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Comment

Immune reset and immune 
retune: approaching cure?

John D. Isaacs

The emergence of potent depletion therapies 
for the treatment of refractory autoimmunity 
has led to the concept of immune reset. 
Understanding whether immune reset equates 
to cure, and whether cure is achievable through 
non-depleting approaches, depends on the 
identification of immune biomarkers for 
measuring healthy and pathological immunity.

Autoimmunity has traditionally been considered a ‘one-way street’ with 
no reversibility and, accordingly, treatment has comprised immuno-
suppressive and anti-inflammatory drugs, with the aim of suppressing 
symptoms and preventing damage. Although the possibility of cure 
through the use of immunomodulatory therapies first emerged from 
preclinical models four decades ago, clinical translation has been slow. 
Autologous and, in some instances, allogeneic stem cell transplanta-
tion has provided drug-free, long-term remission for a proportion of 
patients. In the past 5 years, however, encouraging early results of deep 
B cell depletion through the use of chimeric antigen receptor (CAR) 
T cell therapy and other modalities have led to increasing use of the 
term ‘immune reset’ (or ‘B cell reset’)1. However, in this context, what 
defines reset? Does it equate to cure, and are there alternative routes 
to resetting autoimmunity?

Whether B cell depletion achieves sustained, drug-free remission — 
the clinical manifestation of immune reset — and, potentially, cure is 
probably dependent on the eradication or neutralization of all auto-
reactive B cell clones. Even rituximab, which is now regarded as a rela-
tively weak B cell-depleting therapy, can provide sustained benefit in 
some patients (T. Garcia and D. Isenberg, personal communication). 
This beneficial effect might reflect the stochastic and serendipitous 
eradication of autoreactive clones or an incomplete (particularly in 
the tissues) reduction beyond a crucial threshold2,3. A number of thera-
pies now rank between rituximab and CAR T cells in terms of depth 
and breadth of depletion, including bi-specific and tri-specific T cell 
engagers and glycoengineered monoclonal antibodies. The breadth 
of depletion is determined by the B cell lineage target, broadening 
from CD20 (some B cells) and BCMA (predominantly plasmablasts 
and plasma cells) to CD19 (B cells and plasmablasts) and CD38 (B cells, 
plasmablasts and plasma cells).

An emerging dogma suggests that the deeper the depletion, 
particularly within tissues, the greater the likelihood of ‘reset’3. This 
dogma is probably true as, statistically, deep depletion is the surest 
way to eradicate all autoreactive clones, which comprise a very small 
percentage of all B cells. An emerging challenge is managing relapse, 
particularly when less-potent depleting agents are used, and various 

potential strategies may be considered (Fig. 1). One consideration is 
that any rebound in BAFF secretion following B cell depletion could 
theoretically accelerate the maturation of residual autoreactive cells 
and exacerbate disease. The balance between B cell depletion and 
B cell regeneration also requires thought, with sustained depletion 
increasing infection risk.

The ‘elephant in the room’ of this discussion is the inability to iden-
tify and specifically eradicate disease-causing B cell clones. This gap 
has complicated the use of rituximab since its initial approval, which 
has led to numerous treatment schedules comprising distinct doses 
and dosing intervals, none of which are biomarker guided in terms of 
when to re-dose. It has become clear that monitoring total peripheral 
blood B cells is an inadequate measure in the standard clinical setting. 
Biomarker research performed in recipients of CAR T cell therapy 
has shown the emergence of naive B cell repertoires and even appar-
ent resetting of metabolic and signalling pathways within diseased 
tissues4. These observations reinforce the concept of reset but do not 
bring the field any closer to targeted depletion of pathogenic B cell 
clones. Emerging technologies might make targeted approaches pos-
sible, such as chimeric autoantibody receptor (CAAR) T cell therapy5. 
Additionally, a few autoreactive B cell receptor sequences or families 
have been identified and could theoretically be targeted; however, the 
clinical application of specific autoreactive B cell depletion remains 
elusive. Conceptually, the equivalent of oncological ‘minimal residual 
disease’ is the goal, but with a focus on autoreactive B lineage cells 
rather than malignant cells. Additionally, without robust biomarkers of 
autoreactivity, ‘cure’ must remain a clinical concept that is impossible 
to diagnose with certainty.

Another important consideration is whether non-depleting 
therapies, which have fewer potential hazards than cell depletion, 
could achieve reset. Regulatory, as opposed to cytotoxic, CAR T cell 
therapy could be an option6. By contrast, many therapies are being 
developed to tolerize autoreactive T cells. These therapies are mostly 
non-depleting and might be considered to ‘retune’ rather than ‘reset’ 
the immune system; instead of eradicating autoreactivity, they retune 
it back towards the healthy state7. Most ‘immune retune’ T cell tech-
nologies are antigen specific and manipulate antigen presentation 
such that autoreactive T cells encounter autoantigen in a ‘safe’ con-
text without co-stimulation. Other therapies target T cells more 
broadly, such as non-activating anti-CD3 antibodies or checkpoint 
agonists, some of which can, at least partially, deplete target cells. 
The concept of immune retune is gaining interest, in part because 
transient drug-free remission has been achieved for some patients 
with rheumatic disease (for example, rheumatoid arthritis) who have 
received conventional, non-depleting therapies8. As with immune 
reset, however, whether immune retune equates to cure remains 
unclear and, again, requires the development of relevant biomark-
ers. Rheumatologists measure inflammation and damage to monitor 
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immune homeostasis, with the development of companion biomark-
ers, will hopefully be a consequence of this field. This understanding 
should facilitate the development of a range of therapies that can 
achieve immune reset or immune retune and, ultimately, provide an 
objective definition of cure.
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therapeutic success or failure. Reset therapies can provide rapid 
therapeutic benefit, whereas retune therapies might act more slowly, 
with benefits becoming evident only after several weeks or potentially 
months, as immune homeostasis is first re-established. As these 
therapies do not quickly reduce inflammation, objective immune 
biomarkers also will be essential for rational trial design, to guide 
decisions around administration route, dose, frequency and duration 
of therapy9. Fortunately, considerable effort is being invested in the 
identification and characterization of biomarkers that will inform 
immune retune10.

The emergence of deep B cell depletion might signal a turning 
point in the management of at least some autoimmune diseases. As 
with all therapeutic revolutions, small-scale clinical trials must be 
accompanied by cutting-edge translational research and experi-
mental medicine. This approach will enable iterative improvement 
of these revolutionary therapies and their optimal application. Ulti-
mately, head-to-head trials of different therapies will be needed 
to demonstrate their relative efficacy and safety and the optimal 
management of relapse. The early success of deep B cell depletion 
also speaks to the important interactions between B cells and T cells 
and that sufficient B cell depletion can also control the activity of 
autoreactive T cells3. Improved understanding of autoreactivity and 

Potent depletion of mature
cells (for example, anti-BCMA
CAR T cells)

Potent depletion of less-mature
cells (for example, anti-CD19 
CAR T cells)

Less-potent depletion
(for example, anti-CD19–
CD3 BiTEs)
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Fig. 1 | Strategies for tackling B cell autoreactivity. Each cell shown represents 
a cell of the B cell lineage. Immature B cells (light blue), such as CD20+ B cells, 
can differentiate into plasmablasts (light red) that can, in turn, differentiate into 
plasma cells (light yellow). Autoreactive cells (dark blue, dark yellow and dark 
red) are shown within all B cell lineage subsets. Each large circle can represent 
any tissue. An example of each treatment approach is shown in parentheses. A 
potent depleting therapy that targets the two least mature subsets (such as CD19-
targeted therapies) will eradicate these two subsets, including autoreactive cells 
contained within them. In many conditions (if autoreactivity resides only in these 
subsets), this treatment approach could lead to sustained, drug-free remission 
and ‘B cell reset’ as naive B cells return. A less-potent therapy that targets the 
same subsets will eradicate most but not all autoreactivity. This strategy might 
induce a temporary drug-free remission. A second course of the same therapy 
could be sufficient to eradicate, or further substantially reduce, the targeted 

subsets and autoreactive cells therein, leading to B cell reset and sustained, drug-
free remission. This approach might increase the risk of adverse effects, such as 
infection, and any autoreactivity present in the most mature subset will remain. 
If, instead, the most mature subset is targeted with a potent therapy after relapse 
(such as anti-BCMA CAR T cells), this subset will be eradicated, but any residual 
autoreactivity within the less-mature subsets will not be eradicated. Residual (or 
potentially regenerated) autoreactivity among immature cells could be reduced 
with rituximab, although this would again delay immune reset, prolonging the 
risk of infection and delayed vaccine responses. Furthermore, any therapy that 
stimulates BAFF secretion could expand remaining cells, including autoreactive 
clones, and potentially accelerate relapse. The ideal therapy should target 
only autoreactive B cell lineage cells. BCMA, B cell maturation antigen; BiTE, 
bi-specific T cell engager; CAAR, chimeric autoantibody receptor; CAR, chimeric 
antigen receptor.
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Research highlights

Systemic sclerosis

SIX1 and PAI-1 emerge as therapeutic  
targets in systemic sclerosis

The findings of two studies pub-
lished in JCI Insight suggest that 
the transcription factor SIX1 and 
its downstream mediator plasmi-
nogen activator inhibitor 1 (PAI-1) 
could be promising therapeutic 
targets for systemic sclerosis 
(SSc) and demonstrate the effi-
cacy of the small-molecule PAI-1 
inhibitor MDI-2517 in a preclinical 
model of the disease.

In one study, Wareing et al. 
sought to explore the mecha-
nisms linking dermal white 
adipose tissue (DWAT) loss with 
fibrosis in SSc and the contribu-
tion of SIX1, which had previ-
ously been implicated as a driver 
of fibrosis, in this process. They 
showed that expression of SIX1 
was increased in SSc-affected 
human skin samples, and that 
increased levels of SIX1 in 
adipocytes correlated with loss 
of DWAT in SSc skin.

Loss of DWAT was also evident 
in mice with bleomycin-induced 
dermal fibrosis, preceding 
fibrosis and accompanied by 
increased expression of Six1. 
In this mouse model, global or 
adipocyte-specific deletion of 
Six1 attenuated DWAT atrophy 
and expression of pro-fibrotic 
genes.

In cultured mouse fibroblasts, 
upregulation of SIX1 directly pro-
moted expression of Serpine1, 
the gene encoding PAI-1, thus 
linking SIX1 to a well-established 
profibrotic signalling pathway. 
“Rather than viewing adipocyte 
loss as secondary to fibrosis, 
our data suggest that SIX1 
functions as a transcriptional 
switch connecting adipocyte 
identity loss to fibroblast-driven 
matrix deposition,” notes 
co-corresponding author Harry 
Karmouty-Quintana. The study’s 
findings also highlight the 
potential of inhibition of SIX1 or 
PAI-1 as a therapeutic strategy 
in SSc.

In a separate study, Su et al. 
explored the role of PAI-1 in the 
pathogenesis of SSc and the 
effectiveness of MDI-2517 to 
reduce skin and lung fibrosis in 
the bleomycin model of SSc. In 
mice with bleomycin-induced 
fibrosis, treatment with MDI-
2517 reduced both skin and lung 
fibrosis with better efficacy than 
the anti-fibrotic agent pirfeni-
done, the immunosuppressant 
mycophenolate mofetil and 
tiplaxtinin, another PAI-1 inhibi-
tor. MDI-2517 treatment also 
attenuated weight loss in the 
bleomycin model and seemed 
to preserve the intradermal 
adipose layer.

As well as finding increased 
PAI-1 expression in dermal fibro-
blasts from individuals with  
SSc-affected human skin, Su et al.  
demonstrated that treatment 
with MDI-2517 downregulated 
pro-fibrotic markers but did not 
directly inhibit expression of 
SERPINE1 in cultured human SSc 
fibroblasts.

Further studies are needed 
to elucidate the precise mecha-
nisms underlying the effects of 
PAI-1 inhibition and its poten-
tial in SSc and other fibrotic 
diseases. “Our data, and studies 
from others, suggest that PAI-1 
can moderate multiple nodes 
driving fibrotic progression, 
including myofibroblast activa-
tion, inflammation and cell 
senescence,” says Daniel Law-
rence, corresponding author 
of the study by Su et al.
Sarah Onuora 

Original articles: Wareing, N. et al. 
Adipocyte-specific deletion of sine oculis 
homeobox homolog 1 inhibits lipolysis and 
reduces skin fibrosis. JCI Insight https://doi.
org/10.1172/jci.insight.181427 (2026); Su, E. J. 
et al. A potent inhibitor of PAI-1, MDI-2517, 
mitigates disease severity in a preclinical 
systemic sclerosis model. JCI Insight 
https://doi.org/10.1172/jci.insight.195005 
(2026)

Rheumatoid arthritis

Fibroblast TGFβ  
drives treatment- 
refractory RA

Fibroblasts are associated with 
treatment resistance in rheumatoid 
arthritis (RA), but the underly-
ing mechanisms remain unclear. 
A spatial transcriptomics study 
now provides insights into these 
mechanisms.

“We applied high-resolution spa-
tial transcriptomics to synovial biop-
sies from patients with RA to identify 
the fibroblast-activation pathways 
that are responsible for treatment 
failure,” explains corresponding 
author Kevin Wei. Synovial samples 
were obtained before treatment and 
6 months after treatment.

The analysis of baseline synovial 
samples revealed that COMP + fibro-
genic fibroblasts were expanded in 
TGFβ-rich vascular niches in those 
patients who did not achieve remis-
sion. This expansion was associated 
with persistent joint pain after 
treatment.

Notch signalling from endothelial  
cells controlled TGFβ responsive-
ness in the expanded fibroblasts, 
thus altering TGFβ-mediated fibro-
genic signalling. In synovial tissue 
organoids, inhibiting Notch or TGFβ 
prevented this fibrogenic signalling 
cascade.

“A therapeutic strategy that pre-
vents fibroblast activation represents 
an alternative strategy for patients 
who are resistant to conventional 
immunosuppressive therapies,” 
notes Wei.
Holly Webster 

Original article: Bhamidipati, K. et al. Spatial 
patterning of fibroblast TGFβ signaling underlies 
treatment resistance in rheumatoid arthritis. 
Nat. Immunol. https://doi.org/10.1038/s41590-
025-02386-2 (2026)

Related article: Fibroblasts determine treatment 
outcome in rheumatoid arthritis. Nat. Immunol. 
https://doi.org/10.1038/s41590-026-02437-2 
(2026)
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News & views

Autoinflammatory diseases

COPA syndrome spans multiple organs 
but is defined by STING in the lung
Anthony K. Shum

A large European cohort clarifies COPA 
syndrome as a multi-organ interferonopathy 
defined by STING-driven interstitial lung 
disease (ILD). These findings refine diagnosis 
and treatment and establish COPA syndrome as 
a model for systemic autoimmune rheumatic 
disease-associated ILD.

Refers to David, C. et al. Insights from a novel monogenic 
autoinflammatory disease: overview of a multicentric European 
cohort of 38 patients with COPA syndrome. Ann. Rheum. Dis. https://
doi.org/10.1016/j.ard.2025.09.013 (2025).

COPA syndrome is an ultra-rare disorder of immune dysregulation 
caused by autosomal dominant missense mutations in the COPA 
 gene. It was originally described in 2015 as an autoimmune disorder  
of interstitial lung disease (ILD) and arthritis, characterized by high-titre 
autoantibodies and elevated levels of activated, cytokine-secreting 
CD4+ T cells1. A study by David et al.2 now provides the largest compre-
hensive clinical analysis of COPA syndrome ever reported. Focusing on  
patients in Europe, the investigators reviewed data from over half 
of all patients with COPA syndrome in the published literature. This 
important work will help clinicians worldwide recognize which of  
their patients might have this rare disease and will provide valuable 
guidance on treating this challenging condition.

COPA is part of the COPI vesicle, which is responsible for transport-
ing proteins between the Golgi apparatus and endoplasmic reticulum. 
In 2020, research by four teams found that patient-derived mutations 
impaired COPA function, resulting in failure to retrieve STING (stimu-
lator of interferon genes) from the Golgi3–6. STING is dependent on 
trafficking for activation, with Golgi accumulation leading to aberrant 
activation of STING. A 2025 study confirmed that STING is necessary 
and sufficient to cause COPA syndrome in patients, firmly establishing 
the central role of this molecule in the pathogenesis of disease7.

STING is an innate immune molecule that is part of the cGAS–STING 
signalling pathway that, under normal conditions, functions to provide 
protection against infection by sensing and responding to DNA, largely 
through type I interferons. COPA syndrome and the related monogenic 
disorder SAVI (STING-associated vasculopathy with onset in infancy) 
are classified as type I interferonopathies. Among these disorders, 
SAVI and COPA syndrome are uniquely defined by both abnormal 
STING activation and common and highly morbid ILD that can progress  
to respiratory failure8.

The study by David et al. is a comprehensive and systematic retro-
spective analysis of a large European cohort of patients with genetically 
confirmed COPA syndrome, each of whom had a missense variant in the 

mutational hotspot of the COPA gene2. The study included patients with 
familial, de novo and somatic mosaic mutations, the last of which were 
first reported in 2025. The authors evaluated the clinical and immuno-
logical features of patients to gain better insight into the full spectrum 
of organ involvement and alterations to the immune profile. They con-
firm the core clinical features of COPA syndrome and provide further 
nuance on the specifics of organ involvement, including the patterns 
of ILD observed by chest imaging and the types of joint involvement 
that occur (that is, arthritis versus arthralgia). Rarely reported features 
such as hepatitis were also observed, and some less common potential 
manifestations of the disease were identified, including effects on the 
skin, heart and digestive system.

Nearly every patient in the study had lung disease2, consistent with 
findings from another group, which reported that 100% of patients 
with COPA syndrome have ILD7. Importantly, the authors found that 
lung disease is often the earliest indicator of COPA syndrome and can 
be both the presenting manifestation and the principal manifestation 
of the disease2. Throughout life, ILD remains a dominant feature that 
often dictates management, as it causes the greatest degree of morbidity, 
is largely refractory to available therapies and can ultimately lead to lung 
transplantation or death9. The presence or absence of lung disease thus 
helps inform the likelihood of a diagnosis of COPA syndrome in a patient 
with undiagnosed inflammation; the persistent absence of lung disease 
prompts serious consideration of an alternative condition. This aspect of 
disease is particularly helpful when trying to prioritize COPA variants of 
unknown significance identified during genetic sequencing, particularly 
if they fall outside of the known mutational hotspot in the WD40 domain.

The analysis of treatments in the study is particularly informative2. 
The requirement for multiple immunomodulatory medications for many 
patients indicates how challenging it can be to control this disease. Janus 
kinase ( JAK) inhibitors have been increasingly adopted by clinicians but 
are used mostly as an add-on therapy, probably because studies linking 
STING and type I interferons to COPA syndrome have emerged only in 
the past 5 years3–6. JAK inhibitors showed efficacy at controlling disease 
in about two thirds of patients in the study, but for many patients, disease 
became stable rather than improving, and some patients had progressive 
lung function decline2. Prospective studies are needed to understand 
whether earlier administration of JAK inhibitors and/or interferon recep-
tor antagonists are effective and if streamlined drug regimens can be 
achieved. Comparisons between different JAK inhibitors could also be 
useful in determining if patients respond to some JAK inhibitors but not 
to others. Future research should also examine how antifibrotic drugs 
that target progressive pulmonary fibrosis fit into treatment algorithms.

The sheer number of patients included in the study by David et al.  
and its careful, systematic approach is highly valuable to the clini-
cal and research communities2. This work will serve as an important 
framework for identifying the best treatments for patients and will 
help in the design of meaningful clinical endpoints for trials, particu-
larly if novel therapeutics that more directly target the cGAS–STING 
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pathway are made available to patients with COPA syndrome. Moving 
forward, including patients from other registries in the analysis could 
be beneficial in determining whether some of the clinical manifesta-
tions described are indeed a part of COPA syndrome or are incidental 
findings that are not directly related to disease. Research from a 2025 
study also shows that the STING genotype can have a considerable 
influence on disease penetrance. Thus, understanding whether the 
asymptomatic carriers in this cohort harbour the HAQ STING1 allele, 
which has been shown to mediate disease protection, or whether other 
genetic modifiers exist will be important7. In addition, a comprehensive 
functional analysis (beyond simply an interferon score) of all reported 
variants, including those outside the known mutational hot spot and 
those of unknown significance, could be beneficial in defining potential 
genotype–phenotype correlations.

The pursuit of studies such as the one presented here should 
provide a degree of optimism for patients with COPA syndrome as 
researchers are striving to understand this very rare disorder so that 
new and better treatments can be identified. For the broader rheuma-
tology and pulmonary communities, the breakthroughs being made in 
COPA syndrome, particularly in understanding of the pathogenic link 
between STING and ILD, have the potential to inform how clinicians 
manage other patients with systemic rheumatic diseases complicated 
by ILD, a devastating manifestation that afflicts far too many patients 
and remains challenging to treat10.
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Review article  Check for updates

Mechanisms of fibrotic tissue  
remodelling: insights from 
systemic sclerosis
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Abstract

Systemic sclerosis (SSc) is a prototypical systemic immune-mediated 
fibrosing disease that affects the skin, the lungs, the heart, the kidneys 
and the intestinal tract. Similar to many other fibrotic diseases, SSc 
is associated with high morbidity and mortality and therapeutic 
options are limited. Fibrosis arises from a complex interplay of 
vascular damage, inflammation and prolonged, misdirected repair 
responses. The progressive accumulation of extracellular matrix 
perturbs the physiological tissue architecture and commonly leads 
to failure of the affected organs. Understanding the mechanisms of 
fibrotic tissue remodelling can lead to the identification of preclinical 
targets. Novel fibrosis-promoting cell subpopulations, the interplay 
of fibroblasts with B cells and macrophages, the nerve–fibroblast axis, 
matrikines and matricryptins, senescence, profibrotic transcription 
factors, developmental pathways and epigenetic tissue memory are 
all important drivers of fibrotic tissue remodelling that might offer 
potential for novel therapies to improve outcomes for patients with 
SSc and possibly other fibrotic conditions.
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and is characterized by fibrosis in the upper layers of the dermis10, 
morphea, which is associated with widespread fibrosis in the dermis11 
and types of scarring alopecia, such as discoid lupus erythematosus 
(fibrosis surrounds hair follicles and often leads to permanent hair 
loss and fibrosis), or hidradenitis suppurativa (scarring occurs at sites 
of prior inflammation12). By contrast, generalized and diffuse cutane-
ous fibrosis, often accompanied by internal organ involvement, is 
characteristic of systemic sclerosis (SSc).

In this Review, we discuss the molecular mechanisms that mediate 
fibrotic tissue remodelling in SSc as a prototypical immune-mediated 
systemic fibrotic disease. We focus on mechanisms that promote 
fibroblast activation at disease initiation and progression, and also on 
intrinsic mechanisms that can drive fibroblast activation and disease 
progression at later stages of disease. We highlight intracellular signal-
ling cascades and molecular pathways that have not yet been translated 
into clinical trials; we do not explore core pathways of fibrosis such 
as canonical transforming growth factor-β (TGFβ), platelet-derived 
growth factor (PDGF), interferon or IL-6 signalling, for which molecu-
lar targets are currently under investigation in clinical trials and are 
reviewed elsewhere2,6,13.

Fibroblasts in fibrotic tissue remodelling
Fibroblasts are key effector cells of fibrotic remodelling as they release 
the vast majority of ECM components that accumulate in fibrotic 
tissues2,14,15. The differentiation of disease-promoting fibroblast popula-
tions and/or different fibroblast states is thought to be initially driven 
by mediators released from infiltrating immune cells such as B cells, 
T cells and innate lymphoid cells, activated tissue-resident cells such 
as macrophages and plasma cells, and also from damaged endothe-
lial cells. However, the role of fibroblasts extends beyond the synthesis 
of the ECM16. Fibroblasts also release mediators that modulate inflam-
matory responses, which might support the maintenance of chronic, 
low-grade inflammation in affected tissues. Moreover, fibroblasts 
can release pro-angiogenic and anti-angiogenic mediators that can 
modulate angiogenesis and thus alter the outcome of microvascular 
manifestations of SSc. Last, fibroblasts can release both profibrotic and 
antifibrotic mediators that can exert autocrine and paracrine effects. 
Fibroblasts in SSc and other fibrotic diseases are thus not passively 
converting stimuli from inflammatory cells and vascular cells into 
ECM production, but they themselves actively modulate the vascular, 
inflammatory and fibrotic pathogenesis of SSc2.

Fibroblast heterogeneity in systemic sclerosis
Omics-based phenotyping data have revealed that fibroblasts are a 
heterogeneous population of phenotypically and functionally dis-
tinct subpopulations, even within a given patient and a given tissue17 
(Table 1 and Fig. 1). Certain fibroblast subpopulations are ubiquitous 
and can be found across all organs, whereas other fibroblast subpopu-
lations and/or fibroblast states are restricted to certain tissues under 
homeostatic conditions18. In disease, the ratios of these individual 
fibroblast subpopulations can change dramatically, individual popula-
tions can show changes in phenotype and additional populations might 
emerge. Although omics studies have been highly informative and 
provided insights into fibroblasts biology, these findings are limited by 
the variations in fibroblast nomenclature used in each study18–20; how-
ever, efforts have been made to link and standardize nomenclature and 
definitions of specific fibroblast populations across human tissues20. 
Using skin as a reference tissue, the authors of this study defined six 
major fibroblast subsets in healthy skin along with three subsets in 

Key points

	• The pathogenesis of systemic sclerosis (SSc) is characterized by an 
interplay of vascular damage, autoimmunity-induced inflammation and 
fibrotic tissue responses.

	• These processes are highly interlinked and are active throughout all 
stages of the disease, although their relative contribution to disease 
progression can vary at different disease stages and in different patient 
populations.

	• Advances in omics technologies have enabled identification and 
phenotyping of different cellular subpopulations with diverse functions 
in the pathogenesis of SSc.

	• Interactions between leukocyte subpopulations, such as B cells 
and macrophages, and fibroblasts have an important role in disease 
progression.

	• Molecular drivers of SSc include, but are not limited to, the 
nerve–fibroblast axis, matrikines, senescence, JAK–STAT signalling, 
nuclear receptors and other profibrotic transcription factors, 
developmental pathways and epigenetic tissue memory.

Introduction
Fibrosis describes the excessive deposition of collagen and other extra-
cellular matrix (ECM) components in tissues. The accumulating ECM 
disrupts the normal tissue architecture and impairs organ function. 
Fibrotic tissue remodelling can affect almost every organ system. More-
over, fibrotic tissue responses are not limited to prototypical fibrotic 
disorders but are also highly prevalent in many chronic diseases, 
including cardiovascular diseases, chronic inflammatory diseases 
and cancer1–3, in which these responses have a crucial impact on disease 
outcomes. Indeed, up to 45% of all deaths in developed countries might 
be attributed to fibrotic tissue responses4. Thus, fibrosis represents 
a substantial health care challenge, particularly as the incidence of 
fibrotic diseases is increasing further1.

Fibrosis and normal wound healing share many commonalities 
and fibrotic diseases might be considered an exacerbated, prolonged 
repair response that is not appropriately terminated5,6. Fibrotic tissue 
remodelling can be divided into different, though overlapping phases: 
a triggering event in a genetically susceptible individual; an initiating 
phase, in which the trigger is converted into molecular responses and 
first histopathological changes; a phase of progression, in which type 2 
inflammation and vascular damage promote fibroblast activation and 
fibrotic remodelling; and a late phase, which is highly variable and 
can range from mild-to-moderate regression of fibrosis. The latter 
phase occurs in every tissue; however, this phase is variable. In the 
skin, this phase can be associated with regression owing to ongoing 
inflammation-induced remodelling, persistent activation of profibrotic 
fibroblast subsets and progressive fibrosis driven by endogenous 
mechanisms independent of overt inflammation. This regression does 
not occur in the lungs2,7,8.

Fibrosis can manifest in diverse ways depending on its localization 
within the tissue, the extent of remodelling9 and the specific anatomical 
compartment or organ involved. In the skin, localized fibrotic disorders 
include lichen sclerosus, which primarily affects the anogenital region 
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Table 1 | Major fibroblast subsets

Subtype Main markers or genes Identification 
method

Localization in tissue Function Refs.

Superficial fibroblasts COL18A1, COL23A1, 
SFRP2, WIF1, APCDD1 
and NKD2

scRNA-seq Superficial papillary dermis Possible role in epithelial 
homeostasis via interactions 
with the epithelium

20–24,104

Universal fibroblasts CD34, PI16 and DPP4 scRNA-seq Deep in the skin (reticular dermis) Found in many tissues and 
postulated to represent a 
precursor fibroblast state

17,22–26,28,47

Universal fascial 
fibroblasts

CD34, PI16, DPP4, FGF18 
and CCN3

scRNA-seq Fascia High expression of the 
myofibroblast gene signature 
and high ECM production

17,20,23, 
25,26,28,47

Stroma+PPARG+ 
fibroblasts

CD34, PI16, CXCL12, 
APOE, PLA2G2A, C7 and 
SFRP2

scRNA-seq Deep perivascular immune 
infiltrate regions and interstitial 
stroma

The capability to differentiate 
into adipocytes

20,23,25,26,28, 
47,124–126,152

Fibroblastic 
reticular cell-like 
fibroblasts

CCL19, CH25H, IL33, 
CD74 and HLA-DR

scRNA-seq Found in lymphoid organs and 
structures, enriched in superficial 
perivascular regions and adjacent 
to hair follicles in the skin

Maintenance of T cell 
populations and facilitation of 
T cell–dendritic cell interactions

20,26

Schwann-like fibroblasts

Schwann-like RAMP1+ 
fibroblasts

RAMP1 and PLEKHA6 scRNA-seq Enriched near eccrine (sweat) 
glands

Possibly form an interface with 
the nervous system

20

Schwann-like NGFR+ 
fibroblasts

NGFR and ITGA6 scRNA-seq Endoneurium and perineurium 
of nerve fibres

Nerve-associated fibroblast 
population

20,99

Myofibroblasts

Classical myofibroblasts COL3A1, COL5A1, 
COL8A1, POSTN, TNC, 
ACTA2 and SPARC

scRNA-seq Diffuse in the dermis Excessive ECM production, 
typically enriched in skin diseases 
with high scarring risk and in 
established fibrosis

20,24

Inflammatory 
myofibroblasts

CXCL5, CXCL6, CXCL8, 
CXCL13, IL11, IL24, MMP1 
and MMP3

scRNA-seq Diffuse in the dermis Recruitment of neutrophils, 
monocytes and B cells, typically 
enriched in skin diseases with 
a high scarring risk, but not in 
established fibrosis

20,26, 
51,63,64

Mechanosensing 
myofibroblasts

SFRP4, LRRC17 and 
PIEZO2

scRNA-seq Precise location remains 
to be determined

Excessive ECM production, 
mechanotransduction and 
associated with disease or 
wound healing

20

Fascia-like myofibroblasts ITGA10, THBS and 
PDLIM3

scRNA-seq Precise location remains 
to be determined

Excessive ECM production, 
present especially in Dupuytren 
contracture and associated with 
disease or wound healing

20

Lung fibroblasts

Alveolar fibroblasts COL13A1, NDNF, TCF21, 
PDGFRA, FGF10 and 
COL13A1

scRNA-seq Alveoli Contribute to the maintenance 
of alveolar structure and function

35,37,50, 
96–98

Hair follicle-associated fibroblasts

DPEP1+ dermal sheath 
fibroblasts

DPEP1 and MYL4 scRNA-seq Dermal sheath Precise function remains 
to be determined

12,20

TNN+COCH+ fibroblasts CRABP1, RSPO3, 
COL24A1, TNN, COCH, 
MKX and TNMD

scRNA-seq Isthmus (mid-hair shaft) Precise function remains 
to be determined

12,20

HHIP+ dermal papilla 
fibroblasts

CRABP1, RSPO3, 
COL24A1, HHIP and 
RSPO4

scRNA-seq Dermal papillae Precise function remains 
to be determined

12,20–22

Fibroblasts described in SSc

LGR5+ fibroblasts LGR5, MMP2 and CD55 scRNA-seq Deep reticular dermis Associated with several 
pathogenic features of SSc

28

PI16+ fibroblasts PI16 scRNA-seq Diffuse in the dermis Homeostatic, precursors for other 
fibroblast subsets

18,26,27,29
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inflammatory states that often have distinct distribution in the skin 
(Table 1 and Fig. 1). These subsets included two major subsets of superfi-
cial fibroblasts (often referred to as papillary dermal fibroblasts21–23) and 
universal fibroblasts that are typically located deeper in the skin (often 
referred to as reticular fibroblasts23,24). Other subsets were more special-
ized and included fibroblastic reticular cells (FRCs), which are found 
in lymphoid organs, perivascular regions and adjacent to hair follicles. 
Stromal fibroblasts were found in deeper perivascular and intersti-
tial regions, and hair follicle-associated fibroblasts and Schwann-like 
fibroblasts were enriched near sweat glands and nerves. The three 
fibroblast subsets identified in diseased tissues include inflammatory 
myofibroblasts (which express multiple chemokines, particularly those 
involved in neutrophil recruitment), myofibroblasts, and fascia-like 
myofibroblasts. In addition, these fibroblast subsets were used to derive 
a consensus nomenclature across human tissues, across diverse tissues 
such as the intestine, lungs, salivary glands, joints and skin20.

Several subpopulations of fibroblasts have been described in 
SSc, which differ with regard to their location and function (Table 1). 
Myofibroblasts in SSc (which express high levels of COL8A1) seem to 
be derived from SFRP2+ fibroblasts25, which correspond to either the 
superficial or universal fibroblast subsets described previously. Two 
subpopulations of SFRP2+ fibroblasts have been identified that can be 
separated based on both their gene expression and that of neighbour-
ing cells using the spatial resolution provided by cyclic in situ hybridi-
zation (cISH)26. One SFRP2+ fibroblast subpopulation is located in the 

papillary dermis, whereas the other is located in the reticular dermis. 
Although these subpopulations have distinct changes in frequency 
in SSc, both upregulate profibrotic signalling pathways26. Another 
population of CCL19+ fibroblasts that have an inflammatory phenotype 
have been described in SSc and resemble the inflammatory fibroblasts 
described previously27. These CCL19+ fibroblasts can be segregated by 
cISH according to their localization to either the perivascular region 
or diffusely in the dermis26. The number of LGR5+ fibroblasts is lower 
in patients with diffuse cutaneous SSc (dcSSc) compared with patients 
who have limited cutaneous SSc (lcSSc) and healthy individuals28. 
In addition to changes in frequency, these fibroblasts also have altered 
signalling pathways related to fibrosis, vasculopathy and inflammation. 
Several studies show that PI16+ fibroblasts are present across several 
organs, have stem-cell properties and can differentiate into specialized 
fibroblasts18,29. The frequency of PI16+ fibroblasts is also lower in SSc 
skin than in healthy skin, as these cells can serve as a potential source 
of profibrotic fibroblasts, the lower number of these cells in SSc could 
indicate the differentiation of these cells into profibrotic fibroblasts26,27.

The annotation of fibroblasts using single-cell RNA sequencing 
(scRNA-seq) or cISH in SSc has been refined by imaging mass cytometry 
(IMC), a spatial proteomics technique that has enabled the identifica-
tion of 13 fibroblast subsets; the frequency of 8 of these subsets was 
altered in SSc30. Of these, a population of sphingosine-1-phosphate 
receptor (S1PR+) fibroblasts had a higher frequency in both the papillary 
and the reticular dermis in SSc than in healthy individuals. This finding 

Subtype Main markers or genes Identification 
method

Localization in tissue Function Refs.

Fibroblasts described in SSc (continued)

CCL19+ fibroblasts CCL19, PTGDS, APOE scRNA-seq Perivascular or diffuse in the dermis Pro-inflammatory 25,27

COL11A1+ fibroblasts COL11A1, TAGLN, POSTN scRNA-seq Precise location remains to be 
determined

Profibrotic 27

SFRP4+ SFRP2+ fibroblasts SFRP4, MFAP5, 
C1QTNF3

scRNA-seq Precise location remains to be 
determined

Profibrotic 27

PRSS23+SFRP2+ fibroblasts PRSS23, DPP4, STC2 
and CTHRC1

scRNA-seq Precise location remains to be 
determined

Profibrotic 27

COL8A1+ fibroblasts COL8A1 and ACTA2 scRNA-seq Deep dermis Profibrotic 25

SFRP2+ PapD fibroblasts SFRP2, COL6A1 and 
APCDD1

scRNA-seq Papillary dermis Profibrotic 24–26

SFRP2+ RetD fibroblasts SFRP2, SPAR and 
COL1A1

cISH Reticular dermis Profibrotic 26

CCL19+ PV fibroblasts CCL19, MALAT1 and 
CD74

cISH Perivascular Pro-inflammatory 26

CCL19+ non-PV fibroblasts CCL19, PTGDS and 
APOE

cISH Diffuse localization in the dermis Pro-inflammatory 26,27

S1PR+ fibroblasts S1PR IMC Diffuse localization in the dermis Profibrotic 30

Thy1+ADAM12highPU.1high 
fibroblasts

Thy1, ADAM12 and PU.1 IMC Diffuse localization the dermis Probably profibrotic 30,124

ADAM12+ GLI1+ fibroblasts ADAM12 and GLI1 IMC Papillary dermis Probably profibrotic 30

Methi fibroblasts Several key enzymes 
that are involved in 
glycolysis, the TCA 
cycle and OXPHOS

IMC Diffuse localization in the dermis Profibrotic 30,31

ADAM12, a disintegrin and metalloproteinase domain-containing protein 12; cISH, chromogenic in situ hybridization; ECM, extracellular matrix; GLI, glioma-associated oncogene homologue 1; 
IMC, imaging mass cytometry; Met, metabolism; OXPHOS, oxidative phosphorylation; PapD, papillary dermis; PV, perivascular; RetD, reticular dermis; S1PR, sphingosine-1-phosphate receptor; 
scRNA-seq, single-cell RNA sequencing; SSc, systemic sclerosis; TCA, tricarboxylic acid.

Table 1 (continued) | Major Fibroblasts subsets
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correlated with the modified Rodnan skin score, particularly when not 
only the cellular frequency but also the interactions of S1PR+ fibroblasts 
with other cell types, such as ADAM12+ GLI1+ fibroblasts, were taken 
into consideration.

In another study, thus far available only as a preprint, IMC ena-
bled the identification of 8 metabolically defined subpopulations of 
fibroblasts in SSc that differ with regard to their metabolic regulome 

(composed of over 20 key enzymes across several metabolic path-
ways)31. One subpopulation of Methi (that is, metabolically active) 
fibroblasts had high glycolysis, hypoxia, reactive oxygen species sig-
nalling and tricarboxylic acid (TCA) and oxidative phosphorylation 
scores (indicative of the high level of activity of these pathways)31. 
Furthermore, these cells expressed high levels of α-smooth muscle 
actin (αSMA) and fibroblast activation protein (FAP), and thus had 

Hair shaft Sebaceous gland

Epidermis
Papillary dermis

Reticular dermis

Hypodermis

APM

Eccrine coil

Nerve endingHair follicle Type I 
collagen

Superficial fibroblasts
(COL18A1, COL23A1)

Universal fibroblasts
(CD34, PI16)

PPARG+ fibroblasts
(CD34, PI16, CXCL12)

FRC-like fibroblasts
(CCL19, IL33)

DPEP+ DS fibroblasts
(DPEP1)

TNN+ COCH+ fibroblasts
(TNN, COCH)

Hair-follicle-
associated

Schwann cell-like fibroblasts
(RAMP1, PLEKHA6)
Myofibroblasts
(ACTA2, COL8A1, PRSS23)

EndMT cells
(PECAM1, CDH5, GJA4, ACTA2)

a  Healthy skin b  SSc skin

Fig. 1 | Localization and diversity of fibroblast subsets in healthy skin and skin 
with systemic sclerosis. a, Fibroblast subpopulations in the skin have distinct 
spatial distributions. Superficial fibroblasts (yellow) are located in the papillary 
dermis, whereas universal fibroblasts (light blue) are distributed throughout 
the dermis, with PPARG⁺ fibroblasts (dark blue) enriched in the deeper layers 
of the dermis. Several fibroblast subsets localize to hair follicles, including 
fibroblastic reticular cell (FRC)-like fibroblasts (orange) around the follicle 
opening, and two other subsets (shown in dark red and light red) are located along 
the follicular shaft and bulge region. Other specialized fibroblasts are found near 

eccrine glands or nerve endings, such as Schwann cell-like fibroblasts (purple), 
underscoring the functional and positional heterogeneity of dermal fibroblasts. 
b, In systemic sclerosis (SSc), several fibroblast subsets expand, particularly 
αSMA+ (α smooth-muscle actin) myofibroblasts (brown) and endothelial- 
to-mesenchymal transition (EndMT) cells, both of which contribute to type I 
collagen production and deposition in the skin. Fibrosis in SSc skin is often 
accompanied by loss of adnexal structures, including hair follicles, sebaceous and 
eccrine sweat glands. APM, arrector pili muscle; DS, dermal sheath.
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a myofibroblast phenotype, but could not be separated from other 
populations by expression of αSMA and FAP alone. This population 
is increased in frequency in those patients with SSc and progression 
of skin fibrosis31.

The activation of fibroblasts in SSc is driven by a core set of signal-
ling pathways. Traditionally, core signalling pathways of fibroblast 
activation have been defined as stimuli that can induce a myofibroblast 
phenotype in resting fibroblasts with upregulation of ECM proteins 
such as type I collagen and induction of αSMA positive stress fibres that 
mediate contractility. However, this definition might miss pathways that 
drive the progression of fibrosis by inducing shifts from homeostatic 
subpopulations to pro-inflammatory or profibrotic subpopulations and 
those that promote the differentiation of disease-associated fibroblast 
populations. Although omics-based profiling shows unique patterns 
of signalling for each of these fibroblast subpopulations, a deeper 
understanding of the effects of core fibrosis pathways on individual 
subpopulations is lacking and how targeting these core pathways 
affects the numbers and function of fibroblasts remains unclear.

Vasculature–fibroblast crosstalk in  
systemic sclerosis
The first manifestation of SSc is apoptosis of the microvascular 
endothelium. Apoptotic microvascular endothelial cells are detected in 
preclinical models of SSc before the onset of typical clinical manifesta-
tions and before inflammatory and fibrotic changes32. The precipitating 
trigger and the molecular mechanisms underlying the induction of 
apoptosis remain enigmatic. Whether the induction of apoptosis in 
endothelial cells is a direct consequence of this trigger or a consequence 
of a misdirected autoimmune response against endothelial cells is 
unclear; however, autoantibodies directed against different antigens 
expressed on endothelial cells are reported in SSc33,34. These antibod-
ies might maintain chronic vascular injury even after clearance of the 
trigger. An increase in granzyme-expressing cytotoxic CD4+ and CD8+ 
T cells colocalizing with apoptotic endothelial cells is described in the 
skin of patients with early dcSSc, suggesting a direct role of cytotoxic 
T cells in endothelial cell death35.

Evidence indicates that vascular injury promotes fibroblast activa-
tion in SSc. Platelets are activated at sites of vascular injury in SSc, which 
leads to the release of platelet granules into the blood. Platelet granules 
contain large amounts of serotonin (5-hydroxytryptamine (5-HT)) 
and lower concentrations of other profibrotic mediators including 
PDGF36. 5-HT has been implicated in the pathogenesis of fibrotic tissue 
remodelling in multiple organs37. Stimulating mesenchymal cells with 
5-HT in vitro can induce collagen production. These effects are medi-
ated by 5-HT2 receptors, particularly the 5-HT2B receptor, which can 
activate TGFβ–SMAD3 signalling38. Pharmacological or genetic inac-
tivation of the 5-HT2B receptor or knockout of TPH1, which encodes 
tryptophan hydroxylase (the rate-limiting enzyme for 5-HT synthesis 
in non-neuronal tissues), ameliorates experimental dermal and pul-
monary fibrosis38,39. Moreover, activated platelets upregulate thymic 
stromal lymphopoietin (TSLP) in microvascular endothelial cells and 
might thereby contribute to the increased levels of TSLP found in the 
blood of patients with SSc40. TSLP promotes fibroblast activation, thus 
providing another link between platelet activation and fibrotic tissue 
remodelling in SSc.

Increased coagulation might also promote fibrotic tissue remod-
elling in different organs, although there is no direct evidence of this 
mechanism in SSc thus far. Thrombin induces the expression of con-
nective tissue growth factor, stimulates proliferation of fibroblasts 

and promotes fibroblast-to-myofibroblast transition41. Moreover, 
the thrombin inhibitor dabigatran ameliorates experimental fibrosis 
in multiple organs42.

The atypical chemokine receptor 1 (ACKR1), also known as Duffy 
antigen receptor, has been implicated in tissue inflammation across 
various organs in SSc. ACKR1 is expressed on postcapillary venules and 
facilitates chemokine transport43. Increased ACKR1 expression is found 
in lesional SSc skin, where it promotes immune cell recruitment44. 
In the bleomycin model of skin fibrosis, elevated ACKR1 levels are 
associated with immune cell infiltration and fibrosis, whereas ACKR1 
inhibition attenuates this effect44. Expansion of venous ACKR1+ 
endothelial cells also occurs in patients with idiopathic pulmonary 
fibrosis (IPF)45. In fibrotic lungs, ACKR1+ endothelial cells are spatially 
localized within immune cell aggregates, fibroblastic foci and aber-
rant basaloid cell regions, consistent with their pro-inflammatory and 
profibrotic functions.

Endothelial-to-mesenchymal transition describes a phenotypic and 
functional change of endothelial cells, which includes gradual loss of 
endothelial markers and expression of mesenchymal cell markers. Cells 
that co-express endothelial cell markers (vascular endothelial-cadherin 
and von Willebrand factor) and mesenchymal cell markers (αSMA, colla-
gen and fibroblast-specific protein 1 (also known as S100A4)) have been 
identified in the skin and lungs of people with SSc46,47. Cells that undergo 
endothelial-to-mesenchymal transition are reported to originate from 
GJA4+ arteriolar endothelial cells, and Hippo signalling promotes this 
transition25. Spatial proteomics analyses of SSc skin support these find-
ings, revealing an increase in CD34+ αSMA+ CD31+ triple-positive cells 
that express markers of endothelial-to-mesenchymal transition in 
SSc vascular niches48. These niches are also enriched in immune cells 
and myofibroblasts, and the density of these cells correlates with pro-
gressive fibrotic remodelling in patients with SSc48. Endothelial-to-
mesenchymal transition might therefore add to the pool of profibrotic 
fibroblast populations that drive fibrotic remodelling in SSc.

Pericytes are stromal cells that warp around endothelial cells 
in capillaries and post-capillary venules, and together with vascular 
smooth muscle cells make up the mural cells that support blood ves-
sels in tissues. Pericytes are mainly found around pre-capillary, capil-
lary and post-capillary vessels where they regulate vessel tone and 
integrity, and influence chemotaxis and diapedesis of leukocytes49. In 
people with early SSc, pericytes have an activated phenotype, possibly 
owing to a PDGF–PDGF receptor-β autocrine or paracrine loop that 
involves endothelial cells50,51 Pericytes might also directly contribute 
to the production of ECM upon acquisition of a myofibroblast pheno-
type (pericyte-to-myofibroblast transdifferentiation) or indirectly by 
promoting fibroblast activation via PDGF-AB or PDGF-BB interacting 
with the PDGFβ receptor51.

Autoimmune and inflammation-mediated 
fibroblast activation in systemic sclerosis
Inflammation is thought to be a key driver of fibroblast activation 
and fibrosis. Although SSc is not a classical inflammatory disease and 
markers of systemic inflammation, such as C-reactive protein, are not 
elevated in two-thirds of patients, low-grade inflammation in affected 
tissues is essential for disease initiation and a central driver of disease 
progression.

B cells and T cells
Accumulating evidence highlights a central role of B cells in the patho-
genesis of SSc. B cell activation is dysregulated in SSc at multiple levels, 
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including a bias towards effector B cells with an activated phenotype 
and impaired regulatory B (Breg) cell function52,53. B cells promote fibro-
blast activation and fibrotic remodelling through multiple mecha-
nisms including release of cytokines, chemokines, autoantibodies 
and direct cellular interactions with fibroblasts and other effector  
cells54 (Fig. 2).

In SSc, naive, transitional and CD21lowCD38low peripheral B cell 
subsets are increased, whereas memory B cells, switched memory 
B cells and IL-10-producing Breg cells are reduced53,55. Memory B cells in 
SSc express increased levels of activation markers such as CD80, CD86 
and CD95, and transitional B cells have increased expression of TIM1. 

Decreased expression of CD22 and elevated CD19 expression further 
dysregulate B cell receptor signalling56, skewing B cell populations 
towards an activated phenotype in SSc.

B cells and plasma cells are increased in tissue samples obtained 
from the skin, lung and gastrointestinal tract of people with SSc57,58. 
Consistently, pronounced B cell signatures enriched in immunoglobu-
lin genes are observed in SSc skin, particularly in patients with early 
dcSSc59. Dermal B cell extravasation probably involves endothelial 
E-selectin interacting with cutaneous lymphocyte antigen and α4β1 
integrin. In SSc-related interstitial lung disease (SSc-ILD) and pulmo-
nary arterial hypertension CD19+ B cells are increased, and some of 
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Fig. 2 | Role of B cells in the pathophysiology of systemic sclerosis. 
a, Peripheral B cell populations in systemic sclerosis (SSc) are skewed towards 
increased naive and transitional B cells, with reduced memory B cells and IL-
10-producing regulatory B cells. B cells, particularly memory subsets, exhibit 
elevated expression of activation markers (CD80, CD86, CD95), decreased 
regulatory CD22 expression and increased CD19 expression. Those receptors 
shown in blue are increased on B cells in SSc and those shown in purple are 
decreased. b, Abnormal infiltration of B cells characterizes skin and lung tissues 
in SSc and these cells can form immune-cell aggregates that might resemble 
tertiary lymphoid structures (TLSs). In the skin, B cell extravasation probably 
involves E-selectin expressed on dermal endothelial cells, E-selectin ligands 
(such as cutaneous lymphocyte antigen) and α4β1 integrin on B cells. Through 
secretion of pro-inflammatory cytokines (including IL-6, TNF and IL-13) and 
chemokines, infiltrating B cells activate fibroblasts, endothelial cells and other 

immune cells. Tissue-resident B cells also interact with non-immune cells, 
modulating SSc-related fibrosis. Additionally, infiltrating B cells perpetuate 
disease through autoantibody production. B cells produce autoantibodies, 
including autoantibodies that activate fibroblasts and polarize them towards 
profibrotic or pro-inflammatory, disease-promoting phenotypes. B cell and 
T cell interactions contribute to sustained inflammation and autoimmunity in 
SSc. B cells present self-antigens and provide co-stimulatory signals to CD4+ 
T cells, promoting a T helper 2 (TH2) cell immune response characterized by 
IL-4, IL-5 and IL-13 production. B cells also stimulate macrophages to adopt 
a profibrotic phenotype. B cells release pro-inflammatory and profibrotic 
cytokines, chemokines and growth factors that further promote fibrosis. BAFFR, 
BAFF receptor; BCR, B cell receptor; ECM, extracellular matrix; fDC, follicular 
dendritic cell; MMPs, matrix metalloproteinases; TFH cell, T follicular helper cell; 
TGFβ, transforming growth factor-β.

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 22 | April 2026 | 221–238 228

Review article

these cells are then organized into tertiary lymphoid structures60,61. 
Lung-resident B cells in SSc include CD19+CD21low/neg, IgM+ and 
CD138+CX3CR1+ plasma cells62.

Secretion of cytokines is a central mechanism by which B cells 
activate fibroblasts and other immune cells. Elevated expression 
of IL-6 in B cells correlates with progressive fibrotic remodelling, 
particularly in patients with early SSc63. High levels of IL-8, IL-1β, 
B cell activating factor (BAFF), CXCL13 and granulocyte–macrophage 
colony-stimulating factor (GM–CSF) are also associated with severe 
fibrosis52,64. Ex vivo studies show that B cells derived from people with 
SSc can infiltrate healthy skin and induce a pro-inflammatory fibroblast 
phenotype reminiscent of pro-inflammatory fibroblast subpopula-
tions in SSc skin via TNF signalling65. In the lung, B cell–fibroblast 
interactions promote fibrotic remodelling via cytokines such as TNF  
and IL-1β66.

Autoantibodies contribute to the pathophysiology of SSc via 
multiple mechanisms67. Functional autoantibodies that recog-
nize platelet-derived growth factor receptor, endothelin recep-
tor type A or type 1 angiotensin II receptor can bind to cell-surface 
receptors to activate profibrotic intracellular signalling cascades 
in fibroblasts and other target cells. Anti-Scl70 antibodies (also 
known as anti-topoisomerase I antibodies) can disrupt DNA cleav-
age complexes to promote fibroblast activation68,69. Moreover, 
anti-Scl70 IgG antibody could interfere with the normal interaction 
between Scl70 autoantigen and CCR7 on fibroblasts70. Immune com-
plexes formed by anti-Scl70 antibodies and other autoantibodies can 
also engage Toll-like receptors on fibroblasts, subsequently triggering 
pro-inflammatory and profibrotic signalling cascades71. Consistent 
with these findings, IgG anti-Scl70 antibodies from patients with SSc 
can induce pro-inflammatory and profibrotic transcriptomic and pro-
teomic shifts in healthy fibroblasts72 and in endothelial cells73. Moreo-
ver, immunization of mice with human Scl70 antigen and complete 
Freud’s adjuvant induces the production of anti-Scl70 antibodies and 
subsequent development of dermal and pulmonary fibrosis74. B cells 
with high affinity for Scl70 induce more pronounced upregulation of 
profibrotic cytokines and more extensive fibrotic remodelling, whereas 
low-affinity antibodies or inhibition of cytokine production ameliorate 
fibrosis75. Translation of these findings from bench to bedside and 
clinical trials that target B cells and autoantibodies in SSc have been 
reviewed elsewhere13.

T cells also have a key role in SSc. Activated T cells in SSc are pre-
dominantly T helper 2 (TH2) cells, which produce IL-4 and IL-13 and can 
trigger the activation of adjacent fibroblasts to promote fibrosis76. 
Cytotoxic CD4+ T cells accumulate in the skin of patients with SSc and 
can induce endothelial-cell apoptosis35. A heterogeneous subset of 
effector memory CD8+KLRB1+IL-7R+ cells characterized by increased 
cytolytic Tc2 and Tc17 effector functions were identified in early 
dcSSc skin lesions and seemed to induce tissue damage and fibrosis77. 
Although the pathophysiological role of TH17 cell cytokines is currently 
less well understood, IL-17 producing TH17 cells are upregulated in 
dcSSc, which contributes to the immune imbalance in SSc.

Interactions between B cells and T cells perpetuate inflamma-
tion and autoimmunity in SSc. B cells present antigens and provide 
co-stimulation to CD4+ T cells, enhancing follicular helper T (TFH) cell 
activation, IL-21 secretion and autoantibody production78. In SSc, 
TFH cells are hyperactivated, express elevated levels of immunostimu-
latory molecules such as inducible T cell co-stimulator (ICOS) and PD-1 
and promote type 2 humoral immune responses. A unique CD4+ T cell 
subset characterized by the expression of CXCL13 and IL-21 in addition 

to a TFH cell-like gene expression signature has been identified using 
scRNA-seq; this subset seemed poised to promote B cell responses 
within the inflamed skin of patients with SSc79.

Thus, B cells and T cells have important roles in the pathophysi-
ology of SSc. In particular, B cell activation and accumulation in 
organs is key for the activation of resident cells such as fibroblasts 
and endothelial cells.

Monocytes and macrophages
Activated monocyte and macrophages are key contributors to fibrosis 
via the release of profibrotic mediators, contact-dependent fibroblast 
activation and ECM remodelling80,81 (Fig. 3). Owing to their plasticity, 
monocytes can dynamically adapt to their tissue environment and 
exert a broad spectrum of pro-inflammatory and profibrotic responses. 
Patients with SSc have abnormal circulating monocyte populations 
characterized by an increased proportion of cells that co-express 
both pro-inflammatory (CD80⁺ and CD86⁺) and profibrotic (CD204⁺, 
CD163⁺ and CD206⁺) markers82. Notably, patients with SSc and lung 
involvement exhibit a higher percentage of these abnormal mono-
cytes than those without lung involvement.83. Profibrotic macrophage 
polarization, which is defined by the expression of the scavenger 
receptor macrophage receptor with collagenous structure (MARCO) 
and elevated expression of arginase 1, IL-10 and TGFβ, has also been 
reported in patients with asbestos-induced fibrosis84. Experimental 
studies in mice have confirmed the requirement of MARCO for the 
development of chrysotile-induced pulmonary fibrosis84. Similarly, 
an increase in MARCO+ monocytes and macrophages have been identi-
fied in the circulation and lesional skin and lungs of patients with SSc 
and in the bleomycin-induced mouse model of fibrosis85. Preclinical 
studies further show that administration of poly(lactic-co-glycolic 
acid) nanoparticles attenuate fibrosis, at least in part, by targeting 
MARCO+ monocytes and macrophages. Although understanding of 
monocyte and macrophage biology in SSc is still evolving, current 
studies highlight substantial phenotypic heterogeneity within the 
myeloid compartment.

The interplay between macrophages and fibroblasts is a cen-
tral feature of SSc pathogenesis86. Soluble mediators present in SSc 
plasma or secreted via SSc fibroblast-derived exosomes can induce 
a profibrotic and pro-inflammatory phenotype in monocytes and 
macrophages87,88. Macrophages in turn, particularly those with a profi-
brotic (formerly referred to as ‘M2-like’) phenotype, produce cytokines 
such as TGFβ, IL-6 and CCL2 that activate fibroblasts87,88. Circulating 
monocytes from patients with SSc express low levels of the Friend 
leukaemia integration 1 (FLI1) transcription factor89. FLI1-deficient 
macrophages can stimulate the expression of collagen in co-cultures 
with fibroblasts; however, marked phenotypic heterogeneity exists in 
macrophages, which can make phenotypic classification of these cells 
challenging.

Activated endothelial cells might also promote macrophage 
polarization. An increased presence of sialylated IgG that binds to 
dendritic cell-specific intercellular adhesion molecule-3-grabbing 
non-integrin+ (DC-SIGN, also known as CD209) and CD68+ macrophages 
has been observed in the perivascular regions of those patients with 
SSc and a high modified Rodnan skin score90. Corresponding in vitro 
studies show that conditioned medium from IL-1β-treated SSc-derived 
microvascular endothelial cells induced elevated secretion of IL-6 
and endothelin-1. These secreted factors promote the differentia-
tion of monocytes into DC-SIGN+ macrophages that produced high 
levels of CCL2 and CXCL8 but low levels of IL-10. Furthermore, SSc 
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microvascular endothelial cell-activated DC-SIGN+ macrophages 
enhanced a pro-inflammatory phenotype in fibroblasts in co-culture 
experiments90.

Beyond soluble mediator signalling, macrophages can also acti-
vate fibroblasts through direct adhesion via cadherin-11, a transmem-
brane adhesion molecule expressed on macrophages and fibroblasts in 
fibrotic skin and lung tissue91,92. Cadherin-11 engagement triggers TGFβ 
signalling, enhancing fibroblast contractility and ECM production.

Several novel monocyte and macrophage subsets associated with 
SSc have been identified using scRNA-seq. SPP1hi macrophages have 
emerged as key drivers of fibrosis and immune dysregulation93–96. SPP1 
encodes osteopontin, a highly phosphorylated, secreted glycoprotein 
that can function as both a pro-inflammatory and a profibrotic mol-
ecule depending on the disease-specific context. Osteopontin levels 
are elevated in the serum of patients with SSc and correlate with lung 
fibrosis and reduced pulmonary function94. Notably, a genetic predis-
position can contribute to the accumulation of SPP1hi macrophages in 
SSc. People with SSc who carry a hypofunctional variant of NCF1, which 
encodes the p47phox subunit of the nicotinamide adenine dinucleotide 
phosphate oxidase complex, are at an increased risk of developing lung 
fibrosis. Reduced NCF1 activity is associated with an expansion of SPP1+ 
macrophages in both patients with SSc and in a bleomycin-induced 
model of lung fibrosis96.

Nerve–fibroblast axis
Autonomic and sensory nerves have been studied in the setting of 
inflammation and immune-cell activation. Noradrenaline produced 
by the adrenergic nerves in the lungs transmits fibrotic signals to 

myofibroblasts that express adrenoreceptor α-1D (ADRA1D) in alveolar 
lung fibrosis in mice97,98. This effect can be reversed by administration 
of the ADRA1D antagonist terazosin. In one study, thus far only available 
as a preprint, incubation with terazosin also induced the downregula-
tion of fibrotic markers in human precision-cut lung slices98. ADRA1D+ 
alveolar myofibroblasts are detected in lung tissues of patients with 
SSc-ILD and IPF, and deletion of Adra1d in myofibroblasts in vivo in mice 
attenuates alveolar fibrosis98. Netrin-1, derived from macrophages, 
induces lung fibrosis in mice through neuronal guidance function 
and by increasing noradrenaline levels, and this profibrotic effect can 
be blocked by ADRA1D inactivation. Moreover, in a longitudinal IPF 
cohort, ADRA1D blockade improved patient survival99. In addition to 
noradrenaline, nerve growth factor (NGF) might be implicated in the 
pathogenesis of fibrosis. NGF enhances fibroblast migration, transition 
to myofibroblasts and gel contraction (an in vitro model of fibroblast 
contractibility)100; however, NGF can also be antifibrotic as continuous 
administration of NGF induces myofibroblast apoptosis100. In addi-
tion, activation of the sympathetic nervous system and production 
of neuropeptides can indirectly activate fibroblasts by promoting 
inflammation and production of cytokines from inflammatory cells as 
shown in cardiac remodelling101 and other tissues102,103. Taken together, 
these studies implicate sympathetic nerve–fibroblast communication 
in the pathophysiology of fibrosis.

Matrikines and matricryptins
ECM components including collagens, elastin, fibronectin and laminin 
are cleaved by different enzymes including cathepsins, matrix metal-
loproteinases (MMPs), bone morphogenetic proteins and a disintegrin 

MARCO+

CD11

TGFβ
Fibroblast

CD163

MHC-II

CD16
Tissue

CD206

SPP1+

TGFβ
IL-10

IL-1β
DC

Exosomes

Osteopontin
Macrophage

MARCO CD68

CD68

ARG1+

Blood vessel Endothelial cell

CCL2
IL-6
TGFβ

CCL2
CXCL8

CCL2
IL-6
CXCL10

DC-SIGN IL-6
ET-1

CD80+

CD86+
CD204+

CD163+

CD206+ACKR1+

Monocyte
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pro-inflammatory (CD80⁺ and CD86⁺) and profibrotic (CD204⁺, CD163⁺ and 
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and metalloproteinases (ADAMs) to release biologically active peptides 
known as matrikines, which have an important role in tissue remodel-
ling and repair that differs from the role of the parent molecule. The 
matrikines released as products of partial proteolysis exert pleiotropic 
effects that modulate cell proliferation, apoptosis, angiogenesis and 
migration (Supplementary Fig. 1).

Matrikines can exert profibrotic and antifibrotic effects; for 
example, the cleavage product of collagen type VI, endotrophin, is 
profibrotic104, whereas the cleavage product of collagen type XVIII, 
endostatin, is antifibrotic105. Endostatin and an endostatin-derived pep-
tide can reduce fibrosis in experimental dermal and pulmonary fibrosis 
in mice and in ex vivo cultures of human biopsy-obtained skin and lung 
samples105,106. Although endostatin levels are elevated in the serum of 
patients with SSc107, reduced levels of cathepsin L (the main enzyme 
responsible for cleavage of and also the sequestration of endostatin in 
extracellular vesicles) might explain why concentrations of endostatin 
do not reach antifibrotic levels in SSc108. Deficiency in certain MMPs 
that generate matrikines, such as MMP12, might also reduce dermal 
fibrosis109. Thus, targeting pathogenic matrikines using antibodies 
and/or the enzymes responsible for their generation or boosting the 
production of beneficial matrikines in fibrosis (such as endostatin) 
presents a potential novel therapeutic avenue104.

In addition to the generation of matrikines, enzymatic fragments 
of ECM molecules can become exposed and bioactive; these sites are 
referred to as matricryptins110. The generation of matricryptins occurs 
in response to mechanical forces, reactive oxygen species and other 
processes. Matrikines and matricryptins derived from the same mol-
ecule can exert opposite effects; for example, matrikines and matric-
ryptins from SPARC can exert pro-angiogenic and anti-angiogenic 
effects110. To add further complexity, some of these effects are cell-type 
dependent. Thus, the balance and activity of different matrikines and 
matricryptins depends on the factors responsible for their release and 
the tissue and cell context110.

Senescence
Fibrosis shares features of early or premature senescence. Senescence 
of activated fibroblasts and myofibroblasts has been described in dif-
ferent fibrosing conditions111. Activated fibroblast subpopulations 
and myofibroblasts can obtain a senescence-associated secretory 
phenotype (SASP), which includes the release of pro-inflammatory 
and profibrotic factors (such as IL-1α, IL-1β, IL-6, TGFβ, PDGF and plas-
minogen activator inhibitor-1)112. These factors can promote persis-
tence of the activated fibroblasts by inducing a permissive, profibrotic 
milieu. Targeted elimination of senescent cells improves pulmonary 
function in mice113. Although the mechanisms leading to the senescent 
phenotype are incompletely understood, emerging data suggest that 
senotherapeutics, including senomorphics and senolytics, might be 
effective for the treatment of fibrosis in SSc. In a study of dasatinib 
(a multityrosine kinase inhibitor that also has senolytic effects) in 
patients with SSc, re-analysis of the skin gene-expression profile of 
those who responded to treatment showed a decrease in the SASP gene 
signature114. Additional research is needed to understand how senes-
cent cells emerge in fibrosis, their exact role in the initiation and/or 
perpetuation of fibrosis, and the therapeutic potential of eliminating 
senescent cells in diseased tissues.

Profibrotic transcription factors
Profibrotic signals induce the activation of a network of transcription 
factors that translate upstream signals into a profibrotic phenotype.

JAK–STAT signalling
Janus kinase 2 ( JAK2) has been characterized as a downstream mediator 
of TGFβ in fibroblasts (Fig. 4). Phosphorylation of JAK2 at 1007/1008 
Tyr residues causes fibroblasts to accumulate in skin of patients with 
SSc. Stimulation of resting fibroblasts with TGFβ induces this JAK2 
phosphorylation115, which provides evidence that TGFβ contributes to 
the activation of JAK2–signal transducer and activator of transcription 3 
(STAT3) signalling in SSc skin. JAK2 activation promotes TGFβ-induced 
fibroblast-to-myofibroblast transition, which can be prevented by 
pharmacological or genetic inhibition. Furthermore, inhibiting JAK2 
reverses the active phenotype of SSc cells and can also attenuate 
experimental dermal fibrosis115. However, JAK2 can evade inhibition 
by highly specific JAK2 inhibitors, as JAK1 can trans-phosphorylate JAK2, 
resulting in JAK2 activation. This escape mechanism can be inhibited by 
using combined JAK1 and JAK2 inhibitors, or selective JAK2 inhibitors 
in combination with heat shock protein 90 inhibitors, which increase 
JAK2 degradation116.

Alternative ways to target TGFβ-induced JAK2–STAT3 signalling 
in fibrosis might involve the tyrosine phosphatase SHP2 (Src homol-
ogy 2 domain-containing protein tyrosine phosphatase-2) and the 
serine-threonine kinase CKII. TGFβ enhances SHP2 recruitment to 
JAK2 and stimulates tyrosine phosphatase activity, which leads to 
the dephosphorylation of the inhibitory phosphorylation site Y570 
of JAK2 and activation of STAT3. Inactivating SHP2 increases Y570 
phosphorylated JAK2, decreases JAK2–STAT3 signalling, suppresses 
TGFβ-induced fibroblast activation and improves experimental der-
mal and pulmonary fibrosis117. CKII expression is also upregulated in 
SSc fibroblasts118. Inhibiting CKII reduces TGFβ-induced JAK2 phos-
phorylation and STAT3 accumulation in fibroblasts, which prevents 
fibroblast-to-myofibroblast transition and experimental fibrosis118.

STAT3 is an essential downstream mediator of JAK1 and JAK2, 
but it also integrates signals from other profibrotic kinases such as 
SMAD3, SRC, ABL and JNK115,119–122. Consistently, fibroblast-specific 
inducible knockout or pharmacological inhibition of STAT3 reduces 
TGFβ-induced fibroblast-to-myofibroblast transition and collagen 
release in vitro and ameliorates experimental skin fibrosis123. Thus, 
inhibition of JAK–STAT3 signalling can limit fibroblast activation and 
fibrotic tissue remodelling in SSc. Translation of these findings into 
clinical trials is reviewed elsewhere13.

PU.1
PU.1, also known as SPI1, is a transcription factor of the E26 
transformation-specific family. Under homeostatic conditions, the 
expression of PU.1 is largely restricted to macrophages, and resting 
fibroblasts lack PU.1 owing to epigenetic repression. However, the tight 
epigenetic control of PU.1 in fibroblasts is perturbed in fibrotic tissues, 
such as the skin in SSc, leading to PU.1 expression in certain fibroblast 
subpopulations. PU.1 induces the expression of profibrotic genes in 
fibroblasts and promotes fibroblast-to-myofibroblast transition as 
it can regulate profibrotic gene-expression programmes124. Notably, 
forced overexpression of PU.1 is not only sufficient to induce a fibroblast-
to-myofibroblast differentiation in resting fibroblasts but also induces 
a fibrotic phenotype in inflammatory fibroblasts isolated from inflamed 
joints of patients with rheumatoid arthritis. Fibroblast-specific, induc-
ible knockout of PU.1 prevents fibroblast-to-myofibroblast transition 
and ameliorates experimental fibrosis in multiple organs. Small mol-
ecule inhibitors of PU.1 can exert potent antifibrotic effects124; however, 
PU.1 inhibitors with sufficient pharmacokinetics for use in humans are 
currently not available.
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Nuclear receptors
Nuclear receptors, a superfamily of transcriptional regulators, have cru-
cial roles in fibrotic tissue remodelling. Several nuclear receptors can 
modulate fibrotic tissue remodelling by regulating different molecular 
pathways and on different cell types (Fig. 5).

NR1C3 (also known as PPARγ) competes with SMAD3 for the coac-
tivator p300, thereby inhibiting SMAD-dependent transcription of 
profibrotic genes125. NR1C3 expression is reduced in fibrotic tissues 
and cultured fibroblasts from patients with SSc; this downregula-
tion is mediated by TGFβ signalling126. In adipocytes, the downregu-
lation of NR1C3 requires the corepressor NCoR127. NR1C3 agonists 
mitigate TGFβ-induced fibroblast activation, collagen secretion and 
bleomycin-induced fibrosis. Moreover, single-nucleotide polymor-
phisms in NR1C3 might be implicated in SSc susceptibility; however, 
a pan-PPAR agonist (lanifibranor) failed to demonstrate efficacy in a 
phase II study in patients with dcSSc (NCT02921971).

NR4A1 (alternatively known as Nur77 or TR3) also functions as an 
antifibrotic nuclear receptor, the expression of which is diminished 
in fibrotic diseases128,129. Under normal wound-healing conditions, 
transient TGFβ signalling upregulates NR4A1, which then represses 
profibrotic gene expression via SP1-dependent trans-repression. 
In chronic fibrotic states, prolonged TGFβ exposure undermines the 

inhibitory functions of NR4A1 via histone deacetylase-mediated epige-
netic silencing and through AKT-induced phosphorylation22,128. NR4A1 
agonists have demonstrated antifibrotic properties in multiple models 
of experimental fibrosis128,130–132, but small molecules with suitable 
pharmacokinetic profiles for clinical use have not yet been developed.

NR1I1 (also known as the vitamin D receptor) has a role in fibrotic 
remodelling in multiple organs133. Activation of NR1I1 inhibits TGFβ–
SMAD signalling by binding to phosphorylated SMAD3 and preventing 
its transcriptional activity134. This mechanism is particularly relevant to 
SSc, in which reduced NR1I1 expression in the skin, along with common 
vitamin D deficiency, might contribute to fibrogenesis.

Other members of the nuclear receptor family that alter TGFβ 
signalling in fibroblasts and have been implicated in the pathogen-
esis of SSc are NR0B1 (also known as DAX1), NR2C1 (also known as 
testicular receptor 4 (TR4)), NR1F1 (also known as RAR-related orphan 
receptor-α (RORα,)) and NR1I3 (also known as the constitutive andros-
tane receptor (CAR))). The expression of NR0B1, NR2C1 and NR1F1 is 
upregulated in fibroblasts from patients with SSc135–137. NR0B1 and 
NR2C1 are upregulated in a TGFβ-dependent manner, whereas the 
expression of NR1F1 is induced by canonical WNT signalling135–137. 
NR0B1, NR2C1 and NR1F1 regulate distinct intracellular pathways in 
fibroblasts. NR0B1 promotes activation of WNT–β-catenin signalling 
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Fig. 4 | Dysregulated JAK–STAT signalling as a core pathway of fibroblast 
activation in systemic sclerosis. Janus kinase ( JAK)–signal transducer 
and activator of transcription (STAT) signalling is dysregulated in systemic 
sclerosis (SSc) fibroblasts on various levels and many potential interventions 
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and growth-factor receptors. Activation of the upstream receptors (such as the 
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(TβR1 and TβR2)) induces recruitment of JAK proteins and promotes their 
phosphorylation at 1007/1008 Tyr residues. Activated JAKs then phosphorylate 
the receptors, thereby generating docking sites for STAT proteins. Upon binding 
to these phosphorylated binding sites of the receptors, STAT proteins are 
phosphorylated, dimerize and translocate into the nucleus, where they activate 
transcription of target genes212. DNMT, DNA methyltransferase; HSP90, heat 
shock protein 90; Me, methyl group; SHP2, Src homology 2 domain-containing 
protein tyrosine phosphatase-2; SOCS3, suppressor of cytokine signalling 3.
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to facilitate fibroblast-to-myofibroblast differentiation135. Inactiva-
tion of NR0B1 ameliorates collagen release in cultured human dermal 
fibroblasts, in an in vitro model of human skin and in mouse models 
of dermal fibrosis135. Inhibition of NR0B1 also reduces the expres-
sion of disease-relevant genes, including genes associated with 
WNT–β-catenin signalling in precision-cut slices of skin from patients 
with SSc135. NR2C1 regulates Gα12 and RHO-associated protein kinase 
(ROCK) signalling to control the expression of numerous genes impli-
cated in cytoskeletal remodelling and thereby promotes fibroblast-to-
myofibroblast transition137. Inactivation of NR2C1 reduces collagen 
release and prevents experimental dermal and pulmonary fibrosis 
in mouse models137. NR1F1 is required for TGFβ-induced activation of 
Hippo signalling in fibroblasts. Inactivation of NR1F1 inhibits Hippo sig-
nalling, reduces fibroblast-to-myofibroblast transition and ameliorates 
experimental dermal, pulmonary and hepatic fibrosis136. The role of 
NR1I3 is less well-defined. Activation of NR1I3 by synthetic NR1I3 ago-
nists fosters activation of canonical TGFβ signalling and exacerbates 
experimental fibrosis138. However, the exact molecular mechanisms 
and potential therapeutic implications of NR1I3 inhibition have not yet  
been investigated.

In contrast to the nuclear receptors discussed thus far, liver X 
receptor (LXR) and pregnane X receptor (PXR) regulate the release of 
profibrotic mediators from macrophages or T cells, respectively, rather 
than targeting fibroblasts directly. LXR agonists inhibit macrophage 
activation and IL-6 release in mouse models of dermal fibrosis139. PXR 
activation inhibits the release of IL-13 from TH2 cells, which results in 
reduced fibrotic remoulding in inflammatory mouse models of SSc140.

Thus, several nuclear receptors have been implicated in the patho-
genesis of fibrotic tissue remodelling at different molecular and cellular 
levels and might offer potential for therapeutic intervention.

Developmental pathways
Hedgehog and WNT signalling pathways are integral to organ develop-
ment in the embryo and are thus often referred to as developmental 
pathways. Under physiological conditions, these developmental path-
ways regulate stem-cell function but are silenced in most other cell types 
in adults. However, these developmental pathways are reactivated in the 
context of fibrosis and seem to have crucial roles in tissue remodelling141.

Hedgehog signalling
The expression levels of the sonic hedgehog (SHH) ligand and the tran-
scription factor GLI2 are increased in skin from patients with SSc and 
in other fibrotic tissues142. Serum levels of SHH are also upregulated 
in SSc and correlate with the extent of fibrosis143. TGFβ contributes to 
hedgehog pathway activation by inducing SHH expression, upregu-
lating the expression of the hedgehog acyltransferase (also known 
as skinny hedgehog, which catalyses the attachment of palmitate to 
SHH, thereby enabling the multimerization of SHH proteins) and also 
by directly activating the GLI2 promoter in fibroblasts144–146. Crosstalk 
between hedgehog signalling and activator protein 1 signalling might 
also contribute to aberrant GLI2 activity in SSc147. Hedgehog signalling 
promotes fibroblast-to-myofibroblast differentiation and is sufficient 
to induce skin fibrosis in mice144,148. Moreover, its inactivation, either 
pharmacologically or genetically, attenuates experimental fibrosis in 
the skin, lungs and other organs148–150.

Canonical WNT signalling
Canonical (β-catenin-dependent) WNT signalling is upregulated 
in various fibrotic conditions including in SSc skin, as indicated by 
increased expression of WNT ligands, reduced levels of endogenous 
WNT inhibitors, nuclear accumulation of β-catenin and overexpression 
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of WNT–β-catenin-regulated target genes151–155. Stimulation with recom-
binant WNT proteins upregulates the expression of myofibroblast 
markers and the release of collagen in fibroblasts. Moreover, activation 
of canonical WNT signalling, either by overexpression of WNT ligands 
(such as WNT10b) or fibroblast-specific, inducible overexpression of 
β-catenin is sufficient to induce dermal fibrosis in mice152,156,157. Targeted 
inactivation of canonical WNT signalling by several different genetic or 
pharmacological approaches consistently demonstrated antifibrotic 
effects in preclinical models158–163. TGFβ activates canonical WNT sig-
nalling in fibroblasts, promoting nuclear translocation of β-catenin 
and upregulation of WNT target genes157. These stimulatory effects 
of TGFβ on canonical WNT signalling are at least in part mediated by 
TGFβ-dependent suppression of the transcription of endogenous WNT 
antagonists such as Dickkopf-1 (DKK1) and secreted frizzled-related 
protein 1 (SFRP1) through p38-dependent mechanisms and epigenetic 
silencing164, but also by downregulation of axin-2 (ref. 165). The stimula-
tory effects of TGFβ on canonical WNT signalling contribute to its profi-
brotic effects as inhibition of canonical WNT signalling ameliorates 
fibrosis induced by aberrant TGFβ signalling in mice157. Collectively, 
these findings position canonical WNT signalling as a central pathway 
in fibrotic remodelling (Fig. 6).

Non-canonical WNT signalling
Non-canonical (β-catenin-independent) WNT signalling is defined 
as signalling events induced by WNT proteins that are transmitted to 
the nucleus independently of β-catenin. These non-canonical WNT 
signals are often triggered by specific WNT proteins such as WNT5A. 
Non-canonical WNT signalling is also perturbed in SSc, with upregula-
tion of WNT5A reported in skin of patients with SSc166. Recombinant 
WNT5A induces collagen release and fibroblast-to-myofibroblast 
transition in cultured fibroblasts. Overexpression of WNT5A is suf-
ficient to induce fibrosis in organotypic skin models of mouse skin 
and lungs. These profibrotic effects are mediated by WNT5A-induced 
activation of latent TGFβ166. WNT5A activates JNK and ROCK signalling 
to induce cytoskeletal rearrangements and clustering of integrin αV, 
which promotes activation of latent TGFβ stored in large amounts in 
the ECM. Inhibition of WNT5A or its downstream mediators prevents 
activation of latent TGFβ, rebalances TGFβ signalling and ameliorates 
experimental fibrosis166. In contrast to canonical WNT signalling and 
hedgehog signalling, non-canonical signalling via WNT5A is thus an 
upstream regulator of TGFβ signalling in SSc (Fig. 6).

These findings highlight the close interaction of TGFβ signalling 
with canonical and non-canonical WNT and hedgehog signalling and 
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provide evidence that these signalling cascades synergize to promote 
fibrotic tissue remodelling in SSc.

Epigenetic changes and fibrotic tissue memory
Fibroblasts in SSc undergo epigenetic changes as a result of chronic 
exposure to the profibrotic environment167. These epigenetic modifica-
tions consolidate the activated phenotype of SSc fibroblasts and render 
them at least in part independent of external stimuli, such as those 
delivered by immune cells168. This finding is reflected in the chroni-
cally active phenotype of SSc fibroblasts with increased release of ECM 
and elevated expression of myofibroblast markers even after several 
passages in in vitro monocultures. This stabilization of the activated 
phenotype of tissue-resident cells by epigenetic modifications is also 
referred to as ‘tissue memory’169,170. Tissue memory in SSc is encoded 
by a complex combination of different epigenetic alterations involving 
changes in DNA methylation, histone methylation, histone acetylation, 
epigenetic readers of the bromodomain (BRD) family and non-coding 
RNAs164,167,171–187. We discuss selected examples of DNA and histone 
modifications that contribute to fibroblast activation; changes in the 
expression of non-coding RNAs have been reviewed elsewhere188.

DNA methylation
Three DNA methyltransferases (DNMTs), DNMT1, DNMT3A and 
DNMT3B, can methylate DNA at position C5 of the pyrimidine ring of 
cytosine189. When methylated cytosine residues are grouped in what are 
known as CpG islands, binding sites for methyl-CpG-binding domain 
(MBD) proteins form. MBD protein binding promotes the recruit-
ment of repressor complexes to inhibit transcription190. Numerous 
studies show that fibroblast activation in SSc is promoted by altered 
DNA methylation164,186,191–193. Notably, TGFβ induces the expression of 
DNMT3A with consecutive increases in DNMT1 in fibroblasts, thereby 
providing a molecular link between aberrant TGFβ signalling and 
DNA-methylation-mediated tissue memory194. The first target shown 
to be dysregulated by DNA methylation in SSc was the transcription fac-
tor FLI1 (refs. 186,195,196). FLI1 can limit TGFβ signalling197; however, in 
SSc, aberrant DNA methylation silences FLI1 expression. Other targets 
of DNA methylation are suppressor of cytokine signalling 3 (SOCS3), 
an endogenous inhibitor of JAK–STAT signalling, and the endogenous 
WNT antagonists DKK1 and SFRP1. Silencing of SOCS3 expression in 
fibroblasts facilitates prolonged activation of JAK2–STAT3 signalling 
and promotes fibroblast activation and tissue remodelling198. Silenc-
ing of DKK1 and SFRP1 might synergize with overexpression of WNT 
ligands to induce aberrant WNT signalling in SSc164. DNMT inhibitors 
can partially reverse the activated phenotype of SSc fibroblasts and 
demonstrate antifibrotic effects across multiple organs164,199,200.

Methylation analysis of the X chromosome in peripheral blood 
mononuclear cells (PBMCs) from monozygotic twins discordant for 
SSc identified differential methylation of genes involved in transcrip-
tion, proliferation, inflammation, apoptosis and oxidative stress201. 
Global methylation analysis in PBMCs of both monozygotic and dizy-
gotic twins discordant for SSc identified distinct methylation sites in 
patients with lcSSc compared with those with dcSSc202. A global analysis 
of differential methylation and expression conducted using primary 
dermal fibroblasts from monozygotic and dizygotic twins with SSc 
demonstrated the differential regulation of the transcription factor 
KLF4 (ref. 180). Functional studies in fibroblasts and conditional knock-
out mice revealed that KLF4 (the expression of which is suppressed in 
fibroblasts from patients with SSc compared with their healthy twin) 
regulates TBX5 and TFAP2A, and that lower levels of KLF4 promote 

fibrosis180. Together, these studies highlight the functional impact 
of differential methylation in SSc, both systemically and in affected 
tissues, and indicate a potential benefit of using epigenetic modifiers 
for the treatment of SSc.

Histone acetylation and methylation
TGFβ can also alter the epigenetic memory of SSc fibroblasts by modu-
lating the histone code. Histone modifications include acetylation and 
methylation. Early reports demonstrated that histone deacetylation 
inhibitors attenuate the activated phenotype of SSc fibroblasts and 
ameliorate bleomycin-induced dermal fibrosis in mice174. Follow-up 
studies show that TGFβ downregulates the expression of the H4K16 
histone acetyltransferase MYST1 in a SMAD-dependent manner. MYST1 
provides epigenetic control of autophagy by suppressing the transcrip-
tion of core components of the autophagy machinery. Plasmid-induced 
re-expression of MYST1 abrogates the stimulatory effects of TGFβ on 
autophagy and ameliorates TGFβ-induced fibroblast activation and 
experimental fibrosis203. Histone modifications are also implicated in 
the regulation of PU.1 expression124. In resting fibroblasts, repressive 
H3K9me3 and H3K27me3 marks dominate the promoter and upstream 
regulatory element of the PU.1 gene. In SSc fibroblasts, however, the 
upstream regulatory element of the PU.1 locus becomes permissive 
with increased H3K27 acetylation and loss of H3K9me3 and H3K27me3, 
thereby facilitating transcription of PU.1 (ref. 124). Histone modifications 
are thus a central component of the profibrotic tissue memory.

Other epigenetic modifications
Epigenetic modifications with an open chromatin state also main-
tain constitutive activation of a TGFB2 enhancer in SSc fibroblasts179. 
Although most other in vitro studies in SSc use recombinant TGFβ1, 
this study demonstrated that the upregulation of TGFβ2 signalling 
might contribute to endogenous activation of SSc fibroblasts in a BRD4-
dependent manner. Inhibition of the epigenetic reader protein BRD4 
alleviated the hyperactivation of the TGFB2 enhancer, mitigated profi-
brotic gene expression in fibroblasts and ameliorated dermal fibrosis 
in explant cultures of the skin of patients with SSc.

Epigenetic modifications are not restricted to fibroblasts in SSc 
but also contribute to the activated phenotype of other cell types 
such as macrophages. Combined scRNA-seq and single-cell assay for 
transposase-accessible chromatin sequencing (scATAC-seq) of SSc-ILD 
and healthy lungs revealed that the opening of chromatin promotes 
the activation of a specific set of transcription factors that promote 
SPP1 macrophage differentiation in SSc-ILD204.

Although some epigenetic modulators such as histone deacetylase 
inhibitors or DNMT inhibitors are already in clinical use in oncology 
and thus offer potential for direct translation to SSc, the use of others 
such as bromodomain and extra terminal domain protein inhibitors 
is limited by adverse events. Cell-type specific delivery, such as cou-
pling to antibodies or topical application, might offer opportunities 
for translation of those therapies to the clinic, but these are currently 
unavailable.

Other self-maintaining activation loops
The excessive deposition of ECM alters the biomechanical properties 
of fibrotic tissues, resulting in increased stiffness. Moreover, fibrotic 
tissues in SSc are hypoxic. Such changes, which are highly conserved 
across different fibrotic organs, trigger molecular signals that promote 
fibroblast activation and generate matricryptins, and might thus drive 
disease progression, particularly in later disease stages.
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Tissue stiffness
Stiff substrates promote fibroblast activation, as evidenced by increased 
expression of contractile proteins and collagen production of fibro-
blasts cultured on stiff surfaces (such as standard cell culture dishes)205. 
Integrin receptors have a major role in how cells sense mechanical cues 
from the ECM, including changes in stiffness, and can convert them 
into intracellular signals that influence cell behaviour. Many of the 
downstream signalling pathways of integrin receptors are implicated 
in fibrosis206. The transcriptional coactivators Yes-associated protein-1 
(YAP1) and transcriptional coactivator with PDZ-binding motif (TAZ) 
are key downstream effectors of the Hippo pathway. They function 
as mechanosensors and have central roles in transducing stiffness 
into cellular responses207. Inhibition of YAP–TAZ signalling attenuates 
both stiffness-induced and TGFβ-induced fibroblast-to-myofibroblast 
transformation, whereas constitutive YAP activation drives fibroblast 
activation and ECM synthesis205. Additional factors such as p300 and 
α6 integrin might also be implicated in stiffness-induced myofibroblast 
differentiation.

Hypoxia
Hypoxia-inducible factor 1α (HIF-1α) is the principal mediator of cellular 
responses to low oxygen levels208. Under normoxic conditions, HIF-1α 
undergoes hydroxylation and acetylation, which promotes its pro-
teasomal degradation. In hypoxic environments, the lack of oxygen 
prevents HIF-1α hydroxylation, enabling its accumulation, nuclear 
translocation, dimerization with HIF-1β (also known as aryl hydro-
carbon receptor nuclear translocator) and subsequent activation of 
target genes with hypoxia-responsive elements209. Hypoxia promotes 
fibroblast-to-myofibroblast differentiation and enhances ECM protein 
transcription via HIF-1α-dependent and -independent mechanisms210. 
The stimulatory effects of hypoxia on fibroblasts and ECM release are 
in part mediated by TGFβ211. Thus, hypoxia can promote fibroblast 
activation and progression of fibrosis, particularly in later stages of 
SSc with advanced vasculopathy and excessive accumulation of ECM.

Conclusions
The pathogenesis of SSc is characterized by a complex interplay of 
vascular injury, inflammation and misdirected tissue repair, which inter-
act at multiple levels to drive disease progression. The intense crosstalk 
also makes defining of individual pathways such as drivers, amplifiers or 
modulators of disease challenging. Despite advances in understanding 
of fibrotic tissue remodelling, the pathogenesis of SSc remains incom-
pletely understood; for example, the early, disease-initiating mecha-
nisms remain largely unknown, mechanisms of disease progression 
in the absence of inflammation are understudied and specific cellular 
niches and localized differences in signalling activity within affected tis-
sues are unclear. This lack of understanding is partly due to preclinical 
models that do not fully recapitulate the diverse features of SSc. Emerg-
ing human model systems, such as organoids, organ-on-chip platforms 
and ex vivo tissue cultures combined with unbiased multi-level omics 
approaches, hold promise for uncovering novel molecular and cellular 
targets for the treatment of SSc. Therapies aimed at disrupting the 
self-sustaining cycle of vasculopathy, inflammation and fibrosis offer 
potential for development of truly disease-modifying therapeutics 
that target not only certain manifestations but also the underlying 
core pathophysiology to treat the full spectrum of manifestations of 
SSc and other fibrotic diseases.
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Metabolic masqueraders 
of paediatric and adult 
rheumatic diseases
Steven H. Lang 1,2, Cher Sha 1, Chelsi M. Rose 1,2, V. Reid Sutton 1,2, Tiphanie P. Vogel 2,3,4  & Lindsay C. Burrage 1,3,4

Abstract

Inborn errors of metabolism comprise a clinically diverse group of 
conditions that arise from the decreased activity of an enzyme or 
metabolite transporter and subsequent blockade in a metabolic 
pathway. These disorders are typically considered in the differential 
diagnosis of critically ill neonates or young children presenting with 
hypoglycaemia, metabolic acidosis or hyperammonaemia. However, 
beyond these classic presentations, a broader group of inborn errors 
of metabolism can manifest more subtly, with progressive articular 
and multi-systemic involvement that mimics or overlaps with typical 
features of rheumatological disease. Consequently, these conditions 
might be misdiagnosed for years as rheumatological diseases, 
including juvenile idiopathic arthritis, systemic sclerosis, idiopathic 
inflammatory myopathies and systemic lupus erythematosus. 
Moreover, these disorders provide unique opportunities to understand 
the complex interplay between metabolism and immune function. 
With the growing availability of disease-modifying therapies for inborn 
errors of metabolism, rheumatologists must be able to recognize 
these disorders, particularly in patients with atypical features or 
treatment-refractory disease.
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in cases with mild or non-neurological presentations that resemble 
more common conditions.

In this Review, we aim to familiarize the reader with inborn errors 
of metabolism that might first present to the rheumatologist’s office 
with signs and symptoms reminiscent of JIA, systemic sclerosis, idi-
opathic inflammatory myopathies or systemic autoimmune or auto-
inflammatory disorders — including systemic lupus erythematosus 
(SLE)-like disease (Table 1 and Supplementary Table 1). The disorders 
discussed have been selected based on our collective experience 
caring for children and adults with inborn errors of metabolism at 
a large tertiary care centre, supplemented by an extensive review of 
the literature. Although not classical clinical ‘mimickers’, mevalonate 
kinase deficiency and laccase domain-containing 1 (LACC1) deficiency 
are included as prototypical examples of rheumatic diseases caused by 
immunometabolic dysfunction. Deficiency of adenosine deaminase 2 
(DADA2), a pertinent metabolic cause of vasculitis, is excluded, as this 
disorder has been recently reviewed in detail elsewhere in this journal14. 
Disorders that primarily present with non-musculoskeletal pain, as well 
as disorders that result from defects in metal metabolism or electrolyte 
homeostasis, fall outside the scope of this Review. Finally, ultra-rare 
disorders described in only single case reports have not been included.

In addition to clinical presentation, we also highlight emerging 
insights into the inflammatory pathophysiology of many metabolic 
‘masqueraders’. These disorders offer a unique lens through which to 
explore immunometabolism, illuminating how metabolic processes 
sustain the energetic demands of immune cells and orchestrate their 
activation, differentiation and effector functions15.

Inborn errors of metabolism with  
joint manifestations
Overall, a major diagnostic category among the metabolic ‘mimickers’ 
of rheumatological disease are the disorders that mimic arthritis. 
Many of the disorders in this category are lysosomal storage disorders, 
which often present with prominent skeletal and connective tissue 
manifestations. Although each lysosomal storage disorder is defined 
by a unique enzyme deficiency leading to accumulation of distinct 
substrates, their converging phenotypes point to a common underlying 
pathomechanism of chronic activation of the innate immune system. 
Although much attention has focused on the direct pro-inflammatory 
effects of accumulated bioactive substrates — such as glycosaminogly-
can in the mucopolysaccharidoses or globotriaosylceramide in Fabry 
disease, both of which can activate canonical pathways such as Toll-like 
receptor 4 (TLR4) signalling (Box 1) — emerging evidence also impli-
cates the lysosome itself as a key mediator of inflammation. Indeed, 
in the context of lysosomal dysfunction and impaired autophagy, 
cellular stress signals such as potassium efflux, reactive oxygen spe-
cies generation, and cytoplasmic release of lysosomal cathepsins can 
promote inflammasome assembly and activation, culminating in the 
maturation and secretion of IL-1β16,17. Despite promising preclinical 
data and the limited benefit of enzyme replacement therapy and hae-
matopoietic stem cell transplant (HSCT) in addressing the skeletal 
phenotypes of many lysosomal storage disorders, the clinical use of 
immunomodulatory agents remains limited and is an important area 
for future work. This section highlights lysosomal storage disorders 
as well as other metabolic mimickers of arthritis.

Farber disease
Farber disease is an autosomal-recessive lysosomal storage disorder 
caused by minimal or absent activity of acid ceramidase, a lysosomal 

Key points

	• Metabolic ‘mimickers’ of rheumatological disease provide unique 
opportunities to understand the complex interplay between 
metabolism and immune function.

	• Chronic activation of the innate immune system in lysosomal storage 
disorders results from the accumulation of lysosomal substrates and 
leads to joint manifestations mimicking arthritis.

	• Metabolic myopathies, which have overlapping features with 
immune-mediated inflammatory myopathies, include disorders that 
impact glycogen metabolism, fatty acid oxidation and mitochondrial 
respiration.

	• Inborn errors of metabolism with systemic symptoms highlight 
diverse mechanisms — including defects of amino acid transport, 
oligosaccharide processing and lipid and cholesterol metabolism — by  
which metabolic alterations drive immune dysregulation.

	• Genetic testing should be considered in the evaluation of atypical or 
treatment-refractory juvenile idiopathic arthritis and other early-onset 
and/or atypical rheumatological presentations given the overlap 
between metabolic ‘mimickers’ and rheumatological disorders.

Introduction
Inborn errors of metabolism are traditionally defined as conditions 
that result from reduced activity of an enzyme or impaired function of 
a metabolite transporter, leading to disruption of specific biochemical 
pathways1. Although individually rare, these conditions are collectively 
common, with an estimated global prevalence of 50.9 per 100,000 live  
births2. Many disorders of intermediary metabolism — such as organic 
acidaemias, aminoacidopathies and urea cycle defects — present early 
in life with acute encephalopathy that requires immediate inter-
vention. By contrast, other inborn errors of metabolism, including 
those affecting complex molecule and organelle metabolism, lipid 
metabolism and nucleic acid metabolism, can present more insidi-
ously. These conditions can manifest with progressive dysfunction 
of non-neurological systems, including osteoarticular, connective 
tissue and systemic involvement. Such presentations can closely 
mimic primary rheumatological diseases, including juvenile idiopathic 
arthritis ( JIA), systemic sclerosis, idiopathic inflammatory myopa-
thies and systemic autoimmune or autoinflammatory disorders3–9. 
Rheumatologists are therefore uniquely positioned to make an early 
and accurate diagnosis for these individuals. However, surveys con-
sistently show that rheumatologists often have a limited awareness of 
common inborn errors of metabolism that present with osteoarticular 
involvement10,11.

Where available, newborn screening facilitates early recognition 
of some inborn errors of metabolism amenable to immediate interven-
tion in the newborn period. However, the overwhelming majority of the 
nearly 1,500 known inborn errors of metabolism remain undetected 
by current newborn screening protocols12,13. Therefore, maintain-
ing a high clinical index of suspicion is paramount for accurate and 
timely diagnosis and treatment, when available, particularly within 
the therapeutic window of opportunity. The rarity and complexity of 
these disorders pose substantial diagnostic challenges, particularly 
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enzyme encoded by ASAH1 (ref. 18). Acid ceramidase catalyses the 
hydrolysis of the bioactive lipid molecule ceramide into sphingosine 
and free fatty acid (Supplementary Fig. 1). The pathological hallmark of 
Farber disease is the presence of granulomatous lesions composed of 
foamy macrophages and histiocytes containing characteristic lysosomal 
‘banana body’ inclusions19. Circulating plasma levels of MCP1 — a potent 
recruiter of monocytes and macrophages — are elevated up to tenfold in 
individuals with Farber disease compared with healthy individuals20. The 
central role of macrophage-mediated inflammation is further supported 
by findings from a double-knockout murine model, in which deletion of 
both acid ceramidase and MCP1 resulted in prolonged survival, delayed 
onset of weight loss and reduced pulmonary and hepatic inflammation21. 
Although the precise role of specific ceramide species in promoting this 
inflammatory response in Farber disease is still poorly understood, cera-
mide-1-phosphate has been shown to induce MCP1 release via activation 
of PI3K–AKT, MEK–ERK1/2 and p38 signalling pathways22.

The classic triad of findings in Farber disease are subcutaneous 
nodules, polyarticular joint abnormalities — including contractures —  
and dysphonia resulting from laryngeal involvement23,24 (Fig. 1). Neu-
rological manifestations are common, but severity ranges from absent 
to progressive neurodegeneration, amyotrophy, cognitive impairment 
and epilepsy23,24. Clinical features might also include recurrent sterile 
fevers, whereas laboratory findings can reveal elevations in inflam-
matory markers and abnormal lymphocyte subsets25,26. Symptom 
onset typically occurs between 1 and 9 months of age, yet diagnosis 
is frequently delayed, with a median lag exceeding 12 months after 
initial presentation. In one series, 71% of patients were initially misdi-
agnosed with a form of JIA27. Median survival is approximately 3 years, 
with respiratory insufficiency being the most common cause of death. 
However, disease severity is heterogeneous, with variable rates of pro-
gression and multisystem involvement. Notably, some patients survive 
into the sixth and seventh decades without neurological sequelae23.

Genetic sequencing of ASAH1 is the preferred diagnostic approach 
for Farber disease. Although in vitro assays of ceramidase activity are 
not widely available, these assays might offer valuable prognostic 
insight. Notably, residual enzyme activity exceeding 5.1% has been 
associated with a milder disease course and prolonged survival23.

Allogenic HSCT has demonstrated efficacy in resolving inflamma-
tory granulomas, improving joint mobility and reversing hoarseness in 
patients with Farber disease28. However, this approach does not seem to 

Disease Gene Clinical findings

Inborn errors of metabolism with joint manifestations

Alkaptonuria HGD Ankylosing spondylitis-like arthritis
Dark urine, particularly after standing, or 
alkalization; darkened sebum (earwax)
Darkening of the sclerae and auricles
Aortic valve stenosis

Fabry disease GLA Episodic pain affecting the distal extremities
Small red-to-black papular skin lesions

Farber disease ASHA1 Subcutaneous nodules
Dysphonia

Gaucher 
disease

GBA1 Bone and/or joint pain
Thrombocytopenia
Hepatosplenomegaly
Radiographic evidence of Erlenmeyer 
flask deformity

HGprt-related 
hyperuricaemia

HPRT1 Gout
Renal calculi

LACC1 
deficiency

LACC1 Family history of juvenile arthritis
Consanguinity

Mucolipidosis 
type III

GNPTAB 
or GNPTG

Hand deformities (such as claw hand, carpal 
tunnel and restricted range of motion)
Progressive hip dysplasia
Radiographic evidence of dysostosis multiplex

Mucopoly
saccharidosis 
type I

IDUA Joint contractures of the hands and shoulders
Carpal tunnel syndrome
Umbilical or inguinal hernia
Distinctive facial features including a flat face, 
depressed nasal bridge, frontal bossing and 
macroglossia
Corneal clouding
Recurrent respiratory infections
Cardiac murmur
Radiographic evidence of dysostosis multiplex

Mucopoly
saccharidosis 
type IVA

GALNS Wrist laxity
Short trunk
Pectus carinatum
Radiographic evidence of dysostosis multiplex

PRPS1 
superactivity

PRPS1 Gout

Metabolic myopathies

Danon disease LAMP2 Severe cardiomyopathy

Glycogen 
storage disease 
type II, late 
onset

GAA Left ventricular hypertrophy
Dysrhythmias including 
Wolf–Parkinson–White syndrome

Glycogen 
storage disease 
type V

PYGM Experience of a ‘second wind’ approximately 
10 min into physical activity

Inborn errors of metabolism with autoimmune or autoinflammatory 
manifestations

α-Mannosidosis MAN2B1 Various autoimmune manifestations, 
including SLE
Hearing loss
Coarse facial features
Dysostosis multiplex on radiographs

Disease Gene Clinical findings

Lysinuric  
protein  
intolerance

SLC7A7 SLE-like disease
Haemophagocytic lymphohistiocytosis
Persistent pulmonary alveolar proteinosis
Post-prandial hyperammonaemia

Mevalonate 
kinase 
deficiency

MVK High fevers lasting 3–7 days

Prolidase 
deficiency

PEPD Chronic, painful lower extremity ulcers
Splenomegaly

Acid sphingo
myelinase 
deficiency 
type B

SMPD1 Hepatosplenomegaly
Thrombocytopenia
Interstitial lung disease

HGprt, hypoxanthine-guanine phosphoribosyltransferase; LACC1, laccase domain-containing 1;  
PRPS1, phosphoribosylpyrophosphate synthase 1; SLE, systemic lupus erythematosus.

Table 1 | Key clinical features of inborn errors of metabolism that might mimic rheumatic diseases
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alleviate central nervous system manifestations when present28. Owing 
to prominent joint involvement, many patients receive treatment with 
DMARDs. Anecdotal reports suggest clinical improvement with these 
agents, including a case series presented in abstract form describing 
five patients treated with tocilizumab who showed notable clinical 
responses29. However, no formal recommendations are currently avail-
able for immune modulation in Farber disease20. NSAIDs are also com-
monly used, despite the absence of established evidence supporting 
their benefit. Partial or transient responses to these therapies might 
contribute to diagnostic delay by reinforcing initial misdiagnoses.

Mucolipidosis type III
Mucolipidosis type III is an autosomal-recessive lysosomal stor-
age disorder characterized by impaired intracellular trafficking of 
lysosomal hydrolases30. This defect arises from reduced activity of 
N-acetylglucosamine-1-phosphotransferase (GlcNAc-PTase), an 
enzyme encoded by GNPTAB and GNPTG. Lysosomal hydrolases require 
a specific post-translational modification — most notably, the addi-
tion of mannose-6-phosphate — to be correctly targeted to the lyso-
some. GlcNAc-PTase, a membrane-bound heterohexamer composed 
of α2β2γ2 subunits, catalyses an important step of this modification 
process31. In the absence of this modification, lysosomal enzymes are 
misdirected, leading to accumulation of undegraded glycoproteins 

and glycolipids within lysosomes and tissues, and giving rise to the 
clinical manifestations of the disease.

Hand deformities (including claw hands, carpal tunnel syndrome 
and restricted range of motion) are the most common presenting fea-
tures of mucolipidosis type III, occurring in nearly half of patients32. 
These manifestations frequently lead to misdiagnosis as JIA or sys-
temic sclerosis3,4. Progressive hip dysplasia and vertebral anomalies 
are also common33. Gross motor delays might be observed; however, 
cognitive development is typically preserved34. Radiographic imaging 
often reveals characteristic features of dysostosis multiplex35,36 (Fig. 2). 
Although survival data are limited, the median lifespan is estimated at 
62 years, with cardiorespiratory compromise being the most frequent 
cause of death32.

Plasma levels of most lysosomal acid hydrolases are highly ele-
vated in mucolipidosis type III; however, this biochemical finding 
does not discriminate between mucolipidosis subtypes30. Definitive 
classification requires targeted genetic sequencing of GNPTAB and 
GNPTG. No effective disease-modifying interventions currently exist 
for mucolipidosis type III. Supportive interventions, however, can alle-
viate symptoms and improve quality of life. Low-impact physiotherapy 
is generally well tolerated, and orthopaedic procedures — hip and knee 
replacements — have yielded favourable outcomes in selected cases37,38. 
Night-time casting of hands might help to preserve function over time. 

Box 1 | Pro-inflammatory signalling in mucopolysaccharidoses
 

Cartilage pathology in mucopolysaccharidosis is characterized by 
thickening, with vacuolated and enlarged chondrocytes, disruption 
of the columnar architecture and impaired endochondral 
ossification217,218. Accumulation of glycosaminoglycans (GAGs) 
in mucopolysaccharidosis has been linked to activation of 
inflammatory cascades, potentially owing to their structural 
similarity to lipopolysaccharide, a potent activator of Toll-like 
receptor 4 (TLR4). Glycosaminoglycans present in the tissues 
or peripheral circulation can activate TLR4 receptors on 
synoviocytes and chondrocytes, leading to the release of the 
major inflammatory cytokines TNF and IL-1β219–221. TNF signalling 
promotes chondrocyte apoptosis by suppressing the activity 
of the pro-survival lipid sphingosine-1-phosphate (S1P) and 
upregulating the production of the apoptotic lipid ceramide. 
Conversely, in the synovium, these cytokines trigger the release 
of sphingosine-1-phosphate and suppress the expression 
of ceramide. This shift promotes synovial-cell survival and 
proliferation, leading to hyperplastic synovial tissue. Additionally, 
TNF and IL-1β promote osteoclastogenesis by inducing the 
expression and secretion of RANKL, ultimately leading to 
increased bone erosion and osteopenia. Increased TNF levels 
have been directly associated with increased pain, decreased 
physical function and decreased quality of life in individuals 
with a diagnosis of mucopolysaccharidosis222. TNF inhibition 
has been shown to improve skeletal disease in animal 
models221,223, and had beneficial effects on physical function, 
and possibly pain, in very limited case series of patients with 
mucopolysaccharidosis224,225.

MMP, matrix metalloproteinase.
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In a limited case series, intravenous pamidronate reduced bone pain, 
lowered analgesic requirements and improved mobility39.

Fabry disease
Fabry disease, an X-linked disorder, is one of the most common lysoso-
mal storage disorders40–42. This disease is caused by pathogenic vari-
ants in GLA, which result in defective activity of α-galactosidase A, an 
enzyme responsible for cleaving galactose from globotriaosylceramide 
and related glycosphingolipids (Supplementary Fig. 1). Accumulation 
of globotriaosylceramide occurs across multiple cell types, with mor-
tality primarily driven by progressive nephropathy and vasculopathy. 
Similar to other lysosomal storage disorders discussed in this Review, 
the pathophysiology of Fabry disease is increasingly recognized to 
involve inflammatory processes43,44. For example, globotriaosylcera-
mide has been shown to function as a damage-associated molecular 

pattern (DAMP) and stimulate production of IL-1β and TNF in mono-
cytes and dendritic cells via TLR4-mediated signalling45. Addition-
ally, altered levels of vascular endothelial adhesion molecules and 
coagulation factors have been reported in Fabry disease, and probably 
contribute to the vasculopathy alongside globotriaosylceramide and 
lyso-globotriaosylceramide accumulation in endothelial cells and 
vascular smooth-muscle cells46.

Neuropathic pain, including episodic pain crises in the distal 
extremities and acroparaesthesias, is the most common presenting 
symptom in approximately half of patients with Fabry disease, typi-
cally emerging in the first decade of life47. This presentation might be 
misinterpreted as inflammatory arthritis. Gastrointestinal symptoms, 
including abdominal pain and diarrhoea, are the second most common 
presenting symptom, followed by angiokeratomas in a characteristic 
‘bathing suit’ distribution, which might be mistaken for purpura47. 

a b

c d

Fig. 1 | Clinical features of Farber disease in a paediatric patient. a–d, Clinical presentation of a 14-year-old female patient with Farber disease. Characteristic 
findings include chronic polyarthritis (a,b) and subcutaneous nodules (a–c). Direct laryngoscopy revealed laryngeal nodules (arrowheads; d).
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Fig. 2 | Typical radiographic findings of dysostosis multiplex. a–f, Characteristic 
skeletal abnormalities in dysostosis multiplex. Panel a shows a lateral skull 
radiograph with a characteristic ‘J-shaped’ sella turcica (arrow). In panel b, a lateral 
view of the spine reveals oval-shaped vertebral bodies with inferior ‘beaking’. 
Panel c presents a normal anterior–posterior view of a pelvis for comparison. 
In panel d, the pelvis demonstrates the classic ‘wine glass’ appearance, marked 

by rounded iliac wings and tapering of the inferior ilium, which gives the ilium 
the shape of a ping-pong paddle. The acetabulum is also poorly developed, 
and the proximal femoral epiphyses are small. Panel e shows a normal hand 
radiograph from a patient of similar age to the individual in panel f, showing 
severe proximal tapering of the metacarpals with broad and dysplastic 
metacarpals and phalanges.
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Recurrent sterile fevers occur in up to 20% of patients48. Interest-
ingly, inflammatory markers are typically within normal limits during 
febrile episodes, supporting the theory that elevated temperatures 
in this condition arise from impaired heat dissipation secondary to 
autonomic dysfunction (specifically, anhidrosis)48,49. Major organ 
manifestations do not typically develop until the fourth and fifth 
decades and are consequences of both chronic microvascular disease 
and storage pathology leading to cardiac disease — including left 
ventricular hypertrophy and arrhythmias — stroke and progressive 
renal disease50. Knowledge of Fabry disease among rheumatologists 
seems to be limited. In a survey of 120 rheumatologists, only 6% cor-
rectly recognized Fabry disease when provided with a narrative history, 
physical examination describing a typical presentation and positive 
family history11. The most frequently proposed differential diagnoses 
included connective tissue disorders, unspecified enzyme deficiencies 
and rheumatoid arthritis11.

Diagnosis of Fabry disease in male patients is confirmed by meas-
uring α-galactosidase A activity in leukocytes, with levels below 5% con-
sidered diagnostic51. In female patients, however, enzyme activity can 
be highly variable owing to X chromosome inactivation, necessitating 
molecular confirmation through identification of a pathogenic variant 
in GLA51. Therapeutic options include enzyme replacement therapy and 
pharmacological chaperone. Agalsidase beta is an enzyme replacement 
therapy administered via intravenous infusion every other week52. 
A Cochrane review established that enzyme replacement therapy 
improves pain-related quality-of-life scores and reduces the incidence 
of cardiovascular and cerebrovascular events and renal disease53,54. 
Migalastat is a small-molecule chaperone therapy for individuals with 
amenable GLA variants and has been shown to stabilize renal function 
and improve left-ventricular mass index55. These therapies represent 
important advances in disease management, although long-term out-
comes and optimal treatment strategies continue to be areas of active 
investigation.

Gaucher disease
Gaucher disease is a lysosomal storage disorder characterized by defec-
tive sphingolipid catabolism56. Deficient activity of the acid hydrolase glu-
cocerebrosidase leads to accumulation of its substrate glucosylceramide, 
primarily within macrophages (Supplementary Fig. 1). These cells are 
preferentially affected owing to their physiological role in clearing cellular 
debris, which exposes them to a high flux of sphingolipid-containing cell 
membranes57. Lipid-laden macrophages, known as Gaucher cells, infiltrate 
the bone marrow, liver and spleen, disrupting normal tissue architecture 
and contributing to an inflammatory microenvironment. Individuals 
with Gaucher disease have an altered serum inflammatory profile, with 
high levels of macrophage inflammatory protein 1α (MIP-1α) and MIP-1β, 
which directly correlate with bone disease activity58–60. Chitotriosidase, 
an enzyme secreted by macrophages, is used as a biomarker for diagnosis 
and response to therapy61.

Both innate and adaptive immune mechanisms are implicated in 
Gaucher disease pathophysiology. Continuous uptake and processing 
of glucosylceramide released by Gaucher cells leads to the differen-
tiation of plasma cells that produce glucosylceramide-specific IgG 
autoantibodies62. These autoantibodies form immune complexes with 
glucosylceramide, activating the classical complement pathway and 
leading to robust production of C5a. Engagement of C5a receptors 
on Gaucher cells further perpetuates the production and release of 
glucosylceramide, driving additional immune-complex formation. 
Concurrent activation of C5a receptors on dendritic cells upregulates 

the expression of co-stimulatory molecules, promoting T cell activation 
and sustaining a pro-inflammatory milieu62,63. Strikingly, in a chemically 
induced model of Gaucher disease, mice deficient in the C5a receptor 
showed only minimal signs of disease, with normalization of cytokine 
profiles, underscoring the important role of complement-mediated 
inflammation in disease progression62.

Type 1 (the non-neuronopathic form) is the most common pheno-
type of Gaucher disease and frequently presents during childhood64. 
The classic triad comprises hepatosplenomegaly, thrombocytopenia 
(secondary to splenic sequestration) and skeletal disease, which can 
lead to pain and disability. Skeletal complications include decreased 
bone mineral density, Erlenmeyer flask deformity, osteonecrosis and 
bone crisis57. The Erlenmeyer flask deformity is a radiographic hallmark 
characterized by loss of normal metaphyseal concavity and widening 
of a long bone metaphysis, attributed to infiltration of Gaucher cells 
within the bone marrow65. Bone crises are acute episodes of severe 
bone or joint pain that most commonly involve long bones, but can also 
affect the hands and feet66. Bone crises can be associated with clinical 
and laboratory signs57,67.

Diagnosis of Gaucher disease is established through enzymatic 
assay of glucocerebrosidase activity in peripheral blood lymphocytes 
or leukocytes, complemented by GBA1 sequencing68. Therapeutic 
strategies include enzyme replacement therapy (using recombinant 
glucocerebrosidase formulations such as imiglucerase, velaglucerase 
alfa and taliglucerase alfa) and substrate reduction therapy using 
glucosylceramide synthase inhibitors (such as miglustat and eliglus-
tat)69. Emerging therapeutic avenues, including complement pathway 
inhibition, are currently under investigation in preclinical models70.

Mucopolysaccharidoses
The mucopolysaccharidoses are a heterogeneous group of lysosomal 
storage disorders that arise from defects in 1 of 11 lysosomal enzymes 
involved in the degradation of glycosaminoglycans, historically known 
as mucopolysaccharides (Supplementary Fig. 1). These disorders are 
typically inherited in an autosomal-recessive manner, except for muco-
polysaccharidosis II (known as Hunter syndrome), which follows an 
X-linked inheritance pattern. The contribution of glycosaminogly-
can accumulation in joint tissues to inflammatory processes has been 
investigated (Box 1).

Seven separate subtypes of mucopolysaccharidoses have been 
described, with considerable phenotypic overlap across forms. A com-
prehensive review of mucopolysaccharidosis nosology is beyond the 
scope of this Review, but many mucopolysaccharidoses have shared 
musculoskeletal features. This section focuses on attenuated muco-
polysaccharidosis I (known as Scheie syndrome) and mild mucopoly-
saccharidosis IVA (known as Morquio A disease), which can present as 
isolated connective tissue diseases with preserved cognition. In muco-
polysaccharidosis I, umbilical and inguinal hernias are typically the 
earliest presenting features (mean age at onset 4.6 years), followed 
by joint contractures of the hands and shoulders (mean age at onset 
7.6 years) and dysostosis multiplex (mean age at onset 8 years)71,72. 
Patients have characteristic coarse facial features, including a flat face, a 
depressed nasal bridge, frontal bossing and macroglossia71. Mucopoly-
saccharidosis IVA is classically characterized by short trunk dwarfism, 
pectus carinatum, odontoid hypoplasia, kyphoscoliosis, genu valgum 
(knock-knees) and hip dysplasia with an abnormal ‘waddling gait’73. 
Uniquely, this subtype is the only form of mucopolysaccharidosis asso-
ciated with hypermobility of the distal joints, contrasting with proximal 
stiffness. The wrist is most severely affected by joint laxity, resulting in a 
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weak grip and difficulty with fine motor skills74. Mild mucopolysaccha-
ridosis IVA might not present until late in childhood, with individuals 
exhibiting a normal stature and subtle skeletal involvement75.

In a survey of rheumatologists presented with a prototypical case 
of mucopolysaccharidosis, only 13% included mucopolysaccharidosis 
in the differential diagnosis, and just 20% identified the appropriate 
next step in evaluation once provided with the suspected diagnosis10. 
This survey prompted the development of a rheumatology-based 
diagnostic algorithm. Key clinical features that should prompt consid-
eration of mucopolysaccharidosis include corneal clouding, a history 
of umbilical or inguinal hernia, cardiac murmurs secondary to valvular 
thickening and dysfunction, recurrent upper respiratory or ear infec-
tions and carpal tunnel syndrome. Notably, mucopolysaccharidosis 
is the most common cause of carpal tunnel syndrome in children and 
adolescents76. Unfortunately, despite efforts to increase clinician 
awareness, time to diagnosis in mucopolysaccharidosis I has not 
improved since the introduction of enzyme replacement therapy77,78.

Diagnostic evaluation of mucopolysaccharidoses should integrate 
both biochemical and molecular approaches. Urinary glycosamino-
glycan analysis, preferably by tandem mass spectrometry, enables 
differentiation of specific glycosaminoglycan species and can guide 
subtype identification79. Enzyme activity assays performed on cultured 
peripheral blood cells or fibroblasts provide functional confirma-
tion of a suspected diagnosis80. Concurrently, molecular diagnosis 
can be pursued with a multi-gene mucopolysaccharidosis panel to 
confirm diagnosis and facilitate genetic counselling. Additionally, 
radiographic imaging remains an important adjunct, with skeletal sur-
veys often revealing features of dysostosis multiplex81 (Fig. 2). Finally, 
enzyme-based newborn screening for mucopolysaccharidosis I is now 
implemented across most US states and in several other countries, 
enabling earlier detection and intervention.

Enzyme replacement therapy is currently available for most 
mucopolysaccharidoses, with the exception of mucopolysacchari-
dosis III, mucopolysaccharidosis IVB and mucopolysaccharidosis IX. 
This approach generally leads to improvement in biochemical param-
eters, organomegaly, respiratory function and exercise capacity82–86. 
However, the effects of enzyme replacement therapy on skeletal disease 
in mucopolysaccharidosis are limited owing to the limited penetration 
of replacement enzyme into avascular cartilage and bone. Very early 
initiation of enzyme replacement therapy might partially prevent the 
development of orthopaedic manifestations; impressive differences 
in disease progression have been observed in a sibship trio who com-
menced therapy at different ages87. Despite promising preclinical 
data (Box 1) and the limited benefit of enzyme replacement therapy 
and HSCT on the skeletal phenotype of mucopolysaccharidoses88, the 
clinical use of TNF inhibitors as an adjunctive therapy is not currently 
formally recommended, owing to limited clinical data.

Laccase domain-containing 1 deficiency
LACC1 deficiency is an autosomal-recessive cause of JIA and the first 
monogenic form of the disorder to be described89. LACC1 is highly 
expressed in classically activated macrophages, and accumulating 
evidence supports a multifaceted role for this enzyme in immunome-
tabolism90–92. Emerging data have positioned LACC1 as a molecular link 
between pro-inflammatory, arginine-mediated nitric oxide synthesis 
and anti-inflammatory polyamine synthesis93. Specifically, LACC1 
can catalyse the conversion of citrulline — generated by nitric oxide 
synthase 2 during arginine metabolism — to ornithine and isocyanic 
acid, thereby feeding directly into the anti-inflammatory polyamine 

synthesis pathyway93. This novel pathway of arginine metabolism in 
classically activated macrophages, in which citrulline is typically recy-
cled back to arginine, provides a direct mechanism by which LACC1 can 
negatively regulate inflammation.

In a large cohort of 52 individuals with LACC1 deficiency, symp-
tom onset occurred by the age of 2 years in the majority of cases, with 
61.5% displaying a polyarticular pattern and 26.9% meeting criteria 
for systemic-onset JIA, including fever and rash94. No extra-articular 
manifestations have been consistently reported. Although no bio-
chemical tests are currently available for LACC1 deficiency, diagnosis 
can be confirmed through molecular testing that identifies biallelic 
pathogenic variants in LACC1.

Most patients exhibit a poor or partial response to DMARDs, 
and fewer than one-third achieve remission94. Therefore, paediatric 
rheumatologists should consider LACC1 deficiency in early-onset, 
refractory disease, particularly in individuals from consanguineous 
families. One reported case involved a patient who developed acute 
lymphocytic leukaemia and experienced flares of arthritis during 
chemotherapy. Notably, following HSCT, the patient achieved com-
plete remission of JIA, further supporting the pathophysiological 
role of macrophage-mediated inflammation in the pathogenesis of 
LACC1-associated disease90.

Alkaptonuria
Alkaptonuria is an autosomal-recessive disease caused by deficiency 
of homogentisate-1,2-dioxygenase, encoded by HGD95. This enzyme 
catalyses the cleavage of the aromatic ring of homogentisic acid, an 
intermediate in the catabolic pathway of phenylalanine and tyrosine95. 
Alkaptonuria holds the historical distinction of being the first human 
disease described according to Mendelian inheritance, and served as the 
foundational model for the concept of inborn errors of metabolism96.

In alkaptonuria, persistently high levels of homogentisic acid are 
maintained in the blood and extracellular spaces despite effective 
excretion into the urine. Metabolites of homogentisic acid produce 
a dark ochronotic pigment that is deposited in connective tissues. 
Although the precise immunopathogenic mechanisms remain obscure, 
one body of evidence suggests that oxidation of homogentisic acid 
produces free radicals that lead to lipid peroxidation and chronic 
inflammation97–99. Supporting this hypothesis, in a large study evaluat-
ing serum biomarkers in alkaptonuria, serum amyloid A and chitotriosi-
dase were considerably increased compared with healthy individuals99. 
Although overall markers of oxidative stress did not notably differ 
between groups, oxidative stress levels correlated positively with 
severity of disease99.

In his seminal work Inborn Errors of Metabolism, the father of 
inborn errors of metabolism, Archibald Garrod, remarks that “in 
early life [alkaptonuria] is a trifling matter, inconvenient rather than 
harmful… an infant stains its clothing or the urine has an unusual 
appearance”100. Indeed, although dark urine and sebum (particularly 
earwax) might be clinically apparent in infancy, the classic triad of dark 
urine, darkened connective tissue, including the sclerae and auricle 
(ochronosis), and arthritis does not fully manifest until the fourth or 
fifth decade. Importantly, freshly voided urine appears normal and 
only darkens to dark brown over several hours as homogentisic acid 
undergoes oxidation upon exposure to air101. Therefore, in the mod-
ern era of flush toilets and disposable nappies, this pathognomonic 
finding might go unnoticed. The arthritis of alkaptonuria is clinically 
similar to ankylosing spondylitis, with back pain that typically begins 
in the lumbar and thoracic spine followed by the cervical spine102. 
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Arthropathy of the knee, hip and shoulder is common. Radiographic 
findings include intervertebral disc space narrowing, calcification 
and fusion102. Valvular complications, particularly aortic stenosis, 
are common102–104. Although severe manifestations do not typically 
manifest until adulthood, in a prospective cohort study of 13 children, 
6 complained of joint pains at least weekly, despite the absence of 
degenerative changes on knee MRI105,106.

Diagnostic confirmation of alkaptonuria relies on biochemical 
and molecular analyses. Alkalinization of the urine results in immedi-
ate brown discoloration owing to rapid oxidation of homogentisic 
acid. Quantitative detection of homogentisic acid can be performed 
through gas chromatography–mass spectrometry-based analysis of 
urinary organic acids16. Molecular confirmation is achieved through 
sequencing of HGD. In terms of therapy, nitisinone, an inhibitor of 
p-hydroxyphenylpyruvate dioxygenase (the enzyme that catalyses 
the formation of homogentisic acid), can slow the development of 
ochronosis and progression of disease17,107. However, complications 
of this therapy include tyrosinaemia, which can lead to keratopathy17. 
This adverse effect is typically managed with a protein-restricted diet17. 
Despite evidence supporting the role of oxidative stress in the patho-
physiology of alkaptonuria, little is known about the clinical utility of 
antioxidant therapy in addition to traditional treatment approaches. 
In a single case report, a patient treated with only a low protein diet and 
ascorbic acid achieved complete clinical and radiographic resolution 
of disease, but further studies are necessary to confirm this finding108. 
Given the challenges of maintaining a low protein diet and potential 
for possible side effects with nitisinone, especially in the absence of 
adherence to this diet, investigations of alternative treatment options 
are warranted.

Disorders of purine metabolism
Uric acid is the end-product of purine degradation in humans (Supple-
mentary Fig. 2). Purine metabolism also includes two other pathways: 
the de novo synthesis pathway, which relies on the activity of phos-
phoribosylpyrophosphate synthase 1 (PRPS1), and the purine salvage 
pathway, in which hypoxanthine-guanine phosphoribosyltransferase 
(HGprt) catalyses the reutilization of purine bases. Hyperuricaemia 
and its sequelae, including gouty arthritis, are commonly encountered 
in adults and often attributed to reduced renal urate clearance in the 
context of a purine-rich diet, compounded by other co-morbidities109. 
By contrast, the presentation of gout in childhood is rare and should 
prompt investigation for underlying disorders of purine metabolism.

In PRPS1 superactivity, excessive purine production arises from 
gain-of-function variants in PRPS1 or from increased transcription 
and production of structurally normal PRPS1 protein through a cur-
rently unknown mechanism110. By contrast, Lesch–Nyhan disease 
is caused by pathogenic variants in HPRT1, resulting in absent or 
extremely low activity of HGprt that leads to impaired purine salvage111. 
Instead of being recycled, the purines are shunted to the degradation 
pathway and oxidized to uric acid. Additionally, decreased activity 
of HGprt increases the availability of substrates for de novo purine 
synthesis112. As HPRT1 is on the X chromosome, male individuals are 
almost exclusively affected. PRPS1 is similarly X-linked; however, 
unlike Lesch–Nyhan disease (and many other X-linked conditions), 
female individuals are commonly affected by PRSP1 superactivity 
owing to the gain-of-function mechanism.

The classic clinical presentation of Lesch–Nyhan disease includes 
hyperuricaemia, choreoathetoid cerebral palsy, intellectual disability 
and severe self-mutilating behaviour113. However, clinical variation 

exists. In some patients with attenuated disease, hyperuricaemia is the 
predominant feature and neurocognitive and behavioural manifesta-
tions might be absent or elicited only on careful examination114; these 
patients have been described as having HGprt-related hyperuricaemia. 
Along the spectrum of HGprt-related hyperuricaemia to Lesch–Nyhan 
disease is a third phenotype designated HGprt-related neurological 
dysfunction. Individuals with this phenotype exhibit hyperuricaemia 
alongside overt neurological or behavioural abnormalities, but with-
out the classic self-mutilating behaviours observed in Lesch–Nyhan 
disease115,116.

In male patients, PRPS1 superactivity is associated with severe 
hyperuricaemia and a clinical spectrum of neurodevelopmental phe-
notypes, including intellectual disability, hypotonia and deafness110. 
A clear genotype–phenotype relationship has been established: 
severely affected male patients typically harbour pathogenic variants in 
PRPS1 that affect allosteric sites, resulting in enzyme gain-of-function 
through loss of feedback inhibition110. By contrast, male patients with 
mild disease do not exhibit detectable sequence variants or duplica-
tions of PRPS1, but instead show increased rates of PRPS1 transcription 
and elevated levels of the PRPS1 protein110. Female patients with PRPS1 
superactivity might be affected by either mechanism, and generally 
present with only hyperuricaemia. One reported case described a 
13-year-old girl who presented with polyarthritis initially misdiagnosed 
as JIA117.

Elevated levels of uric acid in the blood or urine should raise sus-
picion of an underlying disorder of purine metabolism. However, 
normal uric acid levels do not exclude such diagnoses, particularly 
in children, who physiologically have higher rates of renal clearance 
of uric acid than adults118. In such cases, urine purine analysis using 
high-performance liquid chromatography coupled with tandem 
mass spectrometry provides a more sensitive biochemical screen for 
detecting purine metabolic abnormalities118.

For HGprt-related hyperuricaemia, molecular diagnosis is typi-
cally established through sequence analysis of HPRT1. If no pathogenic 
variants are identified, gene-targeted duplication and deletion analysis 
should be considered. Measurement of HGprt enzyme activity also 
serves as a useful clinical diagnostic assay115. For PRPS1 superactivity, 
diagnostic approaches differ by phenotype and sex. In male patients 
with mild disease, diagnosis relies on assessing PRPS1 enzyme activ-
ity, as these individuals generally lack detectable sequence or copy 
number variants110,119. For male patients with severe disease, sequence 
analysis of PRPS1 can establish the diagnosis. For female patients, PRPS1 
enzyme activity with or without PRPS1 sequence analysis can establish 
the diagnosis110,119. If initial testing is inconclusive, other rare defects of 
purine metabolism should be considered. Additionally, inherited renal 
diseases such as familial juvenile hyperuricaemic nephropathy and 
primary hyperoxaluria (which can present with oxalate arthropathy 
mimicking gout) should be included in the differential diagnosis120. 
Glycogen storage disease type I is another important consideration, 
as this disease has been reported to present with hyperuricaemia and 
gout in some cases121.

The xanthine oxidase inhibitor allopurinol is effective in reduc-
ing the hyperuricaemia of HGprt deficiency and PRPS1 superactivity, 
although this inhibitor does not improve neurological outcomes119,122. 
Febuxostat, another xanthine oxidase inhibitor, is considered a 
second-line therapy for individuals who are intolerant to allopurinol119,123. 
Acute gout flares are generally managed with non-steroidal anti- 
inflammatory agents, colchicine or glucocorticoids, but the IL-1β 
inhibitor canakinumab might be used as a second-line agent124.
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Metabolic myopathies
Metabolic myopathies are a group of disorders caused by defects in 
glycogen utilization, fatty acid oxidation, or mitochondrial respira-
tion that render the cell unable to maintain adequate levels of adeno-
sine triphosphate for contraction and relaxation. These conditions 
share overlapping features with immune-mediated inflammatory  
myopathies — including proximal muscle weakness, elevated creatine 
kinase levels, fatigue and myalgia — and should be considered in the dif-
ferential diagnosis of individuals with atypical or treatment-refractory 
idiopathic inflammatory myopathy. In this section, we discuss two 
common glycogenoses and Danon disease, all of which can closely 
mimic idiopathic inflammatory myopathy. For a more comprehen-
sive overview — including defects of fatty acid oxidation and mito-
chondrial myopathies — readers are referred to existing reviews on 
metabolic myopathies as mimickers of idiopathic inflammatory 
myopathy125,126.

Glycogen storage disease type V
At rest, muscle primarily utilizes fatty acid oxidation as a source of 
acetyl-CoA to feed into the Krebs cycle. However, during periods of 
intense exercise, anaerobic glycolysis becomes the dominant meta-
bolic pathway, utilizing glucose generated from the breakdown of 
muscle glycogen within the cytosol127. This process requires the action 
of glycogen phosphorylase. Glycogen storage disease type V (known as 
McArdle disease) is an autosomal-recessive disorder caused by muta-
tions in PYGM, which encodes the muscle-specific isoform of glycogen 
phosphorylase (myophosphorylase). As hepatic and cardiac isoforms 
remain unaffected, glycogen storage disease type V typically manifests 
as a ‘pure’ skeletal muscle myopathy128.

The classic presentation of glycogen storage disease type V is 
intolerance to activities involving isometric muscle contraction, 
such as weightlifting, or high-intensity dynamic exercises, such as 
sprinting129. Patients might present with episodes of severe muscle 
contractures, rhabdomyolysis and myoglobinuria with acute renal 
failure secondary to pigment nephropathy. A ‘second wind’ phenom-
enon is described by most patients wherein individuals experience a 
sudden improvement in exercise capacity about 10 min into activity, 
attributed to enhanced utilization of circulating blood glucose130. Data 
from a large European cohort of 282 individuals with glycogen stor-
age disease type V provide insights into disease phenotypes131. Fixed 
weakness was observed in 51.4% of patients, primarily affecting the 
upper limbs and trunk, and 82% of patients reported the ‘second wind’ 
phenomenon. Baseline creatine kinase levels were elevated in most 
patients, although 6.8% of patients had values within the normal range. 
Misdiagnosis remains common, with one study reporting a median 
diagnostic delay of 29 years5. Notably, rheumatological conditions 
were the third most common misdiagnosis, following ‘growing pains’ 
and ‘laziness’5.

Molecular testing by sequence analysis of PYGM is important for 
glycogen storage disease type V diagnosis, followed by gene-targeted 
duplication and deletion analysis if sequence analysis is inconclusive. 
Historically, physicians have recommended avoidance of all forms 
of exercise owing to the risk of rhabdomyolysis. However, emerging 
evidence supports the efficacy of light-intensity aerobic exercise in 
improving aerobic capacity, decreasing creatine kinase levels, and 
improving clinical symptoms in individuals with glycogen storage 
disease type V132. Therefore, a carbohydrate-rich drink prior to exercise 
and a professionally supervised exercise programme with gradual 
progression of intensity is the current standard133,134.

Glycogen storage disease type II
Although cytosolic glycogen might be degraded to meet cellular 
energy demands, glycogen is also degraded within lysosomes. Lyso-
somal degradation is an important part of the physiological turnover 
of cellular components critical to the homeostasis of terminally dif-
ferentiated cells, such as myocytes. Glycogen storage disease type II 
(known as Pompe disease) is an autosomal-recessive disorder caused 
by deficiency of α-glucosidase (acid maltase), encoded by GAA. This 
enzyme is responsible for the complete hydrolysis of glycogen within 
lysosomes. In the absence of α-glucosidase, glycogen accumulates 
within lysosomes, making glycogen storage disease type II a lysoso-
mal storage disorder too. Excessive glycogen accumulation leads to 
lysosomal rupture and the eventual replacement of the muscle fibre 
contractile elements with non-functional glycogen deposits. In addi-
tion to this mechanical model of disease pathogenesis, accumulat-
ing evidence points to global perturbations in vesicle trafficking and 
intracellular signalling as key contributors to disease pathogenesis135,136.

Glycogen storage disease type II presents across a clinical spec-
trum, ranging from the classic infantile form to late-onset forms. The 
classic infantile form typically presents within the first few months 
of life with global hypotonia and hypertrophic cardiomyopathy, fol-
lowed by death by 1 year owing to cardiopulmonary insufficiency if 
untreated137. By contrast, late-onset Pompe disease typically presents 
with fatigue and creatine kinase elevation, and a slowly progressive 
lower-limb girdle, axial and diaphragmatic muscle weakness that leads 
to restrictive lung disease. A history of delayed motor development is 
often reported138,139. Axial muscle weakness, in particular, is a hallmark 
feature that might be overlooked; in one cohort of 24 patients, nearly 
all participants reported an inability to perform sit-ups during their 
early school years140. Cardiac manifestations are less common but, 
when present, might manifest as left ventricular hypertrophy, aortopa-
thy and/or as specific arrhythmias including Wolf–Parkinson–White 
syndrome141,142. Clinicians have identified disease in some children 
before symptoms appear, based solely on creatine kinase levels; in one 
study, 10 out of 31 children with late-onset disease were diagnosed in 
this way143. Diagnostic delay is common, with a median of 5–12 years 
from the onset of symptoms6,140. Common misdiagnoses include 
polymyositis and ankylosing spondylitis, as well as fibromyalgia6–8,79.

Clinicians can screen symptomatic individuals for glycogen 
storage disease type II by measuring α-glucosidase activity using a 
dried-blood spot assay144,145. This method has enabled the inclusion of 
glycogen storage disease type II in the newborn screening programmes 
across most US states and several other countries146. Molecular test-
ing is used to confirm a diagnosis. In 2010, the enzyme replacement 
therapy alglucosidase alfa was approved for use in late-onset Pompe 
disease following the results of a randomized controlled trial that 
demonstrated improvement in 6-min walk tests and stabilization of pul-
monary function in treated patients147,148. In 2021, a second-generation 
enzyme replacement therapy, avalglucosidase alfa-ngpt, was approved 
for the treatment of late-onset Pompe disease. The COMET trial showed 
that avalglucosidase alfa-ngpt provided superior outcomes compared 
with alglucosidase alfa, including greater improvement in pulmonary 
function and enhanced performance in the 6-min walk test149.

Danon disease
Danon disease is an X-linked dominant condition caused by deficiency 
of the lysosomal-associated membrane 2 (LAMP2) protein, encoded 
by LAMP2. LAMP2 is expressed within the lysosomal membranes of 
cardiac, muscle and nerve cells and is required for the maturation of 
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autophagosomes by fusion with lysosomes150. Although the precise 
pathomechanism remains incompletely elucidated, deficiency of 
LAMP2 leads to the accumulation of autophagic vacuoles, myofibrillar 
disarray and fibrosis151.

The classic triad of findings in affected male patients includes 
severe cardiomyopathy, skeletal myopathy and mild intellectual dis-
ability. Skeletal myopathy is present in 76% of male patients, with a 
median age at onset of 13 years, and causes impaired ambulation in 
30% of patients152. Proximal myopathy is most common (46% of male 
patients), although distal and generalized myopathy have also been 
reported152. Serum creatine kinase levels are frequently elevated, with 
a median of 867.6 U/l (normal range: 22–198 U/l)152. Skeletal myopathy 
seems to precede the development of hypertrophic cardiomyopathy, 
which has a median age at onset of 14 years. Structural and electri-
cal cardiac pathology is ultimately the primary cause of morbidity 
and mortality in Danon disease, with most male patients progressing 
to end-stage cardiomyopathy by 20 years of age152. Female patients 
with LAMP2 variants are less likely to present with skeletal myopathy 
(affecting only 13% of female patients), with a median age at onset of 
23 years, and impaired ambulation in only 2% of patients152. However, 
approximately 73% of female patients develop cardiomyopathy, albeit 
with slower progression than in male patients.

Diagnosis requires molecular testing via sequence analysis of 
LAMP2, followed by gene-targeted duplication and deletion analy-
sis if initial results are inconclusive153. Currently, no disease-specific 
therapies are available for Danon disease. However, one phase I study 
of RP-A501, a recombinant adeno-associated virus serotype 9-based 
gene therapy, showed promising improvements in cardiac biomarkers, 
cardiac imaging findings and clinician-reported and patient-reported 
outcomes154.

Inborn errors of metabolism with 
autoinflammatory or autoimmune manifestations
Several inborn errors of metabolism have manifestations that overlap 
with autoinflammatory or autoimmune rheumatological conditions. 
These inborn errors of metabolism with systemic symptoms highlight 
the diverse mechanisms by which metabolic alterations — including 
defects of amino acid transport, oligosaccharide processing and complex 
lipid and cholesterol metabolism — can drive immune dysregulation.

Lysinuric protein intolerance
Lysinuric protein intolerance is an autosomal-recessive aminoaciduria 
caused by pathogenic variants in SLC7A7, which encodes y+LAT1, one 
component of a transporter complex that facilitates efflux of the diba-
sic amino acids arginine, lysine and ornithine155. In polarized intesti-
nal and renal tubular epithelia, the y+LAT1-containing transporter is 
expressed on the basolateral membrane and is required for absorp-
tion of dibasic amino acids. Impaired absorption leads to depletion of 
the key urea cycle intermediates arginine and ornithine, resulting in 
a secondary urea cycle defect. y+LAT1 is also expressed in monocytes 
and macrophages, but the mechanisms underlying immune dysregula-
tion in lysinuric protein intolerance remain incompletely understood. 
One proposed mechanism suggests that impaired efflux of arginine 
increases intracellular arginine availability, promoting nitric oxide pro-
duction via inducible nitric oxide synthase156. However, further studies 
have demonstrated that SLC7A7 downregulation induces the expres-
sion of inflammatory mediators independent of intracellular arginine 
availability157. Investigations using a murine model of atherosclerosis 
have also revealed a critical role for y+LAT1 in promoting macrophage 

restorative functions by facilitating glutamine influx and feeding the 
glutaminolysis needed to sustain flux through the Krebs cycle158.

Lysinuric protein intolerance is a multisystem disorder with hetero-
geneous clinical manifestations. Failure to thrive is the most common 
presenting symptom (52% of cases), followed by non-specific gastrointes-
tinal symptoms including emesis (30%) and diarrhoea (14%), which typi-
cally emerge after weaning from breast milk159. Patients might feel ill after 
consuming protein-rich meals and develop dietary aversions (36%)159. 
These symptoms are probably driven by post-prandial hyperammon-
aemia resulting from a secondary urea cycle defect. Rheumatological 
complications of lysinuric protein intolerance portend a poorer progno-
sis and include SLE-like disease, haemophagocytic lymphohistiocytosis 
and early and persistent pulmonary alveolar proteinosis159.

The biochemical hallmark of lysinuric protein intolerance is 
low-to-normal plasma levels of arginine, ornithine and lysine, along-
side elevated urinary excretion of these amino acids160. Cysteine 
levels typically remain unaffected. Molecular confirmation involves 
sequencing and deletion and duplication analysis of SLC7A7. Thera-
peutic management focuses on preventing hyperammonaemia and 
addressing nutritional deficiencies, similar to strategies used in pri-
mary urea cycle disorders. Treatment includes supplementation with 
the urea cycle intermediate citrulline, as well as nitrogen-scavenging 
agents such as glycerol phenylbutyrate, sodium phenylbutyrate and 
sodium benzoate160. These strategies alone, however, do not correct 
the chronic lysine deficiency, which might be a driver of growth failure 
and bone disease in lysinuric protein intolerance161. Low-dose lysine 
supplementation has been shown to improve plasma lysine levels, 
although gastrointestinal intolerance can limit its use162,163. Thus, fur-
ther studies are needed to understand the long-term benefits of lysine 
administration162. Management of inflammatory complications is 
specific to individual clinical manifestations. In one reported case, 
HSCT successfully reversed the progression of disease in a patient with 
SLE-like disease, pulmonary alveolar proteinosis and haemophagocytic 
lymphohistiocytosis164.

Mevalonate kinase deficiency
Mevalonate kinase deficiency is an autosomal-recessive recurrent 
fever syndrome that exemplifies the direct impact of a single metabolic 
pathway on immune function. This disorder highlights the role of the 
bioactive cholesterol intermediates, isoprenoids, in the regulation of 
the innate immune system. Physiologically, isoprenoids are generated 
during cholesterol biosynthesis, a pathway that begins with the syn-
thesis of mevalonate. Mevalonate is then phosphorylated in two subse-
quent steps, by mevalonate kinase and phosphomevalonate kinase, to 
produce mevalonate pyrophosphate. This intermediate is then further 
modified to become the so-called activated isoprene units165, which 
serve as building blocks for larger isoprenoid compounds.

Prenylation refers to a post-translational modification in which 
isoprenoids are covalently attached to proteins. Rho GTPases that func-
tion as inflammatory signalling components require prenylation with 
geranylgeranyl pyrophosphate for proper association with regulatory 
elements. In mevalonate kinase deficiency, reduced synthesis of gera-
nylgeranyl pyrophosphate disrupts this processing, leading to ectopic 
activation of Rho GTPases. This aberrant signalling initiates a cascade 
that results in the formation of the pyrin inflammasome and the release 
of pro-inflammatory IL-1β, explaining the inflammatory phenotype of 
mevalonate kinase deficiency165. The episodic nature of inflammatory 
attacks in mevalonate kinase deficiency might be partially attributed to 
the temperature sensitivity of mevalonate kinase. In vitro studies have 
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shown that enzyme activity decreases 2-fold to 8-fold in cultured cells 
exposed to elevated temperatures166. Events such as minor infections, 
vaccinations or vigorous exercise, which mildly raise body temperature, 
are frequently associated with triggering attacks166.

Mevalonate kinase deficiency encompasses two distinct pheno-
types: hyperimmunoglobulin D syndrome and mevalonic aciduria, 
caused by partial and complete deficiency of mevalonate kinase, 
respectively. The information presented in this Review primarily per-
tains to hyperimmunoglobulin D syndrome as mevalonic aciduria 
is associated with severe, early-onset neurological presentations. 
Episodes of high, sterile fevers, often >40°C, are the most common 
presenting symptom in hyperimmunoglobulin D syndrome, typically 
commencing within the first year of life with flares lasting approxi-
mately 3–7 days167,168. Fevers might occur spontaneously or might be 
precipitated by vaccination (which often triggers the first attack), 
routine childhood infections, exercise or emotional stress167,168. Febrile 
episodes are irregular and might occur at intervals of 2–8 weeks. Febrile 
attacks are often accompanied by painful cervical lymphadenopathy, 
severe abdominal pain (sometimes mimicking an acute abdomen) and 
inflammatory arthritis of the large peripheral joints. Mucocutaneous 
manifestations are variable and include maculopapular rashes, ery-
thema nodosum, and oral and genital aphthous ulcers167,169. Inflamma-
tory biomarkers, including erythrocyte sedimentation rate, C-reactive 
protein and white blood cell count, are highly elevated during attacks. 
Interestingly, the frequency of febrile attacks typically decreases with 
age, although complete remission is not observed. Diagnostic delay 
is common, with an average lag of 7 years168, and this disorder can be 
misdiagnosed as systemic-onset JIA, Behcet disease, periodic fever, 
aphthous stomatitis, pharyngitis, adenitis (PFAPA) syndrome, familial 
Mediterranean fever or recurrent viral illnesses168.

Although elevated levels of circulating IgD antibodies were 
reported in the original Dutch cohort of individuals with hyperim-
munoglobulin D syndrome, leading to the name hyper IgD syndrome, 
this marker has limited diagnostic value and is no longer recommended 
for clinical evaluation or disease monitoring170,171. By contrast, elevated 
urinary mevalonate levels during disease flares offer greater specific-
ity, although definitive diagnosis relies on molecular confirmation 
through MVK sequencing and mevalonate kinase assays172. Importantly, 
biallelic variants in PMVK, encoding the kinase immediately distal to 
mevalonate kinase in the isoprene biosynthesis pathway, have been 
reported to cause a mevalonate kinase deficiency-like phenotype. Phos-
phomevalonate kinase deficiency should be considered in individuals 
with clinical features suggestive of mevalonate kinase deficiency but 
lacking pathogenic variants in MVK173,174.

The IL-1 inhibitor canakinumab is approved to treat mevalonate 
kinase deficiency. In the CLUSTER trial, 35% of patients met the primary 
end point of resolution of baseline flare within 15 days of treatment, 
with no new flares for 16 weeks175. On-demand use of anakinra, another 
IL-1 inhibitor, has also been shown to reduce the severity and duration 
of febrile attacks176. Beyond IL-1 inhibition, expert opinion from the 
2021 European Alliance of Associations for Rheumatology–American 
College of Rheumatology consensus guidelines suggest that 
glucocorticoids and anti-TNF agents might also be helpful171.

α-Mannosidosis
α-Mannosidosis is an autosomal-recessive lysosomal storage disor-
der that results from deficient activity of lysosomal α-mannosidase 
encoded by MAN2B1. This enzyme is needed for the cleavage of man-
nose residues present in N-linked glycoproteins. α-Mannosidase 

deficiency results in the intra-lysosomal accumulation of unbranched 
oligosaccharides177,178. Although immune dysfunction is a recognized 
feature, the specific underlying inflammatory mechanisms remain 
poorly defined.

α-Mannosidosis is a multi-system, highly clinically heterogene-
ous disease. The characteristic features of α-mannosidosis include 
intellectual disability, recurrent infections, hearing loss and facial and 
skeletal abnormalities, as well as hypotonia and cerebellar ataxia179–181. 
Early psychomotor development is typically normal. Facial coarsening 
is progressive, with the gradual development of a prominent forehead, 
rounded eyebrows, flattened nasal bridge and macroglossia reminis-
cent of the mucopolysaccharidoses. Skeletal abnormalities include dys-
ostosis multiplex (Fig. 2), scoliosis, chest-wall deformities and severe 
coxarthrosis. One patient seen at our centre developed severe erosive 
knee arthropathy (Fig. 3). Immune deficiency is common, with many 
patients demonstrating poor humoral immune responses and often 
experiencing recurrent infections, especially during the first decade 
of life179,180. Autoimmune manifestations have also been documented, 
including SLE, Sjögren syndrome, pancytopenia, hypothyroidism and 
primary biliary cirrhosis180–183.

Biochemical and molecular testing should be pursued simultane-
ously. Mannose-rich oligosaccharides can be detected in urine using 
thin-layer liquid chromatography or high-performance liquid chro-
matography. The most efficient and reliable method for establishing 
a diagnosis is the measurement of acidic α-mannosidase activity in 
leukocytes179. Molecular testing should begin with targeted sequenc-
ing analysis of MAN2B1, followed by gene-targeted duplication and 
deletion analysis, if initial results are inconclusive184.

In 2018, velmanase alfa was approved as the first enzyme replace-
ment therapy for the treatment of the non-central nervous system mani-
festations of α-mannosidosis. This drug has been shown to reduce serum 
oligosaccharide levels, improve functional capacity and increase serum 
immunoglobulin levels185. HSCT has been reported anecdotally through-
out the literature, with the largest case series involving 17 patients186. 
In this retrospective analysis, most patients experienced developmental 
improvement following transplantation, as well as improvement in 
auditory function and skeletal disease in some patients186.

Prolidase deficiency
Prolidase deficiency is an autosomal-recessive disorder caused by 
pathogenic variants in PEPD, encoding the enzyme prolidase. Prolidase 
is a member of the peptidase family and forms a homodimer that hydro-
lyses dipeptides or tripeptides with a C-terminal proline or hydroxy-
proline residue187. Prolidase has an important role in the recycling of 
proline and is suspected to be the rate-limiting step in the production of 
collagen188. The accumulation of proline or hydroxyproline dipeptides 
might lead to cell death, causing inflammation and skin problems.

Prolidase deficiency has a range of phenotypic manifestations 
including intellectual disability, recurrent infections, autoimmun-
ity, dysmorphic features, skin lesions (including severe and chronic 
painful skin ulcers of the lower extremities and telangiectasias on the 
hands and the face), splenomegaly, elevated liver enzymes and skeletal 
anomalies187. This disorder is a recognized mimic of SLE, predominantly 
presenting with cutaneous features and systemic autoimmunity.

Laboratory findings often include thrombocytopenia, hypocom-
plementaemia and hypergammaglobulinaemia189. Biochemical find-
ings include increased levels of proline metabolites in both serum and 
urine. The ‘hallmark’ feature is massive imidopeptiduria, characterized 
by the presence of dipeptides containing proline and hydroxyproline in 
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the urine. Importantly, the clinical laboratory should be informed when 
prolidase deficiency is suspected as specialized analytical techniques 
might be needed for the detection of urine imidodipeptides. Although 
no standardized diagnostic criteria or testing algorithms currently 
exist for this condition, definitive diagnosis can be established by 
identifying biallelic pathogenic variants in PEPD through molecular 
genetic testing190.

No disease-specific treatment is currently available for pro-
lidase deficiency. Therapies depend on the clinical manifestations 
but might include a combination of intravenous immunoglobulin, 
low-molecular-weight heparin, vitamin C, topical proline and topical 
tacrolimus187.

Acid sphingomyelinase deficiency type B
Acid sphingomyelinase deficiency type B (ASMD type B; previously 
known as Niemann–Pick Type B) is a lysosomal storage disorder caused 
by biallelic pathogenic variants in SMPD1, encoding sphingomyelin 
phosphodiesterase 1 (SMPD1). These variants result in reduced SMPD1 
activity, resulting in a milder phenotype than ASMD type A, where 
enzyme activity is completely abolished191,192. In lysosomes, SMPD1 
hydrolyses sphingomyelin into ceramide and phosphocholine192. 
Reduced SMPD1 activity results in sphingomyelin accumulation in 
the lysosomes of macrophages, hepatocytes and vascular endothe-
lial cells192, forming lipid-laden foam cells that affect organs of the 
reticuloendothelial system192. In Smpd1-knockout mice, elevated lev-
els of MIP-1α and MIP-2 in bronchoalveolar fluid, along with increased 
neutrophil infiltration in the lungs, suggest the role of pulmonary 
inflammation in disease pathogenesis193.

Most individuals with ASMD type B develop hepatosplenomeg-
aly in early childhood, although some patients receive a diagnosis in 
adulthood194,195. Other presenting features include thrombocytopenia 

secondary to hypersplenism194,195, pulmonary complications due to 
the onset of interstitial lung disease194,195, hyperlipidaemia, growth 
restriction and osteopenia194,195. Patients might have ocular abnormali-
ties including macular halos and cherry-red macula194,195. In contrast 
to ASMD type A, ASMD type B is defined by little to no neurological 
involvement, although a few individuals might experience peripheral 
neuropathy, ataxia and intellectual disability196,197. Common misdiagno-
ses of ASMD type B include ASMD type C, haematological malignancy 
and Gaucher disease198.

Clinicians should confirm a suspected diagnosis of ASMD type B  
by measuring acid sphingomyelinase activity in leukocytes or 
fibroblasts197. If enzyme activity is reduced, sequencing of SMPD1 can 
validate the biochemical findings and identify pathogenic variants197. 
In terms of therapy, the enzyme replacement therapy olipudase alfa 
provides an exogenous source of acid sphingomyelinase, and is avail-
able for non-central nervous system complications owing to its inabil-
ity to cross the blood–brain barrier199. In the ASCEND clinical trial, 
adults with ASMD type B treated with olipudase alfa for 2 years showed 
improvements in pulmonary function — as measured by percentage 
predicted diffusing capacity for carbon monoxide — as well as reduc-
tions in hepatosplenomegaly and lipid parameters compared with 
placebo treatment200,201. In the ASCEND-Peds clinical trial, children with 
ASMD type B also showed clinical improvement199,202. HSCT has also 
been shown to correct non-central nervous system complications, but 
given the associated morbidity and mortality risks with this approach, 
olipudase alfa is typically the preferred therapeutic approach197.

Outlook
Genomic technologies are increasingly utilized in paediatric rheu-
matology, primarily in the setting of undiagnosed autoinflammatory 
disease and early onset SLE, where exome and genome sequencing have 

ba

Fig. 3 | Knee arthrosis in a paediatric patient with α-mannosidosis. a,b, Clinical 
and radiographic findings in a 17-year-old male patient with α-mannosidosis. 
Panel a shows the external appearance of the affected knee. Panel b shows 

near-complete destruction of the right lateral femoral condyle on radiographic 
imaging. Interestingly, microscopic examination of the synovium obtained 
during subsequent surgery did not reveal notable inflammatory cell infiltration.
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demonstrated increasing diagnostic utility159,203–209. By contrast, genetic 
testing is less frequently used in the diagnosis of JIA, which remains a 
clinical diagnosis with few monogenic aetiologies. However, given the 
subtle presentations of the inborn errors of metabolism described 
herein, and the difficulty of clinical diagnosis, we propose that exome or 
genome sequencing should be considered a critical step in the evalua-
tion of atypical or treatment-refractory JIA and perhaps in other similar 
early-onset and/or atypical rheumatological presentations, especially 
when single gene testing and/or gene panel testing have failed to yield 
a diagnosis. Exome and genome sequencing have the benefit of trio 
analysis, which can assist with phasing of variants and identification 
of de novo variation. Moreover, curated gene panels might become 
quickly outdated as new genetic causes are described, whereas exome 
and genome sequencing data remain available for re-analysis over time.

Biochemical testing remains a critical adjunct to genetic testing, 
especially in the context of variants of uncertain significance, when 
molecular testing is unavailable, or in the setting of non-diagnostic 
genetic testing results despite high clinical suspicion. Ultimately, con-
firming a diagnosis of an inborn error of metabolism is necessary not 
just for guiding management, but also for facilitating genetic coun-
selling and testing of at-risk relatives. However, substantial dispari-
ties exist worldwide in the diagnosis of inborn errors of metabolism. 
In resource-limited settings, access to diagnostic testing might only be 
available through international collaboration with specialized research 
laboratories. Likewise, there is similar disparity in the availability of ther-
apies for inborn errors of metabolism. The overwhelming majority of 
investigational or approved therapies are available only in high-resource 
regions such as Europe, North America, Israel, Japan and Australia. Thus, 
access to disease-modifying therapies in resource-limited settings might 
rely on charitable expanded access programmes where available210,211.

Conclusion
This Review is aimed at encouraging clinicians and researchers to con-
sider inborn errors of metabolism in the differential diagnosis of atypical 
or treatment-refractory presentations of rheumatological disease. Each 
disorder discussed could conceivably present initially to a rheumatol-
ogy clinic. Although the title refers to these inborn errors of metabolism 
as ‘masqueraders’ of rheumatological disease, this framing — although 
useful diagnostically — oversimplifies their mechanistic complexity. 
These disorders highlight how a broad repertoire of metabolites can 
directly influence immune-cell regulation. Immunometabolism has 
been historically viewed through the lens of the major pathways of 
intermediary metabolism. These pathways include bioenergetic shifts 
from oxidative phosphorylation to anaerobic glycolysis (known as the 
Warburg effect) as well as the fragmentation of the Krebs cycle and 
subsequent diversion of its intermediates both for the biosynthesis 
of inflammatory mediators and for the regulation of inflammatory 
gene expression212–216. However, the disorders reviewed here show that 
immune-cell function depends on a much wider array of metabolic 
processes15.
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Abstract

Articular cartilage is crucial for joint function; however, it has 
limited regenerative capacity when damaged, a hallmark of many 
rheumatic diseases. Non-invasive imaging is essential for early 
diagnosis, therapeutic monitoring and prognostication. MRI 
remains the reference standard, offering detailed assessment of both 
morphological and compositional cartilage changes. Technological 
advances, including high-resolution and compositional MRI 
techniques such as T2 mapping, T1ρ, delayed gadolinium-enhanced 
MRI of cartilage, sodium imaging, diffusion imaging and ultra-short 
echo-time imaging, enable early detection of matrix alterations that 
precede structural breakdown. CT arthrography, although it involves 
radiation, serves as a valuable alternative when MRI is contra-indicated, 
offering high performance in the detection and evaluation of cartilage 
surface lesions. Emerging modalities, such as ultrasonography and 
PET, offer additional functional insights but are currently limited 
in scope. Artificial intelligence is poised to transform cartilage 
imaging through accelerated acquisition, automated segmentation, 
improved interpretation and enhanced efficiency, with growing 
clinical adoption. Advanced cartilage imaging will probably have an 
increasingly important role in clinical rheumatology, particularly for 
the optimization of individualized management of cartilage pathology.
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CT and CT arthrography remain widely used in clinical practice, 
particularly when MRI is contraindicated or unavailable. Although 
conventional CT has limited use in assessing non-calcified tissues, 
CT arthrography, through direct intra-articular contrast medium 
injection, provides excellent spatial resolution and is particularly 
adept at delineating cartilage surface lesions8. Despite the radiation 
exposure, its diagnostic accuracy, rapid acquisition and compatibility 
with metallic implants make it a viable alternative in selected clinical 
scenarios9.

Other modalities, such as ultrasonography and nuclear medicine 
techniques, are increasingly being explored for cartilage assessment, 
but their current clinical application remains limited. Although some 
cartilage surfaces, particularly those deep within the joint, might 
not be easily accessible to ultrasonography, its accessibility and 
potential for dynamic evaluation render it promising for selected 
clinical or research tasks. PET, particularly when combined with 
MRI (PET–MRI), might offer insights into cartilage metabolism and 
inflammation, opening up new avenues for functional imaging in 
rheumatic diseases.

A transformative development in musculoskeletal radiology, par-
ticularly in cartilage imaging, is artificial intelligence (AI), with applica-
tions quickly expanding from research settings to clinical practice10. 
AI-driven tools might help to automate segmentation, enhance image 
interpretation and improve diagnostic consistency across imaging 
platforms. In addition, AI-based acceleration of image acquisition 
and image reconstruction has already become standard of care in the 
clinical environment and has led to marked time and cost savings, 
improved image quality, combined with increased patient comfort 
owing to shorter examination times11.

This Review provides a comprehensive overview of contempo-
rary and emerging cartilage imaging and analysis techniques. The 
goal is to equip rheumatologists with a current understanding of the 
evolving imaging landscape, ultimately facilitating more precise and 
individualized care for patients with cartilage disease. We highlight 
key advances in cartilage imaging, with a particular emphasis on their 
technical development, clinical use and potential for integration into 
routine rheumatology practice.

MRI technical considerations
The evaluation of articular cartilage with MRI depends on intrinsic 
cartilage characteristics, such as T1 recovery time, T2 decay time and 
proton density, all of which can be altered in early cartilage damage, and 
extrinsic parameters that are machine and protocol-dependent, such as 
field strength, repetition time, echo time and flip angle12. MRI at a high 
magnetic field strength of 3 T offers substantial technical advantages 
over 1.5 T, primarily through its nearly doubled signal-to-noise ratio 
(SNR), which can be invested in higher spatial resolution, thinner slice 
acquisition and reduced scan duration13. This improvement can trans-
late into superior detection of focal cartilage defects, as demonstrated 
in several studies14–16. Ultra-high-field (7 T) MRI provides an additional 
improvement in SNR; however, numerous challenges and limitations 
prevent the widespread use of this technique, including limited avail-
ability, coil design requirements and patient comfort17. Comparisons 
of cartilage assessment in the wrist at 3 T and 7 T MRI in a multireader 
exercise show slight superiority of 7 T, but only for some features18. 
Figure. 1 illustrates a direct comparison of 3 T versus 7 T imaging for 
the wrist and knee joint.

Coil selection is a key factor that influences image quality. For knee 
cartilage imaging in particular, dedicated knee coils or multichannel 

Key points

	• MRI is the primary imaging technique used to directly visualize 
articular cartilage. All MRI field strengths can be used for cartilage 
imaging, whereas higher magnetic field strength allows for greater 
spatial resolution and shorter acquisition times.

	• Semi-quantitative MRI assessment allows for evaluation of cartilage 
surface damage regarding area extent and depth, but also covers other 
articular structures, such as subchondral bone and menisci.

	• Quantitative cartilage morphometry involves cartilage tissue 
segmentation from MRI and computation of diverse 3D measures; 
this technique is highly sensitive to change over time.

	• Compositional MRI techniques allow for the evaluation of the 
cartilage ultrastructure prior to the presence of surface damage and 
can be used as biomarkers for early cartilage degeneration.

	• Advances in the CT field include the advent of spectral, photon- 
counting and weight-bearing CT, whereas the application of PET and 
other nuclear medicine techniques to cartilage has been limited.

	• Artificial intelligence is increasingly used in cartilage evaluation 
to accelerate MRI acquisition and improve image quality. Artificial 
intelligence-based automated segmentation enables precise cartilage 
quantification.

Introduction
Articular cartilage has a central role in maintaining joint function 
by providing a low-friction, load-bearing surface1. Damage to carti-
lage, whether traumatic, degenerative or as a result of intra-articular 
inflammation, is a common feature of many rheumatic diseases, 
including osteoarthritis (OA), with limited potential for spontaneous 
regeneration and healing2.

Imaging techniques have evolved substantially over the past 
two decades, offering clinicians and researchers a range of tools for 
the visualization and quantification of cartilage pathology3. MRI 
remains the cornerstone of non-invasive cartilage assessment4. As 
the primary modality for evaluating both traumatic and degenerative 
lesions, MRI enables detailed visualization of morphological (surface 
damage) and compositional changes (intrachondral tissue altera-
tions). Continuous refinement of pulse sequences over the past two 
decades, including fast spin-echo (FSE), gradient-recalled echo (GRE), 
and composite and high-resolution 3D sequences, have markedly 
improved the detection of focal defects, delaminating cartilage lesions 
and widespread surface damage. Beyond structural evaluation based 
on semi-quantitative multi-tissue and quantitative segmentation-based 
approaches5,6, compositional MRI techniques such as T2 mapping, T1ρ, 
delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), sodium 
imaging, diffusion-weighted imaging and Ultra-short echo-time 
imaging (UTE) have emerged as powerful tools for assessing cartilage 
ultrastructure7. These modalities enable the non-invasive assessment of 
matrix integrity, hydration status, collagen organization and collagen 
and proteoglycan content, factors that often precede morphological 
breakdown and could potentially serve as early biomarkers for disease 
onset or progression.
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extremity coils are preferred19. For smaller joints, such as the wrist, 
a flexible surface coil is preferred as it can be positioned closely to the 
anatomical region of interest. Parallel imaging techniques supported 
by multichannel coils help to reduce scanning time while maintaining 
spatial resolution20.

2D FSE sequences are the clinical standard for evaluating cartilage 
morphology. Among the various sequences available, fat-suppressed 
intermediate-weighted sequences offer the best contrast within the 
cartilaginous tissue and between the cartilage and surrounding tis-
sues, such as synovial fluid and subchondral bone21. Additionally, they 

provide the advantage of depicting other joint structural lesions, 
including meniscal or ligamentous tears and bone marrow oedema.

Several 3D sequences have been developed, each with different 
strengths and weaknesses. 3D GRE sequences, such as dual-echo steady  
state (DESS), offer excellent contrast between cartilage and surround-
ing structures and are the reference for cartilage morphometry. 
However, they are less sensitive to detecting focal cartilage damage 
than fat-suppressed intermediate-weighted MRI and are mostly used 
in the research setting or in clinical trials21 (Fig. 2). 3D FSE sequences 
have demonstrated good diagnostic performance for cartilage lesion 

a  3 T b  7 T

c  3 T d  7 T

Fig. 1 | Direct comparison between 3 T and 7 T MRI. Increased field strength 
can be used for acceleration of image acquisition or increase in spatial resolution. 
a, 3 T MRI (coronal intermediate fat-suppressed image) shows a scaphoid 
fracture with marked bone contusion and a small step-off of the proximal cortex. 
The proximal fracture location is depicted by the yellow arrow. It is unclear 
whether the cartilage surface is intact or not. b, Corresponding coronal 7 T 
image similarly shows a definitive small step-off of the proximal articular surface 
(orange arrow). In addition, superior delineation of the capitate and scaphoid 
cartilaginous surfaces occurs at 7 T compared with 3 T (yellow arrows), probably 

reflected by enhanced visualization of joint fluid. c, Axial intermediate-weighted 
fat-suppressed image of the knee at 3 T shows discrete superficial surface 
irregularities at the medial patella (yellow arrow) and the patellar apex (orange 
arrow). d, Corresponding 7 T MRI shows a definite delaminating surface defect 
at the apex that is not appreciated at 3 T MRI (orange arrow). The medial surface 
damage is depicted with comparable quality on 3 T and 7 T MRI (yellow arrow). 
The trochlear cartilage is not adequately visualized owing to a slightly different 
knee flexion angle.
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diagnosis, but their widespread clinical use has been hindered by limi-
tations, including long acquisition times, lower in-plane resolution 
compared with 2D sequences and some degree of blurring21,22.

Semi-quantitative MRI cartilage assessment
Semi-quantitative MRI assessment in osteoarthritic joints offers ways 
of understanding OA disease progression across the entire joint23, 
and can be performed with the help of several available scoring  
systems24–37 (Table 1).

Semi-quantitative MRI analysis of knee OA features including car-
tilage damage has helped to better understand associations between 
structural damage, disease progression (including prediction of joint 
replacement) and clinical pain and symptoms38,39. Available evidence 
from the literature supports the reliability, validity and responsiveness 
of semi-quantitative MRI evaluation in observational studies and clini-
cal trials of OA5,39–41. Examples of the application of semi-quantitative 
grading for the evaluation of therapeutic effects of a given interven-
tion include the evaluation of the efficacy of autologous protein solu-
tion in 53 patients with varying degrees of knee OA, with statistically 
significant improvement in cartilage damage grades reported after 
treatment42. In the randomized controlled STARR trial, worsening 
of semi-quantitative cartilage grades compared with baseline was 
observed in 40% (n = 16) of the arthroscopic partial meniscectomy 
group compared with 22% (n = 9) of the physical therapy group, pos-
sibly indicating worsening of cartilage defects in the arthroscopic 
partial meniscectomy group in young patients with isolated trau-
matic meniscal tears without radiographic OA43. A post hoc analysis 
of the VIDEO trial, which investigated the effects of vitamin D on OA, 

indicated that vitamin D supplementation in patients with OA and 
25-hydroxyvitamin D levels greater than 43 nmol/l might slow the 
progression of cartilage lesions, as assessed by semi-quantitative 
grading44.

One possible reason for the failure of disease-modifying OA drug 
(DMOAD) trials might be the heterogeneity of the disease. OA inves-
tigators have thus been calling for a stratification of study popula-
tions by performing MRI-based screening for clinical trial eligibility45. 
Various structural phenotypes of knee OA have been proposed in 
the literature and can be defined based on semi-quantitative MRI23. 
These semi-quantitative MRI-based phenotypes include subchondral 
bone, cartilage–meniscus, inflammatory, atrophic and hypertrophic 
phenotypes46. For example, one study of 733 participants from the 
Osteoarthritis Initiative (OAI) study with Kellgren–Lawrence grade 2 
knee OA showed that the cartilage–meniscus phenotype was associ-
ated with the progression of osteophytes and sclerosis at 24 months’ 
follow-up, and was not associated with shorter time to subsequent 
total knee replacement47.

Different definitions of a cartilage–meniscus phenotype have been 
suggested48. Based on data from the Foundation for National Institute 
of Health OA Biomarkers study, the study showed that there was an 
increased likelihood of cartilage damage progression over 48 months 
for those with Kellgren–Lawrence grade 2 knee OA for all definitions, 
but the same result was not observed for those with Kellgren–Lawrence 
grade 3 knee OA48.

Overall, current evidence suggests that MRI-based semi-
quantitative imaging research (most commonly on knee OA), 
including assessment of articular cartilage in OA-affected joints, 

a  DESS b  FS TSE

Fig. 2 | Relevance of sequence selection for evaluation of focal cartilage 
defects. a, Sagittal 3D T2-weighted dual-echo steady state (DESS) sequence 
shows a small hypointense signal change within the central aspect of the 
lateral tibial plateau (yellow arrow). No definite surface damage is apparent. 
b, Corresponding sagittal intermediate-weighted fat-suppressed turbo spin 

echo (FS TSE) sequence shows a definite surface lesion at the central lateral 
tibia (orange arrow). High-resolution 3D gradient echo-type sequences are less 
sensitive for the detection of focal cartilage damage than standard 2D turbo spin 
echo sequences.
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Table 1 | Semi-quantitative MRI scoring systems for the whole joint including assessment of cartilage damage

Scoring system Publication year Cartilage scoring Ref.

Knee

WORMS 2004 Cartilage signal and morphology: 0 (normal thickness and signal); 1 (normal thickness but increased signal 
on T2-weighted images); 2.0 (partial-thickness focal defect <1 cm at greatest width); 2.5 (full-thickness focal 
defect <1 cm at greatest width); 3 (multiple areas of partial-thickness (grade 2.0) defects intermixed with areas 
of normal thickness, or a grade 2.0 defect wider than 1 cm but <75% of the region); 4 (diffuse (≥75% of the region) 
partial-thickness loss); 5 (multiple areas of full-thickness loss (grade 2.5) or a grade 2.5 lesion wider than 1 cm 
but <75% of the region); 6 (diffuse (≥75% of the region) full-thickness loss)

24

KOSS 2005 The depth of a cartilaginous defect: 0 (absent, that is, no abnormality in signal intensity or morphology); 1 (less 
than 50% reduction of cartilage thickness); 2 (50% or greater reduction of cartilage thickness); 3 (full-thickness 
or near-full-thickness cartilage defect)

25

The surface extent is estimated by its maximal diameter: 0 (absent); 1 (minimal, <5 mm); 2 (moderate, 5–10 mm); 3 
(severe, >10 mm)

BLOKS 2008 Size of any cartilage loss as a percentage of surface area as related to the size of each individual region: 0 (none); 
1 (<10% of the region of cartilage surface area); 2 (10–75% of region of cartilage surface area); 3 (>75% of the 
region of cartilage surface area)

26

Percentage of full-thickness cartilage loss of the region: 0 (none); 1 (<10% of the region of cartilage surface area); 
2 (10–75% of the region of cartilage surface area); 3 (>75% of the region of cartilage surface area)

MOAKS 2011 Size of any cartilage loss as a percentage of surface area as related to the size of each individual region: 0 (none); 
1 (<10% of the region of cartilage surface area); 2 (10–75% of region of cartilage surface area); 3 (>75% of the 
region of cartilage surface area)

27

Percentage full-thickness cartilage loss of the region: 0 (none); 1 (<10% of the region of cartilage surface area); 
2 (10–75% of the region of cartilage surface area); 3 (>75% of the region of cartilage surface area)

Meredith et al. 2009 Degree of cartilage damage: 0 (normal); 1 (increased signal heterogeneity without surface disruption); 2 (fraying 
(superficial only)); 3 (fissuring (full thickness lesions <1 mm in width)); 4 (thinning <50% of cartilage thickness); 
5 (thinning >50% of cartilage thickness); 6 (full thickness cartilage loss)

28

Greatest diameter of lesion of greatest severity: 0 (normal); 1 (<1 cm); 2 (1–2 cm); 3 (2–3 cm); 4 (>3 cm)

Degree of cartilage damage and lesion size scores summed over 17 regions (hypothetical range 0–102): 0 (none); 
0–30 (mild); 30–60 (moderate); >60 (severe)

ACLOAS 2014 Cartilage damage: 0 (normal cartilage); 2.0 (focal partial-thickness defect <10% of the subregional area 
affected); 2.5 (focal full-thickness defect, ≥10% of the subregional area affected); 3 (multiple areas of partial- 
thickness (grade 2.0) defects and areas of normal thickness in the subregion, or a grade 2.0 defect ≥10% but  
<75% of the subregion); 4 (diffuse partial-thickness loss, ≥75% of the subregion); 5 (multiple areas of full- 
thickness loss (grade 2.5) or a grade 2.5 lesion ≥10% but <75% of the subregion); 6 (diffuse full-thickness 
loss, ≥75% of subregion)

29

CROAKS 2014 Cartilage damage: each articular cartilage region is graded for area extent of loss and percentage loss in this 
subregion that is affected by full-thickness loss. Thus, a two-digit score is applied, with the first digit describing 
the area size of the lesion and the second digit describing the percentage of the subregion that is affected by 
full-thickness loss. Possible scores: 1.0; 1.1; 2.0; 2.1; 2.2; 3.0; 3.1; 3.2; 3.3

30

ROAMES 2020 Cartilage damage: 0 (normal cartilage surface), 1 (maximum grade in the compartment is a focal defect, that 
is WORMS 2 and 2.5), 2 (maximum grade in the compartment is superficial diffuse damage, that is, WORMS 
3 and 4), 3 (maximum grade in the compartment is diffuse full-thickness damage, that is, WORMS 5 and 6); 
combined lesions (diffuse superficial plus small full-thickness component) grades 2.1 and 3.1 in MOAKS are 
categorized as 2 and 3

31

Uppstrom et al. 2025 Chondral loss: high-grade partial thickness (>50%) or full thickness and the size of the chondral lesions 
(<10 mm2, 10–14 mm2 or 15 mm2; the extent of chondral loss was scored as 0 (absent), 1 (mild, 10–14 mm2), 
or 2 (severe, ≥15 mm2); small chondral lesions <10mm2 were scored as 0

32

Hip

HOAMS 2011 Cartilage integrity or damage: assessed using a single score that is based on a percentage of affected area 
of any given subregion, focal defects are differentiated from more diffuse damage; in addition, the depth 
of the cartilage lesion is taken into account; any subregion is scored according to worst grade within that 
subregion (0 (normal cartilage), 1 (focal partial thickness defect, ≤25% of the subregional area affected), 2 (focal 
full-thickness defect, ≤25% of the subregional area affected), 3 (several partial-thickness defects or a single but 
larger superficial defect, >25% of subregional area affected), 4 (several large full-thickness defects or a single 
full-thickness defect, >25% of the subregional area affected))

33

SHOMRI 2015 Articular cartilage lesions: scored in each of the ten subregions using a three-point scale (0 (no loss), 1 
(partial-thickness loss), 2 (full-thickness loss)); for large lesions that span more than one region (>1 cm in maximal 
diameter), a lesion is scored in both subregions; if the lesion is <1 cm it is scored in the subregion where more than 
50% of the lesion is located; each of the ten subregions is scored separately and added for a total cartilage score

34
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continues to have an important role in observational and clinical  
studies of OA49.

Segmentation-based cartilage morphometry
Unlike semi-quantitative evaluation, segmentation-based quantitative 
MRI, also known as cartilage morphometry, involves cartilage tissue 
segmentation from MRI, and computation of diverse 3D morphometric 
measures. These measures include cartilage thickness, volume, sub-
chondral bone size, denuded areas and others6. Commonly used MRI 
sequences include spoiled GRE (also termed fast low-angle shot or fast 
field echo or DESS) and quantitative DESS (qDESS)6 (Fig. 3).

Although not used routinely for clinical OA diagnosis, cartilage 
morphometry is highly sensitive to subtle changes over time and there-
fore particularly valuable for research and clinical trials. Cartilage 
morphometry is primarily used in epidemiological studies of OA risk 
factors and disease progression, and interventional trials that assess 
therapeutic effects6. As quantitative cartilage biomarkers are targeted 
for use as responsive surrogate endpoints in clinical trials, cartilage loss 
has been successfully related to knee pain and radiographic change50,51, 
surgical knee replacement52–54 and a pain-based end point of virtual 
knee replacement55,56. The ROCCELLA trial enrolled over 800 peo-
ple across ~100 clinical sites. Although the drug under investigation 
(S201086/GLPG1972, an ADAMTS-5 inhibitor) did not show any positive 
effects for cartilage loss, morphometry revealed high sensitivity to 
disease-related change over 1 year57. Satisfactory test–retest reproduc-
ibility and low ‘smallest detectable changes’ were reported in this trial, 
confirming high methodological reliability and precision58.

Cartilage morphometry has been applied in numerous other 
OA treatment trials, spanning pharmacological (such as sprifer-
min)59–65, lifestyle (IDEA study)66, regenerative therapy67 and surgical 
intervention68–71. Sprifermin (FGF18) increased cartilage thickness 
versus placebo over 2 years59 and this effect was maintained over  
3 years post-treatment61,63. No benefits for OA-related pain were 
observed in this cohort, but post hoc analyses show improvements in 
pain for patients with severe disease 3–5 years after treatment60,62. Fur-
thermore, 2 months of knee joint distraction (a joint-preserving treat-
ment) increased cartilage thickness over 1 year68, and was associated 
with considerable improvement in pain and lasting structural effects 

observed up to and over 10 years69–71. High tibial osteotomy markedly 
reduced cartilage thickness loss versus placebo over a period of 1 year, 
accompanied by strong parallel improvements in clinical outcomes72.

Future directions include the use of qDESS with short acquisi-
tion time for combined assessment of cartilage morphometry and 
composition (T2 mapping)73–75. AI and convolutional neural network 
(CNN)-based segmentation methodologies are increasing the feasibil-
ity of automated cartilage morphology and T2 mapping or T1ρ analysis 
in early disease76–78 and that of denuded bone and cartilage loss at 
advanced stages79,80. Location-independent approaches permit meas-
uring cartilage change and treatment effects independent of specific 
joint locations, with improved sensitivity63,81. Cartilage morphometry 
has been shown to perform comparably at 1.5 T and 3 T82,83.

Cartilage MRI at 3 T and 7 T versus 1.5 T
Interest in cartilage imaging using high-field (3 T) and ultra-high-field 
whole-body systems (7 T and above) is growing as higher SNR with 
increasing magnetic field strength can be used to improve spatial and 
temporal resolution. To ensure the optimal performance of cartilage 
examination using ultra-high-field MRI, using well-optimized sequences 
and dedicated coils is required. Analysis of SNR gain at 7 T versus 3 T using 
a series of clinical protocols for the knee, including two 2D sequences 
(proton density-weighted turbo spin echo and T1-weighted spin echo) 
and three isotropic 3D sequences (true fast imaging with steady-state 
free precession, fast low-angle shot and proton density-weighted turbo 
spin-echo sampling perfection with application optimized contrast 
using different flip-angle evolution)84, showed that the higher SNR of 
the 7 T MRI machine can be used to either substantially decrease the 
scan time or increase the in-plane resolution (by a mean factor of 2, with 
signal-intense sequences even by a factor of 4). 3 T MRI offers greater 
diagnostic accuracy than 1.5 T MRI for articular cartilage lesions85.

High spatial resolution at 3 T and 7 T enables examination of the 
thin cartilage layers in ankle and wrist joints and subtle abnormalities 
such as early delamination of cartilage86–88. In addition to morphologi-
cal imaging, one of the main strengths of high-field and ultra-high-field 
MRI is compositional MRI, which enables the detection of biochemi-
cal and ultrastructural changes in the cartilage extracellular matrix  
(discussed in a later section).

Scoring system Publication year Cartilage scoring Ref.

Hand and thumb base

OHOA-MRI 2011 JSN is used as a surrogate measure of cartilage loss: 0 (no JSN); 1 (mild JSN); 2 (bone-to-bone contact in part of 
the joint); 3 (bone-to-bone contact in the whole joint)

35

HOAMRIS 2014 Cartilage space loss in hand OA: 0 (normal); 1 (mild, loss of cartilage space without bone-to-bone contact); 2 
(moderate, focal complete loss of cartilage space); 3 (severe, complete cartilage space loss affecting >50% of 
the articulating joint area)

36

TOMS 2017 Loss of cartilage, or loss of cartilage space based on the inter-bone distance in thumb base OA; if the assessment 
of cartilage and cartilage space are in conflict, direct visualization of the cartilage should be prioritized 
(0 (no loss of cartilage or cartilage space), 1 (mild cartilage loss without complete denuding, or cartilage 
space loss without bone-to-bone contact), 2 (moderate cartilage loss with 50% denuding of the joint surface 
or focal complete cartilage space loss with bone-to-bone contact that spans 50% of the articulating area), 3 
(severe cartilage loss with >50% denuding of the joint surface or complete cartilage space loss over >50% of the 
articulating area))

191

ACLOAS, Anterior Cruciate Ligament Osteoarthritis Score; BLOKS, Boston–Leeds Osteoarthritis Knee Score; CROAKS, Cartilage Repair Osteoarthritis Knee Score; HOAMRIS, Hand 
Osteoarthritis MRI Scoring System; HOAMS, Hip Osteoarthritis MRI Score; JSN, joint space narrowing; KOSS, Knee Osteoarthritis Scoring System; MOAKS, MRI Osteoarthritis Knee Score; 
OA, osteoarthritis; OHOA-MRI, Oslo Hand Osteoarthritis MRI score; ROAMES, Rapid Osteoarthritis MRI Eligibility Score; SHOMRI, Scoring Hip Osteoarthritis with MRI; TOMS, Thumb base 
Osteoarthritis MRI Scoring System; WORMS, Whole Organ Magnetic Resonance Score.

Table 1 (continued) | Semi-quantitative MRI scoring systems for the whole joint including assessment of cartilage damage
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In summary, current evidence supports that 7 T offers potential 
research-level advantages in spatial resolution and compositional 
imaging, whereas 3 T currently remains clinically adequate (Fig. 1  
and Fig. 4).

Compositional MRI
Compositional MRI techniques enable the evaluation of the cartilage 
matrix composition and quality at a stage where abnormal findings 
are early and potentially reversible, which enables intervention to halt 
disease progression. Quantitative compositional techniques might also 
facilitate sensitive monitoring of therapeutic interventions. Over the 
past two decades, several technologies have been developed.

T2 relaxation time measurements
T2 relaxation time is a quantitative MRI technique that has been used 
to characterize hyaline cartilage quality. T2 measurements provide 
information on the water content and the integrity of the collagen 
architecture of the extracellular cartilage matrix89. In the early stages 
of cartilage degeneration, the water content increases and the collagen 
architecture deteriorates, both of which increase T2 values. Notably, 
T2 measurements are useful when cartilage thickness is relatively 
maintained but is limited when disease is more advanced and cartilage  
loss occurs90.

The technique was validated in previous studies, which docu-
mented a definite association between cartilage matrix composi-
tion and T2 values91. T2 measurements can predict the progression of 
cartilage loss92 and worsening structural OA based on radiographic 
Kellgren–Lawrence scores93. Using AI-based algorithms, T2 values from 
the entire OAI cohort were obtained. Those individuals in the highest 
25% quartile of tibiofemoral T2 values were at a five-times higher risk 
of radiographic OA incidence after 2 years94. T2 values predicted the 
development of pain95 and have been used to monitor interventions 
such as weight loss96.

T1ρ relaxation time measurements
Although T2 relaxation time measurements provide information on the 
cartilage water content and collagen architecture, T1ρ relaxation time, 

defined as the spin lattice relaxation time in the rotating frame, charac-
terizes the proteoglycan concentration within the cartilage matrix by 
probing the interactions between motion-restricted water molecules 
with their local macromolecular environment89. Early stages of cartilage 
degeneration are characterized by decreasing proteoglycan content in 
the cartilage matrix, which results in high T1ρ measurements97.

T1ρ measurements have been validated using cartilage samples 
obtained from total knee arthroplasties, which show that T1ρ values 
correlate with proteoglycan content and Mankin scores98. Reproduc-
ibility was high99 and clinical studies show that T1ρ values can predict 
progressive cartilage degeneration92 and can also be used to monitor 
therapeutic interventions with viscosupplementation100 and alloge-
neic human adipose-derived mesenchymal progenitor cells101. T1ρ 
seems to be a promising biomarker for the diagnosis and prediction 
of post-traumatic OA after anterior cruciate ligament reconstruction 
surgery102,103 (Supplementary Fig. 1).

Although T1ρ MRI has long been proposed as a non-invasive bio-
marker of proteoglycan content, emerging research is increasingly 
emphasizing that the specificity of this technique remains controver-
sial. For example, anisotropy mapping at 3 T showed that continuous 
wave T1ρ varies with sample orientation and spin-lock amplitude, 
implying collagen structure dependence104. Furthermore, the use of 
different spin-lock time protocols shows that T1ρ estimates vary mean-
ingfully with the choice of spin-lock time combinations, undermining 
cross-study comparability105.

Ultra-short echo-time imaging
UTE sequences with an echo time of less than 100 µs are capable of 
detecting signals from both fast- and slow-relaxing water protons 
in cartilage. This detection enables comprehensive evaluation of all 
cartilage layers, including the deep and calcified zones. In a study of 
patients with early OA different quantitative UTE-based techniques 
were applied, including macromolecular fraction, magnetization 
transfer ratio and UTE-T2*, moderate correlations were observed 
between UTE-magnetization transfer measurements in the osteo-
chondral junction and corresponding Kellgren–Lawrence grades, 
whereas UTE-T2* measurements showed a weaker correlation with 

a b c

cMF

MT

Fig. 3 | Cartilage morphometry based on MRI. a, Coronal quantitative 
dual-echo at steady state (qDESS) sequence. Cartilage segmentation is shown 
for the medial tibia (MT, blue) and the weight-bearing, central medial femur 
(cMF, yellow). b, 3D reconstruction of the joint from coronal images. The 
cartilage thickness distribution is shown for the patella and for the medial and 

lateral tibia. Cartilage thickness in the medial and lateral tibia is displayed by 
false colours; red denotes thick and dark blue indicates very thin cartilage. c, 3D 
reconstruction of the joint from sagittal images. The cartilage surface areas of 
the femoropatellar cartilage plates are shown in purple and teal; the cartilage 
thickness distribution is shown for the medial and lateral tibia.
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Kellgren–Lawrence grades. Among the evaluated imaging biomarkers, 
macromolecular fraction showed the highest diagnostic sensitivity and 
specificity, followed closely by the MTR, whereas UTE-T2* showed lower  
discriminatory performance106.

UTE magnetization transfer quantifies the macromolecular con-
tent relative to water in cartilage by leveraging magnetization transfer 
effects, which enable indirect detection of macromolecular protons 
with extremely short UTE-T2* values107. These results suggest a potential 
role for macromolecular fraction and magnetization transfer ratio in 
the assessment of the osteochondral junction. UTE quantitative sus-
ceptibility mapping of articular cartilage and cortical bone facilitates 
simultaneous mapping of cartilage and bone in the knee joint108,109. 
These developments support the potential of UTE MRI for the assess-
ment of compositional features of the calcified layer of cartilage and 
might help to evaluate and understand early OA, particularly the role 
of the deep calcified layer of cartilage.

Diffusion imaging
As is the case with all compositional MRI techniques, diffusion imaging, 
including diffusion-weighted imaging and diffusion tensor imaging 
(DTI), can enable the visualization and quantification of early cartilage 
degeneration before morphological surface damage becomes appar-
ent. Water mobility is restricted in healthy hyaline cartilage. In cartilage 
degeneration, which includes disruption of collagen networks and 
decreased proteoglycan content, increased water mobility occurs, 
which can be measured by diffusion imaging. DTI assesses water mobil-
ity in multiple directions to estimate a tensor, from which mean diffu-
sivity and fractional anisotropy are derived, providing microstructural 
insights beyond conventional MRI110. Diffusion MRI of cartilage using 
standard single-shot echo-planar imaging is challenging owing to fast 
signal dephasing (T2 ~30 ms), thin tissue that requires high resolution 
and susceptibility artefacts in joints111.

Ex vivo DTI studies have shown cartilage zonal patterns112 as well 
as increased mean diffusivity and decreased fractional anisotropy in 
degenerated cartilage, in which mean diffusivity primarily reflects 
proteoglycan content and fractional anisotropy reflects collagen 
architecture113. In vivo cartilage diffusion MRI can distinguish healthy 

people from those with OA114,115 (Supplementary Fig. 2). In a small cohort 
of people with and without OA, DTI exhibited a specificity and sensitiv-
ity that enabled the differentiation of people with OA from those with-
out (apparent diffusion coefficient values of 1.0 and 0.8, respectively, 
and values of 0.88 and 0.8 for fractional anisotropy, respectively)116.

Diffusion kurtosis imaging and other high-order models offer 
additional microstructural sensitivity by quantifying non-Gaussian 
diffusion and heterogeneity. A 2024 methods paper proposed axisym-
metric modelling, spatial regularization and efficient direction b-value 
schemes to potentially increase sensitivity to cytoarchitectural 
changes that occur at various cellular spatial scales117. Model-based 
multi-compartment and regularized fitting, combined with robust 
motion correction and standardized acquisition protocols, constitute 
a potential path to reproducible, microstructure-sensitive cartilage 
diffusion MRI118.

Other compositional MRI techniques
dGEMRIC uses repulsive forces between a negatively charged con-
trast agent (gadopentetate dimeglumine) and negative charges on 
glycosaminoglycans (GAGs) to indirectly measure GAG content119. The 
contrast agent, typically administered intravenously 90 min before MRI 
acquisition using a double dose (0.2 mmol/kg), accumulates in the car-
tilage in an inverse relationship with GAG content following exercise120. 
The quantitative outcome measure of dGEMRIC is T1 relaxation time, 
which is reduced in areas with decreased GAG content compared with 
healthy cartilage119. dGEMRIC has been validated both in vitro and  
in vivo, demonstrating good correlation with GAG content121 and good 
reproducibility122. Owing to the robustness of this technique, dGEMRIC 
has been successfully applied in many clinical studies, such as in femo-
roacetabular impingement123 and cartilage repair124. Disadvantages of 
dGEMRIC mainly relate to the contrast agent and the examination time 
being extremely long because of the required delay between contrast 
agent administration and image acquisition.

Glycosaminoglycan chemical exchange saturation transfer 
(gagCEST) MRI exploits an asymmetry in the MRI spectrum created 
by GAG biochemistry. The asymmetry is most pronounced on high-field 
MRI, so the methodology works best at 7 T125. Faster 3D as well as B0- and 

a  0.55 T b  1.5 T c  3 T d  7 T

Fig. 4 | Direct comparison of different magnetic field strengths for cartilage  
surface damage evaluation. All images are intermediate-weighted fat-suppressed 
and acquired in the sagittal plane. The medial tibiofemoral compartment of the 
knee joint is shown with orange arrows indicating a delaminating surface lesion. 
a, 0.55 T; b, 1.5 T; c, 3 T; and d, 7 T MRI. All images were acquired with similar 

acquisition time (around 4 min), whereas the increase in field strength has been 
used for higher spatial resolution for 3 T and 7 T MRI. However, the delaminating 
cartilage flap at the medial femur is shown for all field strengths. Higher field 
strength might translate into superior image quality but not necessarily always 
into an increase in diagnostic accuracy.
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B1-corrected gagCEST protocols at 3 T have increased SNR and clinical 
feasibility. Small clinical studies show a correlation with arthroscopy 
or dGEMRIC, but sensitivity is still limited by field inhomogeneity, low 
effect size at 3 T and long scan and processing demands126. Overall, 
limited studies have been performed with gagCEST127.

Sodium MRI uses an MRI system that can excite at the sodium 
frequency and a special coil tuned to receive signal at this frequency. 
Non-invasive sodium MRI can directly quantify the positively charged 
sodium content that is proportional to the negatively charged cartilage 
GAG content. Low sodium content results in low SNR. Thus, sodium 
MRI works best with high-field MRI (7 T) but can be performed at 3 T 
with long scan times128. The use of sodium MRI in people with early OA 
showed differences between cartilage sodium measures in patients 
with early OA and healthy volunteers129. One study determined sodium 
relaxation times and concentrations of the human wrist on 3 T MRI, with 
the authors pointing out the inherent limitation of low spatial resolu-
tion of sodium imaging130. Despite the challenging nature of sodium 
MRI for cartilage evaluation, several studies have used sodium MRI as 
a quantitative marker for cartilage degeneration131 and monitoring car-
tilage transplantation132. Supplementary Fig. 2 represents an example 
of sodium imaging in a patient with patellofemoral OA.

Challenges of compositional MRI
Although quantitative cartilage imaging biomarkers have been under 
development for more than 20 years, their clinical application remains 
limited133,134. One reason in the context of cartilage imaging is the ori-
entation dependence of both T2 and T1ρ134. In one study, magic angle 
effects in histologically confirmed normal and abnormal regions 
were investigated using a clinical whole-body 3 T scanner, providing 
information on the angular dependence of T1ρ and T2. Strong magic 
angle effects for both T1ρ and T2 relaxation in articular cartilage were 
observed, especially in the deeper layers135. The deeper layers of car-
tilage are more susceptible to magic angle effects owing to the highly 
ordered collagen fibres oriented perpendicular to the bone–cartilage 
interface as opposed to the increasingly random orientation of col-
lagen fibres in the more superficial layers of cartilage. Both meas-
ures, therefore, can misrepresent biochemical change if orientation  
is ignored.

Several challenges have been addressed in the past few years that 
make these biomarkers more technically accessible. These include 
machine-learning-based cartilage segmentation and analysis136, 
faster imaging times, which enable better and more efficient imple-
mentation in clinical MRI protocols137, and the development of stand-
ardized and reproducible protocols99,138. The Quantitative Imaging 
Biomarker Alliance (supported by the Radiological Society of North 
America) has provided recommendations on patient selection, han-
dling and positioning, data acquisition (including scan parameters), 
hardware and image reconstruction for T1ρ and T2 techniques139. 
Using these criteria, standardized cartilage compositional imaging 
is feasible with reproducibility percentages of 4–5% using scanners 
of the same type and manufacturer139. Two major challenges prevent 
routine clinical application of quantitative imaging biomarkers: the 
limited availability of reference databases and the lack of effective 
pharmacotherapies to treat OA140. Objective data are needed to dem-
onstrate that early detection of cartilage matrix degeneration adds 
value to patient care133. With the development of effective pharmaco-
therapies, quantitative compositional cartilage imaging biomarkers 
could be used to stratify patients for treatment and monitor response 
to therapy.

CT imaging techniques
CT imaging provides high contrast between mineralized tissues and soft 
tissues and offers high spatial resolution. Furthermore, the acquisition 
times for CT imaging are within the range of a few seconds, thereby 
increasing patient comfort while minimizing the risk of movement 
artefacts. In the context of OA, this technique is used for the assess-
ment of bone changes, including subchondral bone structural changes, 
osteophytes and calcium crystal deposits; however, CT inherently 
lacks contrast resolution between the different soft tissues, which 
impedes the accurate assessment of intra-articular structures. There-
fore, CT arthrography has been used to visualize both mineralized 
and non-mineralized articular structures. This technique involves the 
intra-articular injection of contrast material, thereby creating contrast 
between the low attenuation of intra-articular tissues, particularly car-
tilage and menisci, and the high attenuation of synovial fluid provided 
by the contrast agent141. CT arthrography is considered the imaging 
reference standard for the in vivo assessment of cartilage thickness in 
joints with both thin and thick cartilage, and for the depiction of carti-
lage surface lesions142–144 (Fig. 5). In addition, CT arthrography is used for 
the assessment of meniscal pathology, especially in the post-operative 
setting, when metal artefacts are often present that are usually better 
controlled by CT than by MRI145. However, its performance in evaluating 
ligaments does not match that of MRI146. Additionally, CT is limited by 
radiation exposure, although this exposure is minimal for peripheral 
joints, and the risks and discomfort associated with contrast agent 
injection into the joint.

Major technical developments in the field of CT include the advent 
of spectral CT as well as photon-counting CT (PCCT) and weight-bearing 
CT. Spectral CT relies on tissue attenuation that is influenced by density, 
atomic number and photon energy, allowing material characterization 
and tissue quantification147. Additional applications include image 
contrast optimization and metal artefact reduction. Dual-energy CT, 
a subset of spectral CT, uses two X-ray spectra and has been used in the 
diagnosis of crystal arthropathies and the detection of bone marrow 
lesions (a feature not achievable with conventional CT)148.

PCCT is the newest generation of spectral CT technology. It uses 
photon-counting detectors that rely on a single-step direct conversion 
process in which semiconductor materials convert individual X-ray 
photons directly into electrical signals, enabling true multi-energy 
acquisition with improved energy discrimination and image quality. 
PCCT offers higher spatial resolution, dose reduction and, in the-
ory, better material differentiation149. Ongoing research is aimed at 
addressing remaining technical challenges associated with PCCT.

Weight-bearing CT is another area of development that offers 
the possibility of extending the strengths of conventional CT and CT 
arthrography to more biomechanically relevant conditions150, which is 
particularly interesting for mobile articular structures such as menisci.

Finally, advancements in generating CT-like images from MRI, 
using specific sequences and AI-based synthetic methods, enable 
the examination of mineralized tissues without radiation exposure. 
Additionally, acquiring standard MRI sequences enables comprehen-
sive assessment of other articular structures, thereby combining the 
strengths of both imaging modalities151.

Although no CT-based biomarkers are currently validated for OA, 
quantitative bone parameters from CT could potentially serve as bio-
markers. These biomarkers include subchondral bone mineral density 
or structure, osteophyte volume assessment or the B-score, which 
has been validated for both CT and MRI152–154. PCCT enhances bone 
structure analysis by offering an in-plane resolution as fine as 0.11 mm, 
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compared with the 0.5–0.6 mm of conventional CT, allowing for more 
detailed information extraction147,155. The automation of segmentation 
through AI-based algorithms and advanced analysis methods could 
facilitate the use of CT-based biomarkers for OA156.

PET imaging techniques
PET offers unparalleled sensitivity and specificity to molecular pro-
cesses; however, as a largely avascular and acellular tissue, the applica-
tion of PET and other nuclear medicine techniques to cartilage has been 
limited. One emerging application of PET imaging is the evaluation 
of chondrocyte cell senescence. Cellular senescence is a hallmark of 
aging that has been implicated in OA and is a target for DMOADs157. 
Senescent cells overexpress β-gal, which has made it a popular target 
for studying senescence in multiple organ systems158. Both a PET radi-
otracer ([18F]FPyGal)159 and an MRI contrast agent (β-gal-responsive 
gadolinium)160 have been developed and used to study senescent cells 
in OA. In vitro, ex vivo and in in vivo porcine joints, both approaches 
showed sensitivity to the presence of senescent cells. Furthermore, 
β-gal tracer uptake differed considerably between cartilage Outer-
bridge scores. Although results are promising for this emerging area in 
OA research and therapies, in vivo human studies are needed to support 
the potential use of these technologies.

Beyond direct imaging of cartilage, simultaneous PET–MRI sys-
tems have been leveraged to evaluate the interaction between cartilage 
and bone at the osteochondral junction. PET imaging with 18F-sodium 
fluoride (NaF) interrogates areas of newly mineralizing bone and 
correlates with bone histomorphometry161,162. 18F-NaF PET activity is 
elevated in patients with OA compared with healthy people, both in 
regions of structural pathology and in regions of normal-appearing 
bone and adjacent cartilage evaluated on MRI163. Additionally, 18F-NaF 

PET–MRI has consistently shown relationships between cartilage 
structure (from morphological MRI) or microstructure (from MRI 
T2 or T1ρ relaxation times) and adjacent metabolic bone activity. In 
patients with an anterior cruciate ligament-reconstructed knee, a 
positive correlation was observed between subchondral bone 18F-NaF 
PET activity and adjacent cartilage T2 relaxation times compared with 
contralateral knees164. Similar bone 18F-NaF uptake and cartilage T2 
relaxation time relationships have been observed in idiopathic OA in 
the tibiofemoral165 and patellofemoral166 joints, particularly between 
subchondral bone and deep cartilage zones. As a marker of subchon-
dral bone physiology, 18F-NaF PET uptake seems to be responsive 
to mechanical loading applied to the joint167,168. This result suggests 
that 18F-NaF PET–MRI might be sensitive to transmission of focally 
high loading stresses to the underlying subchondral bone owing to a 
breakdown in cartilage mechanical function169 (Fig. 6). Although work 
in this area is expanding, more research is necessary to understand the 
underlying mechanisms and to demonstrate the potential of these 
technologies.

Ultrasonography imaging of articular cartilage
Traditionally, ultrasonography has not been considered a modality of 
choice when assessing localized cartilage lesions or cartilage biochemi-
cal composition. The primary reason being that achieving an acoustic 
window for weight-bearing cartilage areas in the knee or hip joints is 
widely believed to be impossible. However, when scanning knee joints in 
90° flexion on the oblique transverse axial plane, assessing two-thirds of 
the articular cartilage in the medial femoral condyle and one-third in the 
lateral femoral condyle is possible when using MRI as the reference170. 
Clinically, the central portion of the medial femoral condyle is one of 
the most vulnerable locations for cartilage lesions. In addition to the 

a  CT b  MRI

Fig. 5 | Comparison between CT arthrography and MRI. a,b, A 75-year-old 
man with bone-on-bone medial femorotibial osteoarthritis, as imaged by a 
coronal CT arthrography (a) and corresponding coronal intermediate-weighted 
fat-suppressed MRI (b). CT arthrography offers superior spatial and contrast 
resolution, facilitating the identification of small cartilage lesions (red arrow). 
Additionally, CT arthrography enables detailed analysis of bone structures, 

highlighting areas of increased subchondral bone density (yellow arrows), and 
allows for the depiction of crystal deposits, probably basic calcium phosphate 
crystals, within the medial collateral ligament, which is superiorly depicted on 
the CT image compared with MRI (orange arrows). Importantly, an area of subtle 
bone marrow oedema (white circle) is visible only on the MRI.
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medial femoral condyles, femoral trochlear cartilage regions can be 
assessed with ultrasonography171 (Supplementary Fig. 4).

When the acoustic window to the articular cartilage has been 
obtained using a suitable scanning technique, ultrasonography can 
be used to evaluate localized cartilage lesions at the medial femoral 
condyle and the central trochlear area in the knee joint172,173. When 
using total knee arthroplasty as the gold standard, the sensitivity of 
ultrasonography is excellent (over 90%) for detecting medial femoral 
cartilage lesions174.

Studies have generally shown good agreement between ultra-
sonography and MRI when measuring the thickness of the femoral 
cartilage; however, it also seems that ultrasonography underesti-
mates the cartilage thickness compared with MRI170,175. This underes-
timation might be a result of different imaging resolutions between  
ultrasonography and MRI and higher sound speed in cartilage175.

In theory, ultrasonography is also sensitive to the biochemical 
composition of cartilage, which was demonstrated in an ex vivo study 
that investigated the potential of quantitative ultrasound parameters 
to assess the progressive loss of collagen and proteoglycans in carti-
lage explants176. Returning ultrasound echoes from articular cartilage 
depend on the cartilage internal structure and composition, such as 
the collagen and proteoglycan content and, especially, the collagen 
network organization. Degenerated articular cartilage seems to pos-
sess lower ultrasound echogenicity (reduced brightness) than healthy 
cartilage171. Thus, changes in echogenicity without visible cartilage 
lesions or thinning could indicate an early osteoarthritic stage in the 
cartilage, which will eventually develop to visible cartilage thinning 
or a localized lesion. However, quantification of echogenicity from 
ultrasonography images requires standardization of imaging set-
tings and experience of the operator. In the future, AI-based algo-
rithms might offer novel biomarkers to assess the cartilage internal  
microarchitecture and, potentially, articular cartilage composition.

Artificial intelligence
AI is rapidly permeating routine radiological practice. Joint imaging, 
workflow management and clinical decision-making in orthopaedics, 

traumatology and rheumatology are no exception. AI-based tech-
niques have been used for image reconstruction and accelerating 
image acquisition177. We focus on advances that have been made in 
the past 5 years in AI-driven analysis of knee cartilage, concentrating 
on automated segmentation, lesion detection and grading. The Dice 
similarity coefficient (DSC) measures the spatial overlap between auto-
mated and manual outlines of segmented cartilage, with 1.0 indicat-
ing perfect agreement. Contemporary deep-learning methods can 
now achieve whole-joint DSCs of around 0.90 or higher in research 
cohorts. Traditional 2D U-Net architectures trained on OAI data can 
reach mean DSCs of 0.89–0.92 for femorotibial cartilage and perform 
similarly in other large OAI studies178–180. Standard CNNs remain the 
reference architecture178; however, hybrid CNN–Transformer mod-
els capture long-range context, such as concomitant meniscal tears, 
more effectively than CNNs alone and consistently outperform them in 
multi-centre evaluations181. These hybrid designs are poised to become 
the dominant backbone for future musculoskeletal segmentation181–183.

Nonetheless, clinical adoption is still limited for several reasons. 
First, regional and subregional accuracy remain variable. Tibial carti-
lage yields lower DSCs (≈0.75–0.80) in real-world datasets181,183. The 
tibial surface is probably hard to delineate because it is covered by 
menisci, offers little intrinsic contrast with subchondral bone and 
its nearly horizontal geometry accentuates partial volume artefacts.

Second, even models that perform well tend to under-segment 
cartilage affected by pathology184,185. Conventional metrics, such as 
whole-joint DSCs, are averaged over entire cartilage volumes and do 
not convey accuracy in or near a lesion.

Third, many models are still trained on outdated cohorts, such as 
the OAI (2004–2010) and SKI10, which were acquired using outdated 
protocols179. These sequences differ from current standard morpho-
logical sequences, such as 3D proton-density, fat-saturated turbo 
spin-echo or 3D DESS and quantitative sequences, causing perfor-
mance to drop when models are applied to contemporary studies181. 
This ‘domain shift’ problem is well-recognized and an active research 
topic186. Manual reference annotations used for training also suffer 
from substantial inter-rater variability181,183.
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Fig. 6 | Metabolic imaging. a, T2-weighted sagittal intermediate-weighted fat-
suppressed MRI shows superficial cartilage thinning at the superior aspect of the 
lateral patella facet (orange arrow). The subchondral bone is normal and does not 
show any signs of bone marrow oedema or other pathology. b, Corresponding 
18F-sodium fluoride (NaF) PET shows focal high metabolic bone activity adjacent 
to the cartilage defect (yellow arrow), suggestive of high mechanical stress in 

this region, albeit not visualized by MRI. c, The PET–MRI fusion image superiorly 
enables the assessment of metabolic–anatomical associations (yellow arrow 
points to increased tracer uptake in the subchondral bone). As a hybrid imaging 
technique, PET–MRI is able to investigate the interactions between cartilage 
mechanical function and subchondral bone loading. SUV, standardized  
uptake value.
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Fourth, lesion-detection models are promising but present spe-
cific challenges. In a pioneering study, the authors used cascaded 
CNNs that sequentially segmented cartilage and classified potential 
lesions on sagittal 2D fat-suppressed T2-weighted FSE sequences, 
reporting good sensitivity and specificity187. Innovations made in 
the past 4 years include label-efficient training with semi-supervised 
teacher–student frameworks that reduce annotation effort while 
maintaining reliable defect grading188; architecture benchmarking 
in which a systematic comparison of different deep-learning archi-
tectures showed that hybrid networks delivered 90% agreement with 
human defect gradings181; and multimodal fusion that combines T1, 
T2, and proton-density-weighted images to improve defect grad-
ings182. Despite these advances, most models remain vulnerable to 
advanced degeneration and are rarely validated against arthroscopic or  
histological references.

Fifth, downstream metrics such as cartilage thickness and volume, 
T2 relaxation times or subchondral bone shape can be reliably obtained 
from segmentation outlines184. However, the accuracy and validity of 
these metrics throughout the entire joint and in early OA (for which 
subtle changes matter the most) has yet to be confirmed.

Overall, AI-based analysis of knee cartilage MRI has progressed 
from proof-of-concept segmentation to integrated pipelines that 
approach expert performance and provide clinically meaningful quan-
titative outputs. To integrate these analyses into the clinic ongoing chal-
lenges needed be addressed, which include ensuring robustness across 
vendors, scanners and sequences, lesion-level validation, regional 
accuracy, ground truth reliability and regulatory approval.

Clinical and research applications
Modern cartilage imaging has become a vital component of rheumatol-
ogy practice, substantially enhancing clinical diagnosis and support-
ing therapeutic decision making. Advances in imaging modalities, 
particularly MRI, ultrasonography and quantitative CT, have enabled 
detailed, non-invasive evaluation of cartilage structure and pathol-
ogy. MRI remains the gold standard for assessing cartilage owing to 
the superior soft-tissue contrast and ability to visualize intrachondral 
biochemical changes. In routine clinical practice 1.5 T or 3 T systems 
together with modern multichannel coil technology that apply stand-
ard 2D and 3D sequences with and without fat suppression will be suf-
ficient for cartilage assessment or suspected cartilage damage. The 
described compositional techniques, such as T2 mapping, dGEMRIC 
or T1ρ imaging enable early detection of cartilage degeneration, before 
morphological alterations become apparent. Owing to limitations in 
standardization and a lack of cartilage-regenerating therapies, these 
imaging modalities are currently not being used clinically but show 
potential. However, longitudinal MRI-based observational studies 
help to elucidate the natural history of cartilage degradation and the 
potential for cartilage repair, especially with regenerative treatments 
such as stem-cell therapy and biologic drugs.

Although ultrasonography is limited in visualizing anatomy deep 
within the joints, this technique is increasingly used for real-time evalu-
ation of superficial cartilage damage, particularly in accessible joints 
such as the knee. The affordability and convenience of ultrasonography 
make it an attractive tool in outpatient settings. Intra-articular visco-
supplementation is commonly applied using ultrasonography. In a 
clinical trial setting ultrasonography is being used to screen patients for 
the presence of synovitis and joint effusion, particularly in the context 
of therapeutic agents with an anti-inflammatory mode of action. Mod-
ern CT technology, including spectral and dual-energy CT, is currently 

being explored for the evaluation of inflammatory disorders such as 
spondyloarthritis189,190 but to a lesser extent for cartilage imaging, owing 
to the inherent limitations with regard to soft-tissue visualization.

Glossary

Arthrography
Technique that is used for direct 
visualization of cartilage surface 
damage after intra-articular injection 
of either an iodine-based (CT) or 
gadolinium-based (MRI) contrast agent.

Compositional MRI
Umbrella term for MRI techniques that 
allow for evaluation of the cartilage 
ultrastructure including but not limited 
to assessment of collagen content 
and organization, water content and 
glycosaminoglycan content.

Convolutional neural network
(CNN). Type of deep-learning model 
commonly used in medical imaging 
to automatically detect and analyse 
patterns in images, such as identifying 
tumours or segmenting organs.

Delayed gadolinium- 
enhanced MRI of cartilage
(dGEMRIC). Compositional MRI 
technique that involves intra-articular 
administration of a gadolinium-based 
contrast agent using repulsive forces 
between a negatively charged contrast 
agent (commonly gadopentetate 
dimeglumine) and negative charges 
on glycosaminoglycans to indirectly 
measure glycosaminoglycan content.

Dice similarity coefficient
(DSC). Statistical measure used to 
evaluate the spatial overlap between 
two segmented regions, such as an 
automated segmentation and a ground 
truth (manual segmentation). It ranges 
from 0 (no overlap) to 1 (perfect overlap)  
and is commonly used to assess 
the accuracy of tissue or lesion 
segmentation in medical imaging.

Diffusion imaging
Compositional MRI technique that 
enables visualization of the mobility 
of water molecules within a given 
tissue. Increased mobility reflects early 
cartilage pathology.

PET
Imaging technique that uses different 
radioactive tracers that are administered 
intra-venously to visualize and measure 
metabolic activity of a given tissue.

Segmentation-based 
quantitative MRI
Using high-resolution 3D MRI sequences 
that offer a high contrast between 
cartilage, the subchondral bone and 
intra-articular joint fluid, quantitative 
assessment is based on manual, 
automated or semi-automated 
segmentation of cartilage. Several 
parameters are being extracted, 
including thickness, volume, amount of 
full-thickness damage or joint surface area.

Semi-quantitative MRI 
assessment
Applying ordinal grading scales, 
semi-quantitative cartilage assessment 
is performed by expert readers 
considering area extent and depth 
of cartilage damage in a specific 
anatomical subregion of a joint.

T1ρ
Compositional MRI technique, which 
is also termed spin-lattice relaxation 
time in the rotating frame, reflects the 
proteoglycan concentration within 
the cartilage matrix by probing the 
interactions between motion-restricted 
water molecules and their local 
macromolecular environment.

T2 mapping
Compositional MRI technique that 
quantifies the T2 relaxation time of a 
given tissue. In the context of cartilage 
imaging, T2 reflects collagen content 
and organization and water content.

Ultra-short echo-time imaging
(UTE). Very low echo times at MRI 
acquisition enable visualization of 
tissues that do not commonly exhibit a 
signal such as bone or tendons or the 
deep calcified layer of cartilage.
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Conclusions
Marked advances in the visualization and assessment of articular car-
tilage have occurred over the past decade. The primary non-invasive 
instrument for assessing hyaline articular cartilage is MRI, with multiple 
techniques available that enable semi-quantitative or quantitative 
evaluation, as well as compositional MRI. Currently, compositional 
MRI techniques are primarily used in a research context as many of the 
techniques lack standardization and show high variability. Despite the 
success of several surgical cartilage repair techniques treatment of car-
tilage pathology remains a clinical challenge. Imaging enables the evalu-
ation of potential treatment effects in a non-invasive manner. Additional 
techniques such as ultrasonography or PET imaging are increasingly 
evaluated but have shortcomings that hinder widespread application 
in a clinical context. In clinical practice and research settings, imaging 
has become essential for the evaluation of cartilage in both health and 
disease. As the field moves towards more individualized management 
of cartilage pathology, different imaging modalities are expected to 
assume complementary and distinct roles in the assessment of cartilage 
integrity, disease progression and response to treatment.
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Abstract

Cutaneous lupus erythematosus (CLE) is an autoimmune skin 
condition associated with a considerable treatment burden and 
diminished quality of life. The absence of a consensus outcome 
measure to evaluate therapeutic response has posed a challenge to 
CLE drug development. The Cutaneous Lupus Erythematosus Disease 
Area and Severity Index (CLASI) was developed in response to this 
need, incorporating morphological components including erythema, 
scale, dyspigmentation and scarring, to reflect disease activity and 
damage. Numerous studies have demonstrated the utility of CLASI in 
capturing relevant aspects of disease from clinician- and patient-based 
perspectives; however, no regulatory precedent for use of clinical 
trial data employing CLASI to evaluate treatment response in CLE 
exists. Thus, the Lupus Accelerating Breakthroughs Consortium 
commissioned a working group of members from industry, academia, 
the US Food and Drug Administration (FDA) and CLE patient advocates 
to address the potential knowledge gaps with CLASI through 
evidence-based research. Upon reviewing and submitting these data to 
the FDA, the working group reached alignment that CLASI is a suitable 
outcome measure for CLE clinical trials, enabling a clearer regulatory 
path for clinical drug development. The group recognizes the need 
for additional information to assess what degree of change in CLASI 
captures clinically meaningful improvement.
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therapy, differentiate the extent of disease severity and incorporate a 
diverse spectrum of CLE manifestations3–5.

Of the existing candidate outcome measures, the Cutaneous 
Lupus Erythematosus Disease Area and Severity Index (CLASI) has 
been utilized in an increasing number of CLE clinical trials and clinical 
research studies6–13. This validated instrument evaluates CLE disease 
activity (CLASI-A) and damage (CLASI-D) on the basis of the sever-
ity and distribution of skin lesions. CLASI-A, which provides a score 
ranging from 0 to 70, assesses the severity of erythema and scale in 
13 locations, non-scarring alopecia and mucosal involvement, with less 
weight applied to the latter two components. CLASI-D, which provides 
a score ranging from 0 to 56, assesses the severity of dyspigmentation 
and scarring and/or atrophy in 13 locations, and scarring alopecia, with 
the scores for dyspigmentation doubling when this feature has been 

Introduction
Cutaneous lupus erythematosus (CLE) is an inflammatory skin condi-
tion that poses a notable challenge for both clinicians and patients. Not 
only do people with CLE experience a lower quality of life1 but they also 
face considerable barriers in treatment owing to limited therapeutic 
options. So far, hydroxychloroquine is the only medication that has 
been approved for CLE by the FDA in the past 70 years. Although numer-
ous clinical trials are currently underway to address this need, there has 
been a lack of consensus regarding an outcome measure for evaluating 
CLE disease activity2. Having an agreed-upon outcome measure is criti-
cal for establishing consistency in inclusion criteria and for assessment 
of therapeutic response in CLE clinical trials. Various provider-reported 
outcome measures have been utilized in CLE clinical trials (Table 1), but 
several have limitations in their ability to capture partial response to 

Table 1 | Recent clinical trials in CLE with corresponding outcome measures

Outcome 
measure

Investigational drugs Description Advantages Limitations

SLE disease activity instruments

BILAG Abatacept52, anifrolumab53, 
atacicept54, belimumab8, CNTO 13655,  
dapirolizumab56, etanercept57, 
lifitilimab58, M504959, milatuzumab60, 
rituximab61, tofacitinib62

Measures systemic activity across 
nine domains that are weighted by 
impression of disease progression
Mucocutaneous manifestations 
include presence of skin eruption, 
mucosal ulcers, panniculitis/bullous 
lupus, chilblains, and alopecia

Comprehensive evaluation 
of organ involvement that 
incorporates rare skin 
manifestations, such as bullous 
lupus and panniculitis
Widely used in research and 
clinical trials

Limited ability to capture partial 
response
Improvement relies on 
assessor’s recall of disease 
progression
Time-consuming and complex 
to administer and has limited 
utility beyond research settings

SLEDAI, 
SLEDAI-2K, 
SELENA-
SLEDAI

Belimumab8, CNTO 13655, 
dapirolizumab56, etanercept57, 
KRP20363, lifitilimab58,64, M504959, 
mezagitamab65, tofacitinib62, 
ustekinumab50

Measures systemic activity through 
physical examination findings and 
laboratory values that are weighted 
by type of manifestation
Skin lesions are scored by 
the presence or absence of 
inflammatory-type rash, alopecia, 
and mucosal ulcers

Simple to score and can be 
utilized in clinical practice
Widely used in research and 
clinical trials

Incorporates a limited spectrum 
of skin manifestations
Cannot capture partial 
improvement in skin disease 
or classify disease severity

Skin-specific instruments

CLASI Anifrolumab7,66, baricitinib67, 
belimumab8, branebrutinib68, 
CNTO 13655, dapirolizumab56, 
daxdilimab69, deucravacitinib49, 
edecesertib70, filgotinib71, iberdomide11, 
KRP20363, lanraplenib71, lifitilimab58,64, 
M504959, mezagitamab65, RSLV-13272, 
SAR44312273, tofacitinib62, VIB773474, 
ustekinumab50

Scores disease activity and damage 
based on severity and distribution of 
skin lesions

Demonstrated strong content 
and construct validity, and 
inter- and intra-rater reliability
Correlates with patient quality 
of life
Can be used by dermatologists 
and non-dermatologists

Does not sufficiently capture 
disease activity in rare CLE 
subtypes such as bullous SLE 
and lupus panniculitis

CLA-IGA Anifrolumab66, edecesertib70, 
lifitilimab64, M504959, SAR44312273

Scores skin disease activity on a 
five-point Likert scale with defined 
gradations of erythema and other 
morphologies

Easily interpreted by clinicians 
and patients
Can be utilized in presentations 
with a low body surface area or 
when assessing specific lesions

Unable to capture subtle 
changes in disease activity
Needs more validation studies 
in CLE patient cohorts
Minimum CLA-IGA erythema 
requirements might exclude 
patients with darker skin types

RCLASI Fumaderm75, GSK264626476 Revised version of the CLASI 
that incorporates additional 
morphological components into 
the activity score

Incorporates morphology 
associated with rarer CLE 
subtypes, including tumid 
lupus and lupus panniculitis
Demonstrated good inter- and 
intra-rater reliability

Extensive nature of the 
instrument limits its use 
in clinical trials
Incomplete validation data

BILAG, British Isles Lupus Assessment Group Index; CLA-IGA, Cutaneous Lupus Activity Investigator Global Assessment; CLE, cutaneous lupus erythematosus; CLASI, Cutaneous Lupus 
Erythematosus Disease Area and Severity Index; RCLASI, Revised Cutaneous Lupus Erythematosus Disease Area and Severity Index; SELENA-SLEDAI, Safety of Estrogens in Lupus National 
Assessment–Systemic Lupus Erythematosus Disease Activity Index; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SLEDAI-2K, Systemic 
Lupus Erythematosus Disease Activity Index 2000.
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present for at least 12 months14 (Fig. 1). The scoring of activity and dam-
age is weighted more heavily for the head and neck than for other areas 
owing to the higher prevalence of CLE in these regions.

A growing body of evidence affirms the value of CLASI as a dis-
ease outcome measure. Multiple publications have demonstrated 
its excellent content validity, construct validity, as well as inter- and 
intra-rater reliability5,14–16. Studies have also affirmed its correlation with 
disease severity and with clinically meaningful improvement in disease 
activity17. CLASI has also been shown to reflect aspects of disease identi-
fied as important for patients in qualitative interviews and to correlate 
with numerous patient-reported outcome measures in several cohort 
studies18–24. Consequently, the existing literature provides a compelling 
case for the use of CLASI as an outcome measure in CLE clinical trials. 
In this Expert Recommendation, we describe the creation of the CLASI 
working group and its rationale for supporting the use of CLASI in clini-
cal trials, including its ability to assess important clinical aspects of CLE, 
evaluate CLE lesion morphology, perform consistently across skin types 
and CLE subtypes and define clinically meaningful CLE improvement.

Creation of the CLASI working group
The Lupus Accelerating Breakthroughs Consortium (ABC), formed 
under the Lupus Research Alliance, is a public–private partnership 
with experts from industry and academia, patient advocates, FDA and 
NIH staff, and representatives of professional societies that seeks to 
address important challenges in lupus drug development25. From its 
inception, the consortium recognized that the lack of an endorsed 
primary outcome measure for CLE presents a substantial barrier to 
drug development and considered addressing this gap as one of its 
highest priorities. Lupus ABC commissioned a CLE exploratory com-
mittee composed of members from each of the aforementioned groups 
(see list of members in the Supplementary Information), which was 
first tasked to agree upon a primary outcome measure for assessing 
disease severity in CLE for further investigation. Multiple different 
outcome measures for assessing CLE disease activity were reviewed, 

including the British Isles Lupus Assessment Group Index (BILAG), 
Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) and its 
derivatives, Cutaneous Lupus Activity Investigator Global Assessment 
(CLA-IGA), CLASI and the revised CLASI (RCLASI) (Table 1). BILAG and 
SLEDAI are composite disease activity instruments for systemic lupus 
erythematosus (SLE), whereas CLASI and CLA-IGA are skin-specific 
instruments. BILAG assesses mucocutaneous manifestations based 
on the investigator’s impression of disease progression, measured by 
the presence of skin eruption, mucosal ulcers, panniculitis and/or bul-
lous lupus, chilblains and alopecia26. SLEDAI and its derivatives have a 
fixed weight for each systemic manifestation, with skin lesions being 
scored by the presence or absence of inflammatory-type rash, alopecia 
and mucosal ulcers27–29. CLA-IGA scores global skin disease activity 
on a five-point Likert scale with defined gradations of erythema and 
other skin morphology30. RCLASI is a revised version of the CLASI that 
incorporates additional morphological components such as oedema 
and subcutaneous nodules into the activity score31.

Upon consideration of these outcome measures, the CLE explora-
tory committee unanimously supported CLASI as the best outcome 
measure for evaluating therapeutic efficacy in CLE. Reasons cited by 
the group’s members included its strong psychometric properties, sen-
sitivity to changes in disease activity, ease of use by providers from mul-
tiple subspecialties, experience in multiple clinical studies and ability 
to assess a variety of skin manifestations of CLE. Furthermore, several 
limitations were identified in the other examined outcome measures, 
including an inability to capture a partial treatment response, extensive 
scoring metrics that limit potential use and incorporation of a limited 
spectrum of skin manifestations (Table 1). Consequently, a working 
group on CLASI was established with the primary objectives of under-
standing the potential limitations of CLASI, compiling research data 
to help to address the potential gaps and optimizing the use of CLASI 
as an outcome measure for CLE clinical trials (Fig. 2).

The working group seized the opportunity to collaborate and 
collectively identify and address the potential limitations of CLASI as 

Anatomical locations assessed

Mucous membrane
lesions

Erythema

Activity score
(CLASI-A)

Damage score
(CLASI-D)

Scale Non-scarring
alopecia

Scarring
alopecia

Scarring Dyspigmentation

Scalp
Ears
Nose (malar)
Rest of face

•
•
•
•

V-area neck
Posterior neck and/or shoulders
Chest
Abdomen

•
•
•
•

Back and buttocks
Arms
Hands
Legs
Feet

•
•
•
•
•

0–1 0–3 0–2 0–3 0–6 0–2 0–1

If dyspigmentation ≥12
months, change score to 2

Score each location
for activity

Score each location
for damage

Fig. 1 | Overview of the CLASI. The Cutaneous Lupus Erythematosus Disease 
Activity and Severity Index (CLASI) is a clinician-assessed skin disease severity 
score consisting of activity and damage domains. The presence of erythema 
and scale and/or hypertrophy in 13 body locations (including the scalp, ears, 
nose, rest of face, V-area neck, posterior neck and/or shoulders, chest, abdomen, 
back and buttocks, arms, hands, legs and feet), mucous membrane lesions and 

alopecia contribute towards the activity score. The extent of dyspigmentation 
and scarring, atrophy, or panniculitis in the same 13 body locations, and scarring 
alopecia, contribute towards the damage score. Scoring of these activity and 
damage components are weighted more towards the head and neck areas, given 
the higher propensity of cutaneous lupus erythematosus in these body sites.
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a primary end point in CLE clinical trials. These concerns included the 
ability of CLASI to address relevant clinical aspects of disease, given 
its emphasis on erythema; address CLE lesion morphology; perform 
consistently across the spectrum of skin pigmentation; assess disease 
activity across CLE subtypes; and define clinically meaningful CLE 
improvement (Table 2).

Rationale for use of the CLASI in clinical trials
The chairpersons of the working group (B.F.C. and D.C.) requested 
members (see Supplementary Information) to provide published 
and/or unpublished data and written responses pertinent to each 
of the five primary concerns listed above. These data and responses 
were presented at eight virtual working group meetings for review and 
feedback between January and November 2024 (Fig. 2). The following 
details represent a summary of the data compiled by the working group.

Erythema affects patient quality of life and mirrors other 
aspects of disease activity
Given that erythema is the most heavily weighted component in the 
scoring of CLASI-A, there were concerns regarding whether erythema 
reflected aspects of disease activity that were relevant to patients. 
However, data from qualitative studies, literature reviews and longi-
tudinal cohort studies have affirmed its relevance from the patient 
perspective. Patient quality-of-life interviews and literature reviews 
identified erythema as the most cited indicator of disease24,32. In a 
prospective multi-centre study of 131 patients, CLASI-A erythema 
scores correlated directly with multiple patient-reported outcomes 
at baseline, including those examined in the CLE Quality of Life index 
(CLE-QoL)33, Dermatology Life Quality Index (DLQI)34, Analogue Pain, 
Itch, and Fatigue Score (APIFS)35 and Patient Impression of Disease 
Progression36. These patient-reported outcome measures encompass 
various quality-of-life domains, including function, emotion and body 
image, as well as symptoms such as pain, itch and fatigue. Furthermore, 
change in erythema was associated with patient impression of disease 
progression after 6 months in a prospective cohort study of 107 patients 
with CLE, affirming its ability to capture important aspects of disease 
progression from the patient perspective36.

Beyond patient outcomes, erythema has also been shown to cor-
relate with other relevant aspects of disease. Immunohistochemical 
studies have demonstrated a direct correlation between higher CLASI-A 
total scores and increased cutaneous inflammation, as measured by 
several inflammatory biomarkers such as MxA and CD459. Furthermore, 
both observational studies and clinical trial data have demonstrated 
that trends in CLASI-A erythema scores mirror those of CLASI-A scale 
and alopecia scores over time37–39. Consequently, the aggregate data 

affirm the association between erythema and patient-reported out-
comes, as well as other relevant aspects of CLE disease, justifying its 
weight in CLASI-A scoring.

CLASI incorporates various morphological elements that 
represent activity and damage
The incorporation of meaningful and easily assessed morphological 
characteristics has been a priority in evaluating CLE lesions for both 
activity and damage since the development of CLASI in 200514. As part 
of its scoring system, CLASI requires raters to assess erythema and scale 
for activity and pigmentary changes and scarring for damage across 
relevant body regions. In addition to erythema, scale and hypertrophy 
are key secondary characteristics observed in many CLE subtypes and 
indicate areas of active inflammation, whereas dyspigmentation and 
scarring represent damage resulting from prior inflammation40.

These features convey important morphological information, 
with patients identifying them in qualitative interviews as important 
markers of CLE activity and damage24. To ensure broad usability among 
various providers and disciplines, the morphological features assessed 
by CLASI are designed to be easily recognizable, with good inter- and 
intra-rater reliability. Notably, CLASI-A and CLASI-D have demonstrated 
excellent inter- and intra-rater reliability among both dermatologists 
and rheumatologists14,16,41.

Other morphological features of CLE such as crusting and ero-
sions are less frequently observed during physical examinations, 
hold less importance for patients and are more challenging for non-
dermatology-trained providers to identify. Consequently, the inclu-
sion of scale, hypertrophy, pigmentary changes and scarring in CLASI 
provides a robust framework for assessing the morphology of CLE 
activity and damage.

CLASI performs consistently across the spectrum of  
skin pigmentation
Incorporating diverse patient populations in clinical trials is critical for 
the development of safe, equitable and efficacious pharmacological 
treatments. Consequently, having outcome measures that perform 
similarly in patients with varying degrees of skin pigmentation is an 
essential component of clinical trial design. Differences in erythema 
scoring have been noted in patients with CLE with different degrees 
of skin pigmentation in a cross-sectional study of 377 patients. Among 
patients with mild CLE, Black individuals were more likely to be scored 
as having pink erythema than red erythema than white individuals. 
However, in patients with moderate-to-severe CLE, most Black and 
white individuals were scored as having red erythema, indicating 
that CLASI adequately assesses moderate-to-severe disease across 

CLE exploratory
committee met to discuss
and commission the
CLASI working group

CLASI working
group launched

Limitations of CLASI
were identified

Data addressing
limitations of CLASI
were discussed

CLASI working
group submitted
data to address
CLASI concerns
to FDA

CLASI working
group held
meeting with
members of the
FDA to review data

Consensus on
CLASI reached

Fig. 2 | Key actions of the Lupus ABC CLASI working group. In November and 
December 2023, a cutaneous lupus erythematosus (CLE) exploratory committee 
commissioned by the Lupus Accelerating Breakthroughs Consortium (Lupus 
ABC) met to discuss and formally commission a Cutaneous Lupus Erythematosus 
Area and Severity Index (CLASI) working group. The Lupus ABC CLASI working 
group was officially launched in January 2024. Over the subsequent months, 
the CLASI working group compiled published data, unpublished data and written 
responses to address key points supporting the use of CLASI in clinical trials. 

These data were then submitted to the US Food and Drug Adminsitration (FDA) 
in June 2024 for the FDA’s internal review. In August 2024, select representatives 
from the CLASI working group held a meeting with members of the FDA to 
further explain the data and responses as well as answer any additional questions, 
and consensus on CLASI was reached in November 2024. From the inception of 
the working group to a unified consensus on CLASI, the CLASI working group met 
officially on eight different occasions.
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different skin pigmentation subtypes42. Furthermore, the degree 
of improvement in CLASI-A that is meaningful to patients is similar 
in Black and white individuals in a retrospective analysis of a longi-
tudinal database43, and race and ethnicity have not been shown to 
significantly affect improvement in CLASI-A scores in observational 
studies37. As such, CLASI shows promise as an instrument that can 
perform consistently across diverse skin pigmentations, although 
additional studies would be beneficial in further demonstrating this 
capability.

CLASI can assess disease activity across CLE subtypes
Substantial heterogeneity exists in the clinical presentation of CLE, 
as the numerous subtypes of CLE have distinct morphological char-
acteristics. For clinical trials, it is essential to utilize an instrument 
that can perform consistently across multiple CLE subtypes, given 
that individual patients might have unknown or multiple CLE subtype 
diagnoses44. Several publications support the use of CLASI in a wide 
variety of CLE subtypes, including acute CLE, subacute CLE, discoid 
lupus, chilblain lupus and tumid lupus6,10,11,45,46. Many of these stud-
ies have utilized CLASI to demonstrate therapeutic efficacy in vari-
ous CLE subtypes, including belimumab in patents with acute CLE, 
anifrolumab in multiple CLE subtypes (including chilblain lupus) and 
litifilimab in acute CLE, subacute CLE and chronic CLE6,10,47,48. These 
data show the potential ability of CLASI to assess disease activity across 
the diverse clinical presentations of CLE, especially given that discoid 

and subacute CLE are the predominant subtypes being studied in 
clinical trials.

CLASI-50 captures clinically meaningful improvement in 
disease activity
Given the widespread usage of CLASI in existing clinical trials, the ques-
tion of whether CLASI can capture clinically meaningful improvement 
in disease activity has been of particular interest. To date, CLASI-A score 
improvement of at least 50% (CLASI-50) and 70% (CLASI-70) have both 
been included as primary or secondary end points in numerous SLE and 
CLE clinical trials7,11,13,47,49,50. Several studies have supported the use of 
CLASI-50, as it has been associated with clinically meaningful improve-
ment in patient quality of life as measured via SKINDEX-29 emotion and 
function domains19,43. CLASI-50 responders also reported a greater 
improvement in disease activity over 6 months than non-responders37. 
As such, CLASI-50 could be a viable end point of disease improvement 
that is both clinically meaningful to patients and widely used in existing 
clinical trials. However, the optimal clinically meaningful improvement 
threshold of CLASI is not yet known, and the CLASI working group seeks 
to answer this important question with clinical trial and real-world 
data in a future project.

Progress and recommendations of the Lupus ABC 
CLASI working group
After identifying and addressing the potential limitations of CLASI as 
a primary end point in CLE clinical trials, the Lupus ABC CLASI work-
ing group compiled and summarized the aforementioned data in an  
informational packet that was shared with the FDA in June 2024.  
A pivotal virtual meeting between members of the FDA and CLASI work-
ing group took place in August 2024 to explain the working group 
data and provide opportunities for the FDA to provide feedback. The 
Lupus ABC CLASI working group concluded in November 2024 that 
CLASI is a viable clinician-rated instrument that can be utilized as an 
outcome measure for therapeutic efficacy in clinical trials for CLE 
patients (Table 1 and Fig. 2). This decision clears the path for clinical 
drug development with the ability for clinical trials in CLE to utilize 
the CLASI to provide relevant clinical evidence. The working group 
recognized the need for additional information to assess what degree 
of change in CLASI-A score captures clinically meaningful improve-
ment, which will help to define the threshold of therapeutic efficacy 
specific to CLE. Other important upcoming studies that the working 
group will undertake include characterizing low disease activity and 
defining minimal skin activity levels for inclusion in CLE clinical tri-
als. CLASI-50 and CLASI-70 are already widely used as end points in 
existing CLE and SLE clinical trials, and determining clinically mean-
ingful improvement in disease activity with CLASI will be critical for 
defining inclusion criteria and therapeutic response moving forward. 
In addition, the potential application of CLASI to the measurement of 
mucocutaneous treatment responses in general SLE trial end points, 
such as the planned Treatment Response Measure for SLE (TRM-SLE)51, 
should be evaluated.

Conclusions
The collaborative nature of the Lupus ABC CLASI working group with 
multi-stakeholder involvement has provided important momentum 
for drug development in CLE by reaching consensus on the CLASI as 
a suitable outcome measure within a short period. Furthermore, the 
aggregate data affirm the potential for CLASI to evaluate clinically 
relevant aspects of disease and lesion morphology, assess disease 

Table 2 | Addressing the potential limitations for the use of 
the CLASI in clinical trials

Potential knowledge gap Summary of working group 
assessment

Refs.

Does erythema address the 
most important components 
of disease from the patient’s 
perspective?

Erythema correlates with various 
patient-reported outcomes and 
mirrors other aspects of disease 
activity, including scale, alopecia 
and inflammation

9,36–39

Does CLASI address lesion 
morphology?

CLASI incorporates scale and 
hypertrophy; other elements of 
morphology are less important to 
patients, not frequently present 
and can be difficult to assess by 
non-dermatologists

24

Does CLASI perform 
consistently across 
the spectrum of skin 
pigmentation?

The degree of improvement in 
CLASI-A that reflects a meaningful 
improvement in a patient’s quality 
of life is similar in Black and white 
patients; similar improvements 
in CLASI-A have also been noted 
across races and/or ethnicities in 
observational studies

37,42

Does CLASI assess disease 
severity across CLE 
subtypes?

Multiple publications support the 
use of CLASI across numerous 
CLE subtypes, including subacute 
and discoid CLE, which are the 
predominant subtypes examined 
in clinical trials

6,10,11, 
45–48

What is the threshold 
for clinically meaningful 
improvement in CLASI?

CLASI-50 corresponds with 
meaningful improvement in 
patient-reported outcomes and 
impression of disease progression

19,37,43

CLASI, Cutaneous Lupus Erythematosus Disease Area and Severity Index; CLASI-A, CLASI 
activity; CLASI-50, CLASI-A score improvement of at least 50%; CLE, cutaneous lupus 
erythematosus.

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 22 | April 2026 | 272–278 277

Expert recommendation

activity across patients with different skin pigmentations and CLE 
subtypes, and demonstrate clinically meaningful CLE improvement, 
giving the green light for clinical trials to use CLASI as an outcome 
measure to evaluate therapeutic efficacy in CLE. This has important 
implications for CLE drug development, as the use of an established 
outcome measure of disease activity in clinical trials will provide a 
standardized approach to assessing therapeutic response.

Published online: 26 January 2026
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