ instead of ‘osteoarthritis’ owing to

alack of classical characteristics of inflammation®>%.

Aroleforinflammationin OA
Although historically considered vastly different with independent
pathophysiology, there is an increasing appreciation that similar

clinical phenotypes occur in OA and rheumatoid arthritis®, including
similar pain and disability scores and involvement of synovial inflam-
mation (albeit synovial inflammation is more florid in rheumatoid
arthritisthanin OA). Moreover, in many studies, OA serumis used as a
control for rheumatoid arthritis serum, which might have skewed the
understanding of the relative involvement and pathways of inflamma-
tion presentinboth diseases. Inflammationin OAis readily recognized
clinically as joint effusions, but the degree of inflammation differs
from other rheumatic diseases®*. Ultrasonography and MRl demon-
strate a high prevalence of inflammatory features (such as synovitis)*,
and sustained synovitis is related to considerably higher rates of OA
progression®® and pain®**°, Furthermore, changes in the infrapatellar
fat pad, consistent withinflammation, arerelated to patient-reported
pain and function in OA, and these relationships differ in women and
individuals with obesity®'. Notably, these signs of inflammation can be
observedin patients who have no known history of knee injury®’. These
data are corroborated by single-cell and ‘omic atlassing’ efforts that
aim to use untargeted profiling approaches to demonstrate synovial
fluid and infrapatellar fat pad transcriptomic changes consistent with
inflammation in OA®***,

Owing to this oversimplified understanding and approach to the
OA disease process, much ofthe process of drug discovery for DMOADs
has focused on single tissues (cartilage or bone) or single pathways
(biomechanical or biological). Historically, drug discovery that tar-
geted single processes, such as cartilage degradation (for example,
aggrecanase)®>“ or bone loss (such as bisphosphonates)®’, showed
beneficial effects for bone and cartilage but generally failed in clinical
trials. Bisphosphonates, calcitonin or MIV-711 (cathepsin K inhibitor)
also showed beneficial effects for cartilage in addition to bone®® but
these drugs also failed.

Although mechanical factors can lead to cartilage loss and bone
remodelling, a role for mechanisms beyond tissue wear-and-tear is
clear, such as the involvement of important ‘mechanobiological’
components®. Similarly, the biological processesinvolved in cartilage
maintenance are not represented simply by the balance of anabolic and
catabolicactivities of chondrocytes. Numerous complex pathways of
local and systemicinflammation, cellmetabolism, ageing, senescence,
and innate immune activation interact with both genetic and epige-
netic factorsin multiple tissues of the joint. This complexity has been
shown in other diseases, such as type 2 diabetes mellitus (T2DM) and
cardiovascular disease, and is now suggested in the pathophysiology
of OA”. Taken together, evidence shows that cells and tissues of the
joint do not function in isolation but, rather, the joint functions as
an organ within the integrated organism; these inter-organ crosstalk
interactions are essential inthe physiology and pathology of the syno-
vialjoint®. Another inherent limitation of prior work in OA is that most
research is focused on the knee, which does not necessarily translate
to other joints (such as the hand and hip).

Avulnerable joint: local and systemic factors drive OA

We posit here the concept that a vulnerable joint might arise from
additional systemic predispositions or external driving factors that
functionin concert to accelerate disease onset and progression. This
concept remains to bedirectly tested. There are several key questions to
address; for example, froma clinical perspective, what canbe learned
about OA as a systemic disease from studying multi-joint pathophysi-
ology? Efforts underscore the value of comprehensive phenotyping
of multi-joint OA versus studying OA in single anatomic locations’".
Another important factor to address is whether unilateral knee OA is
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the same as bilateral hand OA that involves all proximal interphalangeal
joints. The use of animal models with comorbidities, such as obesity and
ageing, should be evaluated to determine if they can help to address
some of these knowledge gaps. Increasing evidence suggests that the
whole-body burden of OA could potentially be sexually dimorphic”.
A deeper understanding of the pathophysiology of sex differences
will be fundamental in advancing patient-relevant outcomes such
as functional limitations and quality of life; however, a definition of
multi-joint OAis lacking, which limits progressin clinical studies that
aimto understand OA as a systemic disease.

The gap between preclinical findings and translation

There are several fundamental mechanistic aspects of preclinical mod-
els of OA that require investigation: innervation patterns’>”*; how the
outcomes of interest of the trajectory of OA disease pathogenesis
change over time; how obesity, ageing and sex differences alter dis-
ease; the influence of genetic and epigenetic risk factors; clear con-
sensus on how to study early signs of disease in mice; and studies that
focus onstructural damage at predefined study end points. The latter
might reflect alack of time-course studies and the use of models that
do not recapitulate key components of OA phenotypes in preclinical
models. These gapsrequire preclinical investigations as well asreverse
translation of clinical findings and discovery biology in human tissues.
Addressing clinically or translationally meaningful outcomes in these
studiesis also important.

Althoughthe concept ofthejointasanorganisbroadly accepted,
itremains difficult to address such questions using in vitro models or
evenin most preclinical models of OA (such as rodents). In vitro mod-
els are often limited to the use of a single-cell or tissue type, in which
control of the genetic backgroundis limited, and afocused use of either
animal or human cells. Many of these limitations are just beginning
to be addressed; development of organoids’” and ‘joint-on-a-chip’
models™7° are improving, which combine multiple tissue types and
potentially allow for control of signalling, directionality and genetically
defined human cell types (such asinduced pluripotent stemcells) that
can be edited to include specific genetic risk factors for OA®.

Designing preclinical models to interrogate clinically relevant
gapsinknowledge

Bothinvitroandinvivo models can provide systems whereby genetic
risk factors can be defined together with other OA risks (such as obe-
sity,jointinjury and ageing). Thus far, such preclinical in vivo models
have often been limited by a focus on a single sex (typically, male)
with limited outcome measures that integrate allaspects of OA across
the body (that s, they focus on a single joint), including measures of
pain. Many studies are generally joint-specific without considering
multi-joint OA, whichis difficult to model preclinically. However, with
diet-induced obesity, we demonstrated the presence of multi-joint OA
in the knee and shoulder, but not the hip, in Sprague-Dawley rats®..
A holistic approach in both preclinical and human studies is needed
tostudyallthejointsinthe body, particularly in preclinical modelsin
which the effect of an inciting agent can be extensively studied, and
clinical insights and phenotypes can be reverse translated to probe
mechanisms and evaluate treatments. Furthermore, Cre-Lox and trans-
genic mouse systems that enable several key tissues or cell types to
betargetedinthe mousejoint (suchas the synovium, infrapatellar fat
pad and bone marrow) are lacking. Such approaches could be used,
to separate theroles of these effector tissues in transducing systemic
signals to various joint tissues.

A barrier to gaining foundational understanding regarding
endotypesisthatithasbeen common practice to test the mechanisms,
safety and efficacy of drugsin young male mice, which contrasts with
the clinical OA population that largely comprises women or people
from minority backgrounds in the middle-to-late stages of life. The
lack of testing in more relevant preclinical models could be because
of perceived limitations of animal models; for example, the asser-
tion that female mice do not get OA. Although this statement might
be true for histology, in that female mice might demonstrate more
modest cartilage damage, data from a recent study showed that, in
the destabilization of the medial meniscus (DMM) mouse model,
female mice have a similar severity of hyperalgesia to male mice, but
the structural changes observed, despite being substantial, were less
severe in female mice®.

Shifting the focus from established OA to early OA in mice
Typically, clinical trials use radiographic assessments of disease,
which arerelatively insensitive measures. Additionally, many clinical
studies focus on studyingindividuals with established disease and, as
such, preclinical assessments have also focused on modelling estab-
lished or end-stage disease. From the perspective of understanding
disease mechanisms, a challenge with studying organisms or people
with established disease is that key (and potentially intervenable)
risk factors that contribute to the early disease processes are missed.
From the perspective of clinical trials, the expectation that target-
ing a single molecular pathway might be successful is probably
unrealistic when the disease is well established, as numerous down-
stream pathways or factors that influence the outcomes beyond
the single molecular pathway being targeted are activated — akin
to tryingto close the stable door after the horse has already bolted.
Disease-related changes will probably occur in people or in model
systems a long time before they are studied, and those individuals
who have these risk factors but do not develop overt disease could
provide important insights into how their tissues, biomarkers or
endotypes might differ from those of individuals who do develop
disease. In particular, risk factors that lead to disease might persist
for many years prior to the development of the established disease.
Efforts are under way to develop classification criteria to validate
theidentification of individuals with early-stage symptomatic knee
OA prior to the development of established disease to facilitate epi-
demiological studies and trials at a stage when both studying risk
factors and intervening might be more fruitful®.

A limitation in the study of early OA is a lack of widely accepted
assays or outcomes to identify early signs of disease in preclinical
models. Thus far, only histology, which requires aterminal end point, is
widely accepted for this purpose but pain hyperalgesia canbe detected
as early as 2—-4 weeks after injury®>®*. Many single-cell transcriptomic
studies of joint tissues in well-established OA have been published.
However, the opportunity exists to use a variety of techniques (includ-
ingmeasuring proteins and metabolites, using spectral flow cytometry
and other untargeted techniques) to profile secreted and circulating
factors to define the serum or systemic changes that occur earlier in
the disease process since it is well known that animal models of OA
generally demonstrate measurable joint damage after 8-12 weeks®.
Depending on the research question, it could also be valid to use pain
outcomes to detect early changes owing to post-traumatic OA inde-
pendent of structural damage. This focus on uncovering early OA in
animal models isimportant in addressing clinically or translationally
meaningful early changes in OA at both the local and systemic levels
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andinbeginningto define acceptable outcomes or disease trajectory
benchmarks in well-controlled preclinical model systems.

Systemic metabolic factorsin driving early OA
Tounderstand therisk of early OA, younger patients (thatis, those indi-
viduals who are younger than the typical age of OA diagnosis) should
be monitored for risk of OA and pain (that s, earlier than middle age).
Although most people aged 30-40 years might not demonstrate overt
metabolicdistress, therelationship between metabolic changes and OA
risk or progression has not been studied systemically to date. A 2025
proteomic atlas of ageing revealed that adipose tissue is among the
first tissues to show measurable signs of ageing in the fourth decade of
life®, which canlead to metabolic disturbance that might or might not
be monitored clinically as standard of care. These findings emphasize
the need to understand the metabolic or systemic comorbidity status
of individuals aged 30-40 years to create a deeper understanding of
the pathophysiology of early OA, agroup that could potentially benefit
frominterventions to mitigate or prevent OA progression.

Although obesity is defined by body mass index (BMI), lower BMI
is not always indicative of a healthy metabolic status and, further-
more, individuals can have an unfavourable ratio of adipose tissue to
lean muscle mass despite having a lower BMI. Moreover, measuring
body composition and metabolic status, even in people with a BMI of
25-29 kg/m?, will provide insights into the underlying metabolic risk
in younger people®*¥. Even among those with obesity, there are dif-
ferential metabolic consequences; for example, sarcopenic obesity or
low muscle mass coincident with obesity occur in approximately 10%
of individuals with OA, and can influence walking speed, endurance,
strength and other patient-reported outcomes®**’, The mechanisms
of the interactions with obesity, ageing and sex differences that drive
OA, genetics and epigenetics, among other key comorbidities with
systemic manifestations, remain to be clarified. Indeed, physical func-
tionisabetter prognostic marker for premature mortality than almost
any laboratory test among those with or without a form of arthritis,
obesity or comorbidities?® .

Interrogating pain and behaviour in animal models

Pain is by definition a complicated construct involving both sensa-
tionand emotion, articulated by the International Association for the
Study of Pain as “an unpleasant sensory and emotional experience
associated with, or resembling that associated with, actual or poten-
tial tissue damage”®”. There are strong associations and a probable
bidirectional relationship between emotional and cognitive factors
(suchasdepression, anxiety, pain catastrophizing and self-efficacy),
sleep and comorbidities; for example, people with a high burden
of psychological factors, comorbidities and sensitization but a low
degree of OA report the highest level of pain*. Inthese people, target-
ing cartilage may not improve their pain, yet the outcomes of interest
in preclinical studies are almost exclusively focused on mitigating,
reversing or preventing joint damage, and clinical trials do not dif-
ferentiate inclusion criteria based upon those factors that contrib-
ute to the pain experience of an individual. Although some studies
describe factors that might have separable, and even paradoxical,
roles in driving pain and structural damage?®, historically, factors
do not seem to be pursued or reported if an element of structural
damage was notinvolved; the outcome of this is that several relevant
or interesting targets have not been pursued. This lack of reporting
might be because pain has only been considered in preclinical models
in the past few years.

Notably, thereare largely three categories of pain that are present
inrheumatic diseases: nociceptive pain, neuropathic painand nociplas-
tic pain, which are reviewed elsewhere’’. Inaddition to nociceptive pain
(caused by nociceptive input from pathological peripheral tissues),
nociplastic pain, which is characterized by altered nociceptive pro-
cessing and central sensitizationin the absence of tissue pathology, is
also present in some people with OA, and is probably more prevalent
in people with OA and comorbidities'®. The identification of factors
involved in different pain mechanisms can improve understanding
of the separable and overlapping contributors to pain and structural
damagein OA and of how these might be driven or affected by systemic
factors***’toidentify new promising therapeutic targets in preclinical
and clinical studies. As studies do not often consider the whole joint or
the whole organism, many preclinical models do not capture potential
key aspects of relevant OA pain mechanisms that can be affected by
systemicfactors (suchas diet, sex, environment, genetics, epigenetics
and the microbiome)® and the interactions of these relevant factors.
Notably, knee painis not relieved by joint replacement in ~20-30% of
individuals, probably owing to persistent pain sensitization and other
systemic contributors to pain beyond joint pathology. More data are
needed to better understand this relationship.

Factors beyond the joint

Genetic, metabolicand systemic factors outside the joint converge to
drive OA structural damage and symptoms. Preclinical and clinical data
highlight roles for adipokines, inter-organ crosstalk and sex-specific
mechanisms that might be affected by age and comorbidity status.
Targeting metabolic dysfunction, inflammation and systemic pathways
offers promising avenues for disease-modifying therapies.

Geneticrisk

In the past three decades, data from large-scale genome-wide asso-
ciation studies (GWAS) have revealed genetic variants of relevant
functional consequencesin hand OA. These variants have testable treat-
ment targets, such as Matrix Gla protein (MGP; a vitamin K-dependent
protein) and aldehyde dehydrogenase 1 family A2 (ALDH1A2; a key
enzyme for the synthesis of all-trans retinoic acid), both of which canbe
targeted with available inhibitors'®. Suchinsights further support the
concept of OA as asystemic disease; for example, even post-traumatic
knee OA, whichis typically considered to be isolated to the affected
joint, could potentially have an underlying genetic predisposition or
systemic driver to explain why some people go on to develop OA but
others do not despite the same mechanism of injury (such as severity
of an anterior cruciate ligament tear). Indeed, there is some evidence
of a genetic contribution to the severity of post-traumatic OA>1%,
At the same time, these studies highlight the multifactorial nature of
OA since not all individuals with these genetic variants develop OA.
The Genetics of Osteoarthritis consortium is undertaking work on
GWAS of OA endophenotypes'® that will provide foundational mecha-
nistic understanding of the role of genetic drivers of OA, which have
beendemonstrated, in part, to be associated with systemic metabolic
diseases'”. Theroles of epigenetics and gene regulatory mechanisms in
driving OA are also being explored in addition to genetic drivers, which
have beenreviewed elsewhere'**"'%%, Some of these GWAS studies have
been functionalized in preclinical models to assess mechanistic gene
regulatory interactions; for example, the R2de region of the mouse
Gdf5 gene, which is among the most cited OA risk variants'*’. Genetic
testing services demonstrate how single-nucleotide polymorphism
analysis could become a more accessible tool that could be used to
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gainadeeper mechanistic understanding of the causal role of genetics
in OA and thus provide potential treatment targets.

Reverse translation of clinical phenotypes and endotypes

One opportunity to bridge the gap between preclinical models and
clinical datais the use of preclinical models that can demonstrate
the necessity and sufficiency of factors of interest such as leptin™®
(Box1).Miceor other preclinical models enable more comprehensive
profiling that can help to establish cause and effect, which could enable
better translationif the models were more fit for purpose. The associa-
tion between obesity and symptomatic OA is stronger than between
obesity and radiographic OA™, and adipose tissue exerts effects on
OA-related pain independent of body mass®****. Quantifying adipose
mass, body mass and obesity is challenging, and clinical data on the
role of adipokines are conflicting. However, the systemic effects of
obesity might be explained by leptin, which has been shown to have
promising links to pain, radiographic changes and American College
of Rheumatology diagnostic criteria. Leptin, a satiety hormone, is the
most consistently increased adipose tissue-derived mediator reported
inobesity-induced OA™ ", Leptin-knockout mice are protected from
OA, despite being morbidly obese”"*®, and leptin is sufficient toinduce
OA in the absence of adipose tissue in mice?*. However, the precise
mechanisticrole of leptin, its target tissues in the joint and elsewhere,
remains unknown. In a cohort of people with hand OA, individuals
with overweight and obesity reported more severe painnotonlyinthe
knees and hips but also in their hands"*". The association with hand
painwas mediated through leptin, supporting the systemic effects of

obesity on pain, which have also been recapitulated in mouse models
of knee OA™.

Similarly, visceral adiposity, but not subcutaneous adipose tis-
sue, has been associated with knee pain severity'?°, highlighting the
importance of differentiating metabolically active adipose tissue from
overallbody mass. The effects of obesity on hand pain and painful total
body joint count in this study were partially mediated by leptin and
high-sensitivity C-reactive protein (CRP)'*°. Furthermore, bariatric
surgery not only reduces lower extremity joint pain butalso hand pain
andreduces sensitization”'?, Coincidentally, decreasesin leptin and
increasesinglucagon-like peptide 1(GLP1) are observed almostimme-
diately post-operatively, even before weight loss'>?, which suggests
thataltering systemic factors and mitigating pain canbe separate from
overt weight loss. There are also new spatial tools to consider for OA
research (including spatial profiling tools such as spatial transcriptom-
ics, spatial metabolomics and spatial proteomics) that we and others
have begun to develop for mouse models and human studies®***'%°,
whichwill provideimportant missing spatial context on how the joint
responds to systemic factors in both human and preclinical discovery
studies. These spatial tools help to overcome the limitations of the cur-
rent strategies used to target tissue-specific changes or observe them
in situ or in a whole-joint preparation (that is, for samples obtained
from mice, human cells or organoids).

Inter-organ crosstalk between adipose tissue and OA
Research has demonstrated a causal relationship between adipose
tissue and knee joint damage in mice”'*, which is corroborated by

Box 1| Forward and reverse translation in OA research

To advance the understanding of osteoarthritis (OA) as a systemic
disease, in vitro, preclinical and clinical samples can be used in a
forward and reverse translational capacity. All of these approaches
bring opportunities to OA research:

Microphysiological systems and in vitro models
= Holistic phenotyping (tissues, fluids (such as serum and synovial
fluid), whole joints and multi-joints)
Controlled systems for early OA assay development
= Measuring pain and structural changes in vitro
= Drug repurposing
Inclusion of clinically relevant factors such as sex, obesity, ageing
and comorbidities
Time-course studies
Studies that test the directionality of signalling

In vivo preclincial models
= Use of human materials with known risk factors
= Assessing inter-organ crosstalk
The ability to establish cause and effect
Inclusion of clinically relevant factors such as sex, obesity, ageing
and comorbidities
= Time-course studies
= Assessment of pain factors
= Development of early diagnostic tools in mice to better study
early OA

In vitro preclinical models

!

Discovery trials
and clinical data

!

Microphysiological systems
and in vitro models

Discovery trials and clinical samples

= Holistic phenotyping (tissues, fluids (such as serum and synovial
fluid), whole joints and multi-joints

= Measuring pain and structural changes to probe both aspects
together and separately

= Determine the timing and type of rare OA signs and symptoms

= Inclusion of clinically relevant factors such as sex, obesity, ageing
and comorbidities

= Time-course and prospective cohort studies

= Investigating early OA in people at risk

= Determining factors that drive persistent pain after treatment
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Glossary

Deep learning

A subset of machine learning

that uses multilayered artificial neural
networks to model complex data
patterns.

Neuropathic pain

Pain caused by lesions, injury or disease
that affects the somatosensory nervous
system.

Elastic net

A regularization method used in
machine learning that combines Ridge
and Lasso regression models.

Nociceptive pain

Pain that occurs owing to the activation
of nociceptors due to tissue injury,
inflammation or disease.

Healthspan

The number of years lived in good
health, free from chronic disease or
disability.

Nociplastic pain

Pain originating from altered
nociception without clear evidence of
tissue damage or nerve injury.

Lifespan
The total number of years that a person
lives (from birth to death).

Pain catastrophizing

A pain-specific response that involves
magnified negative thoughts and
feelings of helplessness.

clinical evidence'**'*'2_ Moreover, adipose tissue has been suggested
to be essential to organismal ageing. Thus, monitoring individuals
with metabolic risk factors for OA-related pain might be important
to better understand, separate and triangulate the individual and the
combined impact of multimorbidity, adipose tissue, and metabolic
disturbance on ageing and age-related musculoskeletal disease'*'?,
Forexample, the role of fatin OA has been shown using amouse model
of lipodystrophy?**?. Global unsupervised multiomics of conditioned
mediafromadipose tissue implants revealed that leptin exerts aregu-
latory effect onadipsin (also known as complement factor D), whichis
part of the alternative complement pathway'®. Interestingly, the loss
of adipsin protected OA joints but resulted in pronounced sensitiv-
ity to pressure-pain hyperalgesia, which was detectable as soon as
2 weeks after injury in both male and female mice®”. Evaluating and
understanding the role of the innate immune system and other fac-
tors that might be activated or upregulated by adipokines, such as
leptin and adipsin, and have a unique role in pain and/or structural
damage, might be foundational data from which new drugs could
be developed*-**2,

Repurposing anti-obesity and metabolic dysfunction drugs
for OA

Much excitement has come from the findings of the STEP 9 trial of
semaglutide, a GLP1receptor agonist, which demonstrated greater
painimprovement and weight loss in the interventionarmthanin the
placebo arm in patients with OA%. Similarly, GLP1 receptor expres-
sion has been reported in joint tissues in rodents, and treatment with
systemic liraglutide in rodents alleviates pain, independent of weight
loss™. Although the GLP1 family of drugs has been proposed to slow
down the ageing processes and improve healthspan'?’, the mechanism
by whichthisoccurs and how it potentiallyimproves OA specifically is
unknown. Some studies report negative outcomes of GLP1drugs, for
example, worsening of OA”" and bone loss'*. Another prominent
concernis loss of lean muscle mass™**in concert with adipose tissue
toachieve overall weight loss, resulting ina potential risk of sarcopenia

and detriment to strength and function. These findings indicate that
understanding the systemic mechanisms of OA is essential to better use
these incretin-targeting drugs and identify patients who will benefit
most from their administration. This pointis especially concerning as
anincreased risk of OA has been reported in individuals with muscle
loss or weakness"551%,

Other potential therapeutic targets to treat metabolic dysfunction
couldbeidentified through new insights gained from studies of the gut
microbiome. Although initial studies aimed to understand the role of
the gut microbiome as alink between diet and OA™ %, data now indi-
cate that the gut microbiota-GLP1axis could be a highly attractive drug
target for OAY. Several association studies have linked gut microbiome
dysbiosis to OA™*°, and DMM-induced OA is reduced in mice that lack
a gut microbiome'"’, Faecal microbiota transplantation can confer
resilience in mouse models of OA, which suggests that microbiome
manipulation or transplantation might be a viable therapy for OA™*2,
It remains unclear if the microbiome-mediated influences on the joint
occur in amanner dependent or independent of lipopolysaccharide
signalling”*'*’, but research is ongoing'**. Data from the Lifelines-DEEP
study demonstrate that this associationis driven by local inflammation
inthekneejoint'*. Further details about the pathophysiological role of
the microbiomein OA, the role of the microbiome in systemic OA and
the therapeutic potential of targeting the gut microbiome have been
reviewed elsewhere'*®.

Another promising therapeutic approach is targeting insulin
resistance systemically. Treating the metabolic effects that might
drive OA using metformin, a T2DM drug, has been shown to mitigate
structural OA pathogenesis, pain and immune changes in mouse mod-
els and people with OA™. A high number of individuals with OA are at
risk of or diagnosed with T2DM or metabolic syndrome. Ina2025 trial
of people with painful knee OA and a BMI of >25 kg/m?, metformin was
superior to placebo for pain reduction'**, Metformin is also currently
beinginterrogated as acandidate anti-ageing drug, asit was shown to
slow the effects of ageing in the TAME trial***°, and is being evaluated
inOAinaclinical trial aiming to prevent post-anterior cruciate ligament
injury OA (that s, post-traumatic knee OA; NCT06096259). These tri-
als provide further support for the notion that acomplex interaction
between metabolism and ageing promotes OA pathogenesis.

Sex hormones and sexual dimorphismin OA

Another key factor at theinterface of systemic factorsin OA, ageing and
adipose tissue is menopause. A sizable proportion of individuals with
OA are women in post-menopause with obesity, and the female sex is
one ofthe strongest predictors of OA development™. This observation
underscores the need to better understand therole of sex, hormones,
pain and metabolic dysregulation in OA. Data on the effects of hor-
mone replacement therapy (HRT) on OA and knee pain are mixed.Ina
post hoc analysis of a large trial of HRT in women with cardiovascular
disease', there was no difference inknee pain compared with placebo.
More trials are needed to better understand the potential role of HRT
in OA pain'>>**,

Xist (X-inactive specific transcript) isanon-coding RNA thathasa
key role in the X-inactivation process.In 2024, Xist ribonucleoproteins
were shown to drive innate immunity in women'?, which is highly
relevant to OA pathogenesis and might be another mechanism by
which sexually dimorphic systemic phenotypes are drivenin OA. Novel
models to study sexual dimorphisms canbe used to understand therole
of cell-intrinsic and systemic effects of chromosomal and gonadal sex
on OA and pain but more work is needed*"*.
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Althoughmuchinteresthasbeenfocused onhormonal differences
asanexplanation for the high prevalence of OAin women, studies thus
far have not yielded actionable insights. For example, sexual dimor-
phismisevidentin cartilage before menopause and can be affected by
chromosomal sex. Dimorphic phenotypes are not reversed with ova-
riectomy, and ovariectomy does not fully replicate the natural progres-
sion of OA inwomen in post-menopause. Future studies could consider
investigating dimorphic factors that are not driven by sex hormones
or cell-intrinsic effects of sex. For example, measuring dimorphic cir-
culating factors, such as proteins, gene transcripts and metabolites,
inthe serum and designing studies to determine how these dimorphic
factors are affected by obesity, age, and other known risk factors for
OA could contribute to the understanding of the complex role of sex
asabiological variable in systemic OA.

Repurposing DMARDs as DMOADs

DMARDs are successful treatments for many rheumatic diseases, and
given some shared potential pro-inflammatory drivers of rheumatic
diseases with OA, thereis potential to repurpose approved drugs for OA
indications with appropriate data and trials. Inflammation is another
key link between OA and systemic drivers. Several phase Il trials of
inhibitors of IL-1p (a key cytokine in OA) have either shown negative
results or demonstrated a small effect that might not be clinically rel-
evant or translationally meaningful. Similarly, several trials of colchi-
cine, a drug with anti-inflammatory properties, in knee and hand OA
have been negative. Acommonality across these trialsis that they have
been small in size and of short duration (for example, of 6 months).

The CANTOS trial, alarge placebo-controlled trial of canakinumab, an
IL-1B inhibitor, was conducted in ~10,000 people with cardiovascular
disease and an increased level of high-sensitivity CRP, followed for a
median of 3.7 years. Ina post hoc analysis, those on canakinumab had
a~-40% lower risk of joint replacement compared with placebo'’. Simi-
larly, the LoDoCo2 trial of colchicine in ~5,500 people with coronary
artery disease (followed for a median of 2.4 years), demonstrated a
~30% lower risk of joint replacement compared with placebo™®. Since
knee replacement surgery is predominantly performed for knee OA,
it necessarily implies that the lower rates of joint replacement in the
anti-inflammatory treatment arms were related to lower knee OA struc-
tural progression, symptoms, or both, and highlights the relevance of
considering asystemically acting drug capable of inhibiting inflamma-
tion in the whole body or organism. These cardiovascular trials also
highlight the challenges with OA trials thus far, which have probably
beentoo smallinsize, of too short a duration and too heterogeneous
toidentify an efficacy signal. Efforts must now be made to understand
which patients are most likely to benefit from such treatments, again
reiterating the importance of systemic patient phenotyping.

Future research opportunities

The paradigm shift towards regarding OA as a potential whole-body
disease that leads to pain and loss of physical function, at least in a
subset of patients, is a useful lens through which new insights into
OA can be gained. However, identifying those factors that limit more
representative clinical and/or translational studies is an important
step.Some factorsinclude samplessize, heterogeneity of study samples
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Fig. 2| Effects of joint health on systemic factors and comorbidities. Although
datathat establish cause and effect remain to be generated, changes to the

local joint environment are coincident, if not drivers, of systemic pathology.
Several studies indicate associations with the onset and progression of several
diseases and disorders that are systemic in nature (shown in red boxes).

It remains unknown if the driving factors (genetics, epigenetics, environment,
comorbidities, sex and age) for these systemic diseases also promote
osteoarthritis (OA), or if OA promotes these factors independently. ACL, anterior

cruciate ligament; T2DM, type 2 diabetes mellitus.
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Box 2 | Questions and directions for future
OA research

1. Is osteoarthritis (OA) a systemic disease that generates
symptoms and pathologies in the joint?

2. Which joint cell populations are vulnerable to systemic or
adipose tissue-derived signals, and which populations might
drive systemic changes?

3. What is the relationship between pain and structure, and what is
lost by focusing on one or the other and not both?

4. How does the whole organism communicate with the joint, and
how can clinical observations be reverse translated to better
model whole-organism disease using preclinical or in vitro
approaches?

5. Can failed trials or interventions be leveraged to better
understand potential systemic mechanisms of OA?

6. What can be learned through the integration of existing datasets
and cohorts to mine for meaningful clues about the clinical
problem of OA?

7. Can OA be used as a model to better understand other diseases
of multi-organ ageing?

8. Why do some people get OA with specific risk factors (such
as knee injury) and others do not, and how can the ‘multi-hit
hypothesis’ be best evaluated given that joint injury often but not
always causes OA, and odds increase with systemic effects such
as obesity?

and sample bias, and the fact that discovery research is not typically
conducted onsystemic factors, largely owing to the limitations of avail-
able profiling tools in past efforts. Objective, untargeted profiling of a
variety of circulating factors (such as proteins, metabolites™’, cellsand
immune populations) and multiomic changesin an unbiased manner
inblood (thatis, serum or plasma) and synovial fluid'*° in early OAisan
exciting opportunity for future studies'’. These data can be objectively
integrated, assessed and analysed using machine learning methods
such as deep learning'® and elastic net'®.

OA as adriver of systemic disease

Inaddition to the concept that systemic factors caninfluence OA, there
isgrowing evidence that shows the effects of knee painand damage on
therest of the organism, illustrating a bidirectional relationship. This
concept hasalsobeen demonstratedinastudy that showed that knee
injury and pain might cause changes to the cardiovascular system'**,
brain'*>'*®, adipose tissue’* and other organ systems (Fig. 2). However,
observational data from systemic metabolic diseases have not dem-
onstrated consistent associations or shown the same findings as in
preclinical models. The potential reasons for this include preclinical
models not being fit for purpose (many animal models have limita-
tionsinrecapitulatinghuman OA); the timing of studying people with
well-established disease being too late to understand mechanisms that
probably started decades earlier; and the fact that available tools to
study systemic effects in humans, typically blood biomarkers, which
are often studied in isolation of one another at a single time-pointin
people with well-established disease, are inadequate to gain insights
regarding relevant exposuresin thejoint environment (and local micro-
environment within the joint) at the time of disease initiation. Spatial

high-resolution tools**'°'*"'%2 such as spatial transcriptomics®*, spatial
proteomics'® and spatial metabolomics'®® and whole-joint anatomical
mapping efforts (REJOIN study)”, will help to triangulate how cells in
jointtissues respond to external signals and how cell-intrinsic responses
might dictate protection or vulnerability in different tissues. This
tissue-specific response might also manifest as an endotype.

Aneed for unbiased discovery

Reimagining discovery approaches to integrate basic and clinical
studies will improve the understanding of mechanisms and targets
for systemic OA. To this end, future studies should consider using
high-dimensional multimodal assays to analyse human samples for
discovery and validate themin preclinical models with the appropriate
controls, which could provide new insights. This approach contrasts
with performing discovery studies in rodents and designing transla-
tional and clinical studies from preclinical mechanistic data, although
both approaches areimportant. The use of anintegrated, untargeted
multiomics approach to analyse serumand synovial fluid samples might
begin to provide much-needed, meaningful insights into systemic OA
pathophysiology. Future work should continue to examine the roles
of systemic factors onthejoint by comprehensively investigating risk
factors, therole of tissues outside the joint (tendons, muscle, adipose,
cardiovascular system and the nervous system), and the effects of
inter-organ crosstalk and systemic mediators (Box 2).

Conclusion

Collectively, these findings underscore the complex and intertwined
relationship between systemic factors that drive OA and pain. A shift
towards considering systemic drivers of OA will enable the identifica-
tion of other druggable targets that can be used to treat, manage or
prevent OA as wellasamyriad of devastatinginterrelated diseases that
co-occur with ageing and obesity. This approach would position the OA
community as leading the way for the development of novel treatment
strategies for metabolic disease and ageing. Such profiling, for example,
of blood, synovial fluid or other systemic factors, might also improve
clinical triaging of patients and better identify patients at risk owing
to multimorbidity. There remains akey role for preclinicalmodels and
invitro studies to pave the way towards a mechanistic understanding
of systemic factors that drive OA, and how OA might promote changes
insystemic factors that lead to multimorbidity. Pain assessments, ear-
lier evaluation, reverse translation of clinical paradigms and systemic
profiling will provide a deeper, much-needed understanding of the
systemic OA phenotype. This ongoing paradigm shift highlights the
opportunity to consider the whole patient and pain when evaluating
potentialindividuals with OA or those at highrisk of disease in the future.

Published online: 3 December 2025
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Abstract
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Autoimmune rheumatic diseases (AIRDs), such as rheumatoid arthritis
and systemic lupus erythematosus, substantially affect quality of

life, with viral infections increasingly recognized as potential but
underappreciated triggers of worsening preexisting AIRD symptoms.
Despite growing evidence that post-viral infections are associated
with heightened autoimmune activity and disease flares, the precise
mechanisms underlying the complex virus-autoimmune response
remain poorly understood. As AIRD is most prevalent in women,
hormonal factors might have arole in AIRD pathogenesis. Hormones
caninfluenceimmune regulation, potentially affecting the risk and
severity of viral-induced AIRD flares. Given the global rise of viral
disease outbreaks with increasing evidence of viral persistence in
AIRD pathology, this Review addresses a critical knowledge gap in
understanding the immune crosstalk during viral-induced AIRD flares.
We place an emphasis on emerging viruses and their potential role in
AIRD flares, exploring mechanisms of immune dysregulation, chronic
inflammation, molecular mimicry, viral persistence and emerging
therapeutic strategies to mitigate virus-induced AIRD exacerbations.
This Review is aimed at shedding light on the mechanisms by which
emerging viruses promote AIRD flares, serving as a practical guide to
improve clinical management and therapeutic innovations.
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Introduction

The pathogenesis of autoimmune rheumatic diseases (AIRDs) remains
incompletely understood, with no single causative factor identified.
Current evidence suggests that AIRD onset is governed by a combi-
nation of genetic susceptibility, environmental exposures and dys-
regulated immune responses. Among the proposed environmental
triggers, viral pathogens have long been suspected to contribute to
the initiation and progression of certain AIRDs, including rheuma-
toid arthritis and systemic lupus erythematosus (SLE)' . Although a
causal relationship has not been firmly established, mounting data
suggest that viral infections can modulate disease risk in genetically
susceptible individuals. Prior to 2020, studies focused on the role of
viruses in autoimmune disease initiation**. However, the COVID-19
pandemichasilluminated adynamicinterplay between viralinfections
and AIRD activity, revealing that viral exposures might trigger disease
flares or exacerbate subclinical autoimmunity to the point of overt
manifestations*’. Patients with AIRD have a heightened risk of severe
COVID-19 and associated AIRD flares®’. Even prior to the emergence of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), other
viruses such as dengue virus (DENV) and influenza were implicated in
worsening AIRD clinical manifestations®’. Mechanistic studies suggest
that immune complex dysregulation, molecular mimicry and viral
persistence might underlie these flares®*°.

Several well-characterized viruses such as Epstein—Barr virus (EBV),
cytomegalovirus (CMV), hepatitis B virus (HBV) and human T cell leu-
kaemia virus type 1 (HTLV-1) have long been associated with AIRD**!
(Box1). However, thereis alack of appreciation of the role of emerging
viruses, such as flaviviruses and coronaviruses, in AIRD. Moreover, the
emerging interplay between hormonal states and viral pathogenesis,
including potential modulation by sex hormones and stress, presents
acomplexareaofstudyinviral-induced AIRD flares, although the precise
mechanismsare not yet fully understood. In this Review, we examine key
viral pathogens implicated in AIRD flares selected based on documented
clinical associations, epidemiological relevance and experimental evi-
dence of immune dysregulation. We discuss the potential underlying
mechanisms by whichthese viruses might worsen AIRD symptoms and
shed light onemerging therapeutic strategies aimed at mitigating flares.
Thisintegrated perspective contributes toadeeper understanding of the
multifactorial processes driving AIRD pathogenesis and flare recurrence.

Viruses linked to autoimmune rheumatic

disease flares

Several viral infections have been associated with AIRD flares. Obser-
vational studies, case reports and retrospective analyses have docu-
mented increased disease activity or new-onset symptoms following
viralexposure in patients with established AIRD. Notably, SARS-CoV-2
infection has been linked to flares across multiple AIRD conditions.
Similarly, other respiratory and arboviralinfections, such asinfluenza,
DENV, Zika virus (ZIKV) and chikungunya virus (CHIKV), have been
associated with worsening AIRD symptoms or prolonged post-viral
inflammatory syndromes. This section highlights key viral patho-
gens implicated in AIRD flares and summarizes the clinical evidence
supporting their role in exacerbating AIRD activity.

Coronaviruses

Coronaviruses are enveloped, positive-sense singe-stranded RNA
viruses responsible for several notable outbreaks*’. SARS-CoV-2, the
causative agent of the COVID-19 pandemic, has emerged as a potent
immunological stressor, capable of inducing systemicinflammationand

disrupting immune tolerance. Although patients with mild COVID-19
typically present with fever, cough and fatigue, severe cases can pro-
gresstoacute respiratory distress syndrome and multiorgan failure***,
Patients with AIRDs are particularly vulnerable to SARS-CoV-2 infection
owingtoimmunosuppressive therapiesand underlyingimmune dysreg-
ulation. AIRD flares following COVID-19 infection are well documented,
including exacerbations of rheumatoid arthritis and SLE****, For
example, acohortstudyin Wuhan, China, reported that 19% of hospital-
ized patients (4 out of 21) with pre-existing AIRD (rheumatoid arthritis,
SLE, ankylosing spondylitis, or polymyalgia rheumatica) experienced
disease flares during COVID-19 iliness*. Furthermore, a case report
described a patient with stable SLE developing neuropsychiatric lupus
(lupus cerebritis) shortly after SARS-CoV-2 infection®.
SARS-CoV-2infection has been linked to an increase in the pro-
duction of autoantibodies, including anti-cyclic citrullinated peptide
(anti-CCP) antibodies (that is, anti-CCP2 and anti-CCP3 antibodies),
which are hallmark serological markers of rheumatoid arthritis.
Notably, elevated levels of anti-CCP2 and anti-CCP3 antibodies were
detected in a patient with COVID-19 who experienced persistent finger
pain 2 months after her initial COVID-19 diagnosis, compared with the
levels observed on the day of diagnosis™. The patient was ultimately
diagnosed with rheumatoid arthritis, potentially reflecting a patho-
geniclinkbetween COVID-19 and AIRD. Relapses of juvenile idiopathic
arthritishave also beenreported during the pandemic, suggesting that
SARS-CoV-2 might affectimmune homeostasis in paediatric AIRD***,
Additionally, human coronavirus 0C43 (HCoV-OC43), which typically
causesthe common cold, has beenassociated with post-acute COVID-19
syndrome (long COVID) in patients with pre-existing rheumatoid arthri-
tisand psoriatic arthritis (PsA). Inthese vulnerable populations, altered
humoral immunity and stronger binding of the Fcy receptor to the

Box 1| Well-characterized viruses and
autoimmune rheumatic disease activity

In addition to emerging viruses, several well-characterized viruses,
including Epstein-Barr virus (EBV), cytomegalovirus (CMV), hepatitis
B virus (HBV) and human T cell leukaemia virus type 1 (HTLV-1), have
been implicated in exacerbating autoimmune rheumatic disease
activity. Reactivation of the lymphotropic herpesvirus EBV is
associated with increased systemic lupus erythematosus (SLE)
disease flare, with positivity for EBV-viral capsid antigen IgA and

a higher frequency of EBV-infected B cells correlating with a
greater prevalence of SLE flares'®*"®, Similarly, positivity for the
beta-herpesvirus CMV has been significantly associated with
progression to SLE flares and poorer clinical outcomes'®'*¢, CMV
antigenaemia has also been reported to aggravate juvenile SLE
that presents with cardiac tamponade, which improved following
antiviral therapy using ganciclovir and valganciclovir'®’. Moreover,
HBV reactivation has been observed in patients with SLE receiving
immunosuppressive therapy, often accompanied by increased
mortality following reactivation'®®'®, In rheumatoid arthritis,
infection with the human retrovirus HTLV-1 has been linked to
elevated inflammatory marker C-reactive protein levels and a
diminished response to anti-TNF biologics, suggesting heightened
systemic inflammation and altered immune regulation in
HTLV-1-positive patients with rheumatoid arthritis™°",
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HCoV-0C43 spike protein are potential mechanisms underpinning
post-viral autoimmunity".

Flaviviruses

DENV s part of the Flaviviridae family, comprising single-stranded
positive-sense RNA viruses that are primarily transmitted through
bites of infected mosquitoes’*. Although approximately 60-80%
of DENVinfections are asymptomatic, symptomatic dengue can be clas-
sified according to the World Health Organizationinto dengue without
warning signs, dengue with warning signs, or severe dengue. Although
most patients recover without difficulty, progression to severe dis-
ease, as indicated for example by thrombocytopenia®, requires close
monitoring®®. Beyond the acute phase, alongitudinal follow-up study
reported that up to one-third of DENV-infected individuals experienced
persistent musculoskeletal symptoms, such as muscle pain, arthralgia
and arthropathy, lasting up to 2 years following hospital discharge, pro-
viding epidemiological evidence that DENV can contribute to AIRD-like
sequelae®. These symptoms are often accompanied by alterations
in AIRD markers, including elevated anti-nuclear antibodies (ANA),
C3 and C4 complement factors, immune complexes, rheumatoid fac-
tor, and C-reactive protein (CRP)®, suggesting potential DENV-related
autoimmune dysregulation.

ZIKV, another member of the flavivirus family, is primarily trans-
mitted via mosquitoes, although additional transmission routes
include sexual contact, vertical transmission from mother to fetus
and blood transfusion®. In adults, ZIKV infections are typically mild
or asymptomatic, but have been associated with immune-mediated
complications such as Guillain-Barré syndrome®’. Although evidence
linking ZIKV to AIRD flares is limited, a case study documented the
exacerbation of immune thrombocytopenia and the emergence of
ANA positivity following ZIKV infection®®, suggesting that ZIKV might
actasatrigger for the onset of autoimmune disease.

West Nile virus (WNV), another major flavivirus, is the leading
cause of arboviral disease in North Americaand is an emerging public
health concernin Europe®°. Although the majority of WNV infections
are asymptomatic, symptomatic cases typically manifest as an acute
systemic febrile illness known as ‘West Nile fever’. Despite being rare,
WNV infection can progress to severe neuroinvasive diseases such as
aseptic meningitis, encephalitis, or an acute poliomyelitis-like syn-
drome. Notably, ina patient with active SLE who presented with altered
mentalstatus and worsening proteinuria, cerebrospinal fluid tested pos-
itive for WNV, suggesting that WNV might have triggered SLE activity®'.
Another case involved a woman with longstanding SLE and lupus
nephritis onimmunosuppressive therapy who developed progressive
neurological deterioration and was subsequently diagnosed with WNV
by PCR testing of blood and urine®. Despite receiving supportive care,
the patient died within days of intensive care admission®’. These cases
highlight the potential for WNVinfection to exacerbate SLE activity and
illustrate the complexity in distinguishing viral neuroinvasion from
neuropsychiatric lupus inimmunocompromised patients.

Alphaviruses

Alphaviruses, members of the Togaviridae family, are positive-sense
single-stranded RNA viruses typically classified as Old World or New
World alphaviruses. Infection with Old World alphaviruses, such as
CHIKV and Ross River virus (RRV), typically results in severe arthritic
joint manifestations®***. Although acute alphavirus infection often
causes febrileillness accompanied by myalgia, polyarthralgia or rash,
most patients progress to the chronic phase of the disease, experiencing

persistentjoint pain, swelling and stiffness that last for months or even
years®. Approximately 25% of individuals infected with CHIKV pro-
gress to chronic inflammatory rheumatism, and 14% develop chronic
arthritis®®. Notably, CHIKV and rheumatoid arthritis share overlap-
ping clinicaland immunological features, including elevated activated
Tkiller cells®”*®. Inindividuals with pre-existing spondyloarthritis (SpA),
CHIKVinfection cantrigger disease flares, with symptoms worsening,
despite treatment with NSAIDs®’.

Orthomyxoviruses

Influenza viruses, members of the Orthomyxoviridae family, are seg-
mented, negative-stranded RNA viruses that cause annual epidemics of
respiratory illness. Clinical manifestationsinclude high fever, rhinitis,
severe muscle andjointaches, and, in some cases, severe pneumonia’.
Although influenza-infected patients with pre-existing rheumatic con-
ditions such as rheumatoid arthritis often achieve full recovery”, arisk
of serious or fatal outcomes remains inimmunocompromised individu-
als. A casereport described severe septic shock frominfluenza A virus
subtype HINIinfectionin a patient with pre-existing SLE”>. Moreover, an
autopsy of a patient with pre-existing psoriasis and obesity revealed a
positive test for HIN1 prior to death’. Importantly, beyond case reports,
anationwide Korean cohort study identified a significant association
between influenza infection and hospitalization for SLE flares, using
oseltamivir prescriptionas a surrogate marker for confirmed influenza
cases, emphasizing the population-level effect of viral respiratory
infections on AIRD activity’. Collectively, these observations highlight
the potential of influenza viruses to exacerbate underlying immune
alterations in patients with AIRD.

Parvoviruses

Human parvovirus B19 (B19V) is asmall single-stranded non-enveloped
DNA virus belongingto the Parvoviridae family. B19 infection typically
begins in childhood and can persist throughout life. Transmission
commonly occurs through inhalation of respiratory droplets, trans-
fusion of blood products and vertical transmission from mother to
fetus. The clinical manifestations of B19 infection vary widely, includ-
ing fifth disease (also known as erythema infectiosum) in children,
fetal hydrops, transient aplastic crisis in individuals with haemolytic
anaemia or lymphoproliferative disorders, and chronicred cell aplasia
inimmunocompromised hosts”7®.

In adults, B19V infection has been associated with symptoms
that mimic rheumatoid arthritis and SLE, such as arthralgia, rash,
myalgia and the presence of positive autoantibodies (such as rheu-
matoid factors, ANA and anti-DNA)””*2. Furthermore, B19V infection
has beenimplicated in triggering severe flares of pre-existing AIRDs.
For example, B19V DNA was detected in the synovial tissue of 30 out
of 39 patients with rheumatoid arthritis*®. Additionally, the pres-
ence of anti-B19V IgM was identified in patients with SLE who devel-
oped necrotizing lymphadenitis, commonly referred to as Kikuchi’s
disease®. These findings highlight the association between B19 and
flare-upsin AIRDs®.,

Mechanisms linking viral infections to

autoimmune rheumatic disease flares

Viruses implicated in triggering AIRD flares share immunopatho-
genic mechanisms. These include dysregulated cytokine signal-
ling, breakdown of regulatory T cell function, molecular mimicry,
immune-complex deposition and the persistence of viral antigens in
immune-privileged or inflamed tissues (Table 1). Below, we outline the
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mechanistic insights derived from viral infections and discuss their
relevance to AIRDs.

Immune dysregulation and chronicinflammation
Chronic inflammation is a hallmark of AIRD flares and is driven by
numerous cytokines that are central to disease immunopathology®>*.
Hyperactivationand accumulation of Thelper1(T,1) cellsand T,,17 cells
promote tissue inflammation in AIRDs*”*%, Advances in multi-omics
technologies, such as transcriptomics, proteomics and single-cell
profiling, have enabled the discovery of immune signatures that can
inform prognosis and guide individualized AIRD therapy™>*’. Single-cell
analyses reveal that rheumatoid arthritis flares, even during drug-free
remission, are marked by shiftsinimmune-cell composition, including
an expansion of circulating pro-inflammatory T cell subsets. These
shifts highlight dysregulated immune function that predisposes
individuals to recurrent flares®’. Sequential activation of B cells and
pre-inflammatory mesenchymal cells in the peripheral blood prior
to symptom onset further suggests systemic immune dysregulation
thatis responsive to environmental triggers, such as viral infections®.
T,1cellsand T,17 cells are key mediators of inflammatory tissue
damage in AIRDs”". T,1 cell-derived interferon-y (IFNy) activates mac-
rophages and amplifies inflammatory cytokine cascades, whereas
T,17 cell-derived IL-17 and IL-22 promote neutrophil recruitment and
contribute toinflammation and disruption of synovial and mucosal bar-
riers.IL-17A, acentral T,17 cell-derived cytokine, in particular, has been
implicated in rheumatoid arthritis pathogenesis®. Other cytokines,
such as IL-1, IL-6, IL-1f3, TNF and IL-10, also contribute to synovial
inflammation and joint degradation®. Clinical evidence supports the
pro-inflammatoryrole of T,;17 cells in AIRDs. In patients with rheuma-
toid arthritis, synovial T,17 cells are associated with elevated CRP levels,
fibrinogen in the blood, and increased count of neutrophils and total
leukocytes in synovial fluid®. In seropositive rheumatoid arthritis, the
abundance of peripheral blood T,17 cells also correlates with higher
CRPlevelsandincreased total leukocyte counts in the synovial fluid*.
Similarly, in patients with SpA, synovial T,17 cells are associated with
erythrocyte sedimentationrate (ESR) and increased neutrophil counts
in the synovial fluid®. These correlational data suggest a pivotal role
of Tyl7 cellsin driving inflammatory processes within AIRDs.
Viralinfections share several gene-expression profiles and immu-
nopathological features with AIRDs, potentially exacerbating the
pro-inflammatory milieu by mimicking or amplifying cytokine-driven
immune pathways seen in AIRDs®”** (Fig. 1). For example, patients with
chronic CHIKV infection exhibit elevated serum levels of IL-17A, IL-21,
IL-22 and IL-23. In /{17a”~ knockout mice, CHIKV infection results in
significantly reduced neutrophil infiltrationinjoint tissues compared
with wild-type mice, highlighting the pathogenic role of IL-17 (ref. 29).
Similarly, RRV-infected mice showIL-17* CD4"and CD8' T cellinfiltration
ininflamed joints, and IL-17 blockade reduces virus-induced arthritic
disease severity®**. Severe influenzainfectionin humansis character-
ized by Tyl cell and T,17 cell hypercytokinaemia, with upregulated
IL-6, IL-8, IL-9 and IL-17 contributing to a flare-prone inflammatory
state®. In COVID-19, elevated IL-1B and IFNy levels reflect heightened T,,1
cell activation™. In addition, B19V VP1 antigen enhances IL-6 and TNF
productioninhumanmonocyticcell lines (U937 and THP-1) co-cultured
withsynovial cells derived from B19V-positive patients with rheumatoid
arthritis®®. Furthermore, expression of BI9V NS1 protein in human hae-
matopoietic cells (K562, Raji and THP-1) and primary endothelial cells
induces IL-6 production through activation of the NF-kB binding site
in the IL-6 promoter region®. These convergences between viral and

Table 1| Viral mechanisms altering autoimmune rheumatic
diseases

Virus Mechanisms Associated AIRDs

SARS-CoV-2 RA, SLE, PsA, JIA,

PMR, SpA6,7,45750

Viral persistence (such as ORF8 in
plasma, macrophage reservoirs)'***
Molecular mimicry (Spike protein as
CCDC63, ORF8 as IL-17A mimic)""
Cytokine dysregulation (increased
expression of T,17 cells, IFN-)"°
Reduced circulating or functionally
competent T, cells'™®

HCoV-OC43  Molecular mimicry (myelin basic RA and PsA™"

protein)'”®
Altered Fcy receptor responses'”

8

Persistent symptoms and immune RA-like symptoms

complexes®®

IgM anti-platelet autoantibodies®
FcyRlla polymorphism-linked joint
symptoms®

Thrombocytopenia possibly
contributing to immune-mediated joint
symptoms?>*®

Dengue virus

Molecular mimicry (E protein and C1q)°  SLE®®%'?

Induction of anti-C1q antibodies®

Persistent IFN signalling”* RA, SLE, PsA,

Zika virus

Chikungunya

virus Viral persistence in synovium?' SpAZ-2869
Molecular mimicry (E1 glycoprotein
with HLA-B27, complement and
fibronectin)?-28
T,17 cell and IL-17-driven inflammation?
Ross River T,17 cell-driven inflammation®>*' RAOS!
virus Viral persistence in macrophages® >
Influenza A T.1 cell and T,17 cell cytokine surge® SLE, RA7274
virus Modulation of T,,, cell and B cell
responses®®’
Parvovirus Increased IL-6 and TNF production®®*° RA, PsA®%40

B19 Persistent activation of macrophages
and lymphocytes*®

AIRD, autoimmune rheumatic disease; FcyRlla, Fcy receptor lla; HCoV-OC43, human
coronavirus OC43; INF, interferon; JIA, juvenile idiopathic arthritis; PMR, polymyalgia
rheumatica; PsA, psoriatic arthritis; RA, rheumatoid arthritis; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2; SLE, systemic lupus erythematosus; SpA,
spondyloarthritis; T,1cell, T helper 1 cell; T, cell, regulatory T cell.

autoimmune cytokine networks suggest that viral infections might trig-
ger or amplify AIRD flares by promoting a pro-inflammatory cytokine
milieu.

PersistentIFN signalling, especially type [ IFN (IFNaand IFN), repre-
sents another key axis linking viral infection to autoimmunity. Although
acute IFN responses are critical for antiviral defence, prolonged IFN
signalling is deleterious, leading to sustained antigen presentation
through MHC class lupregulation and priming antigen-presenting cells
to activate autoreactive T cells. Notably, elevated IFNa expression has
been detected in both acute and chronic CHIKV infection, and can
persist up to a year post-infection*-*%. Chronic IFN signalling might
therefore establish a pro-autoimmune environment, blurring the line
between host defence and immune dysregulation.

Sustained type I IFN signalling and systemic inflammation also

inhibits regulatory T (T,.,) cell differentiation and function, thereby
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disrupting regulatory immune-cell mechanisms®. During the onset
of rheumatoid arthritis flare, regulatory CD4" T, cells are function-
ally impaired, marked by elevated expression of IKZF2 (encoding
the zinc finger protein Helios) and PRDMI (encoding BLIMP1), and
reduced CD39 (ref. 89). Viral infections can further disturb periph-
eral immune-tolerance mechanisms that rely on T, cells. During
influenza virus infection, accumulation of FOXP3*Helios" T, cells
has been observed in the lungs and lung-draining mediastinal lymph
nodes of infected mice*®, accompanied by heightened IL-17A expres-
sion that drives plasmacytic B-1a cell differentiation through NF-kB
and BLIMP1 upregulation®. Similarly, SARS-CoV-2 infection has been
associated with a reduction in circulating T, cells and their func-
tional exhaustion, coinciding with hyperactivation of effector T cells
and cytokine-mediated tissue inflammation'®. These alterations
suggest that acute viral infections reduce circulating or functionally

;-

SARS-CoV-2  Alphavirus Parvovirus Influenza
Enhanced antigen presentation
Sustained M:%'ge
type | interferon » bep =
activation

SARS-CoV-2

competent T,., cellsand skew immune regulation towards a flare-prone
profile by modulating both T, cell and B cell responses. In geneti-
cally predisposed individuals with AIRD, such T, cell dysfunction
weakens immune tolerance, enabling autoreactive lymphocytes to
expand, thereby disrupting immune homeostasis and aggravating
AIRD inflammation®.

In the synovium of people with AIRD, activated CD4" T cells and
cytokinessuchasIL-1and TNF stimulate chondrocytes and fibroblasts
to secrete matrix metalloproteinases (MMP)”"*%, especially MMP3,
which drive extracellular matrix degradation and joint destruction.
Indeed, MMP3 levels correlate with disease activity in patients with
rheumatoid arthritis and ankylosing spondylitis’*". In the context
of virusinfection, MMP3 has an antiviral effect againstinfluenza virus
and DENV. Upon virus infection, MMP3 translocates to the nucleus,
where it modulates NF-kB signalling and promotes production of
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Fig.1|Virus-induced immune dysregulation and joint inflammation.
Chronicinflammation in autoimmune rheumatic diseases (AIRDs) is driven by
Thelper1(T,1) cell-and T,17 cell-mediated cytokine cascades that contribute
to synovial inflammation and joint degradation. Viral infections such as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), alphaviruses
(such as chikungunya virus and Ross River virus), parvovirus B19V, influenza,
dengue virus (DENV) and Zika virus (ZIKV) recapitulate these inflammatory
pathways by inducing similar cytokine and chemokine signatures, promoting
immune-cell recruitment and tissue infiltration. Viral infections initiate
innate immune sensing through pattern-recognition receptors, resulting
inproduction of type linterferon (IFNacand IFNB) and pro-inflammatory
cytokines. Persistent IFN activation sustains antigen presentation and primes

autoreactive lymphocytes. Virus-induced inflammation amplifies T, 1 cell and
Ty17 cellresponses, reduces regulatory T (T,.,) cells and suppresses T, cell
function, disruptingimmune tolerance. DENV infection can alter Fcy receptor Ila
(FcyRlIla)-mediated responses, impairing clearance ofimmune complexes, thus
increasingimmune-complex depositionin joints. DENV infection also results
inthe generation of IgM platelet autoantibodies that mediate platelet lysis and
aggregation, contributing to worsening immune-mediated joint symptoms.
Inthe synovium, viral infection also amplifies pathogenic processes such as
RANKL-driven osteoclastogenesis and matrix metalloproteinase 3 (MMP3)-
mediated extracellular matrix degradation, which contribute to joint erosion
and autoimmune amplification. APC, antigen-presenting cell; ECM, extracellular
matrix; MHCII, major histocompatibility complex class II.
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pro-inflammatory mediators, including TNF, IL-6 and chemokines
suchas CCL2, CCLS,and CXCL1 (refs.102,103). The nuclear transloca-
tionof MMP3 and its modulation of NF-kB signalling amplify a feedfor-
ward loop of inflammation, linking viral infection to the progression
tojoint pathology.

Bone erosion, a key determinant of disease severity in rheu-
matoid arthritis, is driven by excessive osteoclast activation'®*.
Osteoclast-mediated bone resorption is facilitated through the
action of receptor activator of NF-kB ligand (RANKL), produced
by osteoblasts in response to pro-inflammatory cytokines IL-1, IL-6,
IL-17 and TNF'*"'%7, Notably, viruses such as RRV, CHIKV, ZIKV and
SARS-CoV-2 have been documented to infect osteoblasts, disrupt-
ing their function and leading to increased secretion of RANKL'*%"2,
which binds to receptor activator of NF-kB (RANK) on osteoclast
precursor cells, inducing osteoclastogenesis'”. Collectively, these
findings suggest that viral infection of osteoblasts can disrupt bone
remodeling and potentially exacerbate bone erosionin AIRDs.

Chemokine dysregulation also contributes to the initiation and
amplification of AIRD flares™. Critically ill patients with COVID-19
exhibit elevated circulating levels of granulocyte-macrophage
colony-stimulating factor (GM-CSF), IFNy-induced protein 10 (IP10),
monocyte chemoattractant protein 1 (MCP1), macrophage inflam-
matory protein 1a (MIP1A) and TNF'. Similar chemokine expression
patterns are observed in a viral arthritis model, where synovial fibro-
blasts infected with RRVin culture upregulate MCP1, IL-8 and GM-CSF,
whereas infected macrophages exhibit elevated levels of MCP1, IL-18,
MIP2 and IP10 (ref.115). These findings demonstrate how viral-induced
chemokine stormmirrors the leukocyte-driveninflammation observed
in AIRD, highlighting how viral perturbations of chemokine networks
might tip the immune balance towards the exacerbation of synovitis
andjointinflammation thatis characteristic of AIRD.

Beyond chemokines, viral infections can provoke autoimmun-
ity through the induction of autoreactive antibodies. In DENV infec-
tion, one suchmechanisminvolves the generation of IgM anti-platelet
autoantibodies®’. These autoantibodies are significantly elevated not
onlyintheacute phase ofinfection (3-7 days post-fever onset) but they
also persist into the convalescent (1-3 weeks) and late (8-9 months)
infection phases when compared with control sera from healthy
individuals®. Functionally, IgM anti-platelet autoantibodies mediate
platelet lysis and inhibit platelet aggregation, contributing to throm-
bocytopeniaand potentially initiating or worsening immune-mediated
joint symptoms?®,

Host factors further influence susceptibility to viral-triggered
autoimmunity. One well-characterized example is a polymorphism
in the gene encoding the low-affinity IgG Fcy receptor Ila (FcyRIla),
specifically the histidine/histidine (HH) genotype, which has been
associated with joint, muscle and bone pain during viral infections®.
Fcyreceptorsare crucial forimmune homeostasis because they medi-
ate the recognition, internalization and clearance of immune com-
plexes by phagocytes. When this system is compromised, such as in
individuals with altered Fcy receptor functions, immune complexes
can persistin tissues and trigger chronic activation of the innate and
adaptive immune system™®. Fcy receptors regulate the internaliza-
tion and subsequent degradation of immune complexes; however,
inefficient clearance of immune complexes can result in sustained
immune stimulation, contributing to the onset or exacerbation of
AIRD such as SLE'. Importantly, Fc receptor signalling is not only
involved in systemic autoimmune diseases but is also upregulated in
diseasesthat aretissue specific. For example, transcriptomic analyses

have shown upregulation of Fc receptor-related genes in the synovium
during rheumatoid arthritis flares’®. These observations suggest that
localimmune complex signalling might contribute directly to disease
exacerbation. Inthe case of DENV infection, altered FcyRIla-mediated
responses have beenimplicated in the persistence of musculoskeletal
symptoms even after viral clearance. These responses might reflect
prolonged immune-complex deposition in joints and tissues, repre-
senting a potential mechanism by which DENV infection can trigger
orworsen AIRD pathology®.

Together, these findings show that although antiviralimmunity is
vital for clearinginfection, its sustained or dysregulated activation can
promote or exacerbate AIRD. Chemokine-drivenimmune-cell recruit-
ment, autoantibody production, impairedimmune complex clearance
and host genetic susceptibility can collectively amplify inflammation
and tissue damage. In immunocompromised individuals or those
predisposed to autoimmunity, viral infections may serve not only as
initial triggersbut also as drivers of recurrent flares through prolonged
immune activation and breakdown of tolerance.

Molecular mimicry of viral proteins

Molecular mimicry, the process in which viral proteins resemble host
antigens in structure or sequence, is a well-established mechanism
contributing to the pathogenesis of AIRD"®. During viral infections,
the host immune system mounts responses against viral epitopes
that caninadvertently cross-react with self-antigens, leading to the
production of autoantibodies and immune dysregulation, ultimately
worsening AIRDs. From an evolutionary perspective, molecular mim-
icryreflectsafinely balanced trade-off between viralimmune evasion
and hostautoimmunity™. For viruses, it confers a selective advantage
by enabling immune evasion, thereby reducing recognition by neu-
tralizing antibodies or cytotoxic T cells and facilitating persistence
within the host. However, excessive overlap between viral and host
epitopes increases the risk of host immune activation and autoim-
mune pathology, imposing evolutionary constraints onboth virus and
host.InTable 2, we outline several viruses known to exploit molecular
mimicry, illustrating their roles in triggering or exacerbating AIRDs.

Severe acute respiratory syndrome coronavirus 2. The SARS-CoV-2
genome comprises 11 genes encoding multiple open reading frames
(ORFs). Among these, ORF8, a secreted protein, has been found
at elevated levels in the blood of patients with COVID-19 who have
pre-existing AIRDs, such as rheumatoid arthritis, SLE and polymyalgia
rheumatica”. Notably, ORF8 structurally and functionally mimics
IL-17A, a potent pro-inflammatory cytokine with a well-documented
roleinthe pathogenesis of rheumatoid arthritis'>*>. Mechanistically, the
Y42 and E106 residues of ORF8 canbind to IL-17RA, and residues 171and
176 canbind to IL-17RC, promoting heterodimerization and downstream
activation of the NF-kB pathway, as evidenced by increased phospho-
rylation of p65 and IkBa. NF-kB signalling, in turn, leads to robust
expression of pro-inflammatory genes, including CCL20, CXCL1, CXCL2
and/L6.Notably, ORF8 induces a more potent and broader inflamma-
toryresponse than IL-17A itself'>. Moreover, in osteoblasts derived from
patients with rheumatoid arthritis, ORF8 enhances RANKL produc-
tion, stimulating osteoclastogenesis and contributing directly to joint
inflammation and destruction in patients with pre-existing AIRDs".
The SARS-CoV-2 Spike protein is a key structural protein that
facilitates viral entry through the angiotensin-converting enzyme 2
(ACE2) receptor on host cells'. In patients with COVID-19, several
new-onset autoantibodies have been identified, targeting a broad
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range of proteins thatinclude CALU, CCDC63, SNURF, TRIM63, IFNA6,
ANO2, TPO and NPCI (ref. 11). Of note, sequence homology has been
observedbetweentheSpike proteinandepitopes of TRIM63,CCDCé63and
NPCI.Forexample, the fusion peptideregion of spike (residues 816-825,
SFIEDLLFNK) aligns well with TRIM63 (residues 240-245, SFIEAL) and
CCDC63 (residues182-189, IEDLRFEK), whereas asegment of the Spike
S1C-terminal domain (residues 656-660, VNNSY) shows similarity to
NPCI (residues 567-571, VNNYY). Among these, anti-CCDC63 autoan-
tibodies have been linked to persistent musculoskeletal symptoms
following COVID-19, suggesting that molecular mimicry between Spike
and CCDC63 might contribute to post-infection muscular and joint
complications in patients with AIRD".

Human coronavirus OC43.HCoV-OC43 hasbeenimplicated in molec-
ular mimicry linked to rheumatoid arthritis. The HCoV-OC43 p65-like
protein (residues 656-668) shows homology with myelin basic pro-
tein (MBP, residues 84-104), a proposed autoantigen in rheumatoid
arthritis'”'®, Genetic studies have revealed an association between
elevated MBP expression and rheumatoid arthritis pathology, par-
ticularly in the synovial lining'®. Furthermore, MBP autoantibodies
were significantly elevated in patients with rheumatoid arthritis
compared with healthy controls, and often recognized citrullinated
MBP*, consistent with the broader role of post-translational modi-
fications in enhancing autoantigenicity. The strong sequence align-
ment between MBP and HCoV-OC43 supports the hypothesis that
viral mimicry of MBP promotes autoantibody generation and drives
rheumatoid arthritis progression. In support of this notion, admin-
istration of HCoV-OC43 mimic peptide to rats induces persistent

Table 2| Viral proteins and their molecular mimicry with
self-antigens, triggering autoimmune responses

Viral
protein

Virus Mimic Mechanism

SARS-CoV-2 ORF8 IL-17A ORF8 binds to IL-17R (ORF8

Y42 and E106 residues bind to
IL-17RA, and |71 and 176 residues
bind to IL-17RC), which induces
pro-inflammatory cytokine
expression in monocytes and

promotes osteoclastogenesis'™"

SARS-CoV-2  Spike CCDC63
fusion

proteins

The development of anti-CCDC63
autoantibodies might contribute
to post-infection muscle and joint
complications”

ZIKV Eproteins Clq Clq initiates the classical
complement pathway; the
development of anti-Clqg
autoantibodies drives flares of

lupus nephritis®??

CHIKV E1proteins HLA-B27,
C3and C5,
fibronectin,

B-arrestin

E1shares sequence and structural
homology with HLA-B27 and host
proteins (C3, C5, fibronectin,
B-arrestin), potentially triggering
cross-reactive immune responses
and chronic arthritis in predisposed
hosts?*?"

Anti-MBP autoantibodies and their
citrullination contribute to pain
and inflammation''®

HCoV-OC43 Peptides MBP

CHIKYV, chikungunya virus; HCoV-OC43, human coronavirus OC43; MBP, myelin basic protein;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ZIKV, Zika virus.

pain hypersensitivity, highlighting its potential role in mediating
rheumatoid arthritis-associated pain and inflammation”.

Zika virus. ZIKV encodes three structural proteins: capsid (C), pre-
membrance (prM) and envelope (E), as well as seven non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)™*. Among these,
the E protein shares functional similarity with complement protein Clq,
anautoantigeninvolved in SLE pathogenesis. In murine models, ZIKV
infection elicits anti-Clq autoantibody production’. In patients with
SLE, elevated levels of anti-Clq antibodies are associated with increased
flarerisk of lupus nephritis and greater renal disease activity'?>. These
findings suggest that ZIKV-induced anti-C1q mimicry might contribute
to complement dysregulation, immune-complex accumulation and
tissue inflammation, thereby exacerbating SLE pathogenesis.

Chikungunya virus. CHIKV possesses a ~11.8-kb genome thatencodes
four non-structural proteins (nsP1-4) responsible for viral replication
and five structural proteins (capsid, E3, E2, E1and 6 K)'**. The E1glyco-
protein, in particular, has garnered attention for its potential role in
autoimmune pathogenesis. E1 contains a four-amino acid sequence
(TQLV or TELV) thatis homologous to HLA-B27, amajor histocompat-
ibility complex (MHC) class I allele strongly associated with SpA and
other autoimmune conditions. Additionally, the CHIKV E1 protein
shares structural homology with host proteins implicated in rheu-
matoid arthritis, PsA and SpA, including complement components
C3 and C5, fibronectin and -arrestin 1 (refs. 23-27). Moreover, in
silico analyses of conserved regions within the structural polypro-
teins of arthritogenic alphaviruses, including CHIKV, RRV, Mayaro
virus, O’'nyong’nyong virus and Barmah Forest virus, have identified
immunogenic regions harbouring predicted B cell epitopes and MHC
class Il binding sites®®. Among these are autoantigens implicated in
rheumatoid arthritis and SLE, such as alpha-1B-glycoprotein, LRP2
and ClLPZS,lZ‘FlZél

Together, these findings underscore amultifaceted role for CHIKV
in the induction of autoimmunity, particularly in individuals with a
genetic predisposition. The ability of CHIKV to mimic self-antigens
at both the sequence and structural level might prime autoreactive
immune responses that persist beyond acute infection, contribut-
ing to chronic inflammatory arthritis and AIRD flares. Future work
is needed to elucidate the precise immunological pathways linking
CHIKV infection to the onset or exacerbation of AIRD pathogenesis.

Persistent viral reservoirs
Several viruses establish long-term reservoirs in immune-privileged
or inflamed tissues, enabling prolonged antigen presentation and
sustained immune activation. In AIRDs, such reservoirs might serve
as continuous sources of local cytokine production, immune-cell
recruitmentand tissue injury, ultimately driving disease flares (Fig. 2).
In patients with chronic CHIKV-associated arthralgia, viral RNA and
proteins have been detected in synovial macrophages up to 18 months
afterinfection, despite a robust systemicimmune response”. Notably,
CD14" infiltrating monocytes and CD56" natural killer (NK) cells were
detectedin the synovial fluid. In addition, elevated levels of CCL2, IL-6
andIL-8 were detected inthe synovial fluid compared with serum?, sug-
gesting that CHIKV establishes alocalized inflammatory niche within
joint tissues, maintained by persistent activation of monocytes and
NK cells. Histological analyses have revealed perivascular accumula-
tion of CD18" macrophages and the presence of CD4" and CD56" cells,
including both quiescent and activated NK cells. Immunostaining for
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Fig. 2| Persistent viral reservoirs and their role in autoimmune rheumatic
disease inflammation. Chikungunya virus (CHIKV), Ross River virus (RRV),
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and parvovirus
B19V can persist in macrophages, fibroblasts and lymphocytes within the
synovium or mucosal tissues. In chronic CHIKV arthritis, viral RNA and proteins
canbe detected in synovial macrophages and fibroblasts, circulating levels of
CCL2,IL-6,IL-8 and monocyte chemoattractant protein 1 (MCP1) are elevated,
stromal cells undergo apoptosis, and CD14" infiltrating monocytes and CD56*
natural killer cells are detected in the synovial fluid. RRV persists in macrophages
and dysregulatesimmunoregulatory molecules such as CD80, with stress-
induced reactivation modulating phagocytic and immunoregulatory functions.

Lungs

SARS-CoV-2

NK cell-mediated
cytotoxicity

Parvovirus B19V infects macrophages and lymphocytesin the rheumatoid
arthritis and psoriatic arthritis synovium, maintaining inflammatory

cytokine production and immune infiltration. SARS-CoV-2 ORF8 protein is
detectable in the plasma of patients with autoimmune rheumatic disease
(AIRD) post-infection, whereas replication-competent virus can persist in
bronchoalveolar macrophages, supported by interferon-y (IFNy)-induced major
histocompatibility complex E (MHC-E) expression that impairs natural killer (NK)
cell clearance. These viral reservoirs provide continuous antigenic stimulation,
disruptimmune homeostasis and potentially contribute to recurrent flares and
progressive tissue injury in AIRDs. RBC, red blood cell.

cleaved PARP in fibroblasts demonstrated high levels of apoptosis?,
suggesting thatinefficient clearance of infected apoptotic cells might
support long-term viral persistence in joint tissues.

RRYV, like CHIKV, has been shown to persist in macrophages for
months, with viruslevels fluctuating between detectable and undetect-
able states®*, RRV relapse, a key clinical feature of RRV disease, can
beinduced in vitro by altering cell-culture conditions, such as serum
concentration or temperature, suggesting that stress or other environ-
mental factors might trigger reactivation of the virus*’. RRV infection
also enhances macrophage phagocytic activity and dysregulates the
immunoregulatory molecules CD80, IFNy and TNF, amechanism that
is thought to promote evasion of immune clearance and persistence
in the host*. Together, these findings suggest that enhanced phago-
cytic activity in macrophages might facilitate antigen transfer and
contribute to the establishment and maintenance of viral reservoirs.

Persistent expression of SARS-CoV-2 proteins, particularly ORFS,
hasbeenreportedinthe plasmaofindividuals with pre-existing AIRDs,
including rheumatoid arthritis, PsA and Sjogren’s syndrome, even
months after COVID-19 diagnosis™. This prolonged protein persistence
could conceivably contribute to sustained inflammatory signalling
and post-viral disease flares'. Additionally, replication-competent
SARS-CoV-2 has also been detected in bronchoalveolar fluid mac-
rophages from infected cynomolgus macaques up to 18 months
post-infection'. Notably, IFNy upregulates MHC-E expression on these
bronchoalveolar macrophages, whichin turninhibits NK cell-mediated
cytotoxicity, potentially enabling viralimmune evasion and long-term
tissue residence™.

Inthe case of B19V, co-culture of macrophage cell lines with syno-
vial cells from B19V* patients with rheumatoid arthritis resulted in mac-
rophagesthat were positive for the viral protein VP1, indicating that B1I9V
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infects macrophages™. Immunohistochemical analysis of rheumatoid
arthritis and PsA synovial tissues confirmed the presence of B1I9V VP1
and VP2 capsid proteinsin Blymphocytes and Tlymphocytes within the
synovial stroma*’. Persistent activation of macrophages and lympho-
cytes by B19V might drive excessive production of pro-inflammatory
cytokines, promotingimmune-cellinfiltration and joint damage. Taken
together, these findings suggest that viruses exploitimmune cells such
asmacrophages as long-termreservoirs. The sustained presence of viral
antigensininflamed joint and mucosal tissues may perpetuateimmune
activation, exacerbate autoimmunity and contribute to AIRD flares.

Hormonal modulation and virus-induced
autoimmune rheumatic disease exacerbations
Hormonal signallingis a crucial yet often underappreciated modifier
of bothantiviralimmunity and AIRD flares'” ", Sex hormones (such as
oestrogen, progesterone and testosterone), glucocorticoids (such as
cortisol) and the thyroid hormones all interact withimmune pathways,
thereby potentially shaping infection outcomes and autoimmunity
risk. In Table 3, we summarize how specific hormones influence viral
pathogenesis and AIRD through modulation of inflammation, viral
persistence and immune tolerance.

Sex hormones inviral and autoimmune pathways

Oestrogen and progesterone. Certain AIRDs, such as rheumatoid
arthritis and SLE, disproportionately affect women of reproductive
age, who account for nearly 80% of patients, suggesting the involve-
ment of female sex hormones in driving immune dysregulation and
autoimmunity”®*', A randomized trial of hormone replacement
therapy (HRT) in menopausal patients with pre-existing SLE reported
ahigherincidence of mild to moderate flaresin the HRT group than with
placebo'?, suggesting that exogenous oestrogen and progesterone
mightamplify AIRD activity. Oestrogen, particularly oestradiol (E,), has
been shown to promote survival of autoreactive B cells by disrupting

B cell receptor-mediated apoptosis and increasing the expression of
anti-apoptotic proteins such as CD22,SHP1,BCL2 and VCAMI (ref.133).
Activation of oestrogen receptor-a (ERa) has a key role in regulating
B cellmaturation*. Moreover, stimulation of peripheral blood mono-
nuclear cells derived from women with phytohaemagglutinin, PMA
and ionomycin led to overexpression of inflammatory and cytotoxic
effector molecules that contain oestrogen response element bind-
ing sites, such as GNLY, ILIFS, LTB, OASI and OAS3 (ref. 135). Together,
these findings support the pro-inflammatory influence of female sex
hormonesin AIRDs.

In parallel, progesterone and oestrogen also influence antivi-
ral immune responses. Serum progesterone levels were elevated in
SARS-CoV-2-infected individuals and correlated negatively with dis-
ease severity'”. Notably, progesterone induces type | IFN signalling
through SRC-mediated phosphorylation of IRF3, promoting IFNf3
production'”. E,also has antiviral effects, reducing influenza viral titres
in pretreated cells”*®. Computational modelling suggests that oestro-
gens suppress inflammation in SARS-CoV-2 infection by interacting
with ESR1 and ESR2 (ref. 137). Moreover, retrospective studies linked
HRT use to lower mortality in patients with COVID-19 (refs. 138,139).
Altogether, these findings suggest that, although progesterone and
oestrogen enhance antiviralimmunity, they might also disruptimmune
tolerance and trigger flares in patients with pre-existing AIRD.

Testosterone. Testosterone, the primary male sex hormone, exerts
anti-inflammatory effects that modulateimmune responses. Epidemio-
logical dataindicate that male sexis associated with alower risk of AIRDs
and is a strong predictor of remission in rheumatoid arthritis*. Levels
of total and free testosterone are negatively associated with rheuma-
toid arthritis development in men'*, In an experimental autoimmune
orchitis (EAO) model — a rodent model of testicular inflammation and
autoimmunity — testosterone replacement reduced disease severity by
decreasing CD4" T cell and macrophage infiltration, while increasing

Table 3 | Hormonal modulation of immune responses, viral infection and autoimmune rheumatic disease flare

Hormone Effects onimmune system Effects on virus infection Influence on AIRD flare severity
Oestrogen Enhances B cell survival and autoantibody Might reduce influenza virus replication'® Might influence flare frequency in
production'*® Suppresses inflammation in COVID-19 postmenopausal women with SLE
ERa regulates B cell maturation™* (refs. 138,139) undergoing HRT'*?
HRT lowers COVID-19 mortality'**'*°
Progesterone Induces type | IFN signalling'”’ Elevated levels correlate negatively with Might influence flare frequency in
COVID-19 severity'” postmenopausal women with SLE
HRT use lowers COVID-19 mortality'*®'*° undergoing HRT'*?
Testosterone Decreases CD4" T cell and macrophage SARS-CoV-2 and ZIKV infections decrease Low levels linked to increased flare risk™'
infiltration'”® testosterone levels'**'* Androgen therapy reduces RA disease
Enhances immunosuppressive T, cell activity'” activity in men'*?
Suppresses pro-inflammatory cytokines'®
Cortisol Chronic or dysregulated secretion can Elevated levels correlated with Elevated stress and cortisol linked to

contribute to immune dysfunction and

progression of inflammatory disease'*® influen

increased cytokines and chemokines in

AIRD flare risk'*®

za-infected patients'”

Adrenal infarction reported in patients with
COVID-19 who have high cortisol levels'*®

Thyroid hormones

Regulate T cell and macrophage activation
and polarization'>

Alter fibroblast function in joints'"%'*®

ZIKV infection reduces thyroid hormones,
possibly by disrupting the HPT axis'®*

WNV and B19V have been detected in thyroid
tissues'™>"*®

Hypothyroidism is associated with
lupus nephritis"*™'

Thyroid imbalances can worsen
synovial inflammation'*'>

AIRD, autoimmune rheumatic diseases; ERa, oestrogen receptor-a; HPT, hypothalamic-pituitary-thyroid axis; HRT, hormone replacement therapy; IFN, interferon; RA, rheumatoid arthritis;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SLE, systemic lupus erythematosus; T, cell, regulatory T cell; WNV, West Nile virus; ZIKV, Zika virus.
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immunosuppressive CD4"CD25'FOXP3" T, cells"*®. Inthat same model,
testosterone supplementation downregulated MCPI expression and
pro-inflammatory T, 1cellcytokinesIL-2and IFNy*. These animal findings
appear to translate tohumans, as androgen replacement therapy inmale
patients with rheumatoid arthritis reduced inflammation and improved
symptoms'**. These results suggest that the immunosuppressive effects
oftestosterone might protect against AIRD flares.

Importantly, viral infections can reduce testosterone levels. In a
cohortof121 menrecovering from COVID-19, a total of 12 patients (10%)
exhibited reduced testosterone levels over a 7-month period'*. Simi-
larly, ZIKV infection inimmunocompromised (A129) mice significantly
decreased testosterone concentrations in serum and in the testis'**.
Taken with the above, it is possible that virus-induced reductions in

testosterone levels might increase susceptibility to AIRD flares.

Cortisol

Cortisol, the primary stress hormone, mediates the stress response
and regulates inflammation and infection'*. Although cortisol typi-
cally has anti-inflammatory effects, chronic or dysregulated secre-
tion, as observed during prolonged psychological stress, systemic
inflammation or infection, can paradoxically contribute to immune
dysfunction and the progression of inflammatory diseases'*’. Dysregu-
lated cortisol dynamics have beenimplicated in AIRD activity. Patients
withrheumatoid arthritis have higher cortisol levels than healthy con-
trols, with levels correlating with disease severity'*. Mechanistically,
these patients show diminished hypothalamic-pituitary-adrenal axis
responsiveness, potentially impairing cortisol regulation and limiting
immune control'”.

Viralinfections can further disrupt cortisol homeostasis. Cortisol
levels are elevated in patients infected with influenza and corre-
late with increased levels of circulating chemokine and cytokines
such as CCL20, IL-10, IL-6, IL-17F, IL-17E and IL-23 (ref. 129). Adrenal
gland infarction has been observed in patients with COVID-19 who
exhibit high cortisol levels'*®. Although the causal relationship
remains unclear, these findings suggest that viral infections may
perturb adrenal function through direct viral tropism, endothelial
injury or cytokine-mediated vascular damage. Hence, viral infections
might increase AIRD severity by exacerbating cortisol imbalances
and immune activation.

Thyroid hormones

Thyroid hormones regulate cellular metabolism and influence
immune function'”. Altered thyroid function is common in auto-
immune diseases and is linked to disease severity. Hypothyroidism
is prevalent among patients with SLE and is associated with lupus
nephritis®", Similarly, patients with rheumatoid arthritis are at an
increased risk of thyroid dysfunction, especially hypothyroidism'2.
Thyroid imbalances affect synovial fibroblast function and modu-
late the activation and polarization of macrophages and T cells**"*?,
suggesting that its dysregulation might exacerbate autoimmune
inflammation.

Viral infections can disrupt thyroid hormone balance through
direct or indirect mechanisms. For example, ZIKV infection in neo-
natal mice reduced serum levels of thyroid-stimulating hormone,
triiodothyronine and thyroxine levels, which normalized following
viral clearance™*. Although no histopathological abnormalities were
observedinthethyroid, ZIKV was detected in the hypothalamus, sug-
gesting that disruption of the hypothalamic-pituitary-thyroid axis

might underlie the hormonal imbalance®™*.

Thethyroid gland can also be directly targeted by viruses, in turn
potentially altering systemic thyroid hormone levels and immune
responses. In fatal cases of neuroinvasive WNV disease, WNV antigens
were detected in thyroid tissues'. In addition, B19V DNA has been
identified in thyroid tissue by PCR amplification™. Although the effect
of viral presence in the thyroid gland requires further investigation,
these observations raise the possibility that viral persistence might
contribute to thyroiditis or subclinical alterations in thyroid function.
Takentogether, these findings suggest that viral infections mightinflu-
ence AIRD severity by disrupting thyroid hormone signalling, either
through impairment of the hypothalamic-pituitary-thyroid axis or
by directly infecting thyroid tissue.

Current challenges and emerging

therapeutic strategies

Despite advancesinbiologics and DMARDs, the management of AIRD
remains challenging. Current therapies are largely immunosuppressive
and non-selective, providing symptomatic relief but rarely achieving
durable immune tolerance’’. Many patients experience incomplete
remission or relapse after treatment withdrawal. Moreover, chronic
immunosuppression increases susceptibility to infections, which is
a particularly crucial concern given the role of viral triggers in AIRD
flares*®. Distinguishing between viralinfection and autoimmune reacti-
vation can also be diagnostically complex, oftenleading to therapeutic
delays or overtreatment®*’. Thus, in patients with AIRD flares, screen-
ing for virus exposure should be considered before initiating immu-
nosuppressive therapy, as viral infections can mimic AIRD flares®”5,
Integrating insights from virology, endocrinology and immunology
offersan opportunity to tailor treatment to the underlying triggers for a
given patient™’, Treatment strategies might include combination thera-
pies that pair antivirals with hormone-based or immunoregulatory
agents, advancing towards precision care in AIRDs. In this section, we
discussemerging approachesthattargetlatent viralreservoirs, leverage
hormonal pathways and ultimately enable precision medicine to
prevent or mitigate AIRD flare-ups in the setting of viral infection.

Targeting viral reservoirs

Viral reservoirs in tissues can serve as persistent sources of immune
activation'>?"?**, Hence, antiviral strategies that target residual
viruses in immunocompromised individuals or patients with AIRD
might reduce flare recurrence. One promising approach is the repur-
posing of small-molecule inhibitors that disrupt viral replication, for
flare-prone AIRD patients with signs of ongoing viral activity. Promis-
ingly, remdesivir, an FDA-approved antiviral for COVID-19 that inhibits
viral RNA-dependent RNA polymerase'®, was found to reduce T,17
cellsinrheumatoid arthritis peripheral blood mononuclear cells and
suppress pro-inflammatory cytokines in the synovium, such as IFNy,
IL-17,1L-6, CCL2, IL-13 and TNF™',

Immunomodulatory drugs, including certain DMARDs, can offer
dual benefits insuppressing both viral persistence and inflammation'®*,
Notably, theJanus kinase (JAK) inhibitor baricitinib, approved for treat-
ingrheumatoid arthritis, showed therapeutic synergy when combined
with remdesivir in patients with COVID-19, shortening recovery time
and improving clinical outcomes. This combination attenuated the
production of pro-inflammatory cytokines and chemokines, reduced
neutrophil and macrophage infiltration, and dampened T cell activa-
tion and proliferation'*'**, These findings underscore the therapeutic
potential of combining antiviral andimmunomodulatory strategies to
manage virus-triggered AIRD flares.
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Hormonal modulation in autoimmune rheumatic

disease therapy

Hormonal modulation represents another promising strategy for
regulating immune responses in AIRD. Androgens such as testoster-
one have demonstrated anti-inflammatory effects'**"*°. Both animal
and clinical studies suggest that testosterone not only modulates
immune signalling but also suppresses cytokine production, lead-
ing to reduced pro-inflammatory responses that characterize AIRD
flares'281#21441%5 Testosterone replacement therapy (TRT) has also been
explored in the context of viral infection, given its potential to miti-
gate hypercytokinaemia. Although a2-month course of TRT improved
signs of hypogonadism (indicated by areduction of gynecomastia) in
a patient with long COVID, it did not significantly alleviate systemic
symptoms such as joint or muscle pain'®. Furthermore, a clinical
trial reported that COVID-19 could blunt the efficacy of TRT'”". Thus,
although androgens might hold therapeutic value, their clinical utility
in AIRD warrants further investigation.

Cortisol, asdescribed above, hasbeen linked to heightened inflam-
mation during viral infection. Elevated cortisol levels correlate with
increased pro-inflammatory markers during influenza infection”” and
areawell-documented feature of depression'*®, Moreover, depression
itself is associated with elevated levels of CRP, IL-1and IL-6 (ref. 169).
Psychological interventions, including cognitive-behavioural ther-
apy, stress management and relaxation training, have been shown to
reduce depressive symptoms and systemic inflammation°. Systematic
reviews and meta-analyses further support their efficacy inimproving
physicalactivity, reducingjoint tenderness and alleviating depressive
symptomsin patients with rheumatoid arthritis” ">, Collectively, these
findings highlight the potential benefit of integrating psychological
supportinto standard AIRD treatment regimens.

Antigen-specificimmunotherapies and cellular therapies
Emerging therapeutic approaches are aimed at restoring self-tolerance
without globalimmunosuppression. Antigen-specificimmunothera-
pies, including tolerogenic peptide vaccines, are under investigation to
selectively silence autoreactive T cell responses'”. Tolerogenic peptide
vaccines, which deliver disease-relevant epitopesinanon-inflammatory
context, caninduce T cell anergy or deletion and promote T, cell
expansion'*, Peptide-based therapies targeting citrullinated peptides
inrheumatoid arthritis have shown the potential to reduce autoreac-
tive T cell activity and cytokine productionin a phase I clinical trial”.
Cellular therapies, such as tolerogenic dendritic cellsand engineered
chimericantigenreceptor regulatory T (CAR-T,,) cells, offer additional
avenues to re-establish immune homeostasis'*'”’. Although early in
development, these interventions represent promising steps towards
precision therapy for virus-triggered AIRD flares.

Precision biomarkers and translational discovery

The diagnosis and monitoring of AIRDs remain challenging owing
to the limited sensitivity and specificity of routine tests®. Promis-
ingly, however, high-throughput discovery platforms such as phage
immunoprecipitation sequencing, molecular indexing of proteins by
self-assembly and protein microarrays now enable comprehensive map-
ping of virus-autoantibody repertoires and therapeutic targets, bridg-
ing the gap between discovery and translational application”*'*°, Phage
immunoprecipitation sequencing screening of synovial fluid and sera
from patients with rheumatoid arthritis hasidentified rare anti-peptide
antibodies, such as BCOR, LOC645453 and ATADS, independent of
seropositivity status, which could serve as biomarkersin seronegative

patients'”’. Molecular indexing of proteins by self-assembly profiling

of plasma from patients with severe COVID-19 revealed the presence
of neutralizing IFNA3 autoantibodies, possibly contributing to the
severity of COVID-19 symptoms'*’. Protein microarrays have likewise
proven effective in delineating autoantibody signatures in AIRDs
such as SLE and rheumatoid arthritis'®"'®2, These technologies not
only help to refine disease classification but also lay the foundation
for precision-medicine approaches, with the goal of earlier diagno-
sis, individualized therapeutic selection and real-time monitoring of
virus-triggered AIRD flares.

Conclusion

Viral pathogens can disrupt immune regulation and induce flares
through several mechanisms, including molecular mimicry, persistent
antigen presentation and cytokine imbalance. Concurrently, hormonal
factors, including oestrogen, progesterone, testosterone, cortisol and
thyroid hormones, modulate immune function with both protective
and pathogenic effects. These insights highlight the importance of a
multidisciplinary approach to AIRD management, one that bridges
rheumatology, virology, endocrinology and immunology. Future
research should prioritize identifying biomarkers that can predict
virus-induced flares, elucidating mechanisms of hormone-virus-
immune crosstalk, and developing personalized therapies that preserve
immune competence while minimizing flare risk. Such integrative
strategies hold promise for improving outcomes and quality of life
for patients living with AIRDs.

Published online: 8 December 2025
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Abstract

Sections

Despite advances in the treatment of psoriatic arthritis (PsA), a
substantial proportion of patients continue to report persistent
symptoms and impaired quality of life. However, terminology remains
inconsistent for patients who fail to achieve disease control despite
treatment, which limits research comparability and contributes to
therapeuticinertia. To address this gap, a Group for Research and
Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA) task force
developed consensus definitions for two distinct states: complex-to-
manage PsA (C2M-PsA) and treatment-refractory PsA (TR-PsA).
C2M-PsAis defined as a state of persistent symptoms despite treatment
with atleast one biologic or targeted synthetic DMARD (b/tsDMARD),
extending beyond biological non-response to include factors such

as comorbidities, overlapping conditions, psychosocial burden and
treatment-related challenges (for example, non-adherence). TR-PsA,
amore specific subset of C2M-PsA, is characterized by failure of at
least three therapies with distinct mechanisms of action (including at
least two biologic/targeted synthetic DMARDs), persistent symptoms
considered problematic by both patient and clinician, and objective
evidence of ongoing inflammation — after ruling out alternative
explanations for treatment refractoriness. These consensus-derived
GRAPPA definitions provide a shared framework to standardize
terminology, supportindividualized care, and improve patient
stratificationinresearch and practice. Prospective validation across
diverse settings and phenotypes is needed to confirm their reliability,
responsiveness and clinical utility.
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Introduction

Psoriatic arthritis (PsA) isa chronic,immune-mediated disease charac-
terized by musculoskeletal and extra-musculoskeletal manifestations,
including peripheral arthritis, enthesitis, dactylitis, axial involvement,
and skin and nail psoriasis, as well as associated conditions such as
uveitis and inflammatory bowel disease'>. Management of PsA is fur-
ther complicated by frequent comorbidities, such as metabolic syn-
drome, cardiovascular diseases, anxiety, depression and fibromyalgia,
allof which contribute toanincreased disease burden and therapeutic
challenges® . This heterogeneity hinders accurate disease monitoring,
individualized care and treat-to-target strategies in routine practice.

Over the past two decades, the PsA treatment landscape has
evolved substantially with the approval of numerous biologic and
targeted synthetic DMARDs (b/tsDMARDs), which inhibit different
molecular targets and inflammatory pathways®. These include inhibi-
tors of tumor necrosis factor (TNF), interleukin-12 (IL-12)-1L-23, IL-17,
IL-23, phosphodiesterase-4 (PDE4), cytotoxic T lymphocyte-associated
antigen4 (CTLA-4) andJanuskinases (JAKs)®. In response to these devel-
opments, treatment recommendations from the Group for Research
and Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA) and Euro-
pean Alliance of Associations for Rheumatology (EULAR) have evolved
accordingly, adopting a domain-based, patient-centred approach™,

These recommendations generally support the use of conven-
tional synthetic DMARDs (csDMARDs) as initial therapy in selected
domains, such as peripheral arthritis, with escalation to b/tsDMARDs
in cases of inadequate response. In cases of axial involvement or severe
enthesitis, early initiation of b/tsDMARDs is often warranted when
available. Importantly, the GRAPPA recommendations avoid rigid
treatment hierarchies and a one-size-fits-all approach, instead empha-
sizing clinical flexibility, shared decision-making, regular assessment
of treatment response and domain-specific treatment adjustments.
Nonetheless, they do not define how many prior treatment failures
constitute therapeutic refractoriness, underscoring the need for
standardized criteria.

Despite these therapeutic advancements, a 2020 systematic
review and meta-analysis reported that fewer than30% of people with
PsA achieve remission when assessed by composite measures, and up
to 50% report residual symptoms despite treatment’. These findings
highlight the unmet needs in PsA care and have prompted increasing
attentionto the concept of patients who are ‘difficult to treat’ (D2T).In
the absence of standardized terminology, these patients are variably
referred to as ‘refractory’, ‘treatment-resistant’, ‘D2T’ or ‘complex’,
depending on context and clinical perception. This lack of uniformity
limits the comparability of studies and impairs the design of clinical
trials, ultimately contributing to therapeuticinertia.

Estimates of the prevalence of treatment-refractory (TR) PsA vary
considerably, depending on the specific criteriaused. When applying
the EULAR definition of D2T rheumatoid arthritis (D2T-RA) — which
requiresfailure of at least two b/tsDMARDs with distinct mechanisms of
action (MoAs), evidence of active and/or progressive disease, and prob-
lematic management as perceived by the clinician and/or patient’® —
prevalencein PsA cohortsis-16-30%""". However, the transferability
ofthese criteriato PsAis questionable. Unlike RA, PsAis a multidomain
disease with substantial clinical and pathophysiological heterogeneity,
distinct treatment pathways, and acomplex interplay of skin and joint
involvement, mechanical stress, obesity and metabolic syndrome,
mental health, and lifestyle factors". The application of RA-derived
criteria can overlook or misclassify important subgroups within the
PsA spectrum — for example, patients with a predominant enthesitis

phenotype —thereby reinforcing the need for disease-specific defini-
tions that better reflect disease complexity and patient experience®.
Thus, the heterogeneity of PsA mandates a framework that captures
bothbiologic treatment failure and the broader contextual complexity
of disease management.

Recognizing these unmet needs'®”, the GRAPPA D2T-PsA task force
initiated a structured, multi-phase initiative to define more precisely
the spectrum of patients whose disease is particularly complex-to-
manage (C2M-PsA) or TR-PsA'®. This project integrates perspectives
from clinicians, health care professionals (HCPs), and — critically —
patients, reflecting a shared-decision model of care that is central to
GRAPPA’s philosophy.

The primary aim of this project was to develop consensus-based
definitions for C2M-PsA and TR-PsA. To ensure that these definitions
were grounded in empirical evidence and informed by diverse stake-
holder perspectives, the projectincorporated three key components
to guide the consensus process: a review of existing terminology and
conceptual frameworks related to TR-PsA and difficult-to-treat-PsA;
a survey of HCPs to identify real-world challenges in PsA manage-
ment; and an analysis of international patient-reported data to cap-
ture emotional, psychosocial and contextual factors contributing to
treatment complexity or failure. This Consensus Statement presents
the resulting consensus definitions for C2M-PsA and TR-PsA, which
areintended to supportshared clinical decision making and to enable
more effective patient stratification in both observational studies and
clinical trials.

Methods

Steering committee and working group

The development of these definitions began in March 2023 with the
approval of the project from the GRAPPA Research Committee and
the subsequentestablishment of a dedicated steering committee and
working group, together forming the GRAPPA D2T-PsA task force. The
steering committee included two project co-leads (F.P.and P.M.), two
Young-GRAPPiAns (A.L.R.andS.S.), arheumatologist (V.C.), aderma-
tologist (W.L.) and a patient research partner (PRP; C.L.). The broader
working group consisted of an additional 12 individuals, including 10
rheumatologists and 2 dermatologists (Supplementary Fig. 1).

The project started with a scoping literature review to explore
existing definitions and terminologies related to refractory PsA”. This
review was followed by two complementary surveys, one capturing
the perspectives of HCPs* and the other focusing on insights from
patients”. These findings informed the steering committee in the
development of preliminary definitions and proposed terminology
for C2M-PsA and TR-PsA. These initial drafts were presented at the
first task-force meeting, where discussions centred on refining the
definitions around three core components: treatment failure history,
characterization of active and/or symptomatic disease, and disease
perception.

Scoping literature review

A scoping literature review was conducted in July 2023 to identify
existing terminologies, definitions and criteriaapplied to the concept
of D2T-PsA and TR-PsA. The search was carried out in the PubMed,
Embase, and Web of Science databases for articles published between
January 2000 and September 2022, using combinations of terms
including “psoriatic arthritis”, “difficult to treat”, “refractory”, “resist-
ant” and related descriptors. To broaden the scope, both investigators
(A.L.R.andS.S.) independently screened all titles and abstracts from
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the most recent major international conferences: ACR Convergence
2022 and EULAR Congress 2023. Discrepancies were resolved by a third
investigator (F.P.). The full findings of this review have been published
separately”.

Group for Research and Assessment of Psoriasis and Psoriatic
Arthritis health care professionals survey

An international, web-based survey was developed by the working
group and disseminated to all GRAPPA members between June and Sep-
tember 2023. Eligible participants were HCPs involved in PsA care. The
survey included demographic questions, structured multiple-choice
items on proposed criteria, and open-ended questions to capture
qualitative insights. Survey developmentinvolved iterative rounds of
review and input from both clinician-investigators and PRPs. Responses
were analysed using descriptive statistics and thematic qualitative
analysis. A detailed account of the methodology and results has been
published separately®.

Group for Research and Assessment of Psoriasis and Psoriatic
Arthritis patient survey

A parallel international survey targeting people with lived experi-
ence of PsA was conducted between October 2023 and January 2024,
with the aim of identifying patient-perceived featuresrelated to treat-
ment ineffectiveness. The questionnaire was developed in English
and translated into nine languages (Chinese, Dutch, French, German,
Italian, Japanese, Portuguese, Spanish and Turkish). It included both
structured items and free-text responses. The survey was distributed
electronically with support from patient organizations and GRAPPA
PRPs. A medical anthropologist contributed to the analysis, which
employed a mixed-methods approach combining quantitative sum-
maries with qualitative content analysis. The full dataset and analysis
were published ina separate manuscript?.

Task force meetings and Delphi consensus round

Between March 2023 and December 2024, the GRAPPA D2T task
force conducted a structured, multi-phase consensus process to
develop and refine definitions for C2M-PsA and TR-PsA. The process
began with a dedicated kick-off meeting in March 2023, followed by
feedback discussions at the GRAPPA Annual Meeting (July 2023) and
aroundtable dialogue at ACR Convergence (November 2023). Find-
ings from the scoping literature review, expert survey and patient
survey were synthesized and discussed within the task force. Between
March and November 2024, a series of structured virtual task force
meetings took place, complemented by broader stakeholder engage-
ment during the EULAR 2024 Congress, where the draft framework
was discussed. Additional input was obtained during the GRAPPA
Collaborative Research Network (CRN) meeting with industry repre-
sentatives and during a dedicated GRAPPA Membership session at the
2024 Annual Meeting. From August to November 2024, the Steering
Committee convened several virtual meetings to further refine the
definitions and incorporate multidisciplinary feedback. Two for-
mal Delphi rounds were conducted between August and November
2024 to evaluate the proposed definitions, overarching statements
and clarifying statements. These items were initially drafted by the
steering committee based on evidence from the literature review and
survey findings, and were subsequently refined through structured
discussions with the full task force. In each Delphi round, task force
members were asked toindicate their agreement with each item using
abinary response format (“agree” or “not agree”). Items that did not

reach the predefined consensus threshold of > 75% agreement in
round 1wererevised by the steering committee, drawing on qualita-
tive feedback from free-text comments submitted during the online
voting and follow-up virtual task force discussions. The revised items
were thenredistributed for asecond round of voting using the same
response format. The final task force proposals were subsequently
presented and discussed at the GRAPPA-Adjacent-to-ACR meeting
(November 2024) and submitted for full GRAPPA membership voting
inDecember 2024.

The final endorsed definitions were presented at the EULAR
2025 Congress?, concluding the consensus process and establishing
aframework co-developed with patients, clinicians, researchers and
industry stakeholders. Supplementary Fig. 2 summarizes the process.

Development of the definitions of complex-to-
manage and treatment-refractory psoriatic arthritis
Scopingliterature review

Thescopingreview” identified 565articles, including 15 publications that
directly orindirectly addressed the concept of refractory PsA. Most stud-
iesdid not apply standardized definitions; instead, terminology varied
substantially across publications. Commonly used descriptorsincluded
“refractory”, “multi-resistant”, “complex” and “non-responding”, often
applied without predefined criteria. Key features reported in these
studiesincluded exposure to multiple b/tsDMARDs, persistent disease
activity across domains, presence of comorbidities and low treatment
satisfaction. The review underscored the conceptual heterogeneity
and the absence of disease-specific criteria, emphasizing the need for
standardized, PsA-specific definitions.

Health care professionals survey

Atotal of 223 responses from 47 countries were included in the HCP
survey”’. Respondents were mostly rheumatologists (80.2%) and der-
matologists (17.9%) from Europe (45.7%), Latin America (18.8%) and
North America (18.3%). Most respondents supported distinguishing
between TR-PsA (or D2T-PsA) and C2M-PsA (82.9%), associating the
former with ongoinginflammation and treatment failure and the latter
with contextual challenges despite controlled inflammation. A large
majority (90.6%) also emphasized the need for objective markers of
inflammationin defining TR-PsA. However, there was no consensus on
the number of treatment failures required, with suggestions ranging
from one to four or more b/tsDMARDs.

Importantly, the shift towards the terminology ‘complex-to-
manage’ was driven by early and meaningful involvement of PRPs.
During preparatory meetings for the survey design, the initial term
‘difficult-to-manage’ was initially selected. However, particularly when
discussing the project with the PRPs, they expressed concern that the
label ‘difficult-to-manage’ carried unintended negative connotations.
They felt that this phrasing risked assigning blame or stigma to patients,
potentially reinforcing perceptions of non-adherence or psychologi-
calresistance. Inresponse, the steering committee formally adopted
the alternative term ‘complex-to-manage’, which was viewed as more
respectful, neutral and aligned with abiopsychosocial understanding
ofthe disease.

Patient survey

A total of 570 patients with PsA completed the multilingual survey”.
Fatigue, pain and functional limitation were among the most com-
monly cited reasons for treatment dissatisfaction. Ranking analysis
also showed the negative impact of peripheral arthritis, axial disease,
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chronic pain, comorbidities and fatigue. Thematic analysis of open
responses confirmed a high emotional burden and frequent refer-
ence to frustration with ineffective treatment changes, poor commu-
nication and lack of individualized care. These insights emphasized
the patient-perceived mismatch between clinical assessment and
real-world disease experience. Additionally, there were meaningful
language-specific differences in patient narratives, emphasizing the
need for culturally sensitive communication and definitions. The
prominence of these findings aligns with the multidimensional burden
captured in the C2M-PsA definition.

Task-force meetings

Findings fromtheliterature review and surveys were presented and dis-
cussed during task-force meetings. Members reached initial agreement
onkey conceptual elements, including the need for amultidimensional,
domain-inclusive definition that balances treatment history, persistent
disease activity and contextual factors. Feedback from breakout groups
revealed tensions regarding how to weigh subjective symptoms versus
objective findings and the relevance of comorbidities. As aresult, an
initial framework was proposed that grouped the construct into three
core domains: objectiveinflammation, patient-reported disease impact
and complicating contextual features.

Drafting and endorsement of the definitions

and overarching statements

To capturethe broader challenges encountered in clinical management
beyond objective inflammation, and in acceptance of feedback from
PRPs, the steering committee adopted the term ‘complex-to-manage
psoriatic arthritis’ (C2M-PsA). This terminology aligns conceptually
with similar initiatives, such as the Assessment of SpondyloArthritis
International Society (ASAS) definition of D2T axial spondyloarthritis,
andreflects the multifactorial nature of disease burdenin spondyloar-
thritis and in PsA*?*, C2M-PsA includes patients with persistent symp-
tomsthatare notsolely attributable to active inflammation, but also to
other contributing mechanisms such as comorbidities, psychosocial
factors and high subjective symptom burden. To specifically address
the subgroup of patients with true biological non-response and ongoing
objective inflammation, the term‘treatment-refractory PsA’ (TR-PsA)
was endorsed to characterize those with persistent disease activity
despite multiple therapeutic interventions.

The final terminology, definitions, conceptual framework and
overarching statements were voted on by 184 GRAPPA members,
including 140 full members, 37 early-career members, 6 PRPs and
ladvanced practice provider. Inthis final phase, 95.1% of participants
(n=175) endorsed the proposal, confirming strong community sup-
port and leading to the formal adoption of the C2M-PsA and TR-PsA
definitions along with the overarching principles (Table 1).

Overarching statements, definitions and

clarifying statements

Overarching principles

The five overarching statements provide a conceptual framework to
distinguish between complex contextual challenges and true thera-
peuticresistance in PsA (Fig.1), serving as aclinical guide for applying
the C2M-PsA and TR-PsA definitions in practice (Fig. 2).

Overarching statement 1: Psoriatic arthritis is a heterogeneous
disease that requires multidisciplinary care; treatment decisions
should involve shared decision making, addressing the individual

patient holistically. PsA is a clinically heterogeneous condition that
affects multiple domains — including skin and nails, musculoskel-
etal system, eyes, gastrointestinal tract and mental health. Optimal
management of PsA requires a multidisciplinary team approach and
treatment decisions guided by shared decision-making. Care should be
individualized, addressing both the physical and psychological dimen-
sions of disease burden. Socioeconomic and systemic barriers - such
as limited access to care, insurance coverage, diagnostic delays and
misinformation regarding the disease and/or its treatment - further
complicate management and underscore the need for patient-centred
and equitable models of care®.

Overarching statement 2: Management of psoriatic arthritis should
consider all potentially affected disease domains and be guided by
shared decision-making and predefined treatment targets; com-
posite disease activity scores may serve as supportive tools, but
itis essential to recognize that some psoriatic arthritis manifesta-
tions may not be fully captured by these scores. Effective manage-
ment of PsArequires systematic assessment of all potentially affected
domains. Although treatment should follow predefined targets, there
is no universally accepted end point, and treatment goals should be
established collaboratively with the patient®.

Composite disease activity scores canaid clinical decision-making,
but none fully capture the multidimensional nature of PsA or encom-
pass the entire GRAPPA core domain set**®, They should therefore
complement, rather than replace, individualized assessment of each
domain. Moreover, these scores can occasionally reflect factors unre-
lated to PsA activity, potentially leading to misinterpretation. Selection
and interpretation of these assessment tools should be guided by the
patient’s specific clinical features and priorities.

Overarching statement 3: A lack of, or inadequate response to, rec-
ommended psoriatic arthritis treatments at adequate dosing and
over an appropriate length of time, should prompt a re-evaluation of
the diagnosis and consideration of the presence of comorbidities
or other factors contributing to treatment non-response. For this
statement, recommended PsA treatments’ are accordingto the current
GRAPPA management recommendations. This statementunderscores
theimportance of reassessing both PsA diagnosis and potential treat-
mentbarriersin cases ofinadequate response (examples are described
in Supplementary Table 1). When patients do not improve despite
appropriate therapy, clinicians should investigate other contributors
such as comorbidities, overlapping conditions, poor adherence or
alternative diagnoses®>*°. This structured re-evaluation aligns with
the GRAPPA guidelines and supports a more personalized approach
to treatment-resistant cases’.

Overarching statement 4: Reasons for inadequate treatment
responses can be classified into complex-to-manage psoriatic
arthritis, a broader and more heterogenous group that includes
factors such as comorbid conditions, persistent symptoms despite
effective control of inflammation, and significant impacts on the
quality of life; within this larger group, treatment-refractory pso-
riatic arthritis constitutes a smaller, specific subgroup character-
ized by inadequate treatment response and objective evidence
of ongoing inflammation despite multiple attempted therapeu-
tic strategies. For this statement, the factors related to C2M-PsA
(Supplementary Table 1) include, but are not limited to, mal-adherence,
chronic pain, comorbidities and fibromyalgia.
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Table 1| Overarching principles and definitions for complex-to-manage and treatment-refractory psoriatic arthritis

Principle or definition Content

Level of agreement
by the task force

Overarching principles

Overarching statement 1

PsA is a heterogeneous disease that requires multidisciplinary care; treatment decisions should involve shared

100%

decision making, addressing the individual patient holistically

Overarching statement 2

Management of PsA should consider all potentially affected disease domains and be guided by shared decision

100%

making and predefined treatment targets; composite disease activity scores may serve as supportive tools, but
it is essential to recognize that some PsA manifestations may not be fully captured by these scores

QOverarching statement 3

A lack of, or inadequate response to, recommended PsA treatments® at adequate dosing and over an

100%

appropriate length of time, should prompt a re-evaluation of the diagnosis and consideration of the presence of
comorbidities or other factors contributing to treatment non-response

Overarching statement 4

Reasons for inadequate treatment response can be classified into C2M-PsA, a broader and more heterogenous

94%

group that includes factors® such as comorbid conditions, persistent symptoms despite effective control of
inflammation and significant impacts on the quality of life; within this larger group, TR-PsA constitutes a smaller,
specific subgroup characterized by objective evidence of ongoing inflammation despite multiple attempted

therapeutic strategies

Overarching statement 5

For the definition of TR-PsA, the presence of objective evidence of ongoing inflammation in affected domains is

89%

required: arthritis®, dactylitis®, enthesitis®?, or skin/nail disease (by inflammation-sensitive imaging modalities for
axial disease, or through laboratory assessments® such as acute-phase reactants or synovial-fluid analysis) must
be present in patients with persistent symptoms and inadequate response to treatment

Definitions of C2M-PsA and TR-PsA

Definition of C2M-PsA

C2M-PsA is a disease state’ characterized by persistent symptoms despite at least one adequate trial of

89%

a bDMARD or tsDMARD recommended? for PsA treatment; this category extends beyond pure biological
non-response to also include factors? such as comorbidities, overlapping conditions and treatment-related

challenges

Definition of TR-PsA

TR-PsA is a state" defined as the failure to respond to>3 previous treatments for PsA! with different modes of

100%

action (including>2 b/tsDMARDs), AND persistent symptoms perceived as problematic by both the treating
clinician and the patients, AND the presence of objective evidence of ongoing inflammation

bDMARD, biologic DMARD; C2M, complex-to-manage; csDMARD, conventional synthetic DMARD; D2T, difficult-to-treat; GRAPPA, Group for Research and Assessment of Psoriasis and
Psoriatic Arthritis; MSUS, musculoskeletal ultrasonography; PsA, psoriatic arthritis; TR, treatment refractory; tsDMARD, targeted synthetic DMARD. °According to the current GRAPPA

management recommendations. PFactors including, but not limited to, mal-adherence, chronic pain, comorbidities and fibromyalgia. °If clinical evaluation is inconclusive, confirmation
with inflammation-sensitive imaging (MSUS or MRI) is recommended. If enthesitis is the only sign of active disease, confirmation with inflammation-sensitive imaging is recommended.
eOther causes of elevated acute-phase reactants or a high cell-count in synovial fluid must be excluded. That a PsA patient is in a C2M state can be acknowledged by the treating clinician
and/or the patient in the case of treatment inefficacy and signs/symptoms regarded as problematic. ‘Comorbidities, overlapping conditions, chronic pain, non-adherence, treatment side
effects, socioeconomic or psychological barriers, etc. "That a PsA patient is in a TR state must be recognized by both the clinician and the patient in the case of treatment inefficacy and

signs/symptoms regarded as problematic. 'csDMARDs, tsDMARDs or bDMARDs according to the current GRAPPA management recommendations.

This statement introduces a critical differentiation within the
spectrum of challenging PsA cases (Fig. 1). Inadequate treatment
response can be used to categorize patients into the broader and
more heterogeneous group of C2M-PsA, which includes factors such
as comorbid conditions, persistent symptoms despite effective con-
trol of inflammation and substantial impacts on quality of life. Within
this broader group, a more specific subset, TR-PsA, is characterized
by objective evidence of ongoing inflammation despite multiple
attempted therapeutic strategies. This framework enables clinicians
to better stratify patients and tailor interventions to both biological
and contextual complexities.

Overarching statement 5: For the definition of treatment-refractory
psoriatic arthritis, the presence of objective evidence of ongoing
inflammation in affected domains is required: arthritis, dactylitis,
enthesitis, or skin/nail disease (by inflammation-sensitive imaging
modalities for axial disease, or through laboratory assessmentse
such as acute-phase reactants or synovial-fluid analysis) must
be present in patients with persistent symptoms and inadequate
response to treatment. For the definition of TR-PsA, if clinical eval-
uation of arthritis, dactylitis, enthesitis or skin and/or nail disease
is inconclusive, confirmation with inflammation-sensitive imaging
(musculoskeletal ultrasonography (MSUS) or MRI) is recommended.

If enthesitis is the only sign of active disease, confirmation with
inflammation-sensitive imaging isrecommended. With regard tolabo-
ratory assessments, other causes of elevated acute phase reactants or
ahigh cell-count in synovial fluid must be excluded.

Thefinal overarching statement establishes objective criteria for
defining TR-PsA. It reinforces that confirmation of TR-PsA must go
beyond symptoms and include verifiable signs of inflammation in at
least one domain. Because both peripheral and axial PsA manifestations
canbe difficult to assess clinically*"*?,inflammation-sensitive imaging
modalities, such as MSUS or MRI, have akey role in evaluating disease
activity. Laboratory parameters such as C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR) can also support the TR-PsA
definition, although they are elevated in only about half of PsA cases™*.
Thetask force emphasizestheimportance of acomprehensive assess-
ment, accounting for the limitations of isolated biomarkers and ensur-
ing the exclusion of non-inflammatory causes of elevated inflammation
(for example, infection or adiposity) or abnormal MSUS* ",

Definitions of complex-to-manage and treatment-refractory
psoriatic arthritis

Definition of complex-to-manage refractory psoriatic arthritis:
‘Complex-to-manage psoriatic arthritis’ is a disease state charac-
terized by persistent symptoms despite at least one adequate trial
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of abiologic DMARD or targeted synthetic DMARD recommended
for psoriatic arthritis treatment; this category extends beyond pure
biological non-response to also include factors such as comor-
bidities, overlapping conditions and treatment-related challenges.
That a patient with PsA is in a C2M state can be acknowledged by the
treating clinician and/or the patient in the case of treatment inefficacy
and signs and/or symptoms regarded as problematic.

For this definition, recommended PsA treatments’ are treatments
that are recommended according to the current GRAPPA manage-
ment recommendations. The C2M-PsA category includes factors
including, but not limited to, comorbidities, overlapping conditions,
chronic pain, non-adherence, treatment side effects, socioeconomic
or psychological barriers (Supplementary Table1).

The task force acknowledges that C2M-PsA is a dynamic state
that canimprove with appropriate interventions. Many factors could
lead to this complex presentation, including mental-health issues,
chronic-pain syndromes, or logistical barriers to accessing care (see
Supplementary Table 1). Recognizing this variability, the inclusion cri-
terion of failure of atleast one approved treatmentis aimed at capturing
bothends of the spectrum: from patients with longstanding complexity
to those who might surprise clinicians with an unexpectedly positive
response to initial therapy.

This category underscores the multifactorial nature of PsA manage-
ment challenges and the need for flexible, adaptive care strategies®.
C2M-PsA canbeidentified from either the clinician’s or the patient’s per-
spective, supporting a holistic approach that maximizes the potential
for meaningful improvement (Supplementary Fig. 3).

Definition of treatment-refractory psoriatic arthritis:
‘Treatment-refractory psoriatic arthritis’ is a disease state defined
as the failure to respond to2 3 previous treatments for PsA with
different modes of action (including>2 biologic/targeted syn-
thetic DMARDs), AND persistent symptoms perceived as prob-
lematic by both the treating clinician and the patient, AND the
presence of objective evidence of ongoing inflammation. That a
PsA patient is in a TR state must be recognized by both the clinician
and the patient in the case of treatment inefficacy and signs and/or
symptoms regarded as problematic. ‘Previous treatments for PsA’
refers to csDMARDs or b/tsDMARDs according to the current GRAPPA
management recommendations.

TR-PsA represents a more stringent subset within the broader
construct of C2M-PsA, and specifically identifies patients with thera-
peutic resistance due to persistent active inflammation (Fig. 2, Sup-
plementary Fig.4). Thefirst criterionaddresses persistent PsA-related
symptoms. The second criterion refers to treatment failure across
multiple agents with different MoAs. The third criterion emphasizes
ahigh symptomburden acknowledged by both clinician and patient.
The fourth criterion requires objective confirmation of active inflam-
mation, which can be done via clinical examination (for example,
swollen joints or active skin disease), imaging (by MSUS or MRI,
especially for isolated axial disease or enthesitis), or by laboratory
markers (for example, increased CRP or synovial-fluid analysis).
This confirmation is necessary to distinguish inflammatory disease
from mimickers such as fibromyalgia, hypermobility syndrome or
mechanical pain*®*., Finally, alternative explanations for the four
criteria must be carefully evaluated and excluded before fulfilling
the definition of TR-PsA.

The requirement of inadequate response to at least three thera-
pies, with at least two being b/tsDMARDs, was strongly supported

during the Delphi consensus. Although clinicians usually initiate treat-
mentwitha csDMARD, often leading to agood response, in other situ-
ations a b/tsDMARD might be started directly, particularly for those
presenting to dermatologists with severe skin disease, or for those
withaxial involvement or associated conditions, which typically do not
respond well to treatment with csDMARDs. Therefore, prior exposure
to csDMARDs is not mandatory for meeting the definition of TR-PsA.
Instead, theemphasisisonaninadequate response to treatments with
different MoAs, ensuring that the classification captures true thera-
peutic resistance regardless of treatment sequence (see the clinical
vignettes provided in Supplementary Box 1).

Importantly, treatment intolerance or discontinuation due
to adverse events should not be counted towards the definition of
TR-PsA, as these scenarios do not reflect resistance to therapy. This
distinction reinforces the notion that TR-PsA is defined by biological
non-response with active inflammation despite adequate therapeu-
tic trials. Moreover, given the expanding landscape of therapeutics
targeting distinctimmunopathogenic pathways across PsA domains,
athreshold of at least three targeted treatments was considered both
clinically appropriate, to enhance specificity, and sensitive, to iden-
tify patients in whom multiple treatment options have failed without
achieving adequate disease control.

Finally, recognizing the importance of defining a specific time
frame to ascertain TR-PsA status, the task force concluded that addi-
tional evidence is needed to support a consensus owing to the com-
plexity of evaluating treatment responses across diverse therapies.
This gap highlights an important area for future research, as well as
the need to differentiate between primary and secondary treatment
failure (Table 2).

Clarifying statements

Following the formal endorsement of the terminology and proposed
framework, a series of clarifying statements were drafted and voted
upon by the task force to further delineate the boundaries and opera-
tionalization of the C2M-PsA and TR-PsA definitions. These statements
were designed to resolve areas of ambiguity and guide their consistent
applicationin clinical and research settings.

C2M-PsA criteria:
= Persistent PsA-related symptoms
= Treatment inefficacy of
>1 b/tsDMARD
= Disease perceived as problematic
by patient OR clinician

TR-PsA criteria:

= Persistent PsA-related symptoms

< Inadequate response to >3 PsA
therapies, including
>2 b/tsDMARDs with distinct
mechanisms of action

= Disease perceived as problematic
by patient AND clinician

= Objective signs of inflammation
are mandatory

< Alternative explanations ruled out

Fig.1|Interplay between complex-to-manage and treatment-refractory
psoriatic arthritis. The Group for Research and Assessment of Psoriasis and
Psoriatic Arthritis (GRAPPA) consensus definitions define two distinct states
of psoriatic arthritis (PsA) in the context ofinadequate response to treatment:
complex-to-manage PsA (C2M-PsA) and treatment-refractory PsA (TR-PsA).
b/tsDMARD), biologic or targeted synthetic DMARD.
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Clarifying statement 1: complex-to-manage psoriatic arthritis.
That a patient with PsA is in a C2M state can be acknowledged by the
treating clinician and/or the patient in the case of treatment inefficacy
and signs and/or symptoms regarded as problematic. This statement
reached 89% agreement within the task force.

Clarifying statement 2: treatment-refractory psoriatic arthritis.
Thata patient with PsAisina TR state must be recognized by both the
clinician and the patient in the case of treatment inefficacy and signs
and/or symptoms regarded as problematic. This statement reached
949% agreement within the task force.

Clarifying statement 3: comorbid conditions. Active disease of
associated conditions (suchas acute anterior uveitis orinflammatory
bowel disease) will also contribute to TR-PsA and should ideally be
assessed by the appropriate specialist (e.g. ophthalmologist, gastro-
enterologist) as part of a multidisciplinary approach that includes
the rheumatologist. This statement reached 89% agreement within
the task force.

Clarifying statement 4: minimum duration of therapy. The minimal
treatment duration of treatment with a b/tsDMARD before assessing
treatment failure should be 12-24 weeks according to the MoA. This
statement reached 94% agreement within the task force. For C2M-PsA
only, this minimum treatment duration does not apply when therapy
is discontinued owing to intolerance or adverse effects.

Clarifying statement 5: exclusion criteria for treatment-refractory
psoriatic arthritis. Reasons such as contraindications, intolerance,
lack of access to treatment, and non-adherence will be incorporated
only into the C2M-PsA definition, in order to ensure that the TR-PsA
group is as pure as possible and that the TR-PsA definition truly
reflects ‘treatment-refractory’ disease with persistent inflammation.
This statement reached 100% agreement within the task force.

Discussion

This project represents the first formal effort to develop consensus
definitions for C2M-PsA and TR-PsA. These definitions are aimed
at standardizing terminology, improving patient stratification and

Confirmed diagnosis of PsA Disease state

Fig. 2| Classification of treatment failure in

Treatment _ psoriatic arthritis and definitions of complex-
l Treatment failure/inadequate response|  ¢g-manage and treatment-refractory psoriatic

Positive treatment response

Symptomatic and requiring advanced treatment

l

Inadequate response to >1 b/tsDMARD

|

Good clinical C2M-PsA

response

treatment-related challenges)

|

| l

Inadequate response with
objective inflammation

l

Treatment response, leading to
resolution of the C2M-PsA state

TR-PsA

MoAs (including >2 b/tsDMARDs)
AND

both the physician and the patient
AND

AND

|

Treatment response, leading to
resolution of TR-PsA state

l

Treatment failure ——————————/

o Persistent symptoms despite treatment with >1 b/tsDMARD approved for PsA

o Symptoms considered as problematic by the physician and/or the patient

» This category extends beyond biological non-response to also include
multiple contributing factors (e.g. comorbidities, chronic pain,

Initiation of additional b/tsDMARD therapies

Inadequate response
without inflammation

» Persistent symptoms that are considered problematic by

« Signs of ongoing inflammation in affected domains

« Exclusion of alternative explanations for treatment failure

<«——— Further b/tsDMARD trial(s)

arthritis. This algorithmillustrates the classification
of treatment failure in psoriatic arthritis (PsA), with
emphasis on the definitions of complex-to-manage
PsA (C2M-PsA) and treatment-refractory PsA
(TR-PsA). Patients with a confirmed diagnosis of PsA
who remain symptomatic despite advanced therapy
are assessed for treatment response. C2M-PsA is
defined as a state involving persistent symptoms,
considered problematic by the rheumatologist and/or
the patient, following inadequate response to at
least one biologic or targeted synthetic DMARD
(b/tsDMARD), and can be driven by multiple
contributing factors. TR-PsA is amore specific subset
of C2M-PsA, characterized by failure of three or more
therapies with different mechanisms of action (MoAs)
(including at least two b/tsDMARDs), persistent
symptoms acknowledged by both clinician and
patient as problematic, and objective evidence of
ongoing inflammation with exclusion of alternative
explanations.

o Failure to respond to >3 PsA treatments with different
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Table 2 | Research agenda for complex-to-manage refractory psoriatic arthritis and treatment-refractory psoriatic arthritis

Agenda
item

Research priority

Rationale

1. Definitions and timeframes

11 Define optimal treatment duration thresholds by Determine the minimal exposure time needed to assess treatment effect or failure for csDMARDs,
specific mechanism of action bDMARDs and tsDMARDs based on pharmacodynamics and expected onset of action

1.2 Establish time frame criteria for classifying Define the required duration of persistent symptoms, treatment resistance and the allowable
C2M-PsA and TR-PsA window for treatment failures to accumulate

1.3 Differentiate between primary and secondary Clarify whether early (primary) versus delayed (secondary) non-response indicates different
treatment failure underlying mechanisms or requires different management

1.4 Define ‘rapid radiographic progression” in PsA Identify meaningful structural changes and optimal imaging intervals for monitoring radiographic

damage
1.5 Use real-world data to define C2M-PsA duration Empirically assess the time needed for symptoms or complexity to persist before confirming

thresholds

a C2M-PsA classification

2. Epidemiology and predictors

21 Assess the frequency and distribution of C2M-PsA  Use registry and cohort data to quantify prevalence and trends across care settings
and TR-PsA

2.2 Identify predictive factors for C2M-PsA and TR-PsA  Assess clinical, demographic and biomarker variables associated with increased risk
at treatment initiation

2.3 Develop and validate a C2M-PsA and TR-PsA risk Build practical tools to help clinicians to identify high-risk patients early in the disease course
stratification tool

2.4 Examine sex and gender differences in C2M-PsA Explore differences in presentation, response and outcomes between male and female patients
and TR-PsA

25 Investigate ethnic, socioeconomic, and Address inequalities in access, outcomes and disease burden across populations

geographic disparities

3. Mechanistical understanding

31 Study the role of chronic-pain mechanisms Differentiate non-inflammatory contributors such as fibromyalgia or nociplastic pain
and central sensitization in C2M-PsA
3.2 Elucidate domain-specific pathophysiological Investigate how different domains (e.g. axial, entheseal, skin) contribute to treatment resistance
mechanisms in TR-PsA
3.3 Identify immunological and molecular signatures Use transcriptomic, cytokine or cell profiling to define biological endotypes
of TR-PsA
3.4 Explore microbiome and metabolomic signatures Investigate the role of the gut-skin-joint axis and metabolic dysregulation as potential
in C2M-PsA and TR-PsA contributors to treatment failure and persistent symptoms
3.5 Investigate genetic susceptibility markers Identify genetic polymorphisms or HLA associations that may predispose patients to a more

associated with C2M-PsA and TR-PsA

complex or refractory disease course

4. Assessment and outcomes

41 Validate the C2M-PsA and TR-PsA definitions Test reproducibility and clinical utility in registries, observational cohorts and trials
in independent cohorts

4.2 Optimize outcome measures for C2M-PsA and Determine how composite scores (e.g. PASDAS, DAPSA) and domain-specific tools can be
TR-PsA integrated to assess complex disease

4.3 Explore patient-clinician discordance in disease Assess how differences in perceived disease burden affect classification, satisfaction
perception and outcomes

4.4 Develop digital and wearable-based outcome Assess the feasibility of integrating continuous monitoring tools (e.g. mobile apps, wearables)
tracking for complex disease to capture fluctuations in symptoms and function in real-world settings

4.5 Characterize long-term outcomes and disease Use longitudinal cohort data to define prognosis, flares and functional decline in patients with

trajectories in C2M-PsA and TR-PsA

persistent complexity or refractory inflammation

5. Management and implementation

5.1 Define optimal therapeutic strategies for C2M-PsA  Assess whether treatment escalation, switching, or combination therapies are most effective for
and TR-PsA each subgroup

5.2 Study the impact of adherence and drug survival Understand how adherence behaviour influences disease trajectory and classification
patterns on progression to C2M-PsA and TR-PsA

5.3 Evaluate the feasibility and impact of Test whether integrated care involving rheumatologists, dermatologists, psychologists,

multidisciplinary care models

physiotherapists etc. improves outcomes

Nature Reviews Rheumatology | Volume 22 | February 2026 | 132-144 139


http://www.nature.com/nrrheum

Consensus statement

Table 2 (continued) | Research agenda for complex-to-manage refractory psoriatic arthritis and treatment-refractory

psoriatic arthritis

Agenda Research priority Rationale

item

5. Management and implementation (continued)

5.4 Assess the economic and health care system
burden of C2M-PsA and TR-PsA

Quantify direct and indirect costs, resource utilization and work disability

55 Conduct strategy trials specifically targeting
C2M-PsA and TR-PsA populations

Design trials comparing treatment sequences, treat-to-target protocols, or response-guided
approaches to optimize care pathways in complex or refractory PsA

5.6 Evaluate the safety and efficacy of dual-
or combination-therapy regimens

Investigate whether combining bDMARDs and/or tsDMARD s is effective in patients with persistent
inflammation unresponsive to sequential monotherapy

To improve the understanding, classification and care of patients with C2M-PsA and TR-PsA, the Group for Research and Assessment of Psoriasis and Psoriatic Arthritis Task Force proposes
research priorities across five key domains, as presented in this table. bDMARDs, biologic DMARDs; C2M-PsA, complex-to-manage psoriatic arthritis; DAPSA, disease activity in psoriatic
arthritis; PASDAS, psoriatic arthritis disease activity score; PsA, psoriatic arthritis; TR-PsA, treatment refractory psoriatic arthritis; tsDMARDs, targeted synthetic DMARDs.

providing a foundation for research and clinical care in PsA cases
marked by therapeutic complexity or resistance.

The need for thisinitiative reflects the fact that, despite therapeu-
tic advances, a substantial proportion of patients continue to report
suboptimal outcomes, including residual pain, functional limitations
and impaired quality of life*>*’, Until now, the absence of standardized
criteriato characterize such patients has hindered research compara-
bility and may have contributed to therapeuticinertiain clinical prac-
tice. At the same time, growing recognition of disease heterogeneity
andvariable treatment responsesin PsA underscores theimportance of
amorenuanced classification that takes into consideration all patient
characteristics** ™.

Emerging conceptual frameworks have further underscored the
importance of differentiating between non-inflammatory persistent
symptomatic PsA (NIPsA) and persistent inflammatory PsA (PIPsA)*.
NIPsA refers to cases in which patients have persistent symptoms
despite well-controlled inflammation, often driven by factors such as
structural damage, fibromyalgia, central sensitization or hypermobility
syndrome, akin to C2M-PsA. By contrast, PIPsA encompasses cases in
which active inflammation persists despite multiple therapies, similar
to TR-PsA.Recognizing this distinctionis essential, as NIPsA could ben-
efit more from multidisciplinary care and non-pharmacological strate-
gies, whereas PIPsA might require optimization ofimmunomodulatory
therapy”*,

Informed by a scoping literature review”, international HCP and
patient surveys®*?, and structured deliberations by the task force,
the GRAPPA definitions adopt a multidimensional, patient-centred
perspective. C2M-PsAis abroader category that extends beyond pure
biological non-response to include persistent symptomatic burden
despite the use of at least one b/tsDMARD, including factors such as
comorbidities, overlapping conditions, or psychosocial and cultural
barriers*~' (Supplementary Table 1). Importantly, with this category
the fluctuating nature of disease complexity is acknowledged and the
potential for clinicalimprovement through targeted, multidisciplinary
interventions is highlighted®**’.

TR-PsA is a narrower, more stringent subset within C2M-PsA,
requiring the presence of four elements: persistent PsA-related
symptoms; failure of at least three treatments with different MoAs
(including at least two b/tsDMARDs); symptoms being considered
problematic by both clinician and patient; and objective evidence of
persistent inflammation. Thus, all patients with TR-PsA also fulfil the
criteria for C2M-PsA, but not necessarily vice versa (Table 3 and Sup-
plementary Box 2). These criteria are aimed at identifying patients

with refractory inflammatory disease who might benefit from novel
therapeutic approaches orenrolmentin clinical trials and translational
research focused on elucidating underlying disease mechanisms®>>>,
The inclusion of at least three different PsA treatments, rather than a
narrower range, accounts for the diversity of therapeutic strategies
across PsA domains. The potential inclusion of one csDMARD among
thethree prior treatments acknowledges regional differences, as cost
constraints or reimbursement policies might mandate the use of a
c¢sDMARD prior to initiation of advanced therapies™.

In contrast to the definition of TR-PsA, that of C2M-PsA is inten-
tionally more inclusive, requiring failure of only one b/tsDMARD.
Many cases of PsA, such as those involving obesity, multimorbidity or
psychosocial barriers, are perceived as complex even before starting
advanced treatments. However, as clinical experience shows, some of
these patients can respond well to the first b/tsDMARD. Thus, requir-
ing failure of one b/tsDMARD treatment trial allows for identification
of complex cases without prematurely categorizing them as such.
This layered framework (Fig. 2) provides conceptual granularity and
practical thresholds for both clinical and research use.

The thresholds of at least one b/tsDMARD failure for C2M-PsA
and at least prior therapies with different MoAs (including at least
two b/tsDMARDs) for TR-PsA are consensus-based choices intended
to balance inclusivity (early identification of clinically complex pres-
entations) with specificity (delineating true biological non-response).
These thresholds were selected to remainapplicable across health care
systemsinwhichaccess and costsinfluence treatment sequencing and
to avoid mandating csDMARD failure. Although developed with broad
international input, we recognize that access to targeted therapies,
imaging and laboratory infrastructure, and socioeconomic factors
vary across regions and might influence classification of C2ZM-PsA
and TR-PsA; inlow-and middle-resource settings, constrained access
tobDMARDs and JAK inhibitors could limit treatment sequencing, yet
the treatment exposure requirement within the TR-PsA definition —
namely, failure of at least three treatments with different MoAs, includ-
ing at least two b/tsDMARDs — remains universal. We acknowledge
that these thresholds are pragmatic and somewhat arbitrary and that
their performance might differ by disease stage and treatment-access
context. We propose prospective validation stratified by disease dura-
tion and resource context, which might, in time, support alternative
exposure thresholds and region-sensitive adaptations while preserving
the core consensus definitions.

To enhance practical implementation of the definitions and
strengthen reproducibility by reducing interobserver variability,
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we also provide explicit operational guidance. The structure for
this implementation involves five specific pillars: treatment expo-
sure; persistent symptoms; symptoms perceived as problematic;
objective inflammation; and exclusion of alternative explanations
for ongoing inflammation. For the ‘persistent symptoms’ pillar, we
specify composite thresholds (for example, failure to achieve mini-
mal disease activity and domain-specific criteria®. For the subjective
component, ‘perceived as problematic’, we prefer anchoring to the
patient-acceptable symptom state*® and introduce a parallel physician
item, the physician-acceptable state screen, with numeric fallbacks
when patient-acceptable symptom state and/or physician-acceptable
state screen are unavailable. For TR-PsA, ‘objective inflammation’ is
standardized across clinical, laboratory, imaging, synovial fluid, and
active associated conditions, with prespecified thresholds. Full details
are provided in Supplementary Box 2.

Several aspects of this work deserve emphasis. First, the develop-
ment process was grounded in stakeholder engagement, including
early and sustained involvement of PRPs, who played a critical role
in shaping terminology, especially the replacement of ‘difficult-to-
manage’ with ‘complex-to-manage’. Unlike other initiatives that rely
solely on input from a small number of patients, we aimed to capture
a wider range of patient perspectives by developing a multilingual
patient survey that yielded nearly 600 responses from people with
PsA worldwide. Furthermore, the framework builds on established
principles from prior consensus efforts, including ASAS and EULAR
definitions of D2T disease'>*, while adapting them to the specific
pathophysiology and clinical features of PsA.

The requirement of objective evidence of inflammation in the
TR-PsA definition was widely supported by GRAPPA membership,
aligning with the need to differentiate inflammatory disease from
chronic pain, which can be difficult with physical examination alone*”*®,
However, the limitations of currently available biomarkers and imag-
ing modalities were acknowledged, underscoring the importance of
expert clinical judgment. In practice, whichever imaging modality is
available should be used; MSUS is particularly valuable in peripheral
disease, asit can detect synovitis, erosions, tenosynovitis, paratenoni-
tis and dactylitis, whereas MRl is especially relevant for axial disease,
enabling assessment of bone-marrow oedema, sacroiliitis and deep
soft-tissue inflammation. The modalities are complementary, and
feasibility and availability should guide prioritization®’. Regarding the

timing of therapeutic-failure adjudication, we considered a minimum
exposure of 12-24 weeks before determining failure, reflecting the
heterogeneous onset kinetics of PsA therapies. This window mirrors
pharmacodynamic response profiles and aligns with treat-to-target
guidance that recommends reassessment at approximately 12 weeks
and attainment of the treatment target by ~6 months®°. Consistent with
thisapproach, the 2023 EULAR recommendations for PsA management
advises reassessing csSDMARD efficacy at ~12 weeks, aiming for > 50%
improvementby 3 months, and achievement of the treatment target by
6 months®, and the GRAPPA 2021 recommendations support reassess-
ment and potential escalation every 12-24 weeks’. We acknowledge that
optimal timing might vary by MoA and disease domain, underscoring
the need for prospective validation (Table 2).

Akey limitation of thisinitiative lies in the fact that the proposed
definitions were developed through a structured consensus process
rather thanbeing derived from prospective cohort data. As such, their
predictive value remains to be established. However, the definitions
were grounded in extensive international stakeholder input and explic-
itly designed to generate hypotheses and guide future studies. The
diverse views within the task force also reflect ongoing uncertainties in
the field — such as optimal thresholds for treatment failure or the pre-
cise role of contextual factors —but these uncertainties were addressed
through transparent voting and discussion. Importantly, a major
strength of this effortisits emphasis oninclusivity and clinical applica-
bility, which was achieved by integrating the views of HCPs and patients
across multiple continents and specialties. This patient-informed
approach ensured that the definitions account for both biological
resistance and the broader realities of PsA management.

Another limitation of our drug exposure criterion for TR-PsA is
that it counts MoAs, but prior therapies are not weighted by relative
efficacy ordomain coverage. Therefore, prospective validations should
stratify outcomes according to the therapeutic target of the treatment
class (for example, TNF, IL-17, IL-23, JAK or PDE4) and also evaluate
potency- and domain-weighted exposure metrics.

Despite the achievement of a strong consensus on the defini-
tions, further validation in clinical and research settings is essential.
Future studies should evaluate the performance of the definitions in
prospective cohorts, registries and pragmatic trials, assess their prog-
nostic utility and explore their role in guiding treatment decisions. To
facilitate structured uptake and ensure scientific rigour, five quality

Table 3 | Comparison of complex-to-manage psoriatic arthritis and treatment-refractory psoriatic arthritis

Aspect C2M-PsA

TR-PsA

Failure of 21 b/tsDMARD (>12 weeks or earlier if
the patient has adverse events or intolerance)

Treatment exposure

Failure to respond to>3 MoAs including >2 b/tsDMARDs; adverse events
or intolerance not counted; adequate dose, interval and duration

Persistent symptoms Composite or domain-specific activity present

Composite or domain-specific activity present

Perceived as problematic Either patient or clinician threshold positive

Both patient and clinician thresholds positive at the same visit

Objective inflammation Not required, although can be present®

Required: (a) clinical, (b) laboratory, (c) imaging, (d) synovial fluid or (e) active
associated conditions

Alternative explanations Not mandatory

evaluated

TR-PsA classification if PsA activity is the primary driver of disease manifestations

Exclusion should only occur when another condition better explains the
clinical picture®

Pillars® required Pillars 1-3

Pillars 1-5

bDMARDs; biologic DMARDs; C2M-PsA, complex-to-manage psoriatic arthritis; MoAs, mechanisms of action; TR-PsA, treatment-refractory psoriatic arthritis; tsDMARDs, targeted synthetic
DMARDs. “Document contextual drivers if absent. *Exclusions refer only to cases where another condition better explains the clinical picture (e.g., pure mechanical OA, infections, gout flare
with monosodium urate crystals). Coexisting conditions do not preclude classification of TR-PsA if PsA activity is present. °Pillar 1: treatment exposure; pillar 2: persistent symptoms; pillar 3:
perceived as problematic; pillar 4: objective inflammation; pillar 5: exclusion of an alternative explanation as the main driver of systemic inflammation.
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indicators have been proposed: external validation in independent
cohorts; inclusion in clinical recommendations; citation frequency;
use in clinical trials; and application in translational research (Sup-
plementary Table 2). These efforts will ensure that the definitions
are both clinically meaningful and methodologically robust, ulti-
mately strengthening their role in real-world application and policy
development. Finally, to ensure their continued relevance over time,
a formal re-evaluation by the GRAPPA task force is planned 3 years
post-publication (Supplementary Fig. 2), allowing for incorporation
of new dataand clinical experience to determine whether refinement
iswarranted.

Conclusions

These consensus-derived GRAPPA definitions provide ashared frame-
work for standardizing terminology, supporting individualized care
andimproving patient stratification inboth research and practice. They
offer practical tools for clinicians and researchers, serving as afounda-
tion for future observational studies and clinical trials, and supporting
the earlier recognition of patients with C2M or TR disease. Prospective
validation across diverse settings and phenotypes is needed to establish
their reliability, responsiveness and clinical utility.

Published online: 27 November 2025
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