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Rheumatoid arthritis (RA) is an autoimmune disease 
caused by a complex interaction between genetic and 
environmental factors, and possibly consists of aetiolog-
ically heterogeneous subpopulations1,2. Autoimmunity 
is the first step in the pathogenesis of RA and a high 
serum concentration of autoantibodies, such as 
anti-citrullinated peptide antibodies (ACPAs), is a hall-
mark of RA, although some patients are seronegative1,2. 
Immune cells, such as activated T cells, B cells and macro-
phages, produce pro-inflammatory cytokines and stimu-
late synovial fibroblasts (tissue-resident mesenchymal 
cells in the joints) to polarize into pro-inflammatory  
and tissue-destructive subsets3–5. Tissue-destructive 
synovial fibroblasts express receptor activator of NF-κB 
ligand (RANKL) and induce osteoclasts to promote 
bone destruction, and express matrix metalloproteinases 
(MMPs) that accelerate cartilage degradation (described 
in detail in Box 1)3–6. Current therapies for RA are not 
effective in all patients and are associated with adverse 
effects such as infection; therefore, it is necessary to 
develop new therapies, ideally targeting joint-specific 
pathogenic molecules or cells. Moreover, as the exist-
ing therapies for RA are not capable of completely 

preventing structural damage or restoring joints, the 
time has come to thoroughly elucidate the immune 
mechanisms of joint destruction in RA in order to estab-
lish the scientific basis for novel therapeutic approaches. 
To that end, it is important to recognize the impor-
tance of the interactions among the immune system,  
fibroblasts and bone.

Extending the concept of immune cell–fibroblast and 
immune cell–bone interactions, we herein provide an 
overview of recent advances in these areas and explore 
the interactivity within the immune cell–fibroblast– 
bone triad7. We provide an overview of the relevant 
immune mechanisms and mechanisms of structural 
damage (including bone erosion and periarticular and sys-
temic bone loss), summarize the interplay among immune 
cells, fibroblasts and bone in both active disease and 
remission, and provide a perspective on current and future  
strategies for the treatment of structural damage in RA.

Overview of joint structure and biology
The synovium consists of two layers, an intimal lining  
layer and a sublining layer. In a healthy joint, the lining layer,  
which consists of resident macrophages and lining 

Mechanisms of joint destruction  
in rheumatoid arthritis — immune 
cell–fibroblast–bone interactions
Noriko Komatsu and Hiroshi Takayanagi ✉

Abstract | Rheumatoid arthritis (RA) is characterized by inflammation and destruction of bone and 
cartilage in affected joints. Autoimmune responses lead to increased osteoclastic bone resorption 
and impaired osteoblastic bone formation, the imbalance of which underlies bone loss in RA, 
which includes bone erosion, periarticular bone loss and systemic osteoporosis. The crucial role  
of osteoclasts in bone erosion has been demonstrated in basic studies as well as by the clinical 
efficacy of antibodies targeting RANKL, an important mediator of osteoclastogenesis. Synovial 
fibroblasts contribute to joint damage by stimulating both pro-inflammatory and tissue- 
destructive pathways. New technologies, such as single-cell RNA sequencing, have revealed the 
heterogeneity of synovial fibroblasts and of immune cells including T cells and macrophages.  
To understand the mechanisms of bone damage in RA, it is important to clarify how the immune 
system promotes the tissue-destructive properties of synovial fibroblasts and influences bone 
cells. The interaction between immune cells and fibroblasts underlies the imbalance between  
regulatory T cells and T helper 17 cells, which in turn exacerbates not only inflammation but also 
bone destruction, mainly by promoting RANKL expression on synovial fibroblasts. An improved 
understanding of the immune mechanisms underlying joint damage and the interplay between  
the immune system, synovial fibroblasts and bone will contribute to the identification of novel 
therapeutic targets in RA.

Department of Immunology, 
Graduate School of Medicine 
and Faculty of Medicine,  
The University of Tokyo, 
Tokyo, Japan.

✉e-mail: takayana@ 
m.u-tokyo.ac.jp

https://doi.org/10.1038/ 
s41584-022-00793-5

NATuRe RevIewS | RhEuMaTology  volume 18 | July 2022 | 415

I m m u n o l o g y  o f  r h e u m a t o I d  a r t h r I t I s 

mailto:takayana@
m.u-tokyo.ac.jp
mailto:takayana@
m.u-tokyo.ac.jp
https://doi.org/10.1038/s41584-022-00793-5
https://doi.org/10.1038/s41584-022-00793-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s41584-022-00793-5&domain=pdf


0123456789();: 

synovial fibroblasts, forms a thin barrier at the interface 
between the sublining and the synovial fluid space. The 
sublining layer contains endothelial cells and sublining 
synovial fibroblasts. Synovial fibroblasts produce matrix 
proteins such as collagen to maintain the structure of the 
synovium, and lubricate and nourish cartilage surfaces 
by producing hyaluronic acid and other joint lubricants 
such as lubricin.

Bone homeostasis is maintained by a balance 
between bone resorption by osteoclasts and bone for-
mation by osteoblasts3,8. Osteoclasts are the exclu-
sive bone-resorbing cells and differentiate from bone 
marrow-derived monocyte–macrophage lineage cells. 
Osteoclasts resorb bone via decalcification and matrix 
degradation that are mediated by the secretion of hydro-
gen ions and matrix-degrading enzymes, respectively. 
Bone-forming osteoblasts, which produce bone matrix 
proteins and mediate mineralization, are of mesenchy-
mal origin3,8 Some osteoblasts become embedded in the 
bone matrix where they differentiate into osteocytes, 
which are thought to orchestrate both osteoclastic bone 
resorption and osteoblastic bone formation in response 
to mechanical stress and hormonal cues3,9,10.

RANKL, a TNF family cytokine, and macrophage 
colony-stimulating factor (M-CSF) are essential mol-
ecules for osteoclastogenesis3,8,11. RANKL binds to 
its receptor RANK and activates downstream signal-
ling pathways such as NF-κB and AP-1, leading to the 
autoamplification of NFATc1, the master regulator of 
osteoclastogenesis12. Osteoblasts and osteocytes express 
RANKL and stimulate osteoclastogenesis necessary for 
the renewal of bone under physiological conditions3,9,10. 
Osteoprotegerin, a decoy receptor for RANKL, inhib-
its the RANK–RANKL interaction13. M-CSF promotes 
proliferation of osteoclast precursors and activation and 
survival of osteoclasts3,8. Osteoblast differentiation is 
stimulated by osteogenic cytokines such as Wnt and bone 
morphogenetic protein (BMP). Sclerostin, an inhibitor 
of Wnt signalling, is mainly produced by osteocytes. 
Mechanical loading decreases sclerostin expression 
in osteocytes and promotes bone formation, whereas 
mechanical unloading increases RANKL expression 
in osteocytes and promotes osteoclastogenesis10,14,15. 
Activation of the immune system in autoimmune dis-
eases disturbs bone homeostasis by acting directly on 

bone cells or by stimulating joint-resident cells such as 
fibroblasts, as discussed below.

Immune mechanisms in RA
In RA, the immune system stimulates synovial fibro-
blasts to exert inflammatory and tissue-destructive 
effects and exacerbate RA pathogenesis4. Fibroblasts 
are the most abundant mesenchymal stromal cells and 
serve as structural cells that define the architecture of 
organs; however, attention has increasingly been given 
to the role of fibroblasts in the pathogenesis of fibrosis, 
cancer and autoimmunity16,17. New technologies, includ-
ing single-cell RNA sequencing (scRNA-seq) and mass 
cytometry, have revealed the heterogeneity of synovial 
fibroblasts and enabled the identification of function-
ally and phenotypically distinct pro-inflammatory and 
tissue-destructive subsets of these cells in RA4,5,18. Herein 
we describe the autoimmune responses and the subse-
quent activation of the distinct fibroblast subsets that 
mediate inflammation and structural damage in RA.

Immune response activation
Genome-wide association studies have revealed strong 
genetic associations between RA and the HLA regions, 
indicating the importance of antigen recognition in RA  
pathogenesis1,2. The citrullination of peptides is medi-
ated by the peptidylarginine deiminases that are 
upregu lated by smoking and periodontitis, suggest-
ing a link between environmental risk factors and RA  
pathogenesis1,2. The combination of genetic and envi-
ronmental factors contributes to the breakdown of 
self-tolerance and the onset of autoimmune arthritis.

The cascade of autoimmune responses starts 
with T cells recognizing self antigens presented by 
antigen-presenting cells, such as dendritic cells. CD4+ 
T cells differentiate into T helper (TH) cells, among 
which TH17 cells have a critical role in autoimmune 
inflammation3,7. T follicular helper cells (CXCR5+PD-1hi), 
which reside in lymph nodes, as well as newly identified 
T peripheral helper (TPH) cells (CXCR5−PD-1hi) that 
reside in the inflamed synovium, help B cells to produce 
autoantibodies such as ACPAs and rheumatoid factor19. 
TH17-derived IL-17 and other cytokines (such as IL-21, 
IL-22 and TNF) mediate the proliferation of synovial 
fibroblasts as well as innate immune cells, including neu-
trophils and macrophages, and induce the expression of 
pro-inflammatory cytokines (such as TNF, IL-6 and IL-1) 
and chemokines (such as CCL20 and CCL2) by these 
cells3,7. TH17 cells also increase the pro-inflammatory 
activity of autoantibodies via the desialylation of auto-
antibodies in an IL-21-dependent and IL-22-dependent 
manner20. A decrease in IgG glycosylation in ACPA+ 
asymptomatic individuals not only parallels the clinical 
onset of RA, but is also associated with disease activity 
in ACPA+ patients with RA, suggesting the importance 
of TH17 cells and autoantibodies in the immune activa-
tion phase of RA20,21. A study published in 2021 showed 
that tissue-resident memory CD8+ T cells cause arthritis 
flares22. Immune complexes activate innate immune cells 
to further upregulate pro-inflammatory cytokines and 
chemokines3,7. Synovial fibroblasts amplify inflamma-
tion in response to these inflammatory mediators as well 

Key points

•	T helper 17 (TH17) cells and autoantibodies promote inflammation and tissue
destruction in rheumatoid arthritis (RA) by activating other immune cells and synovial
fibroblasts, leading to synovitis, bone erosion and cartilage damage.

•	Synovial fibroblasts in RA comprise pro-inflammatory and tissue-destructive subsets, 
the latter of which express RANKl and matrix metalloproteinases that are involved in
osteoclastic bone resorption and cartilage degradation, respectively.

•	Bone lesions in RA are classified as bone erosion, periarticular bone loss and systemic
osteoporosis, which are induced by distinct mechanisms.

•	The integration of data from single-cell RNA sequencing and biological studies
provides a detailed depiction of the interplay among immune cells, fibroblasts 
and bone in RA pathogenesis.

•	Therapeutic strategies to modulate pathogenic synovial fibroblasts and to achieve
a balance between regulatory T cells and TH17 cells and/or between bone resorption
and repair will help achieve structural remission.
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as mechanical strain23. According to a 2019 scRNA-seq 
study, IL-6 is produced mainly by synovial fibroblasts, 
and macrophages are the main producers of IL-1 and  
TNF; T cells and B cells have also been found to produce TNF  
in RA18 (Fig. 1). Another scRNA-seq study revealed that 
CCL13, CCL18 and MMP3 are upregulated in synovial 
myeloid cell subsets in ACPA− RA as compared with 
ACPA+ RA, which could explain, at least in part, the dif-
ference in immune mechanisms between seronegative 
and seropositive RA24.

Fibroblast activation
Under arthritic conditions, synovial fibroblasts acquire 
an aggressive (activated, proliferative and invasive) 
pheno type and are important in the pathogenesis of 
RA17. This aggressive phenotype of RA synovial fibro-
blasts is seemingly induced by the inflammatory milieu 
in the synovium. Analysis of DNA promoter methy-
lation in synovial fibroblasts revealed that the DNA 
methy lation pattern in synovial fibroblasts from patients 
with very early RA is already different from that in syn-
ovial fibroblasts under healthy conditions, suggesting 
that epigenetic modification is not just a consequence 
of inflammation, but could also be a cause of disease 
initiation and progression25.

Metabolic changes, particularly an increase in gly-
colysis in synovial fibroblasts, are also linked with the 
aggressive phenotype of synovial fibroblasts in arthritis17. 
Glycolysis is the source of ATP under hypoxic condi-
tions (which is considered to be a feature of the syno-
vial microenvironment in RA), although this metabolic 
pathway is less efficient than oxidative phosphorylation. 

The expression of hypoxia-inducible factor 1α (HIF1α), 
an inducer of glycolysis, is linked to the aggressive fea-
tures of synovial fibroblasts26. In addition, activation of 
intracellular complement C3 and C3a receptor on syn-
ovial fibroblasts after repeated inflammatory challenges 
induces metabolic reprogramming that promotes the 
activation of these cells and the priming of synovial tissue 
for inflammation27. Although these findings suggest that  
tissue priming occurs independently of adaptive immu-
nity, the efficacy of abatacept (CTLA4-immunoglobulin  
(Ig), which prevents T cell costimulation) in RA sug-
gests that activation of T cells might be necessary even 
in the chronic phase of the disease and that the repro-
gramming of synovial fibroblasts by repetitive priming 
might require T cell help. Considering that synovial 
fibroblasts are functionally heterogeneous, as we discuss 
below, it will be important to clarify how the polariza-
tion of fibroblasts into distinct synovial fibroblast sub-
sets with inflammatory or tissue-destructive properties 
is determined.

Fibroblast heterogeneity
The phenotypic and functional heterogeneity of syn-
ovial fibroblasts is attracting increasing attention. 
Cadherin-11 is one of the most frequently investi-
gated synovial fibroblast surface markers and has been 
linked to synovial fibroblast activation and inflamma-
tion. Cadherin-11 is expressed mainly in lining syno-
vial fibroblasts, although it is also expressed in certain 
sublining synovial fibroblasts28. Cadherin-11 activates 
mitogen-activated protein kinases and NF-κB, which 
induce synovial fibroblasts to secrete pro-inflammatory 
cytokines such as IL-6 (reF.29). Cdh11-deficient mice 
have a hypoplastic synovial lining and exhibit reduced 
inflammation and cartilage erosion in the serum 
transfer-induced arthritis model28.

scRNA-seq studies published in the past few years 
have identified synovial fibroblast subsets with inflam-
matory and tissue-destructive properties both in mouse 
and human arthritis4,5,18. Application of scRNA-seq to 
RA synovial fibroblasts characterized by the expression 
of podoplanin (PDPN) identified three major subpop-
ulations: CD34−THY1−, CD34−THY1+ and CD34+ cells.  
Among these subpopulations, the CD34−THY1+ 
cells, which localize to the perivascular zone in the 
inflamed synovium, are highly proliferative and secrete 
pro-inflammatory cytokines5. Subsequently, the integra-
tion of single-cell transcriptomics and mass cytometry 
revealed that sublining CD34−CD90+HLA-DRhi syno-
vial fibroblasts are expanded in the RA synovium and 
constitute a major source of IL-6 and CXCL12 (also 
known as stromal cell-derived factor 1)18. Moreover, 
a separate single-cell transcriptional analysis found 
two distinct subpopulations of fibroblast activation 
protein-α (FAPα)-expressing fibroblasts: inflamma-
tory FAPα+THY1+ cells, located in the sublining, and 
tissue-destructive FAPα+THY1− cells, located in the 
synovial lining layer4. Notably, in mice with serum 
transfer-induced arthritis, adoptive transfer of the 
FAPα+THY1+ synovial fibroblasts subset induces inflam-
mation, whereas transfer of the FAPα+THY1− subset 
induces joint destruction4.

Box 1 | Cartilage degradation

Cartilage plays an important role in tissue patterning, skeletal development and joint 
movement151,152. Cartilage lacks blood and lymph vessels, and is composed of chondro-
cytes and extracellular matrix components such as type 2 collagen and aggrecan. 
Blockade of receptor activator of NF-κB ligand (RANKl) is unable to block cartilage 
damage in rheumatoid arthritis (RA), suggesting that cartilage erosion is independent  
of RANKl126. Cartilage degradation in RA results from excessive immune responses. 
Pro-inflammatory cytokines, including Il-1, TNF, Il-6 and Il-17, induce the production  
of cartilage-degrading enzymes such as matrix metalloproteinases (mmPs) as well as 
aggrecanases (such as ADAmTS-4 and ADAmTS-5) in synovial fibroblasts and inhibit  
the production of extracellular matrix by chondrocytes151,152. Among the mmPs, mmP1, 
mmP3, mmP9, mmP13 and mmP14 are upregulated in RA synovial fibroblasts. mmP14 
(also known as mT1-mmP) is considered to be important in RA owing to its high level of 
expression in the RA synovium, following the results of functional analyses, and because 
treatment with an anti-mmP14 antibody suppressed cartilage destruction in a mouse 
model of RA151,152. mmP3 has been shown to be a useful marker of disease activity and 
predictor of the progression of cartilage destruction153. It is likely that the level of mmP3 
reflects the activation state of synovial fibroblasts involved in tissue destruction.

osteoarthritis (oA), which is the most prevalent age-related cartilage disorder, is 
caused by a combination of genetic background and environmental factors (such as 
excessive mechanical stress)151,152. The major difference between RA and oA is the 
source of the enzymes involved: in oA, chondrocytes mainly produce mmP and 
ADAmTS families, whereas activated synovial fibroblasts are sufficient for joint damage 
in RA. Nonetheless, shared mechanisms might underlie both oA and RA, as inflamma-
tion is also suggested to be involved in oA pathogenesis. For example, gremlin-1, an 
antagonist of bone morphogenetic protein signalling that is induced by mechanical 
loading, accelerates the induction of catabolic enzymes (mmPs and ADAmTS-5), inhib-
its type 2 collagen and aggrecan in oA, and is highly expressed in the RA synovium154,155. 
Thus, studies in oA are likely to contribute to a better understanding of the mechanisms 
underlying cartilage destruction in RA.
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What is the mechanism underlying the genera-
tion of inflammatory or tissue-destructive synovial 
fibroblasts? Activation of Notch signalling induces 
the production of pro-inflammatory cytokines from 
RA synovial fibroblasts. In a 2020 study, scRNA-seq 
revealed that the interaction of Notch ligands expressed 

by endothelial cells with the receptor NOTCH3 on 
sublining synovial fibroblasts activates Notch signal-
ling and drives the polarization of THY1+ inflam-
matory synovial fibroblasts30. The genetic deletion 
of Notch3 or the blockade of NOTCH3 signalling 
attenuates the inflammation and bone destruction in 
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serum transfer-induced arthritis30. TNF signalling is 
also important for the polarization of inflammatory 
synovial fibroblasts, as the activation of TNF signal-
ling exclusively in fibroblasts induces arthritis in 
mice31,32. Moreover, the IL-6 family cytokine leukae-
mia inhibi tory factor (LIF), which is upregulated in 
synovial fibroblasts under arthritic conditions, acts 
in an autocrine manner via LIF receptor to promote 
STAT4 activation, which increases production of 
important pro-inflammatory factors, including IL-6, 
leading to the polarization of inflammatory synovial  
fibroblasts33.

Although inflammation is known to also promote 
tissue-destructive synovial fibroblasts, the stimulatory 
factors, intracellular signal transduction pathways and 
transcriptional machinery underlying the generation 
of these cells remain to be elucidated. The most impor-
tant feature of tissue-destructive synovial fibroblasts 
is the production of RANKL, but they also produce 
tissue-destructive factors such as MMPs, thus orches-
trating a variety of mechanisms that are involved in 
bone and cartilage destruction4,5. Understanding how 
RANKL production is induced in synovial fibroblasts 
will be helpful for determining the main mechanisms 
driving these cells.

Whether these distinct populations of synovial fibro-
blasts are subsets with fixed phenotypes or whether they 
have phenotypic plasticity also remains unclear. Fate map-
ping and/or tracing experiments in vivo are necessary  
to address this question.

Structural damage in RA
Structural abnormalities in RA involve bone ero-
sion as well as periarticular and systemic bone loss. 
Osteoclasts were first observed at the interface between 
the inflamed synovium and bone in the 1980s, although 

it was initially unclear why autoimmunity increased 
osteoclastic bone resorption34. The generation of osteo-
clasts by culturing synovial cells from patients with 
RA indicated that both osteoclast precursor cells and 
osteoclastogenesis-supporting fibroblasts were present 
in the RA synovium35. Moreover, synovial fibroblasts 
were found to express a high level of RANKL, a mole-
cule that is important for osteoclast differentiation36,37.  
This finding suggested that the immune system induced 
osteoclastogenesis mainly by stimulating synovial 
fibroblasts, rather than by acting directly on osteo-
clast precursor cells, and indicated the importance of 
tissue-destructive fibroblasts in arthritis.

Bone erosion
How does inflammation cause bone erosion? Protein- 
degrading enzymes were originally thought to suffi-
ciently explain the bone erosion that occurs in arthritis; 
however, the importance of osteoclast-mediated bone 
resorption was suggested by the essential role of these 
cells in bone resorption in physiological bone remodel-
ling and by the observation that osteoclasts are numer-
ous at the synovium–bone interface in RA. Indeed, mice 
lacking osteoclasts are protected from bone erosion in 
TNF-transgenic (TNF-Tg) and serum transfer-induced 
models of arthritis, indicating the primacy of osteoclasts 
in bone erosion in RA38,39. The increased osteoclastogen-
esis observed in arthritis is attributed mainly to the 
increased expression of RANKL, as RANKL-deficient 
mice exhibit much less severe bone damage in arthritis 
than their matched littermates38.

Synovial fibroblasts, as well as T cells and B cells, 
express RANKL when activated36,37,40–43. A long-standing 
question was which cell type induces osteoclastogene-
sis in the inflamed synovium. In the collagen-induced 
arthritis (CIA) model, mice lacking RANKL expression 
in synovial fibroblasts, but not those with T cell-specific 
or B cell-specific RANKL deficiency, are protected from 
bone erosion, indicating that synovial fibroblasts are 
the primary RANKL-producing cells in the synovium 
in autoimmune arthritis6,44. These findings lend support 
to the concept of ‘tissue-destructive fibroblasts’6,44.

Pro-inflammatory cytokines such as TNF, IL-6  
and IL-1, which are abundant in the synovium and syno-
vial fluid in RA, promote RANKL expression by synovial 
fibroblasts. In addition, the immune system enhances 
osteoclastogenesis by activating osteoclast precursor 
cells in several ways. Pro-inflammatory cytokines act 
directly on osteoclast precursor cells to enhance sig-
nalling downstream of RANK as well as to increase the 
expression of co-stimulatory receptors for RANK45–47. 
Moreover, IgG immune complexes directly promote 
osteoclast differentiation through Fc receptors48 (Fig. 1). 
Antibodies have been shown to stimulate the produc-
tion of IL-8 and TNF as well as to promote osteoclas-
togenesis49,50. Serum concentration of soluble RANKL 
is associated with disease activity in RA51. However, 
studies in mice selectively lacking soluble RANKL have 
demonstrated that soluble RANKL does not contri-
bute to physiological bone remodelling or to a model of 
postmenopausal osteoporosis52. The question of how sol-
uble and membrane-bound RANKL contribute to bone 

Fig. 1 | Mechanism of structural damage in rheumatoid arthritis. a | Under physiolog-
ical conditions, synovial fibroblasts lubricate and nourish the cartilage surface by pro-
ducing hyaluronic acid and other joint lubricants such as lubricin. b | In rheumatoid 
arthritis, dendritic cells present autoantigens and produce cytokines that induce the  
differentiation of naive CD4+ T cells into T helper (TH) cells such as TH17 cells, T follicular 
helper (TFH) cells and T peripheral helper (TPH) cells. The conversion of FOXP3+ T cells to 
exFOXP3TH17 cells is promoted by IL-6 produced by synovial fibroblasts. IL-17 acti-
vates sublining synovial fibroblasts, macrophages and neutrophils, and induces the 
expression of pro-inflammatory cytokines and chemokines from these cells. TFH and 
TPH cells help B cells to produce autoantibodies and immune complexes. TH17 cells 
upregulate the activity of autoantibodies by regulating antibody glycosylation. Immune 
complexes activate innate immune cells to further upregulate pro-inflammatory 
cytokines and chemokines. Pro-inflammatory cytokines upregulate expression of recep-
tor activator of NF-κB ligand (RANKL) in synovial fibroblasts. Pro-inflammatory cytokines 
and IgG immune complexes directly promote differentiation of osteoclasts through  
Fc receptors. IL-17 activates lining synovial fibroblasts to express RANKL and matrix 
metalloproteinases (MMPs), which induce osteoclastogenesis and cartilage degrada-
tion. Pro-inflammatory cytokines as well as Wnt inhibitors (such as DKK1 and sclerostin) 
inhibit osteoblastic bone formation. Regulatory T (Treg) cells inhibit osteoclastogenesis.  
c | Periarticular bone loss. Plasma cells potently induce periarticular bone loss by express-
ing RANKL, autoantibodies and pro-inflammatory cytokines. B cells inhibit osteoblastic 
bone formation via TNF, CCL3 and IL-6. d | Systemic bone loss. Pro-inflammatory 
cytokines and immune complexes that circulate from inflamed joints as well as gluco-
corticoid administration promote osteoclastogenesis and inhibit osteoblastogenesis. 
Reduced mechanical loading induces expression of sclerostin and RANKL by osteo-
cytes, leading to inhibition of osteoblastogenesis and stimulation of osteoclastogenesis, 
respectively. PRIME cell, pre-inflammatory mesenchymal cell.

◀
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destruction in RA will be an interesting issue to explore 
in future investigations.

How are T cells involved in bone erosion in RA? Activated  
T  cells express not only RANKL but also effector 
cytokines with either stimulatory or inhibitory effects on 
osteoclastogenesis40,41. TH1 and TH2 cells inhibit osteo-
clastogenesis through the expression of IFNγ and IL-4, 
respectively. TH17 cells comprise an exclusively osteo-
clastogenic T cell subset that induces RANKL expression 
on synovial fibroblasts via production of IL-17, IL-21 
and IL-22 (reFs7,53,54). Pro-inflammatory cytokines from 
IL-17-activated innate immune cells further induce 
RANKL expression on synovial fibroblasts and act on 
osteoclast precursor cells to activate the downstream 
pathway of RANK3,7. Desialylation of IgG by TH17 cells 
also increases the osteoclastogenic capacity of immune 
complexes20,55 (Fig. 1).

Regulatory T (Treg) cells are pivotal in the sup-
pression of immune responses and the prevention of 
autoimmunity56. FOXP3 functions as the master tran-
scription factor for the development and function of 
Treg cells57. Humans and mice deficient in FOXP3 exhibit 
lethal autoimmune diseases owing to a lack of Treg cells56. 
Evidence from a combination of genome-wide asso-
ciation studies with epigenetic analysis or expression 
quantitative trait locus analysis suggests that Treg cells are 
strongly associated with RA58,59. Treg cells express high 
amounts of CTLA4 and IL-10, which act on osteoclast 
precursor cells and inhibit osteoclastogenesis60,61. Thus, 
Treg cells not only regulate inflammation in arthritis, 
but also directly inhibit bone destruction. Considering 
that Treg cells recognize autoantigens, the loss of FOXP3 
expression in Treg cells could exacerbate autoimmune 
arthritis. Indeed, some FOXP3+ T cells are plastic, and 
they lose FOXP3 expression and convert to arthritogenic 
TH17 cells, which exacerbate autoimmune arthritis62. 
These TH17 cells of FOXP3+ T  cell origin (called 
exFOXP3TH17 cells) induce osteoclastogenesis more effi-
ciently than TH17 cells derived from naive CD4+ T cells. 
exFOXP3TH17 cells produce copious amounts of effector 
molecules such as IL-17, CCR6, CCL20 and RANKL, and 
induce RANKL expression on synovial fibroblasts62,63. 
Thus, exFOXP3TH17 cells are the osteoclastogenic T cell 
subset that most potently induces bone erosion.

How is osteoblastic bone formation impaired in RA? 
In arthritic joints, osteoblast function is impaired, 
especially in the bone adjacent to the inflammatory 
synovium64. Pro-inflammatory cytokines inhibit  
osteoblastic bone formation via several mechanisms8.

TNF suppresses osteoblast differentiation by sup-
pressing expression of the transcription factor RUNX2 
and by upregulating inhibitors of Wnt signalling65. In 
the RA synovium, endogenous Wnt inhibitors such 
as Dickkopf-related protein 1 (DKK1), sclerostin, and  
Frizzled-related proteins are upregulated8; DKK1  
and sclerostin inhibit Wnt signalling by binding to 
LRP5 and LRP6, which are receptors for canonical 
Wnt signalling, whereas Frizzled-related proteins bind 
directly to Wnt ligands. DKK1 is produced mainly by 
TNF-stimulated synovial fibroblasts. In patients with 

RA, variants of Dkk1 variants are associated with severe 
joint destruction66. Sclerostin is produced not only by 
osteocytes, but also by TNF-stimulated synovial fibro-
blasts67. TNF also inhibits BMP signalling by inducing 
the production of BMP3, an endogenous BMP inhibitor, 
by osteoblasts68.

IL-1 inhibits osteoblast differentiation, whereas 
IL-6 promotes osteoblast differentiation and bone for-
mation under certain conditions69,70. Administration 
of IL-6 stimulates bone formation in mice via trans- 
signalling, but treatment with an antibody targeting 
IL-6 receptor has no negative effects on bone mass71, 
possibly because IL-6 blockade has a positive influence 
on bone mass by suppressing inflammation mediated 
by IL-6 and other cytokines such as TNF as well as by 
inhibiting osteoclastogenic bone resorption.

The role of IL-17 in osteoblast differentiation is 
controversial72. Spondyloarthritis, including psoriatic 
arthritis and ankylosing spondylitis, is characterized by 
inflammation and new bone formation in entheses, both 
of which are known to be reduced by IL-17 blockade73,74. 
Conversely, IL-17 deficiency promotes bone forma-
tion without influencing inflammation and bone ero-
sion in the joints of mice with serum transfer-induced 
arthritis75. IL-17 inhibits calvarial osteoblast differen-
tiation in vitro by inducing osteoblast expression of 
secreted Frizzled-related protein 1 (reF.75). Reportedly, 
IL-17 from γδ T cells promotes bone formation and facil-
itates bone fracture healing76. It is likely that the effect 
of IL-17 on bone formation is dependent on the type of 
osteoblast precursors and the microenvironments of the  
affected sites72.

Pro-inflammatory cytokines can modulate osteoblasts 
by regulating the expression of semaphorins, which are 
known to act as osteoimmune factors. Under physio-
logical conditions, semaphorin 3A (Sema3A) promotes 
osteoblastic bone formation, whereas Sema4D sup-
presses it77,78. TNF and IL-6 promote the expression of 
ADAMTS-4, which cleaves cell-surface Sema4D to gen-
erate soluble Sema4D79. In RA, serum levels of Sema3A 
are negatively correlated with disease activity, whereas 
levels of Sema4D are positively correlated with disease 
activity, suggesting that altered expression of Sema3A 
and Sema4D under inflammatory conditions might lead 
to impaired osteoblastic bone formation in arthritis79,80.

Whereas immune regulation of osteoblasts has 
been extensively studied, the regulation of the immune 
response by osteoblasts in RA remains largely unclear. 
Within the past few years, it has been reported that 
osteoblasts produce PLEKHO1, a negative regulator 
of osteoblastic bone formation that promotes the pro-
duction of pro-inflammatory cytokines in osteoblasts81. 
Osteoblast-specific inhibition of PLEKHO1 ameliorated 
inflammation and promoted bone formation in a mouse 
model of arthritis81. Elucidation of osteoblast–immune 
interactions will contribute to the development of future 
therapeutic strategies for restoring joint structure.

Periarticular bone loss
Periarticular bone loss in RA is an osteoporotic lesion 
observed in the bone adjacent to joints82. Periarticular 
bone loss has been attributed to joint inflammation but 
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the precise mechanism remains unclear. Periarticular 
bone loss is already present in the pre-RA state in ACPA+ 
individuals83. Indeed, ACPAs were shown to induce oste-
oclastogenesis and periarticular bone loss in a model of 
antigen-induced arthritis84.

Plasma cells are specialized B lineage cells that 
produce antibodies and reside primarily in the bone 
marrow84,85. Under arthritic conditions, plasma cells 
accumulate in the bone marrow proximal to inflamed 
joints and express RANKL at high levels44. Plasma 
cells efficiently induce osteoclastogenesis in vitro in a 
RANKL-dependent manner44. The ability of plasma 
cells to induce osteoclasts is much greater than that of 
B cells. Mice deficient in RANKL in the B cell lineage 
are protected from periarticular bone loss, although not 
from bone erosion44. Plasma cells also produce anti-
bodies and pro-inflammatory cytokines such as IL-6 
(reFs85,86). Taken together, these findings show that bone 
marrow plasma cells promote osteoclastogenesis and 
thereby periarticular bone loss by expressing RANKL, 
pro-inflammatory cytokines and autoantibodies (Fig. 1). 
The contribution of RANKL derived from osteoblasts or 
osteocytes to periarticular bone loss needs to be further 
explored.

Impaired osteoblastic bone formation results in peri-
articular bone loss because bone mass that is removed 
by osteoclasts is not fully replaced. Subchondral bone 
marrow B cells inhibit osteoblast function by expressing 
CCL3 and TNF87. Expression of sclerostin is increased 
and expression of RUNX2 is decreased in periarticular 
bone before the onset of adjuvant-induced arthritis, sug-
gesting that osteocytes may contribute to the impaired 
bone formation in periarticular bone loss88.

The bone marrow in proximity to the inflamed 
joints where periarticular bone loss occurs might be 
called ‘draining’ bone marrow, by analogy with drain-
ing lymph nodes, which are essential for the initiation 
and progression of immune responses at inflammatory 
sites. The immune dysregulation that elicits periarticular 
bone loss can also trigger joint damage. Patients with RA 
develop cortical microchannels in the bare area of the 
joint, where bone is not covered by articular cartilage 
within the joint capsule at an early stage of the disease, 
suggesting that the microchannels might facilitate com-
munication between the draining bone marrow and the 
synovium, leading to the clinical onset and progression 
of RA89.

Systemic bone loss
Systemic bone loss in RA is observed as widespread 
osteo porosis, typically in the vertebrae and femurs, which  
have an increased risk of fracture compared with those 
in individuals without RA8,90,91. In general, osteoporosis 
is caused by diverse factors such as ageing, menopause 
and vitamin D deficiency11. The incidence of osteopo-
rosis in patients with RA is approximately two times 
higher than in the general population92. This increased 
incidence is possibly attributable to RA-specific factors 
such as activation of the immune system, glucocorticoid 
treatment and loss of mobility.

Inflammatory factors such as immune complexes 
and pro-inflammatory cytokines contribute to systemic 

bone loss, but additional factors, such as glucocorti-
coid treatment and immobility, are also important. 
Glucocorticoid treatment inhibits osteoblast differenti-
ation, induces osteoblast apoptosis and activates osteo-
clast differentiation90,91. Pro-inflammatory cytokines, 
which are produced in the inflamed joints, can induce 
systemic bone loss by activating osteoclastic bone 
resorption and inhibiting osteoblastic bone formation in 
bones at distant sites90,91. Immune complexes circulating 
in the bloodstream stimulate osteoclastic bone resorp-
tion systemically48–50. As for the source of RANKL in  
systemic bone loss in RA, plasma cell-derived RANKL 
is reportedly dispensable, suggesting the importance of 
RANKL derived from osteoblasts and osteocytes44. As 
mentioned above, a reduction in mechanical loading 
increases RANKL expression in osteocytes, leading to 
enhanced osteoclastic bone resorption10,14; in addition, 
mechanical unloading increases sclerostin expression 
in osteocytes, thereby decreasing osteoblastic bone 
formation15. These mechanisms could explain the 
immobility-related bone loss in RA (Fig. 1).

Immune cell–fibroblast–bone interactions
Active disease
As tissue-destructive synovial fibroblasts are important 
mediators of joint destruction, it is important to clarify 
the immune mechanism(s) that promotes the expres-
sion of genes encoding tissue-destructive molecules 
(such as RANKL) in synovial fibroblasts. Early in vitro 
experiments showed that pro-inflammatory immune 
mediators, such as IL-17, IL-6, IL-1, TNF, oncostatin-M 
and prostaglandin E2, or a combination thereof, increase 
RANKL expression in synovial fibroblasts93. Subsequent 
studies have provided more information regarding the 
interactions among immune cells, fibroblasts and bone 
at the cellular and molecular level.

CD40L on activated T cells was shown in the early 
studies to induce the proliferation and expression of 
adhesion molecules, such as intercellular adhesion mol-
ecule 1 (ICAM1) and vascular cell adhesion molecule 1 
(VCAM1), as well as pro-inflammatory cytokines such 
as IL-6 by synovial fibroblasts94. ICAM1 and VCAM1 
expressed by synovial fibroblasts further promote the 
interaction between T cells and synovial fibroblasts and 
CD4+ T cell activation95,96. T cells and synovial fibroblasts 
activate each other by producing pro-inflammatory 
cytokines and chemokines. For instance, T cells induce 
the expression of pro-inflammatory cytokines such as 
IL-6 and IL-8 by synovial fibroblasts97, and IL-7 from 
synovial fibroblasts promotes a homeostatic prolifer-
ation of T cells under arthritic conditions98. CX3CL1 
(also known as fractalkine) expressed by synovial 
fibroblasts promotes the recruitment and activation of 
CX3CR1-expressing T cells99. Considering the high level 
of expression of CX3CR1 on TPH cells, it is possible that 
TPH cells and synovial fibroblasts might interact with 
each other19. CXCL10 expressed by synovial fibroblasts 
enhances the recruitment of CXCR3-expressing T cells, 
including TH1 cells, and CCL20 from synovial fibroblasts 
promotes the recruitment of CCR6-expressing TH17 cells 
to inflammatory joints100,101. Of note, IL-6 produced by 
synovial fibroblasts promotes the differentiation of TH17 
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cells, and IL-17 together with IL-6 further enhances IL-6 
production by synovial fibroblasts, forming a positive 
feedback loop referred to as the IL-6 amplifier102. IL-6 is 
also important for the pathogenic conversion of FOXP3+ 
T cells into exFOXP3TH17 cells. IL-6 produced by syn-
ovial fibroblasts determines the fate of plastic FOXP3+ 
T cells and thereby promotes an imbalance between 

Treg cells and TH17 cells62. In line with this concept, in 
a clinical study an increase in peripheral blood Treg cells 
was correlated with clinical response in patients with 
RA treated with IL-6 blockade103. TH17 cells promote 
the production of not only RANKL, but also many 
pro-inflammatory mediators including granulocyte–
macrophage colony-stimulating factor (GM-CSF) and 
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cadherin-11, by synovial fibroblasts104,105. Thus, syno-
vial fibroblasts and T cells activate each other to amplify 
inflammation and bone erosion in arthritis7. RA syno-
vial fibroblasts can reportedly act as antigen-presenting 
cells by internalizing neutrophil extracellular traps that 
contain citrullinated peptides and presenting them as 
antigens to T cells106,107. Considering that the propor-
tion of HLAhiTHY1+ sublining synovial fibroblasts 
is increased in the RA synovium18, it is possible that 
these synovial fibroblasts may amplify inflammation as 
antigen-presenting cells.

RA synovial fibroblasts promote the survival of  
B cells by producing VCAM1 and CXCL12 (reF.108). 
In addition, synovial fibroblasts stimulated with Toll- 
like receptor 3 ligands promote the differentiation and 
activation of B cells by producing TNF ligand super-
family members 13 and 13B (also known as APRIL and 
BAFF, respectively) as well as IL-6, thereby promot-
ing the production of antibodies, including ACPAs109.  
In turn, immune complexes exacerbate inflamma-
tion and osteoclastogenesis3,48–50. In a study published 
in 2020, longitudinal genomic analysis of blood from 
patients with RA revealed that just before a flare of RA 
the activation of B cells is followed by an expansion of 
circulating CD3−CD45−PDPN+ pre-inflammatory mes-
enchymal (PRIME) cells, which resemble pathogenic 
sublining inflammatory synovial fibroblasts110. Levels of 
PRIME cells then decrease in the blood just after symp-
tom onset and are considered to expand in inflammatory 
synovium, suggesting that they might migrate from the 
blood to the synovium. This suggests a possible contri-
bution of an interaction between B cells and synovial 
fibroblasts to the recurrence of RA symptoms110. It would 
be interesting to clarify where PRIME cells come from 
and how they are activated, in order to better understand 
the mechanism of RA flare.

As mentioned above, RA synovial fibroblasts pro-
mote the recruitment of monocytes into joints by secret-
ing chemokines such as CCL2 and CXCL10. Mechanical 
strain-mediated exacerbation of arthritis is dependent 
on these chemokines, suggesting that the interaction 
between monocytes and mechanosensitive synovial 

fibroblasts might underlie the joint specificity of RA 
pathogenesis23. Obviously, the recruitment of RANK+ 
monocytes and macrophages enhances osteoclastic 
bone erosion through their interaction with RANKL+ 
synovial fibroblasts. A study published in 2019 iden-
tified a CX3CR1hiLy6CintF4/80+I-A/I-E+ macrophage 
subset, termed arthritis-associated osteoclastogenic 
macrophages (AtoMs), as the pathogenic osteoclast 
precursor population in arthritis111. Because CX3CL1 
is highly produced by endothelial cells and synovial 
fibroblasts, the CX3CR1–CX3CL1 axis is important for 
the migration of pathogenic osteoclast precursors to the  
inflamed synovium. In addition, prostaglandins pro-
duced by RA synovial fibroblasts drive the polariza-
tion of proheparin-binding EGF-like growth factor 
(HBEGF)-expressing macrophages112; in turn, these 
HBEGF+ macrophages promote synovial fibroblast 
invasiveness.

Aside from their interaction with immune cells, 
synovial fibroblasts interact with mesenchymal  
cells such as endothelial cells and osteoblasts in arth-
ritis. As mentioned above, the differentiation of inflam-
matory synovial fibroblasts requires Notch signalling 
triggered by endothelial cells30. Moreover, RA synovial 
fibroblasts suppress osteoblastic bone formation via 
the expression of DKK1 (reF.113). Although the effects 
of immune cells on synovial fibroblasts and bone cells 
have been extensively studied, the influence of bone 
cells on synovial fibroblasts and/or immune cells has not 
been fully clarified and needs to be explored in further  
studies (Fig. 2).

Remission
In patients with clinical remission, joint structural dam-
age typically does not proceed. However, certain patients 
can be in a state of clinical remission in terms of signs 
and symptoms of inflammatory joint disease, but can 
have subclinical synovitis detectable by ultrasonography, 
which is associated with a high risk of bone erosion114. 
Thus, complete resolution of joint inflammation could 
be important for the achievement of structural remis-
sion with no further bone loss. Conversely, however, 
treatment with TNF blockade has been reported to 
suppress joint destruction even in patients who expe-
rience no or little clinical improvement, suggesting that 
joint destruction sometimes proceeds independently 
of inflammation115. Identifying the specific mechanism 
by which joint destruction occurs would help in the 
development of a method for establishing structural 
remission.

As mentioned above, Treg cells have an important 
role in immune suppression56. Treg cells also regulate 
bone homeostasis by decreasing osteoclastogenesis and 
increasing osteoblastic bone formation via CTLA4, IL-10 
and transforming growth factor-β61,116–118. Under physio-
logical conditions, the adoptive transfer of Treg cells sup-
presses osteoclastogenesis and increases bone volume119. 
Moreover, Foxp3-Tg mice are protected from bone ero-
sion in a model of TNF-Tg arthritis120. Impaired Treg cell 
function or the emergence of exFOXP3TH17 cells has 
a pathological role in both autoimmune inflamma-
tion and bone resorption62. IL-9-deficient mice exhibit 

Fig. 2 | Immune cell–fibroblast–bone interplay in rheumatoid arthritis. Overview of 
the interactions among immune cells, fibroblasts and bone in bone erosion and remis-
sion. a | Left: Immune cells and pro-inflammatory synovial fibroblasts interact and acti-
vate each other via the production of pro-inflammatory cytokines and chemokines. 
Tissue-destructive synovial fibroblasts induce osteoclastogenesis by expressing receptor 
activator of NF-κB ligand (RANKL) and inhibit osteoblastogenesis by expressing Wnt 
inhibitors. Immune cells can directly promote osteoclastogenesis and inhibit osteoblas-
togenesis via pro-inflammatory cytokines and immune complexes. Bone cells reportedly 
activate immune cells and synovial fibroblasts via pro-inflammatory cytokines, but the 
effects of bone cells on the other cells are not well investigated. Right: Immune cell sub-
sets including regulatory T (Treg) cells, MerTK+CD206+ macrophages and IL-9-producing 
innate lymphoid cells (ILCs) are thought to be involved in structural remission. Regulatory 
subsets of synovial fibroblasts and bone cells remain to be identified. b | Details of the 
interplay within the immune cell–fibroblast–bone interplay. Integration of findings from 
single-cell RNA sequencing and biological studies enables us to depict the interactions 
among immune cells, fibroblasts and bone at the cellular and molecular levels. ACPA, 
anti-citrullinated peptide antibody; AtoM, arthritis-associated osteoclastogenic macro-
phage; GM-CSF, granulocyte–macrophage colony-stimulating factor; MMP, matrix met-
alloproteinase; RA, rheumatoid arthritis; SF, synovial fibroblast; TFH cell, T follicular helper 
cell; TH17 cell, T helper 17 cell; TPH cell, T peripheral helper cell.
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delayed resolution of antigen-induced arthritis as well 
as impaired activation of Treg cells and impaired pro-
liferation of type 2 innate lymphoid cells (ILC2s)121. 
Administration of IL-9 in a serum transfer-induced 
arthritis model led to resolution of inflammation and 
joint destruction. IL-9 induces proliferation of ILC2s, 
which activate Treg cells in a manner dependent on 
inducible T cell costimulator (ICOS) and TNF receptor 
superfamily member 18 (GITR), supporting the impor-
tance of the interaction between Treg cells and ILC2s 
in the resolution phase of arthritis121. These findings 
suggest that controlling Treg cells would be a powerful 
approach to achieving structural remission.

As for anti-inflammatory subsets of macrophages, 
a 2019 study identified a population of CX3CR1+ res-
ident synovial macrophages that restrict inflamma-
tory reactions by providing a tight-junction-mediated 
protective barrier for the joint122. Determining how 
CX3CR1+ resident synovial macrophages and lining syn-
ovial fibroblasts interact with each other under physio-
logical and arthritic conditions would be of interest. 
Another protective macrophage subset was identi fied 
by scRNA-seq analysis of synovial tissue macro phages  
from patients with early active RA, treatment-refractory 
active RA or treatment-sensitive RA in remission. These 
MerTK+CD206+ macrophages, which are enriched in 
the synovium of patients with RA in a state of sustained 
remission, resolve inflammation and induce a ‘repair’ 
phenotype of synovial fibroblasts via the production of 
lipid mediators123. Having a low proportion of MerTK+ 
macrophages is associated with an increased risk of dis-
ease flare after treatment cessation. This approach using 
scRNA-seq analysis will be important for the further 
identification of regulatory cell subsets that are necessary 
for inhibiting structural damage in RA (Fig. 2).

Treating structural damage
RA treatment is generally focused on immunomodula-
tory therapy to address joint inflammation. DMARDs, 
which are widely used for RA treatment, are now classi-
fied into three groups: conventional synthetic DMARDs, 
such as methotrexate; biologic DMARDs (bDMARDs), 
including anti-TNF, anti-IL-6 and anti-CD20 agents 
and CTLA4-Ig; and targeted synthetic DMARDs 
 (tsDMARDs), such as Janus kinase (JAK) inhibitors8,90.

bDMARDs and JAK inhibitors are effective in pre-
venting both joint inflammation and bone erosion. 
However, the effects of DMARDs on periarticular 
and systemic bone loss in RA are limited or have been 
poorly investigated90,91. The anti-RANKL antibody 
denosumab decreases bone erosion in RA124–126 and is 
approved in Japan for the treatment of bone erosion of 
RA. Anti-RANKL antibodies and bisphosphonates are 
effective for treating systemic osteoporosis and in reduc-
ing the risk of fracture in patients with RA, although 
they do not exert effects on inflammation or cartilage 
degradation126.

Current therapies effectively inhibit the progression of 
bone destruction in the majority of patients with RA, but 
in certain cases the response to even multiple DMARDs 
is inadequate, and it is thus difficult to completely prevent 
bone destruction. Therefore, we urgently need to fully 

elucidate the cellular and molecular network underlying 
structural damage in RA. In this section we provide an 
overview of the effects of bDMARDs and JAK inhibitors 
on joint structure and discuss novel candidates for future 
therapies to treat structural damage.

Biologic DMARDs
TNF inhibitors, IL-6 inhibitors and CTLA4-Ig are 
widely used bDMARDs. These bDMARDs effectively 
inhibit inflammation, bone erosion and cartilage deg-
radation by suppressing the local inflammation medi-
ated by synovial fibroblasts and macrophages as well as 
by inhibiting RANKL induction and RANK signalling 
pathways3,8,11. One might consider that structural pro-
tection is achieved mainly by the inhibition of inflam-
mation, but inflammation-independent effects of TNF 
blockade on bone could exist, given that bone erosion 
is ameliorated in certain cases without any improve-
ment in inflammation115. CTLA4-Ig inhibits inflam-
mation by binding to CD80/CD86 on dendritic cells 
and suppressing T cell activation, and directly inhib-
its osteoclast differentiation by inducing apoptosis of 
osteoclast  precursor cells in a CD80/CD86-dependent 
manner118,127.

In patients with established RA, inhibitors of IL-17A 
or IL-23 are less effective than other bDMARDs128, even 
though it has been well documented that TH17 cells are 
critical to arthritis pathogenesis (both inflammation 
and bone damage) and IL-17-deficient mice have been 
shown to be resistant to inflammation and bone destruc-
tion in various mouse arthritis models7. This reduced 
efficacy could be attributable to the heterogeneity of 
RA, with TH17-dependent mouse models reflecting the 
 disease of only some patients with RA. Alternatively, it is 
possible that TH17 cells are important only for the early 
phase of RA rather than the established phase20. In line 
with this idea, an anti-IL-17 antibody was shown to be 
effective in the early phase rather than the late phase in 
a TH17-dependent mouse model129. Notably, dual block-
ade of IL-17A and IL-17F with bimekizumab produced a 
favourable result in a clinical trial involving patients with 
RA who had an inadequate response to a TNF inhib-
itor, suggesting that IL-17 blockade remains a promising 
approach if IL-17 family cytokines are fully blocked130. 
The current therapies for RA target pro-inflammatory 
cytokines mainly produced by innate immune cells  
and synovial fibroblasts, and thus target bystander path-
ways rather than antigen-specific pathways. Under-
standing the autoimmune mechanisms in RA could 
lead to the establishment of new therapeutic  strategies  
in the future.

JAK inhibitors
JAKs (including JAK1, JAK2, JAK3 and TYK2) are 
widely expressed in immune and stromal cells in joints 
and are involved in various cellular responses initi-
ated by cytokines. JAKs phosphorylate signal trans-
ducer and activator of transcription proteins (STATs), 
which then translocate to the nucleus to regulate gene 
transcription. JAK inhibitors suppress joint inflamma-
tion to an extent similar to the suppression produced 
by bDMARDs8,90. Which type of cells and signalling 
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pathways are the specific targets of JAK inhibitors 
in vivo remains unclear, as most immune and bone 
cells are influenced by cytokine signalling that utilizes  
JAK–STAT pathways. In  vitro studies have shown  
that JAK inhibitors suppress the production of IFNγ and 
IL-17 as well as the proliferation of CD4+ T cells131. JAK 
inhib itors also inhibit the expression of CD80/CD86 as 
well as pro-inflammatory cytokines such as IL-6 and 
TNF in dendritic cells132.

Certain JAK inhibitors inhibit bone erosion in 
patients with RA more potently than TNF blockade, sug-
gesting that some JAK inhibitors might protect against 
structural damage through distinct mechanisms133,134. 
Although JAK inhibitors have no direct effects on 
osteoclast precursors, they suppress osteoclastogen-
esis by inhibiting the expression of RANKL on 
osteoclast-supporting mesenchymal cells135,136. In vitro, 
JAK inhibitors promote osteoblastogenesis in part by 
increasing the expression of anabolic proteins such as 
Wnt1 and β-catenin in osteoblasts135. In addition, it 
seems that JAK inhibition reverses bone erosion in RA 
by promoting the restoration of bone mass135. Further 
studies are necessary to elucidate whether and how JAK 
inhibition regulates structural damage in vivo.

Emerging therapeutic targets
To reinstate the joint structure, it is necessary to deter-
mine how to enhance the osteoblastic bone formation 
under arthritic conditions137. Blockade of DKK1 and 
sclerostin, both of which inhibit Wnt signalling, have 
been shown to exert considerable effects on bone forma-
tion in arthritis67,113,138,139. Treatment with an anti-DKK1 
antibody prevents bone damage and leads to bone for-
mation in TNF-Tg arthritis113. An anti-sclerostin anti-
body blocks periarticular and systemic bone loss in 
TNF-Tg arthritis and CIA, although it does not affect 
joint inflammation138,139. Thus, blockade with Wnt inhib-
itors could serve as a treatment for reinstating the joint 
structure in RA. However, TNF-Tg arthritis is exacer-
bated in sclerostin-deficient mice, consistent with a role 
for sclerostin in attenuating TNF signalling67. Therefore, 
treatment with a sclerostin inhibitor needs to be care-
fully conducted with much attention given to potential 
adverse effects.

There are other candidate molecules that can increase 
bone formation under arthritic conditions. Sema3A 
exerts bone anabolic effects by increasing osteoblastic 
formation and inhibiting osteoclastogenesis77. Sema3A 
has also been identified as an immunosuppressive 
factor, and the administration of Sema3A not only 
ameliorated inflammation and bone erosion but also 
increased bone formation in a serum transfer-induced 
model of arthritis140. In addition, Sema4D is known to 
be an osteoimmune molecule that promotes inflam-
mation and inhibits osteoblastic bone formation78,79. 
Administration of an anti-Sema4D antibody inhibits 
inflammation and bone erosion in CIA79. Moreover, 
Notch signalling is important for the polarization of 
inflammatory synovial fibroblasts as well as the inhib-
ition of osteoblastic bone formation, and studies in 
mice have shown that Notch inhibition increases bone 
volume by enhancing osteoblastic bone formation141. 

Furthermore, the CX3CR1–CX3CL1 axis and the 
CXCL10–CXCR3 axis promote not only the migration 
of T cells and macrophages, but also the activation of 
synovial fibroblasts99,100,142,143. Blockade of CX3CL1 and 
CXCL10 as well as blockade of GM-CSF and M-CSF 
have been shown to inhibit inflammation and bone 
erosion in mouse models of arthritis and are now being 
investigated in a clinical trial100,144–148. Thus, therapeutic 
strategies targeting molecules involved in the immune 
cell–fibroblast–bone triad will be beneficial for both 
inhibition of inflammation and restoration of the joint 
structure in RA (TaBle 1).

Current therapies are not universally effective in all 
patients because RA pathogenesis is heterogeneous. 
The lack of predictors of treatment success presents a 
problem in relation to the choice of the best therapy for 
each individual patient. It is thus important to establish 
therapeutic strategies that are based on patient subpop-
ulations. It remains to be seen whether the analysis of 
cells and transcriptomes in synovial tissue samples can 
appropriately delineate disease subsets and provide bet-
ter targets for therapeutics. Alternatively, targeting the 
pathogenic synovial fibroblasts common to all patients 
with RA is an attractive therapeutic strategy. In terms 
of targeting surface molecules expressed on synovial 
fibroblasts, administration of antibodies directed against 
cadherin-11 and depletion of FAPα+ synovial fibroblasts 
have been shown to be effective in mouse models of 
RA4,28. An anti-cadherin-11 antibody has been shown to 
be ineffective in clinical studies, while therapies targeting 
FAPα are still under clinical investigation149,150. At pres-
ent, there are no therapies targeting synovial fibroblasts 
that inhibit both bone erosion and cartilage degradation. 
Further identification of the surface or intracellular pro-
teins specifically expressed by tissue-destructive synovial 
fibroblasts will contribute to the development of agents 
designed to treat structural damage.

Conclusions
Synovial fibroblasts play an important part in exacerbat-
ing inflammation and joint damage in RA by enhancing 
osteoclastogenic bone erosion and cartilage destruc-
tion as well as inhibiting osteoblastic bone formation. 
Structural remission will be achieved by completely 
inhibiting inflammation in addition to inhibiting the 
specific pathways related to joint damage. To this end, it 
will be important to further elucidate the mechanisms of 
immune cell–fibroblast–bone interplay and their effects 
on joint destruction and the generation of pathogenic 
synovial fibroblasts. TH17 cells has been considered 
to play a key role in autoimmune inflammation and 
bone destruction3,12. The activation of immune cells, 
including induction of a Treg cell–TH17 cell imbalance, is 
important for the arthritogenic effects of synovial fibro-
blasts. Treg cells not only inhibit inflammation, but also 
inhibit osteoclastogenic bone resorption and promote 
osteoblastic bone formation. It would be interesting to 
investigate whether Treg cells modulate joint damage by 
regulating the function or polarization of synovial fibro-
blasts. Thus, in future studies more attention will need to 
paid to Treg cells and synovial fibroblasts as well as cells 
that promote bone formation.
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Technological advances in the past several years have 
revealed the heterogeneity of cell subsets and enabled the 
identification of pathogenic and protective cell popula-
tions. From a therapeutic point of view, it is important to 
restore the joint structure by increasing osteoblastic bone 
formation and by targeting the pathogenic immune cell–
fibroblast axis. Clarification of the interaction between 
immune cells and fibroblasts at the single-cell level will 
provide new insights into the pathogenesis of RA. In 
order to prove the pathological relevance of the find-
ings obtained by scRNA-seq analysis, it will be necessary 

to perform loss-of-function analysis in vivo, such as 
cell-type-specific gene deletion. Clarifying how skeletal 
stem cells or the nervous system contribute to joint dam-
age in RA will also be important. Integration of in silico 
and in vivo studies will provide a complete atlas of the 
immune cell–fibroblast–bone triad in RA, providing a 
molecular basis for the development of future therapeutic 
strategies aimed at providing protection against structural 
damage as well as restoration of damaged joints.
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Table 1 | The effect of molecules on immune cells, synovial fibroblasts and bone

Molecule Main source Effect on  
immune cells

Effect on synovial fibroblasts Effect  
on bone

Established therapeutic targets for treatment of RA

TNF Macrophages, 
T cells, B cells

Activation Activation, ↑ RANKL expression Osteoblasts ↓, 
osteoclasts ↑

IL-6 Synovial fibroblasts Activation, Treg cell–
TH17 cell imbalance

Activation, ↑ RANKL expression Osteoblasts ↓, 
osteoclasts ↑

IL-1β Macrophages Activation Activation, ↑ RANKL expression Osteoblasts ↓, 
osteoclasts ↑

CTLA4 Treg cells Inhibition of T cell 
priming and DCs

ND Osteoclasts ↓, 
osteoblasts ↑a

IL-17 TH17 cells Activation, 
accumulation

Activation, ↑ RANKL expression Osteoblasts ↓, 
osteoclasts ↑b

JAKs Various cell types Activation Activation, ↑ RANKL expression Osteoblasts ↓, 
osteoclasts ↑b

Autoantibodies B cells Activation ND Osteoclasts ↑
Selected candidate therapeutic targets for treatment of RA

Sema3A Osteoblasts, 
synovial fibroblasts

Inhibition Activation Osteoblasts ↑, 
osteoclasts ↓

Sema4D T cells Activation ND Osteoblasts ↓
NOTCH3 Synovial fibroblasts Activation Polarization of pro-inflammatory 

synovial fibroblasts
Osteoblasts ↓

Cadherin-11 Synovial fibroblasts ND Activation, cell–cell adhesion 
for the maintenance of synovial 
architecture

ND

DKK1 Synovial fibroblasts ND ND Osteoblasts ↓
Sclerostin Osteocytes, 

synovial fibroblasts
ND ND Osteoblasts ↓

CXCL10 Synovial fibroblasts Recruitment of T cells Activation ND

Fractalkine 
(CX3CL1)

Synovial fibroblasts, 
endothelial cells

Recruitment of T cells 
and monocytes

Activation Osteoclasts ↑

GM-CSF Synovial fibroblasts, 
T cells, ILCs

Activation of DCs and 
macrophages

ND Osteoclasts ↓

M-CSF Mesenchymal cells Activation of 
macrophages

ND Osteoclasts ↑

DC, dendritic cell; GM-CSF, granulocyte–macrophage colony-stimulating factor; ILC, innate lymphoid cell; JAK, Janus kinase; 
M-CSF, macrophage colony-stimulating factor; ND, not determined; RANKL, receptor activator of NF-κB ligand; TH17 cell, T helper 
17 cell; Treg cell, regulatory T cell. aCTLA4 indirectly promotes osteoblastic bone formation by inducing T cell anergy and production 
of T cell derived Wnt10b. bIL-17 and JAK indirectly promote osteoclastic bone absorption by inducing RANKL expression on 
synovial fibroblasts.
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Low- dose glucocorticoids benefit seniors with RA
In the pragmatic, placebo- controlled GLORIA trial, patients 
aged 65 years or older with established rheumatoid arthritis 
(n = 451) experienced beneficial long- term effects from the 
addition of low- dose prednisolone (5 mg per day) to standard  
of care, with the results suggesting a favourable balance of 
benefit and harm. Over 2 years, DAS28 was mean 0.37 points 
lower and joint damage progression was mean 1.7 points lower 
in those who received add- on prednisolone compared with 
those who received placebo. More patients in the prednisolone 
group had at least one adverse event of special interest  
(60% versus 49%).
ORIgInAl ARTIclE Boers, M. et al. Low dose, add- on prednisolone in patients with 
rheumatoid arthritis aged 65 + : the pragmatic randomised, double- blind placebo- controlled 
GLORIA trial. Ann. Rheum. Dis. https://doi.org/10.1136/annrheumdis-2021-221957 (2022)
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 A U TO I M M U n I T Y

Machine learning reveals antibody signature
An analysis of multi- omics data using algorithms derived 
from machine learning has revealed a set of features that 
can distinguish patients who are positive for anti- Ro60 
autoantibodies (anti- Ro60+; n = 520) from anti- Ro60− patients 
(n = 511) and from healthy individuals (n = 279) regardless 
of their underlying autoimmune disease (systemic lupus 
erythematosus, primary Sjögren syndrome or undifferentiated 
connective tissue disease). The inflammatory signature was  
also common to anti- Ro60+ patients with rheumatoid arthritis 
or systemic sclerosis in an independent cohort.
ORIgInAl ARTIclE Foulquier, N. et al. Machine learning identifies a common signature 
for anti‐SSA/Ro60 antibody expression across autoimmune diseases. Arthritis Rheumatol. 
https://doi.org/10.1002/art.42243 (2022)

 S Y S T E M I c  l U P U S  E RY T H E M ATO S U S

Pregnancy outcomes in SLE have not improved
Analysis of real- world pregnancy outcomes using electronic 
health records of patients with systemic lupus erythematosus 
(SLE) found that, compared with the general population,  
SLE pregnancies had nearly fivefold higher rates of preterm  
delivery (51% versus 10%) and preeclampsia (25% versus 5%).  
Adverse outcomes in SLE pregnancies remained largely 
unchanged across the study period (1989 to 2020). Use of 
medications such as hydroxycholoroquine and aspirin during 
SLE pregnancy did not increase over time despite increased 
evidence supporting their use.
ORIgInAl ARTIclE Barnado, A. et al. Systemic lupus erythematosus delivery outcomes 
are unchanged across three decades. ACR Open Rheum. https://doi.org/10.1002/
acr2.11447 (2022)

 R H E U M ATO I D  A RT H R I T I S

Semaphorin 3G exacerbates joint inflammation
Findings of a new study suggest semaphorin 3G, expression 
of which is downregulated by methotrexate treatment, 
contributes to the pathogenesis of rheumatoid arthritis via 
macrophage accumulation. Semaphorin 3G promoted the 
proliferation and migration of macrophages in vitro and in 
mice with collagen antibody- induced arthritis (CAIA). Local 
administration of semaphorin 3G increased the severity of 
CAIA, whereas CAIA and collagen- induced arthritis were mild 
in Sema3G−/− mice.
ORIgInAl ARTIclE Shoda, J. et al. Semaphorin 3G exacerbates joint inflammation 
through the accumulation and proliferation of macrophages in the synovium. Arthritis Res. 
Ther. 24, 134 (2022)

A detailed understanding of the 
immunological mechanisms 
underlying synovial inflammation 
in rheumatoid arthritis (RA) and 
psoriatic arthritis (PsA) could reveal 
new avenues for targeted treatment. 
A new study reporting findings of 
transcriptomic analysis of RA and 
PsA synovial tissue provides novel 
insights into how immune cell– 
stromal cell interactions influence 
synovial inflammation in these 
diseases and how these interactions 
could be therapeutically targeted.

Previous work has identified a 
number of clinical and molecular 
characteristics that distinguish the 
pathology of RA from that of PsA, 
such as auto antibodies, synovial cel-
lular infiltrates and patterns of bone  
erosion and formation, and the use  
of techniques such as single-cell RNA 
sequencing (scRNA-seq) has revealed 
the diverse cellular landscape of the  
RA synovium. However, the aetiol-
ogy of synovial inflammation and its 
association with different pathotypes 
involves complex interactions 
between immune and stromal cells, 
points out Ursula Fearon, corre-
sponding author of the new study. 
“Understanding the differences 
between RA and PsA at a single-cell 
level is key to the identification of 
cellu lar subtypes, cell–cell interac-
tions and key signalling pathways 
that may define the distinct clinical 
manifestations of the two diseases 
and, more importantly, explain  
why the responses to specific  
therapies differ in RA and PsA,” 
Fearon explains.

The researchers used scRNA-seq 
to profile 178,196 unsorted synovial 
tissue cells from the inflamed joints  
of five patients with PsA and four 
patients with RA. Synovial fibroblast 
subpopulations differed between 
the PsA and RA samples, with an 
abundance of FAP+THY1+ fibroblast 
clusters in RA tissue and of THY1– 
fibroblast clusters in PsA.

“By studying the receptor–ligand 
networks we identified differential 
cell–cell interactions that provide 
evidence of T cell and macrophage 

synergy in shaping the tran-
scriptomes of pro-inflammatory 
fibroblasts that differ between 
RA and PsA,” highlights Fearon. 
T cell-derived TGFβ and 
macrophage-derived IL-1β were 
found to drive the metabolic 
dysregulation of invasive synovial 
fibroblasts, which are expanded in 
RA as compared with PsA.

The researchers found that 
actively proliferating T cells repre-
sented only a small proportion of 
synovial T cells in both RA and PsA 
tissue (1.4% and 8.8%, respectively). 
Moreover, differen tial usage of λ and 
κ immuno globulin light chains 
suggested that most synovial tissue 
plasma cells might not be derived 
from the local memory B cell pool.

The researchers also identified 
transcriptionally distinct clusters of 
synovial endothelial cells. Expression 
of VEGF receptor and NOTCH  
family members was increased in  
RA endothelial cells as compared 
to PsA endothelial cells, and tran-
scription factor usage also differed 
 markedly between PsA and RA cells.

“This work has a significant 
impact on our understanding of the 
underlying pathological mechanisms 
that differ between RA compared 
with PsA, and may give insight into 
why they respond differentially to 
current biologic treatments,” Fearon 
notes. “It will allow us to further 
explore targeting of the specific 
cell–cell interaction and signalling 
pathways that differ between the two 
pathotypes and which we believe will 
undoubtedly inform new therapeutic 
opportunities, as well as the search 
for potential preventative strategies 
and cures for these two most 
 common inflammatory arthritides.”

Sarah Onuora

 I n F l A M M AT I O n

Cell–cell interactions shape 
RA and PsA pathogenesis

ORIgInAl ARTIclE Floudas, A. et al. Distinct 
stromal and immune cell interactions shape  
the pathogenesis of rheumatoid and psoriatic 
arthritis. Ann. Rheum. Dis. https://doi.org/10.1136/
annrheumdis-2021-221761 (2022)
RElATED ARTIclE Noack, M. & Miossec, P. 
Importance of lymphocyte–stromal cell 
interactions in autoimmune and inflammatory 
rheumatic diseases. Nat. Rev. Rheumatol. 17,  
550–564 (2021)
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CTGF 
promoted 
phospho
rylation 
of kinases 
involved in 
antiapoptotic 
pathways

Results from a study of rheumatoid 
arthritis (RA) synovial fibroblasts 
(SFs, RASFs) have characterized 
a signalling pathway involved in 
resistance to detachment-mediated 
apoptosis (anoikis). This targetable 
pathway contributes to the aggressive, 
tumour-like properties of RASFs.

Apoptosis resistance and tissue 
infiltration are properties of RASFs 
and of malignant tumour cells, in 
both of which expression of the  
metalloproteinase ADAM15 is 
known to be upregulated. “The  
present study investigated the poten-
tial of ADAM15-mediated survival 
pathways to confer anoikis resistance 
and promote anchorage-independent 
growth,” notes corresponding author 
Beate Böhm.

In the study, in suspensions of 
RASFs detached from culture flasks, 
silencing of ADAM15 expression 
increased apoptosis and altered 
phosphorylation of several proteins, 

including Src kinase and the Hippo 
pathway kinase YAP1. Notably, 
silencing of YAP1 expression also 
induced apoptosis in detached 
RASFs. YAP1 function depends  
on nuclear localization, and detach-
ment causes rapid YAP1 migration 
to the cytoplasm, but in RASFs 
YAP1 returned to the nucleus after 
 detachment for a few hours.

Connective tissue growth factor 
(CTGF) acts downstream of YAP1, 
and CTGF expression in RASFs was 
stimulated by ADAM15 expression. 
Silencing of CTGF expression 
induced anoikis, which was blocked 
by the addition of recombinant 
CTGF. Inhibition of YAP1 phospho-
rylation by treatment with the Src 
inhibitor dasatinib blocked CTGF 
expression.

The mechanism of action of 
CTGF was investigated. CTGF pro-
duced by detached RASFs bound  
to the external cell membrane and to  

 R H E U M ATO I D  A RT H R I T I S

D et achment promotes Ra synovial 
fibroblast survival and invasiveness

epidermal growth factor receptor 
and β1 integrin. CTGF promoted 
phosphorylation of kinases involved 
in anti-apoptotic pathways, and  
also enabled in vitro endothelial 
transmigration by RASFs.

“CTGF acts as an autocrine factor 
via binding to survival signalling 
receptors on the cell membrane of 
RASFs thereby promoting anoikis 
resistance and endothelial trans-
migration,” explains Böhm. “These 
studies have uncovered a pharmaco-
logically targetable pathogenic path-
way contributing to the dysregulated 
aggressive RASF phenotype.”

Robert Phillips

ORIgInAl ARTIclE Janczi, T. et al. The role of 
YAP1 target gene CTGF in the anoikis resistance  
of rheumatoid arthritis synovial fibroblasts. 
Rheumatology https://doi.org/10.1093/
rheumatology/keac354 (2022)
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by incubation with anti-CD3 and 
anti-CD28 antibodies, pSS-derived 
cells had greater expression of the 
activation-associated cell-surface mark-
ers CD69 and CD25, as well as greater 
proliferation (and also apoptosis) and 
polarization to il-17A+ type 17 T helper 
cells and CXCr5+ TfH cells than cells from 
healthy individuals. These TfH cells, when 
incubated with naive B cells from healthy 
individuals, promoted pSS-related b cell 
over-activation.

Transcriptome sequencing of naive 
CD4+ T cells from individuals with and 

TOX over
expression 
in naive 
CD4+ T cells 
from healthy 
individuals 
promoted TFH 
differentiation

Credit: Alex Whitworth/Springer Nature Limited

new evidence indicates that expression 
of the thymocyte selection-associated 
high mobility group box (ToX) protein  
is involved in differentiation of naive 
CD4+ T cells into T follicular helper  
(TfH) cells in primary Sjögren syndrome 
(pSS). The results suggest that target-
ing TOX expression via a Janus kinase 
(JAK)–signal transducer and activator  
of transcription (STAT) pathway  
might have therapeutic potential  
in pSS.

in the systemic autoimmune  
disorder pSS, numbers of circulating 
TfH cells correlate with disease  
activity. TfH cells regulate B cell  
hyperactivity, but the mechanisms  
of enhanced TfH differentiation in  
pSS are not yet known.

in a new study, CD4+CD45rA+ 
CD45ro−CCr7+CD25− naive CD4+ 
T cells were isolated from 78 patients 
with pSS and 60 healthy individuals. 
When these cells were activated 

without pSS identified 110 differen-
tially expressed genes, with response 
to virus and type i interferon signalling 
dominating as activated pathways in 
pSS-derived cells. Among the genes 
that were upregulated in pSS was  
TOX. notably, induction of ToX over-
expression in naive CD4+ T cells from 
healthy individuals promoted TfH  
differentiation, which was inhibited  
by TOX knockdown. TOX expression  
was stimulated by ifnα, and blocked 
by the JAK inhibitors tofacitinib and 
ruxolitinib and the STAT1 inhibitor 
fludarabine.

“in pSS pathogenesis, environmental 
factors such as viral infection have a  
pivotal role,” notes corresponding 
author fengchun Zhang. “our work  
suggests that ifnα, which is associated 
with viral infection, regulates TOX 
expression, and the ifnα–JAK–STAT1–
ToX pathway might be a new target  
for pSS treatment.”

Robert Phillips

 S J Ö g R E n  S Y n D R O M E

T cell differentiation in Sjögren 
syndrome is regulated by TOX

Naive T cells TFH Naive B cells

Activated B cells
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ORIgInAl ARTIclE Liu, S. et al. TOX promotes 
follicular helper T cell differentiation in patients 
with primary Sjögren’s syndrome. Rheumatology 
https://doi.org/10.1093/rheumatology/keac304 
(2022)
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Discrete- choice studies enable determination 
of patient preferences for particular treat-
ments or diagnostic tests. A newly published 
study of patient preferences for treatment of 
systemic sclerosis (SSc)- associated interstitial 
lung disease (ILD) has added to the limited 
literature in this field1,2.

Potential benefits of incorporation of 
patient choices into treatment strategies were 
indicated by results from a previous study of 
preferences for autologous stem- cell trans-
plantation in patients with SSc2. Choices were 
influenced by the procedure and its outcomes 
(effectiveness of the treatment and potential 
complications). In addition, the results indi-
cated that closer treatment centres, lower costs  
for patients and multidisciplinary care could 
potentially increase enrolment from a one- 
in- three successful recruitment strategy to 
one in two accepting this treatment.

In the new study1, an online discrete- choice 
experiment was used for determination 
of patient preferences for various factors 
associated with SSc- related ILD (SSc- ILD), 
including route of treatment administration, 
dyspnoea, skin thickening, cough, fatigue, 
gastrointestinal adverse events and both seri-
ous and non- serious infections. Preferences 
were recorded for 231 of 1,091 approached 
patients with SSc- ILD, who made successive 
choices between pairs of attributes. Treatment 
options, levels of risk and severity of condi-
tions were varied in each comparison to 

and health literacy, who all had SSc- ILD, 
giving a relevant perspective from a sample 
that was large enough to generate robust 
data1. However, although several indivi-
dual treatment options were assessed, the 
choice between them was artificially lim-
ited, as patients can actually be offered two 
treatments serially or even simultaneously 
(such as an immunosuppressant and an anti-
fibrotic), or they might only have access to 
particular treatments following the failure of 
initial therapy, or access to treatments might 
be restricted by cost (for example, nintedanib 
is not reimbursed in some jurisdictions) or 
lack of drug approval (notably, rituximab is 
not indicated for SSc- ILD, so its use is off 
label). Drug doses can also be varied, and the 
fact that the risk of gastrointestinal adverse 
events with a drug such as nintedanib could 
be reduced (while maintaining effectiveness) 
by lowering the dose could also affect patient 
preferences3. Notably, the full range of treat-
ment options that are commonly offered by 
SSc experts4 might make it very difficult for 
a patient to make an informed choice. In the 
real world, time, patient health literacy and 
feasible treatment options are needed to truly 
have shared decision- making.

Shared decision- making is a cornerstone 
of guidelines in the treatment of rheumatic 
diseases5,6, and results from discrete- choice 
experiments can help in discussions between 
health- care providers and patients with 
respect to various treatment options. To help 
patients to make choices, they can be shown 
the number needed to harm with respect to 
a specific drug- related adverse event in the 
form of a pictogram of people with differen-
tial marking of the numbers who would be 
expected to have adverse events. However, it 
may be difficult for patients to choose between 
competing risks per hundred patients, as in 
reality for each individual the experience 
of harm is binary, and it either occurs or it 
does not. Also, the likelihood of adverse 
events can increase if they are discussed in 
advance, as a result of the nocebo effect and 
also of increased diligence in looking for such 
events7. Some patients believe that they are 
especially sensitive to treatment, and they may 
be likely to not choose any treatment if too 
many negatives are discussed. Other patients 
can be similarly affected if the number of 
options is too high8. Framing is important in 
the presentation of options, as patients tend 

enable assessment of the relative importance 
of each factor. In addition to preferences for 
minimizing injections, infusions, symptom 
severity and risks, for the trade- off of risks and 
benefits, maximum acceptable increased risks 
of gastrointestinal adverse events were 21% for 
associated reduction of the frequency of infu-
sion, 15% for change to an oral treatment from 
an infusion, and 36–37% for improvement of 
dyspnoea or reduced risk of infection. These 
preferences can help in treatment selection, 
as currently available options for SSc- ILD 
vary in administration, effects and risks. 
Mycophenolate mofetil is an oral immuno-
suppressant that may modestly improve 
ILD and skin thickening. Intravenous ritu-
ximab and cyclophosphamide are immuno-
suppressants that can improve lung and  
skin symptoms, but also increase risks of 
infection. The oral antifibrotic nintedanib is  
not an immunosuppressant, and does not 
improve skin fibrosis, but it can slow worsen-
ing of ILD. Nintedanib is not associated with 
infection risk, but diarrhoea is common if  
taking a full dose. Tocilizumab (by subcutane-
ous weekly injection or intravenous monthly  
infusion) might modestly improve skin symp-
toms and improve or prevent lung worsening, 
but is associated with an increased infection 
risk, and has not been studied specifically in 
an SSc lung study.

Strengths of this new study include the 
assessment of patients with good numeracy 
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to recall only some of the discussion from a 
medical appointment (often the first and last 
things that are said)9. Personal weighting of 
trade- offs is important. Factors such as needle 
phobia, fear of rare serious adverse events and 
of common nuisance effects (such as diar-
rhoea or nausea) vary in importance between 
individuals. A nuisance or even severe adverse 
event may be acceptable if associated with 
an increased likelihood of survival, or if the 
treatment is self- limited, as is the case with 
chemotherapy. In clinical practice, a dis-
cussion of risks also includes comparative 
benefits (unless the alternative options have 
equivalent benefits). For example, if treatment 
A is associated with more adverse events, but 
also far greater benefit than treatment B, then 
the decision- making involves choices of harm 
linked with benefit and not harm alone.

I do wonder if we pay mere lip service to 
shared decision- making, whereas in reality 
health- care providers might suggest only 
one treatment, which they feel is best for 
their patients, or is the least expensive or 
safest option. For instance, many biologic 
treatments for rheumatic diseases increase 
the risk of serious infection, and if a patient 
has frequent hospitalization for serious 
infection, perhaps only the perceived safest 

option may be offered. Although pictograms 
might be helpful in discussions with patients 
when comparing treatments, they might not 
be easily understood without a thorough 
explanation that could further complicate 
the choice for the patient, and possibly not 
enhance understanding. For instance, the 
remission rate for treatment of rheumatoid 
arthritis with methotrexate is likely lower 
than the adverse- event rate, but other out-
comes are also relevant, such as overall 
health improvement, reduction of myocar-
dial events and preservation of function 
over time. Furthermore, it is not yet known 
whether offering choices to patients using this  
methodology improves outcomes.

We need to determine whether the results 
of discrete- choice experiments are generaliz-
able. In this regard, the study by Bruni et al. 
did not include potential influences of gen-
der, race and ethnicity on choice1. Also, the 
21% response rate means that the respondents 
might not have been fully representative of the 
overall population of patients with SSc- ILD. 
However, the treatment considerations that 
are important to patients with SSc- ILD were 
determined by consulting a small focus group.

Identifying patient preferences and how to 
frame benefits and risks in an understandable 

way are important research goals, as are the 
determination of how frequently patients 
with rheumatic diseases are actually offered  
choices and how health- care providers weigh 
benefits and risks in these encounters. For 
instance, data suggest that hair loss and gastro-
intestinal adverse events are especially worri-
some to patients, whereas physicians would 
give rare but severe cytopenias and seri-
ous infections far greater weight10. Further  
research in the realm of discrete- choice exper-
iments is welcome to potentially improve 
 outcomes in rheumatic diseases.
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Since the identification in the early 1980s of the ubiqui-
tin pathway as the major component of intracellular pro-
teolysis, it has emerged as an essential regulator of most 
cellular systems1–5. Ubiquitylation is a post-translational 
modification (PTM) that temporally, spatially and spe-
cifically regulates substrate stability and signalling, 
and is therefore fundamental to health and disease6. 
Ubiquitylation is central to many dynamically regulated 
processes such as cell-cycle progression, DNA-damage 
response and inflammatory and immune signalling 
pathways. Not surprisingly, dysregulation of the ubiqui-
tylation cascade is associated with many disease states, 
from infantile neurodevelopmental disorders to inborn 
errors of immunity7,8.

In the past decade, evidence has linked monogenic 
autoinflammatory diseases, which result from the hyper-
activation of the innate immune system, to alterations 
in the ubiquitin–proteasome machinery. Although these 
disorders are rare, they provide important insights into 
the complex mechanisms regulating innate immune 
responses9. A broader understanding of the multifacto-
rial role of ubiquitylation in chronic inflammatory dis-
ease could enable the development of new therapeutic 
modalities for both rare and common rheumatological 
diseases. In this Review, we outline the known disorders 
of ubiquitylation that lead to excessive innate immune 
activation, describe the molecular pathogenesis of these 
conditions, and propose that disruption of the ubiquitin 
pathway is a key contributor to inflammation through 
both dysregulation of specific signalling networks and 
induction of generalized stress pathways.

Ubiquitin, inflammation and disease
Ubiquitin machinery
Ubiquitin is a 76-amino acid protein that is covalently 
attached to substrates through the concerted activities 
of three different sets of enzymes (Box 1). First, struc-
turally related ubiquitin E1 enzymes (ubiquitin-like 
modifier-activating enzymes UBA1 and UBA6) utilize 
ATP to activate ubiquitin10. Second, the activated ubiq-
uitin moiety is transferred to the cysteine residue in 
the active site of one of around 40 human ubiquitin E2  
carrier enzymes. In the final step, ubiquitin-charged  
E2 enzymes co-operate with ubiquitin E3 ligases (a pro-
tein family with around 600 members in humans), which 
catalyse ubiquitin transfer to specific substrate proteins 
by forming an isopeptide bond between the C-terminal 
carboxyl group of ubiquitin and the ε-amino group of 
a lysine residue of the target protein10. Ubiquitin can 
also be conjugated via a peptide bond to the N-terminal 
amino group of a substrate, or via esterification to a 
threonine or serine residue of a protein substrate, and 
ubiquitin can even be joined to non-proteinaceous 
substrates11–13. Typically, one E3 ligase can modify sev-
eral substrates, and conversely one protein can be ubiq-
uitylated by several E2/E3 combinations, resulting in a 
diversity of ubiquitylation sites and patterns14.

The ubiquitylation cascade is organized in a hier-
archical manner (Box  1). Ubiquitin activation by  
E1 enzymes is essential for all cellular ubiquitylation, 
whereas activity of E2 enzymes that bind specific sets 
of E3 ligases is required for ubiquitylation of many 
substrates and contributes to generation of particular 
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signalling networks by triggering proteasomal substrate degradation, changing the activity of sub-
strates or mediating changes in proteins that interact with substrates. Hundreds of enzymes parti-
cipate in reversible ubiquitylation of proteins, some acting globally and others targeting specific 
proteins. Ubiquitylation is essential for innate immune responses, as it facilitates rapid regulation of 
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ubiquitylation patterns. The nature of the ubiqui-
tin modification determines the fate of a particular 
substrate: ubiquitin can be attached as a monomer to  
one or several sites within a substrate (monoubiq-
uitylation or multi-monoubiquitylation), or it can be 
attached in the form of ubiquitin chains (polyubiqui-
tylation). Polyubiquitin chains can be interconnected 
by ubiquitin conjugation to one or more of the seven 
lysine residues or the N-terminal methionine (K6, K11, 
K27, K29, K33, K48, K63, M1) of any ubiquitin mono-
mer, resulting in a staggering complexity of homo-
typic and heterotypic architectures, each of which has 
the biochemical capacity to elicit distinct downstream 
functional consequences15 (Box 1). Notable ubiquitin 
modifications are the homotypic K48-linked ubiquitin 
chains that mediate degradation by the proteasome16, 
and the homotypic and heterotypic M1–K63-linked 
ubiquitin chains that assemble multi-protein signalling 
platforms during immune responses17,18. Different types 
of ubiquitylation are recognized by a variety of proteins 
with ubiquitin-binding domains (ubiquitin receptors) 
that translate specific ubiquitin linkages into cellular 
responses19,20. Ubiquitylation is reversed or edited by deu-
biquitylases (a family of around 100 proteins in humans), 
which catalyse either the removal of ubiquitin from sub-
strates or the trimming of polymeric modifications21. 
In addition, there are many ubiquitin-like modifica-
tions that use analogous biochemical pathways for 
activation and conjugation, including SUMO (small  
ubiquitin-like modifier), FAT10 (human leukocyte 
antigen-F adjacent transcript, also known as ubiquitin D),  
ISG15 (interferon-stimulated gene 15), UFM1 (ubiq-
uitin fold modifier 1), URM1 (ubiquitin-related modi-
fier 1) and NEDD8 (neuronal precursor cell-expressed  
developmentally down-regulated protein 8)22.

The consequences of the ubiquitylation pathways 
even within a single cell are hard to fathom, with thou-
sands of proteins undergoing modification at a time, 
each at a particular combination of target residues, with 
varying chain types and lengths, to achieve precisely 
coordinated functions. In addition, cell-specific and 
temporally dynamic patterns of ubiquitylation indi-
cate the importance of ubiquitylation as a regulatory 
mechanism for interpretation of signalling changes 
and changes in the cellular environment. These precise 
functions are demonstrated by the subtle perturbations 

that can happen in human disease following the loss of  
a specific enzyme23,24. In many ways, this requirement for 
proper ubiquitylation to maintain continuity of physio-
logical functions is an elegant example of “destruction 
for the sake of construction”25.

Autoinflammation and ubiquitylation
Dysregulation of ubiquitylation is linked to many dis-
tinct disorders of recurrent systemic inflammation that 
are collectively known as systemic autoinflammatory 
diseases (SAIDs)26. Studies of patients with SAIDs and 
of animal models that phenocopy these conditions have 
revealed basic mechanisms related to innate immunity 
that are widely applicable across many different disease 
states9. SAIDs are caused by genetic mutations that 
lead to enhanced or constitutive inflammation, either 
gain-of-function mutations in activators or sensors of 
immune responses (such as NLRP3, mutation of which 
results in cryopyrin-associated periodic syndrome)27,28, 
or loss-of-function mutations in inflammatory repres-
sors (such as IL1RN, mutation of which results in defi-
ciency of IL-1 receptor antagonist)29,30. Identification of 
the molecular causes of such diseases is important to 
enable correct clinical diagnosis and selection of targeted 
therapies.

SAIDs can be categorized according to a number of 
parameters, such as clinical manifestation31, genetics32 
and molecular pathogenesis33; however, in this Review, 
we focus on the biochemical pathways of ubiquityla-
tion in autoinflammatory diseases as a defining feature. 
Depending on which step in the ubiquitylation hier-
archy is compromised, dysregulation of ubiquitylation 
can directly affect a particular signalling pathway (for 
example, through mutations affecting E3 ligases and 
deubiquitylases) that will ultimately result in activation 
of cellular stress responses, or it can cause general cel-
lular stress as an immediate consequence (for example, 
through mutations affecting E1 enzymes or the pro-
teasome). We focus here on existing data from human 
genetic diseases and supporting evidence from relevant 
model organisms to review the current understanding 
of the pathology and molecular basis of associated 
pheno types. Strikingly, defects in general components 
of the ubiquitin–proteasome system (UPS) and in highly 
substrate-specific ubiquitin ligation and deconjugation 
enzymes can lead to overlapping clinical presentations, 
suggesting commonalities that are not apparent at the 
level of known molecular aetiology. Given the highly 
targetable nature of the ubiquitin pathway34, concep-
tually connecting these diseases may be important for  
designing rational therapeutics across diagnoses.

In the following sections, we describe multiple specific 
inflammatory pathways that are known to be dysregu-
lated in inflammatory disease, organized by the type of 
ubiquitylation enzyme that is affected in human disease, 
with information on clinical manifestations, genetics and 
molecular signalling (TaBle 1). Importantly, given the pleio-
tropic role of many of these regulatory enzymes, we briefly 
highlight supporting evidence relating to other genes 
where possible. In many cases, ubiquitylation coordinates 
multiple signalling pathways during immune responses, 
and mutations that affect ubiquitylation enzymes often 

Key points

•	Autoinflammatory diseases are disorders of overactivation of the innate immune 
system, and some of these conditions are caused by pathogenic mutations affecting
components of the ubiquitylation pathways.

•	ubiquitylation is a reversible post-translational modification that is essential for 
regulation of cellular responses to immune signals, in particular NF-κB and interferon 
pathways, as well as the unfolded protein response.

•	Dysregulation of ubiquitylation leads to autoinflammation through both disruption of
specific signalling networks and induction of generalized stress pathways.

•	mutations affecting ubiquitylation pathway components that regulate large sets of 
substrates (uBA1 and the proteasome) and components regulating specific substrates
(e3 ligases and deubiquitylases) can result in overlapping phenotypes.

•	Consideration of ubiquitylation disorders as a group could provide additional insights
into these diseases and suggest novel treatment avenues.
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alter various cellular processes that contribute to disease 
manifestations.

UBA1 E1 enzyme, mutations and disease
VEXAS syndrome
Vacuoles, E1 activating enzyme, X-linked autoinflamma-
tory somatic (VEXAS) syndrome is the first example of an 
autoinflammatory disease arising exclusively from somatic 
mutations, and one of an emerging class of acquired 
errors of immunity. Although this disorder was only first 
reported in 2020, hundreds of patients have already been 
identified35. VEXAS syndrome is caused by pathogenic 
variants in UBA1, a gene located on the X chromosome 
that encodes ubiquitin-like modifier activating enzyme 1 
(UBA1); these mutations are restricted to myeloid-lineage 
cells35 (Fig. 1). UBA1 is the E1 enzyme that is required for 
initiation of most cellular ubiquitylation, and it has two 
well-characterized isoforms, UBA1a and UBA1b36,10. 
UBA1a is a long isoform that is localized to the nucleus, 
whereas UBA1b is a shorter isoform, without a nuclear 
localization signal. Individuals with VEXAS have acquired 
missense mutations that abrogate expression of UBA1b 
and initiate translation of a new catalytically impaired iso-
form in mutant cells. These loss-of-function mutations are 
primarily found at, or around, the start codon for UBA1b 
(p.Met41), leading to a reduction in protein isoform 
production35. Individual variants at p.Met41 confer par-
ticular phenotypes and levels of disease severity through 
differential UBA1b translation37 (D. Beck, personal com-
munication). Several other deleterious mutations that 
affect the sequence of the N-terminal domain can also 
reduce UBA1b protein expression or activity38–40. Nearly 
all instances of VEXAS syndrome are identified in men, 
but it can also occur in women with inherited or acquired 
monosomy of the X chromosome41–45. UBA1 function is 
essential in model organisms, and pathogenic mutations 
are only physiologically tolerated in somatic form in  
haematopoietic stem cells and myeloid lineages, whereas 
they are lethal in other tissues35,46.

Patients with VEXAS syndrome have multisystem 
inflammation involving primarily the skin, cartilage and 
lungs (although the clinical spectrum also includes many 
other disease manifestations), with onset in middle age 
or later47–49. VEXAS syndrome can present in a similar 
manner to a variety of haematological and inflamma-
tory conditions50, and patients with VEXAS syndrome 
are likely to meet diagnostic criteria for relapsing poly-
chondritis, systemic lupus erythematosus, rheumatoid 
arthritis, polyarteritis nodosa and Sweet’s syndrome, 
along with haematological diseases including multiple 
myeloma and myelodysplastic syndrome49. However, 
VEXAS syndrome can be distinguished by the presence 
of the distinct genetic mutation, and by unique clinical 
characteristics including histopathological vacuoles and 
late-onset treatment-refractory disease.

The mechanism by which mutation in UBA1 causes 
disease has remained elusive, although preliminary 
evidence suggests activation of the unfolded protein 
response (UPR) and of multiple inflammatory pathways, 
including the IFNα and IFNβ pathways. Activation of 
the UPR can lead to a type I interferon response, which 
is a feature of proteasomopathies (Fig. 1). The proteasome 

Box 1 | Overview of the ubiquitin conjugation and deconjugation machinery 
and ubiquitin signals

ubiquitin is conjugated by a hierarchical, three-step enzymatic cascade involving 
ubiquitin activation and thioester formation by an e1 activating enzyme, ubiquitin 
trans thiolation to an e2-conjugating enzyme and e3 ligase-assisted attachment of  
ubiquitin to substrates. Depending on the class of e3 ligase, ubiquitin conjugation to 
substrates either involves transthiolation to the e3 ligase (for the classes ‘homologous  
to e6AP C-terminus’ (HeCt) and ‘RINg between RINg’ (RBR)) or occurs directly from the 
e2 enzyme (for the class of ‘really interesting new gene’ (RINg) e3 ligases). ubiquitin can 
be deconjugated from substrates via deubiquitylases (DuBs). the concerted action of 
e1, e2 and e3 enzymes and DuBs generates specific ubiquitylation patterns. substrates 
can be mono-ubiquitylated or multi-ubiquitylated, or ubiquitin can be further ubiqui-
tylated on one of its seven lysine residues (K6, K11, K27, K29, K33, K48 and K63) or its 
N-terminus (m1, for linear ubiquitylation). Polyubiquitin chains can either contain one 
linkage type (homotypic), several linkage types (heterotypic), or they can be branched,  
if at least one ubiquitin in the chain is subject to modification at multiple sites. these 
different types of ubiquitin modification encode diverse messages and are interpreted 
by ubiquitin-binding proteins that distinguish between different signals and initiate  
the correct cellular responses. For example, homotypic K48-linked ubiquitin chains 
mediate recognition and degradation of substrates by the 26s proteasome.
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Table 1 | Disorders of ubiquitylation: genetics, mechanisms and phenotypes

Gene Genomic 
location

Protein name Inheritance Disease 
mechanism

Phenotype OMIM disease 
nomenclature

OMIM 
identifier

OTULIN 5p15.2 Ubiquitin 
thioesterase otulin

AR Loss-of-function Early-onset recurrent fever, 
erythematous rash with 
nodules, joint swelling, 
lipodystrophy

Autoinflammation, 
panniculitis, and 
dermatosis syndrome; 
otulipenia; ORAS

617099

POMP 13q12.3 Proteasome 
maturation 
protein

AD Dominant negative Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy, fever and 
immunodeficiency

Proteasome-associated 
autoinflammatory 
syndrome 2

618048

PSMA3 14q23.1 Proteasome 
subunit alpha 
type 3

Digenic Hypomorphic Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy and fever

Proteasome-associated 
autoinflammatory 
syndrome

NA

PSMB4 1q21.3 Proteasome 
subunit beta 
type 4

AR, digenic Hypomorphic Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy and fever

Proteasome-associated 
autoinflammatory 
syndrome 3

617591

PSMB8 6p21.32 Proteasome 
subunit beta 
type 8

AR, digenic Hypomorphic Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy and fever

Proteasome-associated 
autoinflammatory 
syndrome 1

256040

PSMB9 6p21.2 Proteasome 
subunit beta 
type 9

AR, digenic, 
heterozygous 
de novo

Hypomorphic Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy, fever and 
immunodeficiency

Proteasome-associated 
autoinflammatory 
syndrome 3

617591

PSMB10 16q22.1 Proteasome 
subunit beta  
type 10

AR Hypomorphic Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy and fever

Proteasome-associated 
autoinflammatory 
syndrome 5

619175

PSMD12 17q24.2 26 S proteasome 
non-ATPase 
regulatory  
subunit 12

AD Haploinsufficiency Rash, arthritis, uveitis, 
neurodevelopmental, 
various congenital defects

Stankiewicz–Isidor 
syndrome

617516

PSMG2 18p11.21 Proteasome 
assembly 
chaperone 2

AR Hypomorphic Early-onset 
autoinflammatory disease 
with erythematous plaques, 
lipodystrophy and fever

Proteasome-associated 
autoinflammatory 
syndrome 4

619183

RBCK1 20p13 RanBP-type and 
C3HC4-type zinc 
finger-containing 
protein 1

AR Loss-of-function Progressive proximal 
muscle weakness, 
cardiomyopathy, severe 
immunodeficiency, 
autoinflammation

Polyglucosan 
body myopathy 
1 with or without 
immunodeficiency

615895

RNF31 14q21 E3 ubiquitin- 
protein ligase 
RNF31/HOIL-1- 
interacting protein

AR Loss-of-function Severe immunodeficiency, 
autoinflammation, 
myopathy

HOIP deficiency NA

TNFAIP3 6q23.3 Tumour 
necrosis factor 
alpha-induced 
protein 3

AD Haplo-insufficiency, 
aberrant 
phosphorylation

Early-onset systemic 
inflammation, arthralgia, 
oral and genital ulcers, 
uveitis, autoimmunity, 
immunodeficiency

Familial Behçet-like 
autoinflammatory 
syndrome; HA20

616744

UBA1 Xp11.23 Ubiquitin 
activating  
enzyme 1

Somatic Hypomorphic Late-onset systemic, 
skin, lung and cartilage 
inflammation, also 
associated with 
haematological 
abnormalities

Vacuoles, E1 
activating, X-linked, 
Autoinflammatory, 
somatic syndrome; 
VEXAS

301054

XIAP Xq25 E3 ubiquitin- 
protein ligase 
XIAP

XLR Hypomorphic, 
loss-of-function

Haemophagocytic 
lymphohistiocytosis, 
splenomegaly and 
inflammatory bowel 
disease

Lymphoproliferative 
syndrome, X-linked, 2

300635

AD, autosomal-dominant; AR, autosomal-recessive; HA20, haploinsufficiency of A20; HOIP, HOIL-1-interacting protein; NA, not available; OMIM, Online Mendelian 
Inheritance in Man; ORAS, OTULIN-related autoinflammatory syndrome; XLR, X-linked recessive.
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acts at the completion of the degradative ubiquitylation 
pathway, and, as with the initiation of the cascade by 
UBA1, it represents a bottleneck in the regulation of 
the vast majority of ubiquitylated proteins, so that loss 
of either step disrupts protein homeostasis (proteo-
stasis)51. Therefore, it is no surprise that similar clinical 
manifestations occur in patients with different protea-
somopathies (such as proteasome maturation protein 
(POMP)-related autoinflammation and immune dys-
regulation, a disease with prominent neutrophilic der-
matosis), interferonopathies (such as STING-associated 
vasculopathy with onset in infancy or COPA syndrome, 
inherited disorders with prominent interstitial lung dis-
ease)52,53 and VEXAS syndrome. Finally, there is emerg-
ing evidence that blocking Janus kinases (JAKs), which 
are downstream effectors in interferon signalling, might 
be an important approach to treatment for VEXAS 

syndrome39. However, as is seen with other disorders of 
constitutive inflammation, and depending on the disease 
stage in individual patients, allogenic haematopoietic 
stem cell transplantation (HSCT) could end up being 
the only therapy with sustained efficacy43,45,54.

UBA1 and spinal muscular atrophy
In contrast to VEXAS syndrome, germline missense and 
synonymous mutations affecting the C-terminal portion 
of UBA1 occur in patients with a neuromuscular dis-
ease that resembles spinal muscular atrophy (SMA)55. 
The reported mutations cluster within the active ade-
nylation domain that is required for catalytic activity 
in UBA1a and UBA1b, although not all of the muta-
tions have a demonstrable effect on enzyme activity56. 
Loss of Uba1 in zebrafish causes impairment of move-
ment, and exogenous expression of UBA1 can improve 
symptoms related to classic SMA in mouse models 
with pathogenic hypomorphic variants in the spliceo-
some biogenesis factor survival motor neuron protein 
(Smn1)57,58. The precise molecular connection between 
UBA1-dependent ubiquitylation and SMN1-driven 
spliceo some assembly remains elusive. However,  
given the manifold mechanisms by which ubiquitylation 
regulates spliceosome function59, it is likely that an 
essential ubiquitin-dependent pathway coordinates 
splicing during neurodevelopment.

Predisposition to phenotypically varied disorders as 
a result of mutations affecting differentially expressed 
protein isoforms (such as UBA1) also occurs in other 
diseases such as CDC42-associated or POMP-associated 
phenotypes60–63. For VEXAS syndrome and SMA, the 
relationship between UBA1 functions in neurodevelop-
ment and innate immunity is still unclear and it remains 
to be seen whether UBA1-related SMA is effected by 
severe inflammation. Further characterization of these 
disparate UBA1-related conditions may provide a bet-
ter understanding of the cell-specific and tissue-specific 
functions of this protein.

Proteasome, mutations and disease
Proteasome-associated SAIDs
The proteasome is a multisubunit complex that is 
required for degradation of ubiquitylated substrates, 
enabling the removal of misfolded and unnecessary 
proteins64. The proteasome consists of a 20 S core particle 
with proteolytic activity (caspase-like, trypsin-like and 
chymotrypsin-like)65 and 19 S regulatory particles that 
can associate with either or both ends of the core parti-
cle. The regulatory particle consists of ‘base’ and ‘lid’ sub- 
complexes and serves to recruit ubiquitylated substrates. 
The proteasome is constitutively expressed, but the core 
particle can also contain multiple tissue-specific subu-
nits, generating immune-specific, thymus-specific and 
testis-specific proteasomes66.

Biallelic loss-of-function mutations affecting compo-
nents of the proteasome lead to a class of SAIDs called 
proteasome-associated autoinflammatory syndromes 
(PRAAS), which are also known as Nakajo–Nishimura 
syndrome, CANDLE (chronic atypical neutrophilic der-
matosis and lipodystrophy and elevated temperature) 
or joint contractures, muscular atrophy, microcytic 
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Fig. 1 | Mutations affecting the major ubiquitin activating enzyme UBA1 and  
proteasome subunits result in type I interferon production and inflammation. 
Reduction of cytoplasmic ubiquitylation by mutations affecting ubiquitin-like modifier- 
activating enzyme UBA1 (resulting in vacuoles, E1 activating enzyme, X-linked auto-
inflammatory somatic (VEXAS) syndrome) or of proteasome activity by mutations affect ing 
particular proteasomal subunits (resulting in proteasome-associated autoinflammatory 
syndromes (PRAAS)) decreases the efficiency of endoplasmic reticulum (ER)-associated 
degradation (ERAD). This alteration results in imbalances in cellular proteostasis and 
accumulation of unfolded and unnecessary proteins, which activate the three different  
sensors of the unfolded protein response (UPR), PERK, IRE1α and ATF6. Sensor activation 
initiates signalling cascades that culminate in the production of specific transcription 
factors (TFs) that mediate upregulation of expression of ERAD components and chaper-
ones as well as type I interferons, which drive the autoinflammation in VEXAS syndrome 
and PRAAS. Red stars denote proteins affected by mutation. Blue circles denote K48 
linked polyubiquitin chains destined for proteasomal degradation.
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anaemia and panniculitis-induced lipodystrophy67. 
Patients with these conditions present with symptoms 
that include early-onset fevers, skin manifestations, 
intracranial calcifications, neurological impairment, 
arthritis and lipomuscular dystrophy68.

Most of the identified causative genetic changes 
affect subunits that constitute the immunoproteas-
ome (such as PSMB8, PSMB9 and PSMB10), although 
some affect core proteasome subunits (such as PSMA3 
and PSMB4) or regulatory proteins (such as POMP, 
PSMG2 and PSMD12)60,69,70. This observation suggests 
the involvement of tissue-specific expression of protea-
some core and/or regulatory subunits, and/or a high 
demand for proteasome activity in specific cells71, which 
could explain why, even though proteasome activity is 
essential for most cellular pathways, loss of proteasome 
function can lead to inflammation without other broad  
pathological conditions.

Initial clues to the pathophysiological mechanism 
in PRAAS came from the demonstration that defects in 
the immunoproteasome, both in patient-derived cells 
and in cells from healthy individuals with proteasome 
knockdown or inhibition, lead to production of type I 
interferons69 (Fig. 1). Further studies of POMP-related 
autoinflammation and immune dysregulation, with 
heterozygous dominant-negative mutations in POMP, 
demonstrated that the UPR is activated in cells from 
affected patients, thereby providing further evidence 
for a link between proteasome-dependent quality con-
trol and interferon production, which is consistent with 
the observation of clinical response to JAK inhibition 
in patients with PRAAS60. Furthermore, evidence indi-
cates that protein kinase R (PKR) functions as an innate 
immune sensor for proteotoxic stress triggered by pro-
teasome dysfunction72. Interestingly, knockout of the 
catalytic β5i/LMP7 subunit of the immunoproteasome 
in mice does not result in spontaneous inflammation, 
limiting efforts to further model these diseases73.

Neurodevelopmental disease
Mutations in PSMD12, which encodes one of the 19 S 
regulatory proteasomal subunits, are linked to neurode-
velopmental disease, with heterozygous loss-of-function 
alleles identified in patients with intellectual disabil-
ity, congenital malformations and autistic features74. 
Interpretation of the effects of these mutations is com-
plicated by the variability of the severity of disease pres-
entation among affected family members75,76. Reduced 
penetrance of pathogenic variants is a common feature 
of many primary interferonopathies77. In the same way 
that distinct UBA1 mutations can lead to either VEXAS 
syndrome or SMA, there may be a link between the 
neurodevelopmental and inflammatory phenotypes 
associated with PSMD12 (reF.70). Proteasomal regulatory 
proteins, such as PSMD12, might also have previously 
unrecognized cell-specific or tissue-specific functions, 
which are now being discovered by human genetics 
studies. Whether inflammation associated with the 
haploinsufficiency of PSMD12 contributes to the neuro-
developmental phenotype has yet to be identified but 
might be an important consideration for optimization 
of treatment strategies.

E3 ligases and deubiquitylases
Ensuring a proper innate immune response requires 
rapid and highly regulated remodelling of signalling 
networks, for which immune cells often utilize PTMs. In 
particular, ubiquitylation has emerged as a critical means 
of fine-tuning the strength and duration of immune sig-
nals. In this respect, it is not surprising that mutations 
that affect the enzymatic machinery catalysing ubiquityl-
ation (E3 ligases) and deubiquitylation (deubiquitylases) 
can lead to alteration of many cytokine pathways.

NF-κB signalling pathway
NF-κB is a transcription factor that lies at the centre of 
multiple innate and adaptive immune pathways78. NF-κB 
has both canonical and non-canonical pathways that 
regulate activation of immune responses79. In general, 
the canonical NF-κB pathway utilizes an abundance of 
cell-specific and stimulus-specific regulators to acti-
vate immune responses, including pathogen-associated 
molecular patterns (PAMPs) and cytokines such as TNF 
and IL-1β, whereas the non-canonical pathway responds 
mainly to ligands of the TNF superfamily. Although the 
non-canonical pathway has important roles in inflam-
mation, it is canonical signalling that is essential for 
rapid regulation of host responses. Inhibitors of the 
pathways (IκB proteins) directly bind to NF-κB family 
members and prevent activation of signalling80. Activity  
of NF-κB pathways is extensively regulated by a variety of  
PTMs, including phosphorylation and ubiquitylation. 
The central importance of NF-κB to human disease is 
supported by an abundance of evidence from in vitro 
experiments, cellular systems, model organisms and 
observations in human disease81. Pathogenic variants of 
proteins that are involved in NF-κB pathways can behave 
either as gain-of-function or as loss-of-function alleles 
and, depending on the affected domain and the func-
tion of the altered protein, can cause either immunode-
ficiency or systemic inflammation. Nevertheless, all the 
diseases resulting from disruption of NF-κB pathways 
present with a continuum of clinical features, including 
immunodeficiency, autoinflammation, autoimmun-
ity and atopy78. A strong additional piece of evidence 
comes from identification of an autoinflammatory dis-
ease caused by haploinsufficiency of RELA (encoding 
a subunit of NF-κB)82, which has overlapping clinical 
features with the disease caused by dysregulated ubiqui-
tylation, termed haploinsufficiency of A20 (HA20; A20 
is encoded by TNFAIP3). This condition is discussed in 
greater detail in the following section.

TNFAIP3-associated diseases. A20 is a bi-functional 
ubiquitin-modulating enzyme with both ubiquitin E3 
ligase and deubiquitylase activities, which can also act 
as a linear ubiquitin effector83,84 (Fig. 2a). Because A20 
functions as an inhibitor of inflammation, mutations 
that result in loss of function of this protein are linked 
to autoimmune and autoinflammatory phenotypes. 
A20 has deubiquitylase activity towards K63-linked 
ubiquitin chains on various proteins, including RIPK1 
(receptor-interacting serine/threonine protein kinase 1) 
and NEMO (NF-κB essential modulator), and this activ-
ity results in disassembly of inflammatory complexes and 
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suppression of immune responses26. Similarly, A20 has 
ubiquitin ligase activity, and modifies RIPK1 and other 
substrates with proteasome-targeting K48 chains, again 

halting NF-κB signalling. These contrasting, yet syner-
gistic, functions of A20 are carried out by specific protein 
domains. The ovarian tumour (OTU) domain harbours 
deubiquitylase activity, whereas C-terminal zinc finger 
(ZnF) domains have ubiquitin-binding functions, with 
the ZnF4 domain binding K63 and K48 chains, and the 
ZnF7 domain binding M1 ubiquitin chains85. Although 
both the deubiquitylase and ubiquitin-ligase domains 
of A20 are implicated in regulatory functions, results 
from in vitro experiments and transgenic knock-in 
mice deficient in one or other of these activities fail to 
recapitulate the spontaneous inflammatory phenotype 
of Tnfaip3 knockout mice or of patients with TNFAIP3 
loss-of-function mutations86. Results from studies of 
mouse models indicate that the anti-inflammatory role 
of A20 is also the result of its non-catalytic function in 
protecting cells from cell death86. Specifically, the activity 
of ZnF7 is essential for the inhibitory function of A20 by 
preventing TNF-induced necroptosis via inflammasome 
activation84,87. Although these models do not completely 
recapitulate the knockout mouse, they clearly demon-
strate the importance of linear ubiquitin binding in A20 
function in vivo. Moreover, only the combined inactiva-
tion of ZnF4 and ZnF7 phenocopied the perinatal lethal-
ity and severe multiorgan inflammation of A20-deficient 
mice87. In addition, A20 phosphorylation is critical for its  
anti-inflammatory function88. Hypomorphic missense 
mutations that diminish A20 phosphorylation can be 
evolutionarily advantageous to humans because they 
induce a subtle hyperinflammatory phenotype in leuko-
cytes. The ancient Denisovan A20 haplotype carrying 
p.Thr108Ala and p.Ile207Leu variants, which are com-
mon in populations in Southeast Asia and Oceania, are 
associated with greater NF-κB response and heightened 
immune responsiveness89.

TNFAIP3 coding and non-coding genetic variants 
are implicated in many different human diseases90, at the 
level of both common, low-penetrance (single-nucleotide 
polymorphisms (SNPs)), and rare, high-penetrance 
variants. TNFAIP3 SNPs are associated with conditions 
including systemic lupus erythematosus91, rheumatoid 
arthritis92 and psoriatic arthritis93. Some of these SNPs 
result in downregulation of A20 protein expression. Rare 
nonsense and frameshift variants are associated with a 
severe dominantly inherited autoinflammatory disease, 
HA20 (reF.94); somatic TNFAIP3 variants are also found 
in up to 30% of B cell lymphomas95. Patients with HA20 
present with childhood-onset systemic disease manifest-
ing with oral and genital ulcers, musculoskeletal, gastro-
intestinal and integumentary (skin) inflammation, and 
features of autoimmunity96. Immune profiling of these 
patients has identified high concentrations of numerous 
cytokines, many of which result directly from upregula-
tion of NF-κB signalling94 (Fig. 2b). Patients with HA20 
tend to respond to cytokine inhibitors, although severe, 
refractory cases may require more extensive combined 
therapies97 or HSCT. What is abundantly clear is that A20 
acts as a central regulator of many pathways with various 
functions in particular cell types, and its perturbations 
underlie a spectrum of rheumatological and haemato-
logical diseases. In summary, although ‘mild’ hypomor-
phic A20 variants can be beneficial to human health by 
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enhancing immune responses, more-detrimental vari-
ants can overactivate inflammatory signalling, resulting 
in a spectrum of autoinflammatory and autoimmune 
phenotypes87.

Diseases linked to dysregulation of linear ubiquityla-
tion. Ubiquitylation frequently involves the addition 
of protein chains, with the most proximal ubiquitin 
attached to the substrate, typically to a lysine reside. An 
important chain subtype is the linear ubiquitin chain, 
in which the N-terminal α-amino group of Met1 of the 
growing chain is used for linkage to the C terminus of 
the previous ubiquitin moiety. Linear (M1) ubiquitin 
chains are critical for innate immune signalling and 
are conjugated by the E3 ligase complex LUBAC (linear 
ubiquitin chain activating complex) and removed by the  
deubiquitylase OTULIN (ubiquitin thioesterase otulin),  
which exclusively hydrolyses M1 ubiquitin chains, 
and CYLD (ubiquitin carboxyl-terminal hydrolase), 
which is less specific and can hydrolyse K63-linked 
chains and other ubiquitin linkages98 (Fig. 2a). SPATA2 
(spermatogenesis-associated protein 2) acts as activator 
for the K63 and Met1 deubiquitylase function of CYLD 
in the TNFR1 signalling pathway99. Intriguingly, defi-
ciencies of either LUBAC or OTULIN are implicated 
in monogenic autoinflammatory diseases98. LUBAC is 
composed of three proteins, HOIL-1 (haem-oxidized 
IRP2 ubiquitin ligase 1), HOIP (HOIL-1-interacting 
protein) and SHARPIN (SHANK-associated RH 
domain interactor), and mutations affecting HOIL-1 
and HOIP lead to an autosomal-recessive immuno-
deficiency with concomitant autoinflammation100,101. 
Autosomal-recessive mutation resulting in the loss 
of OTULIN expression causes a rare, potentially fatal 
disease manifesting with constitutive severe systemic 
inflammation102–105. Notably, although LUBAC and 
OTULIN have opposing functions, their deficiencies 
lead to overlapping clinical manifestations, possibly  
(at least partly) as a result of the role of OTULIN in regu-
lation of LUBAC activity. In the mouse model, OTULIN  
was shown to prevent autoubiquitylation of LUBAC, 
thereby promoting its E3 ligase function106 (Fig. 2a). 
Many components of TNF receptor (TNFR) signalling 
cascades are modified with, or can directly bind to, 
linear ubiquitin chains, so linear ubiquitylation is an 
important regulator of many aspects of innate and adap-
tive immunity. M1-linked ubiquitin chains are not only 
essential for TNFR-dependent NF-κB signalling but are 
also required for NOD2 (nucleotide-binding oligomeri-
zation domain-containing protein 2)-dependent NF-κB 
signalling and proteasome function107–109. Patients 
with otulipenia present with severe inflammation of 
the skin, adipose tissue and joints, whereas immuno-
deficiency is a more prominent feature of LUBAC 
deficiencies98. These differences reflect cell-specific and 
tissue-specific functions of individual components of 
the linear ubiquitin system. In general, patients with 
OTULIN deficiency respond to therapy with cytokine 
inhibitors, provided that treatment is initiated early in 
life. Alternatively, a substantial resolution of systemic 
inflammation and/or immunodeficiency is possible 
using HSCT110.

As described above, because the binding of A20 
to linear ubiquitin chains is important for its anti- 
inflammatory function, we hypothesize that HA20 man-
ifestations might in part result from dysregulation of  
linear ubiquitylation (Fig. 2).

Disease linked to dysregulation of the E3 ligase XIAP.  
E3 ubiquitin-protein ligase XIAP (also known as 
X-linked inhibitor of apoptosis) regulates cell-death 
pathways and NF-κB-dependent immune signalling 
events111. The multiple functions of XIAP are mediated by 
its modular domain architecture, which harbours three  
zinc-binding baculovirus IAP repeat (BIR) domains, a 
ubiquitin-associated (UBA) domain and a C-terminal 
RING ubiquitin E3 ligase domain. The BIR2 and BIR3 
domains bind to and inhibit caspases, enabling XIAP 
to exert anti-apoptotic effects that are important dur-
ing expansion of adaptive immune cells in the setting 
of viral infection112. The UBA domain of XIAP binds 
directly to K63-linked ubiquitin chains on NEMO, 
to activate NF-κB signalling113. Through its ubiqui-
tin E3 ligase activity, XIAP prevents TNF-mediated 
and RIPK3-dependent cell death (via ubiquitylation 
of RIPK1)114 and promotes NOD2 pro-inflammatory 
signalling by mediating K63-linked polyubiquityla-
tion of RIPK2 within the NOD2 signalling complex, 
to recruit LUBAC and to enhance NF-κB-dependent 
and MAPK-dependent cytokine production107,115. Thus, 
XIAP is important for the clearance of pathogens and 
for broad regulation of inflammatory and immune 
responses.

The XIAP gene is located on the X chromosome, 
and loss-of-function mutations (including point 
mutations affecting the RING domain) in males lead 
to a broad spectrum of immune dysregulation char-
acterized by cytopenia, hypogammaglobulinaemia 
and/or recurrent infection, splenomegaly, colitis and 
a propensity to haemophagocytic lymphohistiocyto-
sis, often triggered by Epstein–Barr virus infection112. 
The inflammatory phenotypes are in part attributed 
to inflammasome activation and secretion of various 
pro-inflammatory cytokines and chemokines. Disease 
onset and presentation is highly variable, and some men 
with loss-of-function mutations in XIAP remain asymp-
tomatic, suggesting that environmental factors, such as 
exposure to infection, contribute to the disease expres-
sivity. Elucidation of these factors will be important, as 
HCST is the only curative treatment described to date, 
and it has poor outcomes116.

Interferon signalling pathway
Type I interferons are cytokines that mediate host 
responses to pathogens, in particular viruses. These 
cytokines are produced in response to stimulation of 
host pathogen sensors by binding of specific PAMPs, 
primarily through nucleic acid sensing117,118. PAMP rec-
ognition initiates a cascade of signalling, through JAK–
signal transducer and activator of transcription (STAT) 
pathways that lead to activation of ISGs, which is a hall-
mark of type I interferon-mediated inflammation119. 
This transcriptional programme leads to antiviral activ-
ities including apoptosis of infected cells, and maturation 
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and proliferation of lymphocytes as a coordinated means 
of clearing pathogens. Furthermore, secretion of type I 
interferons leads to autocrine and paracrine signalling, 
which enhances anti-viral effects. In this pathway, inher-
ited genetic defects or acquired defects in the form of 
anti-interferon autoantibodies result in a compromised 
responsiveness to infections, including SARS-CoV-2 
(reFs120–122). Notably, some viruses have evolved strate-
gies whereby, upon infection, they attenuate interferon 
responses by use of specific enzymes that can cleave the 
ubiquitin-like modifier ISG15 from proteins such as 
IRF3 (reF.123).

Type I interferonopathies
Type I interferonopathies are a class of monogenic auto-
inflammatory diseases characterized by mutations that 
lead to constitutive activation of the type I interferon 
pathway. These disorders have substantial overlap of 
phenotypes, including arthritis, necrotizing vasculitis, 
intracranial calcifications, interstitial lung disease and 
lipodystrophy, with similar molecular signatures at  
the transcriptional and cytokine level124. Evidence of the 
importance of this signalling pathway is abundant, and 
derives from both inherited diseases and acquired con-
ditions that lead to hyperinflamed or immunodeficient 
states125. Similar to the activation in NF-κB signalling, 
mutations in ubiquitin E3 ligases and deubiquitylases 
can cause constitutive activation of the type I interferon 
pathway126.

The OTU domain-containing protein 1 (OTUD1) 
deubiquitylase was implicated as a potential disease- 
causing gene in multiple systemic inflammatory dis-
eases in a small-scale case–control study127. OTUD1 
enzymatically controls inflammation by inhibiting 
IRF3-dependent transcriptional activity and activation 
of RIG-I (antiviral innate immune response receptor 
RIG-I). In experiments in vitro and in vivo in mice, 
OTUD1 repressed type I interferon-mediated disease128. 
Other ubiquitylation enzymes identified in mice as 
being critical to regulation of interferon signalling are 
not yet known to be associated with human disease129. 
Upregulation of type I interferon pathways also occurs in 
OTULIN-deficient humans and mice106, and in patients 
with HA20 (reF.97).

Diseases linked to dysregulation of the ubiquitin-like 
modifier ISG15. ISG15 is expressed in response to 
type I interferon signalling and has important roles in 
anti-pathogenic responses98,130. In a similar manner to 
ubiquitylation, ISG15 undergoes cycles of conjugation 
and deconjugation to substrates, and there is thought to 
be considerable crosstalk between ISG15 and ubiqui-
tylation pathways131. Historically, ISG15 was thought to 
function as a pro-inflammatory antiviral effector. Results 
from studies in patients who lack ISG15 showed that, 
depending on the circumstances and target substrates, 
ISG15 can either suppress or activate the interferon 
pathway. ISG15 loss by recessively inherited mutations 
leads to a disease manifesting with basal ganglia calcifi-
cations and sporadic seizures that is similar to Aicardi–
Goutières Syndrome (AGS), as a result of upregulation 
of the expression of ISGs132. Interestingly, patients with 

ISG15 deficiency also have susceptibility to mycobacte-
rial disease, which is likely to be explained by loss of the 
extracellular function of ISG15 to induce IFNγ produc-
tion in lymphocytes133–135. Thus, patients have manifesta-
tions of both autoinflammation and immunodeficiency. 
Similarly, autosomal-recessive loss-of-function muta-
tions affecting the ISG15-specific deconjugating enzyme 
ubiquitin specific peptidase 18 (USP18) also result in 
primary interferonopathy. Loss of USP18 is primar-
ily thought to cause disease in a manner that does not 
rely on its catalytic activity but rather on its ability to 
bind and inhibit signalling through the IFNα recep-
tor (IFNAR)136. The binding between free intracellular 
ISG15 and USP18 increases the stability of USP18 by pre-
venting its degradation. Although loss of ISG15 is com-
patible with life, USP18 deficiency is a potentially lethal 
disease with a phenotype similar to that of severe AGS 
as a result of brain calcification. Both USP18-deficient 
and ISG15-deficient patients have a strong interferon 
gene-expression signature in their peripheral blood 
leuko cytes and cerebrospinal fluid, which can be effec-
tively ameliorated with JAK inhibitors137. Interestingly, 
deficiency of ISG15 results in specific immunodeficiency 
in humans but not in mice, and as there is minimal 
conservation between species of the gene and path-
way, ISG15-deficient patients are potentially a critical 
resource for further studies of this pathway138.

Stress and cell death in immune cells
In contrast to the many specific pathways described 
above, there are a few examples of human diseases that 
are caused by dysregulated ubiquitylation leading to dis-
ruption of general cellular functions. These general path-
ways are probably not causing inflammation because 
of aberrant levels of a single downstream effector but 
instead through activation of stress or cell-death path-
ways with many potential triggers (Fig. 3). These factors 
might also have a role in some of the specific pathways, 
as a downstream consequence of inflammation.

The UPR and autoinflammation
The UPR is a cellular stress pathway that regulates 
immune responses139,140. The UPR is activated when 
protein-folding requirements exceed the process-
ing capacity of the endoplasmic reticulum (ER), and 
misfolded and unfolded proteins accumulate. The 
UPR is composed of three major pathways that use 
inositol-requiring enzyme 1α (IRE1α), PRKR-like ER 
kinase (PERK) and activating transcription factor 6α 
(ATF6α) as sensors, all of which are activated by mis-
folded proteins139,140. Stimulation of these pathways 
can directly result in activation of multiple innate 
immune responses, including NF-κB pathways, with 
reciprocal activation of the UPR as a consequence of 
pathogen-receptor activation. Studies of autoimmune 
and autoinflammatory diseases such as inflammatory 
bowel disease have implicated the UPR and ER integrity 
in disease mechanisms141,142. Dysregulation of both ubiq-
uitin activation (in VEXAS) and processing of degrada-
tive ubiquitylation signals (in PRAAS) lead to activation 
of the UPR. As further evidence of the importance of the 
UPR in inflammation, mutations in APS13 (reF.143) and 
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COPA144, which encode proteins that maintain Golgi–ER 
trafficking of TLR3 and STING proteins, respectively, 
can lead to monogenic autoinflammatory diseases with 
distinct features, likely through altered proteostasis. 
How these proteins directly contribute to specific forms 
of inflammation (such as pustular psoriasis in APS13 
deficiency) remains unclear, but it might involve inap-
propriate processing of a key factor, such as STING145, 
or regulation of a number of other cell-specific proteins.

Cell death and autoinflammation
Cell death is an essential process that is required for 
proper tissue homeostasis and development. Many 
forms of programmed cell death exist, including apop-
tosis, necroptosis, pyroptosis and NETosis, and extensive 
reviews of these processes are available elsewhere146,147. 
Instead of death bringing finality, it has manifold roles, 
depending on the context of cell type and stimuli, in 
preventing, causing and perpetuating inflammation146. 
Programmed cell death can result directly in the release 
of cytokines, as is the case for pyroptosis, or it can result 
in the presentation of damage-associated molecular 
patterns (DAMPs), which then promote inflammation. 
In particular, apoptosis and necroptosis integrate exter-
nal signals, such as binding of death-receptor ligands 
(including TNF, FASL and TRAIL), either directly or 
indirectly resulting in a pro-inflammatory milieu. These 
mechanisms can involve cell-intrinsic and cell-extrinsic 
processes.

A number of inborn errors of immunity are caused 
by mutations in genes encoding key regulators of cell 
death, including CASP8 (reF.148) and RIPK1 (reFs149–151), 
or receptor–ligand combinations, such as FAS and 
FASLG (also known as TNFSF6)152. These disorders 
can present with a combination of immunodeficiency 
and/or autoinflammation, similar to LUBAC-related 
disorders. FAS and TNFR1 directly mediate immune 
signalling upon specific cytokine binding and activate 
cell-death pathways, and dysregulation of either activ-
ity contributes to disease pathogenesis. These diseases 
directly involve cell death, whether through lack of 
apoptosis in autoimmune lymphoproliferative syn-
drome caused by FAS mutations152,153, or via increased 
cell death in RIPK1-related disorders. In addition, many 
of the downstream ubiquitylation enzymes and ubiqui-
tylated substrates in programmed cell death are impor-
tant for regulation of inflammation as they mediate the 
balance between TNFR1-induced apoptosis complex 1  
(membrane-bound TNFR1 complex) and complex 2 
(cytoplasmic RIPK1-associated complex)9. Notably, 
because of the overlap between the signals that mod-
ulate inflammation and cell death, many factors have 
pleiotropic effects on inflammation.

PTMs such as ubiquitylation are important down-
stream changes that enable dynamic modulation of 
cell-death processes, and alteration of PTM machinery 
has varied physiological consequences, particularly in 
immunity. For example, loss of the E3 ligase LUBAC leads 
to autoinflammation, although the reduction of NF-κB 
signalling is a major feature of disease in patients with 
HOIL-1 loss of function100, which seems paradoxical, 
given that increased NF-κB signalling would be expected  
in autoinflammation. Nevertheless, the downregulation in  
NF-kB pro-survival signalling can shift the balance 
towards RIPK1-mediated pro-death pathways, resulting 
in increased sensitivity of LUBAC-deficient cells to 
TNF-induced cell death. Evidence from mouse models 
indicates that programmed cell death, whether apopto-
sis or necroptosis, is pro-inflammatory in these LUBAC 
deficiencies146. LUBAC prevents cell death in response 
to TRAIL, FAS, TLR and TNF signalling, and A20, in 
addition to its inhibitory role in TNF-dependent inflam-
mation, is implicated in dysregulation of cell death86. 
Another deubiquitylase, CYLD, has a role in an autoin-
flammatory disease that is caused by deficiency of TANK 
binding kinase 1 (TBK1)154. Although TBK1 is known to 
regulate the type I interferon pathway, TBK1-deficient 
individuals maintain hypomorphic but sufficient inter-
feron induction via the RIG-I–MAVS pathway, and pres-
ent with severe systemic inflammation resulting from 
dysregulation of TNF-induced RIPK1-mediated cell 
death154. Fibroblasts derived from patients with TBK1 
deficiency display heightened sensitivity to necroptosis 
that results from the lack of inhibitory phosphorylation 
on CYLD, which increases its deubiquitylation activity 
towards RIPK1. CYLD is phosphorylated by TBK1 to 
restrain the pro-death propensity of RIPK1154. A sim-
ilar mechanism may operate in patients with HA20. 
The contribution of dysregulated cell death to broader 
classes of inflammatory disease remains poorly under-
stood, but it is likely to be an under-recognized effector 
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of pathogenesis that could also act in VEXAS syndrome 
and PRAAS as a secondary effect. In the future, it will be 
important to study the contribution of these pathways in 
a cell-specific context and in human cells.

Conclusions
Innate immune sensing and activation requires the 
concerted ability to detect pathogens or stimuli and 
rapidly trigger production of cytokines or mediators of 
inflammation. In turn, efficient inactivation is critical 
to prevent prolonged inflammation once the threat is 
neutralized. In many cases, activation is accomplished 
by sensors or receptors that bind specific molecules and 
trigger highly targeted transcriptional, translational or 
post-translational programmes to promote clearance of 
pathogens155. In SAIDs, and rheumatological disorders as 
a whole, these pathways can be inappropriately co-opted 
and lead to recurrent or continued inflammation.

Genetic discovery of Mendelian disorders of auto-
inflammation has revealed new insights into the molec-
ular mechanisms that are important for fine tuning of 
the innate immune system. Many disorders are linked 
to enzymes that regulate ubiquitylation, which is a 
pleiotropic set of processes that regulate many differ-
ent aspects of immunity. Despite being linked to spe-
cific pathways of inflammation, ubiquitylation-related 
disorders cannot be easily treated with single 
cytokine-targeting therapies. Notably, the most proximal 
enzyme (UBA1) and some of the most distal enzymes 
(A20 and OTULIN) of ubiquitylation, when affected by 
mutation, can have similar effects in disease manifes-
tation (resulting in VEXAS syndrome, HA20 and otu-
lipenia) (Fig. 3). This observation suggests that shared 
mechanisms of disease exist for disorders of ubiquityl-
ation, beyond systemic cytokine production, although 
the nature of these shared mechanisms is not yet fully 
known. They could involve specific shared substrates or 
pathways, many different substrates with similar effects, 
global shifts in cytoplasmic ubiquitin machinery, or 

combinations of these factors. In particular, the contri-
bution of dysregulation of cell-death pathways warrants 
further investigation. Studying diseases caused by ubiq-
uitylation defects consistently in humans and in animal 
models will help to further our understanding of poten-
tial commonalities, and could lead to more general ther-
apies than are available at present (Fig. 3). For example, 
we propose that developing small-molecule activators 
of UBA1 or the proteasome that counterbalance dys-
regulation in protein turnover might not only provide 
a treatment option for PRAAS and VEXAS syndromes, 
but these drugs might also be beneficial for amelioration 
of autoinflammatory phenotypes caused by mutations 
affecting substrate-specific ubiquitin-system compo-
nents. Other general treatment strategies could involve 
the use of inhibitors of the UPR and cell-death pathways 
that are frequently overactivated in SAIDs.

The genes that are currently implicated in disorders 
of ubiquitylation are likely to be just the first of many, 
and associations of further elements of the ubiqui-
tylation machinery with human immunological and 
non-immunological disorders might soon be identified. 
Given the identification of disease-causing variants in 
E1 enzymes, E3 ligases and deubiquitylases, there could 
also be phenotypes that are associated with variants in 
E2 enzymes, ubiquitin sensors or effector proteins, and 
other cell-specific deubiquitylases. In addition, given 
the disease manifestations related to ISG15 and UPS18, 
we predict that variants in the ISG15 conjugation or 
ubiquitin-like machineries could also contribute to 
human immunological diseases. Similarly, other forms 
of protein degradation, such as autophagy, are likely to be 
implicated in the pathogenesis of autoinflammation156. 
Although we have focused here on germline causes, 
additional, both germline and somatic, pathogenic 
mutations causing aberrant ubiquitylation will likely be 
uncovered in the future.
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In the 1970s, searches for the underlying mechanisms of 
fever led to the discovery of a class of molecules referred to 
initially as leukocytic pyrogens1. These secreted proteins 
gained notoriety for their potency in triggering inflamma-
tion, and were ultimately given the names IL-1α and IL-1β 
upon their purification and cloning in the 1980s2,3 (Fig. 1). 
Since that time, these two unique inflammatory mediators, 
both of which share a common IL-1 receptor (IL-1R1), 
became recognized as members of a much larger IL-1 
family of cytokines, including 11 pro- inflammatory and 
anti- inflammatory cytokines that share a common inactive 
precursor structure and 10 multi- chain cytokine recep-
tors. The IL-1 family also includes two decoy receptors, an 
inhibitory binding protein and two receptor antagonists, 
the most well- known of which is IL-1 receptor antago-
nist (IL-1RA), a natural inhibitor of IL-1R1 activation4. 
The presence of many proteins within this family, often 
with synergistic or opposing functions, suggests impor-
tant biological roles requiring tight regulation. Although 
the IL-1 family includes disease- relevant cytokines 
IL-18, IL-33 and IL-36 (reviewed in Mantovani et al.5), 
for the purposes of this Review on autoinflammatory  
diseases, we focus on IL-1β, IL-1α and IL-1RA.

The most consistent clinical feature of autoinflam-
mation mediated by IL-1, besides fever, is episodic or 

chronic systemic and/or tissue inflammation. Common 
areas that are affected include the skin and musculo-
skeletal system, although certain inflammatory sites are 
unique to specific IL-1- related disorders, such as serous 
membranes (pleura and peritoneum), the central nerv-
ous system (CNS) and conjunctiva. Patients also fre-
quently complain of fatigue or malaise, symptoms that 
are commonly associated with chronic inflammation. In 
general, laboratory evaluation of patients, either during 
symptoms and sometimes between episodes, reveals 
elevated acute phase markers and neutrophilia in blood 
and tissue. Chronic systemic inflammation can lead to 
anaemia of chronic disease and tissue damage, such as 
amyloid A amyloidosis.

The first autoinflammatory disorders described were 
monogenic hereditary fever disorders caused by muta-
tions in single genes encoding for inflammasome- related 
proteins. This classification has since been expanded to 
include other monogenic autoinflammatory diseases 
that result in IL-1- mediated inflammation and puta-
tive polygenic disorders that appear to be mediated by 
IL-1, as indicated by clinical response to IL-1- targeted 
therapies. The monogenic disorders are generally rare, 
with a prevalence ranging from 1 in millions to 1 in 
tens of thousands, although some of these diseases, 
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particularly specific autosomal- recessive conditions, 
may be observed more frequently in specific isolated 
populations (such as familial Mediterranean fever 
(FMF)), likely because of selective infectious pressures 
occurring centuries ago6. Founder mutations have been 
described as underpinning several of these disorders in 
different parts of the world; however, de novo mutations 
are often identified in many of the autosomal- dominant 
diseases. In this Review, we describe the molecular biol-
ogy underlying IL-1- mediated inflammation and its role 
in autoinflammatory disorders. We highlight pertinent 
clinical features relevant to the practising rheumatolo-
gist, diagnostic and management considerations, and 
ongoing challenges faced by physicians and patients.

The complex biology of IL-1
IL-1β, often referred to as IL-1, is expressed primar-
ily in myeloid cells (such as monocytes, macrophages 
and neutrophils) in a highly controlled fashion involv-
ing numerous regulatory mechanisms7,8 (Fig. 2). IL-1β  
is expressed as an inactive precursor (pro- IL-1β) that is 
cleaved to its active form by several proteases, including 
caspase 1 and neutrophil- and microorganism- derived 
proteases9. Caspase 1- dependent cleavage is driven pri-
marily by activation of large intracellular multi- protein 
complexes known as inflammasomes, which consist 
of a sensor protein (such as NLRP3 or pyrin) and an 
adaptor protein ASC that oligomerize to form poly-
meric caspase 1 cleavage platforms. In addition to 
cleaving pro- IL-1β, caspase 1 cleaves and thereby acti-
vates gasdermin D, which allows it to form membrane 
pores enabling the release of IL-1β from the cell and 
mediating pyroptosis, a pro- inflammatory form of cell 
death10 (Fig. 2). IL-1β can also be released by a caspase 8  
and gasdermin E- mediated lytic process11, by mixed 
lineage kinase domain- like protein (MLKL)- mediated 
necroptosis, and likely by other mechanisms that remain 
to be elucidated12. After IL-1β is released from the cell, 
the pro- inflammatory effects are exerted through bind-
ing to IL-1R1 on the same cell or nearby cells, activating 
intracellular signalling pathways involving IRAK4, MK2 
and NF- κB that ultimately lead to further expression of 
inflammatory cytokines and inflammasome proteins13. 
In this manner, IL-1β is a potent activator of its  
own expression and release, leading to an amplified, 
autoinflammatory response.

Though less frequently recognized, IL-1α is consti-
tutively expressed in all cells as an active pro- form and 

is unique in that it localizes to the nucleus, cytoplasm 
and cell membrane, where it has site- specific functions 
(Fig. 2). IL-1α shuttles between the nucleus and cytoplasm 
depending on cellular conditions, such as homeostasis 
or infection. In the nucleus, it binds to chromatin and 
functions as a transcription factor regulating cytokine 
expression downstream of NF- κB and AP-1 including 
IL-6 and IL-8, whereas in the cytoplasm it binds to 
mitochondrial cardiolipin to regulate NLRP3 inflam-
masome function14. At the cell membrane, IL-1α can 
bind to and activate IL-1R1 on adjacent cells, or can be 
released in membrane- bound apoptotic bodies, leading 
to further local and systemic inflammation5. Although 
IL-1α can be cleaved by several proteases, it does not 
require cleavage for biologic activity or for secretion. 
The major mechanism of IL-1α release appears to be 
through lytic cell death (pyroptosis or necroptosis); it is 
thus considered an alarmin that triggers sterile inflam-
mation locally, such as during ischaemia. Moreover, 
through binding to IL-1R1, IL-1α acts as a potent driver 
of neutrophil recruitment in several tissues including the 
skin and lungs15. Interestingly, IL-1β can bind to IL-1α 
and serve as a shuttle for its secretion16, suggesting an 
additional layer of complexity to the regulation of IL-1 
release.

A third important member of the IL-1 family, IL-1 
receptor antagonist (IL-1RA), appears to be a predomi-
nantly anti- inflammatory cytokine. IL-1RA is expressed 
in all cells and tissues, and is induced by several inflam-
matory stimuli, as evidenced by high levels of IL-1RA 
in serum from patients with inflammatory diseases. It is 
a natural inhibitor of IL-1- mediated inflammation, act-
ing by competitively binding to IL-1R1 and thereby pre-
venting the binding of both IL-1α and IL-1β. Although 
this function of IL-1RA is well established, it has more 
than one isoform that may have additional functions17. 
Moreover, IL-1RA has anti- apoptotic effects via an intra-
cellular non- receptor- mediated mechanism18. Although 
a complete understanding of IL-1RA biology remains 
to be reached, its clinical importance became evident 
with the discovery of patients with deficiency of IL-1RA 
(DIRA), discussed below, and the widespread utility of 
recombinant IL-1RA (anakinra) as a therapeutic for 
IL-1- driven autoinflammatory disease.

IL-1 and autoinflammation
Our appreciation of the complexity of IL-1 biology orig-
inally stemmed from attempts to understand the mecha-
nisms of fever. As such, it is fitting that the rekindling 
of interest in IL-1- related mechanisms at the turn of 
the century occurred with the discovery of the molec-
ular pathways underlying the pathology of several  
rare hereditary fever disorders19–22. These conditions 
are all characterized by recurrent or chronic systemic 
and tissue inflammation combined with fever, rash and 
musculoskeletal symptoms. The identification of gene 
mutations responsible for these immunodysregulation 
diseases led to the introduction of an entirely new dis-
ease classification known as autoinflammation, which 
encompasses inflammatory disorders driven by innate 
immunity in the absence of high- titre autoantibodies 
or antigen- specific T lymphocytes22. Each discovered 

Key points

•	Il-1α, Il-1β and Il-1RA are highly regulated inflammatory mediators involved in
damage- and pathogen- associated molecular pattern (DAmPs and PAmPs), and cell
death pathways.

•	Patients with evidence of systemic inflammation without persistent infection or 
autoantibodies should raise suspicion of an Il-1- mediated autoinflammatory disorder.

•	Rare monogenic and common polygenic diseases with neutrophilia and inflammation
might respond to targeting the Il-1 pathway.

•	genetic testing confirms Il-1-driven autoinflammatory disorders, yet new disease
phenotype–genotype correlations continue to be identified.

•	Il-1-targeted therapies are highly effective and safe; new therapeutics focus on targets 
independent of Il-1 receptor binding, including NlRP3, caspases, IRAK4 and mK2.

Pyroptosis
inflammatory form of cell 
death mediated by caspase 1 
and gasdermin D.

Necroptosis
inflammatory form of necrotic 
cell death that is caspase 
independent.
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autoinflammatory disease revealed new mechanisms 
of dysregulated IL-1 biology, such as intrinsic unreg-
ulated inflammasome function, extrinsic mechanisms 
of inflammasome activation, and ineffective or absent 
IL-1 regulatory pathways. All of these mechanisms have 
broader implications for our understanding of innate 
immune regulation.

The innate immune system requires highly regulated 
mechanisms to prevent constitutive or uncontrolled 
responses that could harm the host, while allowing 
for rapid inflammatory responses that are selective for 
pathogen- and damage- associated molecular patterns 
(PAMPs and DAMPs) (Fig. 2). Inflammasome pro-
teins are generally inactive under normal conditions 
but are activated by specific triggers, such as path-
ogen toxins23. Uniquely, the NLRP3 inflammasome 

is activated by numerous triggers including ATP and 
several crystals24. Gain- of- function mutations in MEFV 
and NLRP3, which encode pyrin and cryopyrin, respec-
tively, result in intrinsic constitutive activation of the 
inflammasome, or a reduced threshold for its activa-
tion. This mechanism is responsible for the inflam-
matory phenotype observed in patients with FMF or 
cryopyrin- associated periodic syndromes (CAPS)19–21. 
Other hereditary fever disorders, such as mevalonate 
kinase deficiency (MKD)25,26, TNF- associated periodic 
syndrome (TRAPS)22, and pyogenic arthritis, pyo-
derma gangrenosum and acne (PAPA) syndrome27, 
are caused by mutations in genes that encode proteins 
with extrinsic effects on inflammasome activation, such 
as MVK, TNFRSF1A and PSTPIP1, rather than the 
inflammasome- encoding genes themselves. Although 
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Fig. 1 | Timeline of key events leading to current understanding and 
treatment of IL-1-mediated autoinflammatory diseases. First described 
as pyrexin in 1943, and subsequently termed lymphocyte- activating factor 
and leukocytic pyrogen in the 1970s1, the introduction of interleukin 
nomenclature united these secreted macrophage products as IL-1. The 
timeline shows scientific advances in yellow, the first identification of a 
specific gene as the cause of a given autoinflammatory syndrome in grey, 
and the initial approval for IL-1- targeted therapies (with agency) in red. 
AOSD, adult- onset Still disease; CAPS, cryopyrin- associated periodic 

syndromes; DIRA, deficiency of IL1 receptor antagonist; FCAS, familial cold 
autoinflammatory syndrome; FMF, familial Mediterranean fever; GSDMD, 
gasdermin D; HIDS, hyper IgD syndrome; MKD, mevalonate kinase 
deficiency; MWS, Muckle–Wells syndrome; NOMID, neonatal- onset 
multisystem inflammatory disease; PAPA, pyogenic arthritis, pyoderma 
gangrenosum and acne syndrome; RA, rheumatoid arthritis; sJIA, systemic 
juvenile idiopathic arthritis; Syn, syndrome; TRAPS, tumour necrosis factor 
receptor- associated periodic syndrome; UK, Medicines and Healthcare 
Products Regulatory Agency of the United Kingdom.
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the mechanisms of autoinflammation extend beyond 
IL-1 to other cytokines and immune pathways28, the 
study of IL-1- mediated autoinflammatory diseases 
remains an exciting field that is highly relevant to the 
practicing rheumatologist.

Aetiology of autoinflammatory diseases
The description and characterization of autoinflam-
matory diseases has long been linked to the identifi-
cation of the underlying genetic and molecular basis 
for inflammation. Although phenotypically distinct 
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consequences of IL-1β and IL-1α are intertwined and highly regulated at multiple levels. Many upstream mechanisms, 
which can be grouped into damage- and pathogen- associated molecular patterns (DAMPs and PAMPs), trigger the 
activation of the inflammasome, an intracellular complex of multiple proteins (such as NLRC4, NLRP1, pyrin and NLRP3). 
Activation of the inflammasome, in turn, activates the caspase enzymes 1, 4 and 5, and other proteases, which process 
(cleave) and activate IL-1β and IL-1α. Non- inflammasome pathways can also activate caspase 8. Upon activation, IL-1β  
and IL-1α are released from the cell via a gasdermin E lytic process, gasdermin D pore formation and pyroptosis, or mixed 
lineage kinase domain- like pseudokinase (MLKL)- mediated necroptosis. IL-1β and IL-1α can then bind and activate IL-1R 
on nearby cells, leading to downstream intracellular signalling, and the expression, processing and release of additional 
IL-1 proteins, ultimately causing a positive, autoinflammatory feedback loop, and recruitment of neutrophils and other 
inflammatory cells. The three approved IL-1- targeted biologic therapies prevent IL-1R activation (represented by T- ended 
arrows). Numerous other drugs, at various stages of development, target inflammasome components and upstream and 
downstream pathways (target symbols).
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patients are typically characterized first in the literature, 
the description of additional patients with shared geno-
types has resulted in a much broader disease spectrum 
than was initially appreciated. Currently, more than 30 
genetically defined autoinflammatory diseases, many 
with direct and indirect links to the IL-1 pathway, have 
been described and listed in the registry of hereditary 
autoinflammatory disorder mutations29–32.

Monogenic autoinflammatory disorders are caused 
by mutations in single genes related to control of inflam-
mation (Table 1). Despite the rarity of these syndromes, 
their shared features of fever, arthralgias and rashes sug-
gest that many will present to the rheumatology clinic. 
Mechanistically, monogenic autoinflammatory dis-
orders lead to persistent activation of the NLPR3 or pyrin 
inflammasomes and subsequent activation of caspase 1, 
resulting in IL-1 release and autoinflammation. Other 
monogenic disorders, including those caused by muta-
tions in TNFRSF1A, MVK, PSTPIP1 and CDC42, lead 
to IL-1 activation through pathways other than direct 
inflammasome activation, such as by the accumulation 
of intracellular stress triggers, enhanced binding to known 
intracellular sensors, or by affecting immune signalling 
pathways33–39. Autoinflammatory diseases caused by other 
members of the IL-1 cytokine family (Supplementary 
Table 1) are beyond the scope of this review.

IL-1- driven autoinflammatory diseases
NLRP3 spectrum disease. CAPS, also known as cry-
opyrinopathies, represent a disease continuum caused 
by gain- of- function mutations in NLRP3. These 

heterozygous mutations were first described in fam-
ilies with familial cold autoinflammatory syndrome 
and Muckle–Wells syndrome20, and then subsequently 
identified in patients with neonatal- onset multisystem 
inflammatory disease (NOMID; also known as chronic 
infantile neurological, cutaneous and articular syndrome 
(CINCA))40. Across the spectrum of severity, patients 
with CAPS share symptoms of recurrent fever, urticaria- 
like rash with neutrophilic infiltration, headaches, joint 
pain and conjunctivitis, as well as serological evidence 
of systemic inflammation. However, unique clinical fea-
tures exist and a fairly consistent genotype–phenotype 
correlation can be used to define where patients fall 
on the CAPS disease spectrum41. Emphasis on the full 
spectrum is now reinforced by a newly proposed tax-
onomy that classifies these disorders as mild, moderate 
and severe NLRP3- associated autoinflammatory disease 
(NLRP3- AID)42. For historical context, and consistency 
with international drug approvals, this Review uses both 
the old and the new taxonomy.

At the mild end of the CAPS spectrum, patients 
with familial cold autoinflammatory syndrome (mild 
NLRP3- AID) experience brief flares, often less than 24 h 
in duration, induced by exposure to cold temperatures20. 
More severe clinical features on the CAPS spectrum 
include longer duration of episodes and stronger neuro-
logical symptoms due to CNS inflammation. In the 
moderate NLRP3- AID phenotype, Muckle–Wells syn-
drome, patients experience longer episodes of 2–3 days 
and often develop a progressive sensorineural hear-
ing loss beginning in the first or second decade of life.  

Table 1 | Monogenic autoinflammatory diseases driven by IL-1

Disease Gene Presentation Therapeutic 
target

FCAS NLRP3 Cold urticaria, chills, conjunctivitis, myalgia/arthralgia, fever IL-1

MWS NLRP3 Sensorineural hearing loss, urticarial rash, conjunctivitis, myalgia/
arthralgia, fever

IL-1

NOMID NLRP3 CNS inflammation (chronic aseptic meningitis, vision loss, hearing 
loss), knee arthropathy, urticarial rash, fever

IL-1

FMF MEFV Serosal pain (abdominal, chest), arthralgia, erysipeloid rash, fever IL-1

PAAND MEFV Sterile skin abscesses, myalgia, myositis, rash, fever IL-1, TNF

HIDS MVK Triggered by vaccination, abdominal pain, vomiting, rash, myalgia/
arthralgia, aphthous ulcers, fever

IL-1, TNF

MA MVK Developmental delay, FTT, dysmorphic features, recurrent fever IL-1, TNF

TRAPS TNFRSF1A Painful centrifugal rash, periorbital oedema, prolonged fever, 
abdominal pain, headache, conjunctivitis, myalgia/arthralgia

IL-1, TNF

DIRA IL1RN Pustular rash, sterile osteomyelitis, periostitis, hepatosplenomegaly, 
fever

IL-1

PAPA PSTPIP1 Pyoderma gangrenosum, arthritis, acne IL-1, TNF

Hz/Hc PSTPIP1 Rash, FTT, hepatosplenomegaly, neutropenia IL-1, TNF

CDC42/NOCARH CDC42 Pancytopenia, neurodevelopmental defects, facial dysmorphism, 
recurrent infection, rash, MAS/HLH, fever

IL-1

Majeed syndrome LPIN2 Osteomyelitis, dyserythropoietic anaemia, rash, fever IL-1

CNS, central nervous system; DIRA, deficiency of IL1 receptor antagonist; FCAS, familial cold autoinflammatory syndrome;  
FMF, familial Mediterranean fever; FTT, failure to thrive; HIDS, hyper IgD syndrome; Hz/Hc, hyperzincaemia/hypercalprotectinaemia; 
HLH, haemophagocytic lymphohistiocytosis; MA, mevalonic aciduria; MAS, macrophage activation syndrome; MKD, mevalonate 
kinase deficiency; MWS, Muckle–Wells syndrome; NOCARH, neonatal- onset cytopenia with dyshaematopoiesis, autoinflammation, 
rash, and HLH; NOMID, neonatal- onset multisystem inflammatory disease; PAAND, pyrin- associated autoinflammation with 
neutrophilic dermatosis; PAPA, pyogenic arthritis, pyoderma gangrenosum and acne; TNF, tumour necrosis factor; TRAPS, tumour 
necrosis factor receptor- associated periodic syndrome.
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The most severe NLRP3- AID phenotype, NOMID, is 
characterized by nearly persistent systemic inflammation 
with additional neurological symptoms including chronic 
aseptic meningitis and cognitive impairment43,44. In these 
patients, increased intracranial pressure may lead to pap-
illary oedema and optic disc atrophy45. Moreover, skeletal 
abnormalities, including frontal bossing and a distinctive 
distal femur overgrowth, are also typically observed46,47.

The constellation of symptoms, combined with fre-
quent genetic testing, has also resulted in the identifica-
tion of NLRP3 variants in other related syndromes. For 
example, somatic variants in NLRP3 have been described 
in some patients with Schnitzler syndrome48. CAPS- like 
phenotypes have also been observed in patients with 
variants in other autoinflammatory genes including 
NLRP12 (reF.49), NLRC4 (reF.50) and F12 (Factor XII)51. 
Thus, the phenotypic spectrum and genotypic aetiol-
ogy of inflammasome- mediated diseases remain active  
areas of clinical and translational research.

MEFV spectrum disease. Mutations in MEFV, which 
encodes pyrin, underlie two distinct autoinflamma-
tory syndromes: pyrin- associated autoinflammatory 
diseases- FMF and pyrin- associated autoinflammation 
with neutrophilic dermatosis (PAAND). FMF, likely the 
most well- known of the autoinflammatory syndromes, 
is characterized by discrete episodes of fever with seros-
itis, synovitis and rash21. The most frequently reported 
symptom is abdominal pain, which can resemble an acute 
abdomen in presentation and on physical examination52. 
Although the disease phenotype is classically described 
as inherited in an autosomal- recessive fashion, there are 
increasing reports of patients with only one identifiable 
heterozygous MEFV mutation, with clear autosomal- 
dominant inheritance53,54. Murine studies have confirmed 
that MEFV mutations observed in patients are gain- of- 
function, consistent with inflammatory phenotypes in 
patients with a single identified heterozygous variant55. 
The most concerning consequence of uncontrolled 
inflammation in FMF is the development of systemic 
amyloid A (SAA) amyloidosis. Owing to the prevalence 
of MEFV mutations in certain parts of the world, it is also 
evident that specific variants may carry a greater risk of 
SAA amyloidosis dependent on the underlying genetic 
background. For example, patients with homozygo-
sity for the M694V missense mutation may experience 
particularly severe disease with increased frequency of 
attacks, associated co- morbidities and reduced response 
to therapy56,57. The goal of therapy for any patient with 
FMF is reduction of inflammation and ultimately  
prevention of amyloidosis.

More recently, PAAND has been described as a 
distinct, autosomal- dominant syndrome caused by 
mutations in MEFV58,59. Affected patients experience 
recurrent inflammatory episodes with fever, neutrophilic 
dermatosis, arthralgia, myalgia and myositis beginning 
in early childhood. Elevation in serum acute- phase 
reactants is observed during inflammatory episodes. To 
date, two families with PAAND have been identified, 
exhibiting decreased 14-3-3 binding to pyrin, result-
ing in inflammasome activation and IL-1β and IL-18  
secretion, as well as pyroptotic cell death58,59.

Deficiency of the IL-1 receptor antagonist. Autosomal- 
recessive missense mutations and large deletions in 
IL1RN were more recently described in patients with 
deficiency of the IL-1 receptor antagonist (IL-1RA), 
and are primarily due to founder effects60–63. In the 
case of deletion mutations, the size of the deletion may 
affect the phenotype, as has been observed in Puerto 
Rican patients with DIRA, where a 175- kb genomic 
deletion eliminates not only IL1RN, but also five IL-1- 
related genes60,62,64. In all cases, the result is an absent 
or truncated IL-1RA protein that is not secreted, and 
ultimately unable to inhibit IL-1α and IL-1β inflam-
matory responses. Uniquely, patients with DIRA have 
systemic inflammation with neutrophilia and elevations 
in serum inflammatory markers, although fever may be 
absent. Patients present near birth with a neutrophilic 
pustular rash that can be triggered by mechanical stress. 
Skin biopsy samples show neutrophilic infiltration of 
the dermis and epidermis, superficial folliculitis with 
pustule formation along hair follicles, acanthosis and 
hyperkeratosis60,62. Osteopenia with sterile lytic bone 
lesions, epiphyseal ballooning of the long bones and wid-
ening of the anterior rib ends, periosteal reaction, joint 
swelling and fusion of the cervical vertebrae have also 
been described in the majority of patients60–63,65. Infants 
frequently demonstrate hypoxaemia and dyspnoea due 
to interstitial pneumonia, localized ground- glass opac-
ities and areas of atelectasis or gastrointestinal reflux. 
Thrombosis has also been described.

IL-1- associated autoinflammatory diseases
TNF- associated periodic syndrome. TRAPS is an 
autosomal- dominant disease caused by mutations in 
the TNFRSF1A gene. Symptoms of TRAPS include long 
episodes of fever (>7 days), a tender centripetal migra-
tory skin rash and abdominal pain. Periorbital oedema 
and musculoskeletal symptoms, especially myalgia of the 
lower extremities, have also been documented. The high 
severity of symptoms has resulted in the misdiagnosis 
of acute abdomen and unnecessary surgical interven-
tion in some patients66. As in the cryopyrinopathies, the 
TRAPS phenotype severity spectrum is determined to 
some degree by the type of TNFRSF1A mutations67.

The mechanisms underlying the extended febrile epi-
sodes in TRAPS have long been subject to investigation. 
Initial studies suggested that mutations affecting amino 
acid residues critical for protein folding lead to a fail-
ure of TNF receptor shedding68,69, a cellular process that 
desensitizes cells to TNF action. However, more recent 
data support a role for NLRP3 inflammasome activation 
through a number of potential mechanisms, including 
intracellular accumulation of misfolded mutant TNF 
receptor protein, leading to elevated generation of 
reactive oxygen species, induced cell death or impaired 
autophagy37,70. This proposed mechanism is supported 
by the successful treatment of patients with TRAPS with 
IL-1- targeted therapy71,72.

MVK spectrum disease. MKD results from autosomal- 
recessive, loss- of- function mutations in the MVK gene 
encoding mevalonate kinase25,26. It is a disease spectrum, 
comprising hyperimmunoglobulinaemia D and periodic 

Neutrophilic dermatosis
inflammatory skin disorder 
characterized by predominant 
neutrophilic infiltrate.
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fever syndrome (HIDS) at the mild end, and mevalonic 
aciduria at the severe end73. Patients with the milder 
phenotype are characterized by early onset episodes 
of fever, rash (macular–papular, urticarial, nodular or 
petechial), abdominal pain, oral ulcers and adenopathy, 
lasting nearly a week on average. Those with the more 
severe mevalonic aciduria phenotype also have recur-
rent febrile episodes, but additionally present with severe 
developmental disabilities. Inflammatory flares in MKD 
may be triggered by routine immunization, infection or 
physical stress74.

MVK mutations result in reduced or absent enzy-
matic activity of mevalonate kinase, the first enzyme in 
the 3- hydroxy-3- methylglutaryl (HMG)- CoA reduc-
tase pathway required for cholesterol and isoprenoid 
synthesis75. Lack of mevalonate kinase function results 
in a shortage of isoprenoid lipid precursors34, which are 
required to diminish the inflammatory response, even 
in response to mild stimuli. Consistently, in vitro studies 
of cells from patients with HIDS demonstrate a reduced 
ability to clear antioxidant stress, as well as mitochon-
drial dysfunction and deficiency in autophagy, all of 
which are implicated in inflammasome activation35. 
More recent evidence in human and murine models sug-
gests that the post- translational modification and subse-
quent attachment of isoprenoids to GTPases, including 
the Rho, Rac and Rap families of GTPases, are signifi-
cantly affected by reduced mevalonate kinase activity76, 
ultimately leading to increased IL-1β secretion from 
monocytes, likely in a pyrin inflammasome- dependent 
fashion36,77. The successful use of IL-1- targeted therapy 
in HIDS is evidence that supports these pathogenic 
mechanisms71.

PSTPIP1 spectrum disease. PAPA syndrome is an 
autosomal- dominant disorder resulting from gain- of- 
function mutations in PSTPIP1, which encodes proline– 
serine–threonine phosphatase- interacting protein 1  
(PSTPIP1). Mechanistically, disease- associated vari-
ants result in hyperphosphorylation of PSTPIP1 and 
enhanced assembly of the pyrin inflammasome, with 
subsequent uncontrolled IL-1β release78. Symptom onset 
is prior to 10 years of age, typically with the appearance 
of sterile pyogenic arthritis first, followed by derma-
tological features including pyoderma gangrenosum  
and acne.

Similar to the MEFV spectrum, mutations in PSTPIP1 
result in a spectrum of disease beyond PAPA syndrome. 
Hyperzincaemia and hypercalprotectinaemia (also known 
as PSTPIP1- associated myeloid- related proteinemia 
inflammatory syndrome) is characterized by severe sys-
temic and cutaneous inflammation, hepatosplenomegaly, 
arthritis, pancytopenia and failure to thrive owing to the 
accumulation of zinc79. Dermatological symptoms share 
clinical and histopathological similarities to pyoderma 
gangrenosum and include vasculitis, furuncle- like ulcers, 
and eczematous and necrotic lesions that typically affect 
the lower limbs symmetrically, although eyelids may 
also be involved80. In contrast to PAPA, the hyperzincae-
mia and hypercalprotectinaemia/PSTPIP1-associated 
myeloid- related proteinemia inflammatory phenotype 
has only been associated with a single amino acid change 

in PSTPIP1, altering the electrostatic potential and 
enhancing binding to pyrin79.

CDC42- associated autoinflammatory disease. Recently, 
patients with NOMID- like disease have been reported 
in small cohorts, underpinned by mutations in CDC42 
(reF.38), a small Rho- family GTPase that regulates intercel-
lular adhesion, cytoskeleton formation, cell cycle and cell 
proliferation81. Patients present near birth with growth 
restriction, recurrent febrile episodes, urticaria- like 
rashes, multiple cytopenias and hepatosplenomegaly38. 
The presence of aseptic meningitis, papilloedema and 
facial dysmorphisms, including mild frontal bossing, is 
reminiscent of NOMID presentation. Consistently, skin 
biopsy samples demonstrate perivascular lymphocytic 
and neutrophilic infiltration without vasculitis38.

Although the first patients described with 
CDC42- associated autoinflammatory disease had a 
remarkable response to IL-1 blockade38, more recent 
reports have noted that treatment with high dose IL-1 
inhibition may not be sufficient to completely resolve 
symptoms, especially in the face of infection- driven 
macrophage activation syndrome39. In contrast to other 
autoinflammatory diseases, patients described to date 
have elevations in IL-18, suggesting a role for either the 
pyrin82–84 or NLRC4 inflammasome in CDC42- mediated 
disease. Even though fewer than 10 cases have been 
described to date, the severity of disease phenotypes 
highlights the importance of an accurate diagnosis, and 
the name neonatal- onset cytopenia with dyshaemato-
poiesis, autoinflammation, rash and haemophagocytic 
lymphohistiocytosis syndrome has been proposed for 
CDC42- associated autoinflammatory diseases39.

NLRP1 spectrum disease. Although NLRP1 was the 
first NOD- like receptor (NLR) reported to form an 
inflammasome23, its genetic variation and relationship 
to disease remains unclear85. Recently, patients carry-
ing gain- of- function mutations in NLRP1 have been 
described, with some variability in phenotype depending 
on the mutated domain. Mutations in the PYRIN domain 
have been described in two families with autosomal- 
dominant corneal dyskeratosis86,87. By contrast, more 
distal mutations have been associated with systemic skin 
and mucosal symptoms (including respiratory or laryn-
geal papillomatosis, warts, exfoliation and plaque devel-
opment), as well as inflammatory arthritis88–90. Studies of 
patient serum, peripheral blood mononuclear cells and 
primary keratinocytes have demonstrated increased lev-
els of IL-1β and IL-18, consistent with autoinflammatory 
inflammasome activation86,87,89. At least two patients with 
NLRP1 spectrum disease have demonstrated some ben-
efit to IL-1 blockade86,89, although the response was not 
as uniform as for other disorders, perhaps suggesting a 
role for IL-18 in disease pathogenesis.

Of note, polymorphisms in NLRP1 have been linked 
to increased risk of several autoimmune disorders, 
including rheumatoid arthritis, psoriasis, vitiligo and 
type 1 diabetes (reviewed in Yu et al.91). Further study 
is needed to determine the functional consequences of 
these genetic variants and whether IL-1- targeted therapy 
is appropriate.
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Polygenic autoinflammatory disorders
The prominent features of fever, neutrophilia and ele-
vated inflammatory markers observed in the monogenic 
autoinflammatory disorders, have fuelled a search for 
the genetic aetiologies behind related inflammatory 
disorders seen frequently by rheumatologists. Unlike 
monogenic diseases, many have multiple genetic aetiolo-
gies identified by case–control studies and genome- wide 
association studies of IL-1- related pathways, although it 
is often other shared clinical signs and symptoms and a 
lack of autoantibodies that suggest a mechanism related 
to IL-1- mediated disease pathways. This apparent IL-1 
clinical signature suggests that targeted therapy may be 
effective in some patients with polygenic autoinflamma-
tory disorders (Table 2), as shown in small cohorts and 
case reports92. Equally evident is the recognition of par-
tial responses to IL-1 blockade, consistent with the com-
plex aetiology underlying these disorders. Nonetheless, 
the potential for pathway- specific therapy has been 

observed in some polygenic rheumatological disorders, 
further discussed below. Using a case- by- case approach, 
IL-1 blockade may be considered in these conditions.

Chronic recurrent multifocal osteomyelitis. Chronic 
recurrent multifocal osteomyelitis (CRMO) is charac-
terized by chronic, relapsing sterile bone inflammation. 
The most commonly affected areas are the knee, ankle or 
wrist, although the vertebrae, pelvis and clavicle may also 
be affected. Several genes have been linked to CRMO, 
including FGR and FBLIM1 (reFs93,94). The recent iden-
tification of IL1RN variants in patients with CRMO- 
like presentations could have implications for treatment 
strategies, such as the use of anakinra, although this 
needs further exploration95. The association of CRMO 
with congenital dyserythropoietic anaemia, known as 
Majeed syndrome, is caused by autosomal- recessive 
mutations in LPIN2. This rare syndrome has been 
reported in only three families to date96.

Table 2 | Summary of polygenic autoinflammatory diseases with a role for IL-1

Disease Genetic associations linked 
with phenotype

Presentation Therapeutic 
targets

sJIA/AOSD Class II HLA locus, HDAC9 (reF.172), 
LACC1/FAMIN173

Fever, arthritis, arthralgia, evanescent rash IL-1, IL-6, TNF, 
IL-18, IFN- γ

Schnitzler 
syndrome

NLRP3 (reF.48) Chronic urticaria, fever, arthralgia, 
lymphadenopathy, bone pain, skeletal 
hyperostosis

IL-1, TNF

Gout ADRB3, MTHFR, SLC22A11, 
SLC22A12, SLC2A9, SLC2A12, 
ABCG2, SLC17A1, SLC17A3, 
ALC16A9, GCKR, LRRC16A, PDZK1, 
R3HDMZ, RREB1, ALDH16A1 
(reF.174), MAF175, URAT1 (reF.176)

Recurrent flares of inflammatory arthritis, 
chronic arthropathy, tophaceous deposits, 
uric acid nephrolithiasis

IL-1

Recurrent 
pericarditis

MEFV177, HLA B14, DRB1*01, 
DQB1*0202 (reF.178)

Pleuritic chest pain, pericardial rub, ECG 
changes, pericardial effusion

IL-1

CRMO IL1RN95 Recurrent fever, arthritis, multifocal bone 
inflammation

IL-1, TNF

Hidradenitis 
suppurativa

PSENEN, NCSTN, PSEN1 (reF.179) Inflammatory nodules, sinus tracts and open 
comedones in intertriginous areas

TNF, IL-1

PASH MEFV, NOD2, NLRP3, IL1RN, 
PSTPIP1, PSMB8 (reF.180), NCSTN181

HS lesions, pyoderma gangrenosum, acne IL-1, IL-18

PAPASH PSTPIP1 (reF.182) HS lesions, pyogenic sterile arthritis, 
pyoderma gangrenosum, acne

IL-1, TNF, 
IL-17A, IL-18

PASS Unknown HS lesions, pyoderma gangrenosum, acne 
vulgaris, ankylosing spondylitis

IL-1, IL-18

AHLE CFI183 Fever, neurological dysfunction, seizures, 
CSF pleocytosis

IL-1

PFAPA IL12A, STAT4, IL10, CCR1–CCR3 
(reF.109), CARD8 (reF.184), ALPK1 
(reF.185)

Recurrent fever with regular periodicity, 
aphthous stomatitis, exudative pharyngitis, 
cervical adenitis

IL-1

Kawasaki disease FCGR2A, BLK, CD40 (reFs186,187), 
ITPKC, CASP3 (reF.188)

Fever, conjunctivitis, mucositis, rash, 
cervical lymphadenopathy, coronary artery 
dilatation

TNF, IL-1

Behçet disease IL12A, IL10, STAT4, CCR1–CCR3, 
IL23R–IL12RB2, FUT2 (reFs109,189), 
HLAB51/B5 (reF.190)

Recurrent genital aphthae, uveitis or retinal 
vasculitis, nodular or papulopustular skin 
lesions, positive pathergy

IL-1, TNF

AHLE, acute haemorrhagic leukoencephalitis; AOSD, adult onset Still disease; CNS, central nervous system; CRMO, chronic 
recurrent multifocal osteomyelitis; CSF, cerebrospinal fluid; ECG, electrocardiogram; HS, hidradenitis suppurativa; PAPASH, 
pyogenic arthritis, acne, pyoderma gangrenosum, and suppurative hidradenitis; PASH, pyoderma gangrenosum, acne, suppurative 
hidradenitis; PASS, pyoderma gangrenosum, acne and suppurative hidradenitis; PFAPA, periodic fever, aphthous stomatitis, 
pharyngitis, adenitis; sJIA, systemic juvenile idiopathic arthritis; TNF, tumour necrosis factor.
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Hidradenitis suppurativa spectrum. Hidradenitis sup-
purativa is a chronic inflammatory disease affecting the 
epithelium of the hair follicles, whereby recurrent sup-
purative lesions lead to tissue destruction and fibrosis, 
specifically in the intertriginous areas. The pathogene-
sis of hidradenitis suppurativa is thought to be due to 
a combination of genetic and environmental factors, 
although a positive family history is present in nearly 
30% of patients, suggesting an autosomal- dominant 
inheritance97. More recently, hidradenitis suppurativa 
has been linked to a spectrum of autoinflammatory syn-
dromes including pyoderma gangrenosum, acne, suppu-
rative hidradenitis and ankylosing spondylitis (PASS)98; 
pyoderma gangrenosum, acne, and suppurative hidrad-
enitis (PASH); pyogenic arthritis, pyoderma gangreno-
sum, acne and suppurative hidradenitis (PAPASH); and 
psoriatic arthritis, pyoderma gangrenosum, acne, sup-
purative hidradenitis (PsAPASH)99. Although all of these 
syndromes share the sterile neutrophilic inflammatory 
lesions of hidradenitis suppurativa, the varied joint  
manifestations are consistent with a complex aetiology.

Other rheumatological diseases. More common rheuma-
tological disorders with autoinflammatory features and 
IL-1 signatures include systemic juvenile idiopathic 
arthritis, adult- onset Still disease, recurrent pericarditis  
and microcrystalline arthropathies, such as gout and cal-
cium pyrophosphate deposition disease. Despite com-
plex genetics, the cardinal features of systemic juvenile 
idiopathic arthritis and adult- onset Still disease of fever, 
arthritis, rash and systemic inflammation are commonly 
also observed in the monogenic autoinflammatory dis-
eases, and it is therefore not surprising that IL-1- targeted 
therapies are effective in these diseases100–102. Recurrent 
pericarditis is a clinical feature observed in some patients 
with monogenic autoinflammatory disorders and may 
be the initial presentation (FMF with pericarditis). IL-1 
pathway- targeted therapies, including colchicine and 
some IL-1 biologics, are currently approved for use in 
patients with pericarditis, with or without mutations  
in MEFV103. Similarly, gout is characterized by recurrent 
attacks of fever and joint involvement that self- resolve. 
Given the role of the NLRP3 inflammasome in the recog-
nition and perpetuation of monosodium urate- and cal-
cium pyrophosphate- mediated inflammation24 (Fig. 2), 
it is unsurprising that IL-1- targeted therapies have been 
used successfully in gout104 and in calcium pyrophos-
phate deposition disease105. For other rheumatological 
diseases, including the seronegative spondyloarthro-
pathies such as ankylosing spondylitis and psoriatic 
arthritis, IL-1 blockade has modest benefit in some 
patients106–108, but may be considered in patients with 
refractory disease. Together, these disorders indicate 
that much remains to be learned regarding the genetic 
and environmental drivers of IL-1- mediated inflamma-
tion. Nonetheless, the availability of targeted therapies  
provides symptomatic relief for appropriate patients.

In paediatric patients, clinical presentations of fever 
and varied mucosal signs of inflammation have a broad 
differential diagnosis and can be seen in Kawasaki disease, 
periodic fever, aphthous stomatitis, pharyngitis, adenitis 
(PFAPA) syndrome and Behçet disease, and the latter 

two disorders are now postulated to exist on a genetic 
susceptibility spectrum109 (Table 2). PFAPA syndrome 
is characterized by recurrent episodes of fever, with set 
periodicity associated with non- infectious exudative 
pharyngitis, aphthous ulcers and cervical lymphadenopa-
thy. Given the similarities with recurrent febrile episodes 
and mucosal inflammation, together with some shared 
genetic association, PFAPA has been proposed to be in a 
disease continuum with Behçet disease that is uniquely 
characterized by genitourinary ulcers and uveitis109. 
Colchicine and IL-1 inhibitors have been used success-
fully in some patients on this syndromic spectrum110, but 
incomplete responses suggest that mecha nisms beyond 
IL-1 might play a role in disease pathogenesis. The 
self- limited Kawasaki disease shares several clinical 
features with other autoinflammatory diseases, includ-
ing fever, inflammation of the skin, conjunctiva and 
joints, as well as pronounced neutrophilic inflammation. 
Interestingly, Kawasaki presentations might be the ini-
tial sign of autoinflammatory disorders111. Although the 
aetiology of Kawasaki disease remains a source of active 
investigation, gene expression data and recent therapeutic 
success with IL-1 blockers support a major role for the 
IL-1 pathway in disease pathophysiology112,113. Recent 
studies support a complex genetic aetiology underlying 
these disorders, but ongoing research offers opportunities 
for pharmaceutical intervention.

Management of autoinflammatory diseases
Diagnostic approach
Given the rarity of autoinflammatory diseases, many 
patients experience delays in diagnosis that could result 
in the development of complications due to uncontrolled 
inflammation. Failure to achieve a timely diagnosis may 
take a toll physically and socially on patients, further 
reducing quality of life. Lack of timely diagnosis is often 
due to poor awareness by physicians of autoinflamma-
tory diseases; this is therefore an area in which rheuma-
tologists can provide a patient- centred, comprehensive, 
team- based clinical experience and fill an unmet need.

Recognition of systemic signs, symptoms and flare 
patterns remains the cornerstone of autoinflammatory 
disease diagnosis. For many disorders, the differential 
diagnosis includes other autoinflammatory diseases, as 
well as systemic inflammatory disorders in the rheuma-
tology realm (Fig. 3). In general, non- specific inflamma-
tory markers are elevated in autoinflammatory diseases, 
but there are few specific tests to define the diagnosis 
other than molecular genetic evaluations. Consequently, 
advances in sequencing techniques over the past few 
decades, including the availability of next generation 
approaches and commercialization of gene panels for 
disease classes, have improved the rate of diagnosis and 
dramatically increased the identification of variants in 
autoinflammatory disorder genes. However, although 
heralded as the gold standard, genetic testing is not with-
out challenges. Increasing recognition of low penetrance 
variants114, oligogenic or digenic presentations115, somatic 
mosaicism116–119 and ‘mutation- negative’ patients, 
continues to be clinically challenging with regard to 
both disease diagnosis and long- term therapeutic  
management.
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Treat- to- target approaches
As many autoinflammatory diseases present in early 
childhood, increased emphasis is placed on the 
long- term management and quality of life, including 
other determinants of health, growth and development, 
school or work attendance and social activities120. The 
ultimate goal of therapy is to obtain clinical control of 
symptoms with normalization of laboratory biomarkers 
of systemic inflammation, such as C- reactive protein and 
SAA, by using a treat- to- target approach, individualized 
for any given patient121,122. This approach is aimed at min-
imizing or preventing the development of organ damage 
in patients, including hearing123 and vision loss, CNS 
inflammation124 and amyloidosis125. It further under-
scores the need for ongoing evaluations, in order to make 
dose adjustments for weight gain and growth, changes 
in metabolism and the need for a multidisciplinary  
team to improve patient overall wellbeing126.

Vaccination
Immunizations are an important component of ongo-
ing health care. For most patients with autoinflam-
matory disorders, normal vaccination schedules are 
recommended; however, some may have exaggerated 
inflammatory responses to vaccines. This fact is clearly 
the case in patients with MKD, who characteristically 
(and often diagnostically) have disease flares triggered 
by vaccinations74. In addition, patients with CAPS have 
been reported to have large local or systemic reac-
tions to pneumococcal vaccinations, particularly the 
polysaccharide- conjugated form127. It is customarily  
recommended for patients receiving most forms 
of immunosuppressive therapy, including the IL-1 

inhibitors, to avoid live viral vaccines, although there is 
little evidence supporting this practice. There is also a 
theoretical risk of decreased vaccine effectiveness when 
patients are receiving some anti- inflammatory therapies, 
as it could affect the normal host immune response to 
vaccines. Optimization of vaccinations is therefore rec-
ommended prior to starting treatment when possible. 
Specifically, pneumococcal vaccines are particularly 
important for patients who will be on IL-1 inhibitors,  
as there is an increased risk of streptococcal disease.

With the exception of MKD, in which immuniza-
tion is a known trigger for flares74, most patients with 
IL-1- mediated autoinflammatory diseases tolerate rou-
tine vaccination, with no or mild symptoms128. With 
specific regard to SARS- CoV-2 immunization, patients 
with autoinflammatory disorders studied to date have 
tolerated the SARS- CoV-2 vaccines well, with symptoms 
similar to those observed in large cohorts of healthy indi-
viduals, such as local arm pain, myalgia and headache. It 
is noteworthy, however, that although no flaring of their 
disease requiring hospitalization has been observed, two 
patients with NOMID receiving SARS- CoV-2 vaccines 
reported worsening of headache, leading to a temporary 
increase in the dose of their anti- IL-1 therapy129. Clearly, 
longer follow- up and additional studies are needed to 
determine how to best balance SARS- CoV-2 vaccination 
and therapeutic dosing in this population.

Treatment of autoinflammatory diseases
Current therapies
The earliest and most widely utilized therapy for 
IL-1- mediated autoinflammatory disorders is col-
chicine, a plant- based medicine that was discovered 

NLRP3 spectrum
• Cold urticaria
• PLAID syndrome
• DIRA
• sJIA/AOSD

TRAPS
• MKD
• IBD
• sJIA/AOSD
• Systemic lupus

erythematosus
• Vasculitides

PSTIP1 spectrum
• Hidradenitis suppurativa
• PASH
• PASS
• PAPASH
• Septic arthritis
• Crystal-induced arthritis

CDC42/NOCARH
• NOMID
• NLRC4-related disease
• Familial HLH

MKD spectrum
• FMF
• TRAPS
• PFAPA syndrome
• CAPS
• Behçet disease
• HA20

MEFV spectrum
• DIRA
• sJIA/AOSD
• Behçet disease
• Inflammatory bowel disease
• Vasculitides
• Malignancy

DIRA
• NOMID
• CRMO/Majeed
• SAPHO syndrome
• DITRA/GPP
• CARD14-mediated psoriasis
• PAAND

Fig. 3 | Differential diagnostic considerations for monogenic disorders. Certain clinical features are shared among 
autoinflammatory disorders and may be considered in the differential diagnosis of monogenic disorders directly driven by 
IL-1 (blue) or associated with IL-1 (orange). The lists shown here are not exhaustive and other disorders may be considered 
based on individual patient clinical presentations. For an overview of CARD14- mediated psoriasis, see reF.191. AOSD, adult 
onset Still disease; CAPS, cryopyrin- associated periodic syndromes; CARD14- mediated psoriasis191; CRMO, chronic 
recurrent multifocal osteomyelitis; DIRA, deficiency of IL-1 receptor antagonist; DITRA, deficiency of IL-36 receptor 
antagonist192,193; FMF, familial Mediterranean fever; GPP, generalized pustular psoriasis; HA20, haploinsufficiency of A20 
(reF.194); HLH, hemophagocytic lymphohistiocytosis; MKD, mevalonate kinase deficiency; NLRC4, NLR family CARD 
domain containing 4 (reF.195); NOCARH, neonatal- onset cytopenia with dyshaematopoiesis, autoinflammation, rash,  
and HLH; NOMID, neonatal- onset multisystem inflammatory disease; PAAND, pyrin- associated autoinflammation with 
neutrophilic dermatosis; PAPASH, pyogenic arthritis, acne, pyoderma gangrenosum, and suppurative hidradenitis;  
PASH, pyoderma gangrenosum, acne, suppurative hidradenitis; PASS, pyoderma gangrenosum, acne and suppurative 
hidradenitis; PFAPA, periodic fever, aphthous stomatitis, pharyngitis, adenitis; PLAID, PLCγ2- associated antibody 
deficiency and immune dysregulation196,197; SAPHO, synovitis, acne, pustulosis, hyperostosis, osteitis; sJIA, systemic 
juvenile idiopathic arthritis; TRAPS, tumour necrosis factor receptor- associated periodic syndrome.
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serendipitously in the 1970s as a successful prophylac-
tic treatment for patients with FMF. Colchicine seems 
to work by disrupting microtubules130, which mediate 
intracellular organelle and vesicle movement, cytokine 
secretion, cell division and migration, and regulation 
of gene expression131,132. The identification of the pyrin 
inflammasome more than 20 years later, and the demon-
stration that colchicine blocks pyrin inflammasome 
activation133, might explain why it is not as effective in 
the non- pyrin- mediated monogenic autoinflammatory 
disorders. However, there are some patients with FMF 
that do not respond to colchicine and others who cannot 
tolerate the gastrointestinal side effects or adhere ade-
quately to a daily maintenance therapy134. These patients 
usually respond to IL-1- targeted biologics, although the 
prevention of amyloidosis has not been as well estab-
lished as it has with colchicine135. It was the pharmaco-
logical development of the IL-1R antagonist, anakinra, 
initially for the treatment of sepsis, that enabled a direct 
means of evaluating the role of IL-1 in human diseases. 
This was a major advance, given that IL-1β levels are 
low, and IL-1α is typically below the level of detection, 
in the serum of patients with even the most severe 
autoinflammatory disease136. Although the sepsis trials 
failed, FDA approval for anakinra in rheumatoid arthri-
tis in 2001 enabled investigators to test this antagonist 
in patients137. Since then, two additional IL-1- targeted 
therapies have been developed and approved, includ-
ing rilonacept, a recombinant IL-1R that binds to and 
inhibits IL-1α, IL-1β and IL-1RA, and canakinumab, a 
human monoclonal antibody that binds specifically to 
IL-1β92,136. The different mechanisms of action of these 
three compounds should enable the unique functions 
of specific IL-1 family members in human disease to 
be understood, although the actual clinical experience 
has not necessarily been that clear, likely because of 
complex intra IL-1 family member regulatory mecha-
nisms. The clinical success of IL-1 blockade (targeting 
IL-1α or IL-1β, or both) provides the most convincing 
evidence of a role for IL-1 in autoinflammatory disease 
pathogenesis136. To that end, empiric trials of anti- IL-1 

therapies might be useful in treating patients with either 
genetically undefined autoinflammatory symptoms or 
with prominent non- infectious neutrophilia and ele-
vated C- reactive protein or SAA138. All three approved 
IL-1- targeting therapies (Supplementary Table 2) have 
similar safety profiles, with the primary adverse effect 
being increased risk of non- opportunistic infections, 
which tend to be mild and can often be treated without 
withdrawing therapy139. There are limited head- to- head 
trials of the different direct IL-1 inhibitors140,141, and 
the general consensus among treating experts is that 
these biologic therapies have equivalent efficacy if 
used at appropriate doses with sufficient adherence. 
Nonetheless, there are clear pharmacodynamic differ-
ences between direct IL-1 inhibitors, as evidenced by the 
different dosing frequencies required41. There is likely an 
advantage of anakinra and rilonacept over canakinumab 
in treating DIRA given that they block IL-1α and IL-1β, 
rather than IL-1β alone95. This fact might also be the case 
with recurrent pericarditis and hidradenitis suppurativa. 
Diseases with CNS inflammation might respond better 
to anakinra because of its smaller molecular size and 
resulting potential to penetrate the blood–brain barrier 
more efficiently than rilonacept and canakinumab142. 
There are some patient groups that require higher or 
more frequent dosing, including patients with more 
severe autoinflammatory symptoms (such as NOMID 
and MKD), younger patients, and patients with atypi-
cal presentations or low penetrance mutations. Therapy 
during pregnancy remains an understudied cohort143. 
Even for DIRA, which may be the most obvious exam-
ple of links between genetics, disease and pathogenesis, 
patient- to- patient variability in therapeutic response 
still exists60. Similarly, there is increasing recognition of 
a role for inflammasome- driven IL-18 in some diseases, 
such as PAPA syndrome84, which may explain a lack of 
uniform responses to IL-1 blockade. Despite the gen-
eral success in treating autoinflammation, the targeting 
of such a key mediator of inflammation, as well as the 
injectable nature of these therapeutics, has resulted in a 
search for additional therapies.

New therapies targeting the IL-1 pathway
The rapid approval of rilonacept and canakinumab for 
CAPS144,145 caught the attention of the pharmaceutical 
industry. However, it was the CANTOS trial146 that con-
firmed that targeting the IL-1 pathway can have broader 
implications in more common diseases not traditionally 
considered as autoinflammatory, such as cardiovascu-
lar disease (box 1). Although the initial focus has been 
on targeting single proteins in the IL-1 pathway (IL-1β,  
IL-1R and IL-1α) with predicted pharmacokinetic 
advantages, the current trend is to either combine pro-
tein targets (such as IL-1β and IL-18) or to develop small 
molecule inhibitors aimed at various steps in the IL-1 
pathway (Table 3).

The most prevalent small molecule target for treating 
autoinflammatory diseases has been NLRP3, beginning 
with the early development of CRID3 (now known as 
MCC950)147; furthermore, multiple companies are 
currently developing, acquiring or studying their own 
NLRP3 inhibitors for various diseases, including some 

Box 1 | Expanded spectrum of diseases under investigation for anti- IL-1 therapy

Musculoskeletal
osteoarthritis, anterior cruciate ligament injuries, rheumatoid arthritis, polymyositis, 
dermatomyositis, inclusion body myositis, subacromial bursitis

Neurological
multiple sclerosis, chronic fatigue syndrome, autoimmune neurosensory hearing loss, 
autoimmune inner ear disease

Inflammatory
scleroderma, pustular psoriasis, palmoplantar pustulosis, urticarial vasculitis, pyoderma 
gangrenosum, sarcoidosis (cardiac and pulmonary)

Renal/metabolic
end- stage renal disease, chronic kidney disease, type 2 diabetes mellitus

Cardiovascular
giant cell arteritis, acute myocarditis, heart failure, atherosclerosis

Ophthalmological
Blepharokeratoconjunctivitis, uveitis

These diseases were identified based on the search terms anakinra, rilonacept, canakinumab and 
IL-1 at clinicaltrials.gov.
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monogenic autoinflammatory disorders148. Directly 
inhibiting a protein that is altered in a monogenic dis-
ease is theoretically a more targeted approach than use 
of the currently available biologics against downstream 
cytokines. Small molecules could also be designed to 
have better blood–brain barrier penetration, which 
would have implications for diseases with marked CNS 
inflammation. One study found that blocking NLRP3 
decreased the risk of specific infections associated with 
broader IL-1 inhibitors149. However, it is also conceivable 
that small molecules designed to bind to wild- type pro-
tein might have less avidity for mutant protein, thereby 
reducing clinical efficacy in patients150.

Small molecule inhibitors with targets upstream and 
downstream of the inflammasome pathway are sim-
ilarly under investigation. Two of the earliest pathway 
component inhibitors to be developed were compounds 
targeting P2X7, the receptor for ATP responsible for the 
potassium flux that activates NLRP3, and caspase 1,  
the common effector enzyme for inflammasomes (Fig. 2). 
In addition to non- IL-1 pathway functions, P2X7 inhib-
itors might not affect intrinsically dysregulated inflam-
masomes that could be activated independently of P2X7. 
Specific caspase 1 inhibitors were developed and stud-
ied in several diseases, including autoinflammatory dis-
eases, but pharmacodynamic issues and unexpected side 

effects resulted in their discontinuation. Finally, there 
are other drugs in development that block downstream 
IL-1R signalling, including IRAK4 and MK2. Inhibiting 
these targets could be very effective at blocking the 
effects of IL-1 in addition to other cytokine receptors, 
which could have advantages and disadvantages in terms 
of applicability to other diseases, and as yet unknown 
adverse effects.

Ongoing challenges and future perspectives
The identification of variants of unknown significance, 
which have neither been previously identified in disease 
cohorts nor rigorously studied, has introduced further 
challenges to our understanding of the complex genetic 
underpinnings of autoinflammatory diseases. The same 
is true for low penetrance variants, defined as likely 
benign variants that might be present at low frequency 
in the general population, but which may nonetheless 
contribute to IL-1- driven inflammation. Importantly, 
patients carrying these variants might present with clin-
ical manifestations different from typical disease, and 
consequently might respond differently to therapeutics.

The most well- known IL-1- associated low pen-
etrance variants are found in NLRP3, MEFV and 
TNFRSF1A. Patients with low penetrance variants in 
NLRP3 (including V198M, R488K and Q703K) have a 

Table 3 | Drugs in development over the past decade targeting the IL-1 pathway

Drug Target Mechanism Clinical Trial

CE-224535 P2X7 Selective P2X(7) receptor antagonist NCT00628095

AZD9056 P2X7 Selective P2X(7) receptor antagonist NCT00520572

BMS-986299 NLRP3 Agonist NCT03444753

Dapansutrile NLRP3 Small molecular inhibitor NCT03595371

IZD334 NLRP3 Small molecule inhibitor NCT04086602

ZYIL1 NLRP3 Small molecule inhibitor NCT04731324

IZD174 NLRP3 Small molecule inhibitor, CNS penetrant NCT04338997

AC-201 NLRP3 Small molecule inhibitor NCT02287818

VX-765 Caspase 1 Small molecule inhibitor NCT00205465

Emricasan Caspase 1 Pan caspase inhibitor NCT04803227

Disulfiram GSDMD Gasdermin D inhibitor NCT04485130

Bermekimab IL-1α Anti- IL-1α monoclonal antibody NCT03512275

Gevokizumab IL-1β Anti- IL-1β monoclonal antibody NCT01211977

LY2189102 IL-1β Anti- IL-1β humanized monoclonal immunoglobulin G4 NCT00380744

CYT013- IL1bQb IL-1β Vaccine to IL-1β NCT00924105

Lutikizumab IL-1α/IL-1β Dual affinity monoclonal antibody to IL-1α/IL-1β NCT01668511

MAS825 IL-1β/IL-18 Bispecific IL-1β and IL-18 monoclonal antibody NCT04641442

sc- rAAV2.5IL-1Ra IL-1R1 Self- complementing, recombinant AAV carrying IL-1RA cDNA NCT02790723

EBI-005 IL-1R1 IL-1β and IL-1 receptor antagonist fusion protein NCT04121442

HL2351 IL-1R1 Human IL-1Ra- hyFc NCT02853084

MEDI8968 IL-1R1 Anti- IL-1R1 human monoclonal antibody NCT01838499

AMG108 IL-1R1 Anti- IL-1R1 monoclonal antibody NCT00110942

EBI-005 IL-1R1 Chimeric IL-1RA- IL-1β NCT02082899

KT-474 IRAK4 Oral heterobifunctional small molecule IRAK4 degrader NCT04772885

ATI-450 MK2 Oral small molecule MAPKAPK2 (MK2) inhibitor NCT04524858

Identified based on search terms IL-1, inflammasome, NLRP3, at clinicaltrials.gov and Dinarello et al.92.
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spectrum of disease ranging from asymptomatic, clas-
sic CAPS- associated features, or atypical presentation 
including gastrointestinal symptoms114 or more severe 
neurological symptoms151. In vitro studies suggest 
an intermediate phenotype with increased caspase 1 
activity and IL-1β secretion compared with wild- type 
versions of these proteins, but with markedly less secre-
tion than classic disease- causing mutations114. Patients 
respond at least partially to IL-1 blockade, suggesting 
that other mechanisms beyond IL-1 may contrib-
ute to disease pathogenesis. Nonetheless, in the small 
cohorts described to date, nearly half of patients experi-
enced complete disease remission, suggesting that IL-1  
inhibitors should be trialled in this unique population114.

In TRAPS, the most highly contested variant is tradi-
tionally known as R92Q (also known as R121Q), with a 
population frequency greater than 1%. Similar to the low 
penetrance variants in NLRP3, many R92Q carriers pres-
ent with mild TRAPS symptoms with febrile episodes 
lasting approximately 1 week and in vitro studies demon-
strating intermediate function, with reduced cytokine 
release from transfected cells, compared with cysteine 
mutations that have a more severe clinical phenotype152. 
Therapeutic responses to corticosteroids and colchi-
cine have been described, as well as IL-1 blockade, with 
improvement in inflammatory episodes152,153.

The high prevalence of MEFV variants in cer-
tain populations adds to the challenges of variants of 
unknown significance and low penetrance mutations 
and their relationship to FMF6. Variants such as E148Q 
have been described in up to 50% of different Jewish 
ethnic groups154. Although population frequencies of 
some pathogenic MEFV variants (such as V726A and 
M694V) are likely due to positive selection in Eastern 
Mediterranean populations, by conferring resistance to 
Yersinia pestis infection155, there might be an unknown 
heterozygote advantage to the high frequency of 
carriers156,157. However, the presence of low- penetrance 
heterozygous variants has led to complex clinical pheno-
types including PFAPA syndrome presentations158, 
Behçet disease159 and risk of amyloidosis160. These varied 
clinical presentations further demonstrate the need to 
address patients on an individual basis.

Treating patients with autoinflammatory phenotypes 
with no identifiable disease- causing mutation is also 
challenging. Moreover, a subset of patients might have 
somatic mutations in an autoinflammatory gene that are 
restricted to a small (4%) proportion of a specific cell 
population. Such patients might have mild, delayed118,119 
or atypical presentations116 or complete disease161. 
However, a growing number of patients have no clear 
genetic aetiology. Frequently referred to as syndrome of 
undifferentiated recurrent fever138,162 or undifferentiated 

systemic autoinflammatory disease163, choosing therapy 
for these patients is challenging. Fortunately, for patients 
with features of IL-1 presentations, treatment with IL-1 
blockade and colchicine are successful in a significant 
proportion of patients138,163.

For patients with a poor response to IL-1 blockade 
due to complex genetics or lack of access to biologic 
therapeutics, haematopoietic stem cell transplantations 
have been attempted164. Although theoretically curative 
by replacing the haematopoietic cells that drive disease, 
the identification of patients with gain- of- function 
somatic mutations is instructive that only a small popu-
lation of cells can drive disease phenotypes. The optimal 
treatment for these patients remains an active area of 
discussion.

Finally, the COVID-19 pandemic has brought sys-
temic inflammatory disease into mainstream attention, 
with a variety of attempts to quell the cytokine storm 
and reduce morbidity and mortality. In the paediatric 
population, a multi- organ hyperinflammatory response 
to SARS- CoV-2 infection was described to occur weeks 
after infection, and is now known as multisystem inflam-
matory syndrome associated with coronavirus disease 
2019 or paediatric multi- inflammatory syndrome tem-
porally associated with COVID-19 (reFs165–167). Initially 
thought to be an atypical form of Kawasaki disease, it 
was quickly recognized that affected children were more 
likely to have signs of shock, gastrointestinal symptoms 
and coagulopathy165–167. Immunomodulatory therapy 
with intravenous immunoglobulin and glucocorticoids 
appears to be the most effective therapy to date, with a 
role for IL-1 blockade in refractory cases168–170.

The investigation of autoinflammatory disease and 
the inflammasome has involved the confluence of pheno-
typed patients and scientific studies at the bench. Over 
the past 30 years, such clinic–laboratory cooperation 
has been instrumental to the development of novel, 
targeted therapies for such patients171. The elucidation 
of inflammasome- mediated molecular pathways drove 
our understanding of basic innate immune mechanisms, 
solved several questions regarding the mechanisms  
of IL-1β release and led to successful therapy of many of 
the monogenic autoinflammatory diseases with biolog-
ics directed at the IL-1 pathway. A better understanding 
of the genetic and molecular mechanisms of autoinflam-
mation and novel targeted therapies, such as biologics 
blocking more than IL-1 cytokine or small molecule 
inhibitors targeting upstream or downstream pathway 
elements, could lead to more effective personalized man-
agement of patients with this fascinating and sometimes 
frustrating family of immune dysregulation disorders.
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Psoriatic arthritis (PsA) is a heterogeneous condition 
associated with a high burden of disease and significant 
comorbidities. In recent years, there has been substan-
tial expansion of treatment options and therapeutic 
approaches for PsA. This range of options can present 
challenges to busy clinicians selecting optimal ther-
apies for their patients. One of the founding missions 

of the Group for Research and Assessment of Psoriasis 
and Psoriatic Arthritis (GRAPPA) is to develop, and to 
update on an ongoing basis, recommendations for the 
optimal treatment of patients with PsA, based upon  
the best scientific evidence. The original GRAPPA recom-
mendations were published in 2009 (ref.1), with a revised 
version in 2015 (ref.2). The process to develop this 
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latest version of the recommendations began once again  
in 2019 in order to address recent important advances in 
the treatment of PsA. In this Evidence- Based Guideline, 
we present updated treatment recommendations for 
medication selection in PsA developed by GRAPPA 
members and patient research partners (PRPs).

We recognize that throughout the world, there are 
regional differences in the health- care professionals who 
care for people with PsA. In many countries, care can be 
led by rheumatologists, dermatologists, internal medi-
cine specialists or primary care providers, depending on 
the local situation. In addition, an increasing number of 
allied health personnel, such as nurse practitioners and 
physicians’ assistants, perform this role. These recom-
mendations are intended for all clinicians caring for 
patients with PsA.

These treatment recommendations, similar to the 
previous versions, utilize a domain- based approach, 
spanning the six domains of PsA: peripheral arthri-
tis, axial disease, enthesitis, dactylitis, skin psoriasis 
and nail psoriasis. In addition, as was a key feature of 
the 2015 recommendations, they include important 

comorbidities with a potential influence on treatment. In 
contrast to the 2015 version, for these new recommen-
dations comorbidities were split into ‘related conditions’ 
(comprising inflammatory bowel disease (IBD) and uve-
itis) and ‘comorbidities’, allowing for a slightly different 
approach to extra- musculoskeletal disease- related man-
ifestations and other comorbidities. Sub- committees 
were formed to address each of these eight areas.

In these recommendations, a Grading of Recom-
mendations, Assessment, Development and Evaluations 
(GRADE)-informed methodology was utilized to pro-
vide a transparent approach to grading the quality of 
evidence underpinning the recommendations3.

Methods
Overarching principles were first included in the 2015 
update of the GRAPPA treatment recommendations2, 
and these principles were revised and discussed among 
the GRAPPA membership. Two additional topical issues, 
the use of biosimilars and tapering of therapy, were 
addressed by the development of new position state-
ments. Up- to- date recommendations were developed 
for the use of therapies for the six PsA domains, related 
conditions and comorbidities. The research agenda, 
itemizing areas considered important for future study to 
inform optimal therapeutic approaches, was modified.

The eight sub- committees (one for each of the six 
domains of PsA, related conditions and comorbidi-
ties) were formed from the GRAPPA membership. All 
GRAPPA members were invited to participate and asked 
to select a preferred and alternative sub- committee in 
which to participate. Interested members were divided 
into the sub- committees according to their preferences, 
aiming for 15–20 members per group. The GRAPPA 
recommendations steering committee (L.C.C., E.R.S., 
A.K.) selected leaders for each sub- committee. The mus-
culoskeletal domain groups were led by rheumatologists, 
and the skin psoriasis and nail psoriasis groups were 
led by dermatologists. Each sub- committee included a 
PRP with experience of that area of disease. The lists of 
members of the GRAPPA subcommittees are available 
in Supplementary Box 1.

The sub- committees developed and refined PICO 
(population, intervention, comparator, outcomes) 
questions first within their own subcommittee and then 
with the methodologists (N.C. and D.A.v.d.W.) and  
the steering committee (see Supplementary Table 1  
and Supplementary Box 2). Based on these PICO ques-
tions, a strategy for the main evidence review was devel-
oped (see Supplementary Tables 2–6) and searches were 
undertaken of MEDLINE, EMBASE and Cochrane 
Library, as previously reported (fig. 1 and Coates et al.4). 
These systematic literature searches were limited to lit-
erature published from 2013 to identify new data pub-
lished since the previous 2015 recommendations. The 
searches were initially run in 2019 but were updated in 
2020 owing to delays in the recommendation develop-
ment process related to the COVID-19 pandemic (see 
Supplementary Table 7). The searches gave precedence 
to data from randomized controlled trials (RCTs). 
Additional searches identified evidence published in 
abstract form at key rheumatology and dermatology 
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(n = 4,164)

Records after 
duplicates removed 
(n = 2,968)

Titles and abstracts 
screened 
(n = 2,968)

Full-text articles 
assessed for eligibility
(n = 433)

Papers included 
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120 journal articles
32 conference abstracts 
of unpublished RCTs

Studies included
(n =70)
55 published studies
15 unpublished studies

Full-text articles excluded (n = 282)
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• Wrong population, not PsA (n = 37)
• Wrong outcomes (n = 16)
• Wrong study design

o Pooled analyses of RCTs (n = 38)
o RCT protocol (n = 7)
o Not RCT (n = 15)

• Conference abstract of published 
RCT (n = 161)

• In previous review (pre-2013) 
(n = 8)

Records excluded
(n = 2,535)

Potential conference 
abstracts 
(n = 264)

a   Intervention RCTs for PsA

Additional papers 
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(n = 1)
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Records after 
duplicates removed
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Titles and abstracts 
screened (n = 514)

Full-text articles 
assessed for eligibility
(n = 106)

Papers included 
(n = 6)

Studies included 
(n = 6)

Full-text articles excluded 
(n = 100)

Reasons:
• Wrong population (n = 60)
• Wrong outcomes (n = 14)
• Wrong study design (n = 21)
• Non-English language 

(n = 5)

Records excluded
(n = 408)

b   Prognosis and phenotype of individuals with 
     PsA and related conditions (IBD and uveitis)
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through database 
searching (n = 2,723)

Records after 
duplicates removed
(n = 2,170)

Titles and abstracts 
screened (n = 2,170)

Full-text articles 
assessed for eligibility
(n = 143)

Papers included 
(n = 43)

Full-text articles excluded 
(n = 100)
Reasons:
• Wrong population

o Mixed population (n =24)
o Not PsA (n = 13)
o PsA but no comorbidity (n = 20)
o Comorbidity but no PsA (n = 2)

• Wrong study design (n = 17)
• Wrong intervention (n = 1)
• Wrong outcomes (n =15)
• Non-English language (n = 6)
• Other (n = 2)

Records excluded
(n = 2,027)

c   Screening of comorbidities and related 
     conditions in patients with PsA

Fig. 1 | Flowcharts representing the results of the evidence searches. 
Systematic literature reviews were undertaken to identify evidence related 
to medications for psoriatic arthritis (PsA) published since 2013, to inform 
the 2021 update of the Group for Research and Assessment of Psoriasis and 
Psoriatic Arthritis (GRAPPA) treatment recommendations for PsA. PRISMA 
(Preferred Reporting Items for Systematic Reviews and Meta- Analyses) flow 
diagrams showing the results of (a) the main search for intervention 

randomized controlled trials (RCTs) for PsA (19 February 2013 to 28 August 
2020) and additional searches related to (b) prognosis and phenotype of 
individuals with PsA and related conditions (inflammatory bowel disease 
(IBD) and uveitis) (19 February 2013 to 12 November 2020) and (c) screening 
of comorbidities and related conditions in patients with PsA (19 February 
2013 to 10 November 2020). The detailed search strategies can be found in 
Supplementary Tables 2–6.
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conferences (ACR, EULAR and American Academy 
of Dermatology annual meetings) from 2017 to 2020. 
Data that had only been published in abstract form at the 
time the recommendations were created were included 
so as to provide consideration of the newest data in this 
fast- evolving discipline, but, as in 2015, it was decided 
that data derived from abstracts alone should be clearly 
identified in the recommendations.

Data extraction and risk of bias assessment was 
combined across the six PsA domain groups to prevent 
duplication of effort (see Supplementary Table 8); single 
reviewers (senior GRAPPA researchers with experience 
in systematic literature reviews) extracted relevant data 
and assessed bias using the Cochrane risk- of- bias tool 
for RCTs5 and incorporated them into a pre- designed 
Excel spreadsheet. These were all independently checked 
by a second reviewer (N.C. or D.A.v.d.W.). Data were 
shared with all sub- committees for interpretation. 
As the evidence review for this update only included 
studies published between 2013 and 2020 (and not all  
evidence), we did not conduct meta- analysis or indirect 
comparisons (as part of network meta- analysis).

Several key considerations were implemented across 
groups to facilitate consistency of approach. Individual 
drugs with an ostensibly shared ultimate mechanism of 
action would be considered as a group unless there was 
solid evidence for within- class differences (for example, 
the five current inhibitors of TNF (infliximab, etaner-
cept, adalimumab, golimumab and certolizumab pegol), 
despite some differences in construct, all presumably act 
by inhibiting TNF and are hence grouped as ‘TNF inhib-
itors’; of note, evidence- based differences are called out, 
such as the inefficacy of etanercept in the treatment of 
IBD. Among inhibitors of IL-23, at present most data 
in PsA are for guselkumab; IL-23 inhibitors in devel-
opment, such as risankizumab and tildrakizumab, will 
likely also be considered, alongside guselkumab, as a 
group of IL-23 inhibitors, unless evidence shows differ-
ences in their efficacy. In the future, additional data on 
existing agents as well as those in development might 
warrant separation of agents currently considered to be 
within a group. For example, the available IL-17 inhib-
itors (the IL-17A inhibitors secukinumab and ixeki-
zumab and the IL-17 receptor A inhibitor brodalumab) 
are considered ‘IL-17 inhibitors’; the IL-17A/F inhibitor 
bimekizumab, which is in development, would likely be 
added to this group in the future unless data suggest oth-
erwise. Similarly, the Janus kinase (JAK) inhibitors tofac-
itinib, upadacitinib and filgotinib are grouped together, 
although there are differences in their ex vivo specificity 
for the different JAK isoforms. If data show differences 
in efficacy or tolerability among these agents, they could 
be separated; the same holds true for JAK- targeting 
agents in development, such as deucravacitinib.

The primary goal methodologically was to use data 
from PsA studies. Although for the vast majority of PsA 
studies published to date the primary outcome was based 
on responses related to peripheral arthritis, substantial 
information was often available regarding outcomes 
across other PsA domains. However, for some areas, 
such as uveitis and IBD, much of the evidence came 
from studies outside of PsA; in those cases, these data 

were identified in the additional searches performed for 
the related conditions and comorbidities groups (see 
Supplementary Tables 3–5). For other domains, such 
as axial disease, skin psoriasis and nail psoriasis, there 
was a mixture of data sources for agents with different 
mechanisms of action. For some agents, for example, 
TNF inhibitors in the treatment of skin psoriasis, there 
are abundant data specifically in PsA studies, whereas 
for agents with other mechanisms of action most data 
were not from PsA studies and hence were extrapolated. 
The axial disease group decided to widen their search 
to capture data in other forms of axial spondyloarthri-
tis (axSpA), given the limited literature specifically on 
axial PsA.

It is worth noting that the goal of these recommen-
dations is not to provide primary recommendations for 
the treatment of related conditions (such as IBD) but 
rather to serve as a resource for consideration in the 
approach to patients with PsA who also have these con-
ditions. The related conditions group included special-
ists in ophthalmology and gastroenterology to ensure 
sufficient expertise and oversight (see the GRAPPA 
subcommittee members list in Supplementary Box 1). 
However, medications specific to those conditions, such 
as mycophenolate mofetil for uveitis or vedolizumab for 
IBD, were not included in these recommendations, as 
they are not routinely used for the treatment of psoriatic 
disease. Wider searches looking beyond RCT data were 
also run to address screening, treatment and evidence 
for prognosis and phenotype of disease in those with 
related conditions and comorbidities. Further detail on 
these searches is available in Supplementary Tables 4–6.

As GRAPPA guidelines are international, and as 
regulatory approvals can vary substantially in different 
jurisdictions, specific licensing or regulatory language 
from any individual area was not considered to be  
‘evidence’; data from the published research studies 
formed the basis of the recommendations.

These data were used in the GRADE- informed pro-
cess to take account of study design, methodological 
limitations, inconsistency, imprecision and indirect-
ness of evidence, and to establish an evidence table split 
by the six PsA domains6. Graded evidence tables (see 
Supplementary Table 9) were used by the groups to 
formulate recommendations, starting with the existing 
recommendations for drugs included in 2015 and then 
adding new therapies or updating recommendations for 
older therapies based on the new evidence tables. The 
new evidence could strengthen or weaken a previously 
published recommendation or, in extreme cases, reverse 
the recommendation for or against a treatment. These 
adjustments were done by consensus initially within 
subcommittees and then across subcommittees with 
discussion between all group leaders.

A survey that was sent to all GRAPPA members in 
May 2021, including clinicians and PRPs, requested 
voting on agreement with and elicited specific feed-
back on the components of the recommendations. For 
each principle, position statement or recommendation, 
respondents were asked to indicate if they agreed with it 
as written, agreed with minor comments, or disagreed 
with it. Free text was used for feedback comments, which 
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were incorporated into the wording of the final overar-
ching principles and position statements. Throughout 
the entire development of these recommendations, 
GRAPPA members working in the pharmaceutical 
industry were recused from any participation. There 
were a total of 170 respondents from a membership  
of 892, of whom 9 were PRPs and 161 were clinicians 
(126 rheumatologists, 24 dermatologists, 11 other).

Recommendations
Overarching principles and position statements. The six 
overarching principles from 2015 were reviewed and 
minor changes were made to their wording (Table 1). 
The word ‘doctor’ was replaced with ‘clinician’ to recog-
nize the many allied health- care professionals who 
care for people with PsA, and more detail was added  
to the overarching principle addressing comorbidities. 
An initial principle was added to introduce the aim of 
the GRAPPA recommendations.

The additional position statements were developed 
and discussed at GRAPPA annual meetings in 2019 and 
2020 (Table 2). These statements were reviewed by the 
GRAPPA members in May 2021.

Voting showed high levels of agreement (all >85% 
agreement, shown in Table 1) with the wording of the 
overarching principles from both clinicians and PRPs. 
Agreement from PRPs was slightly lower for the position 

statement on tapering (71.4%), and many of the com-
ments related to concerns about tapering medication 
in patients who have low disease activity rather than 
remission. This concern raised by PRPs highlights the 
importance of shared decision- making with individual 
patients in various situations arising in clinical practice.

GRADE recommendations for therapies. Each of the six 
domain groups and the related conditions group syn-
thesized the evidence they extracted from the literature 
reviews and developed recommendations by consen-
sus. A summary of these recommendations is given in 
Table 3. Using the GRADE approach resulted in strong 
or conditional recommendations either for or against 
different therapies, or a decision that no recommenda-
tion could be made if there was insufficient or contrast-
ing evidence. Recommendations regarding each domain 
were presented for discussion in the wider group, and 
minor changes were made for consistency of interpre-
tation across the groups. Wherever possible, drugs were 
grouped by class unless there was strong evidence of dif-
ferences in efficacy within the class. The summary table 
(Table 3) shows the recommendation for each drug class 
within the different domains of PsA and related condi-
tions but does not provide a hierarchy within the strong 
or conditional recommendations, as these nuances are 
addressed in the text.

Table 1 | Overarching principles

Overarching principles PRP agreement 
(%) (n = 9)

Clinician 
agreement (%) 
(n = 161)

These recommendations, which include the most current data concerning the optimal therapeutic approaches 
to PsA, present contextual considerations to empower shared decision- making

100 96.3

The ultimate goals of therapy for all patients with PsA are:

To achieve the lowest possible level of disease activity in all domains of disease. As definitions of remission  
and low or minimal disease activity become accepted, these will be included in the goal

To optimize functional status, improve quality of life and wellbeing, and prevent structural damage to the 
greatest extent possible

To avoid or minimize complications, both from untreated active disease and from therapy

87.5 96.3

Assessment of patients with PsA requires consideration of all disease domains, including peripheral arthritis, 
axial disease, enthesitis, dactylitis, skin psoriasis, psoriatic nail disease, uveitis and IBD. The impact of disease 
on pain, function, quality of life and structural damage should be examined

87.5 94.4

Clinical assessment ideally includes patient- reported measures with a comprehensive history and physical 
examination, often supplemented by laboratory tests and imaging techniques (for example, X- ray, ultrasound 
or MRI). The most widely accepted metrics that have been validated for PsA should be utilized whenever 
possible

87.5 95.0

Comorbidities and related conditions should be considered and their impact on the approach to the condition 
and its treatment addressed appropriately. Such conditions include obesity, metabolic syndrome, cardiovascular 
disease, depression and anxiety, liver disease (for example, non- alcoholic fatty liver disease), chronic infections, 
malignancy, bone health (for example, osteoporosis), central sensitization (for example, fibromyalgia) and 
reproductive health. Multidisciplinary and multispeciality assessment and management may be most beneficial 
for individual patients

87.5 93.8

Therapeutic decisions need to be individualized and are made jointly by the patient and their clinician. 
Treatment should reflect patient preferences, with patients being provided with the best information 
concerning relevant options. Treatment choices may be affected by various factors, including disease activity, 
previous therapies, prognostic factors such as structural damage, comorbid conditions and patient factors 
such as cost, convenience and choice

100 93.2

Ideally, patients should be reviewed promptly, offered regular evaluation by appropriate specialists, and have 
treatment adjusted as needed in order to achieve the goals of therapy. Early diagnosis and treatment is likely  
to be of benefit

100 95.0

IBD, irritable bowel syndrome; PRP, patient research partner; PsA, psoriatic arthritis.
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Treatment schema
Although GRAPPA utilizes a domain- based approach 
in the recommendations, the majority of patients pres-
ent with multi- domain disease and treatment decisions 
need to reflect this reality. Therefore, the recommenda-
tions for each domain were combined in a single treat-
ment schema to guide therapeutic decisions (fig. 2). 
The schema highlights that the initial approach should 
be to assess disease activity in each of the domains as 
well as to consider comorbidities, previous therapies 
and patient preference. Given the international scope 
of these recommendations and limited evidence on 
treatment strategy, the order of treatment requires 
flexibility and is dependent on the health- care setting. 
Therefore, the schema incorporates standard ‘step- up’ 
approaches, starting with topical therapies for psoriasis 
and conventional synthetic DMARDs (csDMARDs) for 
arthritis, as well as expedited treatment routes whereby 
biologic DMARDs (bDMARDs) or targeted synthetic 
DMARDs (tsDMARDs) can be used as first- line ther-
apy if available. Importantly, this schema represents 
an iterative process with periodic re- evaluation of 
efficacy and tolerability and adjustment of treatment 
as appropriate.

Wherever possible, treatment for an individual with 
PsA should be selected to address all active domains of 
the disease and any related conditions. It is likely that 
treatment may be driven by the most severe or impactful 
domain of disease, particularly where strong evidence 
of differential efficacy exists. Further notes on the 
individual domains are provided below.

Peripheral arthritis. NSAIDs and intra- articular and 
oral glucocorticoids are conditionally recommended 
for relieving symptoms of peripheral arthritis as per the 
2015 recommendation2, as no new relevant data were 
identified. For treatment- naive patients, there remains 
a low level of evidence to support the use of csDMARDs 
for the treatment of peripheral arthritis. However, in 
view of supportive observational data7–10 and univer-
sal accessibility, the use of csDMARDs (methotrexate, 
sulfasalazine or leflunomide) is strongly recommended. 
In many circumstances, csDMARDs can be used as 
first- line therapy, with regular assessment of clinical 
response (every 12–24 weeks) and early escalation of 
therapy (between 12 and 24 weeks) advised as necessary. 
It is important to acknowledge that new, high- quality 
data support the superiority of TNF inhibitors over 

Table 2 | Position statements

Issue Statement PRP 
agreement 
(%) (n = 9)

Physician 
agreement 
(%) (n = 161)

Biosimilars Biosimilars must be approved through a robust regulatory review. ‘Biomimics’ or’intended copies’ are not 
biosimilars. This may require ongoing education for both patients’ and clinicians’ education to ensure  
a thorough understanding

Periodic re- evaluation of biosimilar products after their initial approval would be important to ensure 
ongoing quality

Extrapolation to PsA, even when no studies of a given biosimilar were conducted in PsA, is acceptable. 
Ideally, additional studies specifically in PsA can be conducted if they were not part of the initial approval 
process

Patients and clinicians must be involved in decisions about switching

Pharmacovigilance is crucial; naming conventions need to allow tracking of specific agents and batches

Multiple switches need to be studied in a rigorous fashion on an ongoing basis

Savings realized from the use of biosimilars should be utilized to improve access for larger numbers  
of patients

Immunogenicity is a potential concern that should be monitored on an ongoing basis

85.7 92.5

Tapering For patients who achieve the goals of therapy (for example, ideally remission, or low disease activity  
if remission is not achievable), tapering and ultimately discontinuing therapy may be considered

Potential benefits of tapering may include lower risks of adverse effects as well as pharmacoeconomic 
benefits

The decision to taper therapy should be made with the patients’ thorough understanding and direct 
involvement

Discussions between patient and clinician should inform the optimal approach to tapering for each 
individual (for example, decreasing dosages, increasing treatment intervals, appropriate time intervals 
for making changes)

Patients and clinicians need to understand that the potential drawbacks of tapering include:

Reactivation of disease activity, with the possibility that re- achievement of the target may not be 
immediate and may not always be achieved

At present it is not possible to predict a priori which patients might be able to successfully taper, which 
patients may be able to come off all medications and which patients will not be able to taper at all

Although focused on active domains such as peripheral arthritis, it is not known how tapering of effective 
therapy might influence other outcomes, such as the increased risk of cardiovascular disease presumably 
related to systemic inflammation

71.4 91.9

PRP, patient research partner; PsA, psoriatic arthritis.

www.nature.com/nrrheum

e v i d e n c e - B a s e d  g u i d e l i n e s

470 | August 2022 | volume 18 



0123456789();: 

csDMARDs as first- line therapy, particularly in patients 
with early disease8–10. The decision to use TNF inhibition 
as first- line therapy should be made as part of a shared 
decision- making process between the clinician and the 
patient, with consideration of the risks, benefits and  
the individual’s preference.

For all RCTs reviewed for phosphodiesterase 4 
inhibitors (PDE4i), TNF inhibitors, IL-17 inhibitors, 
IL-12/23 inhibitors, IL-23 inhibitors and JAK inhib-
itors, there were no differences in efficacy for these 
treatment options in subgroups of patients with or 
without concurrent csDMARDs. In a large RCT that was 
adequately powered to compare methotrexate, etaner-
cept and their combination, there was no difference in 
efficacy between the etanercept monotherapy arm and 
the etanercept–methotrexate combination arm8. These 
findings support the conclusion that a combination of 
csDMARDs with bDMARDs might not be necessary to 
achieve short- term response. With JAK inhibitors, the 
evidence is scarce but also points in the same direction. 

However, the potential benefit of concomitant therapy 
with csDMARDs with all bDMARDs is incompletely 
defined, with conflicting evidence derived largely from 
uncontrolled studies; further study is indicated to define 
potential benefits.

For patients with an inadequate response to  
csDMARDs, high- quality evidence supports the use  
of TNF inhibitors, IL-17 inhibitors, IL-23 inhibitors and 
JAK inhibitors; and moderate- quality evidence supports 
IL-12/23 inhibitors or PDE4 inhibitors being superior 
to placebo. Similar magnitudes of effect sizes for effi-
cacy were observed across RCTs for TNF inhibitors, 
IL-17 inhibitors, IL-23 inhibitors and JAK inhibitors 
compared with placebo, whereas effect sizes for PDE4 
inhibitors and IL-12/23 inhibitors seemed to be lower 
(see Supplementary Table 9). These classes of drugs are 
all strongly recommended on the basis of this evidence. 
Concerning the choice between different bDMARDs or 
tsDMARDs, two head- to- head RCTs compared IL-17 
inhibition with TNF inhibition11,12, and one compared 

Table 3 | Summary of recommendations for treatment of PsA

Indication Strong recommendation 
for

Conditional 
recommendation for

Conditional 
recommendation 
against

Strong 
recommendation 
against

No 
recommendation: 
insufficient 
or conflicting 
evidence

Peripheral arthritis, 
DMARD naive

csDMARDs (except CsA), 
TNFi, IL-12/23i, IL-17i, 
IL-23i, JAKi, PDE4i

NSAIDs, oral GC, IA GC – – –

Peripheral arthritis, 
DMARD inadequate 
response

TNFi, IL-12/23i, IL-17i, 
IL-23i, JAKi, PDE4i

csDMARDs, NSAIDs, oral GC, 
IA GC, CTLA4- Ig

– – –

Peripheral arthritis, 
bDMARD experienced

TNFi, IL-17i, IL-23i, JAKi NSAIDs, oral GC, IA GC, 
IL-12/23i, PDE4i, CTLA4- Ig

– – –

Axial disease, bDMARD 
naive

NSAIDs, physiotherapy, 
simple analgesia, TNFi, 
IL-17i, JAKi

GC SIJ injections, 
bisphosphonates

PDE4i csDMARDs IL-12/23i, IL-23i

Enthesitis TNFi, IL-12/23i, IL-17i, 
IL-23i, JAKi, PDE4i

NSAIDs, physiotherapy, MTX, 
CTLA4- Ig, GC injections  
(with extreme caution)

– – Other csDMARDs

Dactylitis TNFi, IL-12/23i, IL-17i, 
IL-23i, JAKi, PDE4i

NSAIDs, GC injections, MTX, 
CTLA4- Ig

Other csDMARDs – –

Psoriasis (plaque) Topical therapies, 
phototherapy, cdDMARDs 
(MTX, fumarate, fumaric 
acid esters, CsA), TNFi, 
IL-12/23i, IL-17i, IL-23i, 
PDE4i, JAKi

Acitretin – – –

Nail psoriasis TNFi, IL-12/23i, IL-17i, 
IL-23i, PDE4i

Topical GC, tacrolimus and 
calcipotriol combination or 
individual therapies, pulsed 
dye laser, csDMARDs (MTX, 
LEF, CsA), acitretin, JAKi

– – Topical CsA, 
tazarotene, 
fumarate, fumaric 
acid esters, 
UVA and UVB 
phototherapy, 
alitretinoin

IBD: Crohn’s disease TNFi (not ETN), IL-12/23i IL-23i, JAKi, MTX – IL-17i ETN

IBD: UC TNFi (not ETN), IL-12/23i IL-23i, JAKi, MTX – IL-17i ETN, PDE4i

Uveitis – TNFi (not ETN), CsA, MTX ETN – Other csDMARDs, 
IL-17i, IL-12/23i

bDMARD, biologic DMARD; csDMARD, conventional synthetic DMARD (MTX, SSZ, LEF, CsA; unless otherwise specified); CsA, ciclosporin; ETN, etanercept;  
GC, glucocorticoids; IA, intra- articular; IBD, inflammatory bowel disease; IL-12–IL-23i, IL-12–IL-23 inhibitor; IL-17i, IL-17 inhibitor; IL-23i, IL-23 inhibitor;  
JAKi, Janus kinase inhibitor; LEF, leflunomide; MTX, methotrexate; PDE4i, phosphodiesterase 4 inhibitor (apremilast); PsA, psoriatic arthritis; SIJ, sacroiliac joint; 
SSZ, sulfasalazine; TNFi, TNF inhibitor; UC, ulcerative colitis.
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JAK inhibition with TNF inhibition13. These studies 
were adequately powered to inform a direct compar-
ison between these therapies. On the basis of current 
evidence, the efficacies of IL-17 inhibitors and TNF 
inhibitors are comparable for the peripheral arthri-
tis domain in patients with an inadequate response to 
csDMARDs. Superiority of a JAK inhibitor (given at 
the higher of two doses) over a TNF inhibitor for some, 
but not all, peripheral arthritis outcomes was seen in a 
single RCT13; consistent superiority of JAK inhibitors 
over other bDMARDs is yet to be shown. Based on the 
evidence, including head- to- head studies, TNF inhib-
itors, IL-17 inhibitors and JAK inhibitors are equally rec-
ommended. There are no current head- to- head studies 
comparing IL-23 inhibitors with other bDMARDs or 
JAK inhibitors. Although IL-23 inhibition is still strongly 
recommended, it might be considered slightly lower 

in terms of recommendations for use in patients with 
peripheral arthritis. One small, open- label study com-
paring IL-12/23 inhibition with TNF inhibition did not 
show the superiority of IL-12/23 inhibition over TNF 
inhibition in peripheral joint domains14. For patients  
with previous experience with bDMARDs, TNF inhib-
itors, IL-17 inhibitors, IL-23 inhibitors and JAK inhibitors 
are strongly recommended on the basis of moderate- to 
high- quality evidence. PDE4 inhibition is conditionally 
recommended.

The limitations for these recommendations include 
the issue that the evidence was derived from patients 
with PsA who predominantly had polyarthritis, with 
this evidence then extrapolated to oligoarthritis and 
other phenotypes. For inadequate responders, there are 
insufficient data for specific recommendations based on 
primary versus secondary failure of prior treatment.

Peripheral
arthritis

Nail
disease

Axial
disease Enthesitis

Consider which domains are involved, patient preference, previous/concomitant
therapies; choice of therapy should address as many domains as possible

Dactylitis Psoriasis IBD Uveitis

Comorbidities and associated conditions may
impact choice of therapy and/or guide monitoring

Treat, periodically re-evaluate treatment
goals and modify therapy as required

TNFi (not 
ETN), 
IL-12/23i,
IL-23i, JAKi, 
MTX

csDMARD, 
bDMARDs (TNFi,
IL-12/23i, IL-17i, 
IL-23i, CTLA4-Ig), 
JAKi, or PDE4i

Switch bDMARD 
(TNFi, IL-12/23i,
IL-17i, IL-23i, 
CTLA4-Ig), JAKi,
or PDE4i

bDMARDs 
(TNFi, 
IL-17i) or 
JAKi

Switch 
bDMARD 
(TNFi, 
IL-17i)
or JAKi

MTX, bDMARDs 
(TNFi, IL-12/23i,
IL-17i, IL-23i, 
CTLA4-Ig), JAKi,
or PDE4i

Switch bDMARD 
(TNFi, IL-12/23i,
IL-17i, IL-23i, 
CTLA4-Ig), JAKi,
or PDE4i

MTX, bDMARDs 
(TNFi, IL-12/23i,
IL-17i, IL-23i, 
CTLA4-Ig), JAKi,
or PDE4i

Switch bDMARD 
(TNFi, IL-12/23i,
IL-17i, IL-23i, 
CTLA4-Ig), JAKi,
or PDE4i

Phototx or 
csDMARDs,
bDMARDs (TNFi, 
IL-12/23i, IL-17i, 
IL-23i), JAKi or 
PDE4i

Switch bDMARD 
(TNFi, IL-12/23i,
IL-17i, IL-23i), 
JAKi or PDE4i

bDMARDs 
(TNFi, IL-12/23i,
IL-17i, IL-23i) 
or PDE4i

Switch bDMARD 
(TNFi, IL-12/23i,
IL-17i, IL-23i) or 
PDE4i

TNFi (not 
ETN), 
ciclosporin,
MTX

NSAIDs, physiotherapy, injections (GCs)* Topicals, procedurals*

Fig. 2 | GRAPPA 2021 treatment schema. The Group for Research and 
Assessment of Psoriasis and Psoriatic Arthritis (GRAPPA) 2021 treatment 
recommendations for psoriatic arthritis (PsA) use a domain- based 
approach, but, considering that most patients present with disease in 
multiple domains, this treatment schema combines the recommendations 
for each domain to guide therapeutic decisions. Disease activity should be 
assessed in each of the domains and consideration given to comorbidities, 
previous therapies and patient preference. Standard ‘step- up’ approaches, 
as well as expedited treatment routes, are indicated. Treatment efficacy 
and tolerability should be re- evaluated periodically and treatment 

adjusted as appropriate. The order of the products in the boxes is sorted 
by mechanism of action and does not reflect guidance on relative efficacy 
or suggested usage. Bold text indicates a strong recommendation, 
standard text a conditional recommendation. The asterisks indicate a 
conditional recommendation based on data from abstracts only. bDMARD, 
biologic DMARD; CTLA4- Ig, CTLA4–immunoglobulin fusion protein; 
csDMARD, conventional synthetic DMARD; ETN, etanercept; GC, 
glucocorticoid; IBD, inflammatory bowel disease; JAKi, Janus kinase 
inhibitor; MTX, methotrexate; PDE4i, phosphodiesterase 4 inhibitor; 
TNFi, TNF inhibitor.
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Axial disease. For patients with axial symptoms who 
have not responded to treatment with NSAIDs, phys-
iotherapy and/or sacroiliac joint glucocorticoid injec-
tions (when appropriate), initiation of a targeted 
therapy is strongly recommended. TNF inhibition and 
IL-17 inhibition have demonstrated efficacy in both 
radiographic and non- radiographic axSpA and were 
recommended for axial PsA in the previous GRAPPA 
recommendations2.

Since the 2015 recommendations2, several phase II 
and phase II–III RCTs have demonstrated the effi-
cacy of the JAK inhibitors tofacitinib15, upadacitinib16 
and filgotinib17 in ankylosing spondylitis. Data from a 
phase III study of tofacitinib in ankylosing spondylitis 
published in 2021 confirm this efficacy18. Extrapolating 
from the evidence in axSpA, we recommend these agents 
for axial PsA as well.

Only one study was designed specifically to assess 
axial PsA19. In this phase IIIb RCT, the IL-17 inhibitor 
secukinumab demonstrated significant improvement in 
the signs and symptoms of axial disease compared with 
placebo in patients with PsA who had an inadequate 
response to NSAIDs; a reduction in MRI scores was 
also noted19. As IL-17 inhibitors have shown efficacy and 
have been approved for use in the treatment of axSpA, 
these agents are strongly recommended for axial PsA.

Although IL-12/23 inhibitors and IL-23 inhibi-
tors have not demonstrated efficacy in ankylosing 
spondylitis20, post hoc analyses from the trials of 
ustekinumab and guselkumab in patients who have 
had axial symptoms suggest that these agents might 
be effective in axial PsA19,20. However, it is also possible 
that improvement in the outcome measures used (for 
example, Bath Ankylosing Spondylitis Disease Activity 
Index (BASDAI)) could reflect disease activity in other 
PsA domains. Because these studies included primarily 
patients with active PsA, and these agents did not prove 
effective in axSpA, the evidence is currently too limited 
and conflicting such that these medications cannot be 
recommended for axial PsA at this time.

Enthesitis. Classes of advanced therapies found to be 
effective and thus strongly recommended as treatment 
options for active enthesitis in patients with PsA include 
TNF inhibitors, IL-17 inhibitors, IL-12/23 inhibitors, 
IL-23 inhibitors, JAK inhibitors and PDE4 inhibitors. 
Despite novel information about the comparative effi-
cacy of different classes of medications emerging from 
head- to- head studies, including comparisons of IL-17 
inhibitors with TNF inhibitors11,12, methotrexate with 
TNF inhibitors8,9, and IL-12/23 inhibitors with TNF 
inhibitors14, none of the evaluated classes of medica-
tions was found to have clear and consistent superior-
ity over the other. Therefore, none of the medication 
classes detailed above was prioritized for the treatment 
of enthesitis in the recommendations.

Methotrexate received a conditional recommen-
dation for the treatment of active enthesitis. This is a 
change from previous guidelines, in which methotrexate 
was not recommended owing to a lack of evidence1,2. 
The change was made on the basis of expert opinion 
and data emerging from the SEAM- PsA trial, which 

suggested efficacy of methotrexate for enthesitis that 
was similar to that observed for etanercept8. It should 
be noted that the SEAM- PsA trial did not include a  
placebo arm, so the evidence is limited and therefore the 
recommendation is conditional.

The use of NSAIDs, local glucocorticoid injections 
and physiotherapy was conditionally recommended, 
despite the lack of high- quality studies that investigated 
their efficacy for enthesitis in PsA or SpA. These modes 
of treatment, which are commonly used as first- line 
therapies for enthesitis, provide a relatively safe and 
affordable option, especially for localized enthesitis.

Dactylitis. Meaningful advances have been made in 
the treatment of dactylitis since the last GRAPPA 
recommendations2. In the SEAM- PsA RCT8, no statis-
tically significant difference was found between meth-
otrexate monotherapy, etanercept monotherapy and 
methotrexate–etanercept combination therapy, neither 
in the change from baseline in the Leeds Dactylitis Index 
(LDI) nor in the proportion of patients achieving com-
plete resolution of dactylitis8. However, no definite con-
clusion regarding effect size could be drawn owing to the 
lack of a placebo control group8.

The therapeutic armamentarium for dactyli-
tis has increased considerably. The IL-17 inhibitors 
secukinumab21–23, ixekizumab24 and brodalumab25 
demonstrated superior efficacy compared with pla-
cebo for improving dactylitis signs and symptoms in 
RCTs; another IL-17 inhibitor, bimekizumab, is being 
studied. In RCTs the IL-23 inhibitors guselkumab and 
risankizumab were found to be effective for dactylitis 
as assessed by the proportion of patients with total res-
olution of dactylitis at week 24 (refs26,27); another IL-23 
inhibitor, tildrakizumab, decreased mean LDI at week 52 
compared with baseline in a phase II trial28.

The T cell modulator abatacept (CTLA4- Ig) numeri-
cally improved the proportion of patients achieving res-
olution of dactylitis at week 24 compared with placebo29. 
Head- to- head trials comparing TNF inhibitors and 
IL-17 inhibitors11,12 assessed the proportion of patients 
achieving resolution of dactylitis at week 24 and did not 
find a statistically significant difference between the two 
classes of biologic agents.

Dactylitis- related outcomes were assessed as second-
ary outcomes in trials of JAK inhibitors, and these drugs 
were considered statistically superior to placebo in most 
of these studies13,30,31. In a head- to- head trial compar-
ing JAK inhibition with TNF inhibition, the improve-
ments in dactylitis disease activity of upadacitinib and  
adalimumab at week 24 were similar13.

Considering the evidence, the group made a condi-
tional recommendation for the use of methotrexate and 
against the use of other csDMARDs in the treatment of 
dactylitis. The use of NSAIDs and local glucocorticoid 
injections was also conditionally recommended for the 
treatment of dactylitis. A strong recommendation was 
established for the use of TNF inhibitors, IL-12/23 inhib-
itors, IL-23 inhibitors, IL-17 inhibitors, JAK inhibitors 
and PDE4 inhibitors, and a conditional recommen-
dation was established for the use of CTLA4- Ig in the  
treatment of dactylitis in PsA.
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Skin. The evidence reviewed for the update of the rec-
ommendations for the treatment of skin psoriasis was 
limited to that presented in RCTs for PsA and inter-
preted in the context of the large body of psoriasis liter-
ature and previous GRAPPA recommendations. Topical 
agents are strongly recommended as first- line treatment 
for patients with limited body surface area involvement. 
For patients with more widespread psoriasis or psori-
asis unresponsive to topicals, phototherapy, oral ther-
apies (methotrexate, ciclosporin, PDE4 inhibitors and 
JAK inhibitors) and bDMARDs (TNF inhibitors, IL-17 
inhibitors, IL-12/23 inhibitors and IL-23 inhibitors) are 
strongly recommended. Phototherapy is efficacious for 
psoriasis affecting the trunk and extremities. Acitretin, 
an oral retinoid, is conditionally recommended for pso-
riasis in patients with PsA owing to its limited efficacy 
as monotherapy for plaque psoriasis and scarce evidence 
from the PsA population; however, this agent can be  
efficacious for pustular psoriasis.

Strong recommendations were made for TNF inhib-
itors, IL-17 inhibitors, IL-12/23 inhibitors and IL-23 
inhibitors; newer mode of action drugs (inhibitors  
of IL-17, IL-12/23 and IL-23) show higher efficacy 
for skin involvement than TNF inhibitors in stud-
ies of psoriasis and/or PsA. The selection of one drug 
over another should be influenced by the results of 
head- to- head studies in psoriasis populations, the pres-
ence of comorbidities, and disease activity in other PsA 
domains.

It should be noted that some csDMARDS (lefluno-
mide and sulfasalazine) have limited evidence for effi-
cacy in skin disease and were graded in the context of 
other available therapies as having limited evidence for 
cutaneous psoriasis. CTLA4- Ig (abatacept) also has  
limited evidence for efficacy in skin disease.

Nails. As with psoriatic skin disease, the evidence 
reviewed for the update of the treatment of nail psoriasis 
was limited to that presented in RCTs for PsA and inter-
preted in the context of the large body of psoriasis litera-
ture and previous GRAPPA recommendations. As in the 
previous recommendations2, strong recommendations 
were made for bDMARDs given the rigorous evidence 
from RCTs. bDMARDs, including TNF inhibitors, IL-17 
inhibitors, IL-12/23 inhibitors and IL-23 inhibitors, are 
strongly recommended for the treatment of psoriatic nail 
disease; the selection of one of these agents over another 
should be informed by head- to- head studies in psoriasis, 
comorbidities and activity in other PsA domains.

Conditional recommendations were made for a num-
ber of topical and/or local therapies as well as systemic 
medications. Topical therapies that can be considered 
include calcipotriol and glucocorticoid preparations, 
topical tacrolimus, topical ciclosporin, intralesional glu-
cocorticoids and pulsed dye laser. Systemic medications 
that should also be considered are ciclosporin, metho-
trexate, acitretin, JAK inhibitors and PDE4 inhibitors. 
In many cases, evidence specifically for nail psoriasis 
remains insufficient. Agents with limited evidence pre-
venting recommendations include topical glucocorti-
coids, topical tazarotene, dimethyl fumarates/fumaric 
acid esters, phototherapy and alitretinoin.

Related conditions. The related conditions included 
two subtypes of IBD — namely, Crohn’s disease and 
ulcerative colitis — and non- infectious anterior uveitis. 
Several high- quality RCTs have demonstrated the effi-
cacy of TNF inhibitors (with the exception of etanercept, 
which did not show efficacy) and IL-12/23 inhibitors for 
Crohn’s disease and ulcerative colitis. For JAK inhibition, 
although tofacitinib has been effective in ulcerative coli-
tis, a single phase II RCT in Crohn’s disease did not reach 
its primary end point. However, promising results are 
emerging from phase II RCTs for the efficacy and safety 
of other JAK inhibitors (upadacitinib and filgotinib) and 
IL-23 inhibitors in both Crohn’s disease and ulcerative 
colitis. Phase III RCTs of these agents are in progress. 
For methotrexate, which is used in clinical practice, data 
from some RCTs has shown efficacy in Crohn’s disease 
and ulcerative colitis. IL-17 inhibitors (secukinumab and  
brodalumab) exacerbated Crohn’s disease in RCTs  
of patients with known Crohn’s disease and should 
therefore be avoided32.

For the treatment of uveitis, methotrexate is currently 
a commonly prescribed non- biologic therapy and was 
conditionally recommended. TNF inhibitors (exclud-
ing etanercept) were also conditionally recommended 
for treatment of uveitis. Recent RCTs have shown strong 
evidence for the use of adalimumab, albeit in types of 
uveitis not typically associated with SpA. Two multi-
centre, phase III RCTs demonstrated strong evidence 
of the efficacy of adalimumab (TNF inhibitor) in the 
treatment of uveitis32. The TNF inhibitor etanercept is 
strongly recommended against, owing to its relatively 
inferior efficacy and the potential for exacerbation of 
uveitis compared with monoclonal antibodies.

Studies in PsA cohorts investigating clinical screening 
strategies for related conditions and for an association 
between the presence of concomitant related conditions 
and phenotype and/or prognosis were reviewed. Patients 
with PsA, especially those with axial disease, seem to 
have a higher incidence and prevalence of IBD and uve-
itis compared with the general population. Methods of 
screening for IBD in patients with PsA have not been 
evaluated in RCTs. Criteria that might prompt the 
referral of patients with PsA or SpA for evaluation of 
possible IBD include: chronic diarrhoea (≥3 months’ 
duration); nocturnal bowel symptoms causing wak-
ing from sleep; rectal bleeding (non- haemorrhoidal);  
chronic abdominal pain; perianal fistula or abscess; and 
weight loss.

Two studies have examined the pattern of peripheral 
SpA and/or axSpA in patients with concomitant IBD and 
found no association with phenotypes of IBD or SpA33,34. 
Two retrospective studies investigated phenotype of PsA 
and uveitis. Women with PsA were more likely to have 
uveitis than men. Compared with patients with periph-
eral PsA, those with axial PsA more commonly had 
early- onset unilateral uveitis35. The prevalence of uve-
itis was higher in patients with axial PsA than oligoar-
ticular or polyarticular PsA36. No studies have reported 
on the prognosis of patients with PsA with and without 
concomitant IBD or uveitis. One study reported poorer 
ophthalmic prognosis in PsA compared with patients 
with only skin psoriasis and uveitis35.
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Comorbidities. Psoriasis and PsA are both associated with 
several chronic conditions that can influence treatment 
choice, response to treatment, quality of life and mortal-
ity. The comorbidities sub- committee considered diseases 
with a specific link to PsA. Comorbidities of particular 
importance in PsA include cardiovascular disease (CVD), 
obesity, metabolic syndrome, liver disease (fatty liver dis-
ease in particular), mood disorders including depression 
and anxiety, chronic infections (hepatitis B, hepatitis C, 
HIV, tuberculosis and fungal infections), malignancy 
(for example, skin cancer and lymphoma), osteopo-
rosis and fibromyalgia and/or central sensitization37. 
Recommendations around these key comorbidities are 
listed below and are also shown in Table 4.
•	Cardiovascular risk is elevated in patients with PsA

compared with the age- and sex- matched general 
population38. Patients should be screened for car-
diovascular risk factors and modifiable risk fac-
tors should be managed to improve cardiovascular 
outcomes in this patient population. Screening for 
cardiovascular risk and risk factors can be accom-
plished by any of the health- care providers caring for 
the patient (that is, rheumatologist, dermatologist, 
cardiologist or primary care provider).

•	 Several studies have demonstrated that obesity is
associated with reduced functional ability, greater 
psoriasis severity and disease activity, and reduced 
response to therapy. Patients should be encouraged to 
maintain a healthy weight in order to improve disease 
activity and minimize disease impact.

•	 Fatty liver disease is common in patients with PsA,
and is often related to obesity and/or diabetes mellitus.  

This condition should be considered when monitor-
ing liver function on medication and when selecting 
therapies that could affect the liver.

•	 Immunomodulatory therapies used in PsA can affect
untreated hepatitis B virus (HBV), hepatitis C virus 
(HCV) or HIV. Patients should be screened for active 
HBV and HCV prior to initiating therapy. Input 
from a gastroenterologist or hepatologist should be 
sought regarding the use of antivirals when initiat-
ing treatment of patients with active HCV or active 
or past HBV. Patients should likewise be screened 
for HIV and, if present, treatment decisions should 
be made in collaboration with an infectious disease 
specialist.

•	Tuberculosis is a serious infection and is common
in some parts of the world. bDMARDs, particularly 
TNF inhibitors, can increase the risk of developing 
active tuberculosis. Screening for active or latent 
tuberculosis infection is recommended prior to  
initiation of therapy.

•	Herpes zoster can be a complication of immuno-
modulatory therapies, although this risk seems to be 
higher with JAK inhibitors than with other immuno-
modulatory therapies. Rheumatologists should coun-
sel patients about this risk and encourage vaccination 
prior to starting therapy when accessible.

•	 Some of the immunomodulatory therapies and pre-
vious phototherapy are associated with an increased 
risk of non- melanoma skin cancer. Patients should 
be counselled about this risk and, if exposed to these 
therapies, should be encouraged to undergo full skin 
assessment annually.

Table 4 | Summary of recommendations for the treatment of PsA in the case of comorbidities

 Comorbidity NSAIDs GCs MTX 
and/or 
LEF

TNF 
inhibitor

IL-17 
inhibitor

 IL-12/23 
inhibitor, 
IL-23 
inhibitor

JAK 
inhibitor

PDE4 
inhibitor

Elevated risk  
of CVD

Caution – – – – – Caution –

Congestive heart 
failurea

– Caution – Avoid – – – –

Elevated risk  
for VTE

– – – – – – Caution –

Obesity – – Caution – – – – –

Fatty liver 
disease

– – Avoid – – – – –

Active hepatitis 
B or C

– – Avoid Caution Caution Caution Caution Caution

HIV – – – Caution Caution Caution Caution Caution

Tuberculosis – – – Caution Caution Caution Caution Caution

History of recent 
malignancy

– – – Caution Caution Caution Caution Caution

MS and/or 
demyelinating 
disease

– – – Avoid – – – –

Depression  
and/or anxiety

– – – – – – – Caution

CVD, cardiovascular disease; GC, glucocorticoid; JAK, Janus kinase; LEF, leflunomide; MS, multiple sclerosis; MTX, methotrexate; 
PDE4, phosphodiesterase 4; PsA, psoriatic arthritis; VTE, venous thromboembolism. aSevere or advanced; class III or IV according 
to the New York Heart Association (NYHA) Functional Classification.
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•	 Surveillance and treatment of osteoporosis should
be the same in patients with PsA as in the general
population.

•	 Fibromyalgia and/or central sensitization are asso-
ciated with poor quality of life and diminished
response to therapy. Identification and management
of fibromyalgia and/or central sensitization could
improve a patient’s overall quality of life and diminish 
treatment ‘cycling’.

•	Depression and anxiety have a high prevalence in
PsA and are strong negative predictors of joint remis-
sion in patients with PsA. Screening for mood dis-
orders should be part of the standard clinic review
and patients should be referred for diagnosis and for
psychological support as appropriate.

PsA remains a complex condition requiring tailoring 
of therapy for individual patients dependent on multi-
ple factors outlined above. To further demonstrate the 
application of these recommendations in practice, exam-
ple cases are given in box 1 alongside discussion points 
related to the evidence tables (Table 3), treatment schema 
(fig. 2) and recommendations related to comorbidities 
(Table 4). These cases represent composites of actual PsA 
cases encountered in the clinic, with attributes combined 

into these three cases to illustrate common therapeu-
tic decision pathways and to reflect how the treatment  
recommendations support them.

Research agenda
Research in PsA is continuously growing. The GRAPPA 
mission includes supporting and stimulating research 
in PsA and psoriasis. One way to achieve this goal is to 
identify gaps in psoriatic disease knowledge. Many of 
the research topics outlined in the previous GRAPPA 
recommendations2 have been addressed in the years 
since their publication, such as outcome measures39,40, 
more effective and better tolerated treatments4 and 
treatment strategies41. Some of the research topics that 
have been identified by the experts from GRAPPA in the  
current update are briefly described below.

Screening and early diagnosis. The knowledge of risk 
factors for PsA and the transition from psoriasis to PsA 
has advanced greatly42. However, we are still unable to 
identify those patients with psoriasis who ultimately 
go on to develop PsA. It has been shown in observa-
tional studies that treatment of psoriasis might prevent 
the development of PsA43,44. Longitudinal research is 
needed to establish whether highly effective treatment 
of psoriasis can prevent or mitigate development of PsA.

Precision medicine. Much has been learned about the 
response of the varied domains of PsA to different 
specific targeted therapies45. Indeed, this knowledge 
may help to define endotypes of PsA (for example,  
‘IL-17- inhibition- responsive disease activity’). As 
more is learned, it might be possible to approach truly 
personalized care for individual patients with PsA.

Treatment strategy and sequencing. At present, on a 
group level, the selection and sequence of treatments 
among the various available agents is not clear for most 
patients with PsA. The availability of data from addi-
tional head- to- head studies might provide useful infor-
mation in that regard. Another area of interest for which 
there is at present a paucity of data is the potential for 
combination therapy with agents having different mech-
anisms of action. For those patients achieving therapeu-
tic goals, additional high- quality research on treatment 
tapering, including studies incorporating the patient 
perspective, is important.

Special populations. Some types of involvement in PsA 
are not typically evaluated in clinical trials, including 
oligoarticular peripheral arthritis, arthritis mutilans and 
types of psoriasis other than plaque psoriasis, to mention 
a few. Additional exploration of these types of involve-
ment would be of relevance to patients and clinicians. 
Moreover, some PsA disease manifestations need better 
definition and more research. A unanimous definition 
of axial PsA and the proper outcome measure to assess 
it are still needed, although collaborative work is under-
way. Given the inherent limitation in assessing enthesitis 
by physical examination, further research is needed to 
assess the utility of imaging of the entheses in clinical 
trials. Available clinical trials have evaluated enthesitis 

Box 1 | Case studies and discussion of recommendations

Case 1
A 33- year- old woman was diagnosed with psoriatic arthritis (PsA) 6 months ago. PsA 
activity includes: 12 swollen and tender peripheral joints; psoriasis affecting 2% of the 
body surface area (BsA) despite topical steroids; knee enthesitis bilaterally. she struggles 
to get laboratory tests regularly. she is nulliparous, not using contraception; she says,  
“my husband and I would rather wait a year, but if pregnancy happens, that’s fine”.

What treatment should be chosen?
given the domains involved, efficacy might be achieved with conventional synthetic 
DmARDs (csDmARDs), tNF inhibitors, Il-17 inhibitors, Il-12–Il-23 inhibitors, Il-23 
inhibitors, PDe4 inhibitors, or Janus kinase (JAK) inhibitors. the inability to monitor 
bloods precludes csDmARDs and JAK inhibitors. Reproductive health issues would 
strongly favour tNF inhibition, with other agents considered. After discussion, the 
patient chose tNF inhibition.

Case 2
A 30-year- old man has had PsA for 2 years. He was intolerant of methotrexate and had 
no benefit after 12 weeks on a tNF inhibitor. PsA activity includes: three swollen and 
five tender peripheral joints; psoriasis affecting 15% BsA, including face and nails; 
inflammatory back pain with insufficient response to NsAIDs. serum concentrations  
of acute phase reactants are elevated.

What treatment should be chosen?
given the domains involved, efficacy might be achieved with another tNF inhibitor, 
Il-17 inhibitor or JAK inhibitor. After discussion, considering the skin activity,  
the patient decides to initiate treatment with an Il-17 inhibitor.

Case 3
A 65-year- old man has had PsA for 15 years. He has tried therapy with sulfasalazine, 
methotrexate and two different tNF inhibitors, with minimal efficacy. medical history 
includes ulcerative colitis (uC) doing well on mesalamine, treated hypertension and 
smoking, which he says helps to control his uC. PsA activity includes: four swollen  
and eight tender peripheral joints, psoriasis affecting 8% BsA including the genitals; 
enthesitis about the right elbow and left knee.

What treatment should be chosen?
given the domains involved, efficacy might be achieved with another tNF inhibitor,  
JAK inhibitor, PDe4 inhibitor, Il-17 inhibitor, Il-12–Il-23 inhibitor or Il-23 inhibitor. 
After discussion, including consideration of comorbidities, the patient decides to 
initiate treatment with an Il-23 inhibitor.
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only as a secondary outcome; therefore, studies that 
focus on enthesitis as a primary outcome are warranted. 
We also need to advance our knowledge on the optimal 
paradigm for the screening and treatment of IBD and 
uveitis in patients with psoriasis and PsA.

Response to treatment. Certain patient and environ-
mental characteristics can influence the response of 
PsA to treatment, including sex and/or gender, obesity, 
socioeconomic status, ethnicity, skin colour, health- care 
system and other factors. Defining how such characteris-
tics affect assessment and therapy could help to optimize 
care. For some issues that impact therapeutic choices, 
such as reproductive health considerations, although 
there are limited data in PsA, extrapolation from con-
siderations of other patient groups and the work done 
analysing those data could be of benefit46.

Disease impact. Beyond disease activity, PsA has an 
impact on people in many ways, with pain and fatigue 
typically identified by patients as the highest priority 
issues47. Further research into the optimal management 
of pain and fatigue is likely to provide substantial benefit 
to patients.

Safety considerations. With the increased use of drugs 
with different mechanisms of action, long- term safety 
is a universal concern among patients and physicians. 
In addition to data from RCTs, information on safety 
from registries, longer term open- label follow- up to 
RCTs, claims data, and other sources can be important. 
Further definition of the relative safety of various agents 
can impact therapeutic choice.

Cardiometabolic disease. Cardiometabolic disease is of 
special importance in patients with psoriasis and PsA48. 
The following have been identified as areas of interest 
in the research agenda on cardiovascular and related 
comorbidities: ideal methods for cardiovascular risk 
screening; the impact of disease activity and therapies 
on cardiovascular risk; methods of modifying cardiovas-
cular risk; the effect of dietary changes and microbiome 
on disease activity and metabolic alterations; the effect 
of fatty liver disease on disease activity; and the effect of 
modifying obesity and metabolic disease on response to 
therapy and overall disease activity.

Care delivery. The COVID pandemic has affected the 
mental health of patients and physicians alike, and 
has changed medicine service delivery worldwide49. 
Many changes, such as telehealth, seem set to stay. How 
such changes in care delivery impact the mental health 
status, disease activity and quality of life of patients 
with psoriasis and PsA is worth studying. There are 
some unresolved issues related to COVID infection and 
COVID vaccination that need further research, such as 
impact on therapy outcomes and disease activity.

Discussion
This paper summarizes the updated GRAPPA treatment 
recommendations for 2021, covering all six clinical 
domains of PsA in addition to related conditions and 

associated comorbidities. Considering the complexity 
of the disease and the rapidly evolving research land-
scape, up- to- date treatment recommendations can be 
of great relevance to clinicians and patients in manag-
ing PsA. Given the heterogeneity of disease presenta-
tion of PsA, individualization of therapy is crucial. With 
this update, GRAPPA has maintained a domain- based 
approach as well as a focus on comorbidities to guide 
treatment selection for individuals.

The recommendations are based on systematic 
searches to identify relevant evidence, which was 
assessed using a GRADE approach to ensure that qual-
ity of evidence was considered. All subcommittees had 
PRP involvement and developed their recommendations 
using consensus among international experts and PRPs. 
The subcommittees had strong representation from 
rheumatology and dermatology, and the related condi-
tion group also invited experts from the field of uveitis 
and IBD to ensure that multidisciplinary views were 
incorporated. All groups had worldwide representation 
from multiple continents and different health- care set-
tings to ensure that the recommendations can be applied 
globally.

Some limitations of these recommendations relate 
to areas of limited evidence, including oligoarthritis, 
axial disease and forms of psoriasis other than plaque 
psoriasis. In addition, specific recommendations for the 
sequencing of effective therapies cannot be provided at 
present. Of note, the efficacy data utilized herein were 
taken from RCTs; clearly, patients recruited to clinical 
trials do not represent the broad diversity of people and 
PsA subtypes as seen in clinical practice. We have not 
attempted to give recommendations on the treatment of 
comorbidities, but rather advice on the general manage-
ment of these conditions, as there is no clear evidence 
of the differential treatment of these comorbidities in 
people with PsA compared with the general population 
and this is typically beyond the scope of the rheuma-
tologist or dermatologist treating PsA. Although the 
involvement of a representative, international panel 
increases the applicability of the recommendations, the 
recommendations cannot account for local health- care 
restrictions or guidance. We hope that clinicians can 
interpret the GRAPPA recommendations alongside 
any local or national guidance to provide further 
clarification.

Although these recommendations summarize the 
latest evidence up to 2021, research in PsA is rapidly 
evolving and all treatment recommendations therefore 
require regular updates. GRAPPA is committed to this 
endeavour as an ongoing process following on from suc-
cessful treatment recommendations in 2009, 2015 and in 
2021. We hope that future research will address some of 
the unmet needs reviewed here and are optimistic that 
future iterations of the recommendations will be able to 
incorporate this research in the years to come.

Conclusions
There has been tremendous progress regarding PsA 
over the past two decades. In addition to greater insight 
into the immunopathophysiology, and refinement in 
outcomes and assessments, novel therapeutic agents 
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have been introduced and newer treatment approaches 
developed. In order to achieve optimal outcomes for 
all patients with PsA, clinicians need to be aware of 
these important advances. These GRAPPA treatment 

recommendations, representing the latest update, were 
developed to facilitate the care of patients with PsA.
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A central tenet of successful study design for 
randomized placebo-controlled trials (RCTs) 
in arthritis is the inclusion of patients who 
not only definitively have the disease in 
question, but also have characteristics that 
predict treatment response and so enhance 
treatment-group discrimination within the 
time frame of the trial. These characteristics 
include short disease duration, high 
inflammatory burden and lack of structural 
damage1–3. These principles are exemplified 
in the design of RCTs in rheumatoid arthritis 
(RA) and psoriatic arthritis (PsA), in which 
patients meeting classification criteria are 
selected on the basis of evidence of active 
disease, typically defined by a minimum 
number of swollen and tender joints, after 
having failed conventional DMARDs4–6. 
Subsequent RCTs assess patients within  
1–2 years of onset of disease who are naive 
to DMARDs. These RCTs have consistently 

earlier diagnosis of axSpA and a clearer 
understanding of the basis for its progression 
from non-radiographic (nr) to radiographic 
categories of disease. Detection of 
radiographic sacroiliitis is unreliable except 
in advanced disease9,10. Despite this, the 
ongoing and widespread use of radiographic 
evaluation of the SIJ for patients with clinical 
features suggestive of axSpA has led to the 
adoption of terminology that identifies 
non-radiographic and radiographic forms 
of axSpA that is used in both clinical 
practice and RCTs11. Clinical responses 
were anticipated to be greater in RCTs with 
nr-axSpA than in radiographic axSpA, by 
analogy with observations in early RA and 
PsA. However, in our view the converse has 
been more frequently observed, especially in 
trials of nr-axSpA conducted over the past 
10 years.

In this Perspective article, we identify 
aspects of the evidence-based literature 
pertaining to RCTs of nr-axSpA that cause 
concern and discuss the pitfalls of how 
radiography and MRI have been used to 
recruit patients for RCTs. We consider the 
findings in the context of more recent key 
MRI studies conducted by the Assessment 
of SpondyloArthritis International Society 
MRI (ASAS-MRI) Working Group, which 
derived new definitions for active and 
structural lesions in the SIJ typical of axSpA. 
We outline how this new information and a 
new MRI selection rule might improve study 
design of RCTs in nr-axSpA. Specifically, 
we argue the case for emphasizing central 
reader evaluation of MRI scans of the SIJ, 
our best objective measure of both diagnosis 
and active disease in nr-axSpA, and for 
application of these more stringent MRI 
cut-offs as a new step in the patient selection 
process. We feel that such changes would 
lead to both enhanced diagnostic accuracy 
and improved treatment discrimination 
between groups.

Evolution of RCT design in axSpA
RCTs in axSpA were first conducted 
in patients with ankylosing spondylitis 
(AS), a prototypic form of axSpA, who 
fulfilled the modified New York (mNY) 
classification criteria12. The mNY criteria 
require evidence of structural damage 
in the SIJ on radiography in addition to 
symptoms of inflammatory back pain and 

demonstrated greater clinical responses and 
better discrimination from placebo effects 
compared with trials of DMARD-refractory 
patients with longer disease duration7.

Similar principles of study design 
have been applied to RCTs in axial 
spondyloarthritis (axSpA), an umbrella 
term for a group of arthritides characterized 
by axial inflammation in the sacroiliac 
joints (SIJs) and spine as their defining 
feature. A cornerstone of diagnosis and 
disease classification is the detection of 
abnormalities in the SIJ on radiography such 
as erosion of the bony cortices, periarticular 
sclerosis and ankylosis8. However, 
these structural features represent the 
consequences of inflammation and might 
not be observed on radiographs for several 
years after symptom onset. The advent of 
MRI, which permits the direct visualization 
of inflammation in the SIJ, has led to 

Improving the design of RCTs 
in non-radiographic axial 
spondyloarthritis
Walter P. Maksymowych  , Robert G. W. Lambert, Liron Caplan, 
Filip E. van den Bosch and Mikkel Østergaard

Abstract | Concerns have been raised that randomized placebo-controlled trials 
(RCTs) in non-radiographic axial spondyloarthritis (nr-axSpA) might be failing to 
identify patients that best show differences in clinical response rates between 
those receiving active drug and those receiving placebo therapies; in addition, 
some studies might even be showing spurious differences in responses to TNF and 
IL-17 inhibitor therapies. In particular, the most recent phase III RCTs in nr-axSpA 
have reported variable and generally lower response rates than observed in phase 
III trials of patients with ankylosing spondylitis and in trials conducted a decade 
ago in patients with early axSpA who were selected on the basis of axial 
inflammation evident on MRI scans. We argue that these observations at least 
partly reflect an RCT design that does not take full advantage of MRI to select 
patients who are responsive to therapy because the current MRI-based inclusion 
criteria cannot identify patients with axSpA with sufficient specificity. We propose 
that future studies should be designed using revised patient inclusion criteria 
based on expanded MRI evaluation and the application of data-driven definitions 
of a positive MRI for inflammatory and structural lesions typical of axSpA reported 
in an international multicentre analysis of MRI scans from the Assessment of 
SpondyloArthritis International Society (ASAS) classification cohort.
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demonstration of limited spinal mobility12. 
Highly effective biologic DMARDs 
(bDMARDs) that target inhibition of the 
pro-inflammatory cytokine TNF were 
identified in such RCTs. However, it was well 
known that patients can experience notable 
spinal symptoms for many years before the 
appearance of radiographic sacroiliitis, as 
exemplified by the long duration of disease 
extending well over a decade in patients 
recruited to these RCTs in AS13. A major 
ethical concern then emerged because 
patients without radiographic sacroiliitis 
were being denied effective therapy 
despite data demonstrating comparable 
severity of symptoms and impairment of 
quality of life to those observed in patients 
with radiographic sacroiliitis13. The 
development of classification criteria that 
would include patients with clinical features 
of axSpA without the need to demonstrate 
radiographic sacroiliitis became necessary to 

ensure that such patients could be included 
in RCTs and thereafter gain access to 
treatment after regulatory approval.

The advent of MRI for the diagnosis 
of axSpA and the demonstration of 
subchondral bone marrow oedema in 
the SIJ as a key feature of sacroiliitis that 
is evident before the development of 
radiographic sacroiliitis helped to expedite 
the development of the ASAS classification 
criteria in 2009 (ref.14) (fig. 1), which were 
intended to identify patients with a broader 
spectrum of axSpA than that identified 
using the mNY criteria. Patients diagnosed 
with axSpA can fulfil these classification 
criteria through either a clinical arm, 
which requires the presence of HLA-B27 
and at least two clinical features of axSpA 
but does not require imaging evidence 
of sacroiliitis, or an imaging arm, which 
requires imaging evidence of sacroiliitis 
and at least one clinical feature of axSpA. 

Sacroiliitis on imaging can be defined either 
on radiographs, as for the mNY criteria, 
or on fat-suppressed MRI scans that can 
depict bone marrow oedema according to an 
expert opinion-based definition formulated 
by ASAS experts in imaging (ASAS-positive 
MRI)15,16 (Box 1).

The primary goal of developing these 
criteria was that they would form the basis 
for recruitment of the whole spectrum 
of patients with axSpA for RCTs and that 
regulatory authorities would thereby grant 
a treatment indication for novel therapies 
that would cover the whole spectrum of 
axSpA and not omit patients who did not 
have radiographic sacroiliitis. Moreover, 
radiographic assessment of the SIJ has 
been shown to be unreliable, even in 
expert hands and especially in the early 
stages of sacroiliitis9,10. Several reports have 
demonstrated that agreement between 
expert readers, as measured using the κ 
statistic, for designation of radiographic 
sacroiliitis according to the mNY criteria 
does not exceed 0.50, even after extensive 
calibration9,10,17,18. The κ value indicates 
the proportion of agreement beyond that 
expected by chance and ranges from –1 
to + 1, with a κ >0.60 often being regarded 
as acceptable agreement. The lack of 
agreement between expert readers for the 
detection of radiographic sacroiliitis reflects 
the anatomical complexity of the SIJ, which 
requires multiplanar imaging for accurate 
interpretation, and also the descriptive 
wording of the criteria themselves, which 
simultaneously include erosion, bone 
sclerosis and abnormalities of joint width 
within the same grade of severity of 
sacroiliitis19. Different readers might rely on 
different features in assigning the grade of 
severity of sacroiliitis. Correct interpretation 
of radiographic sacroiliitis optimally also 
requires data on age and gender, which is 
not provided to central readers evaluating 
radiographs for RCTs, because the presence 
of bone sclerosis and abnormalities of joint 
width are associated with increasing age 
and post-partum changes in women20,21. 
In contrast to radiography, a high degree 
of reliability has been consistently reported 
for the detection of bone marrow oedema 
lesions on MRI of the SIJ, with κ being 
within the range 0.70–0.80 (refs21,22).

After publication of the ASAS criteria, 
concern was expressed by regulatory 
authorities that the criteria lacked specificity, 
especially in the absence of radiographic 
sacroiliitis and might be used to select 
patients with common spinal disorders, such 
as degenerative disc disease, for treatment 
with expensive and potentially hazardous 

Entry criteria

Features of SpA

Uveitis

Family history of SpA

Psoriasis

Good response to NSAIDs

HLA-B27 positivity

Inflammatory back pain

Crohn’s disease or 
ulcerative colitis

Arthritis

Enthesitis (heel)

Dactylitis

Back pain ≥3 months
and age at onset 
≤45 years

Imaging arm
• Sacroiliitis*
• ≥1 feature of SpA

Clinical arm
• HLA-B27 positivity
• ≥2 other features 

of SpA

Fig. 1 | ASAS classification criteria for axial spondyloarthritis14. Patients diagnosed with axial spon-
dyloarthritis (axSpA) can fulfil these classification criteria through either a clinical arm, which requires 
the presence of HLA-B27 and at least two clinical features of axSpA but does not require imaging 
evidence of sacroiliitis, or an imaging arm, which requires imaging evidence of sacroiliitis and at least 
one clinical feature of axSpA. *Radiographic sacroiliitis according to modified New York criteria12 or 
subchondral bone marrow oedema on MRI according to Assessment of SpondyloArthritis International 
Society definition16 (Box 1). Adapted from ref.57, Springer Nature Limited.
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bDMARDs because of the tendency of 
clinicians to use classification criteria for the 
purpose of diagnosis23. Concerns were also 
raised by some regulatory authorities that 
patients with nr-axSpA selected for RCTs 
using the ASAS criteria might have impaired 
treatment responses when compared with 
patients selected with the mNY criteria23. 
Consequently, RCTs continued to be 
conducted for patients with axSpA who 
fulfilled the mNY criteria so that a treatment 
indication for AS could be granted, whereas 
RCTs in patients with nr-axSpA have been 
conducted independently using the ASAS 
criteria to select appropriate patients. 
We wondered whether these regulatory 
concerns had been borne out in more recent 
RCTs of nr-axSpA, and whether the primary 
study design should be reappraised. We 
believe that enough published evidence 
exists to support a reappraisal.

Clinical responses in nr-axSpA RCTs
Our review of treatment responses observed 
in all RCTs of nr-axSpA (patients who do 
not fulfil the mNY criteria) reported to 
date focused on the ASAS40 response at 
12–16 weeks, the most frequent primary 
end point in these RCTs; data for this 
response measure are also available for 
most RCTs in AS. The ASAS40 response 
is defined as an improvement of ≥40% 
and an absolute improvement from 
baseline of ≥2 units (range 0–10) in at least 
three of the four domains (patient global, 
spinal pain, function and inflammation) 
without any worsening in the remaining 
domain24. We cite these responses as 
reported in the original publications and 
have not conducted any further analyses or 
manipulations of the data.

TNF inhibitor therapies. Placebo-controlled 
RCTs of TNF inhibitor therapies conducted 
more than a decade ago in patients with 
nr-axSpA, who were recruited at tertiary 
referral centres with special expertise 
in axSpA and interpretation of imaging 
using MRI, demonstrated far superior 
treatment responses than those observed 
in more recent RCTs25–27 (fig. 2). The RCTs 
conducted more than a decade ago assessed 
treatment responses in nr-axSpA before the 
2009 publication of the ASAS classification 
criteria that formally defined nr-axSpA14. 
Of note, however, is that although the term 
nr-axSpA was not in use when these studies 
were carried out, the patients were similar, 
as an inclusion criterion in these studies was 
that patients could not have radiographic 
changes fulfilling the radiographic 
component of the mNY criteria (that is, 

non-radiographic was defined in the same 
way in those studies as it is in the ASAS 
criteria).

The first reported RCT in 
nr-axSpA-evaluated adalimumab was 
published in 2008 (ref.25). Patients were 
selected for having two out of three of 
inflammatory back pain, HLA-B27 positivity 
and MRI inflammation of the spine or SIJs 
plus one additional SpA feature, but did 
not fulfil the mNY criteria. At 12 weeks, 
a major clinical response, defined by the 
ASAS40 response, was achieved by 54.5% 
of adalimumab-treated patients versus 
12.5% of the placebo-treated patients25 
(fig. 2a). However, in the subsequent 
RCT of adalimumab in patients with 
nr-axSpA selected by the ASAS criteria 
(ABILITY-1, published in 2013), ASAS40 
responses at week 12 were only 36% 
in adalimumab-treated patients and 
15% in patients who received placebo28. 
Response rates were higher in certain 
subsets of patients, especially those with 
objective features of inflammation defined 
by elevated C-reactive protein (CRP) level 
and/or sacroiliitis on MRI (defined as 
Spondyloarthritis Research Consortium 
of Canada (SPARCC) MRI bone marrow 
oedema in two or more SIJ quadrants), 
who had responses comparable to those 
reported in the phase III RCT of adalimumab 
in AS (ATLAS)29, but still not as high as 
those in the first RCT of adalimumab 

in nr-axSpA (fig. 2a). It should be noted 
that patients in the phase III AS RCT of 
adalimumab (ATLAS) had the worst baseline 
modified Stoke AS Spine Score (mean 19.8) 
ever recorded in any pivotal RCT of AS, 
and even included 11 patients with total 
spinal ankylosis29. Despite this, responses in 
the AS RCT (ASAS40 of 39.9% and 13.1% 
in patients treated with adalimumab or 
placebo, respectively) were still superior 
to responses in the ABILITY-1 nr-axSpA 
RCT. Given that patients with AS have so 
much more irreversible structural damage 
and functional impairment than patients 
with nr-axSpA, the fact that higher ASAS40 
responses were observed in patients with AS 
than in those with nr-axSpA is surprising, 
especially as the ASAS40 composite outcome 
includes the function domain. A subgroup 
comparison of treatment responses in 
patients with a symptom duration of <2 years 
and those with a symptom duration of 
≥2 years in the ATLAS adalimumab AS RCT 
also demonstrated that the proportion of 
patients achieving an ASAS40 response was 
substantially greater in those with shorter 
disease duration (48.3% in those with a 
symptom duration of <2 years versus 34.2% 
in those with a symptom duration ≥2 years)30. 
These data support our contention that 
patient selection criteria were suboptimal 
in ABILITY-1 as we would have expected 
higher responses in RCTs of patients with 
nr-axSpA than in RCTs of patients with AS.

Box 1 | Definition of a positive MRI (active sacroiliitis) for the classification of axial SpA 
according to ASAS axial SpA criteria

Features required for a definition of active sacroiliitis on MRI
1.  Bone marrow oedema on a t2-weighted sequence sensitive for free water (such as short tau

inversion recovery (stIR) or t2Fs) or bone marrow contrast enhancement on a t1-weighted 
sequence (such as t1Fs post-gd)

2.  Inflammation must be clearly present and located in a typical anatomical area (subchondral
bone)

3. mRI appearance must be highly suggestive of spondyloarthritis (spA)

Guidelines for interpretation of the definition
•	Bone marrow oedema representing an inflammatory lesion that meets criterion 3 will usually 

be easily seen on at least two consecutive slices of an mRI scan. Detection of inflammation on
a single slice may be sufficient if there is more than one inflammatory lesion present. However, 
it is rare for an mRI scan of the sacroiliac joints with definite evidence of active sacroiliitis to
demonstrate lesions on only a single image, and caution should be exercised in the interpretation
of small lesions.

•	It is essential that the reader of the mRI scan simultaneously reviews sequences designed to
identify inflammation and sequences that focus on depiction of structural damage.

•	If an inflammatory bone marrow lesion appears to be present but it is hard to determine whether
the lesion meets the criterion ‘highly suggestive of spA’, then the decision may be influenced 
by the presence of concomitant structural damage, especially erosion, and/or other signs of 
inflammation, which in themselves do not suffice to meet the criterion.

AsAs, Assessment of spondyloArthritis International society.

Adapted with permission from BmJ Publishing group limited. Defining active sacroiliitis on mRI for 
classification	of	axial	spondyloarthritis:	update	by	the	ASAS-MRI	Working	Group,	Lambert,	R.G.W.	et al.	 
Ann. Rheum. Dis. 75, 1958–1963 (2016)16.
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The first RCT to evaluate etanercept in 
patients with nr-axSpA (ESTHER) required 
all patients to have MRI inflammation in 
the SIJ and/or the spine26. Patients were 
randomized to receive either etanercept or 
sulfasalazine on an open-label basis, and 
49% had nr-axSpA. At the primary end 
point of 48 weeks, 40 patients had received 
etanercept, 20 of whom had nr-axSpA and 20 
of whom had AS. Among etanercept-treated 
patients, ASAS partial remission (ASAS-PR) 

response rate was higher in patients with 
nr-axSpA than in those with AS (60% 
versus 40%, respectively) although this 
difference was not statistically significant31. 
A subsequent RCT (EMBARK) that used 
the ASAS criteria to select patients with 
nr-axSpA reported an ASAS-PR response 
rate at 48 weeks of only 38% in patients with 
nr-axSpA randomized to receive etanercept32. 
Data on ASAS40 responses were not available 
at earlier time points in the ESTHER trial.

In the first and only RCT evaluating 
the TNF inhibitor infliximab in patients 
with nr-axSpA, eligible patients had 
inflammatory back pain of 3 months 
to 3 years duration, were positive for 
HLA-B27 and had MRI evidence of 
sacroiliitis27. At week 16, an ASAS40 
response was achieved by 61.1% of 
infliximab-treated patients versus 17.6% of 
placebo-treated patients (fig. 2b). This result 
compares with ASAS40 responses over 
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a 24-week observation period of 47% of 
infliximab-treated patients with AS versus 
12% of placebo patients with AS in the 
phase III ASSERT trial33. Three additional 
RCTs of other TNF inhibitors (golimumab 
and certolizumab) in nr-axSpA recruited 
patients using the ASAS criteria plus 
either elevated CRP level or a positive 
MRI for sacroiliitis according to the ASAS 
definition34–36. The proportions of patients 
achieving an ASA40 response in these trials 
were comparable to those observed in the 
corresponding phase III RCTs in patients 
with AS35,37 (fig. 2c,d).

IL-17 inhibitor therapies. The most recent 
RCTs in nr-axSpA have focused on the 
IL-17 inhibitor therapies secukinumab and 
ixekizumab38,39 (fig. 2e,f). The PREVENT 
study reported that the proportion of 
patients who had achieved ASAS40 
responses at week 16 was 41.5% in the 
secukinumab group versus 29.2% in 
the placebo group38. This between-group 
difference in treatment response of only 
12.3% contrasts with the much higher 
between-group treatment response 
differences of 29% and 25% in secukinumab 
versus placebo groups reported in the 
MEASURE 1 and MEASURE 2 phase III 
RCTs of secukinumab in patients with 
AS40. For the ixekizumab RCT in patients 
with nr-axSpA (COAST-X)39, ASAS40 
responses at week 16 were achieved by 
35% of the group who received ixekizumab 
every 4 weeks versus 19% of the placebo 
group, whereas response rates were 
48% versus 18% in the corresponding 
groups in the RCT in patients with AS 
(COAST-V)41. The magnitude of response 
to IL-17 inhibitor therapy was lower and 
the difference between treatment and 
placebo groups was lower when compared 
with responses in the TNF inhibitor 
RCTs (fig. 2a–d); such a finding could be 
interpreted to suggest that TNF inhibition is 
more effective than IL-17 inhibitor therapy 
for nr-axSpA, but such conclusions should 
only be drawn from head-to-head RCTs.

Heterogeneity of clinical responses in 
nr-axSpA RCTs. The above data indicate 
that the current RCT study design for 
nr-axSpA fails to provide treatment-group 
discrimination that is consistently as good as 
data from AS RCTs, let alone superior, which 
we might expect from the earliest RCTs of 
nr-axSpA that were conducted in specialized 
SpA centres (which were among the pioneers 
in the use of MRI for axSpA). It is important 
to note that response rates in different 
trials should not be directly compared, as 
study design and patient characteristics are 
different, but differences in the approach 
to patient selection that might be relevant to 
clinical responses should be examined. 
For these first RCTs in nr-axSpA, the 
presence of MRI inflammation assessed 
by local musculoskeletal radiologists with 
special expertise in axSpA was an essential 
inclusion criterion in two26,27 of the three 
RCTs that were conducted and was one of 
three essential criteria for the third RCT25. 
Moreover, HLA-B27 positivity was an 
essential requirement for one RCT27 and 
one of three essential criteria for a second 
RCT25. An analysis of predictors of response 
to the TNF inhibitor certolizumab in 
patients with nr-axSpA demonstrated that 
the combined presence of inflammation on 
MRI (sacroiliitis) and HLA-B27 positivity 
was the best predictor of clinical response 
in a 52-week placebo-controlled trial42. 
Additional data from the adalimumab 
nr-axSpA RCT also demonstrated that 
HLA-B27 was a predictor of response in 
addition to age <40 years and symptom 
duration <5 years28. As HLA-B27 positivity 
is associated with a diagnosis of axSpA it is 
not surprising that it works as a predictor of 
response. Younger age and shorter symptom 
duration are likely to reflect less severe 
disease with less structural damage and 
therefore an increased likelihood of clinical 
response. The demonstration that shorter 
symptom duration and/or younger age are 
predictive of clinical response also supports 
our primary contention that responses in 
patients with nr-axSpA should consistently 

be greater than those observed in patients 
with AS, the opposite of what has been 
observed in nr-axSpA RCTs to date. RCTs 
have also caused us to question whether the 
observed differences in response between 
TNF inhibitors and IL-17 inhibitors are real 
or spurious. We must consider what might 
be the weaknesses in the study design.

Weaknesses in design of nr-axSpA RCTs
We feel that there are several weaknesses 
in the design of RCTs in nr-axSpA. 
First, nr-axSpA is a challenging clinical 
diagnosis owing to the lack of specificity 
of inflammatory back pain features, the 
lack of physical findings and laboratory 
abnormalities, and the lower frequencies 
of some extra-articular manifestations in 
early versus later disease43. Clinical trial 
investigators might defer to the ASAS 
criteria for both diagnostic ascertainment 
and classification to identify appropriate 
candidates for RCTs. This approach might 
lead to substantial false positive diagnoses, 
especially in settings where the prevalence 
of axSpA is low44,45. Consequently, greater 
reliance should be placed on the optimal 
use of objective diagnostic assessments, 
specifically imaging, in RCTs.

Second, MRI examination is conducted 
on every patient at the point of screening 
for entry into an nr-axSpA RCT but only 
a limited amount of the information 
provided by MRI evaluation is used. This 
is confined to a single determination as 
to whether there is sufficient subchondral 
bone marrow oedema in the SIJ to meet the 
ASAS definition of a positive MRI for active 
sacroiliitis15,16. The 2009 ASAS definition 
stated that bone marrow oedema must be 
present in at least two locations on a single 
semicoronal MRI slice through the SIJ or in 
one location on at least two consecutive slices 
and that the MRI should be highly suggestive 
of axSpA15. The subsequent 2016 revision 
removed the quantitative components from 
the required elements of the definition, 
inserting the quantitative component in 
a new advisory section providing guidelines 
on interpretation16. However, a substantial 
majority (72–75%) of patients have been 
recruited to recent nr-axSpA RCTs on 
the basis of meeting the qualitative and 
quantitative stipulations of the 2009 ASAS 
MRI definition, which then requires patients 
to have only one clinical SpA feature to meet 
the ASAS classification criteria and entry 
into the RCT (fig. 1). However, this expert 
consensus-based definition was proposed 
only as an imaging criterion for disease 
classification and was never intended to be a 
diagnostic criterion. It should be emphasized 

Fig. 2 | ASAS40 responses in RCTs of ankylosing spondylitis and non-radiographic axial spondy-
loarthritis. Assessment of SpondyloArthritis International Society (ASAS) 40 response rates in 
placebo-controlled randomized controlled trials (RCTs) of adalimumab (part a), infliximab (part b), 
golimumab (part c), certolizumab (part d), secukinumab (part e) and ixekizumab (part f). ASAS40 
responses from pivotal phase III trials of ankylosing spondylitis (AS)29,33,35,37,40,41 and non-radiographic 
axial spondyloarthritis (nr-axSpA) (pre-publication25–27 and post-publication28,34–36,38,39 of the ASAS clas-
sification criteria14) are indicated as reported in the original publications and do not reflect any further 
analyses or manipulations of the data reported in these RCTs. It is important to note that response rates 
in different trials should not be directly compared, as design and patient characteristics are different. 
The trials labelled ‘nr-axSpA pre-2010’ were trials conducted in patients with non-radiographic sac-
roiliitis before the publication of the ASAS criteria in 2009 (ref.14). The trials labelled ‘nr-axSpA using 
ASAS criteria’ were trials conducted by selection of patients according to the ASAS classification 
criteria. *Four patients had AS, six did not undergo any radiographic examination. ND, not done.

◀
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that mild bone marrow oedema (one or two 
lesions as described in the quantitative part 
of the ASAS definition of a positive MRI) has 
also been observed in up to 40% of healthy 
athletes and/or those with nonspecific back 
disorders46–48, stressing the importance of 
focusing on the recommendation that the 
MRI must be highly suggestive of axSpA. 
In agreement with this recommendation, the 
revised 2016 definition of an ASAS-positive 
MRI emphasizes that assessment of 
bone marrow oedema should focus on 
the qualitative aspect of the definition, 
namely, features that indicate that the MRI 
is highly suggestive of axSpA16. However, 

such interpretation might still benefit from 
including a quantitative component to help 
determine what defines ‘highly suggestive’, 
so that it can be widely applied accurately 
and reliably.

Third, several trials have used only a 
single central reader for the evaluation 
of MRI scans to determine whether the 
ASAS definition of a positive MRI has 
been met34,38,49. Moreover, the training of 
this reader to accurately recognize scans 
that meet the definition when judged 
against a calibration set of scans based on 
international consensus of experts in the 
field has never been reported.

We therefore believe that screening and 
selection of patients for nr-axSpA RCTs lack 
the stringency to ensure that all patients 
truly have this condition and that trials 
conducted to date might have inadvertently 
recruited some patients with nonspecific 
back disorders and false positive bone 
marrow oedema on MRI.

Improving the design of nr-axSpA RCTs
A 2021 report from the ASAS-MRI 
Working Group that is highly relevant to 
our recommendations was based on the 
evaluation of MRI scans from 169 cases in 
the ASAS classification study by eight central 
readers, three of whom are also authors of 
these recommendations (W.P.M., R.G.W.L., 
M.O.)50. Readers applied recently updated 
and standardized ASAS descriptions of MRI 
lesions in the SIJ to evaluate MRI scans22. 
This report demonstrated in a data-driven 
exercise that MRI cut-offs for definite 
active lesions typical of axSpA by most 
central readers with ≥95% specificity are 
the presence of bone marrow oedema in ≥3 
consecutive slices or ≥4 SIJ quadrants50. A 
positive MRI for structural lesions, for which 
a standardized definition had not been 
proposed previously, was similarly defined 
as erosion in ≥2 consecutive slices or ≥3 SIJ 
quadrants. Post-inflammatory fat lesions 
need to be present in ≥3 consecutive slices 
or ≥5 SIJ quadrants to meet the structural 
lesion definition. The gold standard for 
deriving these quantitative definitions was 
based on the majority agreement of the 
eight expert readers from the ASAS group 
that the MRI scan had definite active or 
structural lesions typical of axSpA. However, 
these definitions also had very high positive 
predictive validity for rheumatologist 
diagnosis of axSpA after 4.4 years of 
follow-up of patients in this cohort50. This 
report is therefore particularly important 
because the diagnosis of axSpA might be 
clearly evident only after many years of 
follow-up whereas prior studies evaluating 
MRI definitions have been cross-sectional.

We propose revised patient inclusion 
criteria (fig. 3, the 3,4,5 rule) that incorporate 
these new data on MRI cut-offs. These 
cut-offs have not yet been validated in clinical 
trials, but additional reports comparing 
similar MRI lesion cut-offs between patients 
with axSpA and patients with non-SpA 
spinal conditions consistently confirm the 
performance of these MRI definitions51–53. 
In these reports, the MRI lesion cut-offs 
were derived using the same standardized 
methodology, and in different cohorts 
of patients including various control 
populations of patients with conditions 
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Patient has BASDAI score ≥4 and 
total back pain ≥4 on NRS despite 

trial of ≥2 NSAIDs
AND

Patient has objective inflammation
(elevated CRP and/or bone marrow 

oedema on MRI)

Patient meets key eligibility criteria 
for nr-axSpA RCT     

Step 1

Step 2

Step 3

Step 4

Step 5

Fig. 3 | Proposed pathway to patient eligibility for participation in an RCT of nr-axSpA. Our 
suggested revised study design focuses on the application of the ‘3,4,5 rule’ for MRI cut-offs indicating 
the number of sacroiliac joint (SIJ) quadrants that define a positive MRI for inflammatory and/or struc-
tural lesions typical of axial spondyloarthritis (axSpA)50. Patients who do not fulfil one step are auto-
matically excluded from the subsequent steps. *Patients with neither inflammatory nor structural SIJ 
lesions on MRI and only elevated C-reactive protein (CRP) can be recruited but it should be prespec-
ified that treatment responses will be assessed independently in this subgroup. ASAS, Assessment  
of SpondyloArthritis International Society; BASDAI, Bath Ankylosing Spondylitis Disease Activity 
Index; mNY, modified New York; nr-axSpA; non-radiographic axSpA; NRS, numerical rating scale;  
RCT, randomized placebo-controlled trial.
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that can resemble axSpA. Moreover, two of 
the three studies were reported within the 
past 3 years51,52. The application of these 
definitions by at least two primary central 
readers and an adjudicator, systematically 
calibrated with an expert consensus-based 
set of reference MRI scans, might therefore 
serve to enhance accuracy in both diagnostic 
ascertainment and classification status. 
These MRI cut-offs have been derived using 
a standardized methodology that includes 
anatomical landmarks for defining anterior 
and posterior slices and rules for defining SIJ 
quadrants, which was originally developed 
for the SPARCC scoring method, and was 
employed in the ASAS MRI project and 
other studies54,55. Further details as well as the 
ASAS-MRI imaging electronic Case Report 
Form are available online (see Related Links). 
We propose that these MRI cut-offs and this 
methodology be adopted for the evaluation 
of MRI scans as a new rule when selecting 
patients for nr-axSpA RCTs.

The broad requirements of the current 
study design for an RCT of nr-axSpA are that 
a patient is first diagnosed with nr-axSpA, 
then meets ASAS classification criteria 
(which might include local evaluation of 
an MRI scan), then has objective features 
of inflammation as defined by either a 
positive MRI as per the ASAS definition 
or elevated CRP, and finally also has active 
spinal symptomatology despite the use of 
≥2 NSAIDs. In our proposal for a revised 
study design (fig. 3), both active and 
structural lesions would be evaluated on 
MRI scans by central readers according to 
their presence or absence in SIJ quadrants 
as defined by the SPARCC methodology 
for quantifying MRI lesions according to 
SIJ quadrants54,55. Although the MRI lesion 
cut-offs that define active or structural 
lesions typical of axSpA are based on the 
finding of lesions in a minimum number 
of consecutive slices or SIJ quadrants, we 
consider it preferable to focus on the number 
of SIJ quadrants with MRI lesions, as this 
more granular methodology better captures 
the size of lesions. Two central readers, and 
an adjudicator for discrepant cases, would 
determine whether an active or structural 
MRI lesion typical of axSpA is present 
according to a ‘3,4,5 rule’ for MRI lesion 
cut-offs, comprising bone marrow oedema in 
≥4 SIJ quadrants for an active lesion or either 
erosion in ≥3 SIJ quadrants or fat lesion 
in ≥5 SIJ quadrants for a structural lesion. 
Patients whose MRI scans of the SIJ fulfil this 
higher MRI cut-off for inflammation typical 
of axSpA and who have one or more clinical 
SpA feature would meet inclusion criteria 
based on disease classification as well as the 

presence of objective inflammation. In our 
view, patients who meet the structural but 
not the inflammation definition for a positive 
MRI should be included if any inflammation 
at all is observed on MRI (that is, bone 
marrow oedema in <4 SIJ quadrants) or if 
the CRP is elevated to meet the requirement 
for objective inflammation. Patients who fail 
to meet either the inflammation or structural 
MRI definitions could still be recruited 
according to the clinical arm of the ASAS 
criteria if the CRP is elevated, as permitted 
in the currently used study design, but all 
patients should still undergo the screening 
MRI. Substantial treatment responses on 
active therapy versus placebo have been 
reported in several nr-axSpA RCTs in the 
subgroup of patients with elevated CRP but 
without sufficient bone marrow oedema 
on MRI to meet the ASAS definition34,41. 
Scans from such patients have often been 
termed ‘MRI-negative’ even though data 
on structural lesions has not been reported 
in these trials and so it is not clear whether 
MRI scans were even evaluated for these 
lesions. Treatment responses in these trials 
could be re-examined according to the 
presence or absence of MRI structural 
lesions to determine whether the responses 
were restricted to those patients with 
structural lesions on MRI. The final step 
would require that patients have a high level 
of spinal symptoms, as defined by the Bath 
Ankylosing Spondylitis Disease Activity 
Index and total back pain instruments, 
that are unresponsive to a course of ≥2 
NSAIDs, as currently required for all trials of 
nr-axSpA and radiographic axSpA.

Conclusions
RCTs of nr-axSpA have not demonstrated 
clinical responses that might be expected 
on the basis of trials conducted a decade 
ago in patients with early axSpA selected on 
the basis of axial inflammation evident 
on MRI scans. The older trials indicated 
substantially higher response rates in early 
versus established axSpA in a manner 
consistent with observations in RCTs of RA 
and PsA. Disease duration in some recent 
RCTs of nr-axSpA has averaged several 
years and might not be categorized as 
early, in contrast to the clear delineation of 
early versus late disease in RCTs of RA and 
PsA. However, superior clinical responses 
would still be expected in patients with 
nr-axSpA compared with those with AS 
as the patients with nr-axSpA have less 
functional impairment and structural 
damage than those with AS, which are 
factors that might limit clinical responses. 
We propose, for further testing in existing 

and future RCTs, the use of revised inclusion 
criteria for RCTs of nr-axSpA, incorporating 
an additional rule in which patients are 
selected according to data-driven and more 
robust MRI lesion definitions for active 
and structural lesions typical of axSpA 
to ensure more accurate identification of 
patients with this disease. We make the case 
for emphasizing central reader evaluation 
of MRI scans of the SIJ, our best objective 
measure of both diagnosis and active 
disease in nr-axSpA, and the application 
of these more stringent MRI cut-offs as a 
new step in the patient selection process 
that we expect will lead to both improved 
diagnostic accuracy and enhanced treatment 
discrimination between groups. Further 
improvement in patient selection might 
occur if it can be demonstrated that the 
ASAS classification criteria require revision 
after the analysis of data from the global 
Classification of Axial Spondyloarthritis 
Inception Cohort (CLASSIC) study, which 
should be completed in 2023 (ref.56). Failure 
of the ASAS classification criteria to meet 
the targets of ≥90% specificity and ≥75% 
sensitivity in the CLASSIC study will 
lead to the testing of modifications to the 
criteria to determine which changes might 
improve their performance. However, 
it is beyond the scope of this article to 
speculate on which items in the criteria 
might be changed. In the meantime, RCTs 
that are being designed now cannot be 
delayed until new classification criteria 
are published in 2 or 3 years, and the 
proposal outlined in this article could be 
used to fill the gap by expanding the role 
of central readers when evaluating MRI 
scans. Retrospective review of nr-axSpA 
RCTs that have captured data on both 
MRI inflammatory and structural lesions 
in the SIJ should be possible to determine 
the impact of these revised selection criteria 
on the baseline characteristics of the study 
populations and treatment responses. 
This information would indicate to what 
degree these characteristics reflect those of 
a typical patient with axSpA and how these 
characteristics changed after application of 
the additional MRI selection criteria. We 
would also expect to see greater differences 
in treatment responses between patients on 
active treatment and those on placebo than 
those reported in nr-axSpA trials with the 
original study design. Moreover, because 
we now have sufficient data to fully exploit 
MRI for optimization of patient selection for 
RCTs, why should we not dispense entirely 
with the current dependence on unreliable 
radiography of the SIJ, a nineteenth-century 
technology, to identify patients with definite 
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axSpA and focus squarely on adoption of 
MRI for RCTs evaluating therapeutics for 
the entire spectrum of axSpA?
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