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Understanding the causes of treatment 
failure is crucial for the management 
of axial spondyloarthritis
Denis Poddubnyy & Xenofon Baraliakos

Although numerous therapies are available 
for axial spondyloarthritis, more than 
half of patients do not achieve remission 
or respond to treatment. Understanding 
the reasons for non-response in axial 
spondyloarthritis is essential for effective 
management of this disease.

Axial spondyloarthritis (axSpA) is a chronic inflammatory disease that 
primarily affects the axial skeleton. Despite the availability of effective 
treatments, more than 50% of patients in clinical studies do not achieve 
a sufficient treatment response1. Addressing the causes of non-response 
is crucial for the optimization of management strategies. Biological 
non-response owing to uncontrolled inflammation despite adequate 
therapy is one challenge, but another major factor that contributes to 
treatment failure is incorrect diagnosis.

Despite correct diagnosis of axSpA and adherence to state-of-
the-art anti-inflammatory treatment, satisfactory control of symp-
toms is not always achieved, and there are two major reasons for this 
lack of response. The first explanation, which probably applies to 
most patients with incomplete or non-response, is the presence of a 
condition that mimics the symptoms of axSpA (such as degenerative, 
mechanical changes in the spine or sacroiliac joints) or the presence 
of factors that can interfere with the assessment of axSpA symptoms 
(such as central or peripheral nervous system sensitization, anxiety, 
depression and sleep disturbances). The latter factors might contribute 
to the development and dominance of nociplastic pain mechanisms2 
(the extreme phenotype that is frequently diagnosed as fibromyalgia). 
The second explanation, which seems to apply to a smaller propor-
tion of patients but is still clinically important, is the persistence of 
inflammation despite the appropriate use of advanced therapy; this 
outcome represents a major therapeutic challenge and highlights the 
need for further investigation into the immunological mechanisms of 
true non-response.

However, what if the diagnosis is not correct? The extent of the 
problem of misdiagnosis is unclear as current data are scarce, although 
this issue has been recognized in the latest update of the Assessment 
of SpondyloArthritis international Society (ASAS)–EULAR manage-
ment recommendations for axSpA. According to these guidelines, 
ensuring the correct diagnosis in cases of non-response to biologic 
or targeted synthetic DMARDs is an essential step in the management 
approach before switching therapy1. This recommendation reflects 
the importance of ruling out alternative explanations for symptoms to 

avoid unnecessary changes in treatment strategy and improve patient 
outcomes.

The Improve-axSpA project, a telemedicine initiative conducted 
in Germany and Austria, has provided interim results suggesting that 
up to 35% of patients initially diagnosed with axSpA might have alter-
native explanations for their symptoms3. A key issue that contributes 
to misdiagnosis is the interpretation of MRI findings, particularly the 
attribution of unspecific bone marrow oedema to axSpA. Although 
bone marrow oedema is a hallmark feature of axSpA, studies demon
strate that a substantial proportion of the general population can 
present with this finding without inflammatory disease. Another 
population-based study4 demonstrated a relatively high prevalence 
(17%) of active inflammatory lesions on MRI of sacroiliac joints in indi-
viduals under 45 years of age. In this study, a history of giving birth and 
high BMI were associated with the presence of bone marrow oedema, 
back pain and HLA-B27-positivity4. In the spine, bone marrow oedema 
was even more common than in sacroiliac joints (28%) and associated 
with older age and physically demanding work. In an analysis of the 
German National Cohort study, approximately one-third of healthy 
individuals exhibited active inflammatory (bone marrow oedema) 
or structural changes (mostly sclerosis) on MRI of sacroiliac joints5.

Osteitis condensans ilii (OCI), a mechanical condition frequently 
associated with the presence of bone marrow oedema in the sacroiliac 
joints6, is increasingly recognized as an important differential diag-
nosis for axSpA. According to current understanding, mechanical 
stress associated with pregnancy and giving birth (which can persist 
for many years), anatomic variations of sacroiliac joints or physically 
demanding jobs and other recurrent physical impacts can induce bone 
marrow oedema (predominantly in the anterior part of the joint, with 
both iliac and sacral sides possibly involved), which, over time, might 
evolve into fat lesions and sclerosis. Importantly, erosions, a hallmark 
of axSpA, are virtually non-existent in OCI.

In axSpA, inflammation primarily involves the middle of the car-
tilaginous compartment of the sacroiliac joint and leads to the rela-
tively rapid (within months) development of axSpA-specific structural 
lesions — erosions and backfill (depicted as fat signal from repair tissue 
in the erosion cavity). Figure 1 represents examples of inflammatory 
(axSpA) and mechanical (OCI) patterns of changes in the sacroiliac joint. 
The differentiation of axSpA from mechanical or degenerative causes 
of back pain requires the use of an appropriate imaging protocol. The 
ASAS–Spondyloarthritis Research and Treatment Network (SPARTAN) 
imaging recommendations7 advocate for a standardized four-sequence 
MRI protocol (detailed in Supplementary Box 1).

Clear communication between referring physicians and radiolo-
gists is an important factor contributing to the correct diagnosis. The 
2024 ASAS recommendations for imaging requests emphasize the need 
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In summary, non-response to treatment in axSpA is a multifactorial 
issue. Although true biological non-response remains a challenge that 
requires new therapeutic strategies, a substantial proportion of cases 
can be explained by incorrect diagnosis or incorrect interpretation of 
the symptom source. Ensuring diagnostic accuracy through standard-
ized imaging protocols, improved communication between clinicians 
and radiologists, continuous education and appropriate training, as 
well as access to expert opinions, can help prevent misdiagnosis and 
optimize treatment decisions.
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to include detailed clinical information to guide radiologists in differ-
entiating inflammatory from non-inflammatory changes8. Additionally, 
standardized reporting guidelines for sacroiliac joint imaging provide 
a structured approach to describe changes associated with axSpA that 
also allow alternative diagnoses to be considered9.

Education has a crucial role in improving diagnostic accuracy and 
reducing misdiagnosis in axSpA. Rheumatologists need appropriate 
training to recognize the potential imaging pitfalls when diagnosing 
axSpA. Radiologists require specialized knowledge in interpreting MRI 
(as well as other imaging) findings in the sacroiliac joints and spine and 
guidance on how to differentiate inflammatory from mechanical or 
degenerative changes. Educational efforts should include in-person 
training sessions, workshops and the integration of these topics 
into specialist training curricula. The ASAS Case Library serves as an 
important resource for both specialties, providing reference cases that 
illustrate common diagnostic challenges and correct interpretations.

Obtaining an expert opinion seems to have value in reducing 
misdiagnosis and refining diagnostic pathways. The use of artificial 
intelligence (AI) in imaging interpretation is an emerging area that also 
holds promise for improving diagnostic accuracy. Several studies have 
successfully demonstrated AI-based detection of active inflammatory 
and structural changes on MRI of the sacroiliac joints10. AI-assisted 
tools not only help detect subtle patterns of inflammation and struc-
tural damage but also have the potential to contribute to the correct 
interpretation of axSpA-specific versus non-specific changes.

A possible future development that could improve diagnostic 
precision is the use of molecular imaging, such as positron emission 
tomography, to target cytokines and other molecules involved in the 
pathophysiology of inflammation in axSpA. Molecular imaging tech-
niques might enable a more specific differentiation between inflam-
matory bone marrow oedema associated with axSpA and non-specific 
bone marrow oedema as a result of mechanical stress or degenerative 
changes.
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Fig. 1 | Typical patterns of MRI changes in the sacroiliac joints in 
axial spondyloarthritis and osteitis condensans ilii. a, Pattern of axial 
spondyloarthritis: subchondral bone marrow oedema (arrow on STIR (short tau 
inversion recovery)) in the middle part of the cartilaginous compartment of the left 
sacroiliac joint, accompanied by erosions (arrowheads on T1 and VIBE (volumetric 

interpolated breath-hold examination)). VIBE enables the depiction of smaller 
erosions with greater clarity. b, Pattern of mechanically induced changes in osteitis 
condensans ilii: bone marrow oedema in the ventral part of both sacroiliac joints 
(arrows on STIR), accompanied by massive sclerosis (arrows on T1 and VIBE) and 
some fat metaplasia (arrowheads on T1). There is no erosive damage.
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Current challenges in understanding 
the epidemiology of calcium 
pyrophosphate crystal deposition
Charlotte Jauffret & Tristan Pascart

Calcium pyrophosphate deposition (CPPD) 
disease is secondary to the pathological 
accumulation of calcium pyrophosphate (CPP) 
crystals inside joints and involves acute or 
chronic inflammatory arthritis. Epidemiological 
research on CPPD has been slow despite the 
suspected high prevalence of this condition. 
Here we highlight key challenges in CPPD 
imaging, diagnosis and nomenclature that need 
to be addressed for epidemiological research 
to progress at a faster pace.

The first challenge in understanding CPPD epidemiology relates to 
the suboptimal quality of imaging evidence used to estimate CPPD 
prevalence, whether symptomatic or not, and the associated underdi-
agnosis of CPPD. Second, it has been challenging to correctly identify 
and classify individuals with CPPD disease. Third, the non-consensual 
nomenclature used for CPPD disease phenotypes has hampered the sys-
tematic study of well-defined clinical cohorts. Although the nomencla-
ture for CPPD clinical forms is still under discussion, in this Comment, 
we use the term ‘CPPD’ to refer to calcium pyrophosphate deposition, 
regardless of asymptomatic or symptomatic forms, and ‘CPPD disease’ 
to refer to symptomatic forms of CPPD.

CPPD underdiagnosis
Routinely used imaging methods, such as radiography, ultrasonog-
raphy and computed tomography (CT), have the potential to detect 
crystal deposition1, enabling estimations of CPPD prevalence. In con-
ventional radiography, CPPD is often reported as ‘chondrocalcinosis’2, 
but this imaging modality has poor sensitivity — of approximately 50% 
in CPPD disease3. Thus, prevalence studies that rely on conventional 
radiography largely underestimate the numbers of individuals with 
CPPD. The use of ultrasonography is increasingly validated for the 
detection of CPPD. Ultrasonography has a sensitivity of above 90% for 
CPPD and provides more accurate assessments of CPPD prevalence 
than conventional radiography3. However, the lack of sonographers 
that have been specifically trained to detect CPPD is a limiting factor4. 
Similar to ultrasonography, CT seems to have an increased sensitiv-
ity for CPPD detection and is broadly applied for the assessment of 
axial CPPD involvement. However, a CT scan is not routinely used to 
assess peripheral CPPD involvement owing to limited availability, 

cost considerations and radiation exposure. Dual-energy computed 
tomography (DECT), which is now used in routine practice for gout, 
can be applied for CPPD detection5. DECT is not superior to CT for the 
detection of calcium-containing crystals, and hardly distinguishes 
between calcium-containing crystal types, such as CPP and basic 
calcium phosphate (BCP) crystals5.

In addition to all the above challenges for identifying individuals 
with imaging evidence of CPPD, the estimation of CPPD prevalence is 
hampered by the fact that CPPD detection is often incidental — CPPD is 
often detected when imaging is performed for other purposes. CPPD of 
the symphysis pubis, which appears on abdominal CT scans performed 
for abdominal pain, and CPPD of the C1C2 transverse ligament, which 
appear on cranial CT scans performed for example for head trauma, 
are the most frequent incidental diagnoses of asymptomatic CPPD. By 
contrast, CPPD of peripheral joints, including knees and wrists — which 
are the most frequently involved locations — is usually detected on 
imaging of symptomatic individuals. In these instances, additional 
clinical information is still required to determine whether the identified  
CPPD underlies the patient’s symptoms.

To overcome all the above limitations that are pertinent to CPPD 
imaging, the detection capabilities of imaging tools need to improve, 
and imaging protocols must be further combined with clinical and 
other paraclinical modalities to differentiate between CPPD and CPPD 
disease.

Misidentification of individuals with CPPD disease
CPPD disease is often misdiagnosed and under-recognized6. The main 
challenge for CPPD disease epidemiology is to identify symptomatic 
individuals with ascertained diagnosis, either in prospective general 
population-based cohorts that are not disease-specific, such as the 
UK Biobank, or, retrospectively, in large databases, such as health-
care data. However, coding systems are particularly imprecise when it 
comes to CPPD disease, as they do not distinguish between the symp-
tomatic CPPD disease and the asymptomatic CPPD. The most common 
code is ‘chondrocalcinosis’ (codes M111*, M112* of the 10th revision 
of the International Classification of Diseases (ICD-10), and refers to 
the imaging evidence of CPPD, whether symptomatic or not. In some 
cases, the code ‘pseudogout’ captures the full phenotypic spectrum of 
symptomatic CPPD disease and not only the acute arthritis phenotype. 
Other apparently non-specific codes such as ‘other crystal arthropa-
thies’ (M118* of ICD-10) are often used, but these encompass also other 
crystal deposition diseases, such as BCP deposition. Epidemiologi-
cal studies have so far included a variety of ICD-10 codes to identify 
patients in heterogeneous cohorts, leading to non-comparable results. 
However, chart reviews that assess the performances of these codes 
showed that they performed better than expected, and some research 
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Conclusion
A research priority is to improve our understanding of the epidemiol-
ogy of CPPD disease, as it is expected to improve general awareness 
of the disease and help to tackle CPPD underdiagnosis and, in turn, 
poor disease management. Overcoming challenges in CPPD imaging, 
diagnosis and classification will help to optimize the identification of 
individuals with CPPD disease through large databases and support 
further genetic studies in large population cohorts where the genetic 
data are already available.
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groups have tried to develop algorithms to overcome this issue7. The 
first ACR–EULAR classification criteria created in 2023 are a huge step 
forward in uniformizing patient profiles for clinical research, includ-
ing epidemiological studies, but cannot be applied retrospectively to 
available databases6.

Inconsistent nomenclature for CPPD disease phenotypes
The 2011 EULAR task force recognized the CPPD disease phenotypes 
‘asymptomatic CPPD (isolated chondrocalcinosis (CC), or osteoar-
thritis (OA) with CC)’, ‘OA with CPPD’, ‘acute CPP crystal arthritis’ and 
‘chronic CPP crystal inflammatory arthritis’ under the umbrella term 
‘calcium pyrophosphate deposition (CPPD)’. Since then, further terms 
have emerged in the literature, with some authors classifying the term 
‘recurrent CPPD disease’ under ‘acute CPPD disease’ and others under 
‘chronic CPPD disease’, whereas the term ‘persistent CPPD disease’ 
has been referred to as a ‘chronic CPPD disease’ form8,9. Less com-
monly described CPPD disease phenotypes include crowned dens 
syndrome, microcrystalline spondylodiscitis and other axial involve-
ments, extra-articular tophaceous or pseudo-tumoral CPP deposi-
tions, pseudoneuropathic arthropathy, and mixed crystal depositions. 
Those imprecisely defined phenotypes reflect the heterogeneity of 
CPPD disease, which might in many cases mimic other inflammatory 
rheumatic diseases. A consensus on the nomenclature of CPPD disease 
phenotypes is required, so that epidemiological research can focus 
on homogeneous groups of patients and provide more accurate data.

Implementing the 2023 ACR–EULAR classification criteria was a 
necessary step to include individuals with CPPD disease in research 
albeit irrespectively of their specific phenotypes6,10. Ongoing efforts 
to characterize CPPD disease phenotypes are expected to help towards 
this direction8. The cohort that was enrolled to develop and validate 
the 2023 ACR–EULAR classification criteria was used to examine the 
distribution of the most common CPPD disease phenotypes (‘unique’ 
acute CPP crystal arthritis, ‘recurrent’ acute CPP crystal arthritis, and 
‘persistent’ CPP crystal inflammatory arthritis) and how these pheno-
types are associated with imaging evidence of CPPD and osteoarthri-
tis, patient characteristics, and clinical symptoms. So far, no patient 
cohort has been sufficiently phenotyped to study the transition from 
one phenotype to another — for example, to study which patients with 
inaugural acute CPP crystal arthritis have a risk of developing chronic 
manifestations and in what form. The frequency and causes of the 
transition from asymptomatic CPPD to CPPD disease are still unknown. 
Large CPPD-focused cohorts need to be built to answer these various 
questions. An update with more precise codes for CPPD disease would 
be more than welcome and would be able to extract more informative 
and reliable data from large databases.
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Systemic lupus erythematosus

Pentose phosphate pathway metabolite 
restores T cell balance in SLE

Autoimmune reactions, includ-
ing inflammatory lesions in 
systemic lupus erythematosus 
(SLE), often involve a skewed 
balance between regulatory 
T cells (Treg cells) and effector 
T helper 17 cells (TH17 cells).  
A Science Translational Medicine 
study reports that the pentose 
phosphate pathway (PPP) 
metabolite gluconolactone 
(GDL) can potentially be used to 
increase Treg–TH17 cell ratio and 
treat inflammatory lesions in 
cutaneous lupus.

This translational finding was 
triggered by phosphoproteomic 
and metabolomic analyses 
of mouse Treg cells that had or 
lacked expression of protein 
phosphatase 2A (PP2A), building 
upon the previous identifica-
tion of the essential role of 
PP2A in Treg cell differentiation 
and suppressive activity. The 
PPP enzyme G6PD produces 
6-phospho-glucono-d-lactone 
as a by-product of glucose-
6-phosphate oxidation into 

NADPH. G6PD levels and enzy-
matic activity, as well GDL and 
6-phospho-glucono-d-lactone 
levels, were increased in PP2A-
deficient Treg cells, and G6PD was 
identified as a direct PP2A target. 
By contrast, the levels of PGLS, 
the downstream enzyme of the 
PPP that hydrolyses 6-phospho- 
glucono-d-lactone, were low in 
PP2A-deficient Treg cells.

So, what is the effect of GDL 
on Treg cells? Exogenous GDL 
improved Treg cell differentiation 
and suppressive activity and 
suppressed the differentiation 
of TH17 cells in vitro. This effect 
depended on the expression of 
PGLS, indicating that it is the 
yet unidentified downstream 
metabolites of GDL that promote 
Treg cell differentiation and 
function.

To test the therapeutic poten-
tial of GDL — which is present 
in foods, as well as an approved 
compound for intramuscular, 
intravenous, oral and topical 
use — the authors applied a 

GDL-containing cream to skin 
lesions of imiquimod-treated  
or lupus-prone MRL/lpr mice. 
GDL improved skin histology 
and increased the Treg–TH17 cell 
ratio in the local lymph nodes of 
the treated mice. Oral adminis-
tration of GDL to MRL/lpr mice 
also reduced the spleen and 
lymph node sizes and increased 
the Treg–TH17 cell ratio but failed 
to modulate autoantibody levels  
or kidney pathology.

Topical application of GDL- 
containing cream to skin lesions 
of three patients with cutaneous 
lupus improved clinical and his-
tological components of these 
lesions compared with untreated 
lesions of the same patients. One 
of the three patients reported 
lesion clearance after 10 months 
of continuous GDL treatment.

“Although quite excited about 
this rapid conversion of basic 
findings to clinical practice, we 
still need to dissect each meta-
bolic step that enables GDL to 
increase Treg cell function,” notes 
George Tsokos, corresponding 
author of the article. “At the clini-
cal level we would love to pursue 
clinical trials [...] in patients 
with cutaneous lupus and other 
inflammatory skin diseases,” 
Tsokos adds, suggesting that 
“GDL will be an adjuvant medica-
tion in treating systemic disease, 
but it may be sufficient for those 
with skin involvement.”
Maria Papatriantafyllou 

Original article: Li, W. et al. Gluconolactone 
restores immune regulation and alleviates 
skin inflammation in lupus-prone mice 
and in patients with cutaneous lupus. 
Sci. Transl. Med. 17, eadp4447 (2025)
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Inflammatory arthritis

Oestrogens  
implicated in  
progression to  
arthritis

Hormonal changes during men-
opause are thought to influence 
the development of rheumatoid 
arthritis (RA), but the nature of  
this link remains unclear. Find-
ings from a prospective study of  
433 women with clinically suspect  
arthralgia suggest that cumula-
tive exposure to oestrogens 
increases the risk of progression 
to anti-citrullinated protein 
antibody (ACPA)-negative 
inflammatory arthritis (IA).

Compared with the risk 
for premenopausal women, 
postmenopausal women had an 
increased risk of ACPA-negative 
IA (HR 2.9; 95% CI 1.05–8.0) but 
not of ACPA-positive IA (HR 0.8; 
95% CI 0.4–1.9). The risk for the 
development of RA followed 
similar trends.

Among postmenopausal 
women, several factors related 
to lifetime exposure to oestro-
gens were linked with arthritis 
development. A higher num-
ber of reproductive years was 
associated with a decreased 
risk of ACPA-negative IA, as was 
a higher number of ovulatory 
years (HR 0.88 for every 1-year 
increase; 95% CI 0.78–0.99). 
Conversely, onset of menopause 
before 45 years of age was asso-
ciated with an increased risk of 
ACPA-negative IA (HR 6.03; 95% 
CI 1.34–27.10).

Thus, both the drop in 
oestrogens that occurs during 
menopause and the cumulative 
duration of exposure to oestro-
gens over a lifetime might have 
a role in the pathophysiology of 
ACPA-negative arthritis.
Sarah Onuora 

Original article: Heutz, J. W. et al. Shorter 
reproductive time span and early menopause 
increase the risk of ACPA-negative 
inflammatory arthritis in postmenopausal 
women with clinically suspect arthralgia. 
Rheumatology https://doi.org/10.1093/
rheumatology/keaf083 (2025)
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Autoimmunity

Z-DNA as an inflammatory trigger  
in lupus

A study in Science Immunology  
delineates a molecular link 
between photosensitivity and 
exaggerated type I interferon 
(IFN) responses in skin diseases 
such as systemic lupus erythem
atosus (SLE), cutaneous lupus 
erythematosus (CLE) and 
dermatomyositis.

Type I IFN responses are 
upregulated in the skin, both 
lesional and non-lesional, 
of individuals with lupus or 
dermatomyositis, and are 
further enhanced by expo-
sure to ultraviolet (UV) light, 
resulting in photosensitivity 
reactions. Thus, Benjamin 
Klein and Michelle Kahlenberg, 
co-corresponding authors of 
the study, initiated a project “to 
understand which factors are 
required for UV-mediated IFN 
activation and [...] how this is 
perturbed in an ‘already’ IFN-rich 
environment”, as Klein notes.

This work associated 
UV-induced mitochondrial 
damage with the cytoplasmic 
accumulation of Z-DNA — a 
zigzag DNA conformation 
resulting, in this case, from the 
oxidation of mitochondrial DNA. 
The accumulation of Z-DNA in 
keratinocytes enhanced type I 
IFN responses.

Z-DNA binding protein 1  
(ZBP1) is encoded by an 

IFN-inducible gene, and 
ZBP1 levels were increased in 
non-lesional skin tissues of 
individuals with SLE, CLE or 
dermatomyositis when com-
pared with skin from healthy 
individuals. UV-induced Z-DNA 
was stabilized by ZBP1 in the 
skin of these individuals and 
further amplified type I IFN 
responses through the cytoplas-
mic DNA-sensing cGAS–STING 
signalling pathway.

As their findings underline 
how UV light might initiate 
chronic skin inflammation in 
autoimmune photosensitivity, 
the authors highlight Z-DNA 
and ZPB1 as potential thera-
peutic targets. “Understanding 
mitochondrial dysregulation  
in lupus skin will be important 
for getting at the root of the 
question of why type I IFNs  
are elevated in the first place”, 
Kahlenberg concludes, adding 
that “it will also be interesting  
to determine whether other 
DNA sources, such as neutrophil 
extracellular traps, [contain] 
similar Z-DNA conformations”.
Maria Papatriantafyllou 

Original article: Klein, B. et al. Epidermal 
ZBP1 stabilizes mitochondrial Z-DNA to drive 
UV-induced IFN signaling in autoimmune 
photosensitivity. Sci. Immunol. 10, eado1710 
(2025)

Systemic sclerosis

Fumarate drives interferon release  
in systemic sclerosis monocytes

Fumarate hydratase (FH), a 
metabolite of the tricarboxylic 
acid (TCA) cycle that catalyses 
the conversion of fumarate to 
malate, is known to regulate 
innate immune responses. 
Research now implicates FH in 
the release of interferon in sys-
temic sclerosis (SSc), through a 
mechanism involving the STING 
signalling pathway.

Previous studies have shown 
that FH suppression occurs in 
systemic lupus erythemato-
sus (SLE); FH inhibition in SLE 
macrophages leads to fumarate 
accumulation, which causes 
mitochondrial stress and sub-
sequent release of nucleic acids 
from SLE macrophage mito-
chondria, resulting in interferon 
production. In the present study, 
the researchers showed that lev-
els of FH were significantly lower 
in CD14+ monocytes isolated 
from 12 patients with early dif-
fuse SSc in comparison with cells 
isolated from healthy individu-
als. The SSc monocytes also had 
increased expression of the 
interferon target gene ISG15 and 
the mitochondrial stress mark-
ers GDF15 and ATF4, and levels 
of mitochondrial DNA (mtDNA) 
were increased in the cytosolic 
fraction of SSc monocytes.

Depletion of mitochondria in 
SSc monocytes by incubation 
with the mitophagy-inducer 
urolithin A blunted lipopolysac-
charide (LPS)-induced release 
of IFNβ. Treatment of cells with 
the voltage-dependent anion 
channel (VDAC) oligomerization 
inhibitor VBIT-4 also reduced 
IFNβ release, suggesting that 
the IFNβ response is at least 
partially mediated by the export 
of mtDNA from VDAC1 pores.

In cells from healthy donors,  
stimulation with the STING 
agonist cGAMP led to an 
increase in the release of 
IFNβ but this effect could be 
mitigated by pre-treatment 
with the STING inhibitor H-151 
or with 4-octyl itaconate (4-OI), 
a cell-permeable derivative of 
the TCA cycle metabolite itaco-
nate that has anti-inflammatory 
effects. Further experiments in 
SSc monocytes demonstrated 
that the inhibitory effects of 4-OI 
on IFNβ induction are down-
stream of mitochondrial nucleic 
acid release and probably medi-
ated by its induction of the tran-
scription factor NRF2, a negative 
regulator of STING signalling.

In skin samples from indi-
viduals with SSc, levels of 
fumarate, but not the TCA 
cycle components succinate or 
α-ketoglutarate, were increased 
in comparison with skin from 
healthy donors. In addition, 
levels of cGAMP and expression 
of ISG15 and the STING target 
gene CXCL10 were increased in 
SSc skin samples.

Together, the findings 
suggest a pathway by which 
altered fumarate metabolism 
in SSc monocytes leads to 
increased mitochondrial stress 
and the release of mtDNA into 
the cytosol that then triggers 
cGAS–STING signalling, result-
ing in interferon release. Target-
ing these altered metabolic 
pathways could offer a way to 
treat inflammatory diseases 
such as SSc.
Sarah Onuora
Original article: Steadman, T. & O’Reilly, S.  
Aberrant fumarate metabolism links 
interferon release in diffuse systemic 
sclerosis. J. Dermatol. Sci. 117, 30–35 (2025)
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Experimental arthritis

Lipid nanoparticles with PDL1-encoding  
mRNA spread tolerance

Tolerogenic antigen-presenting  
cells (APCs) downregulate the 
responses of effector T cells 
or promote the differentiation 
of regulatory T (Treg) cells, and 
APC-based immunotherapies 
have been explored to target 
autoimmune diseases. Some 
tolerogenic APCs express the 
co-inhibitory cell surface mole-
cule PDL1, which engages with PD1 
on T cells to inhibit effector T cell 
activity. A study in Nature Biomed-
ical Engineering now reports how 
a lipid nanoparticle (LNP)–mRNA 
formulation resembling that of 
the COVID-19 mRNA vaccines was 
harnessed to induce tolerogenic 
APCs in vivo and prevent disease 
progression in a mouse model of 
rheumatoid arthritis.

“The key innovation was opti-
mizing these LNPs to be stealthy, 
minimizing immune activation 
while efficiently delivering their 
mRNA payload to APCs”, notes 
Yucai Wang, co-corresponding 
author of the study. This was 
achieved through the in vivo 
screening of LNPs with varied 
chemical composition of the 
LNP components, with the aim to 
identify the least immunogenic 
formulation. Preferential target-
ing of APCs in vivo was attempted 
via subcutaneous administration 
of these LNPs, whereas tolero-
genic potential was achieved via 
the integration of an mRNA that 
encoded PDL1 (Cd274).

The developed LNP–mRNA 
constructs were able to induce 
tolerogenic APCs that con-
trolled activated T cells both 
in in vitro assays and in mice. 
Moreover, these LNP–mRNA 
constructs — when administered 

subcutaneously — inhibited 
disease progression in a mouse 
model of collagen-induced 
arthritis, with an efficacy that 
was comparable to that of the 
TNF inhibitor etanercept. T cell 
analyses of the spleen and 
lymph nodes of these mice indi-
cated that PDL1 mRNA-carrying 
LNPs reduced the numbers 
of pro-inflammatory effector 
T cells. T cell infiltration of the 
joints was also reduced.

“While our current method 
for generating tolerogenic 
APCs in the body works broadly 
against autoimmune inflam-
mation (especially useful for 
diseases where the specific 
self-targets are unknown), 
the gold standard would be to 
develop therapies that specifi-
cally target only the problematic 
immune responses”, Wang 
comments. “The good news 
is that our mRNA platform is 
like a modular toolkit — we can 
easily adapt it to include specific 
autoantigens relevant to differ-
ent diseases, (...) [or] potentially 
substitute PDL1 mRNA with 
other [immunosuppressive] 
genes like IL-10. The proven suc-
cess of LNP delivery in vaccines 
supports its clinical potential for 
autoimmune therapies”, Wang 
concludes.
Maria Papatriantafyllou 

Original article: Liu, Y. et al. Generation of 
tolerogenic antigen-presenting cells in vivo 
via the delivery of mRNA encoding PDL1 
within lipid nanoparticles. Nat. Biomed. Eng 
https://doi.org/10.1038/s41551-025-01373-0 
(2025)

Related article: Buckner, J. H. Antigen- 
specific immunotherapies for autoimmune 
disease. Nat. Rev. Rheumatol. 21, 88–97 
(2025)

Rheumatoid arthritis

Glycosylation switch in synovial  
fibroblasts promotes ECM degradation

Understanding the mechanisms 
that cause synovial fibroblast 
to degrade the extracellular  
matrix (ECM) in arthritic 
joints is key. In cancer, hyper 
O-glycosylation of cell-surface 
proteins leads to ECM degrada-
tion by cancer cells. This process 
is activated by the relocation of 
N-acetylgalactosaminyltransferases 
(GALNTs) from the Golgi to the 
endoplasmic reticulum (ER). This 
relocation is known as GALNT acti-
vation (GALA) and promotes high 
O-glycosylation and the synthesis 
of the Tn glycan. A study in Nature 
Communications investigates 
whether the GALA pathway is 
altered in synovial fibroblasts in 
arthritic joints.

Tran et al. report that joint tis-
sues from individuals with rheu-
matoid arthritis (RA), psoriatic 
arthritis and osteoarthritis have 
higher levels of GALNT reloca-
tion and Tn glycan than those 
from healthy individuals.

Using the collagen antibody- 
induced arthritis (CAIA) mouse 
model of RA, the authors found 
that, similarly to humans, 
GALNT relocation and Tn glycan 
levels were increased in mice 
with CAIA compared with con-
trol animals. In both humans and 
mice, synovial-lining fibroblasts 
were identified as the cells that 
had high GALNT relocation 
and expression of Tn glycan. 

In synovial fibroblast from 
individuals with osteoarthritis 
and RA, exposure to ECM 
proteins activates the GALA 
pathway, whereas cells from 
healthy individuals had little or 
no response.

The authors generated a 
human synovial fibroblast cell 
line that expressed the GALNT 
inhibitor ER-2Lec, which inhibits 
GALNTs in the ER but not in the 
Golgi. When stimulated, the cells 
that expressed ER-2Lec had 
reduced ECM-degrading proper-
ties compared with control cells. 
Tran et al. also generated a 
mouse model in which synovial 
fibroblasts express ER-2Lec, 
and induced CAIA in these mice. 
ER-2Lec-expressing mice with 
CAIA had reduced disease activ-
ity compared with control mice 
with CAIA.

Further research revealed that 
GALNTs glycosylate calnexin 
(an ER-resident protein involved 
in ECM degradation) in the ER, 
and this results in translocation 
of calnexin to the cell surface 
where it contributes to ECM 
degradation. Blocking calnexin 
in vivo protected mice with 
CAIA from cartilage degrada-
tion and subsequent disease 
development.

Frederic Bard, the corre-
sponding author of this article, 
concludes that “Our study sheds 
new light on the way synovial 
fibroblasts contribute to the 
ECM degradation process”; 
therapeutics that target cal-
nexin are being developed for 
the treatment of arthritis.
Holly Webster
Original article: Tran, L. S. et al. ER 
O-glycosylation in synovial fibroblasts drives 
cartilage degradation. Nat. Commun. 16, 
2535 (2025)
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News & views

Osteoarthritis

Targeting osteoarthritis where it 
hurts: the osteochondral junction
Anne-Marie Malfait & Alia M. Obeidat

In joints with osteoarthritis, angiogenesis and 
neuronal growth occur at the osteochondral 
junction, a process that can contribute to 
structural joint damage and pain. Targeting 
this neurovascularization process represents 
a possible strategy for the development of 
disease-modifying drugs for osteoarthritis.

Refers to Qin, W. et al. Neurovascularization inhibiting dual 
responsive hydrogel for alleviating the progression of osteoarthritis. 
Nat. Commun. 16, 1390 (2025).

In osteoarthritis (OA), neurovascular growth at the cartilage–bone 
interface might contribute to both disease progression and pain. Blood 
vessels grow into the normally avascular cartilage and can promote  
calcification and cartilage damage. In addition, pathological nerve 
growth into joint tissues that are exposed to high mechanical load can 
make these tissues very sensitive to stimuli, especially as the inflamma-
tory milieu in the OA joint causes peripheral sensitization of nociceptors 
and subsequent joint pain1. Therefore, targeting neurovascularization 
at the osteochondral junction represents an attractive treatment strat-
egy for OA. In a study in Nature Communications, Qin et al. report the 
development of a novel dual-responsive hydrogel that targets neurovas-
cularization at the osteochondral junction of the temporomandibular 
joint (TMJ), with the aim of treating TMJ osteoarthritis (TMJ-OA)2.

In diarthrodial joints, the osteochondral junction forms the 
cartilage–bone interface, where the deep layers of articular cartilage 
cover the subchondral bone to allow frictionless motion between 
bones. The osteochondral unit is formed by articular hyaline cartilage, 
beneath which a layer of calcified cartilage marks the transition from 
soft tissue to the underlying subchondral bone plate. The bone plate 
consists of dense cortical bone, which transitions into more porous 
and metabolically active trabecular bone3 (Fig. 1). Subchondral bone 
is highly vascular, indicating the high nutritional needs of the bone 
tissue and the overlying avascular cartilage. In humans, arterial and 
venous vessels can send small branches into the calcified cartilage4.

Functionally, the cartilage–bone interface at the osteochondral 
junction is a highly dynamic structure, uniquely adapted to transfer  
loads during joint motion and weight bearing3, and permits the 
exchange of biochemical mediators between the two tissues. In OA 
joints, pathological changes at the osteochondral junction that start 
early in the disease have been described5. Gross pathological changes 
include thickening of the calcified layer, advancing endochondral 
ossification and duplication of the tidemark. Progressive changes in 
the subchondral bone ultimately lead to increased subchondral bone 
thickness and stiffness, which alters mechanical loading and renders 

the osteochondral unit vulnerable to microfractures. The formation 
of microcracks and channels between cartilage and subchondral bone 
compromises the integrity of the barrier between bone and cartilage, 
which promotes pathological processes. Thus, treatments that target 
the osteochondral unit could hold potential for disease modification in 
OA. Perhaps one of the most exciting observations is the intense neu-
rovascularization that occurs at the osteochondral junction. Indeed, 
knees obtained from patients with OA at the time of total knee replace-
ment show angiogenesis at the osteochondral junction, with increased 
vascular density extending through channels that breach the tidemark6. 
These osteochondral channels also contain peptidergic nerves and 
are associated with pain in knee OA7. Sprouting of nociceptors in sub-
chondral bone channels occurs in all experimental models of OA, 
including primary age-associated OA, and is associated with cartilage 
degeneration scores8 (Fig. 1). Furthermore, the angiogenic factor VEGF 
(which can also promote nerve growth), as well as the neurotrophic 
factor NGF (which can also promote vessel growth), are expressed at 
the osteochondral junction.

TMJ-OA is a debilitating chronic pain condition for which no 
treatments exist. To try to target neurovascularization in TMJ-OA, 
Qin et al.2 used the unilateral anterior crossbite TMJ-OA model in 
female mice (which have a higher morbidity rate in this model). The 
authors have previously shown that augmented neurovascularization 
and overexpression of Ngf, Vegf and Ntn1 (which encodes Netrin 1, an 
osteoclast-derived protein that can promote sensory nerve growth in 
the subchondral bone9) occur at the osteochondral junction in TMJ-OA 
mice. In this model, the authors proposed a role for extracellular RNA 
in regulating nerve and blood vessel ingrowth. Specifically, they report 
that RNA–VEGF complexes might promote the growth of trigeminal 
ganglion cells10. Now, the authors have developed a novel, self-healing, 
polycationic pH- and reactive oxygen species-responsive hydrogel 
loaded with bevacizumab (an anti-VEGF antibody). The polycationic 
nature of the hydrogel enables it to scavenge extracellular RNA, and 
the dual responsiveness allows controlled release of bevacizumab. The 
study provides in vitro evidence that the hydrogel effectively inhibits 
angiogenesis and neuronal growth. In TMJ-OA mice, a single injection 
of the hydrogel at day 0 had notable beneficial effects after 3 weeks, 
including fewer new blood vessels; healthier, proteoglycan-rich articu-
lar cartilage; fewer microcracks; increased bone mineral density; fewer 
calcitonin gene-related peptide-positive nerves at the osteochondral 
junction; and decreased expression of Ngf, Vegf, Ntn1 and Ntn3. These 
beneficial effects on joint damage were accompanied by less maxillo-
facial pain, including decreased mechanical allodynia and decreased 
anxiety-driven behaviours.

This interesting study shows promise for targeting neurovascu-
larization directly at the osteochondral junction and provides proof of 
concept that this approach can have a true disease-modifying effect 
in OA. The novel hydrogel has the potential to overcome the many 
barriers associated with intra-articular drug delivery that hamper 

 Check for updates
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biodistribution in the joint and interfere with pharmacokinetics; 
however, some key limitations warrant further exploration. Impor-
tantly, injecting the hydrogel at the time of model induction limits 
the observed effects to a prophylactic approach. An interventional 
approach to address the reversibility of neurovascularization would 
be very exciting. Also, although a supplemental figure suggests that 
the hydrogel overcame the ‘joint barrier’ and was detected both in 
cartilage and subchondral bone 3 weeks after intra-articular injection, 
careful assessment of the distribution of the gel over time is needed to 
understand the pharmacokinetics. Furthermore, in this TMJ-OA model, 
disease progresses for up to 6 weeks10, whereas mice in this study were 
monitored for only 3 weeks. Including later time points and longitu-
dinal monitoring of all relevant outcomes over a 6-week period would 
enable careful delineation of the observed effects and the relationships 
among blood vessels, neurons, structural changes and pain.

Overall, this stimulating study by Qin et al.2 provides evidence that 
targeting neurovascular growth at the osteochondral junction can have 
beneficial effects on structural disease and pain, at least in a mouse 
model of TMJ-OA. The OA field is in dire need of innovative treatment 
approaches, and this hydrogel presents an exciting possible future 
approach; we look forward to seeing how this hydrogel performs in 
experimental models of knee OA and in human tissues.
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Fig. 1 | Neurovascularization at the osteochondral junction in OA. Images of 
the medial compartment of healthy age-matched knee (middle left) and a knee 
with osteoarthritis (OA), 12 weeks after partial meniscectomy (middle right and 
far right), showing neurovascularization at the osteochondral junction. Confocal 
images (middle left and middle right) and H&E image (far right) are from 
NaV1.8-tdTomato mice, in which neurons that express the sodium channel NaV1.8 

express the tdTomato (red) fluorescent tag; these NaV1.8-positive neurons are 
nociceptors. White arrows show blood vessels within subchondral bone (SCB) 
channels. Black arrows indicate the tidemark. Yellow arrows indicate NaV1.8-
positive nociceptors within subchondral bone channels growing towards the 
tidemark. AC, articular cartilage; CC, calcified cartilage; F, femur; T, tibia. Scale 
bar, 100 µm.
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Molecular imaging

Imaging inflammation with 
leukocyte-targeted PET tracers
Filippo Fagni

Molecular imaging techniques such as PET with 
the leukocyte-targeted probe 89Zr-CD45 are 
promising tools for rheumatology, providing 
a non-invasive whole-body assessment of the 
mechanisms that drive tissue inflammation. 
These techniques could improve diagnosis  
and disease monitoring, but further research  
is required before clinical implementation.

Refers to Salehi Farid, A. et al. CD45-PET is a robust, non-invasive 
tool for imaging inflammation. Nature 639, 214–224 (2025).

Over the past decades, advances in imaging technologies have 
changed the way we visualize inflammation by moving beyond 
mere structural and anatomical assessments and delving deeper 
into the molecular mechanisms that underpin inflammatory dis-
eases. Molecular imaging with PET utilizes radiolabelled tracers 
targeted at key molecules and cells involved in the inflammatory 
process, offering unprecedented insights into the biological pro-
cesses sustaining inflammation across the entire body in a single 
scan1. In particular, radiotracers aimed at specific immune cell com-
partments that are central to the pathogenesis of immune-mediated 
inflammatory conditions, such as fibroblasts and macrophages, are 
rapidly gaining traction in rheumatological imaging1,2. Until now, 
18-fluorine-fluorodeoxyglucose-PET (18F-FDG-PET) has been the most 
widely used nuclear imaging technique in rheumatology, owing to 
its capacity to detect areas of increased glucose metabolism, which 
serves as a surrogate for inflammation. However, 18F-FDG-PET lacks 
specificity in distinguishing between different types of inflammation 
or malignancy.

Salehi Farid et al. have now developed a novel 89-zirconium  
(89Zr)-labelled radiotracer aimed at the human leukocyte common 
antigen CD45 (ref. 3). The authors tested an 89Zr-CD45 probe on mouse 
models of acute respiratory distress syndrome (ARDS) and inflamma-
tory bowel disease (IBD), showing that radionuclide uptake reliably 
correlated with both histological and clinical indicators of inflamma-
tion and that the probe demonstrated superior efficacy compared to 
18F-FDG-PET in stratifying disease severity thanks to superior tracer 
accumulation at inflammatory sites.

89Zr-CD45-PET enabled the visualization of immune cells through-
out the whole body in healthy mice, with maximal uptake in the spleen, 
bone marrow and lymph nodes. Probe uptake was significantly 
increased at sites of organ inflammation. In the ARDS mouse model, 
89Zr-CD45 uptake in the inflamed lungs correlated with clinical sever-
ity, inflammatory infiltrate in CT and histological lung injury scores. 

Notably, 89Zr-CD45-PET outperformed 18F-FDG-PET in a head-to-head 
comparison, in which 18F-FDG uptake was less correlated to all severity 
parameters. Similarly, in the IBD mouse model, 89Zr-CD45-PET signal 
in the intestines was highly correlative with histological scoring, 
disease activity score and weight loss, whereas 18F-FDG-PET failed 
in detecting rectal inflammation and did not correlate with disease 
severity scores or weight loss. Mice with IBD that underwent a treat-
ment regimen received a follow-up PET examination to test the sen-
sitivity of 89Zr-CD45-PET to changes in disease activity over time. 
Treated mice showed a notable reduction in intestinal probe uptake 
and this strongly correlated with clinical improvement, including 
body weight gain.

To evaluate whether the 89Zr-CD45 tracer can detect human leu-
kocytes, the authors tested an anti-human CD45 radiotracer in human-
ized NSG mice that had been transplanted with human peripheral 
blood mononuclear cells. Notably, 89Zr-CD45-PET was able to detect 
higher tracer uptake in the spleen of humanized mice compared 
with non-humanized controls, as well as increased uptake in multiple 
target organs in mice that developed symptoms of graft-versus-host 
disease. Human leukocyte infiltration in these organs was confirmed 
by immunohistochemistry, showing human CD45+ cells in areas of 
increased 89Zr-CD45 uptake.

Despite its promising potential, the 89Zr-CD45 tracer has some 
limitations. The high 89Zr-CD45 uptake in lymphoid organs such as 
the spleen, bone marrow and lymph nodes3 does not allow a low 
threshold for the specific detection of inflammation in these organs, 
which would be required in common autoinflammatory diseases 
such as autoimmune connective tissue diseases, sarcoidosis and 
Castleman disease. Second, CD45 expression varies with leukocyte 
differentiation and activation, and aberrant expression occurs in 
several conditions including autoimmune diseases, haematologi-
cal malignancies and infection with HIV4, potentially leading to 
off-target signals. Lastly, no human clinical data are available on 
89Zr-CD45, leaving its safety, pharmacokinetics and diagnostic accu-
racy unverified. Furthermore, 89Zr-CD45 uptake in malignant dis-
eases remains to be investigated and could represent an important 
confounding factor.

Nonetheless, this study represents an important advance in 
molecular imaging of inflammation. In rheumatology, 89Zr-CD45-PET 
has potential for clinical applications, particularly in inflammatory 
diseases in which immune cell infiltration in peripheral tissues drives 
pathology. 89Zr-CD45-PET can track treatment responses over time but 
does not seem to be burdened by the limitations of non-specific uptake 
in glucose-avid tissues, nor does it require restrictive dietary regimens 
before imaging. But the main advantage of 89Zr-CD45 over 18F-FDG  
and previously developed cell-targeted tracers lies in the ability to 
achieve high sensitivity for inflammation detection while maintaining 
broad immune cell specificity, effectively differentiating inflammatory 
activity without compromising signal strength or precision.

 Check for updates
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I believe we will see an increasing use of nuclear medicine 
techniques in rheumatology aimed at targeting different cell com-
partments to dissect the mechanisms that drive tissue inflamma-
tion (Table  1). For instance, multiple studies have investigated 
macrophage-targeted tracers (including 124I-DPA-713, 68Ga-DOTA 
and 11C-R-PK11195) to depict synovial inflammation in rheumatoid 
arthritis (RA)5, in which resident synovial macrophages are crucial 
in sustaining inflammation, and in large-vessel vasculitis6, in which 
vessel macrophage infiltration is a key pathogenic step. Similarly, 
targeting activated fibroblasts with 68Ga-fibroblast activation protein 
inhibitor-04-PET (68Ga-FAPI-PET) has been successfully implemented 
to depict fibrotic processes, for example in systemic sclerosis7 and 
IgG4-releated disease (IgG4-RD)8, as well as in inflammatory arthritis9. 
In RA, fibroblasts contribute to synovial remodelling, whereas in axial 
spondyloarthritides, including psoriatic arthritis, entheseal fibro-
blasts are activated already in the early disease stages, with fibroblast 
activation resulting in increased synovio-entheseal 68Ga-FAPI uptake10. 
Notably, 68Ga-FAPI-PET outperformed 18F-FDG-PET in correlating 
with clinical and serological disease activity parameters in RA9 and in 
identifying organ involvement in IgG4-RD8. 89Zr-CD45-PET has poten-
tial to fit into this broader framework by offering a pan-leukocyte 
imaging approach that captures the full spectrum of immune cell 
activity, enabling a comprehensive assessment of immune infiltration 
across various tissues and providing a more global view of systemic 
inflammation.

A radiotracer-based approach for diagnosing inflammatory dis-
eases holds great promise by providing in vivo, non-invasive infor-
mation on disease activity while simultaneously indicating viable 
therapeutic targets. However, to date, no tracers have been validated 
as diagnostic or prognostic imaging biomarkers for rheumatological 
diseases. Therefore, further research is needed for validation in human 
studies, assessment of their predictive value for disease progression, 
and evaluation of their responsiveness to therapeutic interventions. 
Standardization of imaging protocols and comparative studies against 
existing diagnostic tools will also be essential to determine their role 
in future practice.

Table 1 | Brief overview of clinically relevant cell-targeted radiotracers in rheumatology

Category Target molecule Radionuclide Immune-mediated diseases with application

Macrophages2,5,6 Macrophage marker translocator protein (TSPO) 124I-DPA-713
11C-R-PK11195
18F-FEDAC

Rheumatoid arthritis
Large vessel vasculitis

β-folate receptor (β-FR) 18F-fluoro-PEG- folate
99Tc-EC20

Rheumatoid arthritis

Fibroblasts5,7–10 Fibroblast activation protein (FAP) 68Ga-FAPI
68Ga-DOTA-FAPI-04

Rheumatoid arthritis
Axial spondyloarthritis
Psoriatic arthritis
Inflammatory myopathies
Systemic sclerosis
IgG4-related disease

T cells5 CD4 receptor 99mTc-MAX.16H5
99mTc-EP1645

Rheumatoid arthritis

B cells5 CD20 receptor 124I-rituximab
89Zr-rituximab
99mTc-rituximab

Rheumatoid arthritis
Systemic lupus erythematosus
Sjögren syndrome
Inflammatory myopathies
Sarcoidosis
Behçet disease
Psoriatic arthritis

Myeloid cells5 Triggering receptor expressed on myeloid cells 1 (TREM1) 64Cu-TREM1 Multiple sclerosis

Granulocytes5 Non-specific cross-reacting antigen 95 (NCA95) 99mTc-BW250/183 Inflammatory bowel diseases
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Abstract

Autoimmune rheumatic diseases are a heterogeneous group of 
conditions, including rheumatoid arthritis (RA) and systemic lupus 
erythematosus. With the increasing availability of large single-cell 
datasets, novel disease-associated cell types continue to be 
identified and characterized at multiple omics layers, for example, 
‘T peripheral helper’ (TPH) (CXCR5− PD-1hi) cells in RA and systemic 
lupus erythematosus and MerTK+ myeloid cells in RA. Despite efforts 
to define disease-relevant cell atlases, the very definition of a ‘cell 
type’ or ‘lineage’ has proven controversial as higher resolution assays 
emerge. This Review explores the cell types and states involved in 
disease pathogenesis, with a focus on the shifting perspectives on 
immune and stromal cell taxonomy. These understandings of cell 
identity are closely related to the computational methods adopted for 
analysis, with implications for the interpretation of single-cell data. 
Understanding the underlying cellular architecture of disease is also 
crucial for therapeutic research as ambiguity hinders translation to the 
clinical setting. We discuss the implications of different frameworks 
for cell identity for disease treatment and the discovery of predictive 
biomarkers for stratified medicine — an unmet clinical need for 
autoimmune rheumatic diseases.
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Discrete cell classification systems
The traditional approach to defining cell identity is to categorize cells 
into discrete cell types on the basis of a small set of markers, such as 
expression of pre-defined proteins as measured by flow cytometry19 
(Fig. 1). This definition assumes a threshold for the presence or absence 
of a marker, mutual exclusivity of expression profiles between cell 
types and that cells expressing the same markers share functionality. 
A classic example is the T helper (TH) 1–TH2 dichotomy, describing two 
distinct CD4+ T cell subsets that can be characterized by cytokine and 
transcription factor expression profiles: TH1 cells, regulated by T-bet, 
produce interferon (IFN)-γ, whereas TH2 cells, regulated by GATA-3, pro-
duce IL-4 (refs. 20–22). Within ARD research, concepts of discrete cell 
classification systems, along with their challenges, can be illustrated 
by examples of cell subset dysregulation or imbalances in RA (Box 1) 
and systemic lupus erythematosus (SLE) (Box 2).

Limitations of traditional cell-profiling techniques
Owing to spectral overlap in fluorophore signals, conventional 
hypothesis-driven flow cytometry studies are limited by the number of 
parameters that can be assessed simultaneously, limiting their discrimi-
natory capacity and the depth at which cell types can be phenotyped23,24. 
However, the capabilities of flow cytometry are increasing; for example, 
spectral flow cytometry can better distinguish fluorophores based on 
the measurement of unique ‘spectral fingerprints’, allowing for large 
panels of >30 parameters25. For analysis of cell-type abundances, cells 
of interest are manually selected on a series of two-dimensional scat-
ter plots by biaxial gating; here, the positioning of rigid boundaries 
around cells imposes the assumption that the populations are discrete 
(Fig. 2). However, this manual process introduces subjectivity and thus 
issues of reproducibility26. Inconsistencies in subset definition and 
subsequent gating strategy can lead to opposing results. For example, 
a meta-analysis of studies investigating the abundance of regulatory T 
(Treg) cells in RA compared with controls found that conclusions varied 
depending on the choice of Treg cell definition27; studies using a more 
precise definition, such as CD25+ FOXP3+, resolved a significant reduc-
tion in peripheral blood Treg cell frequency in RA relative to controls, 
whereas studies with less precise definitions, such as CD25+ alone, 
showed no difference. Combined with this issue, manual biaxial gat-
ing is becoming unfeasible in the high-dimensional single-cell era; 
researchers are unable to assess all marker combinations when using 
larger panels, leading to substantial information loss and hampering 
novel discoveries26.

Granular cell states
Despite the historical contribution of hypothesis-driven studies to our 
understanding of cell-type disturbances in ARDs, traditional cell clas-
sification systems are weakened by emerging evidence, as presented in 
Boxes 1 and 2, and by the inherent limitations of the associated meth-
odology. Thus, perspectives are shifting beyond the assumption of 
rigid cell categories and towards the concept of ‘cell states’ to better 
reflect the heterogeneous and dynamic nature of cell identity (Fig. 1). 
‘Cell state’ is often used to refer to a transitory condition character-
ized by a certain molecular and functional phenotype28. However, 
delineating cell type from state remains a challenging task, largely 
owing to the lack of a precise definition of both terms. One potential 
distinguishing factor is the stability of a cell type, in which cells of dif-
ferent types, such as T cells and B cells, are resistant to interconversion 
under normal physiological conditions. Within each coarse cell type, 
however, could exist a spectrum of fluid cell states between which cells 

Key points

	• The definition of cell types and cell states remains controversial and 
is driven by the advent of new technologies and analytical frameworks.

	• Examples from rheumatology emphasize the inadequacies of 
traditional cell classification systems.

	• Advances in single-cell technologies have revealed considerable 
heterogeneity within the cellular architecture of rheumatic diseases.

	• Adopting a conceptual and computational approach that considers 
continuous cell states reveals additional insights beyond that of 
discrete clustering methods.

	• The shift towards understanding cell identity as a dynamic 
continuum provokes important discussions regarding the future 
directions for the treatment of rheumatic diseases.

Introduction
The dysregulation of immune and stromal cell subsets is a key feature 
of autoimmune rheumatic diseases (ARDs), in which immune cells 
infiltrate target tissues and orchestrate inflammation and tissue dam-
age. For example, in rheumatoid arthritis (RA), immune cells infiltrate 
the synovium that lines diarthrodial joints1. With the development of 
single-cell, high-dimensional technologies, such as single-cell RNA 
sequencing (scRNA-seq), we have gained unprecedented insight into 
the cellular and molecular heterogeneity of these diseases2–14. Iden-
tifying disease-relevant cell populations is essential for understand-
ing disease mechanisms; certain cell populations might be causal in 
disease propagation. These insights are important for the identifica-
tion of new treatment targets or drugs, as well as for the identifica-
tion of biomarkers for disease monitoring and stratified medicine15,16, 
a research priority.

However, what defines a cell ‘type’ or cell ‘state’ has long been 
debated across various fields17,18 and our interpretation continues 
to evolve in tandem with advances in single-cell technology and 
computation19. As more data become available, there has been a shift 
towards the view of cell identity as a dynamic continuum rather than 
as a rigid hierarchical classification system of mutually exclusive 
categories. This debate extends beyond academic curiosity and has 
far-reaching implications; the perspective on cell identity influences 
all aspects of an analysis, including study design, technological and 
computational method selection and development, and interpretation 
and application of findings.

This Review explores the ongoing debate regarding the definition 
of cell identity, with a focus on the immune and stromal cell landscape 
within rheumatology. Moving from the past concept of discrete cell 
types, through the present concept of granular cell states and to the 
future model of a dynamic cellular continuum (Fig. 1), we examine how 
these different frameworks of cell identity have shaped our under-
standing of the pathogenesis of ARDs and consider how varying com-
putational approaches to single-cell data analysis align with these 
concepts. For each concept, we highlight relevant examples of cell 
types and states across ARDs. Finally, we explore the broader implica-
tions of these frameworks for other domains of rheumatology research, 
including biomarker selection and stratified medicine.
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can interconvert. Testing this definition presents practical and techno-
logical challenges, although future advances in temporally resolved and 
single-cell multiomics technologies will help to clarify the distinction 
and enhance our understanding of cell identity (see elsewhere29,30 for 
a detailed review of these technologies).

To better describe the heterogeneous landscape of cell states 
in ARDs, large consortia have been formed with the aim of ‘disease 
deconstruction’ at the single-cell level; for example, the Accelerating 
Medicines Partnership RA (AMP RA) and AMP SLE programs have gener-
ated comprehensive multi-modal reference maps of disease3,4,6,31. Here, 
we discuss examples of cell state heterogeneity from rheumatology.

T cell heterogeneity
The AMP RA phase 1 study generated multi-modal, single-cell 
data from synovial-tissue samples and was aimed at identifying 
disease-associated cell states at greater granularity than traditional 
studies3. Notable findings include the identification of three CD8+ 
subsets that vary in expression of granzyme K (GZMK) and B (GZMB), 
which encode cytotoxic molecules3. Subsequent investigations have 
confirmed that the dominant CD8+ populations in synovium express 
GZMK alone or alongside GZMB32. Interestingly, CD8+ GZMK+ GZMB+ 
cells exhibit limited cytotoxic potential compared with those express-
ing GZMB alone32. Moreover, contrary to expectations, CD8+ T cells, not 
CD4+ T cells, were the main producers of IFNγ in RA synovium. Mecha-
nistically, GZMK expression might contribute to disease pathogenesis 
by induction of pro-inflammatory cytokine production in synovial 
fibroblasts32 and activation of the complement system, in which fibro-
blasts are a key source of complement proteins, amplified by IFNγ and 
TNF stimulation33. Accordingly, GZMK deficiency was associated with 
reduced complement activation and decreased joint swelling in murine 
models of RA33. Functional assays investigating the antigen-specificity 
of CD8+ T cells have demonstrated that cytotoxic GZMB+ CD8+ T cells 

undergo clonal expansion in response to citrullinated antigens (a key 
feature of RA) to a greater degree than GZMK+ CD8+ T cells34, although 
the latter might be responsive to alternative antigens35,36.

An important discovery is the identification of a T peripheral 
helper (TPH) cell population expanded in the synovium of patients 
with seropositive RA. Initially identified in 2008 (ref. 37), Rao and col-
leagues further characterized these cells in 2017 (ref. 38). Defined as 
CD4+ PD-1hi CXCR5−, TPH cells produce high levels of IL-21 and CXCL13, 
promoting differentiation of B cells to a plasma cell lineage. T follicu-
lar helper (TFH) cells are a similar PD-1+ population whose frequency 
in the blood often correlates with that of TPH cells; TFH cells express 
CXCR5 and localize to lymph node follicles, where they carry out similar 
B cell helper functions39. TPH cells have also been identified in other 
autoantibody-positive diseases, such as SLE, in which their abundance 
correlates positively with disease activity40,41, as well as in Sjögren 
syndrome42. Given the phenotypic and functional overlap of TPH and 
TFH, work in SLE has explored their relationship43. T cell receptor (TCR) 
sequencing revealed dynamic clonal overlap between TPH and TFH cells 
in which TCR clones unique to either population can be shared over 
time, suggesting a shared developmental axis. Moreover, trajectory 
inference (see the section ‘Trajectory inference’) of scRNA-seq data 
indicates a transition from TFH to TPH, marked by decreasing CXCR5 
expression and increasing CXCL13 and IL21 expression. This finding 
might therefore represent an example of dynamic shifts between cell 
states along a phenotypic axis. By comparison, Law et al.44 show an 
inverse relationship between blood TFH–TPH cells and TH22 cells in SLE. 
Here, genetic and pharmacological perturbation studies showed that 
aryl hydrocarbon receptor is involved in repression of CXCL13 pro-
duction and simultaneously promotes IL-22 expression; type I IFN 
antagonizes these effects to favour the TFH–TPH-dominant phenotype 
seen in SLE. These findings suggest that TH22 and TFH–TPH are opposing, 
and potentially mutually exclusive, cell states44. However, it is unclear 

Type 2 Type 3Type 1

State 1 State 2 State 3

a Cell types

b Cell states

c Cell states on a continuum 

Cell feature, e.g. gene expression, function

Fig. 1 | Frameworks for representing cell identity. a, Discrete 
cell types, indicating distinct and non-overlapping populations 
that do not interconvert. b, Granular cell states of a fluid nature. 
c, A continuum of cell states without the existence of discrete cell 
populations. This continuum might be reflected by a continuous 
feature of cell identity, for example gene or protein expression or 
the ‘degree’ of a particular function.
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at what stage(s) in differentiation type I IFN exerts this influence or if 
TH22 and TFH–TPH exhibit plasticity45.

Of note, in RA and SLE, the frequency of TPH cells correlates with 
that of age-associated B cells (ABCs)40, a memory B cell population 
often reported as CD11c+ T-bet+, that expands with age and in autoim-
mune conditions3,46. However, the precise definition of ABCs, their 
relationship to other B cell populations and their role across different 
disease contexts remain unclear46,47.

Finally, the regulatory T cell compartment has also been shown 
to exhibit heterogeneity in cell state in arthritic joints. One study 
identified several Treg cell subsets in synovial fluid from patients 
with juvenile idiopathic arthritis ( JIA), including resting Treg cells 
that differentiate towards active Treg cells, many of which express 
TH1-associated markers48. Additionally, a differentiated, suppres-
sive Treg cell subset was defined as GPR56+ CD161+ CXCL13+. Other Treg 
phenotypes include cytotoxic Treg cells49 and TPH-like Treg cells (which 
are speculated to regulate T cell–B cell interactions facilitated by 
TPH cells50). The mechanistic contribution of Treg cell states to disease 
pathology remains largely unclear; a reduced suppressive capacity 
and an enhanced pathogenic potential might be contributing factors 
(reviewed elsewhere51).

Macrophage heterogeneity
Evidence has highlighted diverse disease-relevant myeloid cell states. 
For example, Alivernini et al.52 identified that MerTK+ CD206+ synovial 
tissue macrophages are involved in the resolution of inflammation 
and might contribute to maintaining remission in RA. Conversely, 
Zhang et al.53 identified an expanded inflammatory CXCL10+ CCL2+ 
macrophage state in RA synovium and affected tissue from other inflam-
matory conditions, such as inflammatory bowel disease (IBD), relative 

to non-inflamed tissue. This phenotype is suggested to be driven by 
IFNγ and TNF53. Supplementing this finding, IFNγ was found to drive 
the expression of SLAMF7, in which SLAMF7 engagement culminates 
in a downstream ‘super-activated’ macrophage state characterized by 
pro-inflammatory cytokine expression54. Notably, this macrophage 
state is not captured by the classically activated M1 macrophage gene 
signature, highlighting the oversimplification of the M1–M2 paradigm54. 
Similarly, Hanlon et al.55 identified a CD206+ CD163+ CD40+ macrophage 
population expanded in RA synovium that does not fully align with the 
M1–M2 paradigm. Although CD206 and CD163 are typically associated 
with M2, this subset also displayed M1-like features, such as secretion 
of pro-inflammatory cytokines (including IL-6 and IL-1β), suggesting 
that it lies on a spectrum between the two phenotypes55. Interestingly, 
CD40 expression was not seen in CD206+ CD163+ macrophages from 
healthy synovium, and inhibiting CD40 signalling in RA counterparts 
dampened their inflammatory response. Overall, these findings could 
point to a pathogenic transition of steady-state cells in disease that 
could represent a future therapeutic target55.

Fibroblast cell states and spatial context
Stromal cells are crucial players in many ARDs; in concert with 
immune cells, they orchestrate the inflammatory response and can 
mediate tissue-destructive processes. Fibroblasts, the cells responsible 
for synthesis of the extracellular matrix (ECM), have garnered attention 
as major contributors to RA pathogenesis and are considered part of the 
innate immune system56. However, the study of fibroblast heterogeneity 
is still a relatively young field; functionally distinct fibroblast states in 
disease have only been described in the past 10 years57–60. This discussion 
leads us to an important layer of cell identity not yet discussed: physical 
location and interaction with the microenvironment. Beginning with 

Box 1 | Discrete cell subsets in rheumatoid arthritis
 

T cell subset dysregulation
Rheumatoid arthritis (RA) was historically designated as a T helper 1 
(TH1)-mediated disease; early studies identified the dominance of 
IFNγ-producing TH1s over IL-4-producing TH2s in the synovial membrane 
and fluid138,139, although findings vary across studies and compartments 
(blood or synovium)138,140. The discovery of additional T cell subsets 
beyond TH1 and TH2 (ref. 141) shifted attention to IL-17-producing TH17 
cells as potential drivers of RA pathology142. TH17 cytokines stimulate 
synovial fibroblasts to express IL-6, cartilage-degrading matrix 
metalloproteinases (MMPs)143, and RANKL (receptor activator of nuclear 
factor kappa-B ligand), thus promoting osteoclastogenesis144. Other 
studies have identified imbalances in these newer subsets; for example, 
the balance of TH17 cells to anti-inflammatory regulatory T cells 
(Treg cells) might be altered in favour of TH17s in the blood of patients 
with active RA145,146. However, observations of co-expression of markers 
associated with multiple T cell subsets complicates the standard 
T cell taxonomy83,147–149, making it difficult to annotate cell identity and 
function under this framework. We now recognize that cells exhibit 
plasticity; they can alter their phenotype in response to external 
cues150,151. For example, under arthritic conditions FoxP3+ CD4+ T cells 
can adopt a pro-inflammatory TH17 phenotype (‘exFoxP3’ TH17 cells) with 
increased osteoclastogenic potential152. Overall, these findings support 
a revision of the canonical T cell classification system.

Innate immune cells
Monocytes are conventionally classified into classical (CD14++ 
CD16−), intermediate (CD14++ CD16+) and non-classical (CD14+ 
CD16++) monocytes, often appearing as a ‘waterfall’ pattern on 
plots of CD14 against CD16 expression153,154. In RA, intermediate 
monocytes seem to be expanded in the peripheral blood and are 
capable of inducing a TH17 response155. For macrophages, one 
classification system describes their polarization towards an ‘M1’ 
or ‘M2’ phenotype, reminiscent of the TH1–TH2 paradigm156. In RA, 
pro-inflammatory M1 macrophages dominate in the synovial fluid157. 
This nomenclature is widely adopted, amongst other systems that 
describe additional M2 subtypes158. However, confusion arising 
from inconsistent terminology and defining markers has prompted 
calls for a refined system and conversations surrounding the 
applicability of the M1–M2 paradigm in vivo and in pathological 
conditions158–160. Moreover, most macrophages in the synovial 
sublining of patients with RA exhibit a hybrid M1–M2 phenotype, 
challenging the dichotomous model161. Similarly, single-cell 
studies have begun to uncover heterogeneity within the myeloid 
compartment in RA beyond these traditional classification 
systems137,162 (see also the section ‘Granular cell states’), further 
highlighting their oversimplification.
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high-level spatial variation, synovial fibroblasts from different joint 
locations have variable transcriptional and functional phenotypes61,62. 
For example, processes associated with joint destruction are enriched 
in upper-extremity joints, such as those of the hand, compared with 
knee joints61. Positional identity of synovial fibroblasts is related to 
epigenetically regulated expression of homeobox (HOX) genes61,62; 
notably, the long non-coding RNA HOTAIR (HOX transcript antisense 
RNA), specifically expressed in lower limb joints, is an important regula-
tor of RA-associated processes and fibroblast functionality and is itself 
regulated by inflammatory factors62.

Moreover, fibroblasts exhibit heterogeneity in identity and func-
tion across spatial regions within the joint. In RA, fibroblasts in the syno-
vial sublining (THY1+ FAPα+) primarily produce cytokines to support 
inflammation, whereas lining fibroblasts (THY1− FAPα+) are attributed 
to tissue destruction59. A similar THY1+ HLA-DRhi sublining popula-
tion is strikingly expanded in leukocyte-rich RA samples relative to 
leukocyte-poor or osteoarthritis samples3. Synovial fibroblasts in RA 
exhibit continuous transcriptional variation across spatial gradients 
driven by NOTCH3 signalling from nearby endothelial cells63. Moreover, 
spatial heterogeneity in fibroblast phenotypes is influenced by differ-
ential cytokine responses; response to IL-1β is largely associated with 
lining fibroblasts, whereas TNF and/or IFNγ responses are distributed 
throughout the synovium64.

Other fibroblast states relevant for ARD pathology include CD200+ 
fibroblasts, which are associated with resolution of inflammation; high 
proportions of these cells are found in the synovium of patients with 
psoriatic arthritis (PsA) and RA in remission65. Functional analyses in 
mouse models of arthritis showed that inhibition of IL-17 promotes an 
expansion of these CD200+ fibroblasts, and that numbers of these cells 
increase as arthritis resolves65.

Overall, integration of the spatial layer illustrates a potential con-
tinuum of fibroblast cell states across spatial gradients, although 
further work is required to clarify the relationship of other pheno-
types, such as CD200+ fibroblasts, to other key states. Resolving the 
underlying dynamics might provide opportunities for intervention 
to skew the cell state landscape away from pathogenic states, such as 
destructive lining fibroblasts, and towards pro-resolution subsets such 
as CD200+ fibroblasts. As proposed by Weinand et al.31, in situations in 
which cell states are interconvertible, direct depletion of pathogenic 
states might be unproductive. Rather, a more successful approach 
might involve modulating the factors that drive cell state dynam-
ics, such as cytokine signalling or NOTCH3 pathways63, or promoting 
anti-inflammatory functions, for example, with CD200-Fc65.

Similar findings have arisen in studies of other conditions involv-
ing autoimmune and inflammatory processes. In IBD, high expres-
sion of two gene modules was associated with treatment resistance 
and reflected activation of a pathogenic fibroblast subset that drives 
neutrophil recruitment through IL-1 signalling66. Distinct subsets have 
also been identified in cancer, including IL-6-producing inflamma-
tory fibroblasts and a myofibroblast population67. These themes are 
reviewed further elsewhere56. Interestingly, cross-tissue analyses have 
revealed two fibroblast cell states that are expanded across tissue types 
from inflammatory conditions, including RA, Sjögren syndrome, IBD 
and interstitial lung disease, highlighting potential shared disease 
mechanisms60. One state, CXCL10+ CCL19+ fibroblasts, colocalizes with 
lymphoid cell niches and overlaps with synovial THY1+ and HLA-DRhi 
sublining subsets, whereas the second state, SPARC+ COL3A1+, colocal-
izes with vascular and mural cell niches and might be associated with 
ECM modulation60.

Notably, the resolution of spatial context as an additional layer 
of cell identity has important implications for conducting research at 
the site of disease. For example, synovial fibroblasts cluster based on 
the joint of origin, superseding even clinical diagnosis (RA or osteoar-
thritis) as the dominant signal in scRNA-seq data61; this finding high-
lights the requirement for consistency in joint sampling when studying 
disease mechanisms across patients to prevent potential confounding 
by joint location. Moreover, joint location will be important to consider 
for synovial biomarker discovery work; certain markers might repre-
sent location-specific processes and can thus only be considered in the 
context in which they were discovered.

Unsupervised methods of cell identification
These unprecedented insights into ARD pathology have been enabled 
by developments in single-cell sequencing and immunophenotyping 
technologies that better accommodate hidden complexities in cell 
identity. For example, cytometry by time-of-flight (CyTOF) uses metal 
isotopes in place of fluorophores as antibody labels, overcoming the 
restriction on the size of the panel that results from spectral over-
lap of fluorophore signals in flow cytometry24,68. The contributions 
of these technologies to defining cell identity is reviewed in detail 
elsewhere19,69. Single-cell technologies can address many of the limi-
tations of traditional approaches by enabling comprehensive, more 
objective workflows. As well as revolutionizing our understanding of 

Box 2 | B cell subsets in systemic lupus 
erythematosus
 

B cells are important in the pathogenesis of systemic lupus 
erythematous (SLE), an autoimmune disease with extensive 
multi-system manifestations, including arthritis and lupus 
nephritis163. B cell subtypes are traditionally defined by combinations 
of markers that reflect their developmental stage and/or function. 
Naïve B cells (canonical phenotype: CD19+, IgD+, CD27−) are those 
that have not yet encountered their antigen, whereas plasma cells, 
characterized partly as CD27++, are terminally differentiated and 
specialized for antibody production47. In SLE, the immunopathology 
involves a perturbation of the balance of these B cell subsets. Early 
studies highlighted a decline in naïve peripheral B cells (CD27−), 
causing a relative increase in the proportion of memory B cells, 
defined as CD27+, compared with controls164. Similarly, a population 
of CD27high plasma cells are expanded in SLE and correlate positively 
with disease activity164,165. However, a population of CD27− memory 
B cells known as double-negative (DN) cells (defined as IgD− CD27−) 
represent a large proportion of the peripheral blood B cell 
population in SLE, in some cases ≥40%, compared with typical 
proportions of <10% in healthy individuals and those with rheumatoid 
arthritis166. These cells do not neatly fit within the traditional B cell 
classification of memory and naïve cells based on CD27 expression47; 
they were identified as memory B cells based on additional features 
of cell identity, including functional observations166. These cells have 
been further characterized in other studies. This IgD− CD27− subset 
is also elevated in bacterial infection relative to healthy controls; 
however, a subset expressing CD95 (IgD− CD27− CD95+) was elevated 
only in patients with SLE167. Here, the broad cell-type definitions 
conceal heterogeneity, requiring additional detail to uncover the 
populations specific to disease pathology.
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complex ARDs, work on single-cell datasets has aided the development 
of reference resources, including large cell atlases across health and  
disease70,71 (Table 1).

The generation of these high-dimensional datasets requires the 
development of computational methods to reduce their complex-
ity whilst preserving the rich information contained within them. 
Indeed, the number of tools for scRNA-seq analysis, for example, has 
grown rapidly, with 1,059 tools catalogued between 2016 and 2021 
(ref. 72). For problems of cell classification, a popular approach is 
unsupervised clustering methods that group cells based on similari-
ties in their molecular profile26 (Fig. 2). Common methods include the 
Louvain73 or Leiden74 community detection algorithms for scRNA-seq. 
For CyTOF data, benchmark studies highlight FlowSOM75, an algo-
rithm based on self-organizing maps and hierarchical clustering, as a 
top-performer76,77. For scRNA-seq data, these techniques are typically 
paired with prior dimensionality reduction, such as principal compo-
nent analysis (PCA), in which the high-dimensional data is mapped to 
lower dimensions whilst preserving the overall structure in the data78. 
For downstream visualization, non-linear transformations such as 
t-distributed Stochastic Neighbour Embedding79 and Uniform Mani-
fold Approximation and Projection80 are popular choices. If comparing 
across conditions, differential abundance testing, for example, with 
mixed-effects models, can be employed to test if cluster abundances 
are perturbed in the condition of interest81,82.

Of note, comparisons of these approaches with biaxial gating 
highlight the information gain achieved with unsupervised methods83. 
Using CyTOF data, automated clustering revealed substantial 

imbalances in CD4+ T cell populations in RA compared with healthy 
controls. For instance, an unconventional cluster positive for mark-
ers of both canonical TH1 (T-bet) and TH17 (IL-17) cells was enriched in 
RA, whereas FoxP3+ IL-2+ clusters were depleted in RA. However, using 
biaxial gating analysis limited to ‘standard’ definitions of T cell subsets, 
for example, ‘CD4+ T-bet+’ for TH1 cells, failed to reveal perturbations 
in CD4+ T cell subsets besides a reduction in Treg cells (CD4+ FoxP3+) in 
RA. Overall, these findings underscore the limitations of standard cell 
taxonomies in the single-cell era.

Limitations of unsupervised clustering. Although conceptually 
straightforward and intuitive, unsupervised clustering methods 
have several limitations. For example, choosing the final number of 
clusters or the clustering resolution is usually subjective. Automated 
methods for deciding the optimal cluster number exist but have per-
formed poorly in benchmarking studies76. The clustering structure 
can be informative at multiple resolutions, for example, defining 
coarse cell types, or rarer cells with more granular clustering. How-
ever, it is unclear at what resolution cell types are represented over 
transient cell states, or if the cluster represents an artefact that lacks 
biological significance78. Related to this issue, with the growing num-
ber of single-cell datasets detailing diverse cell states (Table 1), a key 
challenge is mapping these states across studies and distinguishing 
technical variation from truly distinct cell states84. Several methods 
exist for the integration of single-cell datasets85, although compiling 
unified reference resources for understanding cellular heterogeneity 
and disease pathogenesis is an ongoing pursuit86.

a  Manual biaxial gating b  Unsupervised clustering c  Cluster-free methods

Concept 1 Concept 2 Concept 3

Biological insight Pre-defined discrete cell types Cell types and granular cell states Continuous cell states

Technology Conventional flow cytometry High-dimensional omics, e.g. 
scRNA-seq, CyTOF

High-dimensional omics, e.g. scRNA-
seq, CyTOF

Examples FlowJo software Louvain clustering, FlowSOM  PCA, NMF-based methods

Limitations Subjective, time-consuming and
unfeasible for large panels 

Arbitrary choice of cluster number/resolution  Challenges for interpretation 

Technical details Manual selection of population of interest Data-driven grouping of cells based on
similarities in marker expression profiles  

Matrix factorization for representation
of continuous cell states  
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Fig. 2 | Computational approaches for assessing cell identity. a, Manual 
biaxial gating, illustrated as a two-dimensional dot plot upon which populations 
of interest are manually selected based on expression of predefined markers. 
b, Unsupervised clustering approaches, illustrated by a UMAP dimensionality 
reduction plot in which each individual cell is coloured by its cluster assignment. 
c, Cluster-free methods, illustrated by the same UMAP as b, but with cells 

coloured based on a continuous feature, capturing the continuum of cell states. 
The table below provides an overview of the technologies, examples, limitations 
and technical details associated with each approach. CyTOF, cytometry by time-
of-flight; NMF, non-negative matrix factorization; PCA, principal component 
analysis; scRNA-seq, single-cell RNA sequencing.
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Table 1 | Examples of single-cell atlases including human autoimmune rheumatic diseases

Disease(s) Tissue(s) Key 
technique(s)

Sample sizea Key outcomes Ref.

Broad immune and stromal cell atlases

RA Synovium scRNA-seq 5 RA Developed a low-cost instrument for single-cell profiling; 
identified 13 cell populations

2

RA Synovium scRNA-seq, 
CyTOF

36 RA, 15 OA Identified 18 cell populations; THY1+HLA-DRA+ fibroblasts 
and IL1B+ monocytes were amongst those expanded in RA 
and were the main producers of IL6 and IL1B, respectively

3

RA Synovium CITE-seq 70 RA, 9 OA Six synovial subtypes were defined based on the 
frequencies of six main cell types; subtypes were further 
associated with granular-cell states and variation in 
treatment response

4

RA Synovium scATAC-seq, 
snATAC-seq, 
snRNA-seq

25 RA, 5 OA Defined 24 ‘chromatin classes’ associated with specific cell 
states and transcription factors

31

RA, 
spondylarthritis, 
PsA, UA

Synovium scRNA-seq 19 RA, 6 spondylarthritis, 
6 PsA, 9 UA

Optimized a dissociation protocol for fresh synovial 
biopsies; identified 42 cell populations

11

RA, SLE, CD, UC, 
ILD, COVID-19

Synovium, 
kidney, intestine, 
lung, BALF

scRNA-seq 125 (including healthy and 
disease-affected individuals)

A CXCL10+ CCR2+ inflammatory macrophage state was 
shared and expanded across several diseases

53

Broad immune cell atlases

SLE Kidney (lupus 
nephritis)

scRNA-seq 24 lupus nephritis, 10 controls Identified 21 immune cell populations; a continuum of states 
was observed in B cells and monocytes

6

SLE Peripheral blood scRNA-seq 33 children with SLE with 11 controls, 
8 adult SLE with 6 controls

IFN-stimulated genes enriched in cell populations expanded 
in children with SLE, including specific monocyte, DC and 
T cell subsets

5

SLE Peripheral blood scRNA-seq 162 SLE, 99 controls Depletion of CD4+ naïve T cells and expansion of cytotoxic 
GZMH+ CD8+ T cells in SLE; strong IFN-stimulated gene 
upregulation in classical monocytes

134

pSS Peripheral blood scRNA-seq 6 pSS, 6 controls Naïve CD8+ T cells and CD8+ CD4+ T cells were depleted in 
pSS; Treg cells were expanded in pSS

135

JIA SF and 
peripheral blood

Spectral flow 
cytometry

70 JIA (52 SF, 18 blood), 18 healthy 
controls

SF monocytes and NK cells lack CD16 expression; SF T cells 
are activated and exhibit altered expression of co-receptors

136

Macrophage atlases

RA Synovium scRNA-seq 112 RA (45 treatment-naïve, 
31 treatment-resistant, 
36 remission), 10 healthy

MerTK+ CD206+ macrophage populations, including MerTK+ 
TREM+ and MerTK+ LYVE1+ cells, have regulatory roles and are 
associated with remission

52

RA Synovium scRNA-seq 10 RA, 2 OA Identified four macrophage populations; inflammatory 
HBEGF+ macrophages, enriched in RA, induce fibroblast 
migration via EGFR signalling

137

CD4+ T cell atlases

SLE Peripheral blood ATAC-seq, 
scRNA-seq

72 SLE, 30 controls Exhausted CCR7lowCD74hi Treg phenotype in SLE; Treg exhaustion 
was linked to type 1 IFN signalling

7

SLE, MG, MS Peripheral blood scRNA-seq 3 SLE, 3 MG, 4 MS, 3 controls Identified 12 gene programs describing T cell features; 
their activity varied across diseases, e.g. an IFN program was 
enriched in SLE

128

Stromal cell atlases

RA, pSS, IBD, ILD Synovium, 
salivary gland, 
intestine, lung

scRNA-seq Synovium: 15 RA, 6 OA
Lung: 8 ILD, 11 IPF and RA-ILD, 
4 controls
Salivary gland: 7 pSS, 6 controls 
(non-Sjögren Sicca syndrome)
Intestine: 7 UC, 5 controls

Two fibroblast states were shared and expanded across 
diseases: CXCL10+ CCL19+ and SPARC+ COL3A1+

60

BALF, bronchoalveolar lavage fluid; CD, Crohn’s disease; CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing; cSLE, children with SLE; CyTOF, cytometry by time-of-
flight; DC, dendritic cell; EGFR, epidermal growth factor receptor; IBD, inflammatory bowel disease; IFN, interferon; ILD, interstitial lung disease; IPF, idiopathic pulmonary fibrosis; JIA, juvenile 
idiopathic arthritis; MG, myasthenia gravis; MS, multiple sclerosis; NK, natural killer; OA, osteoarthritis; PsA, psoriatic arthritis; pSS, primary Sjögren syndrome; RA, rheumatoid arthritis; 
scATAC-seq, single-cell assay for transposase accessible chromatin using sequencing; scRNA-seq, single-cell RNA sequencing; SF, synovial fluid; SLE, systemic lupus erythematosus; 
snATAC-seq, single-nucleus ATAC-seq; snRNA-seq; single-nucleus RNA-seq; Treg, regulatory T cell; UA, undifferentiated arthritis; UC, ulcerative colitis. aSample size reflects the number 
recruited and may not reflect the sample size taken forward for all analyses.

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | June 2025 | 323–335 330

Review article

A further consideration is the choice of markers used for cluster-
ing. Some workflows suggest clustering on ‘lineage’ markers only, then 
performing differential expression testing on ‘functional’ markers87. 
However, the distinction between lineage and functional markers can 
be controversial, comparable with the distinction between cell type 
and state. Here, the challenge is to prevent overfitting whilst ensur-
ing that the markers are sufficient to capture relevant populations. 
Other general limitations of unsupervised clustering are reviewed by 
Kiselev et al.78. Most importantly, clustering methods are still discrete 
by nature: the underlying assumption is that cells can be partitioned 
into distinct groups. If this assumption is flawed, clusters might not be 
biologically meaningful at all resolutions.

Do discrete cell types really exist?
As alluded to in earlier discussions of granular cell states in ARDs, an 
emerging model extends the concept of cell states and plasticity to 
a model in which cells exist and transition within a continuum of cell 
states (Fig. 1). This concept of a cellular continuum has long been 
described in developmental biology and differentiation trajectories, 
such as within haematopoiesis88, but can be applied to broader dis-
cussions of heterogeneity within cell types; for example, degree of 
activation89, pathogenicity90 or immune cell exhaustion91.

Applied to CD4+ T cell heterogeneity, Eizenberg-Magar et al.92 
demonstrated that, depending on the combination of several ‘input’ 
cytokines, differentiated T cells can be placed along a continuous 
landscape of phenotypes amongst the classical T cell subsets. Notably, 
these ‘intermediate’ phenotypes were stable over time, and therefore 
do not represent transitory states between the canonical phenotypes. 
Supporting this model, Kiner et al.93 demonstrated the separation of 
gut CD4+ T cells into high-level groups, including naïve, regulatory 
and effector T cells. However, effector T cells formed a continuum that 
could not be separated into the traditional subsets based neither on 
scRNA-seq nor on chromatin accessibility data, albeit some polariza-
tion towards specific cytokine expression was observed. Thus, a true 
discretized system for T cell classification might be limited to broad 
distinctions, such as CD4+ versus CD8+. Beyond this, an adequate dis-
crete system for delineating T cell subsets might be unlikely, owing to 
the substantial heterogeneity, plasticity and contextual nature of T cell 
identity and function94.

If cells exist along a continuum in which there is continuous inter-
mediate expression of markers, attempts to partition cells into subsets 
will be an arbitrary decision and insufficient for describing cell identity. 
Therefore, additional insights are required, such as those from alterna-
tive computational approaches that can further leverage single-cell 
data, to uncover the position of a cell relative to others in the cellu-
lar landscape. Here, we discuss specific examples that illustrate how 
the approach to exploring cell identity is evolving in rheumatology 
research, followed by associated computational methods that relax 
the assumption of discrete cell populations.

Shifting perspectives on cell identity in rheumatology
The growing recognition of a dynamic continuum in some cell line-
ages has permeated rheumatology research, in which studies of 
disease-relevant cell states are moving beyond discrete classification. 
Much of this work has focussed on T cell states. For example, one study 
modelled continuous cell states from cellular indexing of transcrip-
tomes and epitopes by sequencing (CITE-seq) data in memory T cells, 
defining continuous dimensions of T cell state through canonical cor-
relation analysis, a dimensionality reduction technique that can be 

applied to multimodal datasets95. Here, the effects of many genetic 
variants on gene expression were dependent on the specific T cell state, 
such as the degree of cytotoxicity, an effect that was masked by simple 
dichotomization into CD4+ and CD8+ subsets. These state-dependent 
expression quantitative trait loci (eQTLs) often overlap with risk loci 
from genome-wide association studies of autoimmune traits. For exam-
ple, an eQTL for ORMDL3 exhibited the strongest effects in GZMB+ 
cytotoxic CD8+ T cells and is in linkage disequilibrium with an RA 
genome-wide association study variant. Another study took a similar 
approach using scRNA-seq data, focussing on eQTLs for HLA genes96. 
Here, HLA eQTLs were highly dynamic; in RA synovium, the strongest 
effects were for regulation of HLA-DQ genes that showed state depend-
ence across broad cell types. For example, the eQTL for HLA-DQA1 
was strongest in T cell states defined by cytotoxicity. Together, this 
work highlights the advantage of considering a continuous cell state, 
as well as a coarse cell type, for studies of disease pathology. Of note, 
although fine-grained clustering might capture certain cell states, 
modelling cell states as continuous factors ensures that fine hetero-
geneity is captured and removes the ambiguity imparted by the choice 
of cluster resolution95.

Alternative computational approaches to single-cell analysis
The shift towards a continuum model presents new challenges for 
data analysis, necessitating the development, or repurposing of, com-
putational methods for accurate biological modelling. Alternative 
approaches for cell classification and annotation have emerged that 
do not necessarily assume homogenous, discrete cell populations 
as the underlying biology (Fig. 2). Notably, the choice of computa-
tional method is especially important as it can affect the conclusions 
drawn. For example, clustering performance is sensitive to the choice 
of cell–cell similarity metric, and these metrics consistently perform 
worse in real and synthetic scRNA-seq datasets with a continuous struc-
ture compared to those classed as discrete datasets97. Similarly, the 
utility of t-distributed Stochastic Neighbour Embedding and Uniform 
Manifold Approximation and Projection plots for accurately repre-
senting single-cell data is a divisive topic in the field98–100. However, a 
combination of approaches should be considered for maximal output. 
Discrete cluster-based approaches remain highly valuable, for example, 
for generating initial, intuitive representations of cellular heterogene-
ity and informing downstream analyses, although their blind spots 
should be recognized and addressed with the application of alternative 
approaches, as detailed below.

Non-cluster-based approaches include matrix factorization 
methods that generate low-dimensional representations of single-cell 
data101. These methods include PCA, in which principal components 
can capture continuous features of cell identity, such as T cell ‘innate-
ness’102. Other methods include non-negative matrix factorization 
(NMF), which might offer more biologically meaningful representa-
tions than PCA for transcriptomic data101,103. NMF-based methods can 
resolve continuous cell states, technical features such as doublets 
or batch effects, as well as discrete cell types101,104. Examples include 
scCoGAPS (Coordinated Gene Activity across Pattern Subsets)104, 
and consensus NMF (cNMF), which implements a meta-analysis for 
robustness103. Moreover, NMF allows multiple cell state programs 
to be attributed to the same cell, whereas conventional clustering 
confines cells to a single cluster103. As such, NMF has been used for 
annotation of cells based on usage ‘scores’ for a set of gene expression 
programs (GEPs); for example, T-CellAnnoTator, an extension of cNMF, 
consists of 46 reference GEPs capturing features of T cell identity, 
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such as cytotoxicity or a ‘TH1-like’ GEP105. This approach might more 
accurately reflect T cell identity, in which individual cells can exhibit 
multiple signatures corresponding to diverse states and functions. 
However, akin to the choice of cluster number, choosing the number 
of components in matrix factorization is also not trivial and can influ-
ence interpretation of the data101,106. Moreover, despite the potential 
for deeper insight, the output from matrix factorization methods can 
seem abstract and less immediately intuitive to interpret than the 
discrete groupings produced by clustering algorithms.

Of note, an alternative approach includes latent Dirichlet alloca-
tion, often used for textual analysis107. Applied to problems of cell 
profiling with scRNA-seq data, latent Dirichlet allocation can be used 
to probabilistically model cells as mixtures of latent functions or 
‘topics’, in which each of these topics is associated with expression of 
certain genes108,109.

Cluster-free differential abundance testing. Testing for differential 
abundance of discrete clusters is a common approach to case–control 
analysis for detecting shifts in cellular composition, as alluded to 
earlier. However, a disadvantage of these methods is the inability 
to resolve more complex signals in the data, such as within-cluster 
heterogeneity110. Alternatively, cluster-free methods have been 
designed for testing for differential abundance of cell states across 
groups of samples110–112. An example is covarying neighbourhood 
analysis (CNA)110. Here, instead of discrete clusters, CNA identifies 
overlapping, granular ‘neighbourhoods’ of cells within a graph-based 
representation of the data. CNA then leverages matrix factorization 
by PCA to identify groups of neighbourhoods that co-vary in their 
abundance across samples, followed by statistical testing for associa-
tions of an outcome measure with this structure. Milo, a cluster-free 
method like CNA, also defines cell neighbourhoods, yet tests the dif-
ferential abundance of each neighbourhood without prior matrix 
factorization112. In ARD research, these methods have been used to iden-
tify cell states associated with clinical phenotypes4,31,44 and experimen-
tal perturbations65; for example, specific T cell states were associated 
with measures of synovial inflammation at the level of chromatin acces-
sibility data31. Furthermore, CNA was able to easily recover a dominant 
Notch signalling gradient previously identified in synovial fibroblasts 
(see the section ‘Fibroblast cell states and spatial context’)63,110. Notably, 
benchmarking studies show that these cluster-free methods perform 
similarly to cluster-based differential abundance methods when the 
signal within the dataset is a perturbation in a discrete cell cluster82,110.

Trajectory inference. Single-cell datasets typically represent a snap-
shot of cell identity in time; although the data encompasses cells in 
various states and stages, their temporal dynamics are not explicitly 
visible19. However, ‘pseudotime’ analysis methods have been developed 
to infer continuous dynamic processes from single-cell snapshots 
assumed to encompass cell state continuums113,114. Pseudotime esti-
mation provides an ordering of cells along some trajectory, though 
does not directly reflect real time114. Inferred cellular relationships 
might reflect developmental processes, cell activation, and axes of 
variation that are not necessarily temporal88,114,115. An abundance of 
methods now exist with various frameworks and inference capabili-
ties, as reviewed by Saelens et al.115. In the disease context, inference of 
pseudotime trajectories might contribute to understanding cell state 
transitions associated with pathogenesis, perhaps representing can-
didate biomarkers or processes for intervention. Examples from ARD 
research include B cell activation dynamics and their correlation with 

ABC signatures in SLE6. Although trajectory inference might provide 
valuable hypothesis-generating insights, algorithms can infer spurious 
relationships or the ‘incorrect’ trajectory depending on the specific 
model’s assumptions116. Ultimately, experimental validation, such 
as lineage tracing117, is necessary to substantiate these relationships. 
Additionally, integrating further ‘omics’ layers, such as epigenetic 
information, might offer additional mechanistic insight and refine the 
understanding of pseudotime trajectories118.

Of note, longitudinal sampling can reveal trends in cell state 
dynamics over time, for example, progression over the disease 
course119, in response to intervention120, or predicting events such as 
disease flares14,121. Illustrating this idea, longitudinal sampling of the 
blood of patients with recently diagnosed SLE over 1 year revealed an 
initial expansion of TFH cells followed by their decline, whereas levels of 
TPH cells remained elevated119. This finding might suggest differential 
involvement of TFH and TPH at different disease stages, and the potential 
importance of timing in therapeutic interventions119. However, practi-
cal challenges in obtaining repeat patient samples means that these 
studies are currently sparse and limited by sample size.

Cell identity frameworks and treatment
Despite advances in drug development for ARDs, drug response 
remains variable across patients; the heterogeneous nature of ARDs 
might be responsible, in which different underlying disease mecha-
nisms might be amenable to treatment with mechanistically distinct 
drugs. Therefore, stratified medicine is a core research area in rheu-
matology, with the aim of allocating patients to the treatment most 
likely to be effective as early as possible in the disease course16. Con-
sidering their role in disease pathogenesis and as targets of biologic 
drugs, immune cells represent a sensible candidate for treatment 
response biomarkers. The success of these strategies could in part be 
influenced by the perspective on cell identity and taxonomy adopted 
by current studies.

Few prospective trials have implemented stratified medicine 
approaches based on cell biomarkers. Of these, the randomized 
trial R4RA assessed response to rituximab or tocilizumab in patients 
with RA classified as B cell poor or B cell rich based on histological 
assessment and RNA sequencing of synovial biopsy samples122. Here, 
patients with B cell-poor RA, classified based on expression of a B cell 
gene module, had significantly better outcomes with tocilizumab 
than rituximab (as measured by achievement of 50% improvement 
in clinical disease activity index). Of note, this effect was not seen 
when B cell status was determined based on immunohistochemical 
staining. As noted by the authors, the RNA-seq-based classification 
captures additional B cell states that might be relevant to treatment 
outcomes, and avoids elements of subjectivity associated with histo-
logical assessment122. However, in a subsequent trial, STRAP, synovial 
B cell status, again assessed by histological methods and RNA-seq, 
was not associated with a different response to rituximab compared 
with tocilizumab or etanercept, thus questioning the efficacy of this 
approach123.

Other approaches to patient stratification delineate a disease 
into distinct ‘pathotypes’ or ‘endotypes’, on the basis of differences 
in immune and stromal cell composition, which correlate with clinical 
outcomes including disease activity and treatment response124–127. For 
example, in patients with RA a pauci-immune synovial pathotype, 
defined by findings of limited immune cell infiltration and abun-
dance of stromal cells upon histological assessment, is associated 
with poor response to anti-TNF therapy127. Considering multiple cell 
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types might better reflect broad perturbations in the cellular archi-
tecture that drive disease processes. Conversely, the abundance 
of major cell types might not correlate with expected pathological 
consequences51, although a consideration of granular cell state might 
provide a deeper understanding of pathogenesis by identifying spe-
cific pathogenic cell states. For example, a study as part of the AMP 
RA program highlighted six cell-type abundance phenotypes in RA 
synovium (delineated by the abundance of six major cell types and 
further refined by the results of association testing with fine cell states 
within the cell types using CNA4).

Importantly, the concept of cell states on a continuum compli-
cates efforts towards stratified medicine: if creating cell boundaries 
is arbitrary, how do we approach identification of cellular predictors 
of response? Harnessing continuous measures of cell state could be 
a potential strategy to refine biomarker and target identification. 
Exemplifying the use of continuous representations of cell states, a 
cross-disease scRNA-seq analysis by Yasumizu et al. used NMF to iden-
tify 12 components that represent gene programs in peripheral CD4+ 
T cell populations128. Importantly, these features can offer insights that 
might not be apparent from measures of associated cell-type abun-
dance, such as indications of functional alteration, highlighting the 
added value of this approach128. This discussion can be combined with 
that of challenges for disease classification (nosology), which also has 
implications for stratified medicine. Despite the classification of ARDs 
as distinct entities, these disorders overlap in clinical presentation and 
genetic background and often co-occur in the same patient129. This 
has encouraged the exploration of alternative classification systems; 

for example, a multidimensional continuum along which all autoim-
mune and autoinflammatory diseases are placed, constructed on the 
basis of continuous variables representing characteristics such as 
degree of inflammation or cell type abundance130,131. At the cellular 
level, cross-disease analyses have identified multiple shared patho-
genic cell states, as mentioned earlier. Similarly, Yasumizu et al. pro-
jected the 12 NMF features onto external datasets and highlighted 
disease-specific program usage, but also that the same gene program 
is often shared across multiple conditions128. Related to these consid-
erations is the concept of basket trials, in which drugs are tested across 
multiple diseases with overlapping pathologies, rather than for one 
disease at a time130. These alternative trial designs are reviewed in detail 
elsewhere132,133. Here, patients across diseases might be grouped by 
multiple biomarkers for a stratified design132; this approach could be 
an opportunity for inclusion of continuous representations of cell state 
to identify shared and distinct signatures upon which patient stratifi-
cation could be based. The potential strategies for using cell-based 
biomarkers for stratified medicine, as discussed in this section, are 
summarized in Fig. 3.

In summary, cellular biomarkers of response are a promising ave-
nue for stratified medicine. Abundance of discrete clusters might not 
necessarily reflect the underlying mechanisms important for pathology 
and treatment response, although identification of granular patho-
genic cell states might improve precision. Moreover, combining this 
information with continuous measures of cell state might provide a 
more nuanced understanding that could be harnessed for improving 
therapeutic pipelines.

Treatment 

High Low

a  Single cell type/state

c  Continuous cell states

Sample A Sample B Sample A Sample B

Dominant

Low

Dominant

Low

Feature 1

Feature 2

Feature 3
Treatment A

Treatment B

Signature A

Signature B

…

…

Feature 1

Feature 2

Feature 3

Sample A

Sample B

b  Multi cell type/state

Cellular
phenotype

Fig. 3 | Potential approaches to using cellular 
signatures in stratified medicine pipelines. 
a, Stratification of patients to treatment regimens 
based on the abundance of a single cell type or 
state (for example, B cell-poor versus B cell-rich 
classification in R4RA122). b, Stratification based 
on proportions of multiple cell types/states 
within cell samples (as exemplified by studies of 
RA synovial pathotypes125 or cell-type abundance 
phenotypes (‘CTAPs’)4). c, Incorporating continuous 
representations of cell state to identify signatures 
associated with response to different treatments. 
Each feature might reflect a continuous aspect 
of cell identity, such as degree of activation, and 
different features are represented here by different 
colours for which the intensity of the colour reflects 
how strongly each feature is represented in each 
patient cell sample.
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Conclusions
The complexity of cell identity represents an example of how, despite 
our human tendency to categorize, many aspects of biology transcend 
discrete classification systems. Technological advances have intensified 
discussions surrounding how to best represent cell identity, introduc-
ing new perspectives to rheumatology research. As a result, emphasis 
is growing on the use of continuous representations of cell states that 
capture the heterogeneity within immune and stromal cell popula-
tions. Investigating cells on a continuum alongside more traditional 
approaches not only provides a more comprehensive understanding 
of disease pathology but also creates opportunities for future innova-
tions in targeted treatments and discovery of predictive biomarkers 
for stratified medicine.

Published online: 7 May 2025
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Abstract

Once regarded as passive bystander cells of the tissue stroma, fibroblasts 
have emerged as active orchestrators of tissue homeostasis and 
disease. From regulating immunity and controlling tissue remodelling 
to governing cell growth and differentiation, fibroblasts assume 
myriad roles in guiding normal tissue development, maintenance 
and repair. By comparison, in chronic inflammatory diseases such as 
rheumatoid arthritis, fibroblasts recruit and sustain inflammatory 
leukocytes, become dominant producers of pro-inflammatory factors 
and catalyse tissue destruction. In other disease contexts, fibroblasts 
promote fibrosis and impair host control of cancer. Single-cell studies 
have uncovered striking transcriptional and functional heterogeneity 
exhibited by fibroblasts in both normal tissues and diseased tissues. 
In particular, advances in the understanding of fibroblast pathology in 
rheumatoid arthritis have shed light on pathogenic fibroblast states 
in other chronic diseases. The differentiation and activation of these 
fibroblast states is driven by diverse physical and chemical cues within 
the tissue microenvironment and by cell-intrinsic signalling and 
epigenetic mechanisms. These insights into fibroblast behaviour and 
regulation have illuminated therapeutic opportunities for the targeted 
deletion or modulation of pathogenic fibroblasts across many diseases.
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and by other cell types16–18, which adds to the challenge of devising safe, 
efficacious fibroblast-directed therapies.

In this Review, we describe the normal and pathogenic roles of 
fibroblasts, focusing on RA as a disease in which fibroblasts have been 
studied in detail and extending our discussion to other inflammatory 
diseases. RA is a chronic autoimmune disease marked by inflammation 
of the joint synovium, bone and cartilage destruction and progressive 
disability19,20 (Box 1). DMARDs, including biologics such as TNF inhibi-
tors, have transformed RA treatment; however, these therapies show 
limited efficacy. 50–60% of patients with RA on first-line DMARDs 
fail to meet treatment targets (≥70% reduction in disease activity, 
also referred to as ACR70, after 6 months of treatment)20. Moreover, 
among individuals who respond inadequately to any given DMARD, 
only 10–15% respond to a subsequent line of therapy, and 15–25% of 
all patients remain refractory to any therapeutic20,21. Strikingly, in the 
synovial tissue of treatment-refractory patients with RA, fibroblasts are 
the most highly enriched cell population12,13. Although healthy syno-
vial fibroblasts structurally define the normal synovium and provide 
stability and lubrication to the joint22,23, during RA these fibroblasts 
expand dramatically and acquire both pathogenic pro-inflammatory 
behaviours and tissue-invasive behaviours that enable them to drive 
chronic synovial inflammation and bone and cartilage destruction19. 
No RA therapies specifically target these pathogenic fibroblasts.

Here, we provide an overview of fibroblast biology that illustrates 
how homeostatic fibroblast functions are subverted during inflam-
matory diseases, fibrosis and cancer. We synthesize insights from 
single-cell studies to describe synovial fibroblast populations and cell 
states in RA. We describe how fibroblasts in RA compare with fibroblast 
states in other inflammatory contexts and examine the key mechanisms 
that drive fibroblast differentiation, activation and pathogenic behav-
iour. Finally, we discuss how these insights pave the way for therapeutic 
targeting of fibroblasts in RA and other diseases.

The roles of fibroblasts in health  
and inflammatory disease
In this section, we describe the prominent roles that fibroblasts assume 
in controlling immune responses, remodelling tissues, organizing 
niches within tissues and regulating their own proliferation and dif-
ferentiation. We discuss how these functions are dysregulated in 
pathogenic fibroblasts that drive RA and other chronic inflammatory 
diseases, fibrosis and cancer.

Fibroblast-mediated immune regulation
To mount an effective immune response, antigens and immune cells 
must converge in specialized compartments within the lymph node, 
spleen and other secondary lymphoid tissues. Lymphoid tissue fibro-
blasts are frontline orchestrators of the complex cellular processes 
required for adaptive immunity. Understanding the roles that these 
fibroblasts assume in organizing lymphoid structures and regulating 
immune cells will provide insights into how pathogenic fibroblasts 
promote autoimmune and inflammatory diseases. Numerous lymphoid 
tissue fibroblast subpopulations, known as fibroblastic reticular cells 
(FRCs), have now been identified. Each FRC subpopulation is defined 
by its distinct location, marker expression and immunological func-
tion, as reviewed elsewhere24–28; here, we highlight a few prominent 
examples in the lymph node (Fig. 1a).

During embryonic development, FRC precursors regulate the for-
mation and organization of the lymph node, a process highly depend-
ent on lymphotoxin signalling27,28. As afferent lymph enters the mature 

Key points

	• Fibroblasts assume multifaceted roles in regulating immunity, 
guiding tissue architecture and remodelling and defining the 
functional organization of tissues.

	• During disease, fibroblasts can acquire inflammatory, fibrogenic, 
tissue degradative or hyperplastic phenotypes that promote pathology 
and predominate in treatment resistance.

	• Although long implicated in fibrotic disease, fibroblasts have 
emerged as important drivers and regulators of chronic inflammatory 
and malignant diseases.

	• Single-cell profiling of diseased tissues has uncovered 
transcriptionally and functionally distinct fibroblast subpopulations, 
some of which are tissue specific or disease specific and others 
of which are shared across multiple tissues and diseases.

	• Morphogen gradients, synergistic and autocrine cytokine signalling, 
adhesion molecules, mechanotransducers and epigenetic regulators 
are some of the key factors that promote the differentiation and 
activation of pathogenic fibroblast states.

	• Insights into fibroblast pathogenicity are spurring the development 
of therapeutics to deplete, deactivate, neutralize or reprogram 
fibroblasts in fibrosis, cancer and chronic inflammatory diseases.

Introduction
Historically, fibroblasts were viewed as homogeneous, spindle- 
shaped cells that provided structural support to tissues1; however, 
the diverse phenotypes and functions of fibroblasts in both health 
and disease are becoming increasingly apparent. Although fibro-
blasts mostly originate from mesenchymal progenitors and typically 
express collagen, vimentin and platelet-derived growth factor recep-
tor α (PDGFRα)2–4, these markers are not expressed by all fibroblasts, 
nor do they fully distinguish fibroblasts from other cell types, such as 
epithelial, endothelial or haematopoietic cells4–7. Moreover, single-cell 
studies have revealed remarkable fibroblast heterogeneity across tis-
sues, biological processes and disease states. Even within a single tissue, 
fibroblasts exhibit a range of fibroblast subsets and lineages, and they 
can readily change states in response to local cues.

During homeostasis, fibroblasts regulate immune responses, 
remodel tissues, define cellular niches within tissues and undergo con-
trolled proliferation and differentiation. However, when dysregulated, 
fibroblasts can perpetuate tissue inflammation and damage to drive 
chronic inflammatory and fibrotic diseases and support cancer growth, 
metastasis and immune evasion. Critically, current molecular and 
immunological therapies fail to effectively target disease-associated 
fibroblasts. Pathogenic fibroblasts have now been linked to treatment 
resistance and poor prognosis across a range of diseases, including 
solid tumours, organ fibrosis, inflammatory bowel disease (IBD) and 
rheumatoid arthritis (RA)8–13. Thus, there is a major need to develop 
fibroblast-targeting therapeutic strategies. Although molecules such 
as fibroblast activation protein-α (FAPα) and cadherin-11 (CDH11) have 
been proposed as targetable markers of pathogenic fibroblasts14,15, 
these molecules are also expressed at low levels during homeostasis 
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lymph node, it encounters a reticular meshwork formed by specialized 
FRCs known as marginal reticular cells, which capture and transport 
soluble antigens from the lymph to the B cell follicles29,30. Meanwhile, 
through chemokine secretion, other FRC subsets organize the traf-
ficking, recruitment, compartmentalization and survival of diverse 
leukocyte populations throughout the lymph node. FRCs within the 
B cell follicles, termed follicular dendritic cells (FDCs), produce CXCL13 
to attract CXCR5-expressing B cells and support their survival and 
proliferation within follicles through secretion of BAFF and CXCL12 
(refs. 18,31). FDCs also capture soluble antigens that are delivered to 
the follicle by marginal reticular cells, present them to B cells using Fc 
receptors (such as CD32), and form and maintain germinal centres to 
help to generate affinity-matured plasma cells and memory B cells32,33. 
FRCs in the T cell zone, termed T cell zone reticular cells (TRCs), recruit 
CCR7-expressing naive T cells through the production of CCL19 and 
CCL21 and promote their survival by secreting IL-7 (refs. 18,34). TRCs 
also facilitate interactions between T cells and dendritic cells (DCs), 
expressing molecules such as podoplanin (PDPN) that enhance the 
motility and trafficking of DCs to the T cell zone via activation of C-type 
lectin receptor 2 (ref. 35).

In addition to activating immune responses, FRCs can suppress and 
resolve immune responses. For instance, TRCs can present self-antigens 
via MHC class II molecules to CD4+ T cells to promote tolerance18,36–39. 
TRCs also produce immunosuppressive molecules, such as nitric oxide, 
that limit T cell expansion and priming by DCs once a pathogen or insult 
has been contained40,41. Thus, in health, FRCs successfully balance 
both the initiation and the resolution of adaptive immune responses.

Although not as comprehensively studied, under homeostatic 
conditions, fibroblasts in barrier tissues such as the gut and lung also 
exhibit antigen presentation and immunoregulatory properties that 
promote tolerance42,43. Notably, fibroblasts in the healthy synovial 

lining express the complement pathway inhibitor CD55 (also known 
as decay-accelerating factor22), which suggests a role in maintaining 
immunological quiescence in the synovium.

By contrast, during autoimmune diseases such as RA, systemic lupus 
erythematosus (SLE) and IBD, FRCs in the lymphoid tissues contribute 
to the breakdown of tolerance and generation of autoreactive T cell and 
B cell responses44–46. Lymph nodes from patients with autoimmunity are 
frequently enlarged, with prominent FDC-driven follicular hyperplasia 
and autoantibody production in activated germinal centres47–50. Addi-
tionally, fibroblasts in diseased peripheral tissues also become patho-
logically activated, adopting inflammatory, FRC-like states in response 
to stimuli such as TNF, IL-17, IL-1β, interferons and oncostatin M51–53. These 
inflammatory fibroblasts upregulate FAPα and produce substantial quan-
tities of cytokines and chemokines, notably IL-6, IL-33, CXCL8, CXCL12, 
CCL19 and CCL21, to recruit an array of both innate and adaptive leuko-
cytes to the site of inflammation13,52–55 (Fig. 1a). Inflammatory fibroblasts 
also promote leukocyte activation and persistence within affected tis-
sues and can even organize leukocytes into tertiary lymphoid structures 
(TLSs) that heavily resemble lymph nodes in structure and function. 
Additionally, compared with their homeostatic counterparts, inflam-
matory fibroblasts can exhibit substantially elevated expression of MHC 
class II molecules, which suggests an increased ability to present antigens 
to lymphocytes56,57. However, unlike FRCs, which initiate acute, inherently 
self-limited immune responses, fibroblasts in inflammatory diseases 
can engage in autocrine signalling through pro-inflammatory cytokine 
pathways51,58 to drive a chronic inflammatory state marked by sustained 
leukocyte recruitment and activation. In tumours, similar populations of 
cancer-associated fibroblasts (CAFs) have also been observed. Among 
the identified CAF states, inflammatory CAFs influence immune cell 
trafficking and organization in tumours in ways analogous to lymph 
node FRCs59. Meanwhile, antigen-presenting CAFs, which express MHC 

Box 1 | The synovium in health and rheumatoid arthritis
 

The synovium is a soft connective tissue that lines the inner surface of 
joints, acting as a physical and chemical barrier that protects the joint 
from mechanical and biological stressors22,23,162. Resident fibroblasts 
organize the synovium into a lining and sublining layer. The lining, 
which is located at the synovial surface, consists of a compact layer 
of lining fibroblasts and macrophages (which is 1–2 cells thick)22. 
Lining fibroblasts secrete hyaluronan and lubricin, which are key 
components of the synovial joint fluid that lubricates and minimizes 
friction along the joint space22,162. By contrast, the sublining is sparsely 
populated by fibroblasts, macrophages, adipocytes, T cells and 
B cells, which are loosely embedded within the tissue extracellular 
matrix22,23,162,248.

In rheumatoid arthritis (RA), the synovium transforms into a  
highly inflamed and destructive tissue. The synovial lining expands 
to >10 cells in thickness and forms an invasive pannus that drives 
cartilage and bone destruction22,162. The sublining becomes even 
more hyperplastic and neovascularized than the lining and is 
characterized by a substantial infiltration of activated leukocytes, 
including monocytes, dendritic cells, T cells and B cells, which 
can organize into lymphoid aggregates and tertiary lymphoid 
structures22,249.

RA synovitis arises from a complex interplay between genetic 
predisposition and environmental factors. Variants in the HLA-DR gene 

locus, along with exposures such as smoking and specific infections, 
are strongly linked to increased RA risk19,250. These factors are posited 
to predispose individuals to the development of autoreactive immune 
responses, particularly against post-translationally modified proteins 
such as citrullinated proteins19. Anti-citrullinated protein antibodies 
and pro-inflammatory cytokines are detectable prior to arthritis onset 
in a majority of patients with RA19,251.

Subsequently, a ‘second hit’ that triggers symptomatic 
inflammation specifically within the joint synovium seems to be 
required19,252. In response to local pro-inflammatory stimuli, activated 
synovial fibroblasts and macrophages secrete a range of cytokines 
and chemokines to promote the influx of pathogenic leukocytes22,249. 
Synovia-infiltrating T cell populations are essential to disease 
progression, including CD4+ and CD8+ T cells, which recognize 
citrullinated proteins253,254, peripheral CD4+ helper T cells that 
facilitate local B cell proliferation and differentiation255 and granzyme 
K-expressing CD8+ T cells that activate the complement cascade256. 
Meanwhile, oligoclonally expanded B cells drive continued epitope 
spreading over the disease course257. Beyond these characteristic 
features, synovial architecture, cellular composition and 
transcriptomic profiles can vary substantially in patients with RA13,105, 
suggesting that distinct routes of disease pathogenesis, progression 
and therapeutic intervention must be considered for each patient.
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class II molecules, can either stimulate or inhibit antitumour immune 
responses depending on the tumour or tissue of origin60–62.

Fibroblast-mediated tissue remodelling
Fibroblasts synthesize a wide array of extracellular matrix (ECM) mol-
ecules, including collagens, proteoglycans, laminins, glycoproteins and 
elastins, which provide structural scaffolding to tissues63. They actively 
modify ECM structure and composition through regulated production of 
lysyl oxidases, matrix metalloproteinases (MMPs), a disintegrin and met-
alloproteinases (ADAMs) and MMP inhibitors that enable ECM crosslink-
ing, glycosylation and proteolysis63,64. Fibroblasts also express a variety 
of integrins, cadherins, mechanoreceptors and cytoskeletal molecules, 
which enables them to sense mechanical cues from the ECM and neigh-
bouring cells and also directly exert contractile force on the ECM65–67. 
Collectively, this balance of matrix sensing, synthesis and pruning by 
fibroblasts enables them to construct compositionally distinct ECM 
environments that are uniquely tuned to support specific anatomical, 
functional and biomechanical requirements across tissues (Fig. 1b).

In the synovium, production of lubricin (proteoglycan 4) and 
hyaluronan by fibroblasts is integral to proper joint movement and 
lubrication68. In the lymph nodes, FRC remodelling activities are 
similarly indispensable for constructing the conduits that transport 
immune cells and antigens and also serve as cellular scaffolding for 
leukocytes to migrate and interact18,69. Additionally, FRCs form adjacent 
connections with neighbouring FRCs through CDH11 and synthesize 
a combination of collagen type I and collagen type XIV, which enable 
mechanical regulation of channel diameter and tensile strength within 
the lymph node18. Importantly, during infection, FRCs promote relaxa-
tion and expansion of the lymph node architecture to support the 
ingress and clonal expansion of immune cells35,70.

During tissue injury, fibroblasts mechanically sense local disrup-
tion to the ECM and become activated by cytokines (such as TGF-β and 
IL-11), leading to their differentiation into myofibroblasts, which are 
key mediators of tissue repair67,71. Myofibroblasts are marked by high 
expression of contractile proteins, including α-smooth muscle actin, 
and also deposit considerable quantities of ECM, which enables them 
to restore mechanical strength to the tissue71. Although myofibro-
blasts are transient in the context of acute injury and repair, activated 
myofibroblasts can persist during chronic injury and inflammation, 
producing excessive and disorganized ECM that disrupts normal tissue 
architecture and function and drives scarring and fibrosis72,73 (Fig. 1b). 
The heart, lung, liver, colon and skin are common sites of fibrosis 
following chronic inflammation or injury73. Additionally, in cancers, 
a myofibroblast-like CAF population emerges in response to TGF-β 
activation and can suppress antitumour immunity by impeding the 
infiltration of immune cells into the tumour parenchyma9,59.

By contrast, in RA and other inflammatory diseases, fibroblasts can 
acquire adverse ECM degradative properties (Fig. 1b). After stimula-
tion by pro-inflammatory cytokines, such as TNF and IL-1β, synovial 
fibroblasts in RA produce excessive levels of MMPs and ADAMs and 
upregulate CDH11, which enables them to degrade the surrounding 
ECM and directly invade and destroy articular cartilage and bone15,19,74. 
Additionally, RA synovial fibroblasts highly express receptor activator 
of nuclear factor-κB ligand (RANKL), which activates nearby osteoclasts 
that resorb calcium and erode bone19,75.

Fibroblast-mediated organization of tissue niches
Beyond producing ECM molecules, fibroblasts are also highly spe-
cialized in their ability to secrete molecules such as growth factors, 

cytokines and morphogens. As these factors are produced, their dis-
tribution and bioactivity are further modified by the ECM. This enables 
fibroblasts to signal to neighbouring cells in varied and elaborate ways 
and form unique niches that support key cell types and tissue functions 
(Fig. 2a). For instance, through spatially restricted secretion of CXCL12, 
CXCL13, CCL19 and CCL21, FRCs establish distinct B cell follicles and 
T cell zones in the lymph node18,31,34. In the gut, fibroblasts help to define 
the key Wnt and BMP signalling gradients that guide epithelial renewal 
and differentiation along the intestinal crypt to the villus76–78. At the 
crypt base, PDGFRAlow fibroblasts support the proliferation of nearby 
intestinal stem cells through secretion of canonical Wnt ligands, activa-
tors of Wnt signalling and inhibitors of BMP signalling, whereas at the 
villus, PDGFRAhigh fibroblasts support intestinal epithelial cell differen-
tiation through the production of BMP ligands and non-canonical Wnt 
ligands. In the skin, dermal fibroblasts that signal through the Hedge-
hog pathway secrete the TGF-β ligand SCUBE3 to activate hair follicles 
from resting to growth states79. Finally, in the synovium, fibroblasts 
expressing Notch receptors (such as NOTCH3) engage with neighbour-
ing endothelial cells that express Notch ligands to establish perivascular 
niches that regulate local fibroblast differentiation80.

Fibroblasts form specialized niches not only within a specific tis-
sue but also across different anatomical regions. On the basis of their 
site of origin, dermal and synovial fibroblasts express distinct home-
obox (HOX) transcription factors that direct site-specific cell differen-
tiation and confer positional identity to the skin and joints81,82. Notably, 
HOXA13 is specifically expressed by fibroblasts in distal regions, such 
as the digits, and can induce the expression of Wnt ligands and other 
morphogens that are critical for the activation and maintenance of 
distal limb development and patterning81,83.

In tissues that are targeted by inflammatory and autoimmune 
diseases, such as the synovium in RA and the salivary glands in Sjögren 
syndrome, aberrantly activated inflammatory PDPN+FAPα+ fibroblasts 
establish lymphoid aggregates and TLSs84–86 (Fig. 2a). Much akin to 
the developing lymph node, TLSs are formed through lymphotoxin 
signalling by the local fibroblasts, as well as IL-13 and IL-22 derived 
from both stromal and immune cells86. TLSs resemble the lymph node 
in both structure and organization, with distinct T cell and B cell com-
partments, germinal centres and FDCs that promote the localized 
activation and persistence of autoreactive lymphocytes87,88. Meanwhile, 
through disordered production of ECM molecules and remodelling 
enzymes, pathogenic tissue remodelling fibroblasts can instigate the 
formation of an invasive pannus that degrades surrounding tissues, 
as is observed in RA19,89, or drive the formation of fibroblastic foci 
and fibrotic zones as seen in fibrotic diseases90. Similarly, in cancer, 
inflammatory CAFs organize tumour-associated TLSs91,92, whereas 
myofibroblast-like CAFs often perpetuate an immune cell-excluded 
tumour microenvironment (referred to as a ‘immune desert’), which 
leads to the suppression of antitumour immune responses8,9,59.

Regulation of fibroblast growth and differentiation
Fibroblast self-renewal, differentiation and proliferation are tightly con-
trolled to preserve homeostatic tissue structure and function (Fig. 2b). 
Although FRCs rapidly proliferate at the onset of an immune response 
to facilitate lymph node expansion, they also readily contract in number 
as immune cells egress and the immune response resolves35,93. Similarly, 
the initial stages of tissue injury trigger fibroblast proliferation and 
conversion into myofibroblasts, but once tissue ECM and structural 
integrity are restored, myofibroblasts wane in number and can dedif-
ferentiate into quiescent fibroblasts and adipocytes94–96. In healthy 
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Fig. 1 | Fibroblasts regulate immunity and tissue remodelling. a, Left: 
orchestration of adaptive immunity by lymph node fibroblastic reticular cells.  
In the B cell follicle, follicular dendritic cells (FDCs) recruit B cells and support their  
activation, retention and maturation. In the T cell zone, T cell zone reticular cells 
(TRCs) enable T cell and dendritic cell (DC) recruitment and subsequent T cell–
DC interactions. In addition, TRCs can suppress activated T cells at the conclusion 
of an immune response. Right: aberrant inflammatory signalling and leukocyte 
recruitment by peripheral tissue fibroblasts during chronic inflammation. 
Pathogenically activated fibroblasts are sustained by paracrine and autocrine 
pro-inflammatory stimuli, and these cells secrete an array of chemokines and 

cytokines to recruit, activate and retain inflammatory leukocytes in the diseased 
tissue. b, Left: coordinated extracellular matrix (ECM) production, modification 
and degradation by homeostatic fibroblasts (blue) to generate and maintain 
normal tissue structure and architecture. Right: fibroblasts can promote 
dysregulated ECM remodelling during disease. In tissue fibrosis, myofibroblasts 
(yellow) produce excessive ECM that is disorganized. In rheumatoid arthritis 
(RA), invasive fibroblasts (purple) cause ECM destruction and tissue degradation. 
ADAMs, a disintegrin and metalloproteinases; BCR, B cell receptor; LIF, leukaemia 
inhibitory factor; LIFR, LIF receptor; LPS, lipopolysaccharide; MMPs, matrix 
metalloproteinases; RANKL, receptor activator of nuclear factor-κB ligand.

synovium, lining and sparse sublining fibroblasts exist in tight equi-
librium with other stromal and immune populations to maintain joint 
mechanics and immune homeostasis22,97; however, during chronic 
inflammatory diseases, pathogenic fibroblasts expand and persist, 
with emergence and enrichment of inflammatory subpopulations 
(Fig. 2b). For example, RA is marked by prominent hyperplasia of 
the synovial lining fibroblast layer, which expands from 1–2 cells to  
>10 cells in thickness, with sublining fibroblasts undergoing even 
greater expansion53,98. Fibrosis is characterized by the persistence of 
myofibroblasts (Fig. 2b), whereas fibrogenic or desmoplastic processes 
in tumours are driven by myofibroblast-like CAFs59,73.

Collectively, through these prominent roles in immune regula-
tion, tissue remodelling, niche formation, and growth and differen-
tiation, fibroblasts have emerged as key contributors to both tissue 
homeostasis and disease.

Fibroblast populations in rheumatoid arthritis  
and other chronic inflammatory diseases
Synovial fibroblasts have historically been classified according to 
anatomical location in the lining or sublining22,97. Single-cell studies 
have greatly refined understanding of synovial fibroblast diversity and 
function. Here, we describe how sublining and lining fibroblasts differ 
not only anatomically but also transcriptionally and functionally. We 
discuss new layers of heterogeneity in the sublining fibroblast compart-
ment and highlight studies that link synovial fibroblast populations 
to treatment-refractory RA. Finally, we describe parallels between RA 
synovial fibroblasts and pathogenic fibroblast states in other chronic 
inflammatory diseases.

Healthy and disease-associated synovial fibroblast subsets
Initial single-cell studies of synovial fibroblasts identified subpopula-
tions that were pre-sorted by the surface expression of selected pro-
tein markers. In a study of human RA, synovial fibroblasts were sorted 
on the basis of THY1, PDPN, CDH11 and CD34 expression98. Sublining 
fibroblasts, which were defined as THY1+PDPN+CDH11+CD34−, were 
the main fibroblast population expanded in RA compared with osteo-
arthritis (OA)98. In transcriptomic and in vitro studies, this population 
exhibited enhanced cytokine secretion, proliferation and invasiveness, 
which suggests an active role in driving disease98. By contrast, THY1− 
fibroblasts, which represent lining fibroblasts, were expanded more 
in OA than in RA98.

In a mouse experimental arthritis model, two fibroblast subsets 
defined by their expression of FAPα and THY1 were examined for their 
respective contributions to arthritis pathology99. FAPα+THY1+ cells 
were mostly sublining fibroblasts and FAPα+THY1− cells were mostly 
lining fibroblasts. Adoptive transfer of sublining fibroblasts worsened 
the inflammatory severity of arthritis by increasing joint swelling and 

leukocyte infiltration, whereas adoptive transfer of lining fibroblasts 
promoted enhanced degradative disease by driving cartilage and bone 
joint damage99. These findings suggest that rather than simultaneously 
mediating both synovial inflammation and joint degradation, at least 
in mice, the lining and sublining fibroblasts predominantly assume 
distinct pathogenic roles.

Through large-scale single-cell studies of synovial biopsies from 
patients with RA and OA, consortium efforts from the Accelerat-
ing Medicines Partnership RA and SLE Network have substantially 
advanced the identification and functional annotation of synovial 
fibroblast subpopulations13,53,100 (Fig. 3). An initial study of 1,844 sorted 
synovial fibroblasts identified a CD55+ THY1− lining fibroblast cluster, 
as well as three clusters of THY1+ sublining fibroblasts that express 
HLA-DRA, CD34 and DKK3, respectively53. HLA-DRAhi sublining fibro-
blasts represent the main highly inflammatory, expanded fibroblast 
population in RA53. These fibroblasts account for nearly all of the 
IL-6 produced by fibroblasts in active RA, are dominant producers  
of CXCL12 and other chemokines and express high levels of CD74  
(also known as the invariant chain), which functions as a chaperone for 
MHC class II molecules53.

A second study by the AMP RA and SLE Network, which analysed 
79,555 stromal cells from RA and OA synovial tissue, revealed additional 
synovial fibroblast heterogeneity by identifying two lining and seven 
sublining synovial fibroblast populations13. Notably, two sublining 
fibroblast populations, including the aforementioned HLA-DRAhiCD74hi 
inflammatory cluster and a distinct CXCL12+SFRP1+ inflammatory 
cluster, are characterized by high IL-6 and CXCL12 production13. Mean-
while, the lining fibroblasts are enriched for matrix-degradative MMPs 
including MMP1 and MMP3 (ref. 13). These studies collectively suggest 
that inflammatory sublining fibroblasts dominate in RA and implicate 
lining fibroblasts in driving tissue destruction.

Insights have also been made into the functional roles of other 
sublining fibroblast populations and their relevance to RA pathogen-
esis. A CD34+ sublining fibroblast subset, identified in both of the AMP 
RA and SLE Network studies13,53, is expanded in RA and expresses high 
levels of PI16 and DPP4 (ref. 13). These markers define a population of 
fibroblasts found to be universally present across tissues101. Through 
lineage tracing studies in mice, these ‘universal’ fibroblasts have been 
proposed to function as a progenitor cell population101. Thus, CD34+ 
synovial fibroblasts might serve as progenitors to other fibroblast 
subsets in the synovium.

The AMP RA and SLE Network studies also identified NOTCH3+ 
perivascular and sublining fibroblast populations13. Organoid 
co-cultures revealed that the differentiation of these NOTCH3+ fibro-
blasts was driven by endothelial cell-derived Notch ligands80. Impor-
tantly, genetic deletion or pharmacological blockade of NOTCH3 
reduced inflammatory disease in a mouse model of inflammatory 

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | June 2025 | 336–354 342

Review article

Quiescent fibroblast

Myofibroblast dedi
erentiation
Wound healing

Resolving immune response
Lymph node fibroblast contraction

Abnormal self-regulation

Dense FRC
network

Homeostatic
FRC network

RA
Fibroblast hyperplasia

Fibrosis
Myofibroblast persistence

Lining fibroblasts

RA synovium (hyperplastic)

Healthy synovium

BMP
(villus)

Wnt
(crypt)

Intestinal
stem cell

Wnt+ fibroblast

Homeostatic self-regulation

Hair follicle stem cell niche

Intestinal villus–crypt axis Lymph node T cell and B cell zones

Homeostatic niche organization

Myofibroblast

Ep
id

er
m

is
D

er
m

is

BMP+

fibroblast

DC

T cellT cell
zone

B cell
follicle

TRC

B cell

FDC

Enterocyte

Dermal
fibroblast

↑

HFSC

Hedgehog
signalling

SCUBE3

Myofibroblast

Fibrotic zone

Lymphoid aggregates

Pannus tissue

Disordered ECM

Sublining fibroblasts

Synovial
membrane

a

b

Autoreactive
B cell

Osteoclast

Inflammatory
fibroblast

Autoreactive
T cell

Invasive
fibroblast

Dysregulated niche organization

Myofibroblast

http://www.nature.com/nrrheum


Nature Reviews Rheumatology | Volume 21 | June 2025 | 336–354 343

Review article

Fig. 2 | Fibroblasts organize tissue niches and undergo regulated 
proliferation. a, Left: fibroblasts organize cellular niches to ensure proper 
tissue form and function. Dermal fibroblasts regulate hair follicle stem cell 
(HFSC) activation (top). Intestinal fibroblasts at the crypt base and villus 
secrete a gradient of Wnt and BMP molecules to support intestinal stem-cell 
differentiation (bottom left). Lymph node fibroblastic reticular cells (FRCs) 
demarcate distinct T cell and B cell zones that guide the compartmentalized 
activation of B cell- and T cell-driven immune responses (bottom right). Right: 
pathogenic fibroblasts create dysfunctional cellular niches that promote 
disease. Persistently activated cardiac myofibroblasts create fibrotic tissue that 
disrupts myocardial function (top). In rheumatoid arthritis (RA), inflammatory 
fibroblasts organize lymphoid aggregates and tertiary lymphoid structures, 

sustaining autoreactive lymphocyte activity in the synovium (middle), whereas 
invasive fibroblasts organize pannus tissues that directly invade and destroy 
surrounding cartilage and bone (bottom). b, Left: fibroblasts undergo regulated 
proliferation and activation to support tissue homeostasis. Following an immune 
response, FRCs decrease in number to restore the lymph node to its homeostatic 
state (top). Myofibroblasts reduce in number and dedifferentiate to support the 
conclusion of successful wound healing (bottom). Right: pathogenic fibroblasts 
exhibit dysregulated proliferation and differentiation in disease; for example, 
synovial fibroblasts in RA become hyperplastic (top) and myofibroblasts persist 
and accumulate in fibrosis (bottom). BMP, bone morphogenetic protein; ECM, 
extracellular matrix; FDC, follicular dendritic cell; SCUBE3, signal peptide-CUB-
EGF domain-containing protein 3; TRC, T cell zone reticular cell.

arthritis80. These studies highlight the importance of Notch signalling 
in determining fibroblast state and the potential relevance of targeting 
Notch signalling in RA.

The Wnt pathway has also been implicated in synovial fibroblast 
heterogeneity and pathology. In the AMP RA and SLE Network studies, 
two synovial fibroblast clusters derived from the sublining and inter-
mediate lining–sublining regions were distinguished by the expres-
sion of the Wnt signalling regulators DKK3 and RSPO3, respectively13. 
Dkk3+Thy1+Lrrc15+ fibroblasts are highly expanded in a mouse model 
of inflammatory arthritis and exhibit transcriptional signatures associ-
ated with inflammation and ECM remodelling102. Another study ana-
lysing human RA synovial tissue (available as a preprint at the time of 
this writing) revealed that the vast majority of Wnt receptors, ligands 
and regulators are expressed specifically in synovial fibroblasts com-
pared with other cell types in the synovium, with DKK3 and RSPO3 defin-
ing a broad transcriptional gradient that extends across many synovial 
fibroblast populations103. These findings implicate synovial fibroblasts 
as the predominant cell population that engages in Wnt signalling 
during RA and suggest that Wnt activation drives a prominent axis 
of fibroblast heterogeneity. Strikingly, in mouse models of arthritis, 
injection of Wnt ligands worsened arthritis whereas pharmacological 
Wnt inhibition ameliorated arthritis103, consistent with prior studies in 
which genetic deletion of Wnt5a in mice blunted arthritis severity104. 
Collectively, these studies demonstrate that Notch and Wnt signal-
ling promote fibroblast differentiation and inflammatory activation, 
respectively, in inflammatory arthritis.

In RA, the proportions and types of fibroblasts vary across distinct 
synovial inflammatory phenotypes and correlate with response to 
therapy. Notably, RA synovia that exhibit a pauci-immune or fibroid 
pathotype, which is marked by histological enrichment of fibro-
blasts, are linked to higher rates of non-response to TNF inhibitors105. 
Furthermore, in a clinical trial (R4RA) comparing B cell depletion 
therapy (via rituximab) versus IL-6 receptor blockade therapy (via toci-
lizumab) in TNF inhibitor-refractory RA, bulk transcriptomic analyses 
revealed a predominance of fibroblast-derived genes in the synovial 
tissues of patients who failed to respond to all agents12. Deconvolu-
tion studies suggested a specific enrichment of DKK3+ fibroblasts in 
non-responders12. Meanwhile, work by the AMP RA and SLE Network 
has stratified RA synovial tissues into cell-type abundance phenotypes 
(CTAPs), each defined by the most abundant cell types or combina-
tions of cell types enriched in synovial tissue13. For example, synovia 
enriched in fibroblasts, particularly lining fibroblasts and CD34+ sublin-
ing fibroblasts, are termed CTAP-F, whereas synovia enriched in T cells 
and B cells are designated CTAP-TB. The authors also applied CTAP 
designations to patient samples from the R4RA trial, and consistent 

with prior findings, synovial tissues from individuals refractory to 
anti-TNF therapy, rituximab and tocilizumab were significantly asso-
ciated with CTAP-F, further linking synovial fibroblast enrichment to 
treatment resistance13.

Not only do fibroblast subsets drive RA pathogenesis but they 
might also facilitate resolution of inflammation and disease remission 
(Fig. 3). In healthy human synovium, synovial fibroblasts, specifically, 
APOD+ and PLIN2+ populations, exhibit enhanced lipid metabolism and 
cortisol signalling signatures that diminish during disease106. Inhibi-
tion of cortisol signalling in mice through fibroblast-specific dele-
tion of Nr3c1 (which encodes the glucocorticoid receptor) worsened 
inflammatory arthritis106. In both humans and mice, CD200+DKK3+ 
fibroblasts seem to be enriched during the resolving phase of arthritis, 
as well as after TNF inhibitor or IL-17 inhibitor treatment107. Expres-
sion of CD200 by these synovial fibroblasts might promote the activi-
ties of pro-resolving type 2 innate lymphoid cells, thereby fostering 
inflammatory resolution107.

Fibroblast states shared across tissues and diseases
Cross-tissue and cross-disease fibroblast atlases in both humans and 
mice have generated further insights into fibroblast populations that 
are shared across multiple tissues and diseases. A study of fibroblast 
populations across four distinct diseases (RA, ulcerative colitis, Sjögren 
syndrome and interstitial lung disease) identified five fibroblast popu-
lations shared across tissues, with two specific populations shared 
across inflammatory states108. The first shared population associated 
with inflammation, CCL19+CXCL10+ fibroblasts, most resembles the 
HLA-DRAhi sublining fibroblasts described in RA. These cells directly 
interact with leukocytes through cytokine and chemokine signal-
ling, antigen presentation and localization in leukocyte-rich cellu-
lar niches. The second shared inflammation-associated population, 
SPARC+COL3A1+ fibroblasts, most resembles the THYhiNOTCH3+ sub-
lining fibroblast population identified in RA. These fibroblasts have a 
perivascular location, engage in crosstalk with endothelial cells and 
signal through Notch, Wnt, BMP and other developmental morphogens. 
Another cross-tissue analysis that focused on steady-state tissues in 
the mice identified two universal fibroblast populations, including 
the aforementioned Pi16+ population, which adopts a progenitor-like 
phenotype, and a Col15+ population, which secretes basement mem-
brane proteins101. Extension of these analyses to human tissues revealed 
a universal human fibroblast population enriched for genes that define 
the murine Pi16+ and Col15+ populations, suggesting cross-species 
similarities101. The discovery of these shared populations indicates 
that there could be common programs of fibroblast differentiation 
and pathogenic inflammatory activation across diseases.
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Fig. 3 | Fibroblast populations in rheumatoid arthritis and chronic 
inflammatory disease. In the healthy synovium (left), fibroblasts and synovial 
tissue-resident macrophages form a thin lining layer that produces hyaluronan 
and lubricin. In the sublining, scant fibroblasts produce extracellular matrix 
(ECM) and intermix with vascular structures and adipocytes. During RA (right), 
both lining and sublining fibroblasts become hyperplastic and adopt pathogenic 
activation states. Lining fibroblasts acquire tissue destructive and invasive 
abilities, whereas in the sublining, there is an emergence of inflammatory 

fibroblasts, ECM remodelling fibroblasts and an expansion of vascular-
interacting fibroblasts. Inflammatory fibroblasts and vascular-interacting 
fibroblasts promote immune-cell infiltration into the synovium and can organize 
lymphoid aggregates and tertiary lymphoid structures. ECM remodelling 
fibroblasts are associated with both resolution of inflammation and synovial 
tissue fibrogenesis. ADAMs, a disintegrin and metalloproteinases; MMPs, matrix 
metalloproteinases; RANKL, receptor activator of nuclear factor-κB ligand.
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Mechanisms driving fibroblast heterogeneity  
and pathogenicity
In this section, we review mechanisms that promote fibroblast dif-
ferentiation and pathogenicity. We discuss how the microanatomical 
zonation of fibroblasts regulates their differentiation, and how their 
subsequent activation and effector function can be dynamically shaped 
by exogenous stimuli and imprinted epigenetically.

Zonated differentiation of fibroblasts
The markedly distinct phenotypes of synovial lining and sublining fibro-
blasts suggests that their differentiation and function are regulated by 
their spatial zonation or positioning within the synovium. Indeed, in 

the sublining, fibroblast differentiation is directed by endothelial cells, 
which establish a positional gradient of Notch signalling in fibroblasts 
that extends outwards from perivascular zones80 (Fig. 4a). Transcrip-
tional analyses suggest that this Notch- and morphogen-driven 
fibroblast-endothelial crosstalk is conserved across other tissues 
and diseases and involves SPARC+COL3A1+ fibroblasts108. Meanwhile,  
a study of healthy human synovium found that the homeostatic syno-
vial fibroblast state is maintained by cortisol derived from adipocytes 
immediately underlying the synovial sublining layer, a phenotype that 
is lost during inflammatory arthritis106. Collectively, the findings from 
these studies suggest that fibroblasts activated by Notch and other sig-
nalling pathways might form transcriptional gradients that correspond 

a  Zonated di�erentiation

d  Mechanotransduction

e  Epigenetic regulation

NOTCH–directed synovial
sublining fibroblast identity Lining

Low NOTCH signalling

Sublining (perivascular)
High NOTCH signalling

Endothelium

b  Cytokine signalling and amplification loops

c  Invasive program activation

Endothelial cell 
(NOTCH ligands)

Sublining perivascular 
fibroblast (NOTCH3+)

NOTCH3

DLL4

LIF and IL–6

Primary pro-inflammatory stimuli
(TNF, interferons, IL–17 and IL–1β)

1.

IL–6R and LIFR (gp130)

Secondary autocrine amplification
loops (IL-6–IL-6R and LIF–LIFR)

2.

↑Motility and invasion

↑Motility and invasion

↑Inflammation

Sti� matrix

Soft matrix

Homeostasis:
Normal cytokine, chemokine
and MMP gene accessibility

RA
Increased cytokine, chemokine
and MMP gene accessibility

↑ Gene expression

YAP/TAZ

ETS1

RANKL

Adjacent fibroblast
TNF, IL-1β and PDGFβ

CDH11Macrophage

HBEGF

EGFR

Fig. 4 | Mechanisms driving fibroblast heterogeneity and pathogenicity.  
a, Morphogens establish signalling gradients that are instrumental in regulating 
fibroblast positional identity; for example, the sublining synovial fibroblast 
state is driven by Notch signalling via interactions with neighbouring endothelial 
cells. b, Establishment of a chronic inflammatory fibroblast state occurs via 
a two-step process: primary pro-inflammatory stimuli activate the synovial 
fibroblast to produce IL-6 and LIF, which then signal in an autocrine fashion 
through IL-6R and LIFR to sustain and amplify the initial fibroblast inflammatory 
response. c, Synovial fibroblast-mediated tissue invasion and joint destruction 
can be activated through soluble stimuli, including macrophage-derived HBEGF, 

signalling through mesenchymal cadherins, including cadherin-11 (CDH11), 
and transcriptional programs, including ETS1-driven activation of RANKL. 
d, Through mechanosensing of local tissue microenvironments, fibroblasts 
respond dynamically to substrate stiffness by modulating inflammatory 
and invasive behaviours. e, In rheumatoid arthritis (RA) and other chronic 
inflammatory diseases, fibroblasts acquire epigenetic changes, including DNA 
hypomethylation and activating histone marks that increase the accessibility of 
pro-inflammatory and invasive gene loci. RANKL, receptor activator of nuclear 
factor-κB ligand; LIF, leukaemia inhibitory factor; LIFR, LIF receptor; HBEGF, 
heparin binding EGF-like growth factor; PDGFβ, platelet-derived growth factor β.
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to differential degrees of pathway activation, rather than discrete 
clusters or cell subsets. These gradients might correlate with the ana-
tomical locations of fibroblasts within the tissue and their proximity 
to cues derived from neighbouring cell types. Similarly, it is tempting 
to speculate that in the lining, interactions between fibroblasts and 
nearby tissue-resident macrophages, along with their regulation by 
factors within synovial fluid, could be essential in driving the lining 
fibroblast phenotype.

Spatial transcriptomics technologies that enable transcriptome- 
level quantification of gene expression in intact tissues now have the 
potential to unlock major insights into fibroblast zonation, differentia-
tion and specialization109. Initial spatial transcriptomics-based studies 
of tissues such as kidney110,111, lung112,113 and gut114,115 have identified 
new cellular populations, niches and cell–cell interactions that are 
pivotal not only in tissue development and homeostasis but also in 
disease pathogenesis and progression. Similarly, spatial transcrip-
tomics studies of the RA synovium (some of which are available as 
preprints at the time of this writing116–118) have begun to expand under-
standing of the cellular composition and spatial features of TLSs and 
perivascular niches116–121. Notably, sublining immune-interacting ITGA5+ 
fibroblasts and perivascular COMPhi fibroblasts are proposed to drive 
local hubs of TGF-β signalling in the synovium that might be impli-
cated in treatment-refractory disease118,121. Large-scale studies that 
are now underway, including efforts by the AMP Autoimmune and 
Immune-Mediated Disease Network, will provide additional insight 
into fibroblast heterogeneity and pathology in the full spatial context 
of the synovial tissue microenvironment.

Pathogenic signalling and amplification pathways  
in fibroblasts
Fibroblasts sense and respond to a range of cues, including cytokines, 
Toll-like receptor agonists, growth and differentiation factors, cell–cell 
contact and mechanical forces. In RA, synovial fibroblasts are acti-
vated by cytokines that include TNF, IL-17, interferons and IL-1β51,54 
(Fig. 4b). Notably, IFN-γ from infiltrating T cells and NK cells promotes 
the upregulation of MHC class II molecules and chemokines, which are 
highly expressed by the inflammatory HLA-DRAhi fibroblast popula-
tion that is expanded in the synovium in RA120,122. By comparison, TNF 
and IL-1β from T cells and myeloid cells can potently induce IL-6 and 
CXCL8 in inflammatory fibroblasts51,120. Fibroblasts also become highly 
activated after stimulation by endogenous Toll-like receptor ligands, 
such as heat shock proteins, fibrinogen and fibronectin extra domain A,  
which are enriched in inflamed tissues123–125. Finally, beyond classical 
pro-inflammatory stimuli, a study (available as a preprint at the time 
of this writing) reported the surprising role of Wnt proteins in driving 
pro-inflammatory cytokine and chemokine production by synovial 
fibroblasts103, suggesting that molecules such as morphogens and 
growth factors might have additional functions in driving inflammatory 
fibroblast pathology.

In inflamed tissues, fibroblasts often encounter multiple stimula-
tory factors in combination, which together amplify the inflammatory 
response. Notably, IL-17 coupled with TNF or IL-1β stimulation syner-
gistically enhances the production of IL-6 and other pro-inflammatory 
factors by fibroblasts126,127. In synovial fibroblasts, inflammatory 
gene induction by TNF and IL-17 co-stimulation is mediated by the 
transcriptional regulators cut-like homeobox 1 and IκBζ128. IL-17 also 
enhances the mRNA stability of pro-inflammatory cytokines and 
chemokines129. Similarly, in IBD, oncostatin M signals in concert with 
TNF and other cytokines to enhance, either additively or synergistically, 

the production of IL-6, CCL2, CXCL9 and other pro-inflammatory 
factors by fibroblasts52.

The type of pathogenic fibroblast response depends on the nature 
of the cytokine stimulation. In particular, differences in the stimuli that 
promote inflammatory versus invasive fibroblast behaviours have 
emerged. For example, whereas IFN-γ, TNF and IL-1β have been exten-
sively implicated in the inflammatory activation of fibroblasts, only 
TNF and IL-1β upregulate the production of MMPs and other ECM deg-
radative factors that specifically mediate fibroblast invasiveness130,131. 
By comparison, TGF-β and IL-11 exert primarily fibrogenic effects on 
fibroblasts72,132. In addition to cytokines, growth factors such as PDGFs 
and epidermal growth factors (EGFs) can promote fibroblast migration 
and invasion. Notably, in the RA synovium, macrophages that secrete 
heparin-binding EGF-like growth factor activate EGF receptor signal-
ling in synovial fibroblasts, which enhances the invasiveness of these 
fibroblasts but only minimally alters their inflammatory behaviour133. 
Differences in the transcriptional regulation of inflammatory versus 
invasive gene programs could also be important; notably, the transcrip-
tion factor ETS1 promotes synovial fibroblast-mediated invasiveness 
and RANKL production but not chronic inflammation134 (Fig. 4c).

Following primary activation, fibroblasts can initiate second-
ary autocrine cytokine signalling loops that powerfully sustain and 
augment the initial stimulus (Fig. 4b). An autocrine amplification 
loop mediated by leukaemia inhibitory factor (LIF) and its receptor 
(LIFR) promotes the prolonged upregulation of IL-6, CXCL8, IL-11 
and other pro-inflammatory factors in fibroblasts. After primary 
stimulation, fibroblasts readily produce LIF, which in turn activates 
LIFR-expressing fibroblasts and engages STAT4 signalling to consider-
ably amplify pro-inflammatory cytokine and chemokine transcription 
in fibroblasts51. The gp130 subunit for the LIF receptor is also the key 
signalling transducer for other IL-6 family receptors, including IL-6 and 
IL-11, both of which can signal in an autocrine fashion in activated fibro-
blasts as well. Notably, a positive feedback loop of IL-6–IL-6R signalling 
in fibroblasts contributes to arthritis and experimental autoimmune 
encephalitis in mice58. Meanwhile, autocrine LIF–LIFR and IL-11–IL-11RA 
signalling in TGFβ-stimulated fibroblasts sustains fibrogenic protein 
synthesis and promotes myofibroblast differentiation in cardiac and 
pulmonary fibrosis models132,135.

Activated pathogenic fibroblasts also exhibit altered expres-
sion of non-coding RNAs such as microRNAs. These small RNA 
molecules further modify gene regulation in cells by catalysing the 
post-transcriptional silencing and degradation of target mRNAs136. 
Several microRNAs in synovial fibroblasts are directly induced by 
TNF or IL-1β137–140 and can target matrix-degrading MMP genes138,140 
or factors such as TRAF6 and A20 (encoded by TNFAIP3), which regu-
late cytokine signalling pathways137,141. The wide range of microRNAs 
that are dysregulated in fibroblasts in RA and other inflammatory, 
fibrotic and malignant diseases has been reviewed comprehensively 
elsewhere142–145; however, the precise roles of many of these microRNAs 
in fibroblast pathology and disease pathogenesis remain unclear.

Beyond chemical cues, a range of physical cues from cell-surface 
receptors, the ECM and mechanotransducers combine to shape 
the activation and effector responses of fibroblasts (as reviewed in 
depth elsewhere67,146,147). Notably, although mesenchymal cadher-
ins are conventionally thought to control cell adhesion and tissue 
morphogenesis and structure, studies have shown that they also 
regulate the pathogenic inflammatory and tissue remodelling behav-
iours of fibroblasts (Fig. 4c). CDH11 has been identified as a particu-
larly important mediator of homotypic fibroblast-to-fibroblast 
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adhesion65; CDH11-deficient fibroblasts failed to organize a lining 
layer, indicating a key role for CDH11 in synovial morphogenesis dur-
ing development148. Additionally, CDH11 is highly upregulated on RA 
synovial fibroblasts by pro-inflammatory stimuli, such as TNF, and pro-
motes both their invasiveness15,148 and their production of IL-6 and other 
pro-inflammatory cytokines149,150. In mouse models of inflammatory 
arthritis, synovial inflammation and cartilage damage were reduced in 
Cdh11-deficient mice or mice treated with an anti-CDH11 antibody148. 
Beyond regulating synovial fibroblast inflammation and invasion, 
CDH11 has also been implicated in skin, pulmonary and cardiac fibrosis; 
critically, CDH11 deficiency or blockade abolishes fibrosis151–153.

The migratory and joint degradative behaviours of synovial fibro-
blasts are also potentiated by cell-surface receptor-type protein tyros-
ine phosphatase α (RPTPα), which activates focal adhesion kinase 
(FAK) and Src kinase signalling and in turn promotes cell motility and 
invasion154,155. In addition, fibroblasts continually respond to physical 
stiffness and mechanical cues within local tissue environments through 
mechanosensing via the Hippo pathway and its transcriptional effec-
tors, YAP and TAZ (Fig. 4d). The motility and invasiveness of fibro-
blasts are generally enhanced on soft substrates compared with stiff 
substrates156,157, whereas inflammatory and fibrogenic behaviours are 
increased on stiff substrates158,159. In a mouse model of inflammatory 
arthritis, synovial fibroblasts exposed to repeated mechanical loading 
expressed augmented levels of CXCL1 and CCL2 and promoted exacer-
bated disease160. These findings directly implicate mechanostimulation 
as a cause of inflammatory fibroblast activation.

Epigenetic regulation of pathogenic fibroblasts
Although fibroblast identity and function are heavily shaped by the 
local microenvironment, key aspects of their inflammatory and invasive 
behaviour persist both in ex vivo culture and in implantation and adop-
tive transfer experiments99,161–163. Moreover, mouse studies suggest that 
synovial fibroblasts can migrate from the inflamed synovium to spread 
disease to uninvolved joints164, and in human studies, pre-inflammatory 
mesenchymal cells have been observed in the peripheral blood of 
patients with RA directly preceding disease flares165. These observa-
tions imply that beyond exogenous stimuli, cell-intrinsic mechanisms, 
such as epigenetic dysregulation, also contribute prominently to the 
development and maintenance of pathogenic fibroblast behaviours. 
Indeed, in RA synovial fibroblasts, a number of genes involved in inflam-
matory, invasive and differentiation pathways have now been found 
to be epigenetically altered (Fig. 4e). Targeted DNA methylation stud-
ies of synovial fibroblasts from individuals with RA compared with 
those from patients with OA identified hypomethylated loci in multi-
ple cytokine signalling genes, including IL6, CXCL12, STAT3, IL6R and 
CD74 (refs. 166–169). Meanwhile, IL6, CXCL8 and several MMP genes 
also have altered histone modification profiles in RA-derived versus 
OA-derived synovial fibroblasts, including increased levels of activating 
histone marks (such as histone H3 trimethylation at lysine 4 and histone 
H3 acetylation at lysine 27) and decreased levels of repressive marks 
(such as histone H3 trimethylation at lysine 27)170–172. Collectively, these 
epigenetic changes have been proposed to confer an ‘inflammatory 
memory’ to RA synovial fibroblasts, priming them to exhibit amplified 
or prolonged expression of pro-inflammatory cytokines, chemokines 
and ECM remodelling factors after activation171,173.

Chronic or repeated exposure to pro-inflammatory stimuli seems 
to be an important factor that promotes fibroblast priming173,174. 
Specifically, the complement component C3, which is upregulated 
in inflammatory fibroblasts, was shown to prime mouse synovial 

fibroblasts by increasing the chromatin accessibility of IL-6 and other 
pro-inflammatory cytokines and by polarizing fibroblasts to a more 
glycolytic and mTOR-activated metabolic state174. The ability of fibro-
blasts to undergo epigenetic and metabolic priming by cell-intrinsic 
factors such as C3 could be a key mechanism that explains why RA 
frequently recurs at the same joints.

Advances in single-cell profiling have begun to facilitate a deeper 
understanding of how specific fibroblast states in RA are epigenetically 
regulated. Paired assessment of single-cell chromatin accessibility 
(ATAC sequencing) and transcriptomic profiles (RNA sequencing) of 
the RA synovium has highlighted distinct chromatin states between 
resting and activated fibroblast populations and also revealed the 
presence of three chromatin ‘superstates’ that encompass multiple 
fine-grained synovial fibroblast transcriptional states120,175. Notably, 
inflammatory HLA-DRAhiCD74hi and CXCL12+SFRP1+ sublining fibro-
blast populations identified by the AMP RA and SLE Network seem to 
share a common CXCL12+HLA-DRAhi chromatin superstate marked by 
enhanced accessibility of CD74, HLA-DR, IL-6 and CXCL12 gene loci175. 
In addition, beyond characterizing epigenetic regulation of known 
disease-related genes, the advent of multi-omic approaches that inte-
grate genome-wide DNA methylation, chromatin accessibility and 
histone modification studies in RA synovial fibroblasts has identified 
entirely new genes as regulators of fibroblast pathology, including 
HIP1, which drives fibroblast invasiveness176.

Many of these described epigenetic changes arise in early RA, 
potentially even prior to clinically detectable disease177,178. Moreover, 
these changes also differ by joint location82,179,180; for example, hip- 
and knee-derived synovial fibroblasts exhibit differential chromatin 
accessibility at IL6, and JAK and STAT genes that results in differential 
transcription of these factors and distinct sensitivity to Janus kinase 
( JAK) inhibitors179,180. Similar to dermal fibroblasts, which maintain 
highly anatomically compartmentalized HOX gene programs, synovial 
fibroblasts also exhibit joint-specific epigenetic regulation and expres-
sion of HOX genes that have been proposed to shape their functional 
development and pathogenic behaviours82,179.

Fibroblasts as therapeutic targets
Historically, therapeutic targeting of pathogenic fibroblasts in fibro-
sis, cancer and inflammatory diseases has been hindered by a lack of 
drug targets that are both effective and safe. However, major insights 
into fibroblast heterogeneity and pathogenicity have expanded the 
repertoire of potential targets that are selectively expressed in patho-
genic fibroblasts and reduced or absent in homeostatic fibroblasts. 
Furthermore, new therapeutic modalities such as chimeric antigen 
receptor T cells (CAR T cells) and T cell engagers (TCEs) could serve as 
innovative approaches to targeting pathogenic fibroblasts and modu-
lating their biology. Here, we summarize the therapeutic landscape for 
targeting pathogenic fibroblasts, highlighting past clinical failures and 
successes and ongoing challenges in the development and translation 
of effective and safe therapies.

Depletion of pathogenic fibroblasts
Given the multifaceted roles of fibroblasts in disease, selective deple-
tion of pathogenic fibroblasts or specific pathogenic fibroblast states is 
an attractive treatment strategy. Targeted cell depletion is traditionally 
achieved with monoclonal antibodies via antibody-dependent cellular 
cytotoxicity; however, immunoconjugates, which are monoclonal anti-
bodies combined with drug payloads, such as cytotoxic compounds, 
small molecules or radioisotopes, have shown enhanced efficacy across 
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multiple cancers and autoimmune diseases181. Moreover, emerging 
modalities, such as CAR T cells and TCEs, can directly leverage T cell 
cytotoxicity for a deeper, more durable depletion of target patho-
genic cells182–184 (Fig. 5a). However, despite these therapeutic advances 
and an increased understanding of fibroblast biology, there are still 
no approved depletion strategies that specifically target fibroblasts. 
Selecting target molecules that are specific to pathogenic fibroblasts 
is critical to the success of fibroblast-depleting therapies.

FAPα, a type-II transmembrane protease, has been an appealing 
target owing to its low expression in healthy fibroblasts and broad 
upregulation by fibroblasts in conditions such as cancer, inflammatory 
diseases and fibrosis14,185,186. Initially developed to deplete CAFs in solid 
tumours, these FAPα-targeting strategies include unconjugated mono-
clonal antibodies, immunoconjugates, CAR T cells, vaccination and 
FAPα inhibitor–drug conjugates. Phase I–II clinical trials that assessed 
an anti-FAPα monoclonal antibody in cancer did not show efficacy, 
possibly owing to failure of the unconjugated monoclonal antibody to 
sufficiently induce cell death in CAFs187; however, newer approaches, 
such as CAR T cells, TCEs, vaccination and FAPI–drug conjugates, have 
demonstrated favourable results in cancer models and are now being 
explored in clinical trials (NCT04939610 and NCT01722149)186,188–195. On 
the basis of these promising findings, FAPα-based fibroblast depletion 
strategies are now being extended to disease indications beyond cancer. 
Notably, CAR T cells against FAPα could effectively treat cardiac fibrosis 
without clinical toxicity in mouse models196,197. Meanwhile, an anti-FAPα 
monoclonal antibody conjugated to IRDye-700DX, a photosensitizer 
that causes cell death after exposure to near-infrared light, reduced 
disease severity in a mouse model of arthritis198. As inflammatory 

fibroblasts, particularly subsets supporting TLS formation, express 
high levels of FAPα13,86, targeting FAPα could represent an especially 
promising fibroblast depletion strategy to treat RA, Sjögren syndrome 
and other inflammatory conditions that are characterized by lymphoid 
aggregation and TLS persistence in target tissues. However, despite 
promising efficacy and tolerability, caution is warranted as FAPα is also 
expressed by healthy bone marrow stromal cells and other cell types, 
and systemic depletion of FAPα-expressing cells can cause cachexia and 
anaemia16,17. Additionally, as FAPα expression varies between patients, 
FAPα-targeting approaches might not be equally effective in all patients. 
Using molecular imaging techniques, such as FAPI tracers combined 
with PET imaging (known as FAPI PET), could help to identify specific 
patients with high fibroblast FAPα expression who would be more likely 
to benefit therapeutically from FAPα-based depletion199.

In addition to FAPα, other potential cell-surface targets expressed 
by fibroblasts include THY1, PDPN, PDGFRA and CDH11 (refs. 4,18,65). 
Notably, CDH11 is highly upregulated by fibroblasts during inflam-
matory and fibrotic states, rendering it a promising target for direct 
depletion15,148,149,151–153,200; however, as CDH11 is also expressed by homeo-
static lymph node FRCs18, CDH11-based depletion strategies could also 
have undesirable adverse effects. Beyond thoughtful target selec-
tion and testing, the use of appropriate drug modalities that offer an 
acceptable risk–benefit ratio for patients is crucial (as reviewed exten-
sively elsewhere201–203). For instance, although CAR T cell therapies can 
eliminate target cells more effectively than unconjugated monoclonal 
antibodies, they carry risks such as cytokine release syndrome and 
neurotoxicity201–204. In addition, prior to CAR T cell infusion, lymphode-
pletion must be performed. This process can affect fertility, posing a 
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tolerable risk for some patients with cancer but perhaps less acceptable 
for patients with autoimmunity, the majority of whom are women of 
childbearing age. To mitigate CAR T cell toxicities, preclinical stud-
ies have explored the use of transient CAR T cell therapeutic strate-
gies, such as delivering lipid nanoparticles containing CAR constructs 
to T cells in vivo to transiently induce CAR expression and activity 
in T cells197,205,206. This approach not only bypasses the need for CAR 
T cell generation ex vivo but also reduces toxicity risks associated with 
long-term CAR T cell persistence in patients. As an alternative to CAR 
T cells, TCEs offer a promising, safer alternative with efficient depletion 
efficacy203,207–209. Additionally, natural killer (NK) cell-based therapies, 
such as CAR–NK cells or NK cell engagers, have emerged as potential 
alternatives to CAR T cells, as they are associated with a lower risk of 
cytokine release syndrome but still exhibit potent cytotoxicity210.

Targeting the differentiation of pathogenic fibroblasts
As previously discussed, beyond transcriptomic insights into 
disease-associated fibroblasts, single-cell studies have also revealed 
pathways that potentiate the differentiation of fibroblasts into patho-
genic subsets. Blocking pathogenic fibroblast differentiation thus rep-
resents another promising therapeutic strategy (Fig. 5b); for example, 
in mice, pharmacological inhibition of Notch signalling in fibroblasts 
with an anti-NOTCH3 monoclonal antibody ameliorated inflamma-
tory fibroblast activation and arthritis severity80. As this perivascular 
fibroblast population (which expresses SPARC and COL3A1) is shared 
across multiple inflammatory diseases, targeting Notch signalling 
might be therapeutically beneficial beyond RA108. In fibrosis and can-
cer, several pathways, notably, TGF-β–SMAD signalling, can promote 
the differentiation of fibroblasts into myofibroblasts, as reviewed in 
detail elsewhere8,9,211–213. Blocking factors that promote myofibroblast 
differentiation might be a potential therapeutic strategy for these 
diseases; however, myofibroblast differentiation is biologically com-
plex and mediated by multiple overlapping and redundant signalling 
mechanisms72,73,211. The successful therapeutic translation of preclinical 
fibrosis studies to patients has thus far been limited. Deeper analyses of 
omics-scale datasets could reveal more novel, promising therapeutic 
targets that can overcome these challenges.

Targeting pathogenic fibroblast state
Modulation of the dysregulated epigenetic and metabolic states of 
pathogenic fibroblasts has emerged as another potential therapeutic 
strategy (Fig. 5c). Targeting epigenetic regulators, such as the bromo-
domain histone-reading proteins, with I-BET151 suppresses the produc-
tion of pro-inflammatory cytokines and MMPs by synovial fibroblasts 
in vitro214. Meanwhile, targeting DNA methylation curtails fibroblast 
invasiveness215. These strategies could extend to myofibroblasts and 
CAFs, as epigenetic dysregulation is also observed in these cells216–218. 
The metabolic regulation of fibroblasts is also altered in disease, pre-
sumably owing to the energetic and biosynthetic demands of sustained 
activation and the changes in nutrient and oxygen content in diseased 
tissues219–225. For example, in RA, fibroblasts depend on glycolysis, via 
glucose transporter 1 and hexokinase 2, and glutaminolysis, via glu-
taminase 1, and inhibiting these pathways can ameliorate arthritis in 
mouse models226–230. Additionally, targeting upstream pathways such 
as C3 signalling that potentiate both metabolic and epigenetic changes 
in synovial fibroblasts could be therapeutically beneficial174. Like 
inflammatory fibroblasts in RA, CAFs and myofibroblasts also exhibit 
increased glycolysis, and inhibition of glycolysis has shown therapeutic 
potential in mouse tumour and fibrosis models231–234. Unlike the prior 

approaches discussed, metabolic inhibition strategies can target shared 
pathways, such as increased glycolytic dependence, which are found 
in both pathogenic fibroblasts and immune cells; hence, this strategy 
could simultaneously dampen multiple disease-driving cell types. Tools 
such as Compass (which uses transcriptomic data to infer the metabolic 
states of cells) can deconvolute single-cell datasets to further identify 
and characterize shared pathogenic metabolic features235.

Disruption of mediators that sustain fibroblast pathogenicity
A variety of external stimuli, including TNF, IFN-γ, IL-1β, IL-11 and 
TGF-β, can activate fibroblasts to drive inflammatory, degradative 
or fibrotic programs. Some current therapies work in part by block-
ing fibroblast activation, such as cytokine inhibitors (including TNF 
and IL-6 inhibitors) and signal transduction inhibitors (such as JAK 
inhibitors)236,237. However, as fibroblasts are highly responsive to many 
external cytokines, blocking any single activator will probably have 
only a partial effect. Mounting evidence shows that cytokine signalling 
induces autocrine amplification loops in fibroblasts, which heighten 
their pathogenic behaviours in autoimmune diseases, cancer and 
fibrosis. Targeting these autocrine amplification loops has the advan-
tage of blocking fibroblast activation in response to multiple external 
activators (Fig. 5d). Notably, blocking the autonomous LIF–LIFR loop 
curtails fibroblast activation downstream of both inflammatory and 

Glossary

Antibody-dependent cellular 
cytotoxicity
An immune response whereby 
antibodies tag a target cell, allowing 
immune cells, such as natural killer cells, 
to bind via their Fc receptors and release 
toxins to destroy the target cells.

Chimeric antigen receptor 
T cells
(CAR T cells). Genetically engineered 
T cells that are designed to recognize 
unique surface targets on diseased cells, 
which enables precise identification and 
elimination of target cells.

Cytokine release syndrome
A systemic inflammatory response 
caused by excessive cytokine release, 
which can be an adverse effect of CAR 
T cell therapy.

FAPα inhibitor–drug 
conjugates
(FAPI–drug conjugates). Small 
molecules or small peptides with an 
affinity for fibroblast activation protein α 
that are conjugated with drug payloads 
or with imaging agents such as 
radioisotopes.

Lymphodepletion
A chemotherapy or radiation-based 
regimen that reduces the number  
of circulating lymphocytes 
prior to CAR T cell and other 
adoptive cell therapies to improve 
the survival and persistence of the 
infused cells.

T cell engagers
(TCEs). Therapeutic molecules that 
simultaneously bind T cells via CD3 
and target cells to more readily 
induce T cell-mediated cytotoxicity, 
using formats that range from small 
bispecific proteins (such as BiTEs)  
to larger immunoglobulin-like 
constructs.

Tolerance
A safeguarding property that prevents 
the immune system from mounting 
responses to self-derived antigens, 
which is achieved through mechanisms 
that inactivate or eliminate autoreactive 
T cells and B cells.
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fibrogenic signals51,135. CDH11 engagement also amplifies fibroblast 
responses to inflammatory signals, and its blockade markedly reduces 
inflammatory, invasive and fibrotic fibroblast behaviour in in vitro 
co-culture and organoid models15,148,149,151–153,200. In a phase II clinical trial, 
however, a CDH11-blocking monoclonal antibody failed to show efficacy 
in patients with RA that was refractory to anti-TNF therapy238. Alternative 
CDH11-targeting therapeutic modalities or targeting of CDH11 in fibro-
sis could still be effective. Additionally, findings suggest that the Wnt 
pathway represents another promising therapeutic target for blocking 
fibroblast-driven synovial inflammation in RA103. Overall, the preclinical 
data suggest that targeting autocrine or paracrine amplifier loops down-
stream of multiple primary activators of fibroblasts could effectively 
inhibit pathogenic fibroblast effector functions without cell depletion. 
Further identification of factors that promote these amplification loops 
could be achieved using omics studies and analyses.

Neutralization of pathogenic fibroblast-derived  
effector molecules
The secretome of pathogenic fibroblasts includes mediators of tissue 
inflammation and ECM remodelling, such as cytokines, chemokines and 
MMPs. Targeting these soluble factors or their downstream pathways 
could have therapeutic potential (Fig. 5e). Indeed, inhibition of IL-6 
signalling has revolutionized the treatment of multiple inflammatory 
diseases, including RA. Conceptually, this neutralization approach is 
straightforward, but the biology of these mediators is complex and 
highly tissue dependent or context dependent. For example, certain 
IL-6 family members (such as IL-6 and IL-11) are known to function via 
both cis and trans signalling pathways, each of which has a distinct role 
in maintaining homeostasis or perpetuating disease239. Non-selective 
blockade of both pathways could fail to achieve the desired therapeu-
tic effect or could lead to adverse effects, such as the development of 
intestinal perforations with IL-6 inhibition in Crohn’s disease240–243. 
These biological complexities are further demonstrated by the multiple 
failures to translate chemokine inhibition from animal studies into the 
clinic for inflammatory diseases, presumably owing to the functional 
redundancies between these chemokines244–247. Nevertheless, inhibi-
tion of the CXCL12–CXCR4 axis was efficacious in clinical cancer trials, 
highlighting an important, non-redundant role for fibroblast-derived 
CXCL12 in driving disease progression247. A more thorough understand-
ing of these biological complexities is needed to identify both safe and 
therapeutically efficacious molecular targets.

Challenges and considerations
For any fibroblast-directed therapeutic approach, the major challenge 
will be to selectively deplete or modulate pathogenic fibroblasts but 
spare healthy fibroblasts. Moreover, it will be important to pinpoint 
the specific patients and disease contexts in which targeting fibro-
blasts provides the greatest therapeutic benefit. One approach would 
be to trial these therapies in patients with early-stage or established 
inflammatory disease, either alone or in combination with other 
therapies11–13. Alternatively, given the mounting evidence that fibro-
blasts predominate in treatment-refractory inflammatory diseases, 
fibroblast-targeting therapies could be particularly useful in patients 
who respond inadequately to standard leukocyte-targeting and 
immunosuppressive therapies.

Conclusions
Molecular and single-cell characterization of fibroblasts in diseased 
tissues has provided major insights into their heterogeneity and 

pathogenicity. Ongoing advances in single-cell technologies prom-
ise to yield an ever more refined view of pathogenic fibroblast states 
and cell–cell interactions. These data are shedding light on the mecha-
nisms by which pathogenic fibroblasts arise through differentiation 
cues, aberrant signalling pathways and altered transcriptional and 
epigenetic regulation. Moreover, studies across multiple tissues and 
diseases have demonstrated that key pathogenic fibroblast subsets are 
shared, suggesting that approaches to depleting or modulating these 
fibroblast states could be beneficial across a range of disease indications.

Building on these findings, therapeutics that specifically target 
fibroblast deletion, activation or pathogenic behaviour show prom-
ise but are still in their nascency. Insights into pathogenic fibroblast 
activation and state have expanded the repertoire of potential thera-
peutic targets. Similarly, the development of innovative therapeutic 
modalities has greatly enhanced the efficiency and potency of fibro-
blast targeting. With these perspectives in mind, the field is primed, 
and emerging clinical trials across inflammatory, fibrotic and malignant 
diseases could be poised to reveal the next generation of effective, 
safe and durable fibroblast-targeting therapeutics.
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Abstract

Systemic vasculitis, common forms of which include anti-neutrophil 
cytoplasmic antibody-associated small-vessel vasculitis, large-vessel 
vasculitis and Behçet syndrome, are frequently complicated by arterial 
or venous thrombotic events (AVTEs). Newly identified entities such 
as DADA2 (deficiency of adenosine deaminase 2) and VEXAS (vacuoles, 
E1 enzyme, X-linked, autoinflammatory, somatic) syndrome, which 
are driven by genetic mutations, also exhibit vasculitic features and 
are associated with a high risk of AVTEs. AVTEs in systemic vasculitis, 
including monogenic forms of vasculitis, are due to the complex 
interaction of inflammation and coagulation. New insights into the 
pathogenetic mechanisms implicate endothelial dysfunction, immune 
complex deposition and the interplay of pro-inflammatory cytokines 
with prothrombotic factors, which collectively promote thrombus 
formation. AVTEs impose a substantial disease burden, complicate 
diagnosis and negatively affect prognosis by increasing the risk of 
morbidity and mortality. Early diagnosis and treatment are crucial to 
prevent lasting damage. Management strategies should target both 
thrombosis and underlying inflammation. Antithrombotic therapies, 
including low-dose aspirin, or oral anticoagulants should be used on the 
basis of individual thrombotic risk assessment. Immunosuppressive 
therapy is the cornerstone of treatment for arterial and venous 
thrombosis, particularly in Behçet syndrome, in which vascular 
inflammation has a crucial role in thrombotic complications.
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Other systemic vasculitides, including cryoglobulinaemic vascu-
litis, Kawasaki disease, and IgA vasculitis, have been associated with 
thrombotic events10–12. However, owing to the limited availability of litera-
ture and data on thrombotic mechanisms and their clinical implications, 
these conditions will not be extensively discussed in this Review.

Clinical manifestations of systemic vasculitis
This section explores the epidemiology and clinical manifestations of 
vascular involvement in the various types of systemic vasculitis, as well 
as the risk factors associated with arterial and venous thrombosis in 
systemic vasculitis and their impact on morbidity and mortality (Fig. 1).

Anti-neutrophil cytoplasmic antibody-associated vasculitis
AAV comprises rare systemic diseases, including granulomatosis with 
polyangiitis (GPA), microscopic polyangiitis (MPA) and eosinophilic 
granulomatosis with polyangiitis (EGPA), that are characterized by 
small-vessel inflammation and affect various organ systems13. Clinical 
symptoms of AAV reflect areas in which blood vessels are affected, com-
monly featuring necrotizing glomerulonephritis with renal impairment 
and respiratory tract manifestations14.

The prognosis of AAV has dramatically improved with the intro-
duction of cytotoxic drugs and biologic DMARDs (bDMARDs)15. How-
ever, affected individuals still have elevated rates of comorbidities, 
including AVTEs, compared with the general population16–18.

Individuals with AAV have a higher rate of mortality due to car-
diovascular disease (CVD)19 and have a 2.7-fold increased risk of death 
compared with the general population20, with CVD accounting for 
26% of mortality21.

Arterial involvement. The data on the risk of AVTEs in people with 
EGPA are limited and are frequently pooled with data from other forms 
of AAV. A 2021 retrospective study showed that the risk of AVTEs was 
higher in patients with EGPA (n = 573) than in a population-based refer-
ence cohort, particularly around the time of EGPA diagnosis22. Venous 
events, although less frequent than arterial ones, were associated with 
a higher age-standardized event ratio than arterial events (3.32 (95% CI 
2.35–4.70) versus 1.64 (95% CI 1.22–2.22))22. The study suggested that 
use of immunosuppressants might exert a protective effect, whereas 
the role of anticoagulant and antiplatelet agents was unclear. A high 
risk of AVTEs in EGPA that was comparable with that in GPA and MPA 
was also shown in other retrospective studies23.

As well as acute thrombotic events, individuals with AAV (espe-
cially GPA and MPA) are at an increased risk of CVD owing to accelerated 
atherosclerosis, which can be attributed to traditional risk factors (such 
as older age, dyslipidaemia, hypertension, type 2 diabetes mellitus, 
etc.), organ damage (kidney in particular), prolonged use of glucocor-
ticoids and disease-specific mechanisms, mostly related to persistent 
inflammation24. In the general population, the risk of cardiovascular 
complications and death rapidly increases with declining kidney func-
tion and is particularly high in individuals undergoing dialysis25. Renal 
involvement presenting in patients with AAV can vary in severity and 
chronic kidney disease stage and a substantial proportion of these 
patients still ultimately reach end-stage kidney disease despite the use 
of new remission induction and maintenance treatment regimens26.

The incidence of CVD also increases with increasing age at AAV 
diagnosis27,28, especially when associated with a high level of disease 
activity at diagnosis. In addition to accelerated atherosclerosis and 
inflammatory hypercoagulability, CVD can present with cardiac 
arrhythmias such as atrial fibrillation or ventricular tachycardia —  

Key points

	• Systemic vasculitis, including anti-neutrophil cytoplasmic antibody- 
associated vasculitis, large-vessel vasculitis and Behçet syndrome, 
is frequently complicated by arterial or venous thrombotic events.

	• Newly identified monogenic entities such as DADA2 (deficiency of 
adenosine deaminase 2) and VEXAS (vacuoles, E1 enzyme, X-linked, 
autoinflammatory, somatic) syndrome also exhibit vasculitic features 
and are associated with a high risk of thrombosis.

	• Thrombosis in systemic and monogenic vasculitis is a result of 
intertwining inflammatory processes and coagulation abnormalities.

	• Arterial and venous events negatively affect the prognosis of 
systemic and monogenic vasculitis, and represent a diagnostic 
challenge in clinical practice.

	• Therapeutic strategies should be aimed at both managing thrombosis 
and downregulating the underlying inflammatory response.

Introduction
The connection between haemostasis and inflammation has been 
extensively investigated, especially in the past 30 years, but is still far 
from being fully elucidated. Procoagulant and anticoagulant factors 
are tightly balanced within the bloodstream; however, chronic inflam-
mation can disrupt this balance, favouring a prothrombotic state1. 
Furthermore, thrombotic events contribute to a pro-inflammatory 
environment via effects on leukocyte trafficking and by sustaining the 
production of cytokines and chemokines2,3.

In clinical practice, this connection becomes evident in various 
pathological situations, such as bacterial sepsis, viral infections (for 
example, SARS-CoV-2) and cancer4–6. A growing body of evidence has 
linked autoimmune diseases, particularly systemic vasculitis, to an 
increased incidence of arterial and venous thrombotic events (AVTEs), 
namely myocardial infarction, stroke, cardiovascular death and venous 
thromboembolic complications7,8 (Box 1).

The optimization of immunosuppressive therapies has consider-
ably improved the survival rates of patients with systemic vasculitis9. 
Thus, the primary concern in the management of these patients had 
shifted from increasing survival towards minimizing organ damage and 
enhancing overall quality of life. In this regard, recognizing AVTEs as 
the presenting manifestation of a previously unknown vasculitis, and 
preventing and managing AVTEs and their complications, has become 
a priority for clinicians, including (but not limited to) rheumatologists, 
immunologists, internists and nephrologists.

This Review is aimed at updating physicians on the most recent and 
relevant findings in the management of systemic vasculitis, focusing 
on anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis 
(AAV) and large-vessel vasculitis (LVV), presenting the latest clinical 
and preclinical insights into arterial and venous thrombosis. We also 
describe the latest findings in Behçet syndrome, which has so far been 
considered as the disease model of inflammation-induced thrombosis. 
Additionally, we discuss the impact of AVTEs in newly identified forms 
of monogenic vasculitis, such as DADA2 (deficiency of adenosine deam-
inase 2) and VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, 
somatic) syndrome.
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secondary to hyperinflammation status — early during disease onset29. 
The trigger for accelerated atherosclerosis could be the high level 
of inflammatory activity at disease onset, long-term exposure to 
glucocorticoids, or both28,30.

Venous involvement. The rate of venous thromboembolism (VTE) in 
patients with GPA and MPA (up to 10%) is 10–20 times higher than in 
the general population31. Most VTEs occur within the first 6 months 
following diagnosis, although the risk remains elevated for the first 
year27,28. Inflammation is the most important factor contributing to 
an increased risk of VTE in individuals with AAV, probably by enhanc-
ing the hypercoagulable state and increasing endothelial damage32,33.  
A thrombogenic effect of glucocorticoids can also be important34.

Unlike other forms of AAV, specific cardiac involvement charac-
terized by eosinophil-rich inflammatory infiltrates and myocardial 
fibrosis is frequently seen in EGPA (up to 40% of cases), particularly 
ANCA-negative EGPA35. Eosinophilic myocarditis is the most common 
cardiac abnormality in EGPA, and heart disease could be attributable to 
both eosinophilic infiltration and vasculitis36. Eosinophilic infiltration 
can lead to irreversible cardiac damage manifested by dilated cardio-
myopathy (a restrictive pattern can also be present) and/or intracardiac 
thrombosis, with low left ventricular ejection fraction and subsequent 
heart failure37 (Fig. 2). Signs and symptoms of cardiac involvement in 
EGPA, such as chest pain or rhythm disorders, are non-specific and 
should be differentiated from coronary artery disease37.

Large-vessel vasculitis
Giant-cell arteritis (GCA) and Takayasu arteritis are two distinct forms 
of systemic LVV that primarily affect the aorta and its major branches, 
are characterized by a chronic granulomatous inflammation of the 
arterial walls and are associated with an increased risk of arterial throm-
botic events7,38. Despite similarities in their pathophysiology, GCA and 
Takayasu arteritis differ substantially in their demographic presen-
tation and clinical course39. GCA predominantly affects individuals 
over the age of 50 years and can preferentially affect the supra-aortic 
branches40. By contrast, Takayasu arteritis occurs primarily in younger 
individuals, typically women <40 years of age, and mainly causes 
inflammation of the aorta and of its larger branches41 (Fig. 2).

Arterial involvement. Ischaemic cerebrovascular events are frequent 
in GCA, the most common being anterior ischaemic optic neuropathy, 
which can be observed in around 20–30% of cases42. Posterior circu-
lation stroke involving the vertebral and basilar arteries also has an 
increased prevalence in GCA compared with the general population, 
with a reported incidence of about 2.8% over a 27-year follow-up in 
a large cohort of individuals with GCA43. A French population-based 
study reached similar conclusions, estimating the prevalence of 
GCA-related stroke to be 7.0% (ref. 44). Disease-associated factors 
can increase the likelihood of developing arterial thrombosis in GCA. 
Notably, one large Italian cohort study suggested that a lack of systemic 
symptoms and an absence of high C-reactive protein (CRP) levels were 
associated with increased odds of cranial ischaemic events45. Further-
more, a 2023 retrospective study involving a large cohort of patients 
with GCA found an association between GCA-related cerebrovascular 
events, lower BMI and involvement of vertebral, intracranial and axil-
lary arteries46. In addition, many traditional cardiovascular risk factors 
can be exacerbated by glucocorticoid therapy, further increasing the 
risk of ischaemia47. In forms of GCA with preponderant extracranial 
symptoms48, the formation of aortic aneurysms and ischaemia of the 

upper and lower extremities, resulting from vasculitic and athero-
thrombotic occlusion of the supplying arteries, are more frequent 
than cranial GCA49. Aortic aneurysm is especially common in GCA and 
is found in an estimated 10–20% of patients50. Structural complica-
tions such as aneurysm rupture, fistula and thrombotic occlusion are 
rare but lethal late-stage complications of GCA51. Importantly, acute 
ischaemic events in LVV are driven primarily by inflammation, whereas 
atherosclerotic ischaemic events tend to develop later in the disease 
course as a result of endothelial damage, the effects of glucocorticoids 
and in general owing to increased cardiovascular risk.

In contrast to GCA, in Takayasu arteritis inflammatory stenoses 
and aneurysms of large arteries are commonly observed and usually 
coexist52. Stenotic lesions are predominant in Takayasu arteritis and 
can be found in more than 90% of patients53; aneurysms are reportedly 
observed in 20–40% of patients with Takayasu arteritis54. Aortic aneu-
rysms have been described in ~4% of patients with Takayasu arteritis but 
can reach high levels of severity and involve complications that include 
aortic dissection and mural thrombus, frequently requiring surgical 
treatment55. The symptoms of Takayasu arteritis are highly variable 

Box 1 | Definitions of arterial and venous 
thrombotic events
 

Arterial thrombotic events
Cardiovascular

	• Acute coronary syndromes
	• Left ventricular thrombus
	• Aneurysm rupture

Cerebrovascular
	• Ischaemic stroke and transient ischaemic attack
	• Retinal artery occlusion

Other organ arterial thrombosis
	• Mesenteric ischaemia
	• Renal artery stenosis and thrombosis
	• Pulmonary vein thrombosis

Peripheral
	• Acute limb ischaemia due to arterial occlusion
	• Chronic peripheral artery disease
	• Arterial embolism

Venous thrombotic events
Cerebral

	• Cerebral venous sinus thrombosis (superior sagittal sinus, 
transverse sinus)

	• Cortical venous thrombosis

Pulmonary
	• Acute pulmonary embolism
	• Chronic thromboembolic pulmonary embolism

Other organ venous thrombosis
	• Portal vein thrombosis
	• Hepatic vein thrombosis (Budd–Chiari syndrome)
	• Mesenteric venous thrombosis
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and usually involve the vascular district distal to the inflamed arterial 
branch56. In general, the pathophysiology of ischaemia in Takayasu 
arteritis involves vasculitic as well as thromboembolic mechanisms, 
owing to the coexistence of inflammatory infiltration of the vascular 
wall and increased susceptibility of the endothelium to atheroma 
formation38,57. Accordingly, the most common regional symptom of 
Takayasu arteritis is claudication of one or both limbs, with reduction 
or loss of a palpable pulse owing to vasculitic stenosis and possibly 
atherothrombosis of the aorta and its proximal branches, most fre-
quently involving the subclavian, axillary, brachial, iliac or femoral 
arteries54,56. Renal ischaemic disease is frequent in Takayasu arteritis, as 
almost 40% of patients present with renal artery stenosis and ~5% have 
complete renal artery occlusion58.

Atherosclerosis in Takayasu arteritis is an important contributor 
to cardiovascular morbidity; it is characterized by increased carotid 
intima-media thickness, atherosclerotic plaques, arterial stiffness and 
circumferential vascular calcifications, particularly at sites of vasculitic 
involvement59–61.

Ischaemic stroke or transient ischaemic attack is common in 
Takayasu arteritis and is observed in 10–20% of patients62,63. One large 
retrospective study found that ~52% of individuals with Takayasu 

arteritis who experienced an ischaemic stroke were first diagnosed 
with Takayasu arteritis after admission for a suspected stroke event64.

Venous involvement. VTE is less prevalent in GCA and Takayasu arteri-
tis than in other forms of vasculitis such as Behçet syndrome, in which 
both arterial inflammation and venous inflammation are well docu-
mented. In LVV, vessel inflammation is primarily arterial, and venous 
involvement remains largely understudied; consequently, its patho-
genesis could be different to that of arterial involvement. Nonetheless, 
some reports suggest an increased prevalence of venous involvement 
in individuals with LVV compared with the general population. A large 
population-based study in a North American cohort found an increased 
risk of VTE of about 3.5- to 4-fold, which was increased to about 7-fold 
in the first months after diagnosis, compared with individuals with-
out GCA65. Similar results also emerged from a large mixed cohort of 
GCA and polymyalgia rheumatica, in which a 3.88-fold risk of deep 
vein thrombosis (DVT) and 4.21-fold risk of pulmonary embolism 
were found compared with age- and sex-matched individuals with 
osteoarthritis66.

There is also evidence to suggest that glucocorticoid therapy 
contributes to increasing the risk of DVT in GCA67; however, a large 

Cerebral venous sinus thrombosis
Behçet syndrome

Deep vein thrombosis
Behçet syndrome, VEXAS syndrome,
EGPA, GPA, MPA

Stroke
DADA2, GPA, MPA,
EGPA, Takayasu arteritis, GCA

Ischaemic optic neuropathy
GCA, EGPA

Splanchnic thrombosis
Budd–Chiari syndrome
Behçet syndrome, VEXAS syndrome

Intracardiac thrombosis
Behçet syndrome, EGPA

Myocardial infarction
GPA, MPA, EGPA, Takayasu arteritis

Peripheral artery disease
Behçet syndrome, Takayasu
arteritis, GCA

Arterial thrombosis at atypical sites
Behçet syndrome, VEXAS syndrome,
DADA2, Takayasu arteritis

Fig. 1 | Thrombotic manifestations associated with systemic and monogenic 
vasculitis. The anatomical figure illustrates the distribution of the main 
thrombotic complications across distinct vasculitic syndromes. The left side of 
the figure shows arterial vascular manifestations. Stroke is observed mainly in 
DADA2 (deficiency of adenosine deaminase 2), granulomatosis with polyangiitis 
(GPA), microscopic polyangiitis (MPA), eosinophilic granulomatosis with 
polyangiitis (EGPA), Takayasu arteritis and giant-cell arteritis (GCA). Ischaemic 
optic neuropathy is linked with GCA and EGPA. Myocardial infarction is usually 
associated with GPA, MPA, EGPA and Takayasu arteritis. Peripheral artery disease 

is predominantly reported in Behçet syndrome, Takayasu arteritis and GCA. 
Arterial thrombosis at atypical sites is observed in Behçet syndrome, VEXAS 
(vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) syndrome, DADA2 
and Takayasu arteritis. On the right side of the figure are the venous vascular 
manifestations. Cerebral venous sinus thrombosis is typically linked with 
Behçet syndrome. Budd–Chiari syndrome and splanchnic thrombosis are seen 
in Behçet syndrome and VEXAS syndrome. Intracardiac thrombosis occurs in 
Behçet syndrome and EGPA. Deep vein thrombosis is associated with Behçet 
syndrome, VEXAS syndrome, EGPA, GPA and MPA.
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study demonstrated a temporal trend in the incidence of VTE in GCA, 
with a 10-fold increase within 3 months of GCA diagnosis but also 
an almost fourfold increase among patients with imminent GCA 
who had not been exposed to oral glucocorticoids, indicating a role 
for inflammation-associated thrombosis that is independent of 
glucocorticoid use68.

A 5-year prospective study investigated the influence of 
disease-specific factors on the incidence of DVT over time in GCA 
and found that age, number of comorbidities, frequency of hospital 
admission and thrombocytosis were significantly associated with 
an increased risk of developing VTE69. Despite suggestive evidence, 
however, this topic is still largely under-investigated and no precise 
risk estimates can be made at the present time.

Behçet syndrome
Behçet syndrome is a systemic variable-vessel vasculitis of unknown 
aetiology, characterized by different manifestations that vary from 
patient to patient and overlap over time70. Oral and genital ulcers and 
uveitis are the hallmarks of the disease, but major organ involvement 
(for example, neurological, gastrointestinal and vascular manifesta-
tions) can also be present70. Disease onset is usually in the third decade 

of life, without a clear gender predominance, even if the disease course 
is usually more severe in men than in women70,71.

Vascular involvement in Behçet syndrome varies considerably 
in prevalence, ranging from 6% to 52% (refs. 72,73), yet it remains the 
leading cause of morbidity and mortality74. Like ocular involvement, 
vascular Behçet syndrome is more commonly observed in young men72, 
often presenting early in the disease course with relapsing episodes, 
systemic inflammation and fever75,76. Patients with vascular Behçet 
syndrome tend to have genital ulcers and uveitis less frequently73,77 
and approximately one-third present with isolated vascular manifesta-
tions without typical mucocutaneous lesions75. Venous involvement 
is more frequent than arterial disease, although the latter, including 
aneurysms and in situ thrombosis, can also occur; notably, the coex-
istence of both venous and arterial thrombosis is a unique feature of 
Behçet syndrome78 (Fig. 2).

Arterial involvement. Pulmonary artery involvement is the most 
common form of arterial involvement in Behçet syndrome. It is char-
acterized by pulmonary artery aneurysms or in situ pulmonary artery 
thrombosis, which are usually bilateral, multiple and confined mostly 
to the lower lobes79.

a f
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e gc
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Fig. 2 | Arterial and venous manifestations in patients with systemic and 
monogenic vasculitis. a, Extended neck veins in a man with superior vena 
cava thrombosis due to Behçet syndrome. b, Cardiac MRI in a 42-year-old man 
with EGPA. Cine-3 chamber view. An apical thrombus is visible (grey arrow). 
c, Contrast-enhanced brain CT showing thrombosis of the left jugular vein (yellow 
arrow) in a patient with Behçet syndrome. d, Contrast-enhanced MRI angiography 
in a 44-year-old woman with Takayasu arteritis, showing pronounced vasculitic 
thickening of the arterial wall of the ascending and descending aorta, with 
small focal areas of partial thrombosis at the level of the aortic arch and in the 
descending aorta (yellow arrows). e, Contrast-enhanced abdomen CT showing 

inferior vena cava thrombosis (shorter yellow arrow), as well as thrombosis 
on the left renal vein extending to the inferior vena cava (longer yellow arrow). 
f, Collateral veins on the chest and abdomen in a man with superior vena cava 
syndrome due to Behçet syndrome. g, Contrast-enhanced chest CT showing 
acute thrombosis on the bilateral lower lobe segmentary branches in a patient 
with Behçet syndrome (yellow arrows). h, Multiple and diffuse lacunar lesions and 
ischaemic lesions (yellow arrows) at the level of the basal ganglia/corpus callosum 
in a 34-year-old man with DADA2. Ao, aorta; DADA2, deficiency of adenosine 
deaminase 2; EGPA, eosinophilic granulomatosis with polyangiitis; LA, left 
atrium; LV, left ventricle. Figure 2h, image courtesy of Roberto Padoan.
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In this regard, Hughes-Stovin syndrome is a rare systemic condi-
tion that is considered to be part of the Behçet syndrome spectrum, 
and is characterized by widespread venous thrombosis in combination 
with bilateral pulmonary artery aneurysms80. Unlike DVT, pulmonary 
artery aneurysm is pathognomonic for Behçet syndrome81. Within 
the past 2 years, studies demonstrated that presentation with isolated 
pulmonary artery thrombosis has become the dominant type of arterial 
involvement in Behçet syndrome in contrast to what has been docu-
mented in earlier reports82,83. Massive bleeding caused by aneurysm 
rupture into bronchi is the major complication of pulmonary artery 
aneurysms. Isolated forms of pulmonary artery thrombosis have been 
associated with better outcomes than forms that coexist with pulmo-
nary artery aneurism83. Recurrence rates range from 20% to 30% and 
mortality rates are between 11% and 26% (refs. 79,83). Furthermore, the 
outcome can rarely be complicated by pulmonary arterial hyperten-
sion, bronchial artery enlargement, pneumothorax or solitary giant 
aneurysm requiring lobectomy79,84,85. Extra-pulmonary arterial involve-
ment, usually a late event, includes aneurysms, thrombotic occlusions, 
stenosis and aortitis and frequently affects the abdominal aorta, iliac, 
femoral and carotid arteries86. Cardiac involvement, although rare, can 
cause intracardiac thrombosis87, typically on the right side of the heart, 
which is strongly associated with pulmonary artery involvement and 
can potentially progress to endomyocardial fibrosis87 (Fig. 1).

Venous involvement. Venous involvement in Behçet syndrome 
manifests clinically as recurrent thrombotic attacks. The thrombus is 
thick, inflammatory and strongly adherent to the underlying inflamed 
endothelium, so that the risk of pulmonary emboli is quite low78.

Vein thrombosis is the most frequent vascular manifestation, 
accounting for 70–80% of vascular events75,77. It typically affects both 
deep and superficial veins of the lower legs, often bilaterally. Recur-
rence occurs in up to 45% of affected individuals within 1 year76. Poor 
recanalization, residual thrombi and lack of immunosuppressive 
therapy are important predictors of relapse76,88. Thrombotic events 
frequently lead to post-thrombotic syndrome, which can include recal-
citrant stasis ulcers89. DVT could extend to the inferior vena cava via 
ilio-femoral vein thrombosis, often progressing insidiously, leading 
to collateral vein formation and post-thrombotic syndrome90. Hepatic 
and supra-hepatic inferior vena cava involvement, accompanied by 
hepatic vein thrombosis, leads to Budd–Chiari syndrome (BCS)90. Mor-
tality in BCS associated with Behçet syndrome is significantly higher 
than that in BCS from non-Behçet syndrome causes91,92. Superior vena 
cava thrombosis is less common than involvement of the inferior vena 
cava90. It is often associated with upper-extremity vein thrombosis 
with potential extension to the jugular and subclavian veins. Superior 
vena cava thrombosis generally has a more favourable outcome and 
a less relapsing course than inferior vena cava involvement, although 
complications such as haemoptysis, sleep apnoea and pleural effusions 
can occur90. Cerebral venous sinus thrombosis (CVST), commonly 
involving the superior sagittal and transverse sinuses, can be the sole 
vascular manifestation in juvenile patients and young female patients93. 
Presentation is typically sub-acute or chronic, with fewer neurological 
deficits and seizures than CVST of non-Behçet syndrome causes94). 
Although relapses of CVST are rare, complications such as irrevers-
ible optic atrophy (5%), visual field defects, residual headaches and 
arteriovenous fistulas have been reported94.

Monitoring of subclinical venous involvement. Growing evidence 
indicates that vein wall thickness (VWT) of the lower-extremity veins, 

as measured with Doppler ultrasonography, is increased in Behçet syn-
drome compared with that found in several inflammatory diseases and 
in healthy individuals95,96. VWT was found to be particularly increased 
among those with Behçet syndrome who had no apparent vascular 
involvement, suggesting that VWT could be an early indication of sub-
clinical vascular inflammation95,97. However, most studies of VWT as an 
imaging marker of disease have been conducted in Turkey and should 
be validated in other regions before it can be established as a standard 
technique for disease monitoring. By contrast, a 2024 study from 
Brazil, a region with a low prevalence of Behçet syndrome, evaluated 
the utility of VWT as a diagnostic tool for Behçet syndrome and found 
that although VWT was increased in patients with vascular involvement, 
its diagnostic accuracy was limited and insufficient for clinical use98.

Main mechanisms of thrombosis  
in systemic vasculitis
This section explores the cellular and humoral mechanisms that drive 
endothelial dysfunction, thrombosis and tissue damage in systemic 
vasculitis. For each type of vasculitis, different immune-mediated 
processes can lead to a prothrombotic state (Fig. 3).

Cellular and humoral inducers of endothelial dysfunction
Endothelial dysfunction is the common outcome of different 
immune-mediated processes across all types of vasculitis and consti-
tutes the main switch to a prothrombotic state7,99. However, a wide array 
of mechanisms of damage and of aggravating factors can be observed, 
depending on the type of systemic vasculitis.

Thrombosis in AAV, and especially GPA and MPA, is the culmina-
tion of humoral- and neutrophil-driven inflammation at the level of the 
endothelium18. The main mechanism causing endothelial dysfunction 
and thrombosis in AAV is reactive oxygen species-mediated vascu-
lar damage caused by neutrophils that become overactivated when 
surface-expressed myeloperoxidase (MPO) and proteinase 3 (PR3) 
antigens are bound by circulating ANCAs100. Similar to LVV, the adhe-
sion of activated neutrophils to the vascular wall is the first step leading 
to thrombosis. In the case of AAV, however, the increased expression 
of intracellular adhesion molecules (ICAMs) and selectins occurs in 
response to systemic inflammatory stimuli mediated by the release 
of the cytokines TNF and IL1-β or through local triggers such as bac-
terial lipopolysaccharides101. Differently from LVV, neutrophil-rich 
vessel infiltration in AAV is particularly pronounced (that is, ‘neutro-
phil swarming’), leading to the formation of granulomas through the 
interaction of neutrophils with resident monocytes and the abundant 
release of neutrophil extracellular traps (NETs)102. This ‘overshooting’ 
activation of neutrophils leads to the release of granular proteinases 
en masse, leading to oxidative bursts with extensive generation of 
reactive oxygen species103). These processes cause the overexpres-
sion of ANCA antigens, including MPO and PR3, on the surface of 
intravascular neutrophils, which is considered the major contributor 
to the loss of local tolerance104. The binding of circulating ANCAs to 
surface-expressed MPO and PR3 ultimately leads to the amplification 
of vasculitis by indefinitely sustaining neutrophil activation and local 
reactive oxygen species generation, and by triggering the release 
of the complement fraction C5a from neutrophils105. Notably, in the 
presence of TNF, primed neutrophils increase their secretion of C5a, 
creating a synergistic pro-inflammatory loop that involves TNF, ANCAs, 
the complement system and the endothelium. ANCAs and neutrophil 
activity have also been suggested to interfere with coagulation path-
ways. In a prospective study, patients with active AAV had elevated 
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levels of circulating thrombin–antithrombin complexes, D-dimers 
and coagulation factors in complex with their natural inhibitors of the 
intrinsic coagulation pathway, and the abundance of these markers of 
hypercoagulability correlated with disease activity, ANCA titre, CRP 
level and proteinuria32. In line with these findings, Von Willebrand fac-
tor antigen levels are increased in childhood-onset AAV and correlate 
with disease activity33.

In EGPA, eosinophils provide a further pro-thrombotic stimulus; 
these cells have prominent prothrombotic effects that are synergic 
but independent from neutrophil-mediated inflammation37. In gen-
eral, the thrombogenic properties of eosinophils are mediated by 
the production of reactive oxygen species and granule protein and by 
intrinsic procoagulatory properties106. In particular, activated eosino-
phils degranulate high quantities of NADPH-oxidase and eosinophil 
peroxidase, which generate a quantity of reactive oxygen species sub-
stantially higher than neutrophils, thus sustaining endothelial damage. 
Eosinophil-specific granule proteins, namely eosinophilic cationic 
protein and major basic protein, can directly interfere with the coagu-
lation cascade, in part through a Factor XII-dependent mechanism107. 
Adding to these effects, activated intravasal eosinophils can provide a 
procoagulant oxidized aminophospholipid scaffold that supports the 
exposure of tissue factor, facilitating thrombin formation and platelet 
adhesion108. Finally, experimental evidence has shown that fibrin clots 
of individuals with EGPA are less permeable and more lysis resistant 
than those of healthy individuals, possibly owing to post-translational 
redox modification to the secondary structure of fibrinogen108.

In LVV, dendritic-cell activation in the adventitial layer represents 
the main triggering factor for vascular inflammation109. Vascular 

dendritic cells in LVV severely under-express programmed cell death 1  
ligand 1 (ref. 110). This immune checkpoint dysfunction causes the 
suppression of inhibitory signalling from dendritic cells, which leads 
to uncontrolled T cell and macrophage infiltration into the arterial 
wall111. The increased secretion of pro-inflammatory cytokines esca-
lates the inflammatory process by shifting T cells towards a T helper 1  
(TH1) and TH17 phenotype with upregulation of TNF, IFNγ, IL-6, IL-17 
and IL-21, which sustain macrophage activity and vascular neutrophil 
infiltration112.

This cascade activates the two main processes that synergically 
lead to thrombosis in LVV: vessel-wall hypertrophy and endothelial 
damage. Macrophage degranulation of matrix metalloproteases 
(MMPs) such as MMP-9 and reactive oxygen species in the vascular wall 
facilitates collagen degradation and disruption of the endothelial cell 
layer113,114. Endothelial disruption is further exacerbated by the respira-
tory burst of infiltrating neutrophils, which is ultimately the major final 
effector of endothelial and vascular smooth muscle cell damage in LVV. 
When exposed to reactive oxygen species, endotheliocytes and smooth 
muscle cells switch to a prothrombotic proangiogenic phenotype that 
promotes atheroma formation by increasing the expression of ICAMs 
such as ICAM-1 and ICAM-2, vascular cell adhesion molecule 1, E-selectin 
and P-selectin, as well vascular hyperplasia through the release of PDGF 
and VEGF115. The totality of these changes ultimately results in increased 
blood turbulence and increased platelet adhesion at sites of inflamma-
tion, which sets the basis for both increased chronic atherothrombosis 
and acute ischaemia in active LVV. Nonetheless, the clinical expression 
of LVV can also be influenced by non-immune factors, such as homozy-
gosity for the PLA2 allele of the platelet glycoprotein receptor IIIA in 
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Fig. 3 | Vessel size and cellular mechanism 
associated with thrombotic manifestation in 
vasculitis. The figure depicts vessel sizes and the 
associated cellular and molecular mechanisms 
implicated in thrombotic manifestations across 
different types of vasculitis. Key processes involved 
in promoting thrombotic events in vasculitis include 
the upregulation of adhesion molecules (such as 
vascular cell adhesion molecule 1 (VCAM-1) and 
intercellular adhesion molecule 1 (ICAM-1)), and 
the infiltration and hyperactivation of different 
cell sub-types, such as neutrophils, macrophages 
and eosinophils. Neutrophil-derived elements, 
including neutrophil extracellular traps (NETs), 
reactive oxygen species (ROS) and anti-neutrophil 
cytoplasmic antibodies (ANCAs), are additional 
important mediators of inflammation-induced 
thrombosis in vasculitis. The figure highlights the 
distinct pathophysiological pathways in small, 
medium and large vessels, providing a detailed 
overview of how immune dysregulation, endothelial 
injury and cellular activation collectively contribute 
to thrombotic events in systemic vasculitis and 
monogenic forms of vasculitis. DADA2, deficiency 
of adenosine deaminase 2; EGPA, eosinophilic 
granulomatosis with polyangiitis; GCA, giant-cell 
arteritis; GPA, granulomatosis with polyangiitis;  
MPA, microscopic polyangiitis; VEXAS, vacuoles,  
E1 enzyme, X-linked, autoinflammatory, somatic.  
The schematic in the top part of the figure is adapted 
with permission from ref. 199, John Wiley & Sons.
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GCA, which has been associated with increased susceptibility to the 
development of optic ischaemia116 (Fig. 2).

Behçet syndrome as a model of inflammatory thrombosis
Behçet syndrome represents a model disease for inflammation-induced 
thrombosis and specifically for neutrophil-induced thromboinflam-
mation. As observed in other forms of systemic vasculitis, TH1 and 
TH17 polarization leads to increased vascular infiltration of activated 
neutrophils, which are the final effectors of endothelial damage and 
platelet activation in Behçet syndrome117. Notably, Behçet syndrome 
has a markedly neutrophil-dependent pathogenesis, even more so than 
other forms of vasculitis118,119. In Behçet syndrome, the extensive activa-
tion of vessel-infiltrating neutrophils causes an indiscriminate release 
of their cytotoxic granules and reactive oxygen species both in the 
target tissue and in the bloodstream118,120. The release of these media-
tors leads to a major change in the systemic redox state, which directly 
interferes with cellular and molecular processes at the vascular level, 
in particular causing endothelial dysfunction, impairment of coagula-
tion and pathological fibrinogen polymerization118,120,121. Experimental 
evidence shows that patients with Behçet syndrome have increased 
serum levels of lipid peroxidation markers122, increased formation of 
NETs119 and reduced levels of antioxidant enzymes such as glutathione 
peroxidase and catalase123, and that these redox parameters correlate 
closely with disease activity124. At the cellular level, this shift of the redox 
state towards increased oxidation is the result of the hyperactivation 
of neutrophils, with respiratory burst and increase of NADPH-oxidase 
activity leading to extensive generation of neutrophil-derived reactive 
oxygen species at vascular sites121. Accordingly, a decreased produc-
tion of nitric oxide, a vasodilator and key antithrombotic factor, and 
increased levels of endothelial injury markers have been reported in 
active Behçet syndrome124. As well as directly damaging the endothe-
lium and inducing a prothrombotic phenotype, reactive oxygen species 
induce oxidative modifications of fibrinogen that affect its secondary 
structure and function of fibrin120. Oxidation impaired the capacity 
of fibrinogen to form a fibrin clot and reduced the susceptibility of 
fibrin networks to plasmin-induced lysis, resulting in a shifted pro-
thrombotic balance120. Interestingly, increased oxidation was observed 
only in fibrinogen samples incubated with neutrophils, and not with 
monocytes and lymphocytes, from patients with Behçet syndrome120. 
Moreover, a dose-dependent relationship between neutrophil activity 
and NETosis and DVT has been described125, which could be further 
exacerbated in Behçet syndrome (Fig. 3).

Management of arterial and venous thrombotic 
events in systemic vasculitis
In this section, we review the current evidence regarding the clinical 
management of cardiovascular risk in patients with systemic vasculitis. 
Additionally, we discuss the standard of care for managing acute arte-
rial and venous thrombotic events across different types of vasculitis 
(Table 1).

Anti-neutrophil cytoplasmic antibody-associated vasculitis
Guidelines for primary or secondary prevention of CVD in AAV that 
take into consideration the added risk factors related to vasculitis are 
lacking. Concerning traditional cardiovascular risk factors, physicians 
caring for patients with AAV should follow the existing guidelines for 
the prevention of CVD in the general population15. Periodic assess-
ment of individual cardiovascular risk profiles and modification of 
preventive treatments are recommended15. A recent study showed that 

approximately one third of 144 AAV patients from the Netherlands and 
Canada had indications for blood pressure or lipid-lowering therapy, 
but were either not treated or not treated at target levels126. Whether 
more stringent therapeutic targets and follow-up should be adopted 
in AAV, such as a serum LDL target level of <55 mg/dl, remains a mat-
ter of debate, as to our knowledge no study thus far has specifically 
addressed this issue126.

Some data suggest that statins inhibit neutrophil activation 
by ANCAs127 and might even be beneficial for the prevention of 
AAV relapses128. As the available evidence is limited, however, the 
anti-inflammatory effect of statins in autoimmune diseases, including 
AAV, should not be overestimated.

Tight control of AAV activity can reduce cardiovascular risk and 
is essential to prevent accrual of damage, for example, progressive 
impairment of renal function that increases the risk of CVD129. Accord-
ing to emerging data from randomized controlled trials (RCTs), more 
rapid tapering of glucocorticoids (such as with the PEXIVAS regimen130) 
or the use of newly available drugs for treating AAV (for example, avaco-
pan instead of glucocorticoids for induction of remission)131 constitute 
potential strategies to limit exposure to glucocorticoids, agents that 
have atherogenic and pro-thrombotic properties15.

Routine anticoagulation is not recommended in AAV despite 
the high rate of VTE, given the unpredictable risk of bleeding related 
to necrotizing vascular lesions, although this risk could probably be 
diminished by postponing anticoagulation until stabilization of vas-
culitis is achieved15. Antiplatelet agents are not a viable alternative to 
anticoagulants in active AAV, as they can also cause bleeding and have 
low efficacy in the prevention of DVT132.

Increased eosinophil count has been associated with an elevated 
risk of CVD and represents an independent predictor of major cardio-
vascular events106. In this context, patients presenting with AVTEs in 
conjunction with blood hypereosinophilia warrant careful evaluation 
for a variety of potential differential diagnoses other than EGPA, such 
as idiopathic hypereosinophilic syndrome133.

Currently, no established guidelines or RCTs specifically address 
the treatment of thrombotic events in EGPA. Although immunosup-
pressive therapy might potentially reverse endothelial dysfunction, the 
role of treatment — particularly the use of corticosteroids — remains 
controversial. Given the evidence that eosinophils directly contribute 
to the pathogenesis of thrombosis, therapies targeting eosinophils, 
such as anti-IL-5 and anti-IL-5 receptor antibodies, might help to prevent 
further thrombotic complications134.

For patients with venous thrombosis, no consensus exists regard-
ing the optimal duration of anticoagulation therapy once eosinophilia 
has been normalized. Several case reports have documented the recur-
rence of thromboembolic events despite adequate anticoagulation135. 
However, once eosinophil counts have normalized and thrombi have 
resolved, discontinuation of anticoagulation can be considered in 
the absence of other risk factors136. Further research is needed to 
identify subgroups of individuals who might benefit from prolonged 
anticoagulation (Table 1).

Large-vessel vasculitis
Patients with GCA and Takayasu arteritis are at an increased risk of 
developing cardiovascular and cerebrovascular events, including 
myocardial infarction, stroke, aneurysm rupture and peripheral vas-
cular disease137–139, and these events are associated with substantially 
increased mortality140. The indication for antiplatelet therapy in LVV, 
however, is still debated. Two relatively small retrospective studies —  
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Table 1 | Treatment strategies according to different vascular involvement in systemic vasculitis

Vascular 
manifestation

Immunosuppressants Antiplatelet agents Anticoagulants Statins

ANCA-associated vasculitis

Primary 
prophylaxis

Oral glucocorticoids alone 
or in combination with 
csDMARDs for induction and 
maintenance of remission 
might reduce thrombotic 
risk15,22

Antiplatelet therapy did not protect 
against major cardiovascular events 
in patients with AAV190

At present not recommended

Not recommended15 In vitro studies demonstrated that 
statins are able to reduce neutrophil 
degranulation induced by ANCA191; 
RCTs and real-world studies on the 
use of statins in AAV are lacking; 
furthermore, cases of statin-induced 
AAV have been reported192,193

Venous 
involvement

N/A Not recommended15 Treat according to current 
guidelines for venous 
thrombosis15; duration of 
anticoagulation therapy in patients 
with AAV and VTE is controversial; 
ideally, anticoagulation should be 
continued if vasculitis is active194

N/A

Arterial 
involvement

N/A Treat according to current guidelines 
for cardiovascular events15

Treat according to current 
guidelines for cardiovascular 
events15

N/A

Large-vessel vasculitis

Primary 
prophylaxis

Oral glucocorticoids 
alone or in combination 
with traditional 
immunosuppressants for 
induction and maintenance 
of remission might reduce 
thrombotic risk145

In GCA, antiplatelet therapy is not 
associated with reduced severe 
ischaemic complications; a marginal 
benefit may exist when used with 
corticosteroids
Limit antiplatelet use to patients with 
cardiovascular indications or high 
ischaemic risk143,145

In Takayasu arteritis, the use 
of antiplatelets as primary 
prophylaxis showed discordant 
results; EULAR recommends use 
of antiplatelets after individual 
evaluation, considering vessel 
stenosis and cardiovascular risk 
factors145,195

N/A No benefit in the use of statins 
in GCA148; in Takayasu arteritis, 
discordant results have been 
observed; at present, statins are 
not recommended for primary 
prophylaxis195–197

Arterial 
involvement

N/A Antiplatelet agents should be used 
lifelong in patients undergoing 
endovascular procedures148

Treat according to current 
guidelines for cardiovascular 
events148

Treat according to current 
guidelines for cardiovascular 
events148

Behçet syndrome

DVT Oral glucocorticoids 
alone or in combination 
with csDMARDs for 
first unprovoked DVT; 
glucocorticoids plus 
bDMARDs for relapses78,150

N/A Anticoagulation for DVT is 
controversial in Behçet syndrome; 
treatment does not seem to 
affect relapse rate, presence of 
post-thrombotic syndrome or 
residual thrombosis; optimal 
duration of anticoagulant therapy 
is unknown78,89

Statins might improve endothelial 
dysfunction in Behçet syndrome198; 
however, statins are not routinely 
used in DVT in Behçet syndrome

Budd–Chiari 
syndrome and 
splanchnic 
thrombosis

High-dose intravenous 
methylprednisolone 
and csDMARDs 
(cyclophosphamide) or 
bDMARDs (anti-TNF) for 
induction of remission; 
azathioprine for remission 
maintenance78,150

N/A Vitamin K antagonists can 
be used in combination with 
immunosuppressants78,150

Statins might improve endothelial 
dysfunction in Behçet syndrome198; 
however, statins are not routinely 
used in Budd–Chiari syndrome and 
splanchnic thrombosis in Behçet 
syndrome

Pulmonary 
or aortic 
aneurysms or 
major arterial 
thrombotic 
events

High-dose glucocorticoids 
in combination with anti-TNF 
or cyclophosphamide; 
azathioprine for small-sized 
aneurysms; tocilizumab for 
refractory disease78,150

Treat according to current guidelines 
for cardiovascular events or arterial 
thrombosis150

Anticoagulation is contraindicated 
in the presence of pulmonary 
artery aneurysms
It is not recommended for arterial 
events in Behçet syndrome

Statins might improve endothelial 
dysfunction in Behçet syndrome198; 
however, statins are not routinely 
used in the management of neither 
pulmonary and aortic aneurysms 
nor major arterial thrombotic events 
in Behçet syndrome
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the results of which would later fail to be replicated — found that the 
addition of low-dose aspirin to the therapy regimens of GCA was asso-
ciated with a significantly lower incidence of cardiovascular events, 
including stroke and optic ischaemia141,142. However, a growing number 
of studies and meta-analyses from multiple GCA cohorts worldwide 
did not confirm the benefits of low-dose aspirin in preventing vascular 
ischaemic events in LVV143,144.

Owing to this conflicting evidence, and in consideration of the 
known bleeding risk associated with antiplatelet therapy, the most 
recent (2018) European Alliance of Associations for Rheumatology 
recommendations no longer recommend routine prescription of 
low-dose aspirin in GCA, limiting its use to cases with overlapping 
clinical indications for primary or secondary prevention of throm-
botic arterial events145. As evidence for the use of antiplatelet agents 
in Takayasu arteritis remains only anecdotal, the same principles as in 
GCA should be applied. In general, lifelong use of antiplatelet agents 
is recommended following endovascular or surgical interventions in 
patients with GCA or Takayasu arteritis146.

Currently, interest is growing in other candidate drugs to address 
the increased cardiovascular risk in LVV, such as statins. Statins can have 
immunomodulatory properties at the level of atherosclerotic plaque by 
eliciting vasodilatory and anti-inflammatory effects through increased 
local expression of nitric oxide synthase147. However, the evidence so far 
is scarce and contradictory148, and there does not seem to be a relevant 
influence of statins on the clinical course and on the glucocorticoid 
requirements of patients with LVV145 (Table 1). Specific RCTs should 
be designed to answer these questions.

Regarding immunosuppressive therapy, glucocorticoid-sparing 
conventional synthetic DMARDs (csDMARDs) and bDMARDs can 
limit the increased cardiovascular risk connected with long-term use 
of glucocorticoids, which are routinely prescribed in LVV. Notably, 
however, early results from a phase III trial have demonstrated the 
efficacy of the Janus kinase ( JAK) inhibitor upadacitinib as a therapeu-
tic option for GCA149. The entry of JAK inhibitors into the therapeutic 
armamentarium for LVV will require discussion of the balance between 

the need for glucocorticoid sparing and the potentially increased risk 
of cardiovascular events linked to JAK inhibitors in elderly patients.

Behçet syndrome
The management of vascular Behçet syndrome varies according to 
the vascular territory involved and the type and severity of the event78. 
Given the pathogenetic mechanisms sustaining thrombosis in Behçet 
syndrome, glucocorticoids, immunosuppressants and bDMARDs are 
the treatments of choice, whereas the use of anticoagulants is highly 
debated78,150.

According to the 2018 European Alliance of Associations for Rheu-
matology recommendations for the management of Behçet syndrome, 
patients experiencing a first acute venous event at a typical site (that 
is, DVT of the upper or lower limbs) should be treated with glucocor-
ticoids and immunosuppressive agents (primarily azathioprine)150, 
whereas anticoagulation is not routinely recommended in Behçet 
syndrome-associated DVT. Individuals with refractory VTE should 
undergo treatment with TNF inhibitors (primarily infliximab or adali-
mumab)151–153, possibly in combination with csDMARDs. Of note, a 2024 
phase II multicentre randomized study found that, in patients with major 
vascular or central nervous system involvement, first-line therapy with 
infliximab was associated with better efficacy and a lower incidence of 
adverse events than cyclophosphamide153. IFN-α has also shown efficacy, 
especially in patients with recurrent disease, despite treatment with 
azathioprine, and should be considered in selected cases154. Within the 
past few years, a few studies from China have suggested the potential 
effectiveness of the JAK inhibitors baricitinib and tofacitinib in patients 
with refractory Behçet syndrome with vascular involvement155–157. Four 
retrospective observational studies have shown that the addition of 
anticoagulants to immunosuppressants does not seem to significantly 
decrease the recurrence of vascular events compared with treatment 
with DMARDs alone151,158–160. However, the combination of anticoagu-
lants with immunosuppressants is recommended for large throm-
botic events at atypical sites, such as thrombosis of the vena cava, BCS, 
intracardiac thrombi or cerebral venous sinus thrombosis78,150.

Vascular 
manifestation

Immunosuppressants Antiplatelet agents Anticoagulants Statins

DADA2

Ischaemic 
stroke

Glucocorticoids 
and/or anti-TNF therapy 
for remission induction
Anti-TNF therapy should 
be considered for the 
prevention of further 
strokes178

Not recommended owing to the 
potential risk of brain haemorrhage178

Not recommended owing 
to the potential risk of brain 
haemorrhage178

N/A

VEXAS syndrome

Venous 
thrombosis

Oral glucocorticoids alone 
or in combination with JAK 
inhibitors189

N/A Recommended, but no studies 
have compared heparin, 
vitamin K antagonists and direct 
oral anticoagulants in VEXAS 
syndrome
Optimal duration of 
anticoagulation therapy 
is unknown189

N/A

ANCA, anti-neutrophil cytoplasmic antibody; AAV, ANCA-associated vasculitis; bDMARD, biologic DMARD; csDMARD, conventional synthetic DMARD; DVT, deep venous thrombosis; EGPA, 
eosinophilic granulomatosis with polyangiitis; EULAR, European Alliance of Associations for Rheumatology; GCA, giant-cell arteritis; JAK, Janus kinase; N/A, not applicable; RCT, randomized 
controlled trial; VEXAS, vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic; VTE, venous thromboembolism.

Table 1 (continued) | Treatment strategies according to different vascular involvement in systemic vasculitis
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Patients with large pulmonary or aortic aneurysms or major arte-
rial thrombotic events should be treated with high-dose glucocor-
ticoids in combination with TNF blockers (especially infliximab) or 
cyclophosphamide153,161, whereas csDMARDs (mainly azathioprine) 
could be used for small aneurysms and pseudoaneurysms162. The 
anti-IL-6 receptor antibody tocilizumab has been suggested for major 
arterial involvement in patients whose condition is refractory to multiple 
treatments; however, its use requires further studies163,164 (Table 1).

Monogenic vasculitis
In this section, we review the epidemiology, pathophysiology and 
clinical features of the major forms of monogenic vasculitis, with a 
particular focus on their cardiovascular manifestations. We also discuss 
the current approaches to managing arterial and venous thrombosis 
associated with these conditions.

Deficiency of adenosine deaminase 2
DADA2 is an autosomal-recessive disorder caused by loss-of-function 
mutations in the ADA2 gene165. First described in 2014, DADA2 is char-
acterized by a broad spectrum of clinical manifestations. Common 
features include inflammatory constitutional symptoms, haemato-
logical abnormalities and vascular manifestations involving small-to-
medium-sized vessels165. Vascular manifestations mostly present as 
ischaemic strokes166,167. However, vascular involvement in DADA2 can 
extend to multiple other organs, including the liver, spleen, kidneys, 
heart and bowel167.

Ischaemic strokes in DADA2 affect nearly 50% of patients and 
can be the presenting feature in approximately 30% of cases166,168,169. 
Neurological events typically occur at a very young age and are 
frequently associated with inflammatory flares170. Haemorrhagic 
strokes are an additional complication of DADA2, reported in approxi-
mately 12–17% of cases166,167,171. Intracranial haemorrhages can occur 
either in isolation or concomitantly with ischaemic strokes166,169 (Fig. 2).

Cerebral MRI findings in patients with DADA2 typically reveal mul-
tiple small ischaemic infarcts in regions such as the nucleo-capsular, 
mesencephalic and thalamic areas, underscoring the predominant 
involvement of deep perforating arteries172. Notably, these findings are 
frequently observed in the absence of detectable features of cerebral 
vasculitis on angiographic studies, such as vessel narrowing or wall 
thickening166.

The histopathology of DADA2 is characterized by necrotizing trans-
mural inflammation of medium-sized arteries with prominent leukocyte 
infiltration. The mechanisms by which DADA2 leads to vascular inflam-
mation remain unclear. It has been hypothesized that DADA2 might 
shift monocyte polarization towards the pro-inflammatory ‘M1-like’ 
phenotype165,170. Additionally, DADA2 has been implicated in promoting 
the formation of NETs from activated neutrophils170,173,174. Both these 
processes could lead to systemic immune activation and increased 
production of pro-inflammatory cytokines, in particular TNF170.

In individuals with DADA2 who present with acute stroke, immu-
nosuppressive treatments, including glucocorticoids and/or TNF 
inhibitors, should be promptly initiated175. Although comparative 
data on the efficacy of glucocorticoids versus TNF inhibitors in this 
setting remain scarce, TNF inhibitors have been shown to effectively 
prevent the recurrence of strokes176,177. Secondary haemorrhagic 
stroke conversion has been documented in some individuals with 
DADA2 treated with antiplatelet agents, anticoagulants and/or other 
antithrombotic therapies169,178. Given the potential risk of haemorrhagic 
complications and the limited evidence supporting their efficacy, 

the use of antithrombotic therapies in patients with DADA2 is not 
recommended169,178 (Table 1).

Vacuoles, E1 enzyme, X-linked, autoinflammatory,  
somatic syndrome
VEXAS syndrome, first identified in 2020, is a late-onset autoinflamma-
tory condition caused by somatic mutations in the UBA1 gene, which 
affects myeloid precursors179. Clinical manifestations of VEXAS syn-
drome include recurrent fevers, neutrophilic dermatoses, haema-
tological abnormalities involving the myeloid lineage (including the 
presence of bone marrow vacuoles), ear and nose chondritis, vasculitis 
and pulmonary and cardiac involvement179,180. Rates of thrombosis are 
significantly elevated in VEXAS syndrome, with VTE reported in 35–56% 
of cases181. Arterial events, such as transient ischaemic attack, ischae-
mic stroke and myocardial infarction, are less frequent, occurring in 
1–25% of patients, according to various case series, and might be influ-
enced by other factors, such as advanced age or the high prevalence of 
atherosclerotic risk factors in the VEXAS syndrome population181–183.

Nearly 60% of AVTEs occur within the first 2 years of disease 
onset. These events are typically unprovoked and coincide with active 
inflammation181,184. Recurrence of AVTEs occurs in 40% of patients, with 
20% experiencing recurrence despite anticoagulation therapy181,184.

Risk factors for thrombosis include cardiac and pulmonary mani-
festations, which could indicate a more severe disease phenotype; 
however, despite its high incidence, thrombosis in VEXAS syndrome 
is not associated with increased mortality181.

Decreased ubiquitylation is thought to be an important promoter 
of thrombogenesis in VEXAS syndrome181,182. Loss-of-function muta-
tions in UBA1 result in reduced cytoplasmic ubiquitylation of proteins 
destined for degradation by proteasomes, leading to cellular stress, 
activation of inflammatory pathways and excess cytokine produc-
tion, which contribute to a prothrombotic state179,184. Transcriptomic 
analysis of neutrophils in VEXAS syndrome has shown upregulation of 
gene networks associated with thromboinflammation, such as those 
involving TNF, IL-6 and IFN-γ179. Additionally, neutrophils in individuals 
with VEXAS syndrome demonstrate exaggerated spontaneous NETosis. 
Activated monocytes, which express tissue factor, can also contribute 
to thromboinflammation by playing a critical role in coagulation185. 
Persistent positivity for lupus anticoagulant and elevated factor VIII 
levels have been reported in several studies of VEXAS syndrome and 
might further enhance the prothrombotic profile of these patients179,181.

Although screening for UBA1 mutations in men with a first episode 
of VTE did not identify new cases of VEXAS syndrome, UBA1 mutation 
testing can be considered in men with DVT or superficial thrombophle-
bitis if inflammatory markers are persistently elevated, especially when 
macrocytosis or other systemic inflammatory features are present186.

Currently, no RCTs are available to guide the treatment of VEXAS 
syndrome, and information on the use of therapies beyond gluco-
corticoids is limited to observational reports, case series and cohort 
studies. Among therapeutic options, JAK inhibitors have elicited both 
clinical and biochemical responses in cases of VEXAS syndrome187,188. 
Anticoagulation is generally recommended for treating venous throm-
bosis, especially if JAK inhibitor therapy is being considered or used, 
as these drugs themselves confer an increased risk of thrombosis184. 
However, no studies have directly compared the efficacy of the three 
main types of anticoagulants — low-molecular-weight heparin, vitamin 
K antagonists or direct oral anticoagulants — in this setting. Routine 
anticoagulation is not recommended for patients on JAK inhibitors 
who do not have a history of thrombosis189 (Table 1).
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Conclusions
A growing body of evidence highlights the considerable incidence of 
AVTEs in both systemic and monogenic vasculitis. These complica-
tions not only contribute to morbidity but also add to the complexity 
of disease management. Understanding the underlying mechanisms, 
risk factors and optimal management strategies is crucial for improving 
outcomes. Future research should focus on better defining the throm-
botic risk in various forms of vasculitis and developing targeted inter-
ventions to mitigate these risks. Enhanced awareness among clinicians 
regarding the association between vasculitis and increased thrombotic 
risk is essential for timely diagnosis and treatment, ultimately leading 
to improved patient care.

Published online: 6 May 2025
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