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Editorial

The next breakthrough in rheumatology 
will require prioritizing diversity

Progress has been astonishing, but the need 
for personalized care can only be addressed 
through a universal focus on diversity and 
equity in rheumatology research.

N ature Reviews Rheumatology celebrates its 20th 
anniversary this month, having witnessed in 
the past two decades the transformation of 
the field. Clinical practice has tremendously 

improved through several key advances: the introduc-
tion of a handful of tailored treatments, including Janus 
kinase inhibitors1, B cell-targeting monoclonal antibodies2 
and CAR T cells2,3; the genetic characterization of previ-
ously unknown rare autoinflammatory diseases4; and the 
expansion of omics-based patient stratification5.

While celebrating this progress, we also need to con-
sider what is required for the next breakthrough to mate-
rialize. Prioritizing diversity in research will be crucial for 
establishing personalized care in rheumatology.

No matter what rheumatic disease or clinical stage is 
being reviewed, the converging message seems to be that 
to translate the progress made over the past 20 years into 
clinical benefits, “targeted therapeutic interventions … 
must be integrated with patient-centred evaluation meth-
odologies”, as put in a Comment in this issue by Francis 
Berenbaum and Emmanuel Maheu6.

The obvious bottleneck in this proposed approach 
relates not to a lack of technologies but to a scarcity of data 
that reflect patient diversity, as well as the absence of con-
certed action to include patients from diverse backgrounds 
in clinical trials. Overcoming this bottleneck is crucial for 
personalized medicine to materialize in the field of rheu-
matology, in which varied and rare clinical manifestations 
are often observed even under the same diagnosis.

Actively involving patients in rheumatology research 
and care is a first step in the right direction. Patient priori-
ties, such as those highlighted in a Viewpoint in this issue7, 
need to be considered, for example, when deciding on 
future clinical trial endpoints. In addition, “the non-clinical 
and clinical rheumatology research community [should 
mirror] the diversity of patient populations through 
health equity initiatives”, as Elizabeth Rosser and Lucy 
Wedderburn emphasize in their Comment8.

The challenge will be to allocate resources for the 
inclusion of underrepresented areas of the world and 

socio-economically deprived individuals, who report-
edly are most affected by delays in diagnosis and disease 
burden9. In addition, the obvious gap in timely diagnosis 
and positive disease outcomes between women and men — 
at the expense of women — can only be addressed through a 
multi-disciplinary approach involving several medical spe-
cialties as well as social scientists9. Encouragingly, Ashira 
Blazer and Grace Wright note that although the field of 
rheumatology was not initially shaped for or by women, 
“women have slowly changed this [field] to make space for 
diverse perspectives”10. Collaborative platforms that facili-
tate multidisciplinary assessment of rheumatic diseases 
also have the potential to improve patient experience.

In summary, the optimal path forward is to ensure 
diversity in every aspect of clinical practice, so that the 
breakthrough of early diagnosis and equitable care can 
be celebrated at the journal’s next notable anniversary. 
To achieve this outcome, rheumatologists should remain 
vocal about the need for diversity, equity and inclusion 
in research and, more crucially, do so in the currently 
transforming science–policy interface. Nature Reviews 
Rheumatology will offer space for all these perspectives.
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Comment

20 years of Nature Reviews Rheumatology
Peter E. Lipsky

Both rheumatology and the publishing environ­
ment have seen tremendous changes over the 
past two decades. Here, the first Editor in-Chief 
reflects on the challenges faced by this journal 
and what it has taken to remain at the forefront 
of the field.

Time moves forward inexorably, and often we are so busy that we do 
not notice its passage. When there is an important anniversary, how­
ever, we get the chance to reconsider the designated event, but in the 
much richer tapestry of the elapsed time and what has transpired. So 
it is with the 20th anniversary of Nature Reviews Rheumatology (NRR). 
Twenty years after its first publication, it is worth reviewing the journal’s 
challenges and the unique features that contributed to its success.

First published in November 2005 as Nature Clinical Practice 
Rheumatology (NCPR), the mission of the journal was to inform rheu­
matologists about the latest developments by “filtering the research 
and providing peer-reviewed discussion and analysis.”1 This aspiration 
was somewhat quixotic for a number of reasons. First, it was not clear 
that rheumatology needed a journal summarizing recent advances. 
A number of the existing journals published review articles, and the 
annual meetings of professional societies provided opportunities to 
review new developments. Moreover, at that time, physicians identi­
fied that they spent about 30 minutes per day reading the literature 
and mostly only the abstracts of articles, so it was not clear that a new 
journal could find an audience2. Also, the new journal was not affili­
ated with any professional society, so it lacked the imprimatur these 
groups afforded. Finally, there was no obvious way to gauge success. 
While the ‘impact factor’ is a widely used, if problematic, measure to 
score the academic value of a medical journal, it has little value in judg­
ing whether an article or journal influences clinical practice3. Despite 
these caveats, the journal was launched and rapidly gained acceptance 
in the rheumatology community. Much of the early success resulted 
from the amazing commitment of the founding editor, Jenny Buckland, 
and assistant publisher, Julie Solomon, along with a dedicated team of 
editors. They set a standard of quality, along with interaction with the 
rheumatology community, that has kept the journal at the forefront of 
the field and cemented its reputation as a source of accurate, objective 
and understandable information in a rapidly evolving field.

NCPR was launched a few years after the introduction of biologic 
therapies for rheumatoid arthritis (RA). The table of contents4 of the 
first issue included Viewpoints on the ‘window of opportunity’ in RA 
and whether assaying autoantibodies might be useful in diagnosing 
early RA. Reviews included ‘Optimum therapeutic approaches for 
lupus nephritis’ and ‘Cytokine networks—towards new therapies for 
[RA]’. Notably, a Practice Point asked ‘Is combination therapy with 
methotrexate and intramuscular gold an efficacious method of treat­
ment for RA?’ The subjects were of contemporaneous importance, 
and some hinted at future developments. However, it was impossible 

in 2005 to predict the astonishing developments in rheumatology over 
the subsequent 20 years and the stress on rheumatologists to remain 
up to date. Moreover, it was unclear whether NCPR (re-launched as NRR 
in 2009) could continue to fulfill its mission in the rapidly changing 
environment.

Since the launch of this journal, biologic and targeted synthetic 
DMARDs have been developed for many rheumatic diseases; there is 
now focus on remission and prevention in some diseases, such as RA; 
conditions have been re-named (for example, axial spondyloarthritis 
and granulomatosis with polyangiitis) and expanded (for example, 
non-radiographic spondyloarthritis); disease spectra have been greatly 
expanded (for example, psoriatic arthritis); new nosology has been 
developed to aggregate previously diverse clinical syndromes into 
pathogenically defined entities (for example, IgG4-related disease) 
and entirely new diseases described (for example, autoinflammatory 
diseases and autoantibody-associated myopathies). This remarkably 
rapid growth has generated considerable stress on practitioners to 
remain current. However, it has also generated a new audience as 
sub-fields of rheumatology develop — namely, academic rheumatolo­
gists who desired to remain contemporary in areas upon which they 
may not focus or in diseases that they may not often encounter. The 
unique capacity of NRR to accommodate both audiences has been one 
key to its ongoing success.

A second challenge to the success of the journal has been the 
changing nature of the scientific and medical publishing arena.  
A number of major changes have altered scientific and medical pub­
lishing over the past 20 years, making the availability of objective 
information both more challenging and more competitive. The first 
is the expanding ‘tyranny of the impact factor’5. The impact factor was 
developed by Eugene Garfield 70 years ago “to evaluate the significance 
of a particular work and its impact on the literature and thinking of the 
time,” with the goal of eliminating “the uncritical citation of fraudulent, 
incomplete or obsolete data.”6 Despite its initial goal of evaluating the 
“significance” of individual papers, the impact factor has transformed 
into a means of ranking the ‘quality’ of scientific journals. Because it is 
believed that the impact factor has commercial and societal implica­
tions, many scientific and medical journals have altered their publica­
tion policies in the hope of elevating the impact factor; these changes 
include limiting the number of articles, and trying to focus on clinical 
trial results, reviews and guidelines that are anticipated to be highly 
cited. However, the goal of identifying articles with a high likelihood of 
being cited has tended to extend review times, foster ‘desk rejections’ 
by editors, and influence journals and reviewers to expect ‘complete 
stories’ told with multiple-part figures and extensive supplementary 
material but truncated text. The net effect has been that science articles 
in high-profile journals are even more difficult to read and understand. 
As a result, many journals now rely on ‘graphical abstracts’ and ‘editor’s 
summaries’ to explain the science and to aid even the most sophisti­
cated reader to understand the content. In this context, finding the 
nuggets of new information can be even a bigger challenge, and com­
municating that information effectively to persons not in the exact 
field can be more difficult.
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aware of current issues of interest to the community and are able  
to commission relevant articles. Moreover, they are actively engaged 
in the construction of articles. Rather than being passive copy editors 
worried about grammar and syntax, they are active collaborators in 
developing the articles. Although this can be trying for the academic 
author, all would agree that the input of the NRR editors makes the 
articles clearer, more focused and of greater value to the reader. Finally, 
the articles contain the POV of an expert. Many reviews or even AI can 
regurgitate the currently known ‘facts’, but an NRR article interprets 
them in the context of the experience and knowledge of an expert, 
adding additional perspective. Although ‘eminence’ is not graded 
as highly as evidence, it can be extremely important when trying to 
evaluate new and complex information. Finally, the graphics are great, 
summarizing complex points in a simple but nuanced manner, and are 
excellent teaching tools. All of these features serve to distinguish NRR 
content from that of other journals and make it likely that the journal 
will continue its prominence over the next years, regardless of future 
changes in rheumatology or the communication environment.
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An additional challenge has been the growth of open-access 
journals. NRR (then NCPR) was born just at the beginning of the 
‘open-access era’. Originally conceived as a means of rapidly commu­
nicating scientific information in a manner that permitted the investi­
gator to retain the copyright, the commercial value of the open-access 
model was quickly recognized, and some publishers realized they could 
profit handsomely with very little investment. As a result, scientific 
publishing exploded, with the generation of a large number of new 
and often low-quality (but profitable) journals. This put additional 
strain on the field with an increased pressure on over-taxed review­
ers and, more importantly, the requirement to sift through a larger 
and larger number of publications to find the few pearls. This task 
has been made even more difficult by the growth of ‘paper mills’ and 
associated enablers selling poor quality and/or fabricated research to 
those desperate to publish7.

Finally, in 2005, it was difficult to anticipate the influence of the 
internet and social media on communication of scientific and medical 
information. More and more doctors have come to rely on information 
available on the internet or from ‘trusted’ sources on social media. 
Much of this information comes from personal experience or uncritical 
summaries of papers, press releases or company-sponsored market­
ing materials. Although certainly of less value and reliability than the 
interpretative Reviews available in NRR, when time is of essence, they 
provide a formidable challenge for a clinician’s attention. Addition­
ally, there is the new challenge of various artificial intelligence (AI) 
platforms that can provide detailed, on-demand, tailored summaries 
of nearly any topic, albeit with the risk of hallucinations and colored 
by sycophancy. The emerging ability of AI to serve as a sophisticated 
search engine with the capacity to carry out a ‘dialogue’ on a specific 
topic may evolve as an important means of identifying new infor­
mation and interrogating the scientific literature in the future. How­
ever, AI platforms currently lack the point of view (POV) of the expert,  
an essential feature of NRR’s Reviews.

Despite all of these changes in rheumatology, scientific and 
medical publishing and modes of communication, NRR has grown in 
prominence and maintained its relevance. Much of its success relates 
to the approach of its editorial staff, now led by Chief Editor Sarah 
Onuora. The editors are very much involved in the rheumatology 
community, attending meetings and interacting with many mem­
bers of the rheumatology community. As a result, they are actively 
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Looking to the new horizon  
in rheumatology research
Elizabeth C. Rosser & Lucy R. Wedderburn

The future of rheumatology research will be 
defined by the growing era of personalized and 
stratified medicine, with a focus on establishing 
drug-free remission. In the face of substantial 
global upheaval, now is the time to ensure no 
patient group is left behind by prioritizing 
research equity and inclusion.

Since the establishment of Nature Reviews Rheumatology in 2005, 
treatment of rheumatic diseases has changed beyond recognition. 
Alongside the anti-TNF inhibitor etanercept, there are now an addi-
tional nine biologic DMARDs (bDMARDs) and a new class of targeted 
synthetic DMARDs that have been approved for the treatment of rheu-
matoid arthritis1. Most rheumatic diseases also now have at least one 
bDMARD approved for disease management in adults. Although these 
treatments have improved outcomes for many people, 20–40% of 
patients do not respond to first-line bDMARDs; efficacy can wane over 
time, and the field lacks reliable tools to predict treatment response or 
disease trajectory. Emerging technologies and large-scale multi-omic 
enterprises have provided unprecedented insights into the molecular 
pathways that drive disease pathology. While the categorization of 
patients by clinical presentation is informative, it is becoming clear 
that overlapping molecular pathways that drive tissue damage, such as 
type I interferon signatures, or the roles for TNF and IL-6, span multiple 
rheumatic diseases regardless of clinical manifestation. A considerable 
conceptual shift is that the application of stratified biologic therapies 
based on molecular pathologies, rather than clinical phenotypes, might 
improve therapeutic outcomes2,3. In the next 20 years, building on this 
platform is vital, as moving rheumatology research forward will be 
defined by growing stratified and personalized medicine initiatives.

This new era will require accessibility to new and existing data-
sets, both clinical and biological, and transparency around clinical 
metadata. Untold millions of pounds have been invested in profiling 
immune cells within the blood and inflammatory tissue sites in rheu-
matic diseases using large-scale omics analyses. This large-scale invest-
ment makes it imperative to democratize these data by making them 
widely available and enabling researchers from different disciplines 
to assess rheumatic disease trajectories alongside immunological 
signatures. These existing datasets are complemented by new efforts to 
enable bio-sampling and the measurement of biomarkers within clini-
cal trials. Collecting samples from inflamed tissues and matched blood 
samples before and after treatment with immunomodulatory drugs 
should improve understanding of the biological pathways underpin-
ning treatment response. Studying individuals who do not respond to 
treatment within clinical trials is also necessary to provide insights into 
how the modulation of molecules targeted by different medications 

can influence downstream pathways associated with vastly disparate 
disease outcomes. Innovative approaches to data integration and 
interrogation, such as machine learning and artificial intelligence, 
are needed to maximize the potential of these new and existing big 
datasets, which includes not only omics data but the increasing data 
available from electronic health records4.

Despite these exciting initiatives, many questions remain unan-
swered. Current therapeutic strategies are based on immunosup-
pression, but the new goal is to move towards drug-free remission for 
most patients, which essentially amounts to a functional cure of many 
disorders. Accordingly, understanding how to ‘reset’ the immune 
system and, in particular, how to restore homeostasis in affected 
inflammatory tissue sites is key. Further areas of clarification include 
why distinct rheumatic diseases are associated with distinct comor-
bidities, such as the strong association of juvenile idiopathic arthritis 
with eye inflammation and spondyloarthritis with gut inflammation.  
A substantial knowledge gap regarding the pathways that control tissue 
tropism in autoimmunity persists, including whether immune cells 
recirculate between different inflammatory sites in the same individual. 
Finally, despite detecting changes in the gut microbiota in many rheu-
matic diseases, it is still unknown whether these observed changes are 
important mechanistically, if they precede the onset of disease, and if 
targeting the gut microbiota therapeutically through dietary changes, 
pre- or probiotics or other strategies will have a place in the future of 
clinical practice.

Even with ongoing progress in these research areas, certain patient 
groups remain underserved, especially those with rare phenotypes. 
Thus, ensuring a comparable pace of research innovation occurs for 
these patients as that for those with more common diseases is crucial. 
The combined prevalence of rare rheumatic diseases exceeds the preva-
lence of some more common disease subtypes, and studies should 
assign them equal importance. Much can be learned from rare diseases 
regarding pathways driving inflammation. A noteworthy example is the 
inclusion of children and young people in research studies as, thus far, 
most research studies have focused on adult phenotypes. Innovations 
that address this gap include the application of multi-omics techniques 
to biopsy-obtained synovial tissue samples collected from children 
and young people with arthritis for the first time, which shows that 
unique cellular niches are associated with severity and age-of-onset5, 
and the identification of blood biomarkers that predict treatment 
response to first-line therapies in childhood arthritis6. In the future, 
we hope that the often-ten-year delay in new therapies for adults being 
available for children and young people is reduced7 and that there will 
be examples in which child-led research leads to the development of 
therapies with broader applicability across the age-spectrum.

When considering diversity within the understanding of rheu-
matic disease pathology, there is an emerging focus on considering 
sex and gender in immunological research studies. The next stage 
of ensuring gender parity in rheumatology research is to consider 
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tapering and, ultimately, disease resolution. Despite challenges, the 
opportunities are immense, and this new horizon is an exciting time for 
rheumatology researchers. Consequently, an improved quality of life 
for all current and future patients living with the burden of a rheumatic 
disease should be our priority.
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biology unique to women’s health including the large fluctuation in sex 
hormone levels associated with first menarche, the menstrual cycle, 
pregnancy, breastfeeding and menopause alongside the effect of exog-
enous hormones taken in the form of the contraceptive pill or in meno-
pausal hormone therapy. Importantly, women often report changes 
in rheumatic disease symptoms during transitional stages in their life 
and yet, mechanistic evidence as to why these changes might occur 
remains limited. Inclusion of gender-diverse and transgender people 
with matched data regarding hormone therapy is also imperative8. In 
addition, and incredibly starkly, marked health inequalities in disease 
outcomes remain associated with socio-economic deprivation. Despite 
this obvious need, studies often do not reflect the true diversity of 
patient populations. The field of rheumatology should also strive 
towards a situation in which the non-clinical and clinical rheumatol-
ogy research community mirrors the diversity of patient populations 
through health equity initiatives9.

In addition to challenges regarding research inclusion and equity, 
assessing how the ever-changing geopolitical and academic land-
scape will affect the future of rheumatology research is essential. For  
example, in the UK, a complex array of factors, including student debt, 
financial pressures in institutions and changes in training programmes, 
has led to a decline in clinically trained academic research staff10. An 
urgent co-ordinated effort is needed to stop this decline, or the future 
of rheumatology research will be severely affected. Clinical academics 
currently function as a linchpin in our field, integrating basic science 
with clinically relevant questions that have been fundamental for 
driving therapeutic innovation to this date. Another example is the 
increasing infringement on freedom of movement between countries. 
Without support across all stages of research and clinical careers, 
from undergraduate to professor, from trainee to consultant, to sup-
port relocation to pursue research questions and/or travel to attend 
conferences and training courses, rheumatology research innovation 
will be curtailed. Facilitating free flow of ideas between individuals 
and reducing administrative barriers are necessary to ensure research 
moves forward in a timely fashion. This period in history in which 
academic institutions and hospitals are under immense financial and 
political pressures has made them and other stakeholders inherently 
risk adverse, and risk is necessary for true research innovation. These 
challenges are not specific to rheumatology research alone, but rather 
affect the global environment of scientific research.

The ultimate dream of any basic scientist, clinical researcher or 
patient within the rheumatology discipline is the discovery of a cure 
for these conditions with return to tissue homeostasis and drug-free 
remission. The field is moving in this direction. In the meantime, what 
is perhaps a more achievable goal, is a situation in which at time of 
diagnosis, rheumatologists can provide personally tailored informa-
tion around stratified therapeutics, disease trajectory, safety of drug 
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A firm grip on hand OA: 20 years 
of progress and prospects
Francis Berenbaum & Emmanuel Maheu

In the past two decades the field of hand 
osteoarthritis (OA) has moved from resignation 
to action. Despite progress, such as the 
recognition of the phenotypic heterogeneity 
of hand OA (including inflammation- and/or 
metabolic syndrome-associated hand OA) and 
the standardization of imaging and treatment 
outcomes, challenges remain in achieving truly 
disease-modifying therapies.

In 2009, we published an article in Nature Reviews Rheumatology 
(formerly Nature Clinical Practice Rheumatology), titled ‘Time for new 
outcome measures in hand osteoarthritis?’, that called for a transfor-
mation in the assessment and management of hand osteoarthritis 
(OA)1. Despite its longstanding portrayal as a natural consequence of 
ageing rather than a disease, and its frequent perception as inevitable, 
this prevalent disease (the hand is the second most common site of 
OA, after the knee) affects the quality of life of the patient to an extent 
similar to that of RA, and pain associated with hand OA is a substantial 
burden, owing to a lack of efficacious treatments. In 2009, hand OA 
was often considered a ‘second-class’ discipline within rheumatology, 
lacking effective disease-modifying treatments and appropriate assess-
ment tools. In the 16 years since our call to action1, what advances have 
been made? In this Comment, we summarize the scientific, clinical and 
methodological advances that have shaped research on hand OA and 
highlight the remaining challenges in this field.

Diagnostic criteria
Since 2009, there have been advances in the diagnosis and assess-
ment of hand OA, largely attributable to the analysis of data collected 
from hand OA cohorts (such as the HOSTAS, DIGICOD and NOR-HAND 
cohorts). In 2024, EULAR published new classification criteria in the 
form of a 15-point clinical-radiological score2, with two main objec-
tives: first, to enable earlier diagnoses; and second, to improve patient 
stratification. The aim of the criteria was to distinguish hand OA that 
affects the thumb base or the interphalangeal joints from OA of both 
the thumb and interphalangeal joints.

Clinical assessment
Concurrently, core disease-assessment tools have been refined. 
Nevertheless, the most widely used conventional pain and function 
scales (such as the visual analogue scale, the Australian/Canadian Hand 
OA Index, and the functional index for hand OA) are limited in their 
capacity to encompass pivotal clinical dimensions of patient impair-
ment and subjective experience. Despite its importance, grip strength 

has received scant attention from the scientific community. Loss of 
grip strength can impair a wide range of professional, domestic and 
recreational activities.

Inflammatory activity, as indicated by the presence of soft tissue 
swelling, joint stiffness and the duration of such symptoms, is now 
widely acknowledged as a hallmark of hand OA. Its evaluation is manda-
tory in both ambulatory clinical practice and clinical research. Assess-
ing synovitis (soft tissue swelling), pain flare and ultrasonography 
Doppler signals is pivotal for evaluating inflammation. Patients with 
hand OA who have synovitis in at least one joint exhibit more-severe 
structural damage and symptoms. Inflammation has been shown to 
predict worse clinical and radiographic outcomes3,4.

Aesthetic discomfort has emerged as another important domain 
to assess in hand OA. A 2012 study emphasized the need for a specific 
tool for quantifying aesthetic discomfort5. Indeed, the use of specific 
assessments for this feature (for example, using a visual scale) has now 
become common, confirming the considerable impact of this domain 
on quality of life. Efforts have focused on standardizing objective 
endpoints for aesthetic damage to develop a validated tool.

Imaging
Substantial advances have been made in imaging hand OA. MRI has 
emerged as a pivotal tool for musculoskeletal imaging that enables 
the visualization of all joint structures and the detection of lesions, 
such as synovitis, early erosions and bone oedema, that are not visible 
on conventional radiographs. MRI images are scored with a validated 
quantitative scoring system, ensuring standardized assessments across 
readers6. Similarly, ultrasonography has been developed that can 
accurately identify osteophytes and synovial inflammation and assess 
synovitis3. The presence of synovitis or bone oedema in imaging studies 
has been associated with painful flare-ups and accelerated radiographic 
progression4. Artificial intelligence can also be used to analyse radio-
graphic images and facilitate the automatic differentiation between OA 
hands and healthy hands, which could lead to more-objective screening 
and monitoring. Nevertheless, contemporary practice still relies on 
radiographic scores as the main instruments for evaluating disease 
severity and progression6.

Hand OA phenotypes and personalized medicine
Hand OA is not a homogeneous entity; research has refined its clas-
sification into subgroups. For example, the erosive form of hand OA, 
which is diagnosed by central erosions in the interphalangeal joints 
on radiography, is associated with a more-severe phenotype2,7 and is 
predictive of faster and more-severe structural progression3,4. This 
phenotype is also called ‘inflammatory hand OA’, owing to the occur-
rence of local inflammatory flare-ups (redness, swelling and pain in 
the fingers), although not all instances of erosive hand OA are accom-
panied by such symptoms. Inflammatory phases are characteristic of 
disease progression for a considerable number of patients; however, 
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Nevertheless, more-reliable, validated and sensitive assessment tools 
are urgently needed in clinical research. A set of common endpoints 
for hand OA is currently being developed by international initiatives 
(such as OMERACT). Given these challenges, the rheumatology com-
munity needs to intensify efforts across several domains, including a 
reorientation of research agendas to study not only the development 
of new therapeutics but also the improvement of tools for assessing 
hand OA (Supplementary Box 1).

The rheumatology community should also translate the progress 
made over the past 20 years into tangible clinical benefits for patients, 
building on that progress. To achieve this objective, targeted thera-
peutic interventions based on comprehensive assessments of inflam-
matory, erosive or metabolic phenotypes must be integrated with 
patient-centred evaluation methodologies. This integrated research 
approach is mandatory to identify effective treatment strategies that 
improve outcomes for people with hand OA.
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clinical trials of systemic DMARDs (such as anti-TNF, anti-IL-6 or anti-IL-1 
antibodies) have not demonstrated clear efficacy, which suggests a 
pathophysiology distinct from that of chronic inflammatory arthritis8.

Personalized medicine approaches have also underscored the 
heterogeneity of clinical presentations. A multifactorial analysis of 
symptoms within the DIGICOD cohort identified five patient profiles, 
from those exhibiting mild symptoms to those experiencing consider-
able pain and aesthetic discomfort7. This study confirms that negative 
aesthetic perception is higher in patients with erosive damage and 
nodular deformities. Furthermore, systemic factors seem to influence 
symptoms; metabolic syndrome has been associated with high pain 
intensity in hand OA, irrespective of the location of the affected joint9. 
In addition, an inflammatory gut phenotype has also been associated 
with erosive hand OA and increased pain severity10. These findings sug-
gest a metabolic phenotype, consistent with the concept of ‘metabolic 
OA’, in which low-grade inflammation associated with adiposity exac-
erbates pain. Several comorbidities have been associated with hand 
OA; coronary heart disease has been associated with worse clinical 
outcomes11, and a greater incidence of hand OA has been reported in 
patients with HIV, especially in cases of metabolic syndrome12.

Treatments
In the absence of curative treatments, the management of hand OA has 
long been limited to providing symptomatic relief through analgesics, 
topical and oral NSAIDs, orthoses and physical therapy, as stated in the 
2019 EULAR recommendations13. According to the objective of these 
recommendations, the methodology for conducting clinical trials in 
hand OA has been refined, and assessment tools and outcomes have 
been better specified. Since 2009, a few pharmacological avenues have 
emerged; for example, a multicentre randomized controlled trial dem-
onstrated that 6 months of methotrexate (20 mg weekly) significantly 
reduced pain compared with placebo in patients with hand OA with 
synovitis8. This result provides proof of concept that disease-modifying 
treatments, such as methotrexate, might have a role in inflammatory 
hand OA. By contrast, in another trial of patients with erosive hand OA, 
10 mg of methotrexate weekly showed no superiority over placebo for 
pain relief8. Nevertheless, methotrexate could be a promising treatment 
for hand OA with synovitis and inflammation. Inflammation should be 
a target for hand OA; however, anti-inflammatory therapeutics, such 
as colchicine and hydroxychloroquine, have shown minimal efficacy 
when compared with placebo8. Despite these setbacks, the field of 
therapeutic research remains open to novel avenues. Results from 
a 2024 study indicated that targeting osteoclasts with denosumab 
might slow radiographic progression of erosive hand OA, but with no 
substantial pain reduction14. This result underlines the potential of 
bone-protection strategies for destructive forms of hand OA. A 2024 
review of nonpharmacological and pharmacological treatments identi-
fied 65 published randomized trials on hand OA between June 2017 and 
December 2023, compared with 25 studies between 1994 and 2000, 
indicative of a growing number of studies performed15.

Conclusion
The conceptualization of hand OA has undergone a substantial trans-
formation. The severity of hand OA is now more widely recognized, 
new diagnostic and assessment tools have emerged, and the diversity 
of phenotypes is better understood. Concurrently, considerable pro-
gress has been made in the domain of outcome measures, including 
the development of standardized imaging scores, improvement in 
the reliability of functional tests, and the consideration of morning 
stiffness, synovitis assessments, aesthetic concerns and quality of life.  
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Comment

A 20-year reflection on women 
in rheumatology
Ashira D. Blazer & Grace C. Wright

The collective priorities of the rheumatology 
field represent the lived experience, and therefore 
diversity of its members. The ‘mould’ of rheuma­
tology, that is, its culture, structures and expec­
tations, was not created for or by women, but 
women have slowly changed this mould to 
make space for diverse perspectives.

For decades, women have been underrepresented in rheumatology;  
in 2000, women made up only around 20% of clinically active 
rheumatologists1. Today, women remain underrepresented in academic 
leadership, editorial boards, grant review panels and decision-making 
positions. In this Comment, we explore how women have shaped rheu­
matology and the ways in which the field can in turn better support, 
retain and elevate women.

Sex differences in autoimmune pathogenesis
Systemic autoimmune rheumatic diseases (SARDs) disproportion­
ately affect women. Researchers such as Betty Diamond have helped to 
identify key molecular mechanisms that underlie the immunomodula­
tory effects of oestrogen. Her lab found that downstream signalling 
through oestrogen receptors on the cell surface of B cells impairs B cell 
receptor-mediated apoptosis2. Later, epigeneticists such as Claire 
Rougeulle expanded the understanding of the X chromosome and its 
role in autoimmunity. Her work has shown that X-linked immune genes, 
such as TLR7, TLR8 and FOXP3, escape X inactivation by Xist non-coding 
RNA2. The resulting accessible chromatin leads to a gene dosage effect 
that increases autoimmune susceptibility with each additional X chro­
mosome. These discoveries, along with those of other female scien­
tists, have clarified fundamental aspects of disease pathogenesis and 
identified new therapeutic targets that could lead to more precise 
and effective treatments.

Reproductive health
For decades, little was known about risk stratification for pregnant 
people with SARDs. Female rheumatologists Jane Salmon, Jill Buyon 
and Lisa Sammaritano transformed reproductive care by publishing the 
landmark PROMISSE (predictors of pregnancy outcome: biomarkers 
in SLE and APS) study3. This study was the first to define risk factors 
for adverse pregnancy outcomes in systemic lupus erythematosus 
(SLE) including high disease activity, hypertension and the presence 
of antiphospholipid antibodies3, which established the foundation 
for informed family planning in SLE. To fill an important knowledge 
gap in rheumatoid arthritis (RA) treatment during pregnancy, clinical 
epidemiologist Kimme Hyrich leveraged The British Society for Rheu­
matology biologics register to collect prospective data on pregnancy 

outcomes in women treated with TNF inhibitors4. Reproductive health 
advocates such as rheumatologists Megan Clowse and Mehret Talabi 
have developed innovative clinical support tools that integrate repro­
ductive health planning into routine clinical care through counselling 
frameworks to facilitate shared decision making5. These same women 
exhibited leadership beyond the clinic following the repeal of Roe 
versus Wade. They acted as powerful voices speaking on the safety and 
necessity of abortion access for individuals with SARDs and advocated 
for wider access to DMARDs when these medications were being limited 
owing to their abortifacient properties6.

Equity in clinical trials
Women have also led the way in addressing gender and racial equity 
in clinical trials. Despite their risk of severe disease, women of col­
our remain systematically underrepresented in clinical research. 
Epidemiologist Titilola Falasinnu found that African Americans rep­
resented 43% of people with SLE but just 14% of participants enrolled 
in clinical trials7. Her team identified systemic factors including 
socioeconomic inequities, geographic barriers and bias in health­
care provider (HCP) decision-making that drive this phenomenon7. 
Other female researchers have implemented initiatives to address 
these disparities. Rheumatologist Saira Sheikh, in collaboration 
with the American College of Rheumatology (ACR), developed 
an innovative program to train both HCPs and community health 
workers to increase knowledge, self-efficacy and intention to enrol 
diverse patients in clinical research8. These efforts demonstrate that 
both discovery and implementation can help to promote diversity 
and therefore the generalizability of findings from rheumatology  
clinical trials.

Pain research
Female researchers have elevated pain research as a legitimate and 
complex area of scientific inquiry. Rheumatologists Patty Katz and 
Lindsey Criswell showed that women with RA were more likely to report 
severe pain, have higher rates of depressive symptoms and experience 
more functional limitations than men9. Falasinnu’s group found that 
organ damage and disease activity in SLE explained only one-third of 
pain severity10. The main contributory factors were psychosocial and 
sociodemographic in nature. Individuals who experienced depression, 
sleep disturbance, substance use, self-blame, lower educational attain­
ment or household income and single marital status reported higher 
levels of pain and lower quality of life10. This body of work underscores 
the importance of adopting a biopsychosocial model of pain in rheu­
matology that accounts for lived experience, structural inequities 
and intersecting vulnerabilities, shifting the pain discussion beyond 
inflammation and antibodies towards a multimodal, patient-centred 
approach. By challenging the narrative around pain, these women have 
brought clarity, legitimacy and urgency to an area long relegated to the 
margins of rheumatological care.
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programming that highlight issues such as authorship, power dynamics 
and academic disagreement12. Equally important is democratizing the 
promotion process to value the service work women provide within 
institutions. The Association of Women in Rheumatology (AWIR) was 
founded to address these exact needs. With a mission to promote 
gender equity, AWIR has built a robust infrastructure that provides 
tools, mentorship and leadership training tailored to women in the 
field. Over the past decade, it has empowered women to navigate the 
dual demands of personal and professional life. Women are a power­
ful force for change, discovery and health equity in rheumatology.  
By actively supporting their retention and advancement, the field 
not only honours their contributions but also embraces the inclusive 
change necessary to serve our patients.
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Advocacy
Women in rheumatology, as in other medical disciplines, have been 
instrumental in advancing structural reforms that promote work–life 
integration. Birthing parents face disproportionate financial burdens, 
from unpaid parental leave to reduced productivity associated with 
lactation. Acknowledging the effects of these barriers, organizations 
such as the American Medical Association have endorsed 12 weeks of 
paid family and medical leave for HCPs. Female leaders have expanded 
the scope of medical leave to include pregnancy, abortion, stillbirth, 
adoption, caregiving for ill family members and even safe leave in the 
context of intimate partner violence. At institutions such as the Uni­
versity of California, San Francisco, female leaders have pioneered 
clinical scheduling innovations that support lactating HCPs, such as 
reserving one 30-minute lactation break per half-day clinic session. 
These efforts enable women to thrive as both parents and professionals,  
while helping close the gender wage gap in medicine.

Extending care
Female rheumatologists in countries with workforce shortages face 
additional challenges but continually strive to improve patient care.  
In Accra, Ghana, rheumatologist Dzifa Dey founded the Rheuma­
tology Initiative to expand rheumatology care capacity. She trains 
non-specialist HCPs and patient advocates to recognize, manage 
and educate on SARDs, while lobbying the Ghanaian government for 
improved access to DMARDs11. Her work has secured funding, political 
support and community empowerment for patients across the region. 
In the Caribbean, rheumatologists Amanda King and Cindy Flower have 
led similar efforts through the Caribbean Association of Rheumatology. 
By training primary HCPs to recognize and manage SLE earlier, they 
have substantially lowered the time to referral for individuals with 
SARDs, which has reduced morbidity and improved quality of life in 
regions where access to specialist care is limited11.

Call to action
As the proportion of women in rheumatology grows, so too does their 
collective influence on the field’s priorities and innovations. This demo­
graphic shift will continue to drive discovery and advance health equity; 
however, women in rheumatology face substantial challenges in reten­
tion and promotion. The demanding nature of medical practice can 
lead to extended work hours, leaving little time for personal life and 
self-care. Many female physicians also have responsibilities as car­
egivers, making it difficult to balance professional obligations with 
family duties. In addition, female physicians might receive inadequate 
institutional support for initiatives that promote work–life integration. 
The field must therefore increase awareness about specific challenges 
that affect the recruitment and retention of women rheumatologists.

Professional networking, mentorship and sponsorship tai­
lored specifically for women are key to building these supportive 
spaces. Women such as Puja Mehta, former chair of The Early Career 
Research Network, have supported trainees through mentorship and 
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Autoinflammatory disease

DADA2 as an autosomal 
dominant disease
Mutations in the ADA2 gene 
(which encodes the ADA2 
enzyme) cause deficiency of 
adenosine deaminase 2 (DADA2).  
DADA2 is described as a mono-
genic, autosomal recessive 
autoinflammatory disease, as 
individuals who carry a single 
pathogenic variant of ADA2 are 
generally defined as asympto-
matic carriers. However, some 
individuals present with clinical 
symptoms of DADA2 despite 
being heterozygous carriers 
of pathogenic ADA2 variants,  
albeit with no clear disease 
mechanism.

A study now provides insights 
into how specific ADA2 variants 
might cause disease in heterozy-
gous carriers. Corresponding 
author of the study, Isabelle 
Meyts, explains “we encountered 
ten patients from seven kindreds 
with a typical and often severe 
DADA2 phenotype, yet they all 
carried a single pathogenic vari-
ant in the ADA2 gene. More inter-
estingly, in two pedigrees there 
was an autosomal dominant 
inheritance pattern, albeit with 
incomplete penetrance. This 
finding convinced us to pursue 
this study.”

The authors investigated 
the effects of ADA2 missense 
variants on the secretion of the 
wild-type ADA2 protein. Four 
variants considerably reduced 
wild-type protein secretion: 
G47A, G47R, G47V and Y453C. 
Assessing the effects of each 
variant on wild-type ADA2 
enzymatic activity revealed 
that the variants G47A, G47R, 
G47V, R169Q, E328K, H424N and 
Y453C had a dominant-negative 
effect on both intracellular and 
extracellular enzymatic activity.

Enzymatic activity was then 
measured in the sera of the 
ten heterozygous carriers 
compared with healthy DADA2 

carriers and non-carriers. Both 
healthy DADA2 carriers and 
individuals with DADA2 had 
reduced levels of enzymatic 
activity compared with healthy 
individuals. However, serum 
levels of enzymatic activity 
could not be used to identify 
those variants with autosomal 
dominant-negative effects.

When assessing the preva-
lence of the identified variants 
in the general population, the 
authors found that the R169Q 
variant was the most common. 
Analyses of two databases 
(the UK Biobank and FinnGen) 
indicated that the R169Q 
variant was associated with 
clinical presentation of DADA2. 
“These findings imply that the 
incidence of DADA2 is higher 
than the published 1 in 222,146 
individuals,” notes Meyts.

“Our study has multiple leads 
for future research. First, we 
want to understand the incom-
plete penetrance — we will inves-
tigate monoallelic expression of 
the ADA2 allele but also explore 
polygenic risk scores. Second, 
as a dominant-negative effect of 
some variants was not reflected 
in ADA2 enzymatic activity in the 
serum, we aim to identify a more 
sensitive measure to detect 
ADA2 deficiency. Third, this 
study highlights the importance 
of pathogenic validation of 
variants in ADA2, research into 
the dominant-negative effect 
of ADA2 variants is required to 
improve diagnosis and optimise 
treatment. Finally, the popula-
tion genetics analysis gave us 
interesting leads to further 
study the role of ADA2 in other 
conditions” concludes Meyts.
Holly Webster 

Original article: Wouters, M. et al. Dominant 
negative ADA2 mutations cause ADA2 
deficiency in heterozygous carriers. J. Exp. 
Med. 222, e20250499 (2025)

Immunopathogensis

STING-driven necroptosis  
linked to autoinflammatory  
disease
Research reveals that the cellular 
sensor protein STING induces 
necroptotic inflammation, and 
that this mechanism underlies 
inflammatory disease in a mouse 
model of STING-associated 
vasculopathy with onset in 
infancy (SAVI). The findings also 
suggest a potential therapeutic 
approach for STING-driven 
autoinflammatory diseases.

“By establishing that 
STING-driven necroptosis 
causes pathological inflamma-
tion in SAVI, our work provides 
the first direct evidence that 
necroptosis can act as a patho-
genic mechanism in its own 
right, not merely as a fail-safe 
in the absence of apoptosis,” 
notes Gianmaria Liccardi, cor-
responding author of the paper 
published in Nature.

The researchers showed 
that deficiency of caspase 8 in 
mouse keratinocytes leads to 
activation of STING, which drives 
interferon-dependent upregula-
tion of ZBP1 and MLKL, thereby 
sensitizing the cells to necroptosis. 
Further investigations revealed 
that the necroptosis induced by 
STING activation is mediated via 
a FADD–RIPK1–RIPK3 complex 
independently of the TNFR1 recep-
tor, and that STING signalling 
contributes to TNF–TNFR1-driven 
necroptosis and inflammation, 
potentially through autocrine 
TNF production and activation of 
NF-κB.

In SAVI, gain-of-function 
mutations lead to chronic 
activation of STING. Transcrip-
tomic analysis of samples from 
individuals with SAVI and from 
mice with caspase 8 deficiency 
in keratinocytes revealed an 
overlap in upregulated genes, 
including genes related to the 
interferon response, nucleic 
acid sensing and necroptosis. In 
a mouse model of SAVI, deletion 
of RIPK3 rescued mice from 
the immune abnormalities, 
tissue pathology and reduced 
survival induced by STING 
gain-of-function.

“Our findings suggest that 
inhibition of necroptosis, and of 
programmed inflammatory cell 
death more broadly, could 
become a therapeutic strategy 
for STING-driven autoinflamma-
tory diseases,” remarks Liccardi. 
Given that STING activation is 
implicated in several other inter-
feronopathies and autoinflam-
matory conditions in addition 
to SAVI, targeting these cell 
death pathways could have 
broad therapeutic implications, 
although further research is 
needed to confirm the transla-
tional value of this approach in 
human disease.
Sarah Onuora 

Original article: Kelepouras, K. et al. 
STING induces ZBP1-mediated necroptosis 
independently of TNFR1 and FADD. Nature 
https://doi.org/10.1038/s41586-025-09536-4 
(2025)
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The role of the patient in rheumatology

Jeanette Andersen, Janet Church, Seth Durrant, Sue Farrington, Noriko Okochi & Natasha Trehan

In this Viewpoint article, six patients 
and patient advocates discuss the 
role of the patient in rheumatology, 
the current unmet needs of patients  
and promising advances. By reflecting  
on their own lived experiences, the 
authors emphasize the integral role 
of patients for progress in the field.

How do patients influence policy, research 
and healthcare in rheumatology?

Jeanette Andersen: As chair of Lupus Europe, 
I see patients as having a vital role in shaping 
policy, research and healthcare in rheumatol-
ogy, particularly for conditions such as systemic 
lupus erythematosus (SLE). Patients influence 
these areas through active advocacy and 
participation in organizations such as Lupus 
Europe that conduct surveys, host patient pan-
els and collaborate with clinicians to highlight 
real-world experiences. For instance, Lupus 
Europe’s involvement in European Reference 
Networks (ERNs), such as Connective Tissue 
and Musculoskeletal Diseases (ReCONNET), 
enables patient representatives to contribute 
to clinical guidelines1 and research priorities. 
I’m personally engaged as a European Patients’ 
Academy-trained patient expert, leading the 
Lupus Europe Patient Advisory Network, which 
matches trained patient experts with research 
projects from academia, the pharmaceutical 
industry and the EMA. In addition, commit-
tees such as European Alliance of Associations 
for Rheumatology (EULAR) and People with 
Arthritis/Rheumatism in Europe (PARE) push 
for patient-centred education and research. 
Patients also influence policy by lobbying for 
better access to care; Lupus Europe has made 
efforts to reform referral pathways to reduce 
diagnostic delays. Surveys, such as the 2020 
(ref. 2) and 2024 (ref. 3) Lupus Europe studies, 
which provide data that inform policymakers 
and researchers, ensure that patient voices 
drive change in healthcare delivery and funding.

Janet Church: It is crucial that policymakers, 
researchers and healthcare industry stake-
holders listen to patients, so they can truly 
understand the lived experience and impact 
of having a chronic illness. Because of the 

complexities and heterogeneity that autoim-
mune diseases present, symptoms can vary 
widely, so the only way to develop the most 
effective policies and programmes is to listen 
to a multitude of patient stories.

For advocacy and policy change, policy-
makers must gain an understanding of the 
barriers faced by patients in their country. In 
the USA, between 23.5 million and 50 million 
people have an autoimmune disease and the 
prevalence is rising4; quality of life can be so 
profoundly impacted that people might be 
unable to work, socialize and support a fam-
ily. These diseases cause a substantial burden 
on the healthcare system and on the patient, 
as the high cost of treatment and care can be 
extreme. Telling patient stories to educate pol-
icymakers on the impact of these diseases on 
the lives of patients is the only way to enlighten 
them about the positive impact that policy 
can have, not only on the individual but also 
on the economy.

The patient voice is also crucial for research; 
patients communicating to researchers which 
areas are most important to them enables 
researchers to focus on the most impactful 
projects. For example, although dryness is an 
issue for almost all individuals with Sjögren’s 
disease (SjD), fatigue or neurological com-
plications often have the greatest impact on 
quality of life. Historically, research has mostly 
focused on dry eyes and dry mouth, but SjD 
also affects other organs, the nervous system 
and can cause fatigue and pain. Patient stories 
can also motivate researchers to look beyond 
the science and see the very human impact of 
what they do. I have been frequently heart-
ened when told that patient stories led to a 
researcher’s choice to focus on a particular 
autoimmune disease or diseases.

If researchers and healthcare providers 
(HCPs) assume that a disease such as SjD 
looks the same in everyone, then they will 
miss correct diagnoses, leading to a lack of 
optimal care and treatment. Also, laboratory 
results do not always tell the whole story, so 
HCPs should listen to a patient’s concerns and 
trust that the patient knows their body best. 
To clearly convey the patient experience, The 
Sjögren’s Foundation conducted the ‘Living 
with Sjögren’s’5 patient survey to learn about 
disease impact from thousands of patients.  

In fact, this study of 3,600 patients determined  
the neurological impact on people with SjD 
and led The Sjögren’s Foundation to invest in 
neurological research.

Seth Durrant: Patients can affect policy and 
research by raising awareness for diseases 
through open dialogue with HCPs, research-
ers and others. This dialogue can be enhanced 
by patients actively learning and engaging with 
scientific literature and research. Autoinflam-
matory diseases, as an example, are considered 
incredibly rare, and many HCPs are unfamiliar 
with them. As a result, patients must actively 
engage with the current research to best advo-
cate for their health to their HCP or others. For 
me, I was too young to do the advocacy myself, 
but my parents had to dig into the science and 
determine possible diagnoses, and the related 
genetic tests and clinical trials available. This 
effort and communication with my doctors 
led to my early diagnosis and faster initia-
tion of treatment. The capacity of a patient to 
raise awareness for themselves and others and 
tell their story is greatly enhanced by being 
informed about the science of their disease.

For example, I taught scientific literacy to an 
audience of patients attending a research con-
ference a few years ago. This presentation pre-
pared them for the daunting world of scientific 
jargon and was met with a great response from 
both patients and researchers. The patients 
were delighted to be welcomed into the scien-
tific world as a vital and inspiring component 
of research. By being equipped with scientifi-
cally sound knowledge, a patient becomes not 
just a passive part of research but can be an 
active advocate for their health, especially 
when their disease is a daunting enigma. This 
example emphasizes why the patient needs 
to be vocal and, most of all, knowledgeable. 
The more patients share about their disease 
and life, the more the world will learn about 
these diseases and their diverse traits. As this 
knowledge spreads, more people will become 
aware, more diagnoses will occur and more 
lives will be improved.

Sue Farrington: Patient advocates, whether 
individuals, organizations or alliances, have an 
important role in driving change. In the context 
of rare diseases, collective action is essential; 
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for example, Scleroderma and Raynaud’s UK 
(SRUK) collaborates with Rare Auto-Immune 
Rheumatic Disease Alliance (RAIRDA) UK and 
Federation of European Scleroderma Associa-
tions (FESCA) Europe. Both of these alliances 
have conducted patient surveys to gather data 
and insights into the lived experience of those 
with rare rheumatic diseases. These findings 
have been used to inform policy, highlight gaps 
in care and propose actionable solutions to 
decision-makers.

Patients also influence healthcare directly. 
SRUK contributed to the updated British 
Society for Rheumatology and EULAR guide-
lines for systemic sclerosis (SSc)6,7, ensuring 
that they reflect real-world challenges and 
treatment preferences. Another example is 
the patient-led initiative to develop a qual-
ity standard for rare diseases, which filled a 
critical gap in the UK rare diseases framework8. 
Through rigorous scoping, stakeholder 
engagement and alignment with National 
Institute for Health and Care Excellence stand-
ards, a multistakeholder group of patients, 
clinicians and others created measurable 
benchmarks for diagnosis, mental health and 
patient experience.

Noriko Okochi: In the past 10 years, the role 
of patients in rheumatology has undergone a 
substantial transformation. Patients are now 
positioned as partners across a range of areas 
including research, health policy and clinical 
practice. Their participation in research is 
encouraged, not only in clinical trials and the 
development of clinical practice guidelines 
but also in all types of research, including 
basic science. Patients are increasingly recog-
nized as collaborators throughout the entire 
research process, from identifying research 
questions and designing studies to dissemi-
nating and implementing results. Systematic 
training programmes for patients are also 
being developed to support their meaningful  
involvement in shared decision making9.

In the field of health policy, patient organi-
zations have influenced reforms through 
advocacy, such as making recommendations 
regarding healthcare funding and criteria for 
disability certification. In Japan, patient repre-
sentatives also participate in the development 
of clinical practice guidelines10 and policy 
review meetings organized by the Ministry 
of Health, Labour and Welfare, which enables 
patient voices to be reflected in both health 
care and policy-making processes.

Natasha Trehan: Young patient engagement 
is crucial, as their voices shape the future of 

advocacy, healthcare delivery and research. 
As a young person living with juvenile idi-
opathic arthritis ( JIA), I have witnessed and 
contributed to this shift firsthand. I founded 
Take a Pain Check Foundation (TAPC), a 
youth-led non-profit that elevates young 
voices in rheumatology through peer support 
networks, leadership programmes, events 
and lived experience storytelling. TAPC ini-
tiatives include a podcast, educational initia-
tives and partnerships with clinicians, patient 
advocacy groups and researchers to integrate 
youth perspectives into healthcare systems. 
In addition to leading TAPC, I serve on national 
advisory committees (such as Pain Canada 
and Arthritis Research Canada) and research 
teams (such as the Choice Research Lab) as a 
patient partner, co-authoring peer-reviewed 
publications on health care transitions, neu-
rodevelopmental disabilities and inclusive 
research practices. Patients like me are influ-
encing policy by advocating at Parliament 
on critical healthcare issues that affect over 
6 million Canadians with arthritis, present-
ing at international and national conferences, 
such as the American College of Rheumatology 
Convergence, the Canadian Rheumatology 
Association’s Annual Scientific Meeting and 
the EULAR Congress, as well as co-developing 
tools and resources that genuinely reflect 
community needs.

What are the unmet needs of patients?

JA: From my experience and the insights that 
I have gathered through work at Lupus Europe, 
the unmet needs of individuals with SLE and 
other rheumatic diseases are multifaceted. 

Key issues include delayed diagnosis, which 
often takes years owing to non-specific 
symptoms such as fatigue and joint pain, 
with 45% of patients initially misdiagnosed2. 
Fatigue affects 85% of patients and remains 
poorly managed, alongside muscle pain 
(63%) and frequent flares2. Access dispari-
ties are substantial and include geographical 
barriers in rural areas, shortages of special-
ized rheumatologists, high medication costs 
and unequal reimbursement across Europe, 
all of which limit care. Quality-of-life and 
emotional impacts are profound, with high 
disease burden scores that affect the careers 
(58%), studies (51%) and emotional life (38%) of 
patients2. Communication gaps with clinicians 
persist, whereby patients feel that their holistic 
needs — beyond disease activity — are over-
looked, and the use of non-pharmacological 
therapies or digital tools (only 14% adoption) 
are limited3.

JC: Individuals with rheumatic diseases face 
many unmet needs owing to the complexity of 
these diseases. The heterogeneity of SjD is not 
yet fully understood, nor are the mechanisms 
that underlie the diverse clinical presentations 
of this disease. These limitations in current 
knowledge have prevented timely diagnosis 
and disease management for patients. Fatigue, 
brain fog, neurological symptoms and joint 
and muscle pain are areas that desperately 
need more research and targeted therapies. 
Additionally, the scientific and medical com-
munity needs to look beyond a single dis-
ease to common symptoms and biological 
pathways across rheumatic diseases. Under-
standing clinical phenotypes and endotypes 
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is crucial for patient stratification, especially 
in SjD. Without better information on these 
signatures, getting a timely diagnosis and 
selecting the best treatment plan for each 
patient will remain challenging.

SD: Patients have many unmet needs, but a 
major one is a general awareness and knowl-
edge of these diseases. Both patients and HCPs 
are unfamiliar with or dismissive of autoin-
flammatory diseases, owing to their rarity, and 
as a result, a patient might remain uninformed 
and untreated. When left untreated, these 
autoinflammatory diseases cause systemic 
damage and have a major impact on quality of 
life. Without proper awareness, an HCP might 
not diagnose a patient until much later in life, 
leading to permanent damage. Even after diag-
nosis, most treatments are not curative and 
can be associated with adverse effects that 
diminish the patient’s quality of life.

Beyond the physical struggles caused by 
these diseases are the poorly considered psy-
chological and social aspects. Autoinflam-
matory diseases are commonly diagnosed 
in childhood but as several of these diseases 
were only defined recently, many patients are 
just starting to transition to adulthood, which 
presents new pressures and challenges. I, and 
others, have experienced that adult-focused 
rheumatologists and other HCPs create a very 
different environment of care from paediat-
ric HCPs, and there is little support for this 
transition. Many HCPs expect that the patient, 
having lived with the disease since childhood, 
understands and knows how to manage the 
disease well enough, without much additional 
input. However, these diseases continue to 
affect the patient’s quality of life into adult-
hood, and the patient’s management meth-
ods only go so far, as adult life brings new and 
different challenges. Adding to this lonely 
health-balancing act is the isolating mental 
strain caused by trying to meet the demands 
of busy everyday life and keeping up with 
peers. These autoinflammatory diseases are 
often invisible, and few fully understand or 
believe the pains and challenges that a patient 
might have. The high costs of diagnosis and 
treatment further exacerbate the financial, 
psychological and social strain on patients. 
Overall, individuals with autoinflammatory 
diseases who are transitioning to adulthood 
face many unmet needs, particularly in terms 
of social and psychological impacts.

SF: Despite advances, unmet needs remain 
stark. Delayed diagnosis is a persistent issue, 
particularly for rare conditions such as SSc; 

lack of awareness among HCPs leads to missed 
or late referrals. The complexity and variability 
of this disease further complicate diagnosis 
and treatment. Quality of life is another over-
looked area. Patients report that simple daily 
activities become major challenges, and the 
disease can be disabling or even fatal. These 
impacts are often invisible to the healthcare 
system. Social and economic burdens — such 
as employment loss, financial strain and isola-
tion — are also under-recognized. Surveys con-
ducted by RAIRDA and FESCA have highlighted 
inefficiencies, gaps and limitations in care. 
The Rare Care Matters report (2025)11 and the 
FESCA report (2023)12 underscore the urgent 
need for better support, earlier intervention 
and more holistic care approaches.

NO: Although the importance of patient 
engagement is increasingly emphasized glob-
ally, substantial regional disparities remain in 
the conception and implementation of such 
engagement. In particular, the perspective 
of considering patients as equal partners in 
research and medical decision making is sub-
stantially behind in countries in Asia compared 
with countries in Europe and the USA. This 
delay is not limited to rheumatology but is 
observed across various disease areas13.

In major academic rheumatology societies, 
such as EULAR and the American College of 
Rheumatology, systems are being developed 
to incorporate patient perspectives, including 
sessions specifically dedicated to patients in 
scientific meetings; however, such sessions 
are rarely found in academic meetings in coun-
tries within Asia. Educational programmes 
and training opportunities that facilitate 
genuine collaboration between patients and 
researchers are lacking in many of these coun-
tries. The role of patients in research remains 
unclear, except for a few selected studies, 
and patient involvement is often limited to 
‘advice’ rather than true ‘co-creation’. The 
majority of patients in many Asian countries 
are unaware that their lived experiences can 
contribute considerably to research, and there 
is no existing framework in these regions to 
connect patients who wish to collaborate 
with researchers. As a result, in some regions, 
research is being conducted without incorpo-
rating patient experiences and perspectives at 
all, thereby undermining the objectivity and 
inclusivity of scientific inquiry and represent-
ing a substantial loss of valuable insight for the 
global community.

In the field of rheumatology, mental- 
health support remains a major unresolved 
issue. Although certain conditions, such as 

neuropsychiatric lupus and glucocorticoid- 
induced psychosis, require specialized 
treatments by rheumatologists, psychologi-
cal intervention by trained mental-health 
professionals remains extremely limited, 
despite the high prevalence of psychiatric 
comorbidities14.

Furthermore, support for individuals with 
childhood-onset rheumatic diseases remains 
insufficient. Transitional care and preconcep-
tion counselling are often designed from an 
adult perspective, and the specific needs of 
paediatric patients are not adequately cap-
tured or addressed. Identity crises, medical 
trauma from repeated procedures and chal-
lenges in education and social participation 
remain unresolved both in research and in 
practice.

NT: Despite progress, many teenagers and 
young adults living with rheumatic condi-
tions still face isolation, delayed diagnoses 
and inconsistent care. When I transitioned 
from paediatric to adult rheumatology, I felt 
lost navigating fragmented systems, which 
reflects the challenges that occur with this 
transition and inconsistent care between pae-
diatric and adult rheumatology. Many peers 
in our community report similar challenges, 
especially those managing multiple diagnoses 
such as SLE, vasculitis or rare comorbidities. 
Mental-health support is limited, and pain is 
often neglected because it is invisible. Cul-
turally inclusive care and accessible tools for 
decision making are also lacking. Systemically, 
rural and marginalized communities continue 
to struggle with long wait times and limited 
specialist access.

How can unmet needs be addressed?

JA: Addressing these unmet needs requires a 
collaborative, patient-centred approach, as 
outlined in initiatives such as the Global Patient 
Charter for SLE, which I helped to develop. 
This initiative proposes four principles. First, 
improving recognition of early symptoms 
through awareness campaigns, clinician edu-
cation and standardized referral pathways to 
speed-up diagnosis. Second, enhancing access 
to reliable information via self-management 
tools and multilingual resources to empower 
patients and reduce flares. Third, ensuring 
coordinated multidisciplinary care teams, 
including psychologists and physiotherapists, 
regardless of location, supported by telemedi-
cine to bridge geographical gaps. Fourth, 
providing appropriate pharmacological and 
non-pharmacological treatments, minimizing 
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long-term steroid use and encouraging clini-
cal trial participation. Opportunities such as 
ERNs for knowledge sharing, patient organi-
zations lobbying for equitable funding and 
training for primary-care physicians can drive 
these changes. The Charter emphasizes better 
patient–physician communication and inte-
gration of patient-reported outcomes to tailor 
care effectively.

JC: Unmet needs can be addressed through 
better and more consistent clinical care, 
increased access to needed treatments and 
clinical and basic scientific research. To make 
progress through increased research, the sci-
entific and patient communities must work 
collaboratively across the globe and identify 
new approaches.

SF: The most effective way to address unmet 
needs is to involve patients in shaping research 
and care strategies. SRUK co-produced their 
research strategy with the community and 
clinical leaders, with an independent scien-
tific advisory group ensuring that patient 
benefit and scientific feasibility were central. 
Four core themes emerged: precision medi-
cine, early detection and diagnosis, quality of 
life and understanding disease causes. These 
now guide SRUK funding calls and research 
priorities.

Engagement with industry is also key. 
Meaningful collaboration, beyond tokenism, 
has increased over the past 10 years. Patients 
now contribute to early-stage research, 
clinical-trial design and even practical aspects 
such as tablet size and packaging. These seem-
ingly minor details can considerably impact 
adherence and trial integrity. Pharmaceutical 
companies are increasingly committing to 
patient-centric approaches, recognizing that 
those who live with the disease are best placed 
to identify what works and what doesn’t.

NO: The delay in establishing systems that 
position patients as equal partners in research 
and healthcare stems from a complex inter-
play of factors, including language differ-
ences, cultural values, healthcare and social 
systems, political environments and economic 
disparities. The structure, history and mis-
sion of patient organizations are shaped by 
the region in which they are located and dif-
fer accordingly, which in turn substantially 
affects how patients are involved in research 
and healthcare.

One practical solution gaining attention is 
the advancement of digital technologies, such 
as the widespread use of online meetings and 

the development of artificial intelligence (AI) 
tools. These technological innovations have 
made it easier for patient leaders across bor-
ders to share information and collaborate15, 
enabling cross-regional learning. Inter-
national advocacy is now achievable at an 
unprecedented level.

The high degree of variability in symptoms 
and disease progression has made it difficult 
to establish standardized forms of psychoso-
cial support; however, comprehensive psycho-
logical assessments can enable a multifaceted 
understanding of each patient. Now that treat-
ments have advanced to prevent acute exacer-
bations and maintain good conditions in many 
rheumatic diseases, greater attention should 
be given to psychological assessments that 
help patients to live better lives.

Clinical psychologists can provide indi-
vidualized psychological support based on 
comprehensive evaluations of the cognitive 
and intellectual abilities, emotional states, 
personality traits, developmental history and 
behavioural characteristics of a patient. When 
rheumatologists are aware of the existence, 
scope and needs of such assessments, it can 
enhance their understanding of challenges 
faced by patients and contribute to more 
appropriate treatment and support.

For children with systemic rheumatic dis-
eases, comprehensive support that encom-
passes both medical care and social aspects of 
daily life is essential. Although the term ‘mul-
tidisciplinary collaboration’ often refers to 
coordination among HCPs, it is important to 
propose a broader approach, which includes 
cooperation among education profession-
als, school counsellors and social workers to 
establish a comprehensive support system 
that goes beyond the medical framework.

NT: To truly address unmet needs, systems 
should be designed with patients, not for 
them. TAPC has taken a co-creation approach 
by co-developing programmes such as the 
Teen Backpack Program (in partnership with 
the Arthritis Society Canada), which equips 
newly diagnosed young people with ergo-
nomic backpacks and essential resources to 
support their healthcare journey in Canada. 
The Young Scholars Program at TAPC awards 
scholarships to students with rheumatic 
diseases and pairs them with mentorship to 
help them navigate both academic and work-
place challenges. I have also co-developed 
and evaluated digital tools such as the JIA 
Option Map16, which is a web-based decision 
aid that supports shared decision-making 
for young people and caregivers, currently 

being adapted for French-speaking commu-
nities in Canada. These patient-driven solu-
tions empower self-advocacy, education and 
informed decision making. On a broader scale, 
sustained investment in multidisciplinary care 
models, digital health integration and acces-
sible transition clinics that prioritize continu-
ity of care, cultural safety and mental health 
are needed.

In your view, what are the most exciting 
advances in the field?

JA: In my view, the most exciting advances in 
rheumatology, especially for SLE, include the 
shift toward targeted therapies such as bio-
logic drugs (for example, obinutuzumab for 
lupus nephritis) and tyrosine kinase inhibi-
tors, which promise better disease control 
with fewer adverse effects. Ongoing research 
into chimeric antigen receptor (CAR) T cell 
therapies also holds potential for long-term 
remission or even cures. The rapid adoption 
of telemedicine post-COVID-19 has improved 
access for remote patients, whereas ERNs such 
as ReCONNET foster collaborative research 
and patient pathways. Patient involvement 
in trials, such as the TRM-SLE taskforce for 
new outcome measures17,18, is groundbreak-
ing, ensuring that treatments address what 
matters most to the patient.

JC: In SjD, new research has provided impor-
tant insights into the neuro-immune connec-
tions that might drive disease manifestations; 
however, more research is needed on neu-
rological involvement and its role in SjD.  
I suspect that future research will profoundly 
improve understanding of the pathogenesis 
of SjD, how this disease is diagnosed and what 
the best treatment is for each patient.

SD: As a biochemist and as a patient, I enjoy 
research that unifies the genetics or symptoms 
of these rare autoinflammatory diseases with 
the biochemistry of protein function. At the 
core of cryopyrin-associated periodic syn-
drome (CAPS), the disease I have been diag-
nosed with, is the NLRP3 protein, and in 2024, 
the full active structure of this protein was 
reported using cryo-electron microscopy19. 
Studies on the structure and function of NLRP3 
are exciting and might help to shed light onto 
conditions such as CAPS. The structure of the 
protein has been combined with studies on 
NLRP3 mutations to decipher its function in 
depth. In one study20, the authors report how 
known disease-causing mutations can activate 
NLRP3 and how these mutations vary in their  
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response to current NLRP3 inhibition meth-
ods. This work suggests that each mutation 
requires an informed analysis of protein func-
tion to develop personalized treatment for 
individual patients. The wealth of data from 
biochemical research and autoinflamma-
tory disease studies continues to enhance 
understanding of the role of the immune 
system in driving these conditions and will 
ultimately improve patient care. I am excited 
to see further progress in the field.

SF: The past decade has seen major advances 
in the SSc field. The complex pathogenesis of 
SSc — immune dysregulation, vasculopathy 
and fibrosis — is now better understood, which 
is leading to more targeted therapies for com-
plications such as interstitial lung disease and 
pulmonary arterial hypertension. Emerging 
treatments such as CAR T cell therapy and 
agents that target fibrotic and interferon 
pathways offer new hope.

Research into disease mechanisms is also 
progressing. Studies are exploring the inter-
play between genetic predisposition and envi-
ronmental triggers, such as silica exposure 
and viral infections. One of the most exciting 
developments is the focus on very early diag-
nosis. Raynaud phenomenon, puffy fingers 
and acid reflux have been identified as poten-
tial early indicators of SSc; early diagnosis is 
crucial for timely management and improved 
outcomes.

NT: Some of the most exciting advances in 
rheumatology today centre around person-
alized medicine, digital health innovation and 
patient-centred care models. For example, 
researchers are developing biomarkers and 
genomic tools that can help to predict treat-
ment response, enabling more targeted and 
effective therapies. The growing emphasis on 
the lived experience and the engagement of 
young people in research represents a major 
shift. Young people are no longer just subjects 
to study. We are collaborators, co-designers 
and advocates. This evolution is not only 
exciting but essential to driving innovation 
that reflects real-world needs.

How will technological advances impact 
patients?

JA: Technological advances, including AI, 
will profoundly impact patients by enhanc-
ing access to information and care, but they 
must be implemented thoughtfully. Lupus-
GPT, which was developed by Lupus Europe, 
is a prime example; it is a multilingual AI 

chatbot providing scientifically reliable, 
patient-centric answers based on validated 
sources, helping to bridge knowledge gaps 
when patients cannot wait for appointments. 
With proper supervision, AI chatbots such as 
LupusGPT can empower self-management, 
reduce misinformation (as many turn to ‘Dr 
Google’) and support physicians. However, 
risks such as biased data or over-reliance need 
to be addressed through human oversight. 
Overall, AI and digital tools could personal-
ize care, monitor symptoms remotely and 
democratize access across Europe, ultimately 
improving quality of life for people with SLE.

JC: AI and the capabilities it will bring for data 
analysis will lead to considerable advances in 
understanding autoimmune diseases. The 
ability to look at large data sets within a dis-
ease and, just as importantly, across the auto-
immune spectrum with speed and different 
permutations, engenders new opportunities 
to understand these diseases. These advances 
could lead to refinement of disease signa-
tures, discovery of disease progression and 
new biomarkers to aid in precision medicine. 
Ultimately, AI can serve to improve science 
and the patient experience. The challenge 
here will be to protect the patient so that their 
data are used only to support them rather than 
against them; for example, avoiding compiling 
patient data in such a way that a third party 
might justify limiting access to or payment 
for treatment.

SF: Technological innovation is poised to 
transform rheumatology. For SSc, AI models 
are being developed to assess skin fibrosis, 
offering earlier and more objective measure-
ments of disease progression, which is particu-
larly valuable in clinical trials, in which skin 
thickening is a key endpoint.

Advanced technologies such as single- 
cell RNA sequencing, spatial transcriptomics 
and imaging mass cytometry are revolution-
izing the understanding of SSc at the cellular 
level. AI can quantify disease severity — skin 
involvement, inflammation and vascular 
abnormalities — and analyse nailfold capil-
laroscopy images to detect microangiopathic 
changes.

Perhaps most promising is the potential 
of AI to personalize treatment. By analysing 
genetic profiles and patient-specific data, AI 
can predict responses to therapies and recom-
mend optimal treatment plans, which moves 
the field closer to a precision-medicine para-
digm, whereby care is tailored to the unique 
needs of each patient.

NT: AI and digital tools have the potential to 
radically improve early diagnosis, personalized 
treatment plans and system navigation. Apps, 
wearable devices and web-based decision aids 
such as the JIA Option Map16 are empowering 
patients to track symptoms, provide treat-
ment options to make informed choices and 
engage in shared decision making with their 
care teams. AI can also aid in the analysis of 
imaging data to detect inflammatory changes 
before symptoms worsen, and predictive mod-
els can help to flag individuals at risk of flares.  
I have been involved in a European research col-
laboration called STRATA-FIT, exploring com-
putational models to personalize treatment 
plans for people with difficult-to-treat rheu-
matoid arthritis, which holds great promise 
for improving outcomes. For young patients 
like me, apps integrated with electronic health 
records could offer real-time insights, appoint-
ment reminders and medication tracking; 
however, we must ensure that these tools are 
developed ethically with diverse data sets and 
patient oversight to avoid reproducing bias 
or excluding marginalized voices. If designed 
inclusively, AI could become a powerful force 
for accessibility, personalization and equity 
in rheumatology.
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Immune-cell profiling to guide 
stratification and treatment of 
patients with rheumatic diseases
Deepak A. Rao     

Abstract

Methods for high-dimensional immune-cell profiling have advanced 
dramatically in the past decade. Studies of tissue and blood samples 
from patients with rheumatic diseases have revealed stereotyped 
features of immune dysregulation in individual diseases and in subsets 
of patients who share diagnosis of a heterogeneous disease. Translating 
immunological patterns into clinically implementable, actionable 
biomarkers has the potential to improve detection and quantification of 
pathological immune activity and selection of appropriate treatments 
for autoimmune rheumatic diseases. For example, cytometric features 
can be used to distinguish the various forms of inflammatory arthritis, 
stratify subsets of patients with rheumatoid arthritis or subsets of 
patients with systemic lupus erythematosus and predict treatment 
responses. Cellular immune profiling also enables the identification 
of specific features of immune dysregulation in individuals with rare, 
undiagnosed, inflammatory diseases. Several paths might lead to 
translation of discoveries from broad immune profiling into clinical 
tests to interrogate immune activation in people with rheumatic 
diseases.
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composition and functional states of immune cells in human blood 
and tissues. Studies using these methods are providing a new set of 
metrics for assessing normal and aberrant immune profiles, emphasiz-
ing abnormalities in the abundance or activation states of immune-cell 
populations. These metrics have the potential to complement the cur-
rent clinical evaluation of rheumatic diseases, including evaluation of 
rheumatoid arthritis (RA) (Box 1).

This Review discusses insights from selected immune-profiling 
studies that have highlighted specific features of immune-cell dysregu-
lation across rheumatic diseases, across subgroups of patients with 
the same rheumatic disease or in individuals with very unusual clinical 
presentations. This discussion covers only a subset of the wide range 
of immune-profiling studies that have been performed in past years, 
with an emphasis on studies of RA and systemic lupus erythematosus 
(SLE) that involve broad cytometric profiling approaches, including 
approaches with single-cell resolution; studies using serum proteomics 
or bulk transcriptomics are noted in some cases to provide context or 
complement interpretation of cellular-profiling studies.

High-dimensional cellular profiling
Cytometric profiling with flow cytometry, mass cytometry or single-cell 
transcriptomics enables the quantification of the various cell popu-
lations and activation states within a complex mixture of cells. Flow 
cytometry methods have been well established for decades, using 
antibodies tagged with fluorophores to quantify the expression 
of cell-surface or intracellular proteins with single-cell resolution. 
Advances in ‘spectral’ flow cytometry have dramatically improved the 
ability to discriminate signals from different fluorophores, expanding 
the number of proteins one can detect simultaneously to >30 (ref. 3). 
Mass cytometry captures even more protein markers on individual cells 
than flow cytometry, and it is based on a similar approach, although 
using antibodies tagged not with fluorophores but with heavy metals4. 
When attached to cells, heavy metals are quantified by a mass spectrom-
eter at single-cell resolution, providing high-dimensional single-cell 
analyses. scRNA-seq captures RNA from individual cells5, typically 
using individual lipid droplets, yet the analysis is often conceptually 
similar to other cytometry approaches, characterizing individual cell 
identities based on expression of cellular markers. The addition of 
oligo-DNA-tagged antibodies to the single-cell RNA-seq workflow ena-
bles the quantification of both transcription and cell-surface protein 
expression6,7. Data from each of these analyses is often visualized in 
two-dimensional UMAP plots, and clustering approaches have been 
the go-to method of quantifying the abundance of the various cell 
populations within a sample8,9. Several methods have been developed 
to evaluate high-dimensional cellular profiling data to identify differ-
ences between two or more patient groups or to associate these data 
with clinical or serological parameters10–12.

Distinct immune-cell features across  
rheumatic diseases
Although standard laboratory tests currently used in clinical practice 
provide limited insight into immune activation, they already indicate 
some clear patterns of immune abnormalities across rheumatic dis-
eases. The serum CRP level is characteristically elevated in giant cell 
arteritis and polymyalgia rheumatica (PMR), reflecting an important 
role for IL-6, which induces CRP expression, in these diseases13,14, yet CRP 
levels are often normal during SLE flares15,16. By contrast, serum com-
plement levels are reduced in active SLE but not in giant-cell arteritis 
or PMR, reflecting the immune complex formation and complement 

Key points

	• Profiling of immune cells in blood and tissue from patients with 
rheumatic diseases has helped to define populations of activated 
immune cells that are characteristically expanded in specific diseases, 
highlighting both unique and shared features across diseases.

	• Immune profiling of patients with SLE has identified specific axes 
of immune dysregulation, including activation of type I IFN pathways, 
proliferation of lymphocytes, expression of cytotoxic molecules on 
T cells and upregulation of myeloid cell- and neutrophil-associated 
signatures; these features vary across patients and help to delineate 
subgroups of patients that differ in immune activity.

	• Longitudinal evaluation of cellular profiles of patients receiving 
treatments targeting rheumatic disease helps to associate 
immunological features with treatment effects and predict response 
to treatment.

	• Incorporation of immune profiling into clinical evaluation of patients 
with rheumatic diseases might enable improved patient stratification, 
assessment of disease activity and prediction of treatment response.

Introduction
Individuals who seek rheumatological evaluation for a possible autoim-
mune rheumatic disease commonly describe that they feel ‘inflamed’ 
and often wonder whether their immune system is ‘overactive’. A major 
challenge for the evaluating physician is to determine whether the 
immune system has become pathologically activated, driving an 
autoimmune or inflammatory condition, or whether symptoms are 
caused by non-immune mechanisms. These decisions are impactful, 
as they might dictate whether immunosuppressive therapies will be 
used. Yet, currently available laboratory tests provide rheumatolo-
gists with a quite limited assessment of an individual’s immune status 
at any given time.

Routine immunological tests include a complete blood count to 
determine if the major blood-cell lineages (neutrophils, monocytes, 
lymphocytes) are present at normal levels. Erythrocyte sedimenta-
tion rate (ESR) and C-reactive protein (CRP) tests provide measures 
of systemic inflammation1. Total immunoglobulin levels determine 
whether the immune system has made antibodies at normal levels, 
and autoantibody tests demonstrate the presence of antibodies that 
are, for example, specific to double-stranded DNA or antibodies to 
citrullinated proteins. Tests of serum complement levels evaluate 
whether the complement cascade has been activated, for example, by 
antibody–antigen immune complexes2. However, this set of widely used 
tests provides limited insight into the level of activity of the immune 
system. In contrast to the range of functional tests to assess cardiac, 
pulmonary, renal and hepatic function, we currently lack functional 
tests to assess normal versus aberrant activity of the immune system.

Serum protein profiling, bulk RNA sequencing (RNA-seq) of whole 
blood or specific cell populations and cytometric profiling — which is 
the focus of this Review — have been used to interrogate the activity 
of the immune system in a research setting. Over the past 10 years, the 
advent of high-dimensional cellular-profiling technologies, includ-
ing spectral flow cytometry, mass cytometry and single-cell RNA-seq 
(scRNA-seq), have provided a powerful set of tools for analysing the 
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cascade activation in SLE2. Early microarray studies highlighted a promi-
nent upregulation of interferon (IFN)-stimulated genes in blood cells 
of patients with SLE, far exceeding levels seen in patients with inflam-
matory arthritis17. This recognition of a prominent activation of a type I 
IFN response in SLE fuelled the evaluation and ultimate approval of 
type I IFN receptor (IFNAR) blockade with anifrolumab to treat SLE18. 
SLE provides a benchmark for strong activation of a type I IFN response 
against which other diseases can be compared19. Although type I IFN 
signatures are not routinely measured, commercial tests that quantify 
these signatures are becoming available20.

Moving beyond cytokine signatures, immune-cell profiling stud-
ies are now identifying some of the major axes of immune activation 
that distinguish autoimmune rheumatic diseases or disease groups 
with cellular resolution. Flow-cytometry profiling of blood cells from 
almost 1,000 individuals, representing 11 autoimmune rheumatic 
diseases, revealed characteristic patterns of activation in immune-cell 
subsets across diseases. SLE and mixed connective tissue disease 
(MCTD) showed shared patterns, as expected given their clinical and 
serological similarities, whereas RA and spondyloarthropathies (SpA), 
including psoriatic arthritis (PsA) and axial spondyloarthritis (axSpA), 
shared a distinct set of immune features, perhaps reflecting the shared 
responsiveness of RA and SpA to inhibitors of TNF21. SLE and MCTD 
were associated with a particularly prominent expansion of activated 
(HLA-DR+ CD38+) CD4+ and CD8+ T cells in circulation, consistent with 
observations from other studies22–24. Additional studies have high-
lighted a T cell–B cell axis, involving expansion of both B cell-helper 
T cells, such as T follicular helper (TFH) cells and T peripheral helper 
(TPH) cells, as well as activated B cells, as a core immunological feature 
of SLE25–31. This T cell–B cell axis stands out in blood immune profiles 
of patients with SLE when these are compared with patients with other 

rheumatic diseases; blood profiles of patients with RA do not show 
the same extent of adaptive immune-cell dysregulation on average as 
seen  with patients with SLE25,32,33.

Combining cellular and transcriptomic profiling, the ImmunoN-
exUT consortium reported bulk RNA-seq transcriptomes of 28 sorted 
immune-cell populations from the blood of 337 individuals with ten 
rheumatic diseases34. With this broad approach, diseases segregated 
into two major groups: immune profiles of SLE, MCTD, RA and systemic 
sclerosis (SSc) segregated from those of the autoinflammatory condi-
tions Behcet disease and adult-onset Still’s disease. Correspondingly, 
IFN signatures were enriched in SLE and MCTD, as well as in some SSc, 
idiopathic inflammatory myopathy and Sjögren disease, whereas IL-18 
or IL-1 signatures were enriched in Behcet disease and adult-onset 
Still’s disease34.

Rheumatoid arthritis versus spondyloarthritis
RA and PsA represent similar, but distinct, forms of inflammatory 
arthritis, with distinguishable patterns of joint involvement, risk fac-
tors, demographics and genetics. Clinical trials have highlighted dif-
ferences in the efficacy of various immunological therapies for these 
conditions, with IL-17A blockade being more efficacious in SpA than 
in RA, despite similar total levels of expression of IL-17A in synovial 
samples35. By contrast, B cell depletion with rituximab is commonly 
used to treat RA but has not shown clear efficacy in SpA36,37. These treat-
ment response differences illustrate that immunological drivers differ 
between these conditions; immune-cell profiling studies are now pro-
viding a clearer view of the cellular immunology that underlies these 
therapeutic differences.

Immune cells in synovial tissue or synovial fluid have been eval-
uated by scRNA-seq and mass cytometry in both RA and PsA24,38–41. 

Box 1 | Features that reveal heterogeneity in patients with rheumatoid arthritis
 

Clinical heterogeneity
	• Demographic characteristics
	• Joint distribution
	• Extra-articular disease manifestations
	• Erosion extent150

	• Imaging heterogeneity (in ultrasonography)151

Serological and transcriptomic heterogeneity
	• Erythrocyte sedimentation rate and levels of C-reactive protein
	• Seropositivity for autoantibodies such as anti-CCP and rheumatoid 
factor

	• Multi-analyte immunoassays
	• Cytokine signatures
	• Additional autoantibodies

Genetic heterogeneity
	• HLA alleles152

	• Non-HLA risk alleles153

	• Polygenic risk scores154,155

Histological heterogeneity
	• Krenn histological scores156

	• Cellular density
	• Immune-cell aggregates

	• Pathotype: lympho-myeloid, diffuse-myeloid, or fibroid64

	• Ectopic lymphoid structures

Cellular heterogeneity in the synovium39,113

	• Cell-type abundance phenotypes: T cells + B cells (T + B);  
T cells + myeloid cells (T + M); T cells + fibroblasts (T + F); myeloid cells  
(M); fibroblasts (F); endothelial cells + fibroblasts + myeloid cells 
(E + F + M)39

	• T cell phenotypes: T peripheral helper and T follicular helper cells, 
granzyme K+ T cells, granzyme B+ T cells, regulatory T cells39,42,50

	• B cell infiltrates: age-associated B cells, plasma cells39

	• Myeloid phenotypes: HBEGF+IL1B+, SLAMF7+, MERTK+  
macrophages39,113,157, conventional type 2 dendritic cells, and 
inflammatory dendritic type 3 cells114

	• Fibroblast phenotypes: lining fibroblasts, sublining fibroblasts, 
perivascular fibroblasts39,158,159

Cellular heterogeneity in the blood
	• T cell phenotypes: T peripheral helper or T follicular helper cells, 
effector-memory T cells that re-express the naive-cell marker 
CD45RA, regulatory T cells, T helper 17 cells42,69

	• B cell phenotypes: age-associated B cells, plasmablasts160

	• Myeloid phenotypes: monocytes, dendritic cells161

	• Pre-inflammatory mesenchymal cells108

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | November 2025 | 657–670 660

Review article

TPH cells were markedly expanded in joints of patients with seropositive 
RA but had comparatively lower abundance in patients with seronega-
tive RA or SpA24,42,43. TPH cells are a subset of CD4 T helper cells special-
ized to provide help to B cells, much like TFH cells; TPH cell expansion in 
seropositive RA is aligned with the roles of TPH cells in B cell recruitment 
and stimulation44. By contrast, IL-17A+ CD8 T cells45,46 are enriched in 
the joints of patients with PsA, and this finding is consistent with the 
responsiveness of these patients to IL-17A blockade47,48. In addition, 
profiling of T cells from synovial fluid of patients with axSpA showed 
increased abundance of an integrin-expressing CD103+ CD49a+ CD8 
T cell population that expressed both IL-17A and cytotoxic molecules49. 
The distinct patterns of expanded TPH cells in seropositive RA versus 
IL-17A+ CD8 T cells in SpA seem to align well with the differential efficacy 
of B cell depletion versus IL-17A blockade in these two diseases. Never-
theless, other features, including accumulation of granzyme K (GZMK)+ 
CD8 T cells, granzyme B (GZMB)+ cytotoxic T cells, and regulatory 
T (TReg) cells within joints, are shared between RA and SpA38,50. Further 
studies are needed to associate lymphocyte features with differences 
in synovial pathology between RA and PsA, including differences in the 
patterns of vascular remodelling and immune–stromal interactions51–53.

Immune-cell profiling studies using blood samples have also indi-
cated distinct circulating immune-cell patterns in RA and PsA. Consist-
ent with results from synovial tissue and synovial fluid, TPH cells are 
increased in the circulation of patients with seropositive RA, but not 
seronegative RA or PsA42,43. Broad mass cytometry profiling comparing 
peripheral blood mononuclear cells (PBMCs) from patients with RA 
or PsA highlighted increased frequencies of terminally differentiated 
(CD27− CD28−) effector CD8 T cells in seropositive RA but not in seron-
egative RA or PsA54. Interestingly, the blood-immune profiles of seron-
egative RA and PsA had no clear differences54,55. The large-scale effort 
of the ‘Accelerating Medicines Partnership (AMP) on Autoimmune 
and Immune-Mediated diseases’ (AMP-AIM) network, which includes 
a comparison of blood and tissue immune profiles between RA and PsA, 
will provide substantial power to define robust immunological differ-
ences distinguishing these diseases, also with spatial resolution within 
tissues56. Although the presence or absence of autoantibodies provides 
a foundational tool helping to distinguish clinically overlapping enti-
ties of seropositive RA, seronegative RA and SpA, one can imagine that 
immunological assessment of TPH, TFH or TH17 cell pathways in patients 
might help to further distinguish subsets of patients with undifferenti-
ated arthritis or patients with seronegative RA to guide selection of an 
RA- versus an SpA-aligned treatment framework.

Immune checkpoint inhibitor-induced arthritis
Cellular profiling of the active immune response in patient samples 
has proven valuable in assessing a form of inflammatory arthritis that 
has emerged with the advent of immunotherapies for the treatment 
of cancers — immune checkpoint inhibitor (ICI)-induced arthritis. 
ICI therapy using an antibody that blocks the inhibitory receptor 
PD-1 induces a range of immune-related adverse events, including 
ICI-induced inflammatory arthritis, which occurs in ~4% of treated 
patients57,58. ICI-induced arthritis can involve RA-, PsA-, or PMR-like 
manifestations, usually without generation of anti-cyclic citrullinated 
peptide (anti-CCP) or rheumatoid factor autoantibodies58,59. Similar 
to RA and PsA, ICI-induced arthritis involves an active, presumably 
autoreactive, T cell response, yet the specific features of this response 
differ starkly across the three conditions24,60. Mass cytometry-based 
comparison of T cells from synovial fluid of patients with ICI-induced 
arthritis, RA or PsA showed clear expansion of a population of CD38hi 

CD8 T cells specifically in ICI-induced arthritis24. CD38hi CD8 T cells 
were also expanded in the circulation of patients with ICI-induced 
arthritis, and broadly among patients treated with ICIs, yet these cells 
were not highly expanded in patients with RA or PsA24. Transcriptomic 
comparisons of synovial fluid T cells demonstrated a higher type I IFN 
response signature in T cells from patients with ICI-induced arthri-
tis than synovial T cells from patients with RA or PsA, and in vitro 
treatment of synovial fluid CD8 T cells from patients with RA or PsA 
with type I IFN promoted acquisition of the CD38hi T cell phenotype 
seen in patients with ICI-induced arthritis. The type I IFN signature in 
ICI-induced arthritis samples provided an unexpected immunological 
link between ICI-induced arthritis and SLE, a disease marked by high 
type I IFN production that also features expanded CD38hi CD8 T cells19,23.

Defining such immunological benchmarks across diseases is likely 
to provide a deeper understanding of why certain therapies work well 
in one condition versus another and might help to identify therapies 
that are likely to work in newly emerging conditions, such as those 
induced by immunotherapies. Cross-disease comparisons integrat-
ing data across different forms of inflammatory arthritis, including 
juvenile idiopathic arthritis and others61, should demonstrate the rela-
tive prominence of specific features of the active immune response in 
inflamed joints, including the abundance of proliferating, exhausted 
or stem cell-like lymphocytes, the expansion of TPH and TFH cells, the 
presence of GZMK+ T cells versus GZMB+ T cells, and the frequencies of 
TReg cells, infiltrating monocytes versus tissue-resident macrophages, 
dendritic-cell (DC) populations, age-associated B cells (ABCs) and 
plasmablasts, to amass a clearer taxonomy of inflammatory arthritides 
according to features of immune activation62.

Immune-cell heterogeneity within a disease
Immune-cell heterogeneity in rheumatoid arthritis
In addition to highlighting differences across diseases, immune-cell 
profiling is a valuable tool for dissecting immunological heterogene-
ity among patients who share a diagnosis. Patients with RA display 
substantial variability in clinical course, the likelihood of develop-
ing erosions and response to treatments. Correspondingly, studies 
of synovial tissues have highlighted differences in synovial immune 
infiltrates among patients with RA, even when they share comparable 
imaging and clinical features of synovitis63,64. Patients with seropositive 
RA frequently show a ‘lympho-myeloid’ pattern of immune infiltra-
tion in the inflamed synovium, with aggregates of synovial B cells and 
T cells that range from loose, disorganized clusters to well-organized 
follicular structures65. In other patients with RA, the synovium either 
shows a diffuse myeloid-cell infiltrate without lymphoid follicles or a 
‘fibroid’ or ‘pauci-immune’ synovial pattern with few immune-cell infil-
trates. Patients with a lympho-myeloid pathotype are the most likely to 
develop erosions and joint damage progression, whereas patients with 
a fibroid pathotype show the lowest disease activity, yet also the weak-
est response to DMARD treatment66. Detailed cellular analyses have 
defined the composition of immune cells in synovial-tissue samples 
across the various pathotypes. scRNA-seq of RA synovial biopsies delin-
eated six ‘cell-type abundance phenotypes’ (CTAPs), representing six 
types of synovial inflammation, that differ in the relative abundance of 
each of the following cell types: fibroblasts; T cells and NK cells; B cells; 
endothelial cells; and myeloid cells39 (Box 1). These CTAPs roughly 
correspond to histological patterns, with the CTAP containing both 
T cells and B cells (CTAP-TB) showing the highest histological scores of 
synovitis (according to the histological score developed by Krenn) and 
aggregate density. However, immunological information captured by 
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CTAPs largely seems to be orthogonal to clinical or serological assess-
ments, suggesting that these tissue analyses will be complementary, 
and not redundant, with current clinical assessment of RA.

Given the difficulties of sampling synovial tissue from patients 
with RA, there has been substantial interest in identifying signatures 
in blood that capture immune activity in the joints. Direct parallels 
between synovial infiltrates and immune-cell phenotypes in blood 
are challenging to identify, although some shared features of the 
adaptive immune response have been demonstrated, such as shared 
T cell receptors (TCRs) and, occasionally, shared T cell clone pheno-
types in synovium and blood of patients with RA, PsA and ICI-induced 
arthritis24,50,67,68. Analyses of paired blood and tissue samples from large 
numbers of patients, such as those profiled in the AMP RA/SLE Network, 
should help to clarify the extent to which features of immune cells 
in blood can reflect specific immune processes occurring within 
synovium.

Independently of synovial analyses, flow cytometry profiling of 
blood cells from over 500 patients with RA has highlighted substan-
tial variability in immune-cell profiles that were non-redundant with 
clinical and serological phenotypes69. These blood immune profiles 
were used to stratify patients into peripheral blood-cell abundance 
phenotypes (PCAPs, analogous to synovial CTAPs). Patients with dis-
tinct PCAPs showed distinct patterns of cell abnormalities, includ-
ing one group of patients with expanded activated CD4 T cells, CD8 
T cells and plasmablasts (PCAP-TB), a separate group with increased 
effector-memory T cells that re-express the naive-cell marker CD45RA 
(TEMRA cells) or TEMRA and TH1 cells (PCAP-T1/T1T4), and two more patient 
subgroups (PCAP-LD and PCAP-SD) that cytometrically resembled 
healthy individuals69. The frequency of anti-CCP antibody or rheu-
matoid factor did not differ across these groups, yet patients in the 
PCAP-TB group showed the highest disease activity and ESR, as well 
as the least frequent use of methotrexate. Inclusion of additional 
immune-cell subsets with an emerging role in disease pathogenesis, 
including TPH cells, THA cells — a CXCR3mid cytotoxic CD4 T cell popu-
lation expanded with age70 — and GZMK+ T cells50, might enhance the 
utility of blood-cell profiling in RA. In addition, the identification and 
quantification of immune-cell subsets are aided by high-resolution 
scRNA-seq and mass cytometry analyses that precisely define the 
phenotypes of activated cells in the circulation71,72. In total, cellular 
profiling of blood and tissue samples from patients with RA is provid-
ing an additional set of informative variables with which to understand 
immunopathology in individual patients (Box 1).

Immune-cell heterogeneity in systemic lupus erythematosus
Patients with SLE display stark variability in terms of organs affected, 
disease severity and response to immunosuppressive therapy, poten-
tially reflecting substantial immunological heterogeneity. Serum pro-
teomics, gene-expression profiling and flow-cytometry analyses have 
illustrated key features of immune activation in SLE that are consist-
ently observed across cohorts. Expression of IFN-stimulated genes has 
reproducibly been found to be increased across many SLE studies, with 
the majority of patients showing a type I IFN signature17,19. scRNA-seq 
profiling has further refined immune-cell populations with the high-
est expression of an IFN response signature in the blood, including 
monocyte and lymphocyte subsets73,74, and has demonstrated a clear 
IFN response signature across many tissues, including skin and kidney, 
in SLE75–78. In both kidney and skin samples, a subset of T cells and B cells 
shows a very high IFN signature, above the basally elevated IFN signa-
ture seen broadly in cells from patients with SLE compared with healthy 

individuals75–77. What distinguishes the IFN signature-high cells from 
other cells in the tissue remains unclear. It will be interesting to inte-
grate these observations with emerging spatial transcriptomics data, 
which suggest that cells with the highest IFN signatures are enriched 
in the glomeruli in the kidneys of patients with lupus nephritis (LN)79.

In addition to the IFN signature, other immune signatures 
extracted from whole-blood transcriptomic analyses have enabled 
patient stratification into subgroups, particularly when analyses were 
run on longitudinal samples. Longitudinal whole-blood profiling of 
patients with childhood-onset SLE stratified patients into seven groups 
that vary in transcriptomic signatures associated with erythropoiesis, 
IFN response, myeloid cells and neutrophils, plasmablasts and lym-
phocytes. Among these patient subgroups, a plasmablast-associated 
signature was strongly associated with disease activity over time80. 
Studies using blood-transcriptomic profiling of adult patients with 
SLE have stratified patients into 3–7 subgroups based on similar but 
not identical features to those used for the stratification of paediatric 
patients81–83. In the adult cohorts, increased expression of inflamma-
tion, myeloid/neutrophil and plasmablast transcriptomic signatures 
have been associated with increased disease activity, as defined based 
on SLE Disease Activity Index scores81–83.

The cellular resolution of cytometric profiling studies has 
in some cases extended understanding of the immune pathways 
previously implicated by bulk RNA-seq in SLE, for example, the 
plasmablast-associated signature. Cytometric studies evaluating B cell 
phenotypes in SLE have extended the understanding of the activated 
B cell response, which includes expansion of both plasmablasts and 
ABCs (also known as DN2 B cells), which are characterized by high 
expression of CD11c and TBET and low CXCR5 and CD21 (refs. 29–31,84). 
The expansion of CD21low ABCs is perhaps the most prominent cyto-
metric abnormality among circulating B cells in patients with SLE 
and is highest in patients with active disease, including patients  
with LN25,29,30,71,85.

Cytometric profiling can also capture immunological features 
that are difficult to detect in whole-blood-transcriptomic analyses, for 
example, the abundance of specific T cell subsets or T cell functional 
states. Flow cytometry-based profiling of PBMCs stratified patients 
with SLE into three subgroups based on T cell profiles, with one group 
marked by expanded TFH cells and activated TH1 cells (that probably 
included TPH cells) and a second group marked by expanded TReg cells86. 
Disease activity or duration did not differ across the three groups, yet 
the TFH cell-associated group had the highest total immunoglobu-
lin levels, consistent with amplified T cell–B cell interactions. Mass 
cytometry-based profiling of T cells from patients with SLE highlighted 
a prominent expansion of TPH cells in patients with LN, with the expan-
sion of circulating TPH cells exceeding that of TFH cells25. Both TPH cells 
and TFH cells have been identified as expanded in multiple cohorts of 
patients with SLE and associated with the clinical and serological meas-
ures of disease activity26–28,71,87,88. TFH cell expansion seems to be clearer 
among patients with shorter disease duration compared with those 
with longer disease duration87. The abundance of TPH cells correlates 
positively with that of ABCs in patients with SLE, probably reflecting 
an ongoing extrafollicular response25,89,90.

The AMP RA/SLE network used mass cytometry of PBMCs to strat-
ify patients with LN into three immunologically distinct subgroups71. 
Among patients with biopsy-demonstrated class III, VI or V nephritis, 
more than half of whom had established disease with prior treatment 
for LN and prior kidney biopsies, cytometric profiling identified one 
subgroup that was immunologically indistinguishable from healthy 
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individuals, a second subgroup had a very high type I IFN response 
signature, and a third subgroup had an intermediate type I IFN 
response signature but a distinctive expansion of GZMB+ T cells, sug-
gesting activation of a ‘cytotoxic lymphocyte’ axis. Both the type I IFN 
response-high and GZMB+ subgroups had expansion of proliferating 
B cells and TPH cells, indicating a shared activation of a B cell–T cell axis. 
These patient subgroups had distinct features in terms of both kidney 
histopathology and clinical course; the GZMB+ subgroup had patients 
with the highest disease activity in the kidney based on the histological 
NIH activity index and the highest likelihood of a good renal response 
to standard-of-care therapy at 1 year71. By contrast, the immunologi-
cally quiet subgroup showed the highest degree of chronic kidney 
damage histologically, which perhaps reflects prior immunological 
injury. The poor response to treatment in this subgroup suggests that 
these patients might have chronic kidney disease without ongoing 
immune activation and might not benefit from escalated immuno-
suppressive therapy. Notably, kidney biopsies shared the specific 
features of blood-immune profiles; patients with a high proportion 
of GZMB+ T cells in blood also had an increased proportion of GZMB+ 
CD8 T cells in kidney tissue, and patients with the highest type I IFN 
signatures in blood also showed the highest IFN signatures in cells 
from the kidney71. Further validation of these signatures and additional 
prospective studies are needed to determine if a very high type I IFN 
response signature enriches for patients most likely to respond to IFN 
blockade, or if cytotoxic T cell activation is differentially susceptible 
to the various SLE therapies.

Given the observations from studies on RA and SLE discussed 
above, cytometric immune profiling has the potential to identify immu-
nologically distinct subgroups of patients in other rheumatic diseases 
as well. In PsA, blood-cell profiling by flow cytometry highlighted four 
subgroups of patients through principal components analysis, with a 
subgroup that was characterized by increased frequencies of TH17 cells, 
memory TReg cells, DCs and monocytes being associated with increased 
disease duration and activity91. Moreover, scRNA-seq analysis of blood 
segregated patients with Sjögren disease into two major subgroups, 
corresponding to the presence or absence of anti-SSA antibodies; a 
strong type I IFN signature was associated with anti-SSA seropositivity92. 
Integrating large datasets, especially scRNA-seq datasets, across 
diseases might provide the ability to identify immunologically  
similar patients across clinical-disease presentations.

Immune profiling of treatment responses
In both RA and SLE, the expanded armamentarium of immunosuppres-
sive drugs poses new challenges for patients and physicians in selecting 
which therapy is most likely to be beneficial for an individual patient. In 
RA, at least five mechanistically distinct classes of biologic therapies are 
available: TNF blockade; IL-6 blockade; JAK inhibition; B cell depletion; 
and T cell costimulation blockade93. However, there is little guidance 
on the decision about which therapy to use for an individual patient. 
In SLE, the expanded range of treatment options, now including B cell 
inhibition or depletion94, IFNAR blockade18 and calcineurin inhibition95, 
similarly poses questions about which drug to use for which patient. 
Longitudinal studies of pre- and post-treatment samples provide crucial 
insights into the major pathways affected by each DMARD and poten-
tially identify cellular features at baseline that are associated with a 
good response to treatment. This review will not attempt to broadly 
summarize the wide range of cellular treatment response biomarker 
studies in RA and SLE, but will, rather, highlight specific examples of 
promising approaches or consistently observed signals.

Profiling treatment responses in rheumatoid arthritis
Blood-cell-based profiling of treatment responses. Identifying 
predictors of patient responses to DMARDs remains an area of active 
research in RA. Tremendous effort has been focused on identifying 
biomarkers of response to TNF inhibitors, but analyses of standard 
laboratory markers, antibodies, serum proteins, whole-blood tran-
scriptomes and cell phenotypes have not yet led to the identification of 
any robust predictors of treatment responses96,97. The advent of broad 
profiling methodologies has yielded some successes: whole-blood-
transcriptomic analyses combined with advanced computational 
approaches have led to the commercial development of a test to predict 
the likelihood of a non-response to TNF inhibitor therapy98,99.

The search for treatment response biomarkers has been impor-
tantly advanced by applying immune-profiling studies within the 
context of clinical trials, especially those involving randomization. 
This approach leverages the standardized clinical assessment of 
disease activity within a trial infrastructure, and the randomization 
minimizes concerns about confounding by indication and unac-
counted bias. Such studies have highlighted a reproducible relation-
ship between the frequency of circulating TFH cells in the blood and 
response to abatacept, a drug that blocks T cell costimulation. In a 
cohort of patients analysed by flow cytometry in the NORD-STAR 
trial, which randomized patients with early RA to methotrexate plus 
one of four biologics, cytometric quantification of 12 T cell popula-
tions demonstrated a specific association between elevated baseline 
PD1+ TFH cell frequency and achieving remission following treatment 
with abatacept100. Similarly, in a prospective observational study 
of patients with RA and an inadequate response to methotrexate, 
patients who achieved remission after treatment with abatacept 
had higher frequencies of PD1+ TFH cells in the blood at baseline than 
patients who did not achieve remission101. Consistently, elevated 
frequencies of activated TFH and TFH cells in the blood of patients with 
early type 1 diabetes were associated with a good clinical response to 
abatacept102. Abatacept robustly reduces the frequency of circulating 
TFH and TPH cells, supporting the biologic plausibility of the cellular 
association with treatment response101,102.

Studies looking for cytometric features predictive of response 
to rituximab have highlighted an association with circulating B cell 
populations. In the SMART trial of rituximab in patients with RA, flow 
cytometric analysis of B cells indicated that a low proportion of circulat-
ing CD27+ memory B cells was associated with a good response to treat-
ment at 24 weeks by EULAR criteria103. Independently, the FIRST study, 
which evaluated 154 patients with RA who were treated with rituximab 
using flow cytometry, associated a high proportion of circulating 
CD27− IgD− B cells with a good response to rituximab, especially when 
considered in combination with rheumatoid factor positivity. Com-
bined with additional studies104,105, these observations strongly asso-
ciate features of B cell activation or B cell memory with likelihood of 
response to rituximab. Irrespective of B cell phenotype, a randomized 
study of 25 patients with RA associated the detection of residual circu-
lating B cells after two doses of rituximab with significantly improved 
response rates to a third dose of rituximab106.

Applying standardized profiling methods across patients treated 
with various DMARDs has the potential to identify specific cellular 
patterns that are associated with an improved response to a specific 
treatment. Exploratory studies using flow-cytometry profiling, applied 
longitudinally to over 500 patients with RA as described above, iden-
tified subgroups of patients with a differing likelihood of response 
to the various DMARD classes69. Using PCAPs to stratify patients as 
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described above and prospective longitudinal evaluation indicated 
that patients in the PCAP-TB group, who are marked by an active B cell 
response, were the least likely to achieve remission overall after treat-
ment with one of four biologic DMARDs interrogated: abatacept, JAK 
inhibitors, TNF inhibitors and IL-6 inhibitors. By contrast, patients in 
the PCAP-SD or PCAP-LD groups, who collectively showed relatively 
few cellular changes compared with healthy individuals, were more 
likely to achieve remission following treatment with JAK inhibitors 
than were patients in other PCAPs.

To define operational links between PCAPs and treatment 
assignments, the authors then assigned each of the four specific 
DMARDs as associated or not associated with a good response for each 
PCAP-based patient subgroup. Patients were then assigned a status of 
‘expected’ or ‘non-expected’, reflecting whether the patient received 
a DMARD associated with a good response in their identified PCAP. 
Promisingly, in a validation cohort of 183 patients, patients with an 
‘expected’ designation, indicating that the patient received a DMARD 
expected to produce a good response in their identified PCAP, were 
more likely to achieve remission than patients with a ‘non-expected’ 
treatment assignment (33% versus 18%). These treatment-response 
associations need to be validated further, and a substantial challenge 
remains to identify stratification parameters that can be reproduced 
and adopted widely. Nonetheless, the impressive scale of the study and 
the ability to reproduce signatures in a validation cohort provide hope 
for extension of this approach. A broader immune profiling approach 
that captures activated TFH and TPH cells or other cell populations 
with a key role in RA might improve treatment assignment to specific 
patient subgroups.

Using a clever, alternative strategy, the BioRRA study investigated 
how circulating immune-cell profiles change during arthritic flares 
that occur in patients with RA after withdrawal of synthetic DMARD 
treatment107. The analyses associated expansion of activated T cell and 
B cell populations, including PD1+ CD38+ CD8 T cells and PD1+ ICOS+ 
CD38+ CD4 T cells, with disease flares after DMARD withdrawal. This 
finding suggests that synthetic DMARDs hold these T cell popula-
tions in check, such that treatment withdrawal allows for PD1+ CD38+ 
CD8 T cell and PD1+ ICOS+ CD38+ CD4 T cell activation and expansion. 
Frequencies of these cell populations at baseline (pre-drug with-
drawal) did not differ between patients who remained in remission 
and patients who experienced disease flares after drug withdrawal; 
thus, it is unclear whether such signals can help predict disease relapse 
prior to drug withdrawal. Nonetheless, the above cellular correlates 
might provide a valuable readout to confirm re-activation of the 
disease-associated immune response, if symptoms emerge following 
treatment cessation. Immune-cell profiles that are potentially associ-
ated with disease flares were also identified by a separate study using 
frequent, serial assessment of whole-blood samples by RNA-seq; in this 
study, disease flares were associated with preceding changes in B cell 
signatures and a concurrent increase in rare, circulating mesenchy-
mal cells potentially related to synovial fibroblasts, called PRIME cells, 
during the flare108.

Synovial cell-based profiling of treatment responses. There is major 
interest in understanding the associations between immunological 
features in synovium and response to the various treatments. Results 
from the pioneering R4RA trial provided encouraging initial observa-
tions, indicating that patients with a diffuse myeloid infiltrate were 
more likely to respond to tocilizumab than to rituximab109. Extend-
ing these observations using CTAP designations further supported 

the idea that patients with a fibroid (CTAP-F) phenotype, generally 
lacking large lymphocyte or myeloid infiltrates, were the least likely 
to respond to biologic treatment39,110. One tangible prediction in 
connecting synovial infiltrates to treatment response would be that 
patients with a B cell-enriched synovium are more likely to respond 
to B cell depletion with rituximab than patients without B cells in 
synovium; however, this has not been consistently observed in the 
clinical trials that have assessed synovium109,111,112. Among synovial 
myeloid cells, an increased proportion of MerTK+ tissue macrophages 
is associated with a state of treatment-induced remission in RA, and 
an increased proportion of MerTK+ tissue macrophages in synovium 
at baseline is associated with maintenance of remission after TNF 
inhibitor withdrawal113. Spatial transcriptomic analyses have further 
associated synovial DC populations with disease activity and treat-
ment response, reporting on a tolerogenic AXL+ cDC2 population 
that is present in healthy synovium but absent in RA synovium, even 
when remission is achieved, suggesting a lasting remodelling of the 
DC populations due to synovitis114.

With these early observations guiding new study design and analy-
sis approaches, there remains substantial enthusiasm that cellular 
features within synovium will provide crucial insights into the variable 
treatment responses of patients with RA. Detailed single-cell analyses, 
including spatial transcriptomic analyses, comparing pre-treatment 
and post-treatment samples, as reported in inflammatory bowel dis-
ease, should aid in identifying specific cell populations associated 
with response and non-response to treatment115. Indicatively, spatial 
transcriptomic analyses of longitudinal synovial tissue biopsies from 
patients with RA demonstrated a COMPhi fibrogenic fibroblast popu-
lation that is enriched in pre-treatment samples of patients who do 
not achieve remission and that persists in synovium despite effective 
reduction of immune cells by DMARD therapy56.

Profiling treatment responses in systemic  
lupus erythematosus
Cellular or molecular signals that are associated with treatment effects 
and treatment responses have been identified in several clinical tri-
als in SLE. Correlative transcriptomic and serum-profiling studies of 
patients treated with anifrolumab have illustrated a clear reduction in 
IFN responses at both transcriptomic and proteomic levels in treated 
patients in both clinical trials and observational studies116–118. Profiling 
of blood samples from patients with SLE before and after treatment 
with anifrolumab in the MUSE trial demonstrated that anifrolumab 
alters several measures of immune activation in SLE, with a high IFN sig-
nature at baseline; anifrolumab treatment increased numbers of circu-
lating neutrophils, platelets and lymphocytes, especially naïve CD4 and 
CD8 T cells118. Anifrolumab treatment also reduces circulating levels of 
several chemokines, including CXCL13, a potent B cell chemoattractant 
produced by TPH and TFH cells118,119. Longitudinal scRNA-seq profiling of 
blood samples from a small cohort of patients that received anifrol-
umab demonstrated that IFNAR blockade reduces the abundance of 
circulating TPH cells, and concurrently expands a counter-regulated 
population of IL-22-producing CD4 T cells (TH22 cells), which are 
reduced in patients with active SLE119. This reduction in circulating 
TPH cells following type I IFN blockade functionally links IFN signalling 
to enhanced T cell–B cell interactions and B cell activation in SLE119. 
Understanding the effects of type I IFN blockade on other components 
of the pathological adaptive immune response in SLE is of major inter-
est. Thus far, it has not been evident from available data that patients 
with a low IFN signature have a substantially weaker clinical response to 
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anifrolumab than those with a prominent IFN signature at baseline120; 
further immunological assessments might help to dissect whether 
specific features of the IFN response, such as very prominent and dis-
tinctive IFN activation71 or expansion of IFN-associated immune-cell 
populations, predict a better response to anifrolumab.

Longitudinal profiling of blood samples from patients treated 
with B cell-directed therapies have also identified cellular corre-
lates of treatment effect and response. Treatment with belimumab, 
an FDA-approved agent for SLE that blocks B cell activating factor 
(BAFF), reduced whole-blood-transcriptomic signatures associated 
with B cells, as well as signatures associated with IFN and IL-6 signalling 
and neutrophils, especially in responders121. Similarly, patients treated 
with tabalumab, an IgG4 antibody that blocks BAFF, also demonstrated 
a reduction in B cell-associated transcripts in whole-blood transcrip-
tomics, consistent with a reduction in circulating B cell counts122. Tran-
scriptomic analyses of sorted leukocyte subsets from blood collected 
before and after treatment with belimumab demonstrated clear effects 
of belimumab on the transcriptomic features of B cell subsets, with few 
effects on transcriptomes of circulating T cell or myeloid cell subsets, 
consistent with the direct effects of belimumab on B cell activation123. 
Further, the number of differentially expressed genes, comparing 
pre-treatment and post-treatment B cell subset transcriptomes, was 
higher in good responders to belimumab treatment than in poor 
responders. A separate study reported reductions in both CD19+ B cells 
and activated PD1+ T cells after treatment with belimumab124. Inter-
estingly, a longitudinal flow-cytometry assessment of T cell subsets 
from the blood of patients treated with belimumab demonstrated an 
increase in the ratio of TReg–TH17 cells following treatment, an effect that 
was reproduced in an independent, broader mass-cytometry profiling 
study125,126. These observations associate specific immune alterations 
with BAFF blockade, with both direct effects on B cells and secondary 
effects on T cells.

The use of molecular profiling in studies evaluating new thera-
peutic agents might also facilitate the identification of molecular 
predictors of treatment response in SLE. In a phase II trial of obex-
elimab, a bifunctional antibody that binds CD19 and the inhibitory 
receptor FcγRIIB, given after initial high-dose steroid treatment, 
whole-blood transcriptomics were used to classify patients into 
subgroups: patients with increased expression of lymphocyte mod-
ules and cell-proliferation modules but without high expression 
of inflammation-associated modules were more likely to respond 

to obexelimab than patients from other subgroups, as assessed by 
maintenance of disease improvement127. In a phase IIb study with 
iberdomide, a cereblon ligand that promotes degradation of the B cell 
transcription factors Ikaros and Aiolos, which are important for lym-
phocyte development and function and which both have polymor-
phisms associated with SLE128, blood-cell profiling demonstrated that 
treatment resulted in dose-dependent decreases in the number of 
circulating B cells and memory B cells, as well as in plasmacytoid DCs 
and myeloid DCs20. Concurrently, the number of TReg cells increased 
in a dose-dependent fashion, paralleling an increase in circulating IL-2 
levels. Transcriptomic analyses also highlighted clear reductions in 
IFN response signature with treatment, and patients with the high-
est IFN response signature at baseline were the mostly likely to have 
reduced disease activity after treatment, as assessed by SLE responder 
index 4 (SRI4)20.

Following these examples, it is of substantial interest to define the 
effects of the commonly used synthetic DMARDs, such as azathioprine 
and mycophenolate, given their widespread use and their difficult-to-
predict effects on cellular immunology. The effects of these drugs 
have not yet been revisited in detail using high-dimensional cellular 
profiling approaches. Looking forward, understanding the broad 
scope of immunological changes induced by cell-depletion strate-
gies, such as CD19 CAR T cells and bispecific T cell engagers (BiTEs), 
will be crucial129–131. Deep B cell depletion with these methods has the 
potential to correct multiple immune abnormalities in patients with 
SLE, including normalization of complement levels and reduction in 
type I IFN response129,132, but the extent to which B cell depletion also 
corrects T cell and myeloid-cell abnormalities in patients with SLE 
remains to be defined. The extent and nature of CD8 and CD4 T cell 
activation induced by BiTEs that target B cells can also be assessed 
using broad immune-profiling approaches (Table 1).

Immune profiles of individuals with  
undiagnosed disease
Cellular profiling studies typically utilize a grouped comparison analy-
sis strategy, comparing patients with healthy individuals, pre-treatment 
with post-treatment, or responders with non-responders. However, cel-
lular profiling also has the potential to identify individual patients with 
very abnormal features of immune activation compared with a refer-
ence population. A pilot study evaluating this approach was performed 
on samples from 16 patients seen in the Undiagnosed Diseases Network 

Table 1 | Immune profiling of response to treatment

Type of treatment Engagement of primary 
target

Pre-treatment vs 
post-treatment 
comparisons

Predictors of treatment 
response

Assessment of treatment duration

Synthetic DMARDS Unclear What cell populations 
or pathways are most 
altered by treatment?

What cellular features at 
baseline (pre-treatment) 
predict a good response 
to treatment?

For how long can therapy continue to 
suppress signs or markers of immune 
dysregulation?Biologic DMARDs Inhibition of targeted pathway 

(for example, TNF, IL-6, IFN)

CAR T cells or depleting 
antibodies

Depletion of targeted cell 
population (for example, 
B cells, plasma cells, PD1hi 
T cells)

For how long does cell depletion last?
For how long do signs or markers of 
immune dysregulation remain absent after 
a single dose of the respective treatment?

BiTEs Depletion of targeted cell 
population
Extent and nature of T cell 
activation

BiTEs, bispecific T cell engagers; CAR T cells, chimeric antigen receptor T cells; IFN, interferon; PD1, programmed cell death protein 1.
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programme, an NIH-funded programme that focuses on patients with 
very rare or unusual disease presentations133,134. These 16 patients, 
who all have unusual disease presentations thought to be potentially 
immune associated, underwent whole-exome or -genome sequencing 
that did not reveal a clear monogenic cause of disease. This cohort 
therefore underwent mass cytometry immune profiling of blood cells, 
and immune profiles were assessed against ~140 reference datasets 
that included healthy individuals, patients with RA and patients with 
SLE134. Immune profiles from 5 of the 16 patients from the Undiagnosed 
Diseases Network programme were identified as ‘outliers’ based on the 
presence of at least one immune-cell population that was extremely 
expanded compared with the overall cohort, but no outliers were identi-
fied among the reference datasets. Of these patients, one had a dramatic 
expansion of CD25hi TReg cells, which comprised 50% of the circulating 
CD4 T cells, one was identified as having B cell leukaemia, one had an 
aberrant expansion of a gamma delta T cell population, and one had a 
very abnormal myeloid-cell phenotype. This exploratory work suggests 
that immune profiling can be used to identify specific immunological 
abnormalities in individuals with rare or unusual disease presentations 
and enable individualized treatment strategies.

Such an immune profiling approach can complement interroga-
tion for rare monogenic causes of immune-mediated disease using 
whole-genome or whole-exome sequencing135 or bulk RNA-seq and 
scRNA-seq analyses reporting outlier gene- or splice-variant expres-
sion profiles136,137. In both cases, immune profiling has the potential 
to delineate pathways of immune activation that are activated in the 
context of a monogenic disease and potentially relevant for treatment. 
In addition, deep analyses using scRNA-seq might be able to identify 
immunological abnormalities missed by the cytometric approach, as 
scRNA-seq captures cytokine response signatures more readily than 
protein cytometry. As scRNA-seq analyses of PBMCs from healthy 
donors, individuals at risk of disease (for example, individuals at risk 
of RA138,139) or individuals with defined diseases, including SLE73, RA, 
Sjögren disease92, SSc140 and others, are becoming increasingly avail-
able, they enable mapping of any individual scRNA-seq profile to these 
reference datasets to identify aberrant cell populations, phenotypes, 
or states in an individual.

Translation into clinical practice
Cellular profiling studies have yielded several robust features of 
immune activation or dysregulation that capture clinically relevant 
information. Assessment of such features in clinical practice might be 

complementary to and non-redundant with serological tests. Transla-
tion of findings from cellular profiling studies into clinical practice 
could follow multiple paths, but two paths will be considered here: the 
implementation of flow cytometry-based assessment of pathological 
immune activation and the introduction of scRNA-seq analysis in a 
clinical setting.

Cytometric assessment of pathological immune activation
A straightforward path to clinical implementation might involve distill-
ing down the most informative features from high-dimensional profiling 
studies and then developing targeted, cost-effective tests for these fea-
tures. In SLE, a disease with prominent immune abnormalities in blood, 
several informative features from transcriptomic and cytometric studies 
can be captured in straightforward ways. An IFN signature can be cap-
tured by flow cytometric screening for the cell surface marker Siglec-1, 
a protein strongly upregulated on monocytes by type I IFN141,142. The addi-
tional four features (proliferating lymphocytes, cytotoxic T cells, CD21low 
B cells, low-density neutrophils) that stratified subgroups of patients 
with LN as discussed above could be distilled down to simple parameters 
that can be measured by flow cytometry71. Similarly, the major defin-
ing features of synovial CTAPs in RA can be captured by standard flow 
cytometry39. Although, thus far, flow cytometry has little regular use 
in patients with rheumatic diseases, save for quantifying CD19+ B cells 
in patients treated with anti-CD20 antibodies, this method is routinely 
used in oncology to aid in the search for haematological malignancies143. 
Further, in clinical immunology, flow cytometry is used routinely to 
quantify lymphocyte subsets in patients with suspected immunodefi-
ciencies, and also to detect features of immune dysregulation in these 
diseases, such as expansions of activated B cells and T cells144.

The development of a flow cytometric test to quantify TFH cell 
frequency in children with immune dysregulation provides a valuable 
example of how these tests can be implemented clinically for evaluation 
of immune activity145. Building on established flow-cytometry proto-
cols, an assay to quantify PD1+ CXCR5+ TFH cells was developed with 
robust reproducibility across instruments and sample storage times of 
up to 24 h. Interrogation of cohorts of healthy individuals and individu-
als with relevant diseases using this assay defined normal ranges and 
indicated a sensitivity of 88% and specificity of 94% in discriminating 
autoimmune disease from autoinflammatory conditions145. With an 
estimated cost of <$200 per test, this approach provides a practical, 
feasible strategy for detection of features of immune activation that 
are currently missed by routine tests such as ESR, CRP, complement 
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Fig. 1 | Focused immune assessments to identify immune dysregulation 
in patients with suspected systemic lupus erythematosus. Evaluation of 
individuals who are seropositive for anti-nuclear antibodies (ANAs) for possible 
systemic lupus erythematosus (SLE) with standard laboratory tests, followed by 
immune profiling for specific SLE-associated features of immune dysregulation. 

In individuals with normal results of standard laboratory tests, immune profiling 
might reveal SLE-associated immune activity to aid in the diagnosis of SLE. 
Individual patient profiles can be visualized on axes of immune dysregulation71. 
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factors and autoantibodies. Although broad adoption of such tests 
will require standardization of cytometry markers and analysis meth-
ods across laboratories, potential value seems clear. For example, 
for individuals who present at rheumatology clinics with a positive 
anti-nuclear antibody (ANA), arthralgias, rashes and fatigue but have 
otherwise normal laboratory tests, a flow-cytometric quantification 
of circulating TFH cells, TPH cells, ABCs and plasmablasts might help to 
distinguish between SLE-associated pathological immune activity and 
immunological quiescence (Fig. 1).

Single-cell RNA sequencing as a clinical tool
Broad profiling approaches such as scRNA-seq of blood samples are 
likely to be translated into clinical practice in the next decade, following 
the example of whole-genome sequencing. The rapid advancement of 
clinical genome sequencing was aided by technological advances that 
made DNA sequencing feasible at reasonable costs, as well as by the 
establishment of a reference genome. In this context, immune profiling 
has struggled with myriad variations in cytometric definitions for the 
quantification of cell populations, complicating comparison of results 
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Fig. 2 | Broad immune profiling to identify immune abnormalities in 
rheumatic diseases. a, Broad immune profiling by single-cell RNA sequencing 
(RNA-seq) is able to define cell types (for example, monocytes, dendritic cells, 
B cells, T cells) or cell-activation states (for example, among resting T cells or 
activated T cells) that are characteristically altered in specific diseases and to 
generate healthy- and rheumatic-disease-associated reference datasets. These 
rheumatic-disease-associated cell types or cell states can be considered globally 
in a multi-dimensional fashion and then delineated further as specific cellular 
parameters. b, The immune profile of an individual sample is mapped against 

reference profiles to identify cellular features that differ from the healthy 
control-associated reference. Comparison with rheumatic disease-associated 
references matches individual profiles of undiagnosed individuals to the most 
fitting rheumatic-disease reference profile. A combination of these analyses 
has the potential to identify treatments that are the most suitable to modulate 
the pathologically activated pathways. LDG, low density granulocyte; Mono, 
monocyte; pDCs, plasmacytoid dendritic cells; PsA, psoriatic arthritis; RA, 
rheumatoid arthritis; SjD, Sjögren disease; SLE, systemic lupus erythematosus; 
SSc, systemic sclerosis.
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across studies and samples. The widespread use of droplet-based 
scRNA-seq now provides an opportunity to establish generalizable 
health- and disease-associated reference datasets. Moreover, advancing 
computational approaches will enable integration of scRNA-seq results 
from many diverse datasets, enabling cross-disease comparisons across 
studies, despite technical and methodological differences146,147.

Leveraging a common language for scRNA-seq-based immune 
profiling will enable the mapping of scRNA-seq profiles of indi-
vidual patient samples against a reference database of health- and 
disease-defined scRNA-seq profiles (Fig. 2), indicatively, screening 
for a strong type I IFN signature, as seen in patients with SLE, an expan-
sion of ABCs, plasmablasts, TPH and TFH cells, as seen in SLE, ongoing 
T cell–B cell interactions, expansion of TH17 cells, activation of IL-1β or 
TNF pathways in myeloid cells or abnormal TReg cell profiles. Unbiased 
approaches should be able to define SLE-like, RA-like, PsA-like, and 
other disease-associated immune profiles, enabling an immunophe-
notypic definition of immune health or disease-like status with any 
sample. Comparison with other states of immune activation, such 
as protective anti-viral and antibacterial responses as well as vaccine 
responses, will also be valuable.

Currently, technical and logistical challenges remain to be over-
come for this kind of approach. RNA transcriptomes change with 
incubation time, such that improved methods are needed that limit 
artefactual changes in transcriptomic profiles after sample acquisi-
tion that may obscure biological signals. Costs of scRNA-seq remain 
considerable (typically >US$1,000 per sample), slowing the genera-
tion of foundational datasets that can demonstrate the utility of such 
immune profiling, yet newer scRNA-seq profiling methods using probe 
capture are substantially reducing sequencing costs and broadening 
the ability to analyse fixed samples148. Incorporation of scRNA-seq 
profiling into the protocols of ongoing industry-sponsored clinical tri-
als, as has been done previously using whole-blood RNA-seq, would be 
immensely valuable to generate urgently needed scRNA-seq biomark-
ers of treatment effect and treatment response. As with more focused 
assays, standardization of methods across laboratories, and agreement 
on standard reference datasets, will be required to implement these 
approaches broadly.

Multi-modal immune profiling
A set of cellular profiling assays has the potential to complement 
other modalities that assess immune or inflammatory features, such 
as serum proteomic profiling or metabolomic profiling. In some cases, 
the different modalities might converge on the same fundamental 
observations; for example, a type I IFN signature can be detected by 
bulk RNA-seq, PCR, serum proteomic, or cytometric assays in SLE; in 
this case, the simplest and most cost-effective method should be used. 
Some modalities might, however, measure a given pathway more effi-
ciently than others; for example, the enzyme-linked immunosorbent 
assay may be most suitable for detecting a circulating cytokine, mass 
spectrometry for a key metabolite and cytometry for a relevant cell 
population. Given the rapid advances in tissue-biopsy profiling with 
high-dimensional imaging and spatial transcriptomics, specific fea-
tures of tissue architecture or cell infiltrates, or features of stromal or 
parenchymal cells, might also provide unique, non-redundant meas-
ures of disease-relevant immunopathology. Key informative inputs 
from any of these modalities can be incorporated as components of a 
broad assessment of immune dysregulation in patients, adding to the 
current assessments of CRP, complement components and autoanti-
bodies. Machine-learning approaches that incorporate both molecular 

and clinical data also have the potential to establish robust diagnostic 
markers, as in a study that improved identification of patients with PsA 
using this approach149.

Conclusion
In total, the rapidly expanding universe of immune-profiling data on 
blood and tissue samples from patients with rheumatic diseases is 
providing an increasingly well-defined set of parameters of immune 
dysregulation that is typical for these diseases, highlighting similarities 
and differences across diseases and among patients sharing a diagnosis. 
Immune profiling has so far highlighted several straightforward param-
eters of immune dysregulation that are ready for clinical implementa-
tion. In the near future, broad tests that assess the current activity level 
of the immune system, with an ability to detect pathological immune 
activation or deviation from homeostasis, might become as available 
as blood tests currently used to interrogate the functioning of other 
organs, such as the kidney and the liver. These methods have the poten-
tial to dramatically improve assessment of immune-mediated disease 
and guide therapeutic decisions for patients with rheumatic diseases.

Published online: 1 September 2025
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Abstract

Obesity affects nearly one in six adults worldwide. Excess adiposity 
is a pro-inflammatory state associated with increased risk of several 
types of arthritis, increased arthritis disease activity and/or severity, 
and poorer response to certain treatments. Obesity is a major risk 
factor for cardiovascular disease, the leading cause of death in 
people with common arthritides such as osteoarthritis (OA), gout, 
rheumatoid arthritis, psoriatic arthritis and axial spondyloarthritis. 
Glucagon-like peptide-1 receptor agonists (GLP-1RAs) are a promising 
therapeutic option for people with arthritis and obesity or type 2 
diabetes mellitus owing to their pleiotropic effects, including weight 
loss, improved survival and reduced risk of major cardiovascular and 
renal events. In vitro and preclinical in vivo experiments in arthritis 
have uncovered weight-loss-independent anti-inflammatory and 
chondroprotective properties of GLP-1RAs. In knee OA, clinical data 
suggest that GLP-1RAs improve pain and function and reduce the 
risk of surgical intervention; however, their effects on OA incidence 
remain incompletely understood. Evidence suggests that GLP-1RAs 
do not directly prevent gout attacks, but are effective in managing 
cardiometabolic conditions commonly associated with gout and other 
arthritides. More research is needed to clarify the effects of GLP-1RAs 
on incidence, disease activity, and progression of rheumatoid arthritis, 
psoriatic arthritis and axial spondyloarthritis.
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and 1.7-fold increases in the incidence of OA and gout, respectively13, 
and it has been estimated that nearly one-third of incident gout cases 
among American men could be prevented if none was overweight 
(that is, had a BMI of <25 kg/m2)17.

Additionally, excess adiposity significantly increases cardiometa-
bolic risk18. Every five-unit increase in BMI above 25 kg/m2 is associ-
ated with a 40% increase in cardiovascular mortality in the general 
population19, and cardiovascular disease (CVD) is the leading cause of 
death for people with OA, gout, RA, PsA and axSpA20–22. The greater bur-
den of CVD in people with arthritis is attributable, in part, to inflamma-
tion from arthritis accelerating atherogenesis, to the use of medications 
(such as glucocorticoids and NSAIDs) that can increase cardiovascular 
risk, and to the increased prevalence of cardiometabolic conditions23. 
Across common arthritides, reducing cardiovascular risk through 
the management of cardiometabolic conditions such as obesity is 
therefore a priority for care providers24–27. In this regard, glucagon-like 
peptide-1 (GLP-1) receptor agonists (GLP-1RAs), which have weight loss, 
antidiabetic, and cardioprotective and nephroprotective properties, 
have emerged as promising therapeutic drugs.

In this Review, we summarize the physiology of GLP-1 and the 
multisystem effects of activating the GLP-1 receptor, discuss the estab-
lished pleiotropic benefits of this increasingly popular drug class, 
and appraise the data on GLP-1RAs in OA, gout, RA, PsA and axSpA 
(rheumatic diseases for which the influences of excess adiposity are 
best studied). We conclude with a discussion of practical points clini-
cians should consider when prescribing a GLP-1RA to a patient with 
arthritis. In this Review, we include tirzepatide (a glucose-dependent 
insulinotropic polypeptide (GIP)–GLP-1 receptor co-agonist) when 
referring to GLP-1RAs.

The GLP-1 pathway and its activation
GLP-1 is produced by L cells (enteroendocrine cells predominantly 
located in the ileum and colon) and secreted at low levels in the fasted 
state28. Following a meal, secretion of GLP-1 and GIP rise, facilitating 
glucose-dependent insulin secretion by the pancreas, which lowers 
blood sugar levels. Interestingly, the GLP-1 response following a glu-
cose load is reduced in individuals with obesity29. Activation of GLP-1 
receptors in the gut, brain, kidney and cardiovascular and immune 
systems by native GLP-1 or GLP-1RAs leads to various extrapancreatic 
effects, as discussed below28.

The evolving landscape of GLP-1RAs
Since 2005, when the first GLP-1RA (twice-daily subcutaneous exena-
tide) was approved for use in type 2 diabetes mellitus (T2DM), advances 
have led to the development of daily GLP-1RAs (for example, liraglutide 
and lixisenatide) and then weekly subcutaneous GLP-1RAs (dulaglutide, 
semaglutide), followed by daily oral GLP-1RAs (semaglutide) and weekly 
GIP–GLP-1 receptor co-agonists (tirzepatide)30. Promising results of 
phase II trials of novel agents including orforglipron (small-molecule 
oral GLP-1RA)31, retatrutide (GIP–glucagon–GLP-1 receptor triple 
agonist)32, and combination amylin analogue–GLP-1RA therapy with 
cagrilintide and semaglutide33 illustrate the ongoing progress in 
expanding the drug class.

Cardiometabolic and renal effects of GLP-1 receptor agonism
Although initially a drug class for the treatment of T2DM, the pleio-
tropic effects of GLP-1RAs have been translated into meaningful clini-
cal benefits in large-scale randomized controlled trials (RCTs)34–46 
(Table 2). Placebo-subtracted weight loss, for example, ranged from 

Key points

	• Obesity is a risk factor for developing osteoarthritis (OA), 
gout, rheumatoid arthritis (RA), psoriatic arthritis (PsA) and axial 
spondyloarthritis (axSpA), and is associated with higher disease activity 
and/or severity, and worse response to common treatments.

	• Glucagon-like peptide-1 receptor agonists (GLP-1RAs) improve 
glycaemic control, facilitate clinically meaningful weight loss, 
improve survival, and reduce the risk of renal failure and major adverse 
cardiovascular events.

	• In vitro and in vivo experiments in OA, RA and psoriasis models 
have demonstrated weight-loss-independent anti-inflammatory and 
chondroprotective effects of GLP-1RAs, commonly through inhibition 
of the NF-κB pathway.

	• Evidence from randomized controlled trials suggests that OA-related 
knee pain and function improve with semaglutide but not with 
liraglutide treatment, and observational studies suggest that GLP-1RA 
use reduces the risk of surgery for knee OA.

	• More data are needed to clarify the effects of GLP-1RAs on the 
incidence of OA, RA, PsA and axSpA, as well as on disease activity 
and progression in these conditions.

	• Muscle loss with GLP-1RAs is probably proportional to the extent 
of weight loss, and resistance exercise with adequate protein intake 
is recommended to preserve muscle mass and function.

Introduction
Globally, nearly one in six adults lives with obesity, a state of excess 
adiposity commonly defined as BMI ≥30 kg/m2 (ref. 1). Excess adipose 
tissue is pro-inflammatory and relevant across common arthritides2 
(Table 1). In rheumatoid arthritis (RA) and psoriatic arthritis (PsA), for 
example, systematic reviews have shown that obesity is associated 
with increased disease activity3 as well as poorer response to biologic 
DMARDs, particularly TNF inhibitors4. Among people with RA or PsA, 
the odds of achieving remission or minimal disease activity are ~40–50% 
lower for those with obesity5–7. Moreover, excess body weight can cause 
biomechanical stress, entheseal microtrauma and deep koebneriza-
tion at weight-bearing sites, provoking local inflammation in PsA8. 
In axial spondyloarthritis (axSpA), systematic reviews have revealed 
that higher weight is associated with both higher disease activity and 
radiographic progression3,9. Persistent pain and functional impairments 
are probably major reasons why people with obesity and RA, PsA or 
axSpA experience more difficult-to-manage disease3,5–7,10.

People with osteoarthritis (OA) and obesity also experience higher 
levels of pain than those without obesity3. Excess and dysfunctional adi-
pose tissue amplifies OA-related pain through various mechanisms that 
extend beyond increased mechanical loading (for example, increased 
production of adipokines and/or pro-inflammatory cytokines 
leading to enhanced nociceptive pain and peripheral and central 
sensitization)11. Furthermore, Mendelian randomization studies have 
shown causal relationships between elevated BMI and the develop-
ment of OA12,13 and gout13,14, the two most common forms of arthritis 
worldwide15,16. A rise in BMI by one standard deviation leads to 1.5-fold 
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approximately 3% with liraglutide administered at the standard dose 
for diabetes in people with T2DM34 to 18% with tirzepatide adminis-
tered at the (higher) dose for obesity in people with obesity without 
T2DM40. GLP-1RAs facilitate weight loss by increasing satiety and reduc-
ing appetite through the stimulation of the anorexigenic POMC–CART 
pathway, inhibition of the orexigenic NPY–AgRP pathway47 and slowing 
of gastric emptying and small-bowel motility28. Of note, among people 
with obesity, those with T2DM experience less weight loss than those 
without T2DM, even with equivalent GLP-1RA dosing (Table 2).

From a cardiorenal perspective, a 2025 meta-analysis of 11 RCTs 
involving 85,373 participants showed 16% reduction in risk of renal 
failure, 14% reduction in risk of major adverse cardiovascular events 
(MACE), and 13% reduction in risk of all-cause mortality with the use 
of GLP-1RAs compared with placebo41. Pharmacologically activat-
ing GLP-1 receptors throughout the cardiovascular system reduces 
blood pressure (if hypertensive) and cardiac ischaemic injury, possibly 
decreases vascular inflammation and atherosclerosis (currently being 
investigated), and increases heart rate28. The mechanisms through 
which GLP-1RAs affect kidney health remain uncertain. Beneficial 
effects of GLP-1RAs on metabolic dysfunction-associated steatohepa-
titis have also been observed in phase II trials48–50. Because hepat-
ocytes do not express GLP-1 receptors, these benefits might relate 
to anti-inflammatory mechanisms that are both dependent on and 
independent of weight loss51.

Immunomodulatory effects of GLP-1 receptor agonism
Independent of their effect on adiposity, synthetic human GLP-1 and 
GLP-1RAs have anti-inflammatory effects in humans, suppressing key 
pro-inflammatory cytokines such as IL-6, TNF and IL-1β52,53. Such find-
ings have ignited interest in exploring the effects of GLP-1 receptor 
agonism in arthritis. In vitro and preclinical in vivo experiments in 
OA, RA and psoriasis models have consistently demonstrated ben-
eficial immunomodulatory effects of GLP-1RAs54,55. Across studies, 
significant, often dose-dependent, reductions in pro-inflammatory 
cytokines (TNF, IL-6, IL-1β) and cartilage-degradative enzyme expres-
sion and/or activity have been observed55–62. Human chondrocytes 
express the GLP-1 receptor55. Activating this receptor has been shown 
to be chondroprotective in OA. People with OA have lower serum GLP-1 
levels63, and intra-articular liraglutide injection alleviates pain55 and 
attenuates cartilage degradation in OA mouse models63. GLP-1RAs 
reduce MMP3-related and MMP13-related degradation of type II col-
lagen and ADAMTS4-related and ADAMTS5-related degradation of 
aggrecan56–58,61,62, two fundamental components of articular cartilage. 
Novel discoveries related to a gut–joint axis explaining the connec-
tion between the gut microbiota, GLP-1 and OA progression illustrate 
a potential disease-modifying role of native GLP-1 and GLP-1RAs in 
OA63 (Fig. 1).

Whereas various mechanisms seem to contribute to the observed 
immunomodulatory properties of GLP-1RAs, inhibition of a common 
signalling pathway has been reported across OA, RA, and psoriasis 
models: the NF-κB pathway57–59,61,62,64–67 (Fig. 2). In OA and RA, GLP-1RAs 
have been shown to inhibit this pathway by preventing phosphoryla-
tion of IκBα58,65,66, a key inhibitory protein that, in its unphosphorylated 
form, prevents nuclear translocation of NF-κB transcription factors68. 
GLP-1RAs also inhibit phosphorylation of p38, thus preventing nuclear 
translocation of RelA61,65, and reduce TNF production and thereby 
TNF-induced activation of NF-κB signalling62 (Fig. 2). In psoriasis, phos-
phorylation of AMP-activated protein kinase (AMPK) leads to activation 
of an enzyme (sirtuin 1 deacetylase) that deacetylates RelA, preventing 

its entry into the nucleus69. The net effect of all these mechanisms is 
reduced downstream production of pro-inflammatory cytokines. The 
clinical implications of the weight-loss-independent anti-inflammatory 
effects of GLP-1RAs in arthritis, which can occur alongside weight-loss-
dependent anti-inflammatory effects resulting from the reduction of 
pro-inflammatory adipose tissue, merit further study.

Effects of GLP-1RAs in common forms of arthritis
Considering the prevalence and effects of obesity across common 
forms of arthritis, questions around whether GLP-1RAs can improve 
arthritis symptoms, protect against adverse cardiovascular events 
in high-risk patients, or prevent arthritis onset altogether are being 
actively explored.

Osteoarthritis
Association with disease incidence. Data related to the risk of OA 
following exposure to GLP-1RAs are emerging, although the relation-
ship remains unclear. Since 2024, four retrospective cohort studies 
have been performed by two research groups, and conflicting results 
have been reported70–73.

In two US studies using Medicare data from a closed claims data-
base, individuals with obesity, without prior OA, prescribed GLP-1RAs 
were compared with randomly selected individuals with obesity with-
out anti-obesity medication use within 1 to 2 years70,71. Both groups 
were followed for 6 to 24 months for OA incidence. Cox proportional 

Table 1 | Associations between excess weight and risk, activity 
and/or severity, and progression of common arthritides

Incidence 
(risk)

Disease 
activity or 
severity

Radiographic 
progression

Response to 
treatment

OA Increased12,13 Increased3 Greater 
radiographic 
progression 
seen with high 
BMI in 12 of 
24 and 4 of 
11 studies in 
systematic 
reviews3,162

Probably no 
clinically 
meaningful 
effect of 
preoperative 
weight on 
persistent 
post-TKA 
pain163,164

Gout Increased13,14 Increaseda 
(refs. 3,165–167)

Not studied Decreasedb 
(refs. 168–171)

RA Increased13,111 Increased3,5 Lower 
radiographic 
progression 
with high BMI in 
6 of 7 studies3

Reduced 
response to 
TNF inhibitors4

PsA Increased13,172 Increased3 Not studied Reduced 
response to 
TNF inhibitors4

axSpA Increased13 Increased3 Increased9 Reduced 
response to 
TNF inhibitors4

The table is based on systematic reviews, meta-analyses and Mendelian randomization 
studies, unless otherwise specified. axSpA, axial spondyloarthritis; OA, osteoarthritis; PsA, 
psoriatic arthritis; RA, rheumatoid arthritis; TKA, total knee arthroplasty. aBased on three large 
observational studies, two showing increased risk of recurrent gout flares in patients with 
obesity166,167 and one showing that weight gain increases the risk of recurrent gout attacks 
while weight loss decreases the risk (suggesting a dose–response relationship)165. bBased on 
one cross-sectional study171, one prospective cohort168, pooled data from one observational 
cohort plus two randomized controlled trials170, and a post hoc analysis of one randomized 
controlled trial169.
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hazards models (with adjustment for age, sex, socioeconomic status 
and selected comorbidities unbalanced at baseline) revealed a 16% 
lower risk of incident OA with semaglutide use than without70, and a 
27% lower risk with liraglutide, semaglutide or tirzepatide relative to 
no anti-obesity medications71. However, misclassification was pos-
sible as diagnosis was based on a single International Classification of 
Diseases, Tenth Revision (ICD-10) code for OA, and a 1-year look-back 
might have been too short to confidently exclude prevalent cases. The 
21% incidence of OA after 1 year of follow-up in one of the studies could 
reflect these issues70. Furthermore, in one of two studies, the methods 
specify that only formulations of liraglutide, semaglutide and tirzepa-
tide FDA-approved for weight loss were considered, suggesting that 
off-label use of formulations approved for T2DM were not captured71.

By contrast, GLP-1RA exposure was associated with an increased 
risk of OA in two US studies that used data from TriNetX, a global 
network of electronic health records (EHR) data72,73. Individuals with 
obesity, without prior OA, prescribed GLP-1RAs were compared with 
propensity score-matched individuals without a GLP-1RA prescription. 
Propensity scores were calculated using age, sex, race, BMI, T2DM 
and, in those with T2DM, serum haemoglobin A1c (HbA1c) level. OA inci-
dence, defined as one ICD-10 code for knee or hip OA, was determined 
using follow-up periods of 1 year73 or ≥5 years72. Both studies found 
an increased incidence of hip and knee OA in the groups with a GLP-
1RA prescription, with the risk being ~30–40% higher after 1 year and  
~50–60% higher after 5 years. Baseline BMI after propensity score match-
ing was not balanced between the groups exposed and unexposed to 
GLP-1RAs. Residual confounding by indication (that is, participants 
with high BMI being more likely to receive GLP-1RAs and to develop OA) 
might have remained. The groups might also have differed with respect 
to other unmeasured characteristics that influence the likelihood of 
OA diagnosis, such as access to clinical care or frequency of visits, 
causing ascertainment bias. Contamination (that is, prescription of a 
GLP-1RA to initially unexposed patients) during the follow-up period 
and low adherence were also concerns. At 2 years, only 38–62% of those  

initially prescribed a GLP-1RA were still being prescribed a GLP-1RA, 
and weight loss and improvements in HbA1c levels were practically 
identical in all groups. Thus, the study had limited ability to capture 
true treatment effects.

All four studies acknowledged the limitations of using data from 
insurance claims and/or EHRs to evaluate the association between 
GLP-1RAs and OA incidence, including missing data on potential con-
founders, information on prescription dispensed rather than used, 
and the uncertainty of OA diagnosis based on ICD codes. Moreover, 
studies using EHR data from sources such as TriNetX could be limited 
in their ability to perform on-treatment or per-protocol analyses if the 
data are analysed within the platform (rather than being downloaded) 
and therefore treatment duration cannot be determined. As such, 
estimates of therapeutic effectiveness from analyses emulating an 
intention-to-treat approach could be clouded by contamination and 
early discontinuation. Nonetheless, studies to date have laid the foun-
dation for future research. Moving forward, studies investigating the 
association between GLP-1RA use and OA incidence would benefit 
from extended look-back periods (to exclude prevalent cases of OA), 
several-year follow-up periods (given the slow development and pro-
gression of OA)74, validated algorithms for diagnosing OA (to minimize 
misclassification)75,76, analyses estimating on-treatment effects, and 
statistical methods to reduce risk of confounding.

Effect on OA disease outcomes. Excitement around GLP-1RAs as a 
therapeutic option for people with OA and excess adiposity has grown 
given the well-recognized benefits of weight loss in this population77 as 
well as results from the STEP 9 trial78. This multicentre, international, 
double-blind RCT in 407 adults with obesity, moderate clinical and 
radiographic knee OA and no diabetes evaluated the effectiveness of 
semaglutide versus placebo as an adjunct to regular physical activity 
and dietary counselling over 68 weeks (Table 3).

Study participants who received semaglutide with lifestyle coun-
selling lost 13.7% of their body weight, whereas those who received 
placebo with counselling lost 3.2% of their body weight, yielding a 10.5% 
absolute difference in weight reduction. Also, in the semaglutide group, 
70% and 87% of people achieved ≥5 and ≥10% weight loss, respectively, 
a range in which several obesity-related complications improve79. 
Normalized Western Ontario and McMaster Universities OA index 
(WOMAC) pain score improved from baseline to week 68 by 42 points 
with semaglutide compared with 28 points with placebo. The 14-point 
greater improvement with semaglutide exceeds previously described 
minimal clinically important differences of ~10 points for knee OA 
interventions80,81. Similarly, significantly greater improvements in 
physical function, measured on WOMAC and SF-36 subscales, were 
observed with semaglutide relative to placebo. Rates of serious adverse 
events were similar between the groups and were consistent with the 
findings in prior trials of semaglutide36,37,82. Of the 87% of people who 
completed the treatment period with semaglutide, 90% were taking the 
full (2.4 mg) dose at the end, indicating good adherence and tolerance.

Although the generalizability of this trial’s results to individuals 
with milder OA and/or less excess weight can be questioned, it demon-
strated significantly greater, and clinically relevant, improvements in 
weight, pain and function with semaglutide compared with placebo, 
alongside lifestyle counselling.

Prior to the STEP 9 trial, one trial had evaluated the effects of 
GLP-1RAs on OA-related outcomes83 (Table 3). This 52-week inves-
tigator-initiated single-centre triple-blind RCT was performed in 
156 adults with mild-to-moderate symptomatic knee OA and elevated 

Table 2 | Multi-system effects of GLP-1RAs based on RCT data

Outcome Magnitude of effect 
(compared with placebo)

Refs.

Glycaemic control 1–2% improvement in HbA1c 35,38,39,44,46

Weight loss T2DM with or without obesity:
Liraglutidea 3–4%
Semaglutideb 5–6%
Tirzepatidec 7–12%

34,35,37–39,44

Obesity without T2DM:
Liraglutidea 5%
Semaglutideb 12%
Tirzepatidec 18%

36,40,43,45

Mortality 13% reduction in risk 41

MACE 14% reduction in risk 41,42

Hospitalization for heart 
failure

11% reduction in risk 42

Renal failure 16% reduction in risk 41

GLP-1RA, glucagon-like peptide 1 receptor agonist; HbA1c, serum haemoglobin A1c; MACE, 
major adverse cardiovascular events; RCT, randomized controlled trial; T2DM, type 2 
diabetes mellitus. aFor T2DM without obesity, 1.8 mg per day (subcutaneous); for obesity with 
or without T2DM, 3 mg per day. bFor T2DM without obesity, 1 mg per week (subcutaneous); 
for obesity with or without T2DM, 2.4 mg per week. cFor T2DM without obesity, 5 mg per week 
(subcutaneous); for obesity with or without T2DM, 15 mg per week.
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BMI (≥27 kg/m2). No difference in pain was observed with liraglutide 
relative to placebo83. However, prior to randomization, all participants 
underwent an 8-week diet intervention and only those achieving >5% 
weight loss (156 of 168) entered the trial and were randomly allocated 
to liraglutide treatment or placebo. The effects of this pre-randomi-
zation intervention were large: participants lost an average of 12.5 kg 
and pain decreased by 12 points on the Knee Injury and Osteoarthri-
tis Outcome Score (KOOS) pain subscale, both clinically meaningful 
changes79,84. In contrast to the STEP 9 trial, participants had lower mean 
BMI (32 kg/m2) and milder OA at baseline. Although changes in weight 
at 1 year were significantly different between groups (2.8 kg loss with 
liraglutide versus 1.2 kg gain with placebo), no differences in pain, 
function or quality of life were observed. The lack of improvement with 
liraglutide might have been partially attributable to a ceiling effect 
from the benefit of the pre-randomization intervention. After the initial 
improvement, mean KOOS pain score (0–100, with 100 representing 
no pain) at randomization was 78, leaving limited room for further 
improvement. Furthermore, liraglutide induces less weight loss than 
newer-generation GLP-1RAs (Table 2), and more weight loss (>7%) might 
be necessary to improve OA-related symptoms77.

Observational studies have also provided important evidence 
highlighting that improvements in OA outcomes can be seen with vary-
ing degrees of excess weight and with different GLP-1RAs73,85,86. In the 
Shanghai Osteoarthritis Cohort, for example, the risk of undergoing 
knee surgery for OA was significantly lower with GLP-1RA exposure 
than without (1.7% versus 5.9%) after adjustment for age, sex, BMI, OA 
severity (Kellgren–Lawrence grade) and WOMAC total score85 (Table 3). 
Furthermore, 32% of this effect was mediated through weight loss. 
The cohort comprised adults with specialist-diagnosed OA, T2DM, 
and ≥5 years of follow-up data, 233 of whom had ≥2 years of GLP-1RA 

exposure and 1,574 had no GLP-1RA exposure. Mean BMI at baseline 
(~25 kg/m2) was lower than in the RCTs by Bliddal et al.78 (STEP 9) and 
Gudbergsen et al.83, and people receiving GLP-1RAs lost 4.6 kg over the 
follow-up period whereas unexposed people gained 2.7 kg (ref. 85). 
In the group receiving GLP-1RAs, WOMAC pain score improved by 
3.4 more points, the number of intra-articular injections per year was 
~0.1 lower, and there was 0.02 mm less cartilage loss per year. However, 
although statistically significant, these differences probably fall below 
thresholds for clinical relevance80,81. That said, pain at baseline was mild 
(~18/100 on the normalized WOMAC pain subscale, with 0 representing 
no pain), limiting room for improvement. Furthermore, significantly 
more people achieved a minimal clinically important change in pain 
score of 9 points with GLP-1RAs (35%) than without (28%). Certain 
potentially confounding factors were not accounted for (for example, 
socioeconomic status or comorbidities such as CVD that might increase 
GLP-1RA prescription and decrease the probability of undergoing 
surgery due to perioperative risk), and excluding those with <2 years 
of exposure to GLP-1RAs (17 people) could have introduced selec-
tion bias. Nonetheless, the results were consistent with those of three 
subsequently published observational studies63,73,86 (Table 3).

Appraising experimental and observational evidence to date, 
GLP-1RAs are a promising therapy for the management of OA in 
people with excess adiposity. Ongoing trials evaluating retatru-
tide (NCT05931367) and tirzepatide (NCT06191848) in knee OA are 
estimated to conclude as early as December 2025 and May 2027, 
respectively (Supplementary Table 1).

Management of comorbidities. People with OA are at increased risk 
of various cardiometabolic and renal comorbidities and complica-
tions relative to those without OA87–89, and GLP-1RAs have established 
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Fig. 1 | The GLP-1-mediated gut–joint axis in osteoarthritis. Evidence 
demonstrates a pathway linking the gut microbiota, glucagon-like peptide-1 
(GLP-1) and joint health63. The gut microorganism Clostridium bolteae facilitates 
the conversion of primary bile acids, which are synthesized in the liver, to 
ursodeoxycholic acid (UDCA). UDCA is a precursor of glycoursodeoxycholic 
acid (GUDCA), a secondary bile acid that inhibits intestinal farnesoid X receptor 
(FXR) signalling. Both C. bolteae and GUDCA are less abundant in people with 
osteoarthritis (OA) than in those without OA, resulting in upregulated intestinal 
FXR signalling (which is pathogenic in OA)63. When FXR is inhibited by GUDCA, 

there is increased proliferation of intestinal stem cells that differentiate into  
L cells, the cell type responsible for producing GLP-1. Intestinal GLP-1 then travels 
to joints, where it binds to GLP-1 receptors on chondrocytes. Here, activation of 
GLP-1 receptors results in reduced expression of key catabolic enzymes including 
MMP3, MMP13, ADAMTS4 and ADAMTS5 (refs. 56–58,61,62), attenuating cartilage 
breakdown and OA progression63. This gut–joint axis could explain why serum 
levels of GLP-1 are decreased in people with OA and illustrates the disease-modifying 
potential of targeting GLP-1 receptors expressed in synovial joints63.
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benefit in preventing or treating these conditions34–46 (Table 2). Of note, 
walking difficulty and/or disability is a major driver of the elevated 
cardiovascular risk observed in people with OA90,91, and exercise, even 
just once weekly, might attenuate the excess risk of cardiovascular 
events in people with knee OA87. In the STEP 9 trial, along with improve-
ments in patient-reported physical function, 6-min walk distance 
improved by 43 m more with semaglutide than with placebo78. Hence, 
for people with OA and excess adiposity, GLP-1RAs might improve car-
diometabolic health directly, through cardioprotective class effects, 
and indirectly, by increasing capacity for physical activity.

Gout
Effects on disease risk. Several studies, including a network 
meta-analysis of RCTs, have shown that GLP-1RA use is not associ-
ated with a decreased incidence of gout92–94. GLP-1RAs have also been 
frequently compared with sodium–glucose cotransporter 2 (SGLT2) 
inhibitors in observational cohort studies using large datasets to esti-
mate the risk of developing gout93,95–97. SGLT2 inhibitors (for example, 
canagliflozin, empagliflozin and dapagliflozin) are another second-line 
T2DM drug class with cardioprotective and nephroprotective effects98. 
They too induce weight loss (~1.5–2 kg more than placebo), albeit to a 
lesser degree than GLP-1RAs99. Consistently, the risk of gout has been 

reported to be ~20–40% lower with SGLT2 inhibitor exposure than 
with GLP-1RA exposure. Considering all available evidence, SGLT2 
inhibitors probably reduce the risk of developing gout when com-
pared with GLP-1RAs, and GLP-1RAs probably do not reduce this risk 
relative to placebo. Mechanistically, SGLT2 inhibitors directly reduce 
serum urate concentrations in a clinically meaningful way100, whereas 
GLP-1RAs do not101,102. Post-hoc analyses of four controlled clinical tri-
als found no clinically relevant changes in serum urate concentrations 
following GLP-1RA exposure, neither immediately nor after several 
weeks of therapy101. Of note, only exenatide, lixisenatide and liraglu-
tide were assessed, weight loss relative to placebo was only 1.4–1.9 kg 
after 8–12 weeks, and only 17–22% of participants across the four trials 
were hyperuricaemic at baseline (median serum urate concentra-
tion 321–377 μmol/l). A 2022 meta-analysis also found no significant 
urate-lowering effects of GLP-1RAs compared with placebo, but sema-
glutide was used in only one study102. Because GLP-1RAs have no direct 
uricosuric effect, any potential benefit in lowering serum urate levels 
would probably need to be mediated through weight loss (that is, indi-
rectly)103. Since newer-generation GLP-1RAs such as semaglutide and 
tirzepatide facilitate greater weight loss than older GLP-1RAs, oppor-
tunities exist to explore whether these newer agents could indirectly 
lower serum urate concentrations long-term.
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Fig. 2 | Inhibition of the NF-κB pathway through GLP-1 receptor agonists. 
The NF-κB pathway consists of a group of inducible transcription factors which, 
when activated, leads to the expression of various genes that encode important 
pro-inflammatory cytokines and chemokines. These transcription factors are 
normally sequestered in the cytoplasm by inhibitory proteins, the most important 
being IκBα. The NF-κB pathway is activated when IκBα is phosphorylated. 
Phosphorylation of IκBα (via the IKK complex) is normally triggered by stimuli 
such as cytokines (for example, TNF and IL-1β), growth factors, mitogens, 
microbial components or stress agents, and leads to degradation of IκBα. 
Phosphorylation of IκBα enables nuclear translocation of NF-κB transcription 

factors and subsequent expression of pro-inflammatory genes that encode 
cytokines (IL-1, IL-6, IL-12, IL-23, TNF) pertinent in osteoarthritis, rheumatoid 
arthritis and/or psoriatic disease. Glucagon-like peptide-1 (GLP-1) receptor 
agonists (GLP-1RAs) reduce levels of cytokines that activate the NF-κB pathway. 
GLP-1RAs also preventing phosphorylation of IκBα and nuclear translocation of 
RelA (one of five NF-κB family members). Through these effects, GLP-1RAs reduce 
downstream pro-inflammatory cytokine and chemokine production and resultant 
inflammation. BCR, B cell receptor; PRR, pattern recognition receptor; TCR, T cell 
receptor; TNFR, TNF receptor. Adapted from ref. 68, Springer Nature.
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Effects on disease outcomes. GLP-1RAs have been studied as active 
comparators in two population-based studies evaluating SGLT2 inhibi-
tors in people with pre-existing gout104,105. In both studies, the risk of 
recurrent flares (calculated after applying propensity score-based 
methods to account for baseline differences between groups) was 
approximately 30% lower with SGLT2 inhibitors than with GLP-1RAs.

Management of comorbidities. National estimates of comorbidity 
burden show that Americans with gout have 21% higher prevalence of 
obesity (53.3% versus 32.8%, adjusted OR 2.4), 18% higher prevalence of 
T2DM (25.7% versus 7.8%, adjusted OR 2.4), and 12% higher prevalence 

of myocardial infarction (14.4% versus 2.9%, adjusted OR 2.4) compared 
with people without gout106. Although available evidence does not 
suggest a role for GLP-1RAs in the primary or secondary prevention 
of gout flares, they do have a role in managing these cardiometabolic 
conditions41,98,107.

Rheumatoid arthritis, psoriatic arthritis  
and axial spondyloarthritis
Effects on disease risk. Our literature review revealed no full-length 
articles on the risk of PsA or axSpA following GLP-1RA exposure. Data 
on the association between GLP-1RAs and the development of RA 

Table 3 | Studies evaluating effects of GLP-1RAs on disease outcomes in OA

Study (year) Design Sample and baseline 
characteristics

Main results Ref.

STEP 9 trial 
(2024)

68-week multicentre international 
double-blind RCT evaluating 
effectiveness and safety of semaglutide 
(up-titrated to 2.4 mg SC weekly) versus 
placebo, along with lifestyle counselling 
every 4–8 weeks, for weight loss, pain, 
and function in knee OA plus obesity

407 adults (mean age 56 years, 
82% women, 61% white) with 
obesity (mean BMI 40 kg/m2), 
moderate clinical and radiographic 
knee OA (mean normalized 
WOMAC pain 70.9/100; KL grade 2 
or 3), and no diabetesa

10.5% absolute difference in weight loss with semaglutide 
compared with placebo (−13.7% versus −3.2%; P < 0.001)
14.1-point greater improvement in WOMAC pain with 
semaglutide (−41.7 versus −27.5; P < 0.001)
14.9-point greater improvement in WOMAC physical 
function with semaglutide (−41.5 versus 26.7; P < 0.001)
Similar incidence of serious AEs (10% versus 8.1%), 
but more permanent discontinuations with semaglutide 
(6.7% versus 3%)
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Gudbergsen 
et al. (2021)

52-week investigator-initiated 
single-centre triple-blind RCT evaluating 
effectiveness and safety of liraglutide 
(up-titrated to 3 mg SC daily) versus 
placebo on weight loss, pain and function 
in OA plus high BMI; randomization was 
preceded by an 8-week diet intervention

156 adults (mean age 59 years, 
65% female) with BMI ≥27 kg/m2 
(mean BMI 32 kg/m2), mild-to-
moderate knee OA (mean KOOS 
pain score 77.8/100; KL grade 1–3), 
and no diabetesb

3.9 kg absolute difference in weight loss with liraglutide 
compared with placebo (−2.8 kg versus +1.2 kg; P = 0.008)
No difference in KOOS pain score, function or serious AEs

83

Shanghai 
OA Cohort 
(2023)

Multicentre prospective cohort study 
assessing associations between GLP-1RA 
exposure (≥2 years versus none) and 
incidence of surgery for knee OAc, use 
of pain medications and intra-articular 
injections, as well as changes in WOMAC 
scores and medial knee cartilage 
thickness

1,807 adults >45 years old 
(mean age 61 years; 73% 
female; mean BMI 25 kg/m2) 
with specialist-diagnosed OA 
(mean WOMAC pain score 17.5) 
and T2DM who received (n = 233) or 
did not receive (n = 1,574) GLP-1RAs

Mean treatment duration 5 years
Significantly lower incidence of knee surgery with 
≥2 years of GLP-1RA use versus no use (1.7% versus 5.9%; 
P = 0.014)d, 32% mediated by weight loss
−7.3 kg mean difference in weight change (4.6 kg loss with 
GLP-1RAs versus 2.7 kg gain without; P < 0.001)d
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Yang et al. 
(2025)

Retrospective cohort study in adults with 
diabetes mellitus and knee OA that used 
IMRD EHR data to assess risk of knee 
replacement in GLP-1RA new users versus 
non-users matched for age, sex, BMI and 
calendar year

3,816 adults with diabetes mellitus 
and knee OA (mean age 64 years; 
58% women; mean BMI 37 km/m2), 
including 915 GLP-1RA new users 
and 2,901 matched individuals

Lower risk of knee replacement with GLP-1RA use over a 
4-year mean follow-up (RD −5.4 (95% CI −10.0 to −0.8) per 
1,000 person-years; adjusted HR 0.73 (95% CI 0.54–0.99)e)

63

Porto et al. 
(2025)

Retrospective cohort study using TriNetX 
EHR data to assess rates of THA, TKA and 
major joint injections within 1 year for 
patients with OA plus obesity prescribed 
GLP-1RAs versus PS-matched individuals 
without GLP-1RA prescriptionsf

45,676 participants total;  
22,838 people with obesity  
and knee or hip OA prescribed  
GLP-1RAs PS-matched in a 1:1 ratio 
to individuals without GLP-1RA 
prescriptions (mean BMI 37 kg/m2, 
mean age 63–64 years)

Lower incidence of THA (1.1% versus 2.2%; HR 0.6 
(0.45–0.79)) and TKA (1.4% versus 2.1%; HR 0.75 
(0.63–0.89)) within 1 year of GLP-1RA prescription, 
but no difference in weight loss or major joint injections

73

Samajdar 
et al. (2024)

Uncontrolled retrospective cohort 
study describing changes in outcomes 
6 months after starting dulaglutide for the 
treatment of T2DM in older adults with OA

98 patients ≥60 years old (mean 
age 67 years; 59% male; mean BMI 
31 kg/m2) with T2DM and bilateral 
knee OA (mean VAS pain 6.9/10)

10.2% weight loss plus 3.8-unit improvement in mean VAS 
pain 6 months after starting treatment with dulaglutide 
(unadjusted P < 0.001 for both)

86

AE, adverse event; EHR, electronic health record; GLP-1RA, glucagon-like peptide-1 receptor agonist; IMRD, IQVIA Medical Research Database; KL, Kellgren–Lawrence; KOOS, knee injury 
and osteoarthritis outcome score; OA, osteoarthritis; PS, propensity score; RCT, randomized controlled trial; RD, rate difference; SC, subcutaneous; T2DM, type 2 diabetes mellitus; THA, 
total hip arthroplasty; TKA, total knee arthroplasty; VAS, visual analogue scale; WOMAC, Western Ontario and McMaster Universities osteoarthritis index. aOther relevant exclusions beyond 
relative and absolute contraindications to GLP-1RAs included joint replacement or other joint pathology in the target knee, symptomatic hip OA, chronic widespread pain, and history of major 
depressive disorder within 2 years of screening, severe psychiatric disorder, or prior suicide attempt. bOnly participants achieving >5% weight loss with the pre-randomization diet intervention 
underwent randomization (156 of 168), and this intervention led to clinically meaningful weight loss (−12.5 kg) and reduction in pain (−11.1 points). cTotal knee arthroplasty, unicompartmental 
knee arthroplasty, arthroscopic procedures and high tibial osteotomy. dAdjusted for age, sex, BMI, KL grade and WOMAC total score. eAdjusted for BMI, socioeconomic deprivation index, 
haemoglobin A1c, T2DM and OA duration, smoking and alcohol use, comorbidities, medications and hospital utilization. fStudy also separately assessed risk of developing knee or hip OA with 
versus without GLP-1RA exposure in patients without existing OA (described in the text but not in the relevant table).
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(or an RA-like syndrome) are limited to two case reports and one large 
retrospective cohort study108–110. In both case reports, patients’ arthritis 
symptoms improved after stopping treatment with GLP-1RAs. In one 
report in which arthritis developed 3 months after dulaglutide initia-
tion, the patient was found to be dual seropositive for RA and began 
improving with DMARD therapy before dulaglutide was stopped108. 
Hence, the patient’s arthritis might have been independent of dula-
glutide exposure. The other report described a 42-year-old man who 
developed seronegative polyarthritis (resistant to treatment with 
glucocorticoids and NSAIDs) 6 months after starting liraglutide109. The 
arthritis fully resolved 1 week after stopping liraglutide.

The association between GLP-1RA exposure and risk of RA was 
further explored in a retrospective cohort study using EHR data from 
TriNetX110. Cohorts of adults with either T2DM (n = 854,197) or obesity 
(n = 230,782), treated with GLP-1RAs, were propensity score-matched 
1:1 to individuals without GLP-1RA treatment. After 5 years of follow-up, 
a lower risk of incident RA was observed with GLP-1RA exposure in 
individuals with obesity without T2DM. Four excess cases of RA per 
1,000 patients followed over 5 years were identified in the unex-
posed compared with the exposed cohort (19.5 versus 15.5 cases per 
1,000 patients). No difference was observed in the groups with T2DM. 
The findings should, however, be interpreted with caution. Although 
propensity score matching was applied to balance baseline covari-
ates, only age, sex and ethnicity were mentioned as being included 
in the propensity score. Analyses did not account for other potential 
confounders such as comorbidities or factors influencing access to 
care that could have created ascertainment bias. Furthermore, the 
duration of GLP-1RA exposure and the competing risk of death were not 
considered. Although obesity is a risk factor for developing RA13,111, the 
observed incidence rates for RA (19–24 new cases per 1,000 individu-
als followed for 5 years) were roughly six to eight times higher than 
reported estimates for American and Northern European populations 
of similar ages112,113. The high incidence rates might have been attribut-
able to the RA definition used, which required only a single ICD-10 code 
billing. Also, the look-back period to exclude prevalent cases was not 
specified. Nonetheless, this study provides preliminary evidence of a 
potential protective effect of GLP-1RAs on RA incidence in individuals 
with obesity. Further studies are needed to clarify the effect of GLP-1RAs 
on the risk of autoimmune inflammatory arthritides.

Effects on disease activity. Published data on the effects of GLP-1RAs 
on disease activity in RA and PsA are sparse, and, to our knowledge, 
absent in axSpA. Several basic science experiments using models of 
RA or psoriasis have demonstrated anti-inflammatory properties 
(for example, significant reductions in TNF, IL-6, IL-17 and IL-23 expres-
sion) with GLP-1RA treatment, but the clinical implications of these 
effects have yet to be fully elucidated54. A scoping review that we per-
formed in 2022 (ref. 54) identified two conference abstracts: one case 
report of a patient with RA treated with liraglutide for T2DM, and one 
uncontrolled prospective cohort study in 15 patients with T2DM and a 
concomitant diagnosis of either RA (n = 11) or PsA (n = 4) treated with 
liraglutide for 24 weeks114,115. In the case report, the patient’s 28-joint 
Disease Activity Score (DAS28) improved from 5.5 to 3 with 12 weeks of 
liraglutide treatment. In the cohort study, 9 of 15 patients were deemed 
DAS28 responders, with significant reductions in DAS28 (from 4.2 to 2.7)  
and swollen joint count (from 3 to 1) with liraglutide treatment. Mean 
weight loss and HbA1c improvement in these nine patients were 3.4 kg and 
1.4%, respectively. The other six patients did not experience improve-
ments in DAS28, swollen joint count, weight or HbA1c level despite having  

comparable baseline characteristics. We did not find reports of any 
additional studies investigating the effects of GLP-1RAs on RA disease 
activity but identified one case series of ten patients with PsA (mean 
disease duration 10 years) and obesity (mean BMI 40 mg/m2) treated 
with liraglutide 3 mg daily116. At baseline, one patient had minimal 
disease activity; after 3 months of liraglutide treatment, eight of the 
ten patients achieved minimal disease activity. Mean scores on Derma-
tology Life Quality Index (DLQI) and Psoriasis Area and Severity Index 
(PASI) improved by 54% and 62%, respectively116.

More data have been published on the effects of GLP-1RAs in peo-
ple with psoriasis and T2DM and/or elevated BMI, including three 
small RCTs, but either people with PsA were excluded117 or articular 
outcomes were not reported118,119. Nonetheless, two of the three RCTs 
identified significant improvements in PASI and DLQI with GLP-1RA 
treatment118,119. Limitations of these trials, however, included small 
sample sizes (20–31 participants each), predominantly male popula-
tions, lack of blinding or an injected control (in two of three trials), 
and short durations (8–12 weeks). Furthermore, in one of the trials119, 
randomization was mentioned in the title and abstract but not in 
the methods, the control group was assigned to receive no therapy  
(as opposed to placebo or an active comparator), and between-group 
differences in PASI or DLQI at the end of the trial were not formally 
tested for significance.

Overall, although promising, the paucity of data in RA, PsA and 
axSpA highlights that more research is required to determine whether 
GLP-1RAs can improve disease activity. Findings from phase III RCTs, 
TOGETHER-PsO (NCT06588283) and TOGETHER-PsA (NCT06588296), 
will shed light on the potential disease-modifying effects of adjunctive 
tirzepatide in active psoriatic disease (Supplementary Table 1).

Management of comorbidities. Immunocompromised individuals 
were either not described in or excluded from RCTs demonstrating 
the effectiveness of GLP-1RAs for reducing risk of MACE and all-cause 
mortality in adults with T2DM or obesity107,120–122. To determine whether 
people with immune-mediated inflammatory diseases (IMIDs) would 
derive similar benefits from GLP-1RAs as these broader populations, 
we conducted a population-based cohort study using administra-
tive health data from a Canadian province121. We identified nearly 
11,000 adults with T2DM and IMIDs, including RA, psoriatic disease 
(encompassing both psoriasis and PsA), axSpA, inflammatory bowel 
disease and systemic autoimmune rheumatic diseases (systemic lupus 
erythematosus, systemic sclerosis, Sjögren disease, idiopathic inflam-
matory myopathies and systematic vasculitides), who were incident 
users of GLP-1RAs or dipeptidyl peptidase-4 (DPP4) inhibitors. Like 
GLP-1RAs, DPP4 inhibitors (for example, linagliptin, sitagliptin and 
saxagliptin) are second-line T2DM agents that increase GLP-1 receptor 
signalling98,123. They do so more modestly than GLP-1RAs by preventing 
breakdown of native GLP-1 rather than by directly stimulating the GLP-1 
receptor, and, unlike GLP-1RAs, DPP4 inhibitors are weight-neutral and 
cardioneutral98,120. Propensity score overlap weighting was applied to 
achieve balance in baseline covariates (including sociodemographic 
variables, comorbidities, T2DM duration and complications, IMID 
duration, use of other relevant medications and health-care utiliza-
tion) and Cox proportional hazards models were used to estimate 
the risks of all-cause mortality and MACE. Risks of all-cause mortal-
ity and MACE were 52% and 34% lower with GLP-1RA than with DPP4 
inhibitor exposure, yielding numbers-needed-to-treat of 107 and 96 
for preventing one death or one MACE, respectively. Analyses were 
repeated in age-matched and sex-matched adults with T2DM without 
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IMIDs to assess whether people with IMIDs derived greater benefit 
from GLP-1RAs given their higher baseline cardiovascular risk. This 
was not the case, as a similar reduction in risk was found in people with 
and without IMIDs. Observed reductions in relative risk were larger 
than findings from RCTs, potentially because of differences in sample 
selection and unmeasured confounding. Our population-based sample 
included individuals who might not have participated in RCTs, such as 
those with very high cardiovascular and mortality risk.

Practical considerations when  
prescribing GLP-1RAs
Weighing risks versus benefits is essential when prescribing GLP-1RAs. 
Contraindications include personal or family history of medullary thy-
roid carcinoma or multiple endocrine neoplasia type 2 (ref. 124). These 
contraindications are based on data from studies in rodents showing 
that GLP-1RAs act directly on thyroid C cells to cause C cell hyperplasia 
and tumours in a dose-dependent and duration-dependent manner125. 
The relevance of these findings to humans remains unknown. Clinicians 
should also review contraception in women of childbearing age. Weight 
loss can improve fertility, and it is currently recommended that women 
generally avoid GLP-1RAs during pregnancy owing to limited data and 
the potential for harm126. The most commonly reported adverse effects 
of GLP-1RAs are gastrointestinal (nausea, vomiting, diarrhoea and con-
stipation), the majority of which are mild to moderate, occur with drug 
initiation and dose escalation, and improve over weeks30,36,40. Agents 
should be started at low doses and up-titrated slowly (for example, 
every 4 weeks for semaglutide and tirzepatide). If adverse effects lead 
to reduced oral intake, patients are at risk of acute kidney injury127. 
Gallbladder-related diseases have also been observed with greater 
frequency in patients treated with GLP-1RAs than in groups unexposed 
to these agents, attributable to direct effects (that is, acutely attenuated 
gallbladder emptying) and potentially indirect effects mediated by 
rapid weight loss30,128. Because of delayed gastric emptying, concerns 
regarding aspiration of residual gastric contents despite preoperative 
fasting have been raised; however, existing data do not support the view 
that increased residual gastric content from GLP-1RA use increases 
aspiration rates or aspiration-related complications30,129.

Although findings from some cohort and pharmacovigilance 
studies have raised concerns related to GLP-1RA use and self-harm 
and/or suicidality130–133, most studies have not identified elevated risk 
of self-harm, suicidal ideation or behaviours, or death from suicide 
among people using GLP-1RAs134–139. The FDA has stated that available 
data do not suggest a causal link between GLP-1RAs and suicidality140. 
Nevertheless, clinicians should be aware of these reports and patients 
should be informed of mental health supports as appropriate.

Another key consideration for people with arthritis taking GLP-
1RAs is musculoskeletal health. Sarcopenia is prevalent in RA, PsA and 
axSpA141,142. Whereas weight loss interventions are intended to reduce 
adipose tissue, loss of lean mass (including muscle) is common30, as are 
increased bone turnover and decreased bone mineral density (BMD). 
Observational and RCT data, however, suggest that GLP-1RA therapy 
does not increase the risk of fragility fractures30,143 and might in fact 
decrease fracture risk in people with T2DM144. RCTs in adults without 
T2DM reveal reductions in BMD with GLP-1RAs, probably from weight 
loss lessening mechanical load145,146. In one study, regular exercise 
alongside liraglutide treatment permitted significant weight loss with 
preserved BMD146. Additional studies on bone health with long-term 
follow-up in adults with obesity and other high-risk features (including 
inflammatory arthritis) are warranted.

Concerns about disproportionate muscle mass loss with GLP-1RAs 
were raised when a subgroup analysis of 95 participants from the STEP 
1 trial revealed that fat-free (lean) mass loss, measured by dual energy 
X-ray absorptiometry, accounted for 39% of total weight loss in the 
group that received semaglutide36. This percentage was higher than 
that typically found with diet alone (that is, ~25–30%)147,148. However, 
a closer look at these findings along with results from the SURMOUNT-1 
trial (in which a similar ratio of fat loss to lean mass loss was observed 
with tirzepatide and placebo)40 cast doubt on whether muscle loss 
with GLP-1RAs is truly disproportionate (Box 1). Nonetheless, efforts 
to minimize muscle mass loss and preserve (or improve) function are 
critical for people with arthritis beginning any mode of weight-loss 
therapy. Two suggested strategies are resistance training (at least twice 
per week)149,150 and prioritizing protein intake (1.2–1.6 g/kg daily)150,151. 
We recommend engaging allied health professionals where possible, 
such as kinesiologists and physiotherapists to recommend exercises 
tailored to a patient’s functional capacity, and dietitians to facilitate 
implementation of sustainable healthy eating patterns. Another 
promising option is bimagrumab, a monoclonal antibody that blocks 
activin receptor II to preferentially reduce adipose tissue while spar-
ing muscle30. Phase II trials assessing bimagrumab versus placebo in 
either individuals with T2DM and elevated BMI or in older adults with 
sarcopenia have shown significant fat loss and concurrent lean mass 

Box 1 | Do GLP-1RAs cause disproportionate 
loss of muscle tissue?
 

In the STEP 1 trial, a subgroup analysis of 95 participants who 
underwent dual energy X-ray absorptiometry (DEXA) scanning to 
assess changes in body composition following treatment with the 
glucagon-like peptide-1 receptor agonist (GLP-1RA) semaglutide 
or placebo revealed that loss of fat-free (lean) mass accounted 
for 39% of total weight loss in the group receiving semaglutide36. 
Of nearly 14 kg total weight loss, 5.3 kg was from losses in lean 
mass. This fraction was higher than that commonly estimated 
with diet alone (~25–30%)147,148, raising concerns. Three factors, 
however, argue against disproportionate loss of muscle tissue with 
GLP-1RAs. First, the percentage of lean mass loss in the placebo arm 
of the STEP 1 trial was 57% (1.8 kg lean mass loss out of 3.2 kg total 
weight loss). Second, in the 255 participants in the SURMOUNT-1 
trial who underwent DEXA scanning before and after treatment 
with tirzepatide or placebo, the ratio of fat loss to lean mass loss 
was similar in both groups (~3.1% fat loss per 1% lean mass loss)40. 
Third, muscle tissue is not synonymous with lean (that is, fat-free) 
mass and adipose tissue is not synonymous with fat mass150. Body 
composition assessments with DEXA measure lean and fat mass, 
not skeletal muscle tissue and adipose tissue173. Beyond skeletal 
muscle protein, lean mass includes water, other sources of protein 
(including the lean component of adipose tissue), glycogen stored 
within organs and muscle, non-fat lipids and minerals in soft 
tissues173–175. Interestingly, ~15% of adipose tissue (the greater part 
of its ‘lean’ component) is water175,176, meaning that when a person 
loses 6 kg of adipose tissue, DEXA will record ~1 kg of lean mass loss. 
Furthermore, because ~73% of lean mass is water174, only a minor 
part of lean-mass losses measured by DEXA represent true loss of 
skeletal muscle protein. More data are needed to understand the 
effect of GLP-1RAs on muscle mass and function177.
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gain with bimagrumab152,153. Final results of phase II trials assessing this 
agent alone or in combination with semaglutide (NCT05616013) or 
tirzepatide (NCT06643728 and NCT06901349) in people with excess 
adiposity, with or without T2DM, are awaited (Supplementary Table 1). 
Whether bimagrumab can mitigate GLP-1RA-related lean mass loss in 
individuals with arthritis is one of several remaining questions (Box 2).

Clinicians should also consider the cost and risk of weight regain 
following discontinuation of GLP-1RAs. The STEP 4 and SURMOUNT-4 
trials provide insights into expected weight regain after stopping 
GLP-1RAs154,155. Following a 20-week or 36-week open-label run-in, 
adults were randomized to continue semaglutide (STEP 4) or tirzepatide 
(SURMOUNT-4) or switch to placebo in a blinded manner. After 1 year, 
participants switching off GLP-1RAs regained roughly half to two-thirds 
of the weight they initially lost. Because participants in these trials were 
followed closely and continued to receive lifestyle counselling, weight 
regain might be greater in real-world settings. If full-dose GLP-1RA 
therapy is not feasible in the long term, strategies to minimize weight 
regain with GLP-1RA deprescribing need to be considered, although evi-
dence supporting each approach is currently limited156. Options include 
tapering to a lower dose or less-frequent administration schedule157, 
switching to less costly generic medications with weight-loss properties 
(for example, metformin, topiramate or bupropion)158, or prescribing 
regular moderate-to-vigorous (supervised) exercise159.

Lastly, the use of GLP-1RAs is lower in low-income and marginal-
ized groups, independent of cardiovascular risk160,161. Barriers such as 
cost could widen existing health inequities, and advocacy efforts are 
needed to support patients in accessing a class of medications that has 
been shown to prolong survival, reduce leading causes of morbidity, 
and, in people with OA, improve pain and function.

Rheumatologists often establish longitudinal relationships with 
their patients and are therefore well-positioned to identify cardiometa-
bolic comorbidities that could be treatable with GLP-1RAs. Because 
scope of practice is setting-dependent, we recommend that GLP-1RAs 
be prescribed and managed by providers who have comfort and expe-
rience with these agents. These providers could include family physi-
cians, internists, endocrinologists, cardiologists, nephrologists or 
rheumatologists.

Conclusions
Exploring the effects of GLP-1RAs in arthritis presents an exciting and 
timely opportunity. At present, it is clear that this drug class is an effec-
tive option for managing T2DM and obesity, as well as for reducing the 
risk of mortality and major adverse cardiovascular and renal outcomes. 
Emerging data suggest they can help improve pain and function in OA, 
mediated only partly through weight loss. In vitro and in vivo evidence 
of immunomodulatory, chondroprotective and anti-inflammatory 
effects of GLP-1RAs in arthritis illustrate a potential weight-loss- 
independent disease-modifying effect worthy of further clinical 
research. As the use of GLP-1RAs increases, experience accumulates, 
and the class expands to include additional co-agonists, triple agonists 
and oral small molecules, many knowledge gaps can be filled. Much 
is left to learn, but the potential benefits of this medication class for 
rheumatological diseases are highly encouraging.

Published online: 1 October 2025
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Box 2 | Outstanding research questions
 

	• How do glucagon-like peptide-1 receptor agonists (GLP-1RAs) 
affect the risk of developing osteoarthritis (OA), rheumatoid 
arthritis (RA), psoriatic disease or axial spondyloarthritis (axSpA)?

	• By inducing greater weight loss, can newer-generation GLP-1RAs 
(such as semaglutide and tirzepatide) indirectly lower serum 
urate concentrations by a meaningful extent?

	• Do GLP-1RAs, through anti-inflammatory mechanisms that are 
dependent on or independent of weight loss, improve disease 
activity in RA, PsA or axSpA?

	• What are the effects of GLP-1RAs on musculoskeletal health, 
and what are the implications of these effects for patients with 
arthritis?

	• Does the presence of diabetes modify potential 
weight-loss-independent benefits of GLP-1RAs in arthritis?

	• Does bimagrumab, with or without GLP-1RAs, effectively reduce 
adiposity while preserving muscle mass in individuals with 
arthritis?

http://www.nature.com/nrrheum
https://www.clinicaltrials.gov/study/NCT05616013
https://www.clinicaltrials.gov/study/NCT06643728
https://www.clinicaltrials.gov/study/NCT06901349
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight


Nature Reviews Rheumatology | Volume 21 | November 2025 | 671–683 681

Review article

20.	 Kerola, A. M. et al. All-cause and cause-specific mortality in rheumatoid arthritis, 
psoriatic arthritis and axial spondyloarthritis: a nationwide registry study. Rheumatology 
61, 4656–4666 (2022).

21.	 Vargas-Santos, A. B., Neogi, T., da Rocha Castelar-Pinheiro, G., Kapetanovic, M. C. & 
Turkiewicz, A. Cause-specific mortality in gout: novel findings of elevated risk of 
non-cardiovascular-related deaths. Arthritis Rheumatol. 71, 1935–1942 (2019).

22.	 Turkiewicz, A., Kiadaliri, A. A. & Englund, M. Cause-specific mortality in osteoarthritis 
of peripheral joints. Osteoarthr. Cartil. 27, 848–854 (2019).

23.	 Nurmohamed, M. T., Heslinga, M. & Kitas, G. D. Cardiovascular comorbidity in rheumatic 
diseases. Nat. Rev. Rheumatol. 11, 693–704 (2015).

24.	 Agca, R. et al. EULAR recommendations for cardiovascular disease risk management 
in patients with rheumatoid arthritis and other forms of inflammatory joint disorders: 
2015/2016 update. Ann. Rheum. Dis. 76, 17–28 (2017).

25.	 Gossec, L. et al. EULAR recommendations for the management of psoriatic arthritis with 
pharmacological therapies: 2023 update. Ann. Rheum. Dis. 83, 706–719 (2024).

26.	 Moseng, T. et al. EULAR recommendations for the non-pharmacological core 
management of hip and knee osteoarthritis: 2023 update. Ann. Rheum. Dis. 83, 
730–740 (2024).

27.	 Richette, P. et al. 2018 updated European league against rheumatism evidence-based 
recommendations for the diagnosis of gout. Ann. Rheum. Dis. 79, 31–38 (2020).

28.	 Drucker, D. J. & Holst, J. J. The expanding incretin universe: from basic biology to clinical 
translation. Diabetologia 66, 1765–1779 (2023).

29.	 Færch, K. et al. GLP-1 response to oral glucose is reduced in prediabetes, 
screen-detected type 2 diabetes, and obesity and influenced by sex: the ADDITION-PRO 
study. Diabetes 64, 2513–2525 (2015).

30.	 Drucker, D. J. Efficacy and safety of GLP-1 medicines for type 2 diabetes and obesity. 
Diabetes Care. 47, 1873–1888 (2024).

31.	 Wharton, S. et al. Daily oral GLP-1 receptor agonist orforglipron for adults with obesity. 
N. Engl. J. Med. 389, 877–888 (2023).

32.	 Jastreboff, A. M. et al. Triple-hormone-receptor agonist retatrutide for obesity — a 
phase 2 trial. N. Engl. J. Med. 389, 514–526 (2023).

33.	 Frias, J. P. et al. Efficacy and safety of co-administered once-weekly cagrilintide 2.4 mg 
with once-weekly semaglutide 2.4 mg in type 2 diabetes: a multicentre, randomised, 
double-blind, active-controlled, phase 2 trial. Lancet 402, 720–730 (2023).

34.	 Marso, S. P. et al. Liraglutide and cardiovascular outcomes in type 2 diabetes. 
N. Engl. J. Med. 375, 311–322 (2016).

35.	 Marso, S. P. et al. Semaglutide and cardiovascular outcomes in patients with type 2 
diabetes. N. Engl. J. Med. 375, 1834–1844 (2016).

36.	 Wilding, J. P. H. et al. Once-weekly semaglutide in adults with overweight or obesity. 
N. Engl. J. Med. 384, 989–1002 (2021).

37.	 Davies, M. et al. Semaglutide 2.4 mg once a week in adults with overweight or 
obesity, and type 2 diabetes (STEP 2): a randomised, double-blind, double-dummy, 
placebo-controlled, phase 3 trial. Lancet 397, 971–984 (2021).

38.	 Davies, M. J. et al. Efficacy of liraglutide for weight loss among patients with type 2 
diabetes: the SCALE diabetes randomized clinical trial. JAMA 314, 687–699 (2015).

39.	 Garvey, W. T. et al. Tirzepatide once weekly for the treatment of obesity in people 
with type 2 diabetes (SURMOUNT-2): a double-blind, randomised, multicentre, 
placebo-controlled, phase 3 trial. Lancet 402, 613–626 (2023).

40.	 Jastreboff, A. M. et al. Tirzepatide once weekly for the treatment of obesity. N. Engl. J. Med. 
387, 205–216 (2022).

41.	 Badve, S. V. et al. Effects of GLP-1 receptor agonists on kidney and cardiovascular disease 
outcomes: a meta-analysis of randomised controlled trials. Lancet Diabetes Endocrinol. 
13, 15–28 (2025).

42.	 Sattar, N. et al. Cardiovascular, mortality, and kidney outcomes with GLP-1 receptor 
agonists in patients with type 2 diabetes: a systematic review and meta-analysis of 
randomised trials. Lancet Diabetes Endocrinol. 9, 653–662 (2021).

43.	 Knop, F. K. et al. Oral semaglutide 50 mg taken once per day in adults with overweight or 
obesity (OASIS 1): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 
402, 705–719 (2023).

44.	 Rosenstock, J. et al. Efficacy and safety of a novel dual GIP and GLP-1 receptor agonist 
tirzepatide in patients with type 2 diabetes (SURPASS-1): a double-blind, randomised, 
phase 3 trial. Lancet 398, 143–155 (2021).

45.	 Pi-Sunyer, X. et al. A randomized, controlled trial of 3.0 mg of liraglutide in weight 
management. N. Engl. J. Med. 373, 11–22 (2015).

46.	 Husain, M. et al. Oral semaglutide and cardiovascular outcomes in patients with type 2 
diabetes. N. Engl. J. Med. 381, 841–851 (2019).

47.	 Drucker, D. J. The GLP-1 journey: from discovery science to therapeutic impact. 
J. Clin. Invest. 134, e175634 (2024).

48.	 Newsome, P. N. et al. A placebo-controlled trial of subcutaneous semaglutide in 
nonalcoholic steatohepatitis. N. Engl. J. Med. 384, 1113–1124 (2021).

49.	 Armstrong, M. J. et al. Liraglutide safety and efficacy in patients with non-alcoholic 
steatohepatitis (LEAN): a multicentre, double-blind, randomised, placebo-controlled 
phase 2 study. Lancet 387, 679–690 (2016).

50.	 Loomba, R. et al. Tirzepatide for metabolic dysfunction-associated steatohepatitis with 
liver fibrosis. N. Engl. J. Med. 391, 299–310 (2024).

51.	 Yabut, J. M. & Drucker, D. J. Glucagon-like peptide-1 receptor-based therapeutics for 
metabolic liver disease. Endocr. Rev. 44, 14–32 (2023).

52.	 Daousi, C., Pinkney, J. H., Cleator, J., Wilding, J. P. & Ranganath, L. R. Acute peripheral 
administration of synthetic human GLP-1 (7-36 amide) decreases circulating IL-6 in obese 

patients with type 2 diabetes mellitus: a potential role for GLP-1 in modulation of the 
diabetic pro-inflammatory state? Regul. Pept. 183, 54–61 (2013).

53.	 Chaudhuri, A. et al. Exenatide exerts a potent antiinflammatory effect. J. Clin. Endocrinol. 
Metab. 97, 198–207 (2012).

54.	 Karacabeyli, D. & Lacaille, D. Glucagon-like peptide 1 receptor agonists in patients 
with inflammatory arthritis or psoriasis: a scoping review. J. Clin. Rheumatol. 30, 26–31 
(2024).

55.	 Meurot, C. et al. Liraglutide, a glucagon-like peptide 1 receptor agonist, exerts analgesic, 
anti-inflammatory and anti-degradative actions in osteoarthritis. Sci. Rep. 12, 1567 (2022).

56.	 Zhang, X. et al. Liraglutide, a glucagon-like peptide-1 receptor agonist, ameliorates 
inflammation and apoptosis via inhibition of receptor for advanced glycation end 
products signaling in AGEs induced chondrocytes. BMC Musculoskelet. Disord. 
25, 601 (2024).

57.	 Li, H., Chen, J., Li, B. & Fang, X. The protective effects of dulaglutide against advanced 
glycation end products (AGEs)-induced degradation of type II collagen and aggrecan 
in human SW1353 chondrocytes. Chem. Biol. Interact. 322, 108968 (2020).

58.	 Li, X., Jia, F., Zhu, Z. & Huang, L. Lixisenatide attenuates advanced glycation end products 
(AGEs)-induced degradation of extracellular matrix in human primary chondrocytes. 
Artif. Cell Nanomed. Biotechnol. 47, 1256–1264 (2019).

59.	 Chen, J. et al. Glucagon-like peptide-1 receptor regulates endoplasmic reticulum 
stress-induced apoptosis and the associated inflammatory response in chondrocytes 
and the progression of osteoarthritis in rat. Cell Death Dis. 9, 212 (2018).

60.	 Que, Q. et al. The GLP-1 agonist, liraglutide, ameliorates inflammation through the 
activation of the PKA/CREB pathway in a rat model of knee osteoarthritis. J. Inflamm. 
16, 13 (2019).

61.	 Tong, C. et al. The protective effects of exenatide against AGEs-induced articular matrix 
degradation in human primary chondrocytes. Am. J. Transl. Res. 11, 2081–2089 (2019).

62.	 Mei, J., Sun, J., Wu, J. & Zheng, X. Liraglutide suppresses TNF-α-induced degradation of 
extracellular matrix in human chondrocytes: a therapeutic implication in osteoarthritis. 
Am. J. Transl. Res. 11, 4800–4808 (2019).

63.	 Yang, Y. et al. Osteoarthritis treatment via the GLP-1–mediated gut-joint axis targets 
intestinal FXR signaling. Science 388, eadt0548 (2025).

64.	 Yang, J., Wang, Z. & Zhang, X. GLP-1 receptor agonist impairs keratinocytes inflammatory 
signals by activating AMPK. Exp. Mol. Pathol. 107, 124–128 (2019).

65.	 Tao, Y. et al. Exenatide ameliorates inflammatory response in human rheumatoid arthritis 
fibroblast-like synoviocytes. IUBMB Life 71, 969–977 (2019).

66.	 Zheng, W., Pan, H., Wei, L., Gao, F. & Lin, X. Dulaglutide mitigates inflammatory response 
in fibroblast-like synoviocytes. Int. Immunopharmacol. 74, 105649 (2019).

67.	 Du, X. et al. The protective effects of lixisenatide against inflammatory response in 
human rheumatoid arthritis fibroblast-like synoviocytes. Int. Immunopharmacol. 75, 
105732 (2019).

68.	 Liu, T., Zhang, L., Joo, D. & Sun, S.-C. NF-κB signaling in inflammation. Signal. Transduct. 
Target. Ther. 2, 17023 (2017).

69.	 Salminen, A., Hyttinen, J. M. & Kaarniranta, K. AMP-activated protein kinase inhibits NF-κB 
signaling and inflammation: impact on healthspan and lifespan. J. Mol. Med. 89, 667–676 
(2011).

70.	 Baser, O., Isenman, L., Baser, S. & Samayoa, G. Impact of semaglutide on osteoarthritis 
risk in patients with obesity: a retrospective cohort study. Obes. Sci. Pract. 10, e762 
(2024).

71.	 Baser, O. et al. The impact of approved anti-obesity medications on osteoarthritis. 
Expert. Opin. Pharmacother. 25, 1565–1573 (2024).

72.	 Lavu, M. S. et al. The five-year incidence of progression to osteoarthritis and total 
joint arthroplasty in patients prescribed glucagon-like peptide 1 receptor agonists. 
J. Arthroplast. 39, 2433–2439.e1 (2024).

73.	 Porto, J. R. et al. The impact of contemporary glucagon-like peptide-1 receptor agonists 
on the onset, severity, and conversion to arthroplasty in hip and knee osteoarthritis. 
Orthop. J. Sports Med. 13, 23259671241297157 (2025).

74.	 Hunter, D. J. & Bierma-Zeinstra, S. Osteoarthritis. Lancet 393, 1745–1759 (2019).
75.	 Yau, M. S. et al. Validation of knee osteoarthritis case identification algorithms in a large 

electronic health record database. Osteoarthr. Cartil. Open 4, 100229 (2022).
76.	 Rahman, M. M., Kopec, J. A., Goldsmith, C. H., Anis, A. H. & Cibere, J. Validation of 

administrative osteoarthritis diagnosis using a clinical and radiological population-based 
cohort. Int. J. Rheumatol. 2016, 6475318 (2016).

77.	 Shahid, A. et al. Comparison of weight loss interventions in overweight and obese adults 
with knee osteoarthritis: a systematic review and network meta-analysis of randomized 
trials. Osteoarthritis Cartilage 33, 518–529 (2024).

78.	 Bliddal, H. et al. Once-weekly semaglutide in persons with obesity and knee 
osteoarthritis. N. Engl. J. Med. 391, 1573–1583 (2024).

79.	 Garvey, W. T. et al. American Association of Clinical Endocrinologists and American 
College of Endocrinology comprehensive clinical practice guidelines for medical care of 
patients with obesity. Endocr. Pract. 22, 1–203 (2016).

80.	 Clement, N. D. et al. What is the minimum clinically important difference for the WOMAC 
index after TKA? Clin. Orthop. Relat. Res. 476, 2005–2014 (2018).

81.	 Silva, M. D. C., Perriman, D. M., Fearon, A. M., Couldrick, J. M. & Scarvell, J. M. 
Minimal important change and difference for knee osteoarthritis outcome measurement 
tools after non-surgical interventions: a systematic review. BMJ Open 13, e063026 
(2023).

82.	 Garvey, W. T. et al. Two-year effects of semaglutide in adults with overweight or obesity: 
the STEP 5 trial. Nat. Med. 28, 2083–2091 (2022).

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | November 2025 | 671–683 682

Review article

83.	 Gudbergsen, H. et al. Liraglutide after diet-induced weight loss for pain and weight 
control in knee osteoarthritis: a randomized controlled trial. Am. J. Clin. Nutr. 
113, 314–323 (2021).

84.	 Roos, E. M. & Lohmander, L. S. The knee injury and osteoarthritis outcome score (KOOS): 
from joint injury to osteoarthritis. Health Qual. Life Outcomes 1, 64 (2003).

85.	 Zhu, H. et al. Glucagon-like peptide-1 receptor agonists as a disease-modifying therapy 
for knee osteoarthritis mediated by weight loss: findings from the Shanghai osteoarthritis 
cohort. Ann. Rheum. Dis. 82, 1218–1226 (2023).

86.	 Samajdar, S. S. et al. Dual effects of dulaglutide on glycemic control and knee osteoarthritis 
pain in elderly patients with type 2 diabetes. Pain Manag. 14, 365–373 (2024).

87.	 Park, D. et al. Association between knee osteoarthritis and the risk of cardiovascular 
disease and the synergistic adverse effects of lack of exercise. Sci. Rep. 13, 2777 (2023).

88.	 Hall, A. J., Stubbs, B., Mamas, M. A., Myint, P. K. & Smith, T. O. Association between 
osteoarthritis and cardiovascular disease: systematic review and meta-analysis. 
Eur. J. Prev. Cardiol. 23, 938–946 (2016).

89.	 Gao, K. et al. Is chronic kidney disease associated with osteoarthritis? The United States 
National Health and Nutrition Examination Survey 2011–2020. BMC Nephrol. 25, 236 (2024).

90.	 Nüesch, E. et al. All cause and disease specific mortality in patients with knee or hip 
osteoarthritis: population based cohort study. BMJ 342, d1165 (2011).

91.	 Kendzerska, T. et al. The longitudinal relationship between hand, hip and knee osteoarthritis 
and cardiovascular events: a population-based cohort study. Osteoarthr. Cartil. 25, 1771–1780 
(2017).

92.	 Wang, A., Shi, W., Zhang, N., Tang, H. & Feng, X. Newer glucose-lowering drugs and risk 
of gout: a network meta-analysis of randomized outcomes trials. Clin. Ther. 46, 851–854 
(2024).

93.	 Preston, F. G. et al. SGLT2 inhibitors, but not GLP-1 receptor agonists, reduce incidence 
of gout in people living with type 2 diabetes across the therapeutic spectrum. Clin. Ther. 
46, 835–840 (2024).

94.	 Wood, D. T., Waterbury, N. V. & Lund, B. C. Sodium glucose cotransporter 2 inhibitors and 
gout risk: a sequence symmetry analysis. Clin. Rheumatol. 42, 2469–2475 (2023).

95.	 Tesfaye, H. et al. Empagliflozin and risk of incident gout: analysis from the EMPagliflozin 
comparative effectiveness and safEty (EMPRISE) cohort study. J. Gen. Intern. Med. 39, 
1870–1879 (2024).

96.	 Lund, L. C., Højlund, M., Henriksen, D. P., Hallas, J. & Kristensen, K. B. Sodium-glucose 
cotransporter-2 inhibitors and the risk of gout: a Danish population based cohort study 
and symmetry analysis. Pharmacoepidemiol. Drug Saf. 30, 1391–1395 (2021).

97.	 Fralick, M., Chen, S. K., Patorno, E. & Kim, S. C. Assessing the risk for gout with 
sodium-glucose cotransporter-2 inhibitors in patients with type 2 diabetes: 
a population-based cohort study. Ann. Intern. Med. 172, 186–194 (2020).

98.	 Shah, B. R. et al. Pharmacologic glycemic management of type 2 diabetes in adults — 2024 
update. Can. J. Diabetes 48, 415–424 (2024).

99.	 Pereira, M. J. & Eriksson, J. W. Emerging role of SGLT-2 inhibitors for the treatment of obesity. 
Drugs 79, 219–230 (2019).

100.	 Packer, M. Hyperuricemia and gout reduction by SGLT2 inhibitors in diabetes and heart 
failure. J. Am. Coll. Cardiol. 83, 371–381 (2024).

101.	 Tonneijck, L. et al. Effect of immediate and prolonged GLP-1 receptor agonist 
administration on uric acid and kidney clearance: post-hoc analyses of four clinical trials. 
Diabetes Obes. Metab. 20, 1235–1245 (2018).

102.	 Najafi, S., Bahrami, M., Butler, A. E. & Sahebkar, A. The effect of glucagon-like peptide-1 
receptor agonists on serum uric acid concentration: a systematic review and 
meta-analysis. Br. J. Clin. Pharmacol. 88, 3627–3637 (2022).

103.	 Nielsen, S. M. et al. Weight loss for overweight and obese individuals with gout: 
a systematic review of longitudinal studies. Ann. Rheum. Dis. 76, 1870 (2017).

104.	 Wei, J. et al. Gout flares and mortality after sodium-glucose cotransporter-2 inhibitor 
treatment for gout and type 2 diabetes. JAMA Netw. Open 6, e2330885 (2023).

105.	 McCormick, N. et al. Comparative effectiveness of sodium-glucose cotransporter-2 
inhibitors for recurrent nephrolithiasis among patients with pre-existing nephrolithiasis 
or gout: target trial emulation studies. BMJ 387, e080035 (2024).

106.	 Zhu, Y., Pandya, B. J. & Choi, H. K. Comorbidities of gout and hyperuricemia in the 
US general population: NHANES 2007-2008. Am. J. Med. 125, 679–687.e1 (2012).

107.	 Lincoff, A. M. et al. Semaglutide and cardiovascular outcomes in obesity without 
diabetes. N. Engl. J. Med. 389, 2221–2232 (2023).

108.	 Kikkawa, K. et al. Long-acting glucagon-like peptide-1 receptor agonist-induced 
rheumatoid arthritis in a patient with type 2 diabetes mellitus. Dubai Diabetes Endocrinol. 
J. 27, 114–117 (2021).

109.	 Ambrosio, M. L. et al. GLP-1 receptor agonist-induced polyarthritis: a case report. 
Acta Diabetol. 51, 673–674 (2014).

110.	 Nassar, M., Nassar, O., Abosheaishaa, H. & Misra, A. Comparative outcomes of systemic 
diseases in people with type 2 diabetes, or obesity alone treated with and without GLP-1 
receptor agonists: a retrospective cohort study from the global collaborative network. 
J. Endocrinol. Invest. 48, 483–497 (2025).

111.	 Ohno, T., Aune, D. & Heath, A. K. Adiposity and the risk of rheumatoid arthritis: 
a systematic review and meta-analysis of cohort studies. Sci. Rep. 10, 16006 (2020).

112.	 Eriksson, J. K. et al. Incidence of rheumatoid arthritis in Sweden: a nationwide 
population-based assessment of incidence, its determinants, and treatment penetration. 
Arthritis Care Res. 65, 870–878 (2013).

113.	 Myasoedova, E., Crowson, C. S., Kremers, H. M., Therneau, T. M. & Gabriel, S. E. Is the 
incidence of rheumatoid arthritis rising? Results from Olmsted County, Minnesota,  
1955-2007. Arthritis Rheum. 62, 1576–1582 (2010).

114.	 Sullivan, C. et al. Treatment with the glucagon-like peptide-1 analogue liraglutide 
is associated with amelioration of disease activity in a prospective cohort study 
of patients with inflammatory arthritis. Arthritis Rheumatol. 65, S630–S631 (2013).

115.	 Hogan, A. E. & O’Shea, D. Glucagon-like peptide-1: a key regulator of innate immune 
function with clinical efficacy in a range of inflammatory diseases. Diabetes 61, A25 
(2012).

116.	 Nicolau, J., Nadal, A., Ros, I. & Masmiquel, L. Effects of liraglutide among patients with 
psoriatic arthritis and obesity. Reumatol. Clin. 21, 501809 (2025).

117.	 Faurschou, A. et al. Lack of effect of the glucagon-like peptide-1 receptor agonist 
liraglutide on psoriasis in glucose-tolerant patients — a randomized placebo-controlled 
trial. J. Eur. Acad. Dermatol. Venereol. 29, 555–559 (2015).

118.	 Lin, L. et al. Glucagon-like peptide-1 receptor agonist liraglutide therapy for psoriasis 
patients with type 2 diabetes: a randomized-controlled trial. J. Dermatol. Treat. 33, 
1428–1434 (2022).

119.	 Petković-Dabić, J. et al. Effects of semaglutide treatment on psoriatic lesions in 
obese patients with type 2 diabetes mellitus: an open-label, randomized clinical trial. 
Biomolecules 15, 46 (2025).

120.	 Kanie, T. et al. Dipeptidyl peptidase-4 inhibitors, glucagon-like peptide 1 receptor 
agonists and sodium-glucose co-transporter-2 inhibitors for people with cardiovascular 
disease: a network meta-analysis. Cochrane Database Syst. Rev. 10, CD013650 (2021).

121.	 Karacabeyli, D. et al. Mortality and major adverse cardiovascular events after 
glucagon-like peptide-1 receptor agonist initiation in patients with immune-mediated 
inflammatory diseases and type 2 diabetes: a population-based study. PLoS ONE 19, 
e0308533 (2024).

122.	 Ruff, C. T. et al. Subcutaneous infusion of exenatide and cardiovascular outcomes 
in type 2 diabetes: a non-inferiority randomized controlled trial. Nat. Med. 28, 89–95 
(2022).

123.	 Gilbert, M. P. & Pratley, R. E. GLP-1 analogs and DPP-4 inhibitors in type 2 diabetes 
therapy: review of head-to-head clinical trials. Front. Endocrinol. 11, 178 (2020).

124.	 Food and Drug Administration. Highlights of prescribing information: OZEMPIC 
(semaglutide) injection, for subcutaneous use. FDA https://www.accessdata.fda.
gov/drugsatfda_docs/label/2025/209637s025lbl.pdf (2025).

125.	 Bjerre Knudsen, L. et al. Glucagon-like peptide-1 receptor agonists activate rodent 
thyroid C-cells causing calcitonin release and C-cell proliferation. Endocrinology 
151, 1473–1486 (2010).

126.	 Drummond, R. F., Seif, K. E. & Reece, E. A. Glucagon-like peptide-1 receptor agonist use 
in pregnancy: a review. Am. J. Obstet. Gynecol. 232, 17–25 (2025).

127.	 Dong, S. & Sun, C. Can glucagon-like peptide-1 receptor agonists cause acute kidney 
injury? An analytical study based on post-marketing approval pharmacovigilance data. 
Front. Endocrinol. 13, 1032199 (2022).

128.	 Keller, J. et al. Effect of exenatide on cholecystokinin-induced gallbladder emptying 
in fasting healthy subjects. Regul. Pept. 179, 77–83 (2012).

129.	 Oprea, A. D. et al. Perioperative management of patients taking glucagon-like peptide 
1 receptor agonists: Society for Perioperative Assessment and Quality Improvement 
(SPAQI) multidisciplinary consensus statement. Br. J. Anaesth. 135, 48–78 (2025).

130.	 Kornelius, E., Huang, J.-Y., Lo, S.-C., Huang, C.-N. & Yang, Y.-S. The risk of depression, 
anxiety, and suicidal behavior in patients with obesity on glucagon like peptide-1 
receptor agonist therapy. Sci. Rep. 14, 24433 (2024).

131.	 Guirguis, A. et al. Exploring the association between suicidal thoughts, self-injury, 
and GLP-1 receptor agonists in weight loss treatments: insights from pharmacovigilance 
measures and unmasking analysis. Eur. Neuropsychopharmacol. 82, 82–91 (2024).

132.	 Schoretsanitis, G., Weiler, S., Barbui, C., Raschi, E. & Gastaldon, C. Disproportionality 
analysis from World Health Organization data on semaglutide, liraglutide, and suicidality. 
JAMA Netw. Open 7, e2423385 (2024).

133.	 McIntyre, R. S. et al. Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) and 
suicidality: a replication study using reports to the World Health Organization 
pharmacovigilance database (VigiBase®). J. Affect. Disord. 369, 922–927 (2025).

134.	 Ueda, P. et al. GLP-1 receptor agonist use and risk of suicide death. JAMA Intern. Med. 
184, 1301–1312 (2024).

135.	 Hurtado, I., Robles, C., Peiró, S., García-Sempere, A. & Sanfélix-Gimeno, G. Association 
of glucagon-like peptide-1 receptor agonists with suicidal ideation and self-injury in 
individuals with diabetes and obesity: a propensity-weighted, population-based cohort 
study. Diabetologia 67, 2471–2480 (2024).

136.	 Tang, H. et al. Glucagon-like peptide-1 receptor agonists and risk for suicidal ideation 
and behaviors in U.S. older adults with type 2 diabetes. Ann. Intern. Med. 177, 1004–1015 
(2024).

137.	 De Giorgi, R. et al. 12-month neurological and psychiatric outcomes of semaglutide use 
for type 2 diabetes: a propensity-score matched cohort study. eClinicalMedicine 74, 
102726 (2024).

138.	 Kim, T. H. et al. Association between glucagon-like peptide-1 receptor agonists and risk 
of suicidality: a comprehensive analysis of the global pharmacovigilance database. 
Diabetes Obes. Metab. 26, 5183–5191 (2024).

139.	 Wang, W. et al. Association of semaglutide with risk of suicidal ideation in a real-world 
cohort. Nat. Med. 30, 168–176 (2024).

140.	 Food and Drug Administration. Update on FDA’s ongoing evaluation of reports of suicidal 
thoughts or actions in patients taking a certain type of medicines approved for type 2 
diabetes and obesity. FDA https://www.fda.gov/drugs/drug-safety-and-availability/update-
fdas-ongoing-evaluation-reports-suicidal-thoughts-or-actions-patients-taking-certain-type 
(2024).

http://www.nature.com/nrrheum
https://www.accessdata.fda.gov/drugsatfda_docs/label/2025/209637s025lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2025/209637s025lbl.pdf
https://www.fda.gov/drugs/drug-safety-and-availability/update-fdas-ongoing-evaluation-reports-suicidal-thoughts-or-actions-patients-taking-certain-type
https://www.fda.gov/drugs/drug-safety-and-availability/update-fdas-ongoing-evaluation-reports-suicidal-thoughts-or-actions-patients-taking-certain-type


Nature Reviews Rheumatology | Volume 21 | November 2025 | 671–683 683

Review article

141.	 Blake, T., Gullick, N. J., Hutchinson, C. E. & Barber, T. M. Psoriatic disease and body 
composition: a systematic review and narrative synthesis. PLoS ONE 15, e0237598 (2020).

142.	 Letarouilly, J. G., Flipo, R. M., Cortet, B., Tournadre, A. & Paccou, J. Body composition in 
patients with rheumatoid arthritis: a narrative literature review. Ther. Adv. Musculoskelet. Dis. 
13, 1759720X211015006 (2021).

143.	 Al Refaie, A. et al. Glucagon-like peptide-1 receptor agonists (GLP-1RAs) for the treatment 
of type 2 diabetes mellitus: friends or foes to bone health? A narrative review of clinical 
studies. Endocrine 89, 30–38 (2025).

144.	 Zhang, Y. et al. Association of glucagon-like peptide-1 receptor agonists use with fracture 
risk in type 2 diabetes: a meta-analysis of randomized controlled trials. Bone 192, 117338 
(2025).

145.	 Hansen, M. S. et al. Once-weekly semaglutide versus placebo in adults with increased 
fracture risk: a randomised, double-blinded, two-centre, phase 2 trial. eClinicalMedicine 
72, 102624 (2024).

146.	 Jensen, S. B. K. et al. Bone health after exercise alone, GLP-1 receptor agonist treatment, 
or combination treatment: a secondary analysis of a randomized clinical trial. JAMA Netw. 
Open 7, e2416775 (2024).

147.	 Turicchi, J. et al. Associations between the proportion of fat-free mass loss during weight 
loss, changes in appetite, and subsequent weight change: results from a randomized 
2-stage dietary intervention trial. Am. J. Clin. Nutr. 111, 536–544 (2020).

148.	 Heymsfield, S. B., Gonzalez, M. C., Shen, W., Redman, L. & Thomas, D. Weight loss 
composition is one-fourth fat-free mass: a critical review and critique of this widely cited 
rule. Obes. Rev. 15, 310–321 (2014).

149.	 Ross, R. et al. Canadian 24-hour movement guidelines for adults aged 18-64 years and 
adults aged 65 years or older: an integration of physical activity, sedentary behaviour, 
and sleep. Appl. Physiol. Nutr. Metab. 45, S57–s102 (2020).

150.	 Tinsley, G. M. & Heymsfield, S. B. Fundamental body composition principles provide 
context for fat-free and skeletal muscle loss with GLP-1 RA treatments. J. Endocr. Soc. 8, 
bvae164 (2024).

151.	 Leidy, H. J. et al. The role of protein in weight loss and maintenance. Am. J. Clin. Nutr. 101, 
1320s–1329s (2015).

152.	 Heymsfield, S. B. et al. Effect of bimagrumab vs placebo on body fat mass among adults 
with type 2 diabetes and obesity: a phase 2 randomized clinical trial. JAMA Netw. Open 4, 
e2033457 (2021).

153.	 Rooks, D. et al. Bimagrumab vs optimized standard of care for treatment of sarcopenia 
in community-dwelling older adults: a randomized clinical trial. JAMA Netw. Open 3, 
e2020836 (2020).

154.	 Rubino, D. et al. Effect of continued weekly subcutaneous semaglutide vs placebo on 
weight loss maintenance in adults with overweight or obesity: the STEP 4 randomized 
clinical trial. JAMA 325, 1414–1425 (2021).

155.	 Aronne, L. J. et al. Continued treatment with tirzepatide for maintenance of weight 
reduction in adults with obesity: the SURMOUNT-4 randomized clinical trial. JAMA 331, 
38–48 (2024).

156.	 Manne-Goehler, J., Teufel, F. & Venter, W. D. F. GLP-1 receptor agonists and the path to 
sustainable obesity care. JAMA Intern. Med. 185, 8–10 (2025).

157.	 Cengiz, A., Wu, C. C. & Lawley, S. D. Alternative dosing regimens of GLP-1 receptor 
agonists may reduce costs and maintain weight loss efficacy. Diabetes Obes. Metab. 27, 
2251–2258 (2025).

158.	 Paddu, N. U., Lawrence, B., Wong, S., Poon, S. J. & Srivastava, G. Weight maintenance 
on cost-effective antiobesity medications after 1 year of GLP-1 receptor agonist therapy: 
a real-world study. Obesity 32, 2255–2263 (2024).

159.	 Jensen, S. B. K. et al. Healthy weight loss maintenance with exercise, GLP-1 receptor 
agonist, or both combined followed by one year without treatment: a post-treatment 
analysis of a randomised placebo-controlled trial. EClinicalMedicine 69, 102475 (2024).

160.	 Falkentoft, A. C. et al. Impact of socioeconomic position on initiation of SGLT-2 inhibitors 
or GLP-1 receptor agonists in patients with type 2 diabetes — a Danish nationwide 
observational study. Lancet Reg. Health Eur. 14, 100308 (2022).

161.	 Eberly, L. A. et al. Racial, ethnic, and socioeconomic inequities in glucagon-like peptide-1 
receptor agonist use among patients with diabetes in the US. JAMA Health Forum 2, e214182 
(2021).

162.	 Bastick, A. N., Belo, J. N., Runhaar, J. & Bierma-Zeinstra, S. M. What are the prognostic 
factors for radiographic progression of knee osteoarthritis? A meta-analysis. 
Clin. Orthop. Relat. Res. 473, 2969–2989 (2015).

163.	 Lewis, G. N., Rice, D. A., McNair, P. J. & Kluger, M. Predictors of persistent pain after total knee 
arthroplasty: a systematic review and meta-analysis. Br. J. Anaesth. 114, 551–561 (2015).

164.	 Ashoorion, V. et al. Predictors of persistent post-surgical pain following total knee 
arthroplasty: a systematic review and meta-analysis of observational studies. Pain Med. 
24, 369–381 (2022).

165.	 Nguyen, U. D. et al. Obesity paradox in recurrent attacks of gout in observational studies: 
clarification and remedy. Arthritis Care Res. 69, 561–566 (2017).

166.	 Bajpai, R. et al. Onset of comorbidities and flare patterns within pre-existing morbidity 
clusters in people with gout: 5-year primary care cohort study. Rheumatology 61, 407–412 
(2021).

167.	 Rothenbacher, D., Primatesta, P., Ferreira, A., Cea-Soriano, L. & Rodríguez, L. A. G. Frequency 
and risk factors of gout flares in a large population-based cohort of incident gout. 
Rheumatology 50, 973–981 (2011).

168.	 Cheng, Z. et al. Obesity reduces the urate-lowering efficacy among patients with primary 
gout: a prospective cohort study. Rheumatology 64, 3500–3508 (2025).

169.	 Mu, Z. et al. Predictors of poor response to urate-lowering therapy in patients 
with gout and hyperuricemia: a post-hoc analysis of a multicenter randomized trial. 
Clin. Rheumatol. 38, 3511–3519 (2019).

170.	 Sun, W. et al. Predictors of inadequate serum urate response to low-dose febuxostat 
in male patients with gout. J. Inflamm. Res. 17, 2657–2668 (2024).

171.	 Latourte, A. et al. Dyslipidemia, alcohol consumption, and obesity as main factors 
associated with poor control of urate levels in patients receiving urate-lowering therapy. 
Arthritis Care Res. 70, 918–924 (2018).

172.	 Xie, W., Huang, H., Deng, X., Gao, D. & Zhang, Z. Modifiable lifestyle and environmental 
factors associated with onset of psoriatic arthritis in patients with psoriasis: a systematic 
review and meta-analysis of observational studies. J. Am. Acad. Dermatol. 84, 701–711 
(2021).

173.	 Guglielmi, G. et al. The role of DXA in sarcopenia. Aging Clin. Exp. Res. 28, 1047–1060 
(2016).

174.	 Wang, Z. et al. Hydration of fat-free body mass: review and critique of a classic 
body-composition constant. Am. J. Clin. Nutr. 69, 833–841 (1999).

175.	 Wang, J. & Pierson, R. N. Jr. Disparate hydration of adipose and lean tissue require a new 
model for body water distribution in man. J. Nutr. 106, 1687–1693 (1976).

176.	 Wang, Z. M., Pierson, R. N. Jr. & Heymsfield, S. B. The five-level model: a new approach 
to organizing body-composition research. Am. J. Clin. Nutr. 56, 19–28 (1992).

177.	 Prado, C. M., Phillips, S. M., Gonzalez, M. C. & Heymsfield, S. B. Muscle matters: the 
effects of medically induced weight loss on skeletal muscle. Lancet Diabetes Endocrinol. 
12, 785–787 (2024).

Acknowledgements
The authors thank M. Szpunar for her help in creating Table 2 and A. Hoens for her feedback 
on an early version of this table. D.K. is supported by the University of British Columbia 
Clinician Investigator Program and a Canadian Institutes of Health Research (CIHR) 
Canada Graduate Scholarship–Master’s Award. D.L. is supported by the Mary Pack Chair 
in Rheumatology Research from the University of British Columbia and The Arthritis Society 
of Canada.

Author contributions
D.K. researched data for the article and wrote the article. Both authors contributed 
substantially to discussion of the content and reviewed and/or edited the manuscript 
before submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at  
https://doi.org/10.1038/s41584-025-01302-0.

Peer review information Nature Reviews Rheumatology thanks Helena Marzo-Ortega, who 
co-reviewed with Jacob Williams; David Hunter; and the other, anonymous, reviewer(s) for 
their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2025

http://www.nature.com/nrrheum
https://doi.org/10.1038/s41584-025-01302-0


Nature Reviews Rheumatology | Volume 21 | November 2025 | 684–695 684

nature reviews rheumatology

Perspective

https://doi.org/10.1038/s41584-025-01305-x

 Check for updates

Novel approaches to the stratified 
management of knee osteoarthritis
Nicholas R. Fuggle    1, Roland Chapurlat2, Andrea Laslop    3, Nasser Al-Daghri4, Majed Alokail5, 
Jotheeswaran Amuthavalli Thiyagarajan6, Ewa Balkowiec-Iskra    7, Francis Berenbaum    8, Angie Botto-van Bemden9, 
John-Joseph Borg10, Olivier Bruyère11, Nansa Burlet11, Etienne Cavalier12, Mario M. Rosa    13, Philip G. Conaghan    14, 
Cyrus Cooper    1,15,16, Elaine M. Dennison1, Martin Englund    17, Gun-il Im18, Ida K. Haugen19, Mickaël Hiligsmann20, 
Andreas Kurth21, Nancy Lane    22, Rik Lories23, Stefan Marlovits24, Radmila Matijevic25, Ali Mobasheri    26,27,28, 
Sif Ormarsdóttir29, Maria C. Prieto Yerro30, Régis P. Radermecker31, François Rannou32, Bruno Sepodes33,34, Stuart Silverman35, 
Carla Torre33,34, Nicola Veronese    36, René Rizzoli    37, Jean-Yves Reginster5,38 & Nicholas C. Harvey    1,15,38 

Abstract

Knee osteoarthritis is a highly prevalent whole-joint disease that is 
associated with substantial morbidity. If step changes are to be made 
in the management of knee osteoarthritis, novel patient stratification 
approaches are needed to identify the most effective treatment for 
individual patients. Numerous methods for stratifying patients with 
knee osteoarthritis can be employed; clinical presentation, including 
co-morbidity and pain phenotype, can influence treatment decisions, and 
there is a rich history of imaging biomarker use, both from conventional 
radiographs and, since its development, via MRI, in identifying patients 
at risk of disease progression, and the latter facilitates the detection 
of synovitis. The development of novel biochemical biomarkers and 
the rapid growth of ‘-omics’ technologies provide fresh opportunities 
to deploy these advances in the stratification of patients with knee 
osteoarthritis. The health economic landscape in this area is developing, 
and scoping work has highlighted the need for further studies.
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The regulatory landscape
The current regulations for the treatment of OA come from the 
EMA15 and the FDA16. These recommendations have slightly dif-
ferent approaches and might require updating in the light of new 
developments in the field of OA.

The 2010 EMA recommendations
The current European recommendations for the clinical investigation 
of medicinal products used in the treatment of OA were published by 
the EMA in 2010 (ref. 15) in which, the pharmacological treatment of 
OA is divided into two categories: symptom-modifying drugs (includ-
ing fast-acting dugs for acute flares, such as NSAIDs, corticosteroids 
and symptom-modifying slow-acting drugs, such as symptomatic 
slow-acting drugs for OA) and structure-modifying drugs (which affect 
the structural progression of OA). These structure-modifying medi-
cines can be divided further into those that affect structural progression 
alone or those with an associated effect on symptoms.

The 2018 FDA recommendations
A draft guidance for industry on structural endpoints for the devel-
opment of OA treatments was published by the FDA in 2018 (ref. 2). 
These recommendations replace previous guidance and focus on the 
potential endpoints to be used for investigating treatments that inhibit 
structural damage or target the underlying pathophysiology of the 
disease. This rather short document does not address improvement 
of symptoms of OA and gives no detailed recommendations on study 
population, statistical analysis or clinical trial design.

Introduction
Osteoarthritis (OA) is the most common form of arthritis, with knee OA 
alone affecting approximately 654 million individuals worldwide1, with 
a lifetime risk of 44.7% (ref. 2). OA has substantial effects at the patient 
level owing to its association with pain, loss of mobility and disability, 
and at a population level, by placing a huge financial burden on health 
systems3. These burdens are set to rise, with increasing prevalence 
each year from 1990 to 2019 observed across a diverse selection of 
21 geographic regions, and this trajectory is expected to continue4. 
The prevalence of knee OA is higher in those countries with higher 
socio-demographic indices; however, some of the greatest percent-
age increases are observed in Africa, South America, the Middle East 
and South-East Asia4.

Although OA can affect many different anatomical joints4,5, knee 
OA has the highest incidence5 and is the focus of this article. Knee OA 
affects women more than men4 and the incidence peaks above the 
age of 70 years5. Since it was first described, there have been various 
classification criteria for OA6,7 (Box 1) with only moderate overlap 
between the patients that these criteria identify8. As well as discrepant 
performance, these criteria also only identify those with established 
disease and substantial steps are underway to define ‘early OA’ so that 
those individuals at risk of progression can be treated early and their 
disease trajectory improved9,10.

Given the immense global impact of knee OA, patient stratification 
methods need to be developed so that treatments can be targeted to 
those with the greatest need, those who stand to benefit the most and 
those who are currently neglected owing to health inequity.

International guidelines provide recommendations to navigate 
the available treatments for knee OA11–13 and advocate for a multi- 
modal approach to management14, but the disease-modifying benefits 
of such therapies are often limited. Currently guidelines do not take 
advantage of the numerous technological and life-science develop-
ments, which, if harnessed correctly, might enable the stratification of 
patients with OA, with the aim of optimizing the entire clinical process, 
from diagnosis to treatment. Indeed, as the field of disease-modifying 
OA drugs (DMOADs) moves forward, methods of stratifying patients 
for treatment will be required, and to begin with, these interven-
tions will probably be marketed at a substantial financial cost. In 
the field of OA, biomarkers can potentially be used to assess disease 
status (via imaging or clinical symptoms), disease activity (via bio-
chemical biomarkers but also imaging) and for the development of 
therapeutics and monitoring of treatment effects. In June 2024, the 
European Society for the Clinical and Economic Aspects of Osteopo-
rosis, Osteoarthritis and Musculoskeletal Diseases (ESCEO) convened 
a working group consisting of patients, rheumatologists, orthopae-
dic surgeons, researchers, regulatory experts and health-economic 
specialists. The purpose of this working group was to analyse the 
latest literature and leverage expert opinion to review which novel 
approaches should be considered in the stratified multimodal  
management of knee OA.

In this Perspective article, we explore the issue of stratification by 
scrutinizing the current definitions of knee OA, mapping the regulatory 
landscape, examining how biochemical, ‘-omics’ and imaging biomark-
ers are being used to identify subsets of patients with knee OA, highlight 
how novel methods of cell culture could be used to assist with treatment 
targeting and scoping the health-economic implications of treatment 
stratification. In reviewing these topics, we aim to illuminate how these 
developments can be used to strategically stratify patients with knee 
OA and address this important issue of health equity.

Box 1 | The definition of osteoarthritis
 

One of the earliest historical descriptions of osteoarthritis (OA) 
dates back to William Heberden in the latter part of the eighteenth 
century, when he described the changes in the interphalangeal 
joints of the hands that were not fluctuant, which would indicate 
the inflammatory effusions related to ‘the gout’, but were 
instead ‘hard knobs’, indicating the osteophytes now known as 
Heberden’s nodes92. Since then, OA has been defined as relating 
to degradation of cartilage, but this definition alone might not do 
justice to the other tissues within the joint, which are implicated 
in the pathogenesis of OA, including the synovium and bone. 
Indeed, in this Perspective article, the synovium is highlighted 
as a tissue strongly predictive of pain but also of radiographic 
and clinical progression, even of arthroplasty, and as such surely 
needs to be considered in the characterization of the disease. 
Key OA primary-outcome measures vary, which makes comparison 
between biomarker studies difficult. The definition of OA is 
still debated and there are even calls to acknowledge the wide 
aetiology and broad number of disorders associated with the 
condition93 by renaming it ‘systemic osteoarthritis’94. Considering 
that the current definition of OA produces a broad umbrella term 
under which sit numerous subtypes, phenotypes, endotypes and 
theratypes is important. This definition is acceptable, provided 
that these subtypes are recognized and distilled in future research; 
if not, the field of OA might become stifled as it attempts to 
develop, regulate and deploy the right intervention for the 
right patient.
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Participants
Participants selected for OA treatment studies should, according to the 
current EMA guidelines, have both symptomatic and structural changes 
in the target joint, with radiographic evidence (via Kellgren–Lawrence 
criteria) and meet American College of Rheumatology6 or European 
Alliance of Associations for Rheumatology7 diagnostic criteria. These 
selection criteria enable both symptomatic and structural elements to 
be assessed in clinical trials. The EMA guidelines state that findings from 
studies of the lower limb (hip and knee) OA should not be extrapolated 
to hand OA owing to pathophysiological and functional differences, 
and that in studies that include only lower-limb OA, subgroup analyses 
of knee and hip OA should be performed and presented. Owing to the 
different presentations and natural history of OA across the life course, 
the importance of stating the age distribution of the study population is 
emphasized. Populations with ‘special characteristics’ (such as individu-
als who have undergone a meniscectomy or women with obesity and 
unilateral radiographical OA) that are consistent with high risk of pro-
gression of OA were suggested; however, despite these being interesting 
and valid populations to investigate, the ability to generalize the findings 
from such trials to the general OA population is potentially limited.

Endpoints
The endpoints included differ for symptom-modifying and 
structure-modifying drugs as indicated in the EMA guidelines. The 
primary endpoint for medications aimed at improving symptoms is 
pain intensity, as measured by a validated self-assessment tool. Func-
tional disability should be a co-primary endpoint, measured by vali-
dated joint-specific measures. Secondary endpoints should be devised 
according to the pharmacological profile of the medication (such as 
onset of action or percentage of people who respond to treatment).

In the EMA guidelines, radiographic joint-space narrowing ( JSN), 
which is shown in epidemiological studies to correlate with the subse-
quent need for total joint replacement, is mentioned as an acceptable 
primary endpoint for those medicinal products aimed at improving 
structure15. If this endpoint is chosen as primary over the generally pre-
ferred clinical outcome measures (such as time to necessity of virtual or 
actual joint replacement), the clinical relevance of radiographic change 
should be pre-specified and its validity as a surrogate parameter should 
be strengthened by an improvement in pain and function. Importantly, 
radiographic technique should be standardized, precise and accurate, 
with central reading of films and measuring of parameters. Secondary 
endpoints include MRI outcomes to evaluate cartilage and biochemical 
biomarkers (from serum and urine) to measure progression of disease 
or evaluation of response to the medicinal intervention. The challenges 
in developing robust structural endpoints for OA are attributable to 
the marked discordance between clinical symptoms and radiographic 
severity of the disease, combined with a dearth of standardized agree-
ment on what constitutes clinically relevant disease progression. For 
this reason, the FDA also requires structural endpoints to be aligned 
with clinically meaningful outcomes16, eventually demonstrating a halt 
or slowing of progression to severe disease.

According to the FDA, this clinically meaningful approach should 
establish a substantial delay in the need for joint replacement and 
slow the worsening of pain and deterioration of function. The concept 
proposed could best be reflected in a composite primary endpoint of 
total knee replacement rates together with thresholds of unacceptable 
pain and disability defining severe disease, measured particularly via 
patient-reported outcome measures (PROMs), including Western 
Ontario and McMaster Universities Arthritis Index (WOMAC) pain 

subscales. These PROMs are also acceptable to confirm efficacy for an 
indication of ‘pain of OA’ in studies of shorter duration than required by 
the EMA, which is at least 12 weeks for a double-blind trial of therapy17.

Therapeutic confirmatory studies
Therapeutic confirmatory studies should be placebo controlled but 
there are nuances in the recommendations for symptom-modifying 
and structure-modifying medications defined in the guidelines from 
the EMA.

The EMA recommendations state that studies of symptom modi-
fication should ideally include an additional third study arm for an 
established active comparator, and patients should be sufficiently 
symptomatic at baseline (for example, with a visual analogue scale 
(VAS) score for joint pain of at least 40 mm out of 100 mm). The efficacy 
(that is, the change in symptom intensity) and subsequent maintenance 
of improvement should be repeated and evaluated over the course of 
the study, depending on the time needed for the onset and duration 
of action of a treatment; monitoring for coincident structural changes 
should be tracked for at least 1 year.

Studies of structural modification should be longer-term (at least 
2 years), with recruited patients having established radiographic knee 
OA (Kellgren–Lawrence grade 2 or 3) to ensure sufficient baseline joint 
space width to determine potential effects on JSN, with efficacy of 
the intervention determined via clinical variables (necessity for joint 
replacement, time to surgery and long-term clinical evolution of pain 
and disability), or on structural changes, whereby the clinical surrogacy 
of the change is proven.

The FDA has not yet approved structural biomarkers from MRI as 
validated endpoints for structure-modifying interventions16. However, 
the FDA does recognize that the ultimate goal of treatments related 
to structural damage inhibition (or targeting the underlying patho-
physiology associated with OA) is to avoid (or substantially delay) the 
complications of joint failure and the need for joint replacement, and 
also to reduce the deterioration of function and worsening of pain.

Notably, the FDA considers OA to be a severe condition, meaning 
that initial clinical trials for OA interventions can be shorter (1–2 years) 
and approval can be accelerated depending on the surrogate endpoint 
used. Phase III studies are then performed once the product is on the 
market, to confirm the adequacy of the surrogate endpoints.

Implications
The EMA and FDA recommendations (Table 1) might now be out-
dated as they do not consider new developments in the phenotyping 
(the observable characteristics or outward expression of a disease) 
and endotyping (the identification of subtypes, which are defined by 
distinct biological or molecular mechanisms and identified via specific 
biomarkers) of OA. Indeed, these guidelines focus on one general phe-
notype of OA progressing to one clinical outcome (arthroplasty) and 
fail to provide a consensus approach to the identification of ‘early OA’, 
when disease trajectories might be more amenable to manipulation by 
a therapeutic intervention10 (Fig. 1).

Importantly, PROMs should be measured against an active com-
parator rather than against baseline levels, as the latter have been 
shown to be susceptible to artefactual findings via regression to 
the mean18.

Since publication of these guidelines, however, progress with 
novel interventions for OA has been slow and there is yet to be a 
step-change development in this area, with safety concerns surround-
ing past interventions that target symptoms, such as monoclonal 

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | November 2025 | 684–695 687

Perspective

antibodies that target nerve growth factor19. This slow progress is also 
reflected in the FDA recommendations16 and underscores the unmet 
need for treatments to target disease progression and improve the 
outlook for patients with OA.

As the above discussion demonstrates, the current regulatory 
perspective of stratification is limited and could be developed using 
novel approaches.

Patient preferences for treatment
When deciding who to treat for OA, taking into account the perspec-
tive of the patient is vital20; it is particularly important to consider the 
preferences and expectations that each patient might have regard-
ing OA treatment. This approach should ideally be performed in a 
patient-centred model of care.

Patient-centred care shifts the focus towards the individual 
patient, aiming to maximize overall health and well-being and tai-
loring the clinical approach accordingly. The International Society 
for Pharmacoeconomics and Outcomes Research (ISPOR) defined 
patient-centred care “as an approach that facilitates engagement and 
partnership of patients in all stages of health-related care delivery to 
improve health care access and patient outcomes”, which emphasizes 
the need to empower patients in decision making and respect their 
wants, needs and preferences21. Education is a cornerstone to achieving 
patient-centred care and clinicians should aim to ‘expertize’ patients 
in the conditions that affect them, promoting autonomy in care deci-
sions through enhanced health literacy22. Guidelines and recommen-
dations, therefore, should not be rigid and cast-iron, but flexible and 
accommodating of a personalized approach to each and every patient.

When clinicians consider the best management strategy for their 
patient, achieving a patient-centred approach means that they must 
take into account the preferences of that patient20. These preferences 
can include (but are not limited to) reduced pain, improved function, 
enhanced mobility, increased quality of life, the prevention of disease 
progression and an absence of serious or severe adverse effects20,23. In 
attempting to minimize adverse effects, clinicians must be aware that 
patients prioritize treatments with fewer adverse effects and tend to 
prefer non-surgical management initially, with operative intervention 
saved as a last resort.

Patient preferences should be integrated into treatment plans via 
shared-decision-making (whereby patients and health care providers 
collaborate to co-develop treatment strategies) and patient deci-
sion aids, which can improve understanding and engagement in this 
context24. When developing a treatment plan considering the following 
framework can be helpful: knowledge, values, support and certainty.

‘Knowledge’ refers to the importance of considering the baseline 
knowledge and educational needs of the patient, including the benefits, 
risks and unknowns of any interventions being considered. ‘Values’ 
highlight the need to identify which benefits and risks matter most to 
the patient. ‘Support’ emphasizes the necessity to ensure that they have 
credible, trusted advice (that is, from family or friends) and provide 
this advice if not available. ‘Certainty’ means clarifying which aspects 
of the decision-making process are particularly difficult. Promoting a 
healthy lifestyle is, of course, an appropriate aspiration, but providing 
a patient with the steps and social, employment and emotional support 
by which to achieve this lifestyle is far more effective24. These points 
should be emphasized when providing advice on weight management, 
exercise and on seeking further disease education.

Patient preferences in OA management are shaped by a complex 
interplay of factors, including prior treatment experiences, perceived 

treatment efficacy, comorbidity burden, cultural beliefs, health literacy 
and the quality of patient–provider communication. Recognizing and 
integrating these influencing factors into shared decision-making 
processes is crucial to optimizing adherence to management plans, 
improving outcomes and ensuring patient-centred care20,22–24.

The preferences of patients, combined with an empathetically 
communicated clinical opinion is central to selecting and personalizing 
treatment approaches to OA. This includes ensuring that patients have 
a clear understanding of the particular aetiology, pathophysiology and 
phenotype of their OA.

Clinical features that predict progression
The pathogenesis of knee OA is heterogeneous, with systemic factors 
(including age, gender, ethnicity, genetics, bone density, obesity and 
oestrogen status) and local biomechanical factors (gravitational force, 
joint injury, joint deformity and muscle weakness) working in concert 
and leading to the development and progression of disease25.

Pain tends to increase with increasing severity of radiographic 
grade; however, variable concordance between self-reported symp-
toms, clinical examination and radiographic disease can occur26–28. 
The activation of local nociceptors via non-neuronal tissue injury, 
which occurs as a result of damage to the somatosensory system, leads 
to neuropathic pain (including central sensitization) and nociplastic 
pain, which occurs owing to the activation of peripheral nociceptors 
despite the apparent absence of tissue damage or stimulus)29,30. Clini-
cal history and examination relating to the joint might provide limited 
information as to the downstream progression of the condition except, 
possibly, if associated with inflammatory OA (with prominent joint 
effusions)31.

Comorbidity might have an important role in the progression of 
OA. Strong associations between OA and sarcopenia (as an example 

Table 1 | Comparison of EMA and FDA guidelines for the 
assessment of interventions for osteoarthritis

EMA guidelinesa FDA guidelinesb

Treatment aim Improvement of symptoms
Prevention of structural damage

Inhibition of ongoing 
structural damage

Study 
population

Patients with both symptomatic 
and structural changes in the 
target joint
Possibly patients at a high risk of 
or with rapidly progressive OA

Potential use of 
enrichment strategies, 
with studies in models 
of accelerated OA, and 
innovative trial designs17

Primary 
endpoints

Symptom modification, 
including improvement in pain 
and function
Conventional radiography for 
measurement of JSN and/or 
clinical endpoints (time to joint 
replacement, pain and disability) 
to demonstrate structural 
improvement

Conceptual approach 
with a composite 
endpoint of total knee 
replacement rates and 
unacceptable levels of 
pain and disability to 
meet the definition of 
severe disease17

Study duration At least 1 year for symptom 
modification
At least 2 years for structure 
improvement

Approximately 2 years 
or more for prevention 
of progression17

aTitle of EMA guidelines: Guideline on clinical investigation of medicinal products used in the 
treatment of osteoarthritis. bTitle of FDA guidelines: Osteoarthritis: structural endpoints for the 
development of drugs, devices and biological products for treatment. This table summarizes 
the aims, study population, primary endpoints and study duration recommendations from the 
EMA and the FDA. OA, osteoarthritis; JSN, joint space narrowing.

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | November 2025 | 684–695 688

Perspective

of a single ‘comorbidity’) have been reported32,33, with Mendelian 
randomization demonstrating a potential causative relationship 
between sarcopenia biomarkers and knee and hip OA34. Clusters of 
comorbidity in OA have also been identified and related to mortality 
risk: ‘low-morbidity’ (with a low burden of comorbidity); ‘back/neck 
pain plus mental health’; ‘metabolic syndrome’ and ‘multimorbidity’ 
(higher relative prevalence of all comorbidities)35.

A variety of predictors of knee OA (including at least 16 that use 
regression models and 10 that use machine-learning approaches) have 
been developed and reviewed with broad variation in predictive capac-
ity (area under the curve (AUC) ranging from 0.6 to 1.0 for the outcome 
of interest). Notably, the demographic parameters incorporated into 
these predictive models included age, sex, education, occupation 
and income; the clinical history parameters included knee symptoms 
(pain and stiffness), concomitantly affected joint, physical activity, 
history of knee injury and/or surgery, family history, pharmacological 
treatment and comorbidity36.

Osteoarthritic endophenotypes for  
treatment stratification
Multiple (often overlapping) subtypes exist under the umbrella defini-
tion of OA, which can be divided according to the cause of disease, the 
presenting clinical phenotype and molecular endotype.

Phenotypes refer to the observable characteristics or outward 
expression of a disease, including clinical symptoms, signs and physical 
manifestations that result from the genotype–environment interac-
tion. Endotypes refer to subtypes that are defined by distinct biological 
or molecular mechanisms identified via specific biomarkers drawn 
from imaging, biochemical investigations or ‘-omics’ signatures (Fig. 2). 
For example, in chronic obstructive pulmonary disease (COPD), vari-
ous clinical phenotypes have been identified, including those based on 
smoking history (smoking versus non-smoking COPD), predominant 

site of pathology (small-airway disease versus emphysema) and exac-
erbation profile (no exacerbation versus frequent exacerbation)37. 
Inflammatory endotypes of COPD are characterized by the predomi-
nant type of inflammatory cells (eosinophilic versus neutrophilic) and 
molecular endotypes have been recognized through genetic markers, 
such as α1-antitrypsin deficiency and telomerase polymorphisms37. 
These are complemented by emerging insights from transcriptomic, 
proteomic and other ‘-omics’ technologies, which might offer further 
stratification strategies for patients38.

Phenotyping and endotyping can be performed for interven-
tion or prescriptive decision making via the identification of those 
who are more likely to experience benefit (or harm) from a particular 
treatment, for distilling mechanistic endotypes for the purposes of tar-
geted therapy and drug development and for prognostic prediction, to 
guide the decision on who to treat and how to strategically stratify 
treatment39. Indeed, the term ‘theratypes’ has been attributed to the 
subtypes within a disease population who respond differentially to 
different therapies40.

Numerous frameworks of OA subtypes have been proposed, 
including a chronic-pain phenotype with central sensitization, an 
inflammatory phenotype, a metabolic-syndrome phenotype, a bone- 
and cartilage-metabolism phenotype, a mechanical (malalignment) 
phenotype and a minimal joint-disease phenotype39, or an alterna-
tive division of subtypes being senescent, genetic, inflammatory, 
metabolic, endocrine or ‘other’41.

One well-established phenotype (with a co-existent biochemical 
and molecular endotype) is that of inflammatory OA. This phenotype 
was first proposed in 1975 by George Ehrlich42 and is characterized 
by joint swelling, early-morning stiffness and night pain driven by 
a low-grade pro-inflammatory cytokine milieu43 and recognized by 
molecular endotypic features44. This inflammatory phenotype might 
be associated with metabolic syndrome, obesity, the innate immune 
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Fig. 1 | Progression and trajectory of knee osteoarthritis. Of patients with knee 
osteoarthritis (OA) who have a Kellgren–Lawrence grade between 1 and 3, 14% 
will probably have progressive disease (over 8 years)49. The trajectories of fast 

and slow disease progression differ, and early diagnosis and therapy can have 
beneficial outcomes in terms of disease severity.
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system (via complement and pattern-recognition pathways) and/or 
inflammaging43,45.

The Applied Public–Private Research enabling OsteoArthritis 
Clinical Headway (APPROACH) consortium investigated biomarkers 
of immune-cell activity, bone remodelling and inflammation, cartilage 
degradation and formation, and connective tissue sclerosis and thick-
ening in a cohort of 297 people with OA46 to define patient phenotypes, 
endotypes and disease progression rates and to improve the design of 
future OA clinical trials. Using machine learning, three biochemical 
endotypic clusters were identified: low tissue turnover, structural 
damage and systemic inflammation.

These endotypes might actually represent theratypes (or ‘drug-
gable endotypes’) for DMOAD development. Patients could be strati-
fied to receive anti-inflammatory drugs (such as anti-IL-1 therapy47) 
if synovitis biomarkers (either imaging, biochemical or molecular) 
predominate, to receive anti-resorptive agents if bone resorption 
and remodelling are predominant features, or to receive cartilage 
remodelling drugs (such as recombinant fibroblast growth factor-18 or 
recombinant growth differentiation factor 5) if cartilage remodelling 
is the overwhelming contributor to their endotype.

Although these clusters might be independent, there can be over-
lap in some patients and the tendency towards overlap increases in 
older adults48. In addition, longitudinal studies are required to confirm 
that the characteristics of endotypes are true subtypes of OA, rather 
than simply stages of the disease.

In summary, the terms phenotype and endotype refer to differ-
ent features but both can be used to identify theratypes, which are 
amenable to different therapeutic strategies and have implications 
for stratification in clinical trials. Importantly, for validation purposes, 
serum samples should be collected in small aliquots (rather than large 
volumes) to enable the samples to be analysed in different institutions 
and the biomarkers of interest validated in different laboratories. This 
area holds great promise but is very much a research domain at present.

Imaging as a guide for knee  
osteoarthritis treatment
Imaging biomarkers include the established Kellgren–Lawrence grad-
ing system for knee radiographs but also incorporate other methods of 
analysing radiographs and more modern imaging modalities, includ-
ing ultrasonography and MRI49,50. Medical imaging might be used in 
different ways to stratify those with symptomatic or structural disease.

When considering the context in which imaging might be used 
to stratify the treatment of patients with symptomatic disease, one 
possibility would be for those with high, unmet medical needs, such 
as patients with minimal structural disease and high symptom burden. 
In this group, DMOADs might be more effective if given early in the 
structural disease process.

For the stratification of patients with structural changes, bio-
chemical biomarkers and MRI features can point towards early, or 
even preclinical, OA when the radiographic findings of established 
OA are not apparent10. Thus, MRI and biochemical biomarkers can be 
used to identify patients early, so that they might be treated and their 
trajectories of progression improved.

Using baseline radiographic grade to predict future outcomes 
has mixed results. The majority of patients with OA who have a 
Kellgren–Lawrence grade of 1–3 will not progress to OA with struc-
tural changes (in terms of JSN) over an 8 year period (86%). Of those 
who do progress, 8% have early disease progression and 6% have late 
disease progression49. The earlier patients are treated, then potentially 

the earlier their disease trajectory can be changed (Fig. 1). However, 
one of the predictors for both types of progression is a baseline 
Kellgren–Lawrence grade of 3 (more than for Kellgren–Lawrence 
grade 2), which has been demonstrated in the OA Initiative (OAI) 
cohort49 and in a post hoc analysis of randomized trials of patients 
with symptomatic knee OA51. Thus, it certainly seems that lower grades 
of structural disease are less likely to structurally progress.

The MRI OA Knee Score (MOAKS) system is one of a number of scor-
ing systems that assess severity of disease through semi-quantitative 
measurement of multiple OA pathologies, including cartilage damage 
(thickness and integrity across knee compartments), bone-marrow 
lesions (BMLs; location and size of lesions), meniscal damage (integ-
rity of tissue), osteophytes, synovitis, ligamentous abnormalities 
(including anterior and posterior cruciate ligaments), subchondral 
bone cysts and other features ( joint alignment and periarticular 
lesions such Baker’s cysts). The association between 2-year progres-
sion of MOAKs and 4-year progression of radiographic (via JSN) and 
symptomatic progression (via a persistent, sustained progression at 
≥2 timepoints and an increase of ≥9 on the WOMAC pain score (0–100)) 
was investigated in a nested case–control comparison of people with a 
Kellgren–Lawrence grade of 1–3 from the Foundation for the National 
Institutes of Health (FNIH) of OA Biomarkers Consortium Project52. The 
strongest MRI predictor of progression was cartilage-thickness score 
(odds ratio (OR) 2.8; 95% CI 1.3–5.9), followed by area of cartilage loss 
(OR 2.4; 95% CI 1.3–4.4), meniscal morphology (OR 2.2; 95% CI 1.3–3.8), 

Patient with knee OA

Determine molecular endotype
via ‘-omics’ analysis and
biochemical biomarkers

Determine clinical phenotype such
as post-traumatic OA, metabolic

syndrome-related OA, obesity-related
or inflammatory OA

Combined molecular endotype
and clinical phenotype to facilitate

the identification of the most
e�ective treatment

Personalized medicine
approach to knee OA

Theratype 1 Theratype 2 Theratype 3 Theratype 4

Fig. 2 | A personalized medicine approach to knee osteoarthritis. A patient 
with knee osteoarthritis (OA) presents and is assessed for clinical phenotype 
(including post-traumatic, metabolic syndrome-related, obesity-related, 
inflammatory), endotyped (via ‘-omics’ analysis and biochemical biomarkers) 
and theratyped (to identify the most effective treatment option). Molecular 
medicine, imaging, biochemical biomarkers, clinical assessment and precision 
medicine techniques can all have a role in the subtyping and stratification of 
patients with OA.
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effusion-synovitis (OR 2.7; 95% CI 1.4–5.4) and Hoffa’s synovitis (OR 2.0; 
95% CI 1.1–3.9). These findings highlight the role of not only cartilage 
degradation but also synovitis in identifying OA progression. Indeed, 
data from a study of the OAI cohort that investigated the relation-
ship between cartilage loss and pain indicated that a loss of 0.1 mm of 
cartilage thickness over 2 years was associated with a 1.6% increase in 
pain on the WOMAC pain score and that this increase was mediated by 
synovitis progression53. Thus, the slowing of cartilage loss alone might 
have minimal effects on concurrent symptoms.

The association of synovitis with progression of OA is also sup-
ported by a study of knee arthroscopy that investigated the relationship 
between synovitis and progression of OA (defined as change in Société 
Française d’Arthroscopie score of >4.5 and a VAS score of >8.0 mm 
after 1 year). Synovial inflammation was associated with greater pro-
gression of OA compared with normal or reactive synovium (OR 3.11; 
95% CI 1.07–5.69)54. This discovery is supported by findings from the 
Multicenter Osteoarthritis Study (MOST) cohort (n = 514 knees with 
no cartilage damage at baseline) in which baseline effusion synovitis 
was strongly associated with cartilage loss at 30 months follow-up 
(OR 3.4; 95% CI 1.9–6.2)55. Synovitis is probably not simply present at 
baseline but is sustained throughout the disease course. This feature of 
persisting synovitis (assessed by MRI at baseline at 2 years’ and 4 years’ 
follow-up) was observed in the OAI cohort and was associated with a 
greater likelihood of structural degenerative disease than in those par-
ticipants without synovitis56. This association of baseline synovitis with 
OA progression is also observed in progression to arthroplasty with the 
12 month risk of total knee replacement increasing with increasing MRI 
synovitis grade (grade 1: OR 2.42, 95% CI 1.18–8.85; grade 2: OR 5.78, 95% 
CI 2.86–1.69; and grade 3: OR 7.80, 95% CI 3.56–17.1)50. Ultrasonography 
can also provide biomarkers of progression and assessment of knee 
effusion using this method demonstrated that effusions of ≥4 mm were 
associated with a greater hazard of total knee replacement over 3 years 
than effusions of <4 mm (hazard ratio (HR) 2.63; 95% CI 1.70–4.06)57.

Early work that identified bone-marrow oedema from knee radio-
graphs have highlighted this feature as predictive of OA progression58. 
Studies using MRI have identified BMLs within the knees of people with 
OA, which were associated with an increased risk of pain (2–5 times 
higher) compared with those without BMLs59; the size of the lesion is 
predictive of future pain and pain progression60. BMLs are substan-
tially associated with knee OA progression; medially located BMLs 
are strongly associated with considerable reductions in medial carti-
lage thickness61 and increasing size of medial BMLs is associated with 
progressive cartilage loss in the medial compartment62.

With the advent of artificial intelligence in clinical practice, 
machine learning (and particularly neural networks) are being used 
on medical-imaging datasets to predict future outcomes via the devel-
oping field of ‘radiomics’63. OA is no exception, with models developed 
to predict the development of knee OA from MRI, by integrating radi-
omic features of meniscus and femorotibial cartilage64 or focusing on 
T2-weighted imaging of the cartilage65.

Imaging provides numerous strong predictors for progression 
via the modalities of radiography, MRI and ultrasonography. Synovitis 
on MRI seems to be a particularly clear biomarker for structural pro-
gression and future need for arthroplasty. 3D statistical shape model-
ling based on MRI identified another structural biomarker (termed 
B-shape), which predicted both current and future symptoms and risk 
of joint replacement in the OAI cohort66. MRI is essential to identify 
those with early (pre-radiographic) disease to move towards the ulti-
mate aim of identifying and treating people with ‘early OA’. Synovitis on 

MRI should also be considered as at least part of a surrogate endpoint 
for accelerated clinical trials. It must also be considered that the joint 
is an organ containing multiple tissues, including bone, synovium and 
cartilage, and that MRI (and potentially ultrasonography) have the 
potential to delineate different disease subtypes.

Biochemical biomarkers as a guide for knee 
osteoarthritis treatment
Biochemical biomarkers have a particular role in the assessment of 
disease activity, including identifying ‘early OA’ and those in whom 
OA is likely to progress (Table 2). The breakdown products of cartilage 
degradation are often used as biochemical biomarkers as they might 
provide a measure of the extent of disease progression.

Type II collagen is a key component of cartilage and provides 
multiple opportunities to measure disease activity in OA, including 
the N-propeptide, the triple helix and the C-terminal telopeptide (CTX) 
of type II collagen and the C-propeptide and N-terminal telopeptide of 
type I collagen (NTX-I), which are often cleaved by enzymes, including 
cathepsin-K and matrix metalloproteinases (MMPs)67. The most com-
mon type II collagen biomarker used in the clinic is urinary CTX-II with 
high levels correlating with the level of cartilage breakdown, which 
makes it a useful marker of joint damage. Type III collagen provides 
more information about the synovium and synovitis via epitopes, 
including Pro-C3 (derived from the N-propeptide) and C3M (derived 
from the triple-helix structure)67. Aggrecan is a large proteoglycan 
that has a role in the maintenance of cartilage structure and consti-
tutes a central protein core with surrounding glycosaminoglycan 
chains. Cleavage products of aggrecan that are released from cartilage 
include AGNx1 (which measures all breakdown of aggrecan) and AGNx2 
(which focuses on MMP-mediated aggrecan cleavage)68.

Clinical practice data from the FNIH OA Biomarkers Consortium 
provides some evidence for the use of baseline urinary and serum 
biomarkers to predict 24-month pain and structure progression, with 
the best model comprising urinary CTX-II, serum hyaluronic acid and 
serum NTX-I (AUC of 0.631). Urinary CTX-II alone and a serum-only bio-
marker model, including serum hyaluronic acid and NTX-I, performed 
marginally less well, with an AUC of 0.583 and 0.601 respectively69. 
These AUC values suggest that these biomarkers need to be further 
honed before they can be considered clinically useful. The exact thresh-
old of AUC will vary depending on the context, although an AUC of 
0.70–0.80 is generally considered to be acceptable70.

Urinary CTX-II predicted the need for joint replacement in the 
OFELY cohort of pre-menopausal and post-menopausal women 
(a longitudinal cohort recruited randomly from the affiliates of a large 
health insurance company), with high urinary CTX-II associated with a 
greater risk of arthroplasty at 18 years of follow-up71.

Cartilage acidic protein 1 (CRTAC-1) has a role in cartilage forma-
tion and maintenance via its communicatory role in the interaction 
between chondrocytes and the extracellular matrix (ECM). Plasma 
levels of CRTAC-1 have been associated with 18-year progression to joint 
replacement (OR 1.80; 95% CI 1.11–2.92, per standard deviation increase 
in CRTAC-1, adjusted for total hip-bone mineral density, baseline knee 
OA Kellgren–Lawrence grade, hip OA and WOMAC OA pain index)72.

Periostin (also known as osteoblast-specific factor 2 (OSF-2), is 
an extracellular protein residing in the periosteum and cleaved by 
cathepsin-K, is associated with the development of knee OA, with 
lower levels of serum periostin associated with greater progres-
sion of Kellgren–Lawrence grade (although the discriminative AUC 
was only 0.66)73.

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | November 2025 | 684–695 691

Perspective

The circulating microRNAs (miRNAs) miR-146a-5p and miR-186-5p 
were associated with prevalent knee OA (OR 4.62; 95% CI 1.85–11.5) and 
incident knee OA (OR 6.13; 95% CI 1.14–32.9) respectively74, presenting 
potential biomarkers for OA progression.

Change in biomarkers can be used to predict particular aspects of 
OA, including the development of BMLs. This predictive capacity has 
been demonstrated using the OAI cohort data from the FNIH OA Bio-
markers Consortium, which showed that the 12-month change in serum 
biomarkers of collagen type I, collagen type II and collagen type III 
degradation are associated with 24-month development of BMLs (with 
a maximum AUC of 0.75 for collagen type II MMP cleavage products)75.

Omics technologies also hold great promise as predictive bio-
markers, and a systematic, iterative and unbiased mass spectrometry 
approach has been used to create a multiple reaction monitoring 
proteomic panel of 99 proteins from serum that was highly indica-
tive of radiographic OA76. The use of a subset of this panel (including 
13 proteins) to predict progressive OA (comprising both radiographic 
and symptomatic progression) was then explored and compared with 
urinary CTX-II (as a ‘best-in-class’ biomarker) with the protein panel 
having a substantially better AUC of 0.75 (compared with 0.58 for 
urinary CTX-II)77.

Elastic net regression (which is used to shrink the number of 
parameters used in a statistical model) was used to produce a panel of 
six proteins that could distinguish those who would develop OA before 
radiographic features were apparent, with an AUC of 0.77 (ref. 78).

Identifying those with incident OA, those who will probably pro-
gress and those requiring future joint replacement using biomarkers 

is possible. However, for these markers to be used in clinical practice, 
they need to be proven to perform well, to be adequately validated in 
clinical trials and need to complete the steps required to be acceptable 
for regulatory purposes. The use of these markers needs to be demon-
strated at the level of the individual patient (rather than group level as 
in clinical trials) to be useful in clinical practice.

Using cartilage-on-a-chip models to personalize 
osteoarthritis treatment
The European Commission’s definition of personalized medicine 
emphasizes that the crux of this field is “tailoring the right therapeu-
tic strategy for the right person at the right time”79. The approach to 
personalized medicine is to create a model (in vitro or in silico) of a 
tissue, organ or patient, which can then be perturbed with therapeu-
tic approaches and the resultant outcome measured. In this way, the 
treatment strategy for a patient can be experimentally honed and 
personalized to optimize the outcome in vivo.

In vitro cell culture dates back to the early 1900s80, but these 2D mod-
els had limitations in terms of the authenticity of the modelled in vivo 
environment. Since then, microfluidic chip technologies have been  
developed. These chips enable 3D cell culture, and provide a method of 
studying cell–cell and cell–ECM interactions, the development of diffu-
sion gradients via defined, unidirectional, microfluidic flow of nutrients 
and interventions (rather than fast diffusion across large volumes of 
stagnant media) and the option to apply mechanical stimulation81,82. 
This ability to simulate load-bearing force is important for the fidelity of 
the chondrocyte model, as in vivo, chondrocytes reside in a low-oxygen 

Table 2 | Biochemical biomarkers for knee osteoarthritis (OA)

Biochemical 
biomarker

Description Potential clinical use

Aggrecan Large proteoglycan with a central protein core that is 
surrounded by glycosaminoglycan chains
The presence of this biomarker reflects cartilage matrix 
degradation

Elevated levels of aggrecan can indicate cartilage damage

AGNx1 and AGNx2 Neoepitopes generated via aggrecanase activity
AGNx1 reflects general aggrecan breakdown whereas 
AGNx2 reflects MMP-mediated aggrecan breakdown

AGNx1 and AGNx2 can be used as cartilage-degradation markers68; levels of 
these neoepitopes might correlate with cartilage loss and disease activity

C3M Marker of type III collagen degradation
An epitope derived from the triple helix structure 
of type III collagen

Levels of C3M reflect connective-tissue sclerosis and thickening
C3M is cross-sectionally associated with the presence and size of bone-marrow 
lesions and the number of joint regions affected75

CRTAC-1 Facilitates communication between chondrocytes 
and the ECM

Associated with 18-year progression to joint replacement90

CTX-II Marker of type II collagen degradation High levels of CTX-II are associated with greater cartilage breakdown and thus 
can be used as a surrogate marker of joint damage
Moderate performance when used alone but improved performance when 
trialled in consort with other biochemical biomarkers76

NTX-1 Marker of bone resorption derived from type I collagen A constituent of a panel of serum and urinary biomarkers that moderately 
predicted 24-month pain and structural progression of knee OA69

Periostin ECM protein that is cleaved by cathepsin-K and linked 
to tissue repair and inflammation

Low levels of periostin are associated with greater progression of KL grade in 
a limited discriminative model in women with knee OA73

miR-146a-5p and
miR-186-5p

Circulating miRNAs Associated with the prevalence and incidence of knee OA in women74

Pro-C3 Epitope of the N-terminal propeptide of collagen type III
Marker of type III collagen formation

High levels of pro-C3 are associated with greater synovial inflammation
Good discriminatory performance in psoriatic arthritis flare versus non-flare91

This table lists biochemical biomarkers for knee OA with descriptions of their origins and the potential clinical use. BMLs, bone-marrow lesions; CTX-II, C-terminal cross-linked telopeptides of 
type II collagen; ECM, extracellular matrix; KL, Kellgren–Lawrence; miRNAs, microRNAs; NTX-1, N-terminal telopeptide of type I collagen; OA, osteoarthritis; OSF-2, osteoblast-specific factor 2; 
Pro-C3, N-terminal propeptide of type III collagen.
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environment, with nutrient diffusion via synovial fluid, and these cells 
are subjected to regular and substantial mechanical stimulation.

Cartilage-on-a-chip models enable chondrocytes to exist in a 3D 
framework, with the maintenance of spherical morphology, structural 
organization, low metabolic activity and differential gene expres-
sion compared with traditional 2D culture83. Such a system has been 
experimentally perturbed using hyaluronic acid, triamcinolone, 
platelet-derived growth-factor and diclofenac, demonstrating differ-
ential gene-expression responses to these medications for different 
individual patients84.

Health economics as a guide for knee 
osteoarthritis treatment
Health-economics studies evaluate the cost-effectiveness, efficiency 
and value of health care technologies via economic evaluation (com-
parison of the relative costs and outcomes of health care technologies 
to optimize the allocation of resources) and budget-impact analysis 
(which estimates the financial implication of adopting novel interven-
tions and approaches) and therefore guide the resource allocation 
(analysing how health care spending can maximize population health) 
and policy development (providing evidence of policy guidelines and 
intervention-reimbursement decisions). The key metric of economic 
evaluation is the incremental cost-effectiveness ratio (ICER), which is 
the ratio of the change in cost between the intervention and compara-
tor, to the measured change in effectiveness (typically measured in 
quality-adjusted life years of the intervention). The cost-effectiveness 
threshold depends on the amount that a payer is willing to pay (such 
as £20,000–£30,000 per quality-adjusted life year gained in the UK85) 
and an intervention is cost-effective if the ICER is below that threshold 
(and more cost-effective the further below the threshold the ICER lies).

In OA, health-economics analyses of early surgical interventions 
have demonstrated conflicting findings, with early total knee arthro-
plasty shown to be cost effective, through the prevention of disease 
progression and reducing the need for costly treatments in a USA 
Medicare study of patients ≥65 years of age with end-stage knee OA86. 
Conversely, another study showed no clear cost–utility benefit of 
early versus late total knee arthroplasty in patients with knee OA in the 
French national health system87. The lack of cost effectiveness of early 
intervention might be because younger patients have early surgery and 
then require replacement surgery in the future.

Non-surgical and non-pharmacological interventions, including 
exercise and physiotherapy, are cost effective. These interventions 
might improve physical function and reduce the symptoms of disease 
progression (without incurring substantial costs)88.

In terms of pharmacological treatments, a systematic review of 
43 cost-effectiveness studies from across 18 countries demonstrated 
broad heterogeneity of ICERs for NSAIDs (US$44.40–307,013.56 per 
quality-adjusted life year), opioids (US$11,984.84–128,028.74 per 
quality-adjusted life year), symptomatic slow-acting drugs for 
OA (US$10,930.17–27,799.73 per quality-adjusted life year) and 
intra-articular injections (US$258.36–58,447.97 per quality-adjusted 
life year) ranging from marked cost-effective dominance, to very high, 
non-cost-effective ICERs89.

Thus, a consensus on the health-economic benefits of treatments 
for OA is yet to be established. This lack of consensus is because of 
challenges (some of which are peculiar to OA), including fluctuating 
health care costs, the paucity of robust available data and variation 
in reimbursement barriers but also the endpoint of health-economic 
analyses. In osteoporosis, intervention is aimed at reducing the risk 

of fractures, which, in the case of hip fractures, are very costly to the 
health care system. For knee OA, the endpoint is often arthroplasty, 
which is well-established to improve quality of life; thus, novel OA 
interventions are often not considered as cost effective when compared 
with arthroplasty.

Therefore, further health-economics analysis is needed to 
inform the cost effectiveness of the ‘who to treat for OA’ approach, 
as the wrong approach could have severe implications for the wider 
health economy. Studies that enable targeted treatment allocation, 
assessment of personalized treatment strategies and the evaluation 
of cost-effectiveness are needed to guide policy makers in setting 
guidelines, recommendations and reimbursement policies.

Conclusions
By using a combination of potential approaches with novel develop-
ments (including biochemical biomarkers, imaging, cell-culture and 
‘-omics’ strategies) patients can be identified earlier and the best treat-
ment option selected according to their preferences and the particular 
presentation of their OA. Clinical features, biomarkers and imaging 
features (particularly synovitis on MRI) have the potential to aid the 
identification of patients who are at risk of progression and there-
fore might be targeted for early intervention; however, the clinical 
and cost effectiveness of such approaches remains to be elucidated. 
Novel approaches, including cartilage-on-a-chip models, represent 
an exciting development for the targeted treatment of OA, but fur-
ther hypothesis-generating studies and trials of novel approaches are 
needed to contribute to the substantial research agenda in this area.

Published online: 3 October 2025
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