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in mice with 
established 
CIA and 
swollen paws, 
Z583 reduced 
clinical scores 
to those 
of non-CIA 
controls

Although Janus kinase (JAK) 
inhibitors have been approved for 
the treatment of inflammatory and 
autoimmune diseases, the currently 
available JAK inhibitors are associated 
with adverse effects resulting from a 
lack of selectivity in their inhibition 
of cytokine signalling. A new study 
describes the development and vali-
dation of a highly potent and selective 
JAK3 inhibitor with therapeutic 
potential for autoimmune diseases.

“JAK3 only contributes to regulat-
ing the function of γc cytokines  
(IL-2, IL-4, IL-7, IL-9, IL-15 and 
IL-21), and the much narrower  
spectrum of action for a selective 
JAK3 inhibitor compared to pan-JAK 
inhibitors can avoid the adverse 
effects caused by inhibiting multiple 
cytokines,” explains corresponding  
author Tiantai Zhang. “An interest-
ing difference in amino acid 
sequence between JAK3 and other 
JAK members is the presence of a 

cysteine residue within the ATP 
binding pocket, which is replaced 
by a serine residue in the other three 
isoforms, and which provided the 
basis for designing highly selective 
JAK3 inhibitors.”

The newly developed inhibitor 
Z583 had an IC50 value of 0.1 nM for 
inhibition of JAK3, with >4,500-fold 
selectivity for JAK3 compared with  
the other three JAK subtypes. 
In vitro, Z583 specifically inhibited 
γc-cytokine-induced phosphoryla-
tion of JAK3-associated signal trans-
ducer and activator of transcription 

 TA R G E T E D  T H E R A P I E S

Novel JAK3-specific inhibitor safe 
and effective in mouse RA model

(STAT) proteins. Z583 also inhibited 
phenotypic maturation of dendritic 
cells, and the proliferation and 
 differentiation of naive CD4+ T cells.

In mice with collagen-induced 
arthritis (CIA), treatment with  
Z583 for 3 weeks resulted in dose- 
dependent prevention of arthritic 
progression, with inhibition of articu-
lar inflammatory cell infiltration, 
syno vitis and bone erosion. Inhibition 
of arthritis with Z583 was superior to 
that with tofacitinib, baricitinib or the 
JAK3 inhibitor ritlecitinib. Notably, 
in mice with established CIA and 
swollen paws, Z583 reduced clinical 
scores to those of non-CIA controls.

In vitro and in vivo assessments 
demonstrated that Z583 has favour-
able pharmacokinetic properties and 
a good safety profile, with no adverse 
effects in rats. The researchers now 
plan to further investigate JAK–STAT 
signalling in various autoimmune 
diseases, and to assess the potential of 
Z583 treatment in these conditions.

Robert Phillips

ORIGInAl ARTIclE Chen, C. et al. A highly 
selective JAK3 inhibitor is developed for treating 
rheumatoid arthritis by suppressing γc cytokine–
related JAK-STAT signal. Sci. Adv. 8, eabo4363 (2022)
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ORIGInAl ARTIclE Proft, F. et al. Early 
identification of axial psoriatic arthritis among 
patients with psoriasis: a prospective multicentre 
study. Ann. Rheum. Dis. https://doi.org/10.1136/
ard-2022-222562 (2022)

MRI of the 
sacroiliac 
joints and 
the spine was 
necessary for 
diagnosis of  
all patients 
with axPsA

Although validated screening tools are 
available for psoriatic arthritis (PsA), 
none of them specifically focuses on 
the early identification of PsA with 
axial involvement (axPsA). A new study 
suggests that screening of patients with 
psoriasis by dermatologists can help to 
identify PsA, and particularly axPsA.

PsA is a heterogeneous disease, and 
its early identification is challenging. 
Delayed diagnosis and treatment of PsA 
can result in irreversible joint and spinal 
damage. PsA is common in patients with 
psoriasis, and as symptoms of psoriasis 
commonly precede those of PsA, derma
tologists treating psoriasis are well 
placed to screen for early signs of PsA.

“We propose an easy to use screening 
questionnaire with five short ques
tions with yes or no answers, asked to 
patients with psoriasis without known 
PsA by the dermatologist,” explains 
Fabian Proft, first author of the study. 
“We believe that such a clear and easy 

to implement questionnaire can help to 
improve the (early) diagnosis of axPsA.”

In this prospective, multicentre study,  
consecutive patients with psoriasis  
(n = 355) were screened by their derm
at ol ogists, who used a questionnaire 
designed to identify signs of axial 
involvement. Patients who were 
≥18 years old, with confirmed psoriasis, 
chronic (≥3 months) back pain with onset 
at <45 years old and with no biologic or 
targeted synthetic DmArD treatment in 
the 12 weeks prior to screening (n = 151) 
were referred for rheumatological inves
tigation that included mrI of the spine 
and sacroiliac joints.

In the 100 patients with complete 
rheumatological data, 14 were diag
nosed with axPsA (including three with 
peripheral involvement), and five were 
diagnosed with PsA with no axPsA. mrI 
of the sacroiliac joints and the spine was 
necessary for diagnosis of all patients 
with axPsA. radiography did not 

detect all instances of axPsA, and it  
also suggested axial involvement in four 
patients determined by mrI not to have 
axPsA. Inflammatory back pain (IbP) was 
present in 57% of patients with axPsA, 
but also 100% of those with peripheral 
PsA, and 44% of those without PsA, indi
cating that the use of IbP to diagnose 
axPsA in patients with psoriasis is likely 
to cause overdiagnosis, highlighting the 
importance of mrI in these patients.

Robert Phillips

 S P O n DY lOA RT H R I T I S

New screening tool developed  
to aid diagnosis of axial PsA
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GWAS expands list of Sjögren syndrome risk loci
The largest genome- wide association study (GWAS) of Sjögren 
syndrome performed to date in individuals of European ances-
try (3,232 cases, 17,481 controls) has identified 10 novel regions 
with genome- wide significance, bringing the total number of 
known genetic risk loci up from 12 to 22. Fine- mapping and 
bioinformatic analyses undertaken to determine the functional 
implications of the novel loci revealed regulatory networks that 
collectively influence the expression of >40 genes, including 
genes linked to immune cells and salivary gland dysfunction.
ORIGInAl ARTIclE Khatri, B. et al. Genome-wide association study identifies Sjögren’s 
risk loci with functional implications in immune and glandular cells. Nat. Commun. 13, 4287 
(2022)

 A U TO I M M U n I T Y

Omicron evades immunity from vaccines
After administration of a third dose of mRNA vaccine, mean 
cross- neutralizing antibody responses against the Omicron 
variant of SARS- CoV-2 were 50.3% in health- care workers but 
only 26.8% in patients with autoimmune rheumatic diseases 
(ARDs) in an observational cohort study. Responses capable of 
neutralizing the Omicron variant were detected in only 39.2% 
of sera from patients with ARDs who received a third dose of 
mRNA vaccine. Among the 19 patients with ARDs with con-
firmed breakthrough infections in the subsequent observation 
period, 14 (73.7%) had not reached the Omicron- neutralization 
capacity threshold pre- infection.
ORIGInAl ARTIclE Kim, W.-J. et al. SARS- CoV-2 Omicron escapes mRNA vaccine booster-  
induced antibody neutralisation in patients with autoimmune rheumatic diseases: an 
observational cohort study. Ann. Rheum. Dis. https://doi.org/10.1136/ard-2022-222689 
(2022)
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NETs implicated in COVID-19 in kids and adults
Findings from a multi- cohort analysis indicate that levels of 
neutrophil extracellular trap (NET) remnants are elevated in 
paediatric patients affected by multi- system inflammatory 
syndrome in children or chilblain- like lesions (also known as 
‘COVID toes’), as well as in adults with symptomatic COVID-19, 
and were associated with clinical outcomes. Impaired NET 
degradation was observed in both adult and paediatric 
populations; these impairments did not seem to be genetically 
driven and were considered to be multifactorial.
ORIGInAl ARTIclE Carmona-Rivera, C. et al. Multicenter analysis of neutrophil 
extracellular trap dysregulation in adult and pediatric COVID-19. JCI Insight https://doi.org/ 
10.1172/jci.insight.160332 (2022)

 PA E D I AT R I c  R H E U M ATO lO GY

SARS- CoV-2 vaccine safe for young patients
Data from the EULAR COVAX physician- reported registry 
indicate that disease flares and serious adverse events rarely 
occur after SARS- CoV-2 vaccination in adolescents with 
inflammatory rheumatic and musculoskeletal diseases (RMD) 
and adults with juvenile idiopathic arthritis (JIA). RMD flare 
occurred in 1 of the 36 adolescents and 2 of the 74 adults  
in the dataset; only one serious adverse event was reported, in 
the adolescent group. Mild to moderate adverse events were 
common, but their frequency and profile was similar to that 
seen in the general population.
ORIGInAl ARTIclE Lawson- Tovey, S. et al. SARS- CoV-2 vaccine safety in adolescents 
with inflammatory rheumatic and musculoskeletal diseases and adults with juvenile 
idiopathic arthritis: data from the EULAR COVAX physician- reported registry.  
RMD Open 8, e002322 (2022)

HLA molecules convey the strongest 
genetic association in many auto-
immune diseases, including rheuma-
toid arthritis (RA) and systemic lupus 
erythematosus (SLE). However, the 
molecular basis for these associa-
tions is often unclear. New findings 
support the existence of an antigen 
presentation-independent mecha-
nism of autoimmunity and highlight 
the involvement of a newly discovered 
‘lupus epitope’ in SLE susceptibility.

“Antigen presentation is the best- 
studied function of HLA molecules, 
and the mechanism that is widely 
postulated to underlie HLA–disease 
associations in rheumatic condi-
tions,” explains corresponding author 
Joseph Holoshitz. “This latest study 
is an extension of our research efforts 
over the past two decades validat-
ing a new mechanistic basis for 
HLA disease associations, designated 
the ‘cusp theory’.”

The cusp theory postulates that  
HLA molecules can facilitate auto-
immunity independently of antigen 
presentation via a conserved cusp- 
like region that, under certain condi-
tions, binds to non-MHC receptors 
to trigger aberrant cellular events 
and propagate disease. This cusp-like 
region encompasses the third allelic 
hypervariable regions (TAHRs) of the 
DRβ chain and contains the ‘shared 
epitope’ in RA-associated HLA-DRB1 
molecules, a ‘protective epitope’ in 
various HLA-DRB1 molecules asso-
ciated with disease protection and a 
‘lupus epitope’ in the SLE-associated 
molecule HLA-DRB1*03:01.

The researchers initially inves-
tigated the effects of various TAHR 
peptides (containing either the  
shared epitope, protective epitope or  
lupus epitope) and IFNγ on mouse 
(RAW 264.7) and human (THP-1) 
macrophage cell lines. Overall, RNA 
sequencing analysis revealed the 
upregulation of distinct, epitope- 
specific and disease-relevant 
patterns of expres sion. Notably, 
in the presence of IFNγ, the lupus 
epitope-containing TAHR peptide 

(referred to as 65-79*LE) stimu-
lated the expression of multiple 
SLE-associated genes, including those 
relating to type I interferon signalling.

In terms of cell functions, the 
researchers found evidence of endo-
plasmic reticulum stress, the unfolded 
protein response and mitochondrial 
dysfunction in IFNγ-stimulated 
macro phages treated with 65-79*LE. 
Further analysis suggested that the 
65-79*LE peptide accelerated cell death 
via necroptosis and promoted the 
release of pro-inflammatory cytokines.

Exposure of primary bone 
marrow-derived macrophages from 
DRB1*03:01 transgenic mice to IFNγ 
resulted in similar SLE-like patterns 
of gene expression and cellular abnor-
malities ex vivo and, in vivo, admin-
istration of IFNγ led to SLE-like 
features such as autoantibody  
production and glomerulonephritis.

Going forwards, Holoshitz and col-
leagues would like to identify the lupus 
epitope-binding receptor, with the 
long-term goal of developing small- 
molecule inhibitors to this receptor, 
similar to their ongoing efforts with 
the shared epitope. “Small-molecule 
inhibitors of shared-epitope interac-
tions with cell surface receptors have 
been successfully developed, and one 
of them is being actively studied in 
human trials,” reveals Holoshitz.

Jessica McHugh

ORIGInAl ARTIclE Miglioranza Scavuzzi, B. et al. 
The lupus susceptibility allele DRB1*03:01 encodes a 
disease-driving epitope. Commun. Biol. 5, 751 (2022)

• ER stress
• Mitochondrial 

dysfunction
• NecroptosisMacrophage

Lupus epitope IFNγ

Autoimmunity

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

New evidence for the  
‘cusp theory’ to explain HLA 
associations in SLE
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Histone demethylases typically regulate 
the expression of genes through epi
genetic modifications of histones. A 
new study in Nature Immunology reveals 
a noncanonical function for the histone 
demethylase JmJD1c that restrains 
plasma cell differentiation and protects 
mice from experimental arthritis.

Initial investigations found that 
the expression of JmJD1c was down
regulated in peripheral blood mono
nuclear cells (Pbmcs) from patients  

with rheumatoid arthritis (rA) or  
juvenile idiopathic arthritis compared 
with Pbmcs from healthy individuals. 
Furthermore, the expression of JmJD1c 
in b cells  negatively correlated with  
various disease activity scores.

b cellspecific knockout of Jmjd1c 
in mice promoted plasma cell 
differentiation and, in a model of 
collageninduced arthritis, led to 
an earlier incidence of disease and 
increased disease severity compared 
with control mice. By contrast, B cell 
specific overexpression of JmJD1c 
resulted in the opposite phenotype, 
repressing plasma cell differentiation and 
ameliorating collageninduced arthritis.

Further analysis revealed that JmJD1c 
deficiency resulted in abnormally 
sustained phosphorylation of StAt3, 
promoting plasma cell differentiation. 
unexpectedly, JmJD1c did not regulate 
StAt3 phosphorylation through histone 
demethylation, but rather JmJD1c 

demethylated StAt3 directly at lys140, 
facilitating its interactions with the 
phosphatase PtPn6 and restraining 
StAt3 activation.

“StAt3 dysregulation has long been 
associated with rA; however, whether 
StAt3 hyperactivation solely in b cell 
is sufficient to promote autoimmune 
arthritis remained less clear” explains 
cocorresponding author Xiaoming 
Wang. “Here we provide compelling 
evidence that prolonged StAt3 
activation solely in b cells is sufficient  
to promote rA disease.”

Wang and colleagues would like to 
investigate whether particular genetic 
variants around JMJD1C might explain 
its reduced expression in rA, and are 
considering the development of a 
JmJD1c agonist as a potential therapy. 
they theorize that JmJD1c might also 
serve as a biomarker for identifying 
patients with rA who are suited to  
b cell depletion therapy.

Jessica McHugh

 E X P E R I M E n TA l  A RT H R I T I S

Non-canonical protective role for histone 
demethylase in arthritis

The peripheral circadian clock 
is thought to contribute to the 
homeostasis of intervertebral disc 
(IVD) tissues, but the pathogenesis 
of IVD degeneration induced by 
disruption of these circadian rhythms 
is unclear. New research suggests 
that inflammation-induced IVD 
degeneration is mediated by the 
clock-controlled gene Nrf2 and that 
treatment aimed at increasing the 
expression of the transcription factor 
it encodes, NRF2, could attenuate 
this degenerative process. “Our study 
provides a new understanding of the 
pathogenesis of IVD degeneration 
and puts forward a therapeutic strat-
egy for the prevention and treatment 
of IVD degeneration via targeting 
clock-controlled genes,” says 
co-corresponding author Liu Yang.

The researchers observed that the 
expression of the core clock tran-
scription factor BMAL1 is decreased 

in nucleus pulposus tissue from 
patients with severe IVD degenera-
tion and in rat nucleus pulposus tis-
sue in an organotypic tissue-explant 
model of IVD degene ration. In rat 
IVD tissues, treatment with IL-1β for 
24 h disrupted the 
rhythmic expression 
of clock genes 
including Bmal1 
and Clock, and also 
decreased the expres-
sion of the gene 
encoding aggrecan 
(a marker of anabo-
lism) and increased 
the expression of 
genes associated with 
catabolism including 
Adamts5, Mmp3 and 
Mmp13.

Knockdown of 
Bmal1 in rat nucleus 
pulposus cells by use 

 D E G E n E R AT I V E  D I S c  D I S E A S E

Targeting the IVD clock  
to halt degeneration

of small interfering RNA dampened 
the rhyth mic expression of Bmal1 
and also decreased the expression  
of Nrf2, a downstream target of 
BMAL1. Other effects of Bmal1 
knockdown in vitro included 
increased levels of reactive oxygen 
species, increased expression of 
pro-inflammatory cytokines and 
increased apoptosis of nucleus 
pulposus cells. Treatment with the 
NRF2 agonist sulforafane attenuated 
these effects and the IVD degenera-
tion phenotype in the organotypic 
tissue-explant model.

The findings suggest that 
therapeutic intervention to activate 
NRF2 could prevent the IVD 
degeneration processes resulting 
from dampening of the peripheral 
clock, although further research 
is needed to verify the safety and 
efficacy of this approach.

Sarah Onuora

Treatment 
with the 
NRF2 agonist 
sulforafane 
attenuated 
… the IVD 
degeneration 
phenotype

Credit: Alex Whitworth/Springer Nature Limited

ORIGInAl ARTIclE Peng, P. et al. Targeting clock- 
controlled gene Nrf2 ameliorates inflammation-
induced intervertebral disc degeneration. Arthritis 
Res. Ther. 24, 181 (2022)
RElATED ARTIclE Silagi, E. S. et al. The role of 
HIF proteins in maintaining the metabolic health 
of the intervertebral disc. Nat. Rev. Rheumatol. 17, 
426–439 (2021)

Credit: Alex Whitworth/Springer Nature Limited

JMJD1C defi-
ciency resulted 
in abnormally 
sustained 
phosphoryla-
tion of STAT3

ORIGInAl ARTIclE Yin, Y. et al. Jmjd1c 
demethylates STAT3 to restrain plasma cell 
differentiation and rheumatoid arthritis. Nat. 
Immunol. https://doi.org/10.1038/s41590-022-
01287-y (2022)
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Multisystem inflammatory syndrome in chil-
dren (MIS- C) is one of several names coined 
to denote a SARS- CoV-2- triggered clinical 
presentation that shares clinical features, 
complications and treatment approaches with 
Kawasaki disease. However, whether MIS- C 
is a new syndrome consisting of SARS- CoV-
2- mediated fever with cytokine release or is 
SARS- CoV-2- triggered Kawasaki disease, or 
some combination thereof, remains unclear. 
Comparisons of these conditions and inter-
national collaborative study are further 
complicated by the continued use of differ-
ent names and case definitions across geo-
graphic regions. Using artificial intelligence 
approaches to explore the similarities and 
differences between MIS- C and Kawasaki 
disease, Ghosh et al.1 compared established 
gene expression signatures in response to viral 
infections to show that these two syndromes 
have a shared host immune response that is 
suggestive of a single disease spectrum.

Kawasaki disease is a heterogeneous 
syndrome that is thought to be triggered by 
infectious agents, including coronaviruses2. 
Children with Kawasaki disease present with 
marked systemic inflammation characterized 
by multisystem vasculitis, which self- resolves 
in the majority of patients within 1–2 weeks 
without sequelae. In some cases, Kawasaki 
disease is complicated by coronary artery 
aneurysms, shock and/or macrophage activa-
tion syndrome (MAS), which occur in 5%, 6% 
and 2% of patients, respectively3. MIS- C is a 
hyperinflammatory syndrome characterized 

signatures were found to be upregulated in 
children with Kawasaki disease in the acute 
phase of the disease in comparison with 
healthy children. Although neither signature 
was able to predict treatment response, both 
tracked with disease severity using coronary 
artery aneurysm size as the outcome metric. 
These data are consistent with the hypothesis 
that Kawasaki disease is triggered by various 
different pathogens, as the common host 
response to diverse pathogens is represented 
by the ViP and sVIP signatures.

Ghosh et al. also used the ViP and sViP 
gene expression signatures to compare a 
group of patients with Kawasaki disease with 
a small cohort of 10 children with MIS- C and 
reported that although the signatures were 
induced at significantly higher levels in 
the patients with MIS- C than in those with 
Kawasaki disease, they could not differenti-
ate between those with MIS- C or Kawasaki 
disease, suggesting that both syndromes 
share a common host immune response. 
Similar to the findings in Kawasaki disease 
and COVID-19, the sViP signature was able 
to identify those patients with severe MIS- C, 
when myocardial dysfunction was used as an 
indicator of severity.

Ghosh et al. then employed a Kawasaki 
disease- specific 13- gene expression signa-
ture that had previously been used to identify 
those with Kawasaki disease among children 
presenting with fever. Interestingly, the tran-
scripts in the Kawasaki disease- specific panel 
did not overlap with the ViP gene expression 
signatures, but this panel was likewise unable 
to differentiate between patients with MIS- C 
and those with Kawasaki disease. As expected, 
use of an expanded dataset with whole blood 
transcriptomics (RNA sequencing) and a pro-
tein panel of 10 cytokines provided a more 
granular dissection of MIS- C and Kawasaki 
disease samples and was able to differenti-
ate and identify subgroups of patients. The 
expanded dataset also confirmed that the ViP  
signatures captured a subset of the genes 
that are differentially expressed between the 
MIS- C and Kawasaki disease subgroups, 

by multisystem inflammation triggered by an 
antecedent SARS- CoV-2 infection4. Of note, 
MIS- C has a more extreme phenotype than 
Kawasaki disease, with shock and MAS occur-
ring in approximately 20% and 40% of affected 
children, respectively, but the incidence of 
coronary artery abnormalities is similar5,6.

To define the host immune response in 
Kawasaki disease and MIS- C, Ghosh et al.1 
used a previously identified 166- gene sig-
nature they termed a viral pandemic (ViP) 
gene expression signature, which captures an 
invariant spectrum of the host response that 
is universally conserved across three respira-
tory viral pandemics: influenza, avian flu and 
now SARS- CoV-2. The ViP gene expression 
signature is thought to reflect a shared funda-
mental aspect of the host immune response to 
viral triggers, including broad representation 
of cytokine signalling and cellular processes. 
Interestingly, Ghosh et al. found that many 
transcripts in the ViP signature are in path-
ways related to IL-15, but that this signature is 
distinct from the typical interferon- responsive 
gene signatures. A 20- gene subset of the ViP 
signature, termed severe ViP (sVIP) signature, 
was also identified using a discovery dataset 
from patients with influenza; the sViP signa-
ture tracked with disease severity not only 
in the patients with influenza in the original 
dataset but also in those with COVID-19.

Both the ViP and sViP gene expression 
signatures were tested in several cohorts of 
children with Kawasaki disease diagnosed 
prior to the COVID-19 pandemic, and both 

 I N F L A M M AT I O N

Kawasaki disease and MIS- C 
share a host immune response
Paul Tsoukas and Rae S. M. Yeung 

Multisystem inflammatory syndrome in children (MIS- C) and Kawasaki 
disease are both hyperinflammatory disorders associated with infectious 
diseases, but are they distinct syndromes or do they exist along a 
continuum? A comparison of the host immune response in these illnesses 
provides surprising new insights.

Refers to Ghosh, P. et al. An Artificial Intelligence- guided signature reveals the shared host immune response in 
MIS- C and Kawasaki disease. Nat. Commun. 13, 2687 (2022).

NEwS & VIEwS

Nature reviews | Rheumatology

these two syndromes have 
a shared host immune response 
that is suggestive of a single 
disease spectrum
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Fig. 1 | Post-infection hyperinflammation encompasses a spectrum of phenotypes. Various 
infectious triggers prompt an invariant gene expression signature termed the viral pandemic (ViP) 
signature (yellow line). The intensity of the post- infectious immune response drives the clinical 
phenotype, which can range from mild hyperinflammation to macrophage activation syndrome 
(MAS) and cardiogenic shock. Expression of a subset of the ViP signature, termed severe ViP (sVIP) 
signature (red line), correlates with disease severity. Kawasaki disease and multisystem inflamma-
tory syndrome in children (MIS- C) share a similar immunobiology and phenotype with overlapping 
features reflecting different parts of the disease spectrum.

again suggesting that MIS- C is a more 
extreme version of Kawasaki disease with a 
more  exaggerated host immune response.

The overlapping immunophenotype based 
on viral signatures supports the hypothesis 
that Kawasaki disease and MIS- C are not in 
fact separate entities but are names describ-
ing the different ends of the spectrum of the 
host immune response (Fig. 1). These data 
highlight the tension and pitfalls between the 
need for rapid recognition and case surveil-
lance, as in the early days of the COVID-19 
health emergency, and the need for compre-
hensive phenotyping and case definitions. 
Case definitions derived in the early stages of 
the COVID-19 pandemic reflected the most 
severe presentations, and did not recognize 

less- extreme phenotypes associated with SARS-  
CoV-2- triggered systemic inflammation. This 
omission is akin to removing Kawasaki disease- 
shock syndrome from the Kawasaki disease 
diagnosis. As a result, the differences found 
between MIS- C and Kawasaki disease reaf-
firm this self- fulfilling prophecy. The sub-
sequent bias that affects the spectrum of 
disease captured has continued to skew our 
understanding of MIS- C. An alternative 
approach is to stratify post- infection hyper-
inflammation syndrome into subgroups on 
the basis of the clinical phenotype recognized 
at the beside, in a manner agnostic to the 
infectious trigger. Such an approach would 
recognize the full spectrum of phenotypes 
and complications, including cardiogenic 

shock (such as MIS- C shock and Kawasaki 
disease shock syndrome), MAS (cytokine 
storm- associated cytopenias and coagulopa-
thies triggered by infection), Kawasaki dis-
ease (the typical, complete Kawasaki disease  
phenotype, triggered by SARS- CoV-2 or 
another infectious agent), and fever and 
hyperinflammation (mild or incomplete 
features of Kawasaki disease).

The report by Ghosh et al. provides inter-
esting food for thought, as an appetizer with 
small patient numbers, in anticipation of and 
excitement for a main course of more compre-
hensive investigations involving larger, inde-
pendent patient cohorts, through which we can 
dissect the hypothesis that Kawasaki disease 
and MIS- C are on the same disease spectrum.
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The variable course and many different 
pheno types of sarcoidosis have led to this 
disease being likened to a monster with 
multiple heads; indeed, the logos for the 
Americas Association of Sarcoidosis and 
Other Granulomatous Disorders and the 
World Association for Sarcoidosis and Other 
Granulomatous Diseases depict St George, 
known as the ‘dragon slayer’, fighting such a 
creature. The findings of a new clinical trial1 
support the notion that molecular character-
ization and targeted therapeutic approaches 
could herald important changes to the  
sarcoidosis armamentarium.

Advancement in the understanding of 
sarcoidosis supports its consideration as a 
heterogeneous, multisystem autoimmune 
disease2. Although there is no effective ther-
apy that targets all sarcoidosis phenotypes, 
substantial strides have been made in the 
use of biologic therapies for the treatment of 
some of them. The US FDA has not approved 
anti- TNF agents for sarcoidosis, but these 
drugs have become standard therapy for a 
subset of patients3. Therapeutic advances  
in rheumatoid arthritis (RA) have influenced 
the approach to biologic treatment of sar-
coidosis. Similar to RA, some patients with 
sarcoidosis might not respond to such therapy 
or require a high dosage. High concentrations 
of C- reactive protein can identify a subset of 
sarcoidosis patients who respond to inflixi-
mab therapy4. Moreover, the complex dynam-
ics of type I and type II interferon signatures 
could predict responsiveness to anti- TNF 
therapy in RA5. As the therapeutic approaches 
in sarcoidosis are similar to those in RA, such 
signatures may prove beneficial in predict-
ing response to anti- TNF therapy in patients 
with sarcoidosis. To further improve the treat-
ment of the various sarcoidosis phenotypes,  
a molecular approach could be crucial.

immune response, particularly IFNγ and 
type I interferon- driven signalling pathways, 
in sarcoidosis7. Serum levels of TNF and 
type I interferon are associated with the clini-
cal manifestations of sarcoidosis, with var-
iation related to ancestral background that 
might reflect differences in the pathogenesis8. 
Molecular analyses can help to identify the 
cytokines and signalling pathways that are 
most relevant to sarcoidosis phenotypes and 
characterize the response to therapy.

Damsky et al.1 studied the molecular pat-
tern of sarcoidosis granuloma in 10 patients 
with long- standing cutaneous disease before 
and after treatment with tofacitinib, using 
advanced technology including single- cell 
RNA sequencing. The primary outcome was 
change in CSAMI (Cutaneous Sarcoidosis 
Activity and Morphology Instrument) activ-
ity score at 6 months; secondary outcome 
measures included change in internal organ 
involvement, molecular markers and safety. 
All 10 patients experienced improvement 
in the skin, and six patients had a complete 

Granuloma formation is a result of genetic, 
epigenetic and environmental factors and 
occupational triggers, and the fate of the 
granuloma is determined by complex inter-
play between innate and adaptive immune 
responses. IFNγ is a pivotal cytokine in the 
pathogenesis of sarcoidosis, as it activates 
the Janus kinase (JAK)–signal transducer 
and activator of transcription (STAT) sig-
nalling pathway6. Transcriptomics data also 
highlight the key role of the T helper 1 cell 
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Sarcoidosis: can tofacitinib 
slay the dragon?
Nadera J. Sweiss   and Robert Baughman

Lack of understanding of the immunology of sarcoidosis has limited 
therapeutic progress. However, evidence from a small open- label trial 
suggests that treatment with the Janus kinase inhibitor tofacitinib  
can improve sarcoidosis symptoms, predominantly by inhibiting  
type 1 immunity.

Refers to Damsky, W. et al. Inhibition of type 1 immunity with tofacitinib is associated with marked improvement  
in longstanding sarcoidosis. Nat. Commun. 13, 3140 (2022).

Molecular phenotyping of 
sarcoidosis will enable us to 
identify the proper therapeutic 
targets
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response, which is a rather intriguing find-
ing. Using PET, the researchers demonstrated 
improvement in parenchymal lung activity in 
the majority of those with pulmonary sar-
coidosis, although they did not comment on 
changes in lung function.

Through mechanistic evaluations the  
researchers determined that CD4 + T cell- 
derived IFNγ was the central cytokine media-
tor of macrophage activation. Additional type 1  
cytokines were also associated with the patho-
genesis of sarcoidosis. Suppression of IFNγ, as 
well as other type 1 cytokines, correlated with  
improvement, specifically in the skin pheno-
type. The authors concluded that the improve-
ment in sarcoidosis symptoms following 
tofacitinib treatment was predominantly a 
result of inhibiting type 1 immunity.

One limitation of this study is the focus 
on skin involvement, which might not be 
representative of systemic sarcoidosis. Ciclos-
porin also inhibits the CD4+ T cell- mediated 
inflam matory response, but in a randomized 
controlled trial of steroid- treated pulmonary 
sarcoidosis this drug was not better than 
placebo for improving lung function or as a 
steroid- sparing agent9, and ciclosporin has 
not been recommended for routine use in the 
treatment of pulmonary disease3. Future tri-
als evaluating tofacitinib for the treatment of 
pulmonary sarcoidosis are needed to under-
stand the role of tofacitinib in non- cutaneous 
settings.

One must ask, are we are ready to add a 
molecular approach (such as that used by 
Damsky et al.1) to sarcoidosis clinical trials, 
and should we use this approach to identify 
patients who need to be treated? If the answer 
is yes, then several things must occur first. 
Molecular targets could need to be identified 
in different organs within the same patient. It 
is easy to study molecular targets in the skin, 
as the skin is accessible and the risk with skin 
biopsy is much less than that with internal 

organ biopsies. However, molecular biomark-
ers in the skin might not represent internal 
organs. Public availability of valuable molec-
ular biomarker data from federal and industry 
sponsored clinical trials is a step in the right 
direction towards future aggregate analysis. 
Molecular phenotyping of sarcoidosis will 
enable us to identify the proper therapeutic 
targets and the optimal therapeutic approach. 
The systematic collection of molecular data 
makes it possible to conduct unbiased anal-
ysis of any previously identified signature 
and enable retrospective analysis of a newly 
 discovered signature.

The new insights from the study by Damsky  
et al.1 identify therapeutic gaps, thus reveal-
ing opportunities for the development of 
novel organ- specific therapeutics. The future 
of sarcoidosis care lies in the molecular data; 
embracing these data and identifying an intel-
ligent network- based approach could enable 
the creation of a molecular classification of 
sarcoidosis for use in clinical trials. We could 
reach great heights by standing on data within 
our reach, enabling us to rationally develop 
therapies for each individual sarcoidosis 
phenotype. We envision future molecular 
fingerprinting for various sarcoidosis pheno-
types (‘SarcoPrint’) having a role in the 
 management of this challenging disease.

Future trials should consider that anti- 
 TNF therapy is currently the standard of care 
for biologic therapy of sarcoidosis and has an 
acceptable safety profile, whereas the long- 
 term safety of tofacitinib as monotherapy 
in patients naive to or who have failed to 
respond to anti- TNF therapy remains to be 
defined. A molecular approach to sarcoido-
sis care is an enrichment strategy for clinical 
trials. The use of optimal outcome measures 
is crucial; future clinical trials should focus 
on composite measures to capture the mul-
tifaceted nature of the disease. Also worth 
bearing in mind is that studying cardiac sar-
coidosis and neurosarcoidosis using a molec-
ular approach will be more challenging than 
studying cutaneous disease. Nonetheless, the 
work of Damsky et al.1 is promising and chal-
lenging, and it might fundamentally change 
the way we design clinical trials.

Several swords might be needed to target 
various sarcoidosis phenotypes. It is unclear 
if tofacitinib is the best sword to use; fur-
thermore, the best time to declare war on 
the JAK–STAT pathway and the optimal safe 
dosage of tofacitinib are unclear. Moreover, 
although tofacitinib therapy might be able 
to slay a major part of the disease, doing so 
could enable another head of the dragon to 
emerge10. Therefore, precision medicine, arti-
ficial intelligence and sophisticated genomic 
approaches should be used to help shape the 
strategy to fight sarcoidosis.
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Anti- neutrophil cytoplasmic antibodies (ANCA)-  
associated vasculitis (AAV) is a group of disorders 
caused by inflammation of blood vessels. Patients with 
AAV often have predominant involvement of the small 
intraparenchymal vessels, absent or scarce immune 
deposits and circulating ANCA — antibodies that target 
neutrophil granule proteins1. Three types of AAV have 
been distinguished: granulomatosis with polyangiitis 
(GPA, formerly Wegener’s granulomatosis), micro-
scopic polyangiitis (MPA) and eosinophilic granuloma-
tosis with polyangiitis (EGPA, formerly Churg–Strauss 
syndrome).

The main features of the AAV syndromes are shown 
in Fig. 1 and Table 1. In essence, both GPA and MPA fre-
quently show small- vessel vasculitis manifestations, such 
as crescentic necrotizing glomerulonephritis (CNGN). 
However, granulomatous inflammation, usually affect-
ing the lung or the ear- nose- throat tract, is often found 
in GPA but not in MPA. EGPA is characterized by eosin-
ophilia, asthma and nasal polyposis, which are rare in 
the other two AAV syndromes. In EGPA, vasculitic 

manifestations (particularly CNGN and lung capillaritis) 
are less frequent and less severe than in GPA and MPA, 
whereas other features such as cardiomyopathy are more 
common and are mainly due to eosinophil- rich organ 
infiltration. The main clinical and pathological findings 
of AAV have been incorporated in the definitions pro-
vided by the Chapel Hill Consensus Conference1 (box 1) 
and are used to classify the different syndromes2–9.

The presence of ANCA and their specificity vary 
among AAV syndromes. ANCA are found in ∼70–80% 
of patients with GPA and 80–90% of patients with MPA, 
and show two main patterns on indirect immunofluo-
rescence, namely cytoplasmic (C- ANCA) or perinu-
clear (P- ANCA) localization, which usually correspond 
in immunoassays to positivity against proteinase 3 
(PR3- ANCA) and myeloperoxidase (MPO- ANCA), 
respectively10–13. PR3- ANCA are prevalent in GPA, 
detectable in approximately 70% of patients, and  
are much less common in MPA, whereas MPO- ANCA are  
positive in most patients with MPA and characterize 
only a small group of patients with GPA14–18. In EGPA, 

Genetics of ANCA- associated 
vasculitis: role in pathogenesis, 
classification and management
Giorgio Trivioli  1,2, Ana Marquez3, Davide Martorana  4,5, Michelangelo Tesi2, 
Andreas Kronbichler  6,7, Paul A. Lyons  6,8 and Augusto Vaglio  1,2 ✉

Abstract | Anti- neutrophil cytoplasmic antibody (ANCA)- associated vasculitis (AAV) 
comprises granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA) and eosinophilic 
granulomatosis with polyangiitis (EGPA), that share features of pauci- immune small- vessel 
vasculitis and the positivity of ANCA targeting proteinase-3 (PR3- ANCA) or myeloperoxidase 
(MPO- ANCA). AAV syndromes are rare, complex diseases and their aetio- pathogenesis is mainly 
driven by the interaction between environmental and genetic factors. In patients with GPA  
and MPA, the genetic associations are stronger with ANCA specificity (PR3- versus MPO- ANCA) 
than with the clinical diagnosis, which, in keeping with the known clinical and prognostic differences 
between PR3- ANCA- positive and MPO- ANCA- positive patients, supports an ANCA- based 
re- classification of these disorders. EGPA is also made up of genetically distinct subsets, which can 
be stratified on ANCA- status (MPO ANCA- positive versus ANCA- negative); these subsets differ in 
clinical phenotype and possibly in their response to treatment. Interestingly, MPO- ANCA- positive 
patients with either MPA or EGPA have overlapping genetic determinants, thus strengthening the 
concept that this EGPA subset is closely related to the other AAV syndromes. The genetics of AAV 
provides us with essential information to understand its varied phenotype. This Review discusses 
the main findings of genetic association studies in AAV, their pathogenic implications and their 
potential effect on classification, management and prognosis.
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ANCA are found in 30–40% of patients and almost 
invariably target MPO; notably, vasculitic manifestations 
are more frequent among ANCA- positive patients with 
EGPA, whereas eosinophilic manifestations prevail in 
the ANCA- negative group19–24.

ANCA are considered to be central in the devel-
opment of vasculitic lesions25. Neutrophils- expressing 
MPO or PR3 on their plasma membranes in response 
to inflammatory stimuli are activated by binding with 
ANCA, which engage Fcγ receptors (FcγR) and pro-
mote neutrophil adhesion to the endothelium and 
their degranulation, with subsequent tissue damage26–30 
(Figs.  2 and 3). The process requires the involve-
ment of the alternative complement pathway and is 
amplified by the chemokine C5a, a target of novel 
therapies31–33. ANCA are high- affinity autoantibodies, 
which implies the participation of both T and B cells 
for their generation34. Autoreactive B cells are precursors 
of ANCA- producing plasma cells, but may also present 
antigens to T helper (TH) cells, which in turn orches-
trate ANCA production and leukocyte chemotaxis into 
tissues25. GPA and MPA are predominantly associated 
with TH1 and TH17 cytokines, which contribute to the 

formation of granulomata and vasculitis, whereas EGPA 
is mainly associated with TH2 molecules (such as IL-5), 
that drive eosinophil proliferation35–40.

The mechanisms leading to the loss of tolerance 
against ANCA targets and, more generally, the path-
ways causing AAV, are still incompletely known. AAV 
onset and relapses often follow an infectious episode or 
the exposure to certain drugs or vaccines, which under-
lines the importance of environmental factors among 
disease triggers41–46. Occupational exposures to silica, 
organic solvents and farming- related agents have been 
associated with a higher risk of MPA and EGPA47–50. 
The geographic distribution of AAV is also variable, 
with MPA and MPO- ANCA- positive cases being more 
common in southern Europe and East Asia, whereas 
GPA and PR3- ANCA- positive cases occur predomi-
nantly in northern Europe and America51–55. These find-
ings suggest that, along with acquired factors, genetic 
determinants are involved in the susceptibility to AAV.

The genetic contribution to AAV has been difficult to 
investigate, in large part because AAV syndromes are rare 
and occur predominantly in adults, without a clear gender 
predominance or evidence of Mendelian inheritance56,57. 
Familial clustering, although reported, is also extremely 
rare58,59. Finally, monogenic forms of ANCA- positive 
inflammatory (not necessarily vasculitic) syndromes 
are anecdotal60,61, indicating that the genetic predisposi-
tion to AAV is rather polygenic. So far, several genetic 
variants have been associated with the AAV syndromes, 
providing fundamental insights into the aetio- pathogenic 
events that contribute to the disease. Studies on large 
cohorts of patients have demonstrated distinct genetic 
backgrounds among patients with different clinical diag-
noses that primarily align with ANCA status. Genetics 
thus yields essential information in order to improve 
our understanding of the varied phenotype of AAV and, 
possibly, to develop more focused diagnostic, therapeu-
tic and follow- up approaches. In this Review, we discuss  
the results of genetic studies and their implications for the  
pathogenesis, classification and management of AAV.

Genetics and pathogenesis of AAV
During the last decades, considerable progress in our 
knowledge of the human genome has led to major 
advances in understanding the genetic component 
of complex diseases, such as AAV. Two main experi-
mental approaches, candidate- gene association studies 
and genome- wide association studies (GWASs), both 
focused on SNPs, have been applied to identify loci 
involved in disease susceptibility. Candidate- gene asso-
ciation studies are based on the analysis of a specific 
locus of interest due to its biological function or its pre-
vious association with related diseases. Although a large 
number of studies have been performed, only few loci 
have been consistently associated with AAV syndromes 
using this approach, including genes within the human 
leukocyte antigen (HLA) region62,63, as well as SERPINA1 
(reF.64), PRTN3 (reF.65), PTPN22 (reF.66), FCGR3B67,68 and 
TLR9 (reF.69). On the other hand, the GWAS strategy 
involves the analysis of millions of SNPs across the 
whole genome in a hypothesis- free context, thus greatly 
increasing the possibility of finding new associations 

Key points

•	ANcA- associated vasculitides (AAv) are classified according to clinico- pathological
features as granulomatosis with polyangiitis (GPA), microscopic polyangiitis (mPA) 
and eosinophilic granulomatosis with polyangiitis (eGPA), and have complex 
aetio- pathogenetic mechanisms.

•	In GPA and mPA, genetic associations are stronger with ANcA specificity (Pr3- or
mPo- ANcA) than with the clinical diagnosis.

•	evidence of a distinct genetic background between Pr3- ANcA- positive and 
mPo- ANcA- positive vasculitis is coherent with the demographic, clinical 
and prognostic data, and supports a re- classification of AAv according to ANcA 
specificity.

•	In eGPA, mPo- ANcA- positive and ANcA- negative subsets share associations with 
loci involved in eosinophilia and asthma, and differ for associations with HlA- DQ, 
Il-5 and GPA33.

•	the genetic differences between the two eGPA subsets support the ANcA- based
dichotomy of this syndrome.

•	ANcA- positive disease, which often displays vasculitic features, is closely related 
to mPo- ANcA- positive vasculitis, whereas ANcA- negative disease, which shows a
higher prevalence of eosinophilic manifestations, may be associated with mucosal 
barrier dysfunction.

•	Future studies focusing on genotype–phenotype, genotype–prognosis and 
pharmacogenomics are likely to improve our understanding of AAv and refine
our approaches to patient management.
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between genetic variation and disease. Four GWASs 
have been performed so far in patients with AAV. The 
first, published in 2012 by the European Vasculitis 
Genetics Consortium (EVGC), included a large cohort 
of patients with GPA and MPA70. Subsequently, the 
Vasculitis Clinical Research Consortium carried out 
two additional GWASs, one on GPA71, and another 
including patients with GPA and MPA72. Finally, in 
2019, the EVGC published the results of the first GWAS 
in EGPA73. These studies have confirmed some of the 

associations previously reported by candidate- gene 
studies and identified new genetic risk loci for AAV.

In addition to genetic variants, epigenetic processes 
are known to have an important role in the pathogen-
esis of complex diseases by modulating the expres-
sion of key genes. Some studies have investigated the 
epigenetic profile of GPA and MPA. Dysregulation of 
two epigenetic modifications, namely DNa methylation 
and histone marks, have been found to influence the 
transcriptional regulation of the genes encoding  
ANCA targets74–76.

The following paragraphs will present the main 
genetic findings in AAV, discussing separately GPA, MPA 
and EGPA, as these syndromes have been kept distinct in 
studies and show phenotypic but also genetic differences. 
Figure 4 reports the main genetic variants associated 
with AAV and the P values reflecting the strength of their 
association63,66,68–73,77–92. A more comprehensive overview 
of the genetic associations with AAV syndromes can be 
found in Supplementary Tables 1 and 2.

Genetic associations with GPA and MPA
HLA region. The HLA region represents the main 
genetic risk factor for AAV. Genes within this region 
encode molecules with crucial roles in the immune 
response, particularly related to antigen presentation. 
Regarding GPA, several associations with classical HLA 
alleles were detected by candidate- gene association 
studies but only HLA- DPB1*0401 showed a consistent 
association across different populations. The implication 
of this allele in GPA susceptibility was first described 
in a cohort from northern Germany62 and subsequently 
replicated in an independent cohort from a different 
German centre83. Furthermore, polymorphisms at  
the HLA- DPB1 locus showed the strongest signals in the 
GWASs performed in AAV70–72. These studies found that 
the association with HLA is ANCA- specific, as HLA- 
DPB1 variants appeared to be more strongly associated 
with the subgroup of PR3- ANCA- positive patients  
than with that of GPA in general. Stratification accord-
ing to ANCA specificity also revealed an association 
between the HLA- DQA and DQB1 loci and MPO- 
ANCA- positive patients in the two GWASs performed 
in GPA and MPA70,72. In addition, several classical HLA 
alleles have been associated with MPA and MPO- 
ANCA- positive vasculitis in East Asian populations, 
including DRB1*0901 (reFs.84,87), DRB1*1302 (reF.86), 
DQA1*0302 (reF.93) and DQB1*0303 (reF.84).

PRTN3. PR3, encoded by PRTN3, is expressed on the 
cell surface by a proportion of circulating neutrophils. 
Notably, the percentage of PR3- expressing neutrophils is  
constant over time for each individual and correlates 
in monozygotic twins, suggesting a genetic regulation 
of PR3 expression26. The implication of PRTN3 vari-
ants in the pathogenesis of AAV was proposed after a 
candidate- gene association study found that the A564G 
genetic variant, affecting a putative transcription factor 
binding site, was associated with GPA65. Additional poly-
morphisms within this locus have been linked to this 
syndrome, and more specifically to PR3- ANCA- positive 
cases, in subsequent genome- wide scans70,72. Notably, in 

GPA

Aa Ba Ca

Ab Bb Cb

Ac Bc Cc

MPA EGPA

Fig. 1 | Main clinical, imaging and histopathological features of the three AAV  
syndromes. Aa–Ac | Typical complications occurring in patients with granulomatosis with 
polyangiitis (GPA). Aa | Saddle nose deformity, due to destructive granulomatous inflam-
mation, in a patient with GPA, who also showed Cushingoid changes (hirsutism, oedema) 
secondary to glucocorticoid therapy. Informed consent for publication of this image was 
obtained and bars have been included at the patient’s request. Ab | Chest high- resolution 
CT scan (axial view) in a patient with GPA showing a cavitated lung nodule, the most dis-
tinctive granulomatous lesion of the lung. Ac | Kidney biopsy of a patient with GPA show-
ing granulomatous interstitial inflammation (black circle) (periodic acid- Schiff, original 
magnification ×40). Ba–Bc | Typical complications occurring in patients with microscopic 
polyangiitis (MPA). Ba | Chest high- resolution CT scan (axial view) showing diffuse alveo-
lar haemorrhage, a life- threatening manifestation of pulmonary vasculitis, in a patient 
with MPA. Bb | Chest high- resolution CT scan (axial view) in a patient with MPA showing 
interstitial lung disease (arrow), an increasingly recognized feature in MPO- ANCA-  
positive patients with an unclear pathogenesis. Bc | Kidney biopsy of a patient with  
MPA showing a fibrocellular crescent (arrow) that causes compression of the glomerular 
tuft (periodic acid- Schiff, original magnification ×40). Patients with MPA (particularly 
MPO- ANCA- positive) show a high frequency of chronic histological damage along with 
active lesions. Ca–Cc | Typical complications occurring in patients with eosinophilic 
granulomatosis with polyangiitis (EGPA). Ca | Skin purpura involving the lower limbs  
in a patient with EGPA. Cb | CT scan of the head (coronal view) showing diffuse and pro-
nounced hyperplastic rhino- sinusitis in a patient with EGPA. Cc | Eosinophilic vasculitis  
in a patient with EGPA taken from an intestinal biopsy (haematoxylin and eosin, original 
magnification ×40). Note that diffuse alveolar haemorrhage, necrotizing and crescentic 
glomerulonephritis and skin purpura are seen in patients with GPA, MPA and EGPA. 
Image courtesy of Giovanni Maria Rossi.

DNA methylation
an epigenetic mechanism 
involved in the regulation of 
gene expression through the 
transfer of a methyl group to 
the 5′- carbon of a cytosine.
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one such GWAS, the top SNP (rs62132293) at this locus, 
which is in linkage disequilibrium with the A564G variant, 
appeared to increase the expression levels of the PRTN3 
gene in neutrophils72. This enforced the hypothesis that a 
greater genetically determined expression of PR3 favours 
the development of PR3- ANCA.

SERPINA1. The SERPINA1 gene encodes α1- antitrypsin 
(α1- AT), an inhibitor of the serine proteases, including 
PR3. The association between GPA and two α1- AT 
alleles, Z and S, which cause reduced production of the 
protein, was initially identified by candidate- gene associ-
ation studies64,94. In addition, GWASs performed on AAV 
have shown a strong association between these alleles 
and the subgroup of PR3- ANCA- positive patients, pro-
viding evidence of a closer association with PR3- ANCA 
positivity than with GPA in general70,72. Mechanistically, 
decreased production of α1- AT could result in higher 
levels of circulating PR3, favouring the synthesis of anti- 
PR3 antibodies (Fig. 2). A decreased ability of α1- AT to 
bind PR3 might also promote PR3- mediated proteolytic 
vessel damage.

PTPN22. The PTPN22 gene encodes a lymphoid tyros-
ine phosphatase (LYP) that acts as a negative regulator 
of T cell activation95. A missense variant within this gene 
(rs2476601), resulting in an arginine- to- tryptophan sub-
stitution (Arg620Trp), was associated with both GPA 
and MPA by candidate- gene studies and GWASs66,71,72,77. 
Of note, this genetic variant is a major susceptibility fac-
tor for several autoimmune disorders, including large- 
vessel vasculitis96–99. The Arg620Trp mutation interferes 
with the ability of LYP to bind the tyrosine- kinase CSK96, 
although its functional consequences are still under 
discussion100.

CTLA4. The protein encoded by the CTLA4 gene acts as 
a negative regulator of T cell activation by binding CD80/
CD86 on antigen- presenting cells. Several variants at 

this locus were associated with AAV in candidate- gene 
association studies81,101–104 and showed suggestive asso-
ciations in GWASs70,71. One of these polymorphisms, 
an (AT)n microsatellite in the 3′- untranslated region  
of CTLA4, has been associated with reduced function of  
CTLA4 and a decreased inhibition of T cell proliferation 
in patients with Graves’ disease105. In addition, a mis-
sense variant (rs231775), which is highly linked to one 
of the CTLA4 SNPs (rs231726) associated with GPA by 
GWAS71, appeared to affect trafficking of CTLA4 to the 
cell surface106.

BACH2. By resequencing almost 1,900 immune- related 
genes in a cohort of Scandinavian patients with AAV, a 
recent study proposed that BACH2 represents a novel risk 
locus for MPO- ANCA- positive vasculitis82. The minor 
allele of the rs78275221 polymorphism, a rare variant 
located in an intron of BACH2 that was not tested in pre-
vious GWASs, was over- represented in this subgroup of 
patients and was found to reduce luciferase gene expression 
in endothelial cell cultures compared with the non- risk 
allele. This observation might lead to the hypothesis that 
the BACH2 variant influences endothelial cell functions 
and thus contributes to the development of vasculitis, 
although this association warrants replication in other 
cohorts with different ethnic backgrounds. BACH2 
encodes a transcription factor involved in the differenti-
ation of B cells and regulatory T cells and in maintaining 
T cell homeostasis, and represents a common genetic risk 
factor in autoimmunity107. Notably, a different allele at 
this locus is associated with EGPA73.

Epigenetic studies in AAV
Epigenetic studies of AAV have focused on genes encod-
ing the ANCA autoantigens, PRTN3 and MPO. One 
study reported that a histone mark associated with gene 
silencing, H3K27me3, was decreased at PRTN3 and 
MPO loci in neutrophils of patients with AAV (including 
GPA, MPA and EGPA) compared with healthy controls; 
this correlated with increased expression levels of both 
genes74. In addition, lower DNA methylation levels at the 
MPO locus were observed in neutrophils from patients 
with AAV versus controls, suggesting that both DNA 
methylation and histone modifications are involved in 
the altered expression of PRTN3 and MPO. An aberrant 
histone modification profile was also identified in a sub-
sequent study including patients with GPA, MPA and 
EGPA75, corroborating these findings.

A recent longitudinal analysis evaluating the DNA 
methylation profile of both autoantigen genes in leuko-
cytes from patients with AAV showed that — compared  
with patients in remission and healthy controls — 
patients with active disease had lower methylation  
levels at MPO and PRTN3, which correlated with higher 
expression levels of these genes76. Notably, patients with 
AAV showing increased DNA methylation at PRTN3 
during remission were less likely to relapse, suggesting 
the functional significance of these epigenetic changes.

Epigenetic data have also been applied to identify 
immune cell types involved in the pathogenesis of vas-
culitis. One study assessed whether genetic variants 
previously associated with different types of vasculitis, 

Table 1 | Major features of the three AAV syndromes

GPA MPA EGPA

Definition Necrotizing 
granulomatosis and 
necrotizing SVV

Necrotizing 
SVV, absence of 
granuloma

Asthma, eosinophilia, 
eosinophilic 
granulomatosis and SVV

Ear, nose 
and throat

Crusting rhinitis, saddle 
nose, subglottic stenosis

Serous rhinitis Nasal polyposis, rhinitis

Lung Nodules, DAH DAH, ILD Transient infiltrates

Heart Rare Rare Endo- myocarditis, 
pericarditis

Kidney CNGN, granulomatous 
TIN

CNGN (also RLV) Segmental CNGN

Skin Purpura, nodules Purpura Purpura, rash

PNS 20–30% 20–30% 70–80%

ANCA PR3 > MPO MPO > PR3 MPO (40%)

ANCA, anti- neutrophil cytoplasmic antibodies; CNGN, crescentic necrotizing glomerulonephritis; 
DAH, diffuse alveolar haemorrhage; EGPA, eosinophilic granulomatosis with polyangiitis; GPA, 
granulomatosis with polyangiitis; ILD, interstitial lung disease; MPA, microscopic polyangiitis; 
MPO, myeloperoxidase; PNS, peripheral nervous system; PR3, proteinase-3; RLV, renal- limited 
vasculitis; SVV, small- vessel vasculitis; TIN, tubulo- interstitial nephritis. > symbol denotes ‘more 
commonly associated with disease subset than’.

Histone marks
Covalent post- translational 
modifications of histone 
proteins that affect chromatin 
structure and, consequently, 
gene expression.

Linkage disequilibrium
Non- random association of 
alleles at different loci because 
of their physical proximity on a 
chromosome.

Luciferase reporter assay
an assay used to determine 
the allele- specific effects  
of a genetic variant on the 
expression of a target gene  
by measuring luminescence 
emitted by a reporter gene.
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including AAV, co- localized with cell- specific epige-
netic marks associated with regulatory regions, such as 
enhancers108. AAV- related variants were significantly 
enriched in genomic regions marked by H3K27me3 in 
TH17 cells, which suggests the possible functional effect 
of these genetic variants in AAV by regulating histone 
modification and, therefore, gene expression, as well as 
a relevant role of TH17 cells in the disease.

Genetic associations with EGPA
Owing to its rarity, EGPA has been difficult to study 
from a genetic perspective. A number of candidate- gene  
association studies in small cohorts have pointed 
at genetic associations with HLA alleles, including 
HLA- DRB4, DRB1*07, DRB3 and DRB1*13 (reFs.63,85). 
Furthermore, a study on variations in FCGR3B copy 
number showed that FCGR3B deficiency (that is, a 
copy number ≤ 1) was associated with EGPA and was 
particularly enriched in patients with vasculitic mani-
festations68. Conversely, a study on functional variants 
of the IL10 gene demonstrated an association with 
ANCA- negative EGPA80.

A GWAS performed by the EVGC on EGPA used 
a cohort of 676 patients with EGPA and 6,809 healthy 
controls; this study identified 11 loci associated with 
the disease73. Of these, four (BCL2L11, TSLP, HLA- DQ 
and 10p14 [GATA3]) were identified by direct gen-
otyping. A further four loci (CDK6, IRF1/IL5, LPP/
BCL6 and BACH2) were identified using the pleiotropy- 
informed conditional false discovery rate leveraging GWAS 
data from the related phenotypes asthma and elevated 
eosinophil count, two ubiquitous features of EGPA. 
The remaining three loci, GPA33, HLA and an inter-
genic locus on 12q21, were identified by stratifying the 
cohort by the presence of MPO- ANCA (found in 33% 
of cases), demonstrating that EGPA consists of two 
genetically distinct subsets that align with previously 
reported clinical differences between ANCA- positive 
and ANCA- negative patients109. Notably, a signif-
icant proportion of the identified loci are associ-
ated with both eosinophil count and EGPA. Using a 
Mendelian randomization approach, it was demonstrated 
that a tendency to eosinophilia underlies susceptibility 
to EGPA, although additional genetic or environmental 
factors are required to trigger the disease.

HLA. The HLA locus has been associated with MPO-  
ANCA- positive EGPA, but not with the ANCA- negative 
subset73. Portioning the heritable variance using bolT- reMl 
revealed that 6% was accounted for by HLA variations, 
similar to those seen in other autoimmune conditions. The 
alleles conferring the greatest risk of disease were HLA- 
 DRB1*08:01, HLA- DQA1*02:01 and HLA- DRB1*01:03, 
whereas HLA- DQA1*05:01 was shown to be protec-
tive against EGPA. Notably, the HLA- DQ is shared with 
MPO- ANCA- positive vasculitis (particularly MPA).

GPA33. GPA33 encodes a cell surface glycoprotein that 
maintains barrier function in the intestinal epithelium110. 
The EGPA- associated variant, linked to ANCA- negative 
EGPA, affects GPA33 expression in bronchial tissue111, 
suggesting that this molecule may control respiratory 
barrier function and contribute to the pathogenesis of 
this EGPA subset.

Additional gene variants associated with EGPA. TSLP, 
IRF1/IL5, GATA3, LPP/BCL6, CDK6, BIM and BACH2 
are genes that encode proteins known to control TH2 
responses and eosinophilic inflammation, two cardi-
nal features of EGPA. Additionally, most of them have 
been involved in asthma, another main component 
of the EGPA phenotype. Although the IRF1/IL5 vari-
ant reached genome- wide significance in the ANCA- 
negative but not in the MPO- ANCA- positive group, the 
other loci were independently associated with both dis-
ease subsets. TSLP is produced by stromal and epithelial 
cells in response to inflammatory stimuli, and promotes 
eosinophilia and enhanced TH2 responses by acting on 
mast cells, type 2 innate lymphoid cells and dendritic 
cells112. IL-5 is a prototypical TH2 cytokine that induces 
eosinophil activation and prolonged survival73. GATA3 
also hallmarks TH2 immune responses, being a key TH2 
transcription factor that drives secretion of eosinophil- 
stimulating cytokines such as IL-4, IL-5 and IL-13. LPP/
BCL6, CDK6, BIM and BACH2 are all involved in cell- 
cycle homeostasis of T and B cells, and contribute to 
the regulation of TH2 and eosinophilic responses (Fig. 3).

Genetics and AAV classification
Studying the genetic landscape of AAV has provided 
substantial insights into its complex nature, marking  
the possible steps involved in the pathogenic process. The  
genetic associations discovered are mainly involved in 
the modulation of the immune response, in the hand-
ling of PR3, or in the biology of eosinophils in the case 
of EGPA. Furthermore, the genetic background appears 
to segregate primarily with the type of ANCA, as well as 
their presence or absence, more so than with the diag-
nosis of GPA, MPA or EGPA, suggesting that AAV may 
be re- defined according to ANCA status.

The following paragraphs will discuss the impli-
cations of the results of genetic studies on the patho-
genesis and the classification of AAV. Figures 2 and 3 
depict the role of the genetic variants identified in the 
immunopathogenesis of the ANCA- based subsets of 
GPA/MPA and EGPA respectively, whereas Fig. 5 shows 
their differential demographic, clinical and prognostic 
features14–16,18,23,70,73,113–120.

Box 1 | 2012 Revised International Chapel Hill Consensus Conference 
nomenclature of ANCA- associated vasculitides1

Granulomatosis with polyangiitis (GPA). GPA is defined as necrotizing granulomatous 
inflammation usually involving the upper and lower respiratory tract, and necrotizing 
vasculitis affecting predominantly small to medium- sized vessels. Necrotizing 
glomerulonephritis is common. In some cases, evidence of systemic vasculitis is lacking 
and limited granulomatous lesions are found.

Microscopic polyangiitis (MPA). mPA is a necrotizing vasculitis, with few or no immune 
deposits, predominantly affecting small vessels. Necrotizing arteritis involving small 
and medium arteries may be present. Necrotizing glomerulonephritis is very common.

Eosinophilic granulomatosis with polyangiitis (EGPA). eGPA is characterized by 
eosinophil- rich and necrotizing granulomatous inflammation often involving the 
respiratory tract, and necrotizing vasculitis predominantly affecting small to medium 
vessels, and is associated with asthma and eosinophilia. ANcA is more frequent in eGPA 
when glomerulonephritis is present.

Pleiotropy- informed 
conditional false discovery 
rate
a method of exploiting the 
shared similarities between two 
diseases to detect additional 
genetic loci common to both.

Mendelian randomization
an approach that uses genetic 
variation as an instrumental 
variable to explore the causal 
relationship between risk 
factors and clinical traits.

BOLT- REML
a computationally efficient 
method for carrying out 
variance component analyses 
of large gWas data sets.  
such an approach allows an 
estimation of the variance  
of a trait that is explained  
by aggregated sets of sNPs 
rather than simply testing the 
significance of individual loci.
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ANCA- based reclassification of GPA and MPA
Most genetic associations with GPA and MPA involve 
loci encoding proteins that regulate the function of 
immune cells. Some alleles, such as those of PTPN22, are 
shared by these syndromes and are common risk factors 
for other autoimmune diseases72,77, whereas other asso-
ciations may regard specific populations, such as that 
between BACH2 and MPO- ANCA- positive vasculitis82. 
Overall, the effect of such variants might be a lower 
threshold for the activation of the immune response, 

resulting in a general predisposition to autoimmunity. 
In keeping with this, first- degree relatives of patients 
with GPA are at an increased risk of autoimmune con-
ditions, such as thyroiditis, rheumatoid arthritis and 
multiple sclerosis121. Even more notable, a small percent-
age of patients with AAV present with an overlap diag-
nosis with other rheumatic conditions that have been 
associated with some of these variants122–124.

However, there is also evidence of an AAV- specific 
genetic susceptibility. The strongest associations are 
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with alleles of the HLA class II region, consistent with 
the hypothesis that AAV is driven by a response against 
certain (auto)antigens. A skewed HLA repertoire, which 
is a genetic hallmark of several autoimmune diseases, is  
thought to enhance (auto)antigen presentation and 
selection of autoreactive T cells125. Furthermore, the 
strong association of HLA alleles with distinct ANCA 
specificities, namely HLA- DP for PR3- ANCA and 
HLA- DQ for MPO- ANCA, clearly supports the exist-
ence of two different autoimmune pathways leading 
to the generation of distinct ANCA types and related 
conditions70,72,126.

Intriguingly, other key variants involve only one 
of the ANCA antigens, PR3, and its major inhibitor 
α1- AT70,72,82. Although the functional effect of the identi-
fied variants has not yet been determined, it seems likely 
that they lead to increased PR3 expression and dimin-
ished α1- AT production or function, thus resulting in 
increased PR3 activity and persistence in blood and/or 
tissue. Of note, these variants were strongly linked to 
PR3- ANCA- positive vasculitis. Therefore, variations of 
the antigen PR3 in individuals with autoimmune predis-
position and specific HLA alleles, such as HLA- DP, may 
result in vasculitis associated with PR3- ANCA (Fig. 2). 
Associations with the gene encoding autoantigens have 
also been found in other autoimmune diseases, such 
as type 1 diabetes mellitus (INS, encoding insulin) and 
membranous nephropathy (PLA2R1, encoding the 
M- type phospholipase A2 receptor)127,128.

On the contrary, MPO- ANCA- positive vasculitis, 
which has distinct HLA associations, was not significantly  
associated with MPO variants70,72,82. This might reflect 
a true biological difference compared with PR3- ANCA 
vasculitis, although it must be acknowledged that cohort 
studies assessing MPO- ANCA- positive patients suffer 
from small sample sizes and are thus underpowered. 
Indeed, the cohorts recruited for the initial GWASs 

performed by the EVGC and the Vasculitis Clinical 
Research Consortium were largely composed of indi-
viduals with PR3- ANCA (73% and 78%, respectively) 
and as a consequence were poorly powered to identify 
variants with modest effect sizes (odds ratio < 2.4) asso-
ciated with MPO- AAV susceptibility. To gain further 
insight into the genetic architecture of MPO- AAV, inde-
pendent well- powered studies focusing on patients with 
MPO- ANCA are required.

The distinct genetic backgrounds of PR3- ANCA-  
positive and MPO- ANCA- positive patients appear 
to correspond to differences in clinical and prognos-
tic features observed in clinical studies. PR3- ANCA 
is associated with a higher frequency of granuloma-
tous lesions, younger age at presentation and a higher 
risk of relapse14–16,54,117,129–131. Conversely, MPO- ANCA 
is associated with more advanced renal lesions and 
development of chronic damage, and a greater risk of 
cardiovascular events, which portend a worse renal 
and overall prognosis113–115,119,132–137 (Fig. 5). The com-
bination of distinct genetic susceptibility with demo-
graphic, clinical and prognostic features associated 
with ANCA type supports a re- classification of AAV 
according to ANCA specificities, which seems more 
consistent with pathogenic pathways and poten-
tially more clinically meaningful than that based on 
clinico- pathological features alone. However, both 
serology- based groups show a wide spectrum of possi-
ble presentations, ranging from pure vasculitic to pure 
granulomatous manifestations, and a substantial clinical 
and pathological overlap, whereas a subset of patients 
with comparable characteristics is ANCA- negative. 
Therefore, the phenotypical classification remains the 
most accurate to embrace the wide spectrum of AAV. 
In order to make this more informative, it is encour-
aged to combine ANCA specificity and the clinical syn-
dromes, thus enabling the distinction of, for example, 
PR3- ANCA- positive and MPO- ANCA- positive GPA. 
Future studies prompted by genetic findings should 
address the impact of the different classification systems on  
outcome prediction.

ANCA- based dichotomy in EGPA
Similar to GPA and MPA, genetic studies on EGPA 
have led to major advances in the understanding of 
its pathogenesis and possibly solved questions regard-
ing ANCA- positive versus ANCA- negative disease. 
Both share associations with genetic loci involved in 
the regulation of eosinophil count and predisposition 
to asthma, which probably explains why eosinophilia 
and asthma are ubiquitous features of EGPA and are not 
restricted to either subset.

The genetic difference between MPO- ANCA- positive 
and ANCA- negative EGPA is at least in part accounted 
for by distinct associations with HLA- DQ and GPA33 
or IL5 respectively. Of note, the HLA- DQ allele is also 
associated with MPO- ANCA- positive GPA and MPA, 
which supports the existence of an autoimmune patho-
genic component in this EGPA subset, shared with 
MPO- ANCA- positive vasculitis. Conversely, GPA33 
and IL5 variants point towards abnormal mucosal bar-
rier function with increased eosinophil infiltration, 

Fig. 2 | Immunopathogenesis of PR3-ANCA-positive and MPO-ANCA-positive 
vasculitis. When primed by inflammatory stimuli, neutrophils expose proteinase 3 (PR3)  
and MPO (myeloperoxidase), both of which are antigens for anti- neutrophil cytoplasmic 
antibodies (ANCA), on their cell surface. In the lymphoid organ, PR3 and MPO are  
presented by antigen- presenting cells (APCs) to CD4+ T cells, which in turn stimulate  
B cells to become ANCA- producing plasma cells. With PR3 and MPO exposed on the 
neutrophil surface, the ANCA F(ab)2 fragment can bind to these antigens, whereas the Fc 
fragment interacts with Fcγ receptor (FcγR), triggering effector cell activation. Activated 
neutrophils penetrate the vessel wall and release cytotoxic molecules causing endothe-
lial cell injury. Monocytes can be similarly activated by ANCA, thus contributing to fur-
ther neutrophil recruitment and activation, and to granulomatous lesion formation, the 
latter being a hallmark of PR3- ANCA- positive vasculitis. Prolonged exposure of neutro-
phil autoantigens to the immune system might be facilitated by several potential mecha-
nisms, including enhanced PR3 activity owing to its increased expression, or to impaired 
production or function of its inhibitor α1- antitrypsin. Both such mechanisms are sug-
gested by studies associating PR3- ANCA- positive vasculitis with risk alleles of PRTN3 
(encoding PR3) and SERPINA1 (encoding α1- antitrypsin). Concurrently, a combination  
of variants of CTLA4, PTPN22 (for both PR3- ANCA- positive and MPO- ANCA- positive  
vasculitis) and BACH2 (for MPO- ANCA- positive vasculitis), genes normally involved in 
T cell control or negative regulation, might lower the threshold for the activation of the 
immune response. A skewed HLA repertoire (genetic variants of which have been associ-
ated with the disease, namely HLA- DP with PR3- ANCA- positive vasculitis and HLA- DQ 
with MPO- ANCA- positive vasculitis) is thought to enhance antigen presentation and 
selection of autoreactive lymphocytes. Molecules highlighted in grey are encoded  
by genes whose variants show significant genetic associations with the disease or its  
subsets. TCR, T cell receptor.
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suggesting that ANCA- negative EGPA may be of a 
mucosal rather than an autoimmune nature73 (Fig. 3).

Similar to GPA and MPA, the clinical and genetic 
components of in EGPA appear to segregate according to 
ANCA status, thus supporting an ANCA- based dichot-
omy (Fig. 5). Whether the ANCA- negative subset of EGPA 
should nonetheless be classified within AAV, given its poor 
genetic similarity with the other syndromes and the rarity 
of vasculitic manifestations, is therefore somewhat ques-
tionable. However, the features of MPO- ANCA- positive 
and ANCA- negative EGPA have a substantial degree of 
overlap and should not be regarded as separate entities.

Genetics, management and prognosis of AAV
Although genetic associations are key to explain-
ing disease pathogenesis and may contribute to a 
re- classification of AAV, information about the genetic 
influence on major outcomes, such as remission rates, 
relapse risk and kidney failure, is scarce. These data may 
be derived from studies linking genotype and phenotype 
that require a sufficient number of clinically well pheno-
typed cases, which is often an issue in rare diseases such 
as AAV. The following summarizes our understanding of 
how genetics may affect the management and prognosis 
of GPA, MPA and EGPA.
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Genetics and outcomes in GPA and MPA
Only a few studies have addressed the potential associ-
ations between genetic variants and AAV disease sever-
ity or disease- related complications (Table 2). One of the 
earliest, conducted on Swedish patients with PR3- ANCA 
vasculitis, found that carrying a Z allele at SERPINA1 is 
associated with a significantly higher number of organs 
involved and higher mortality rates (39% versus 16%) 
than in non- carriers, despite a lower relapse risk and a 
better- preserved kidney function at baseline138. It has 
therefore been speculated that deficiency in α1- AT 
(encoded by the SERPINA1 gene) contributes to a more 
disseminated and severe disease course.

The effect of HLA alleles on disease outcome has been 
investigated by only a few studies. In a study on Chinese 
patients, most of whom had MPO- ANCA- positive 
vasculitis139, HLA- DRB1*0405 was associated with 
treatment failure, which translated into higher kid-
ney failure rates at 1 year (47.6% versus 10.2%) and 
throughout follow- up. Furthermore, all- cause mor-
tality was higher in carriers of HLA- DPB1*0402 at  
1 year (20.4% versus 10.7%) and at subsequent assess-
ments. Both alleles were recognized as independent 
predictors in multivariate analyses. In a recent study, 
the HLA- DPB1*04:01 allele was associated with risk of 
relapse among PR3- ANCA- positive patients (Table 2) 
but not among MPO- ANCA- positive patients, and was 
found to strongly bind a specific PR3 peptide epitope140. 
The study also demonstrated higher frequencies of 
autoreactive T cells recognizing the epitope presented 
by HLA- DPB1*0401, which may explain the observed 
increased risk of relapse140.

Urinary monocyte chemoattractant protein-1 
(uMCP-1) is an established biomarker of renal vasculi-
tis activity in AAV141. A Swedish study found that almost 
all patients meeting the criteria for the combined end 
point of “severe prognosis” (Table 2) had the MCP-1 (also 
known as CCL2) A/A genotype at position −2518, com-
pared with 39.5% of those with a non- severe prognosis142. 
The uMCP-1 levels were significantly higher in patients 
carrying the A/A genotype.

Interstitial lung disease (ILD) is associated with a 
severe prognosis in AAV and appears to be more fre-
quent among MPO- ANCA- positive patients and indi-
viduals of East Asian descent131,143–145. A Japanese study 
found that the allele rs35705950 of the MUCB5 gene, 
encoding mucin-5B, is significantly enriched in patients 
with AAV and ILD, compared with those without ILD or 
healthy controls146. This variant is a major susceptibility 
factor for idiopathic pulmonary fibrosis and has been 
associated with rheumatoid arthritis- ILD147,148.

Patients with AAV carry a high risk of cardiovas-
cular and cerebrovascular events137,149,150. A worldwide 
study found that variants in SERPINA1 and HDAC9 are 
associated with large artery atherosclerotic stroke151. 
The former is known to be a major susceptibility locus 
for PR3- ANCA70,72, whereas the latter has been associ-
ated with MPO- ANCA vasculitis82. Variants at HDAC9 
also appear to promote atherosclerotic disease in other 
vessels, such as the aorta, and may account for the 
increased cardiovascular risk in MPO- ANCA- positive 
patients152,153.

Genetics and treatment in GPA and MPA
Clinical trials have often grouped patients with GPA 
and MPA, who often have similar rates of response to 
immuno suppressive therapies such as cyclophosphamide 
and rituximab154–157. In PR3- ANCA- positive patients 
with relapsing disease, rituximab proved more effective 
than cyclophosphamide155. However, no major differ-
ences in treatment sensitivity have emerged between 
MPO- ANCA- negative and PR3- ANCA- positive 
vasculitis158.

The effect of gene polymorphisms on drug efficacy 
and toxicity has been addressed by a small number of 
pharmacogenetic studies (Table 2). Variants at NR3C1, 
encoding the glucocorticoid receptor, have been analy-
sed in a Dutch cohort of patients with GPA and MPA159. 
The haplotype 4 (that is ER22/23EK, 9β and Tth111l), 
previously associated with glucocorticoid resistance 
and poor outcome in autoimmune diseases160, was asso-
ciated with a higher risk of death and kidney failure159. 
Carrying a minor variant (19%) of 11ß- hydroxysteroid 
dehydrogenase type 1 (HSD11B1) linked with reduced 
local glucocorticoid activation, was also associated with 
a relapsing disease course, but this effect was attenuated 
by the presence of haplotype 1 (BclI) of GR, which has 
been related to greater glucocorticoid sensitivity161.

Genetic predictors of response to rituximab have 
been explored in a study of patients with GPA and 
MPA, most of whom were PR3- ANCA positive162. 
Treatment failure at 6 months after rituximab and 
time to relapse were associated with homozygosity  
of the SNP rs3759467 within the 5′ regulatory region of 

Fig. 3 | Immunopathogenesis of MPO-ANCA-positive and ANCA-negative EGPA. 
EGPA pathogenesis involves two distinct mechanisms, one explaining vasculitic 
manifestations and prevailing in patients that are MPO- ANCA- positive, and the other 
accounting for eosinophilic manifestations and being dominant in patients that are 
ANCA- negative. As for vasculitic manifestations (left), the scenario is similar to the one 
proposed for PR3- ANCA- positive and MPO- ANCA- positive vasculitis, with neutrophils 
primed by inflammatory stimuli and then activated by anti- neutrophil cytoplasmic 
antibodies (ANCA). In ANCA− EGPA (right), one important difference is the protagonist 
role of eosinophils — driven by TH2 cells — in mediating organ damage. Eosinophilic 
manifestations do not involve ANCA production and result from dysregulation of 
eosinophils or TH2 cells — which drive eosinophil biology — and from mucosal/barrier 
dysfunction. In both EGPA subsets, risk- associated genetic variants might facilitate 
pathogenesis at several levels. The association of HLA- DQ with only the MPO- ANCA- 
positive subset is consistent with MPO- ANCA- positive EGPA being an autoimmune 
disease. Conversely, the association of variants of the gene encoding IL-5, a TH2 cytokine 
fundamental in eosinophil biology, with only the ANCA− subset, confirms the mainly 
hypereosinophilic nature of ANCA- negative EGPA. The association with variants of 
GPA33, which encodes a transmembrane glycoprotein that contributes to intestinal and 
bronchial mucosal function, points to the role of barrier dysfunction in ANCA- negative 
EGPA development. Another piece of evidence for mucosal involvement, regardless of 
ANCA status, comes from the association with TSLP gene variants. The corresponding 
protein is released by epithelial cells in response to inflammatory stimuli and drives 
eosinophilia and TH2 reactions. Other genes whose variants have been associated with 
disease (both EGPA subsets) are the transcriptional regulators GATA3, BACH2 and BCL6, 
the pro- apoptotic protein BIM and the cell cycle regulator protein kinase CDK6; these 
may contribute to EGPA pathogenesis by lowering the threshold for the activation of TH2 
cells or eosinophils. Molecules highlighted in grey are encoded by genes whose variants 
show significant genetic associations with the disease or its subsets. ANCA, anti- 
neutrophil cytoplasmic antibody; ECP, eosinophil cationic protein; Eos, eosinophilic 
peroxidase; FcγR, Fcγ receptor; IL-5, interleukin 5; IL-5R, IL-5 receptor; MBP, major basic 
protein; MPO, myeloperoxidase; TCR, T cell receptor.
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TNFSF13B (also known as BAFF). Furthermore, more 
patients carrying this genotype had detectable B cells  
6 months after rituximab, suggesting that these var-
iants may influence B cell repopulation and conse-
quently the response to rituximab. Notably, this region 

has previously been associated with levels of the B cell 
activating factor (BAFF) and response to rituximab in 
rheumatoid arthritis163,164.

Other factors known to modulate rituximab effects 
are the FcγRs, involved in antibody- dependent cyto-
toxicity165–167. An analysis of patients enrolled in the 
Rituximab in ANCA- Associated Vasculitis (RAVE) trial 
found that the homozygous FCGR2A 519AA genotype 
was associated with a shorter time to complete remis-
sion in patients receiving rituximab168. Surprisingly, 
the 519AA genotype was associated with a higher 
rate of complete remission in the group treated with 

Fig. 4 | Genetic associations in AAV. The main genetic variants associated with AAV 
syndromes, with P values reflecting the strength of their association. AAV, anti-neutrophil 
cytoplasmic antibody (ANCA)-associated vasculitis; C-ANCA, cytoplasmic ANCA; 
EGPA, eosinophilic granulomatosis with polyangiitis; CHR, chromosome; GPA, 
granulomatosis with polyangiitis; MPA, microscopic polyangiitis; MPO, myeloperoxidase; 
P-ANCA, perinuclear ANCA; PR3-ANCA, proteinase 3 ANCA.

AAV EGPA

ANCA-MPO-ANCAMPO-ANCAPR3-ANCA

HLA -DP -DQ -DQ ns

Other immune genes PTPN22, CTLA4 TSLP, BIM, LPP/BCL6, CDK6, GATA3, BACH2 

ns BACH2 ns ns

Non - immune genes SERPINA1, PRTN3 ns ns GPA33, IL5

Male gender

Age >65 y

Kidney

RPGN

Glomerulosclerosis

Nasal polyps

Asthma

Lung

Lung infiltrates

Lung nodules

DAH

ILD

ENT

Saddle nose

Subglottic stenosis 

Eye

Skin

Purpura

PNS

CNS

Cardiomyopathy

GI tract 

DVT

CV disease 

Response to RTX

Relapse rate at 60m  

Risk of kidney failure 

Mortality

0–10%

11–30%

31–50%

51–70%

71–90%

91–100%

Fig. 5 | Main demographic and clinical features as well as outcomes 
in AAV subsets based on their ANCA status along with their 
genetic associations. AAV, anti- neutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis; CNS, central nervous system; CV, 
cardiovascular; DAH, diffuse alveolar haemorrhage; DVT, deep vein 
thrombosis; EGPA, eosinophilic granulomatosis with polyangiitis; ENT, ear, 
nose and throat; GI, gastrointestinal; ILD, interstitial lung disease; 

MPO- ANCA, myeloperoxidase- ANCA; ns, not significant; PNS, peripheral 
nervous system; PR3- ANCA, proteinase 3- ANCA; RPGN, rapidly progressive 
glomerulonephritis; RTX, rituximab. Data presented in the figure are derived 
from Franssen et al.14, Hauer et al.119, Suppiah et al.113, Lionaki et al.15, Lyons 
et al.70, Mahr et al.16, de Joode et al.114, Comarmond et al.23, Quintana et al.115, 
Schirmer et al.18, Lyons et al.73, Bischof et al.116, Monti et al.117, Moiseev et al.118 
and Bettiol et al.120.
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cyclophosphamide and in the combined cohort, which 
suggests a role of FcγRIIa in disease pathogenesis that 
goes beyond the transduction of rituximab response.

In patients treated with cyclophosphamide, leuko-
penia developed more frequently in patients carrying 
variants in CYP2C9 than those with wild- type CYP2C9, 
and this association was stronger in patients receiving 
oral cyclo phosphamide169. Moreover, the response rate 
to oral cyclophosphamide tended to be higher in the 

presence of the variants, which points to an increased 
drug effect.

EGPA
The genetically distinct subsets of EGPA might dif-
fer in treatment sensitivity. For example, patients with 
ANCA- positive EGPA were more likely to respond to 
rituximab than patients who were ANCA negative, 
although this observation came only from retrospective 

Table 2 | Summary of studies exploring genetic variants with prognostic significance in AAV

Author (ref.) No. of patients 
(syndrome)

Locus Variant(s) Differences in outcomes in carriers vs non- carriers

Segelmark et al.138 98 (PR3- ANCA- positive, 
GPA and MPA)

SERPINA1 Z allele Higher number of affected organs (5.5 vs 4, P = 0.007)

Higher mortality rates (39% vs 16%, P = 0.048)

Chang et al.139 152 (44 GPA, 108 MPA) HLA DRB1*0405 Higher rates of treatment failure (42% vs 13%, P = 0.02)

Higher rates of kidney failure (47.6% vs 10.2% at 1 year, P < 0.01)

DPB1*0402 Increased all- cause mortality; 20.4% vs 10.7% at 1 year (P = 0.04)

Chen et al.140 320 (116 GPA, 147 
MPA, 50 renal- limited, 
7 EGPA)

HLA DPB1*04:01 Among PR3- ANCA- positive patients, carriers of the risk allele 
had a higher risk of relapse than non- carriers (hazard ratio 2.06, 
95% CI 1.01 to 4.20, P = 0.047)

Jönsson at al.142 113 (74 GPA, 39 MPA) MCP-1 A/A genotype at 
−2518 position

Higher risk of severe prognosisa: carriers were 87% of patients 
with severe prognosis and 39% of those with non- severe 
prognosis (P = 0.0068)

Higher uMCP-1 levels (P = 0.02)

Namba et al.146 427 (291 MPA, 95 GPA, 
56 EGPA)

MUCB5 rs35705950 ILD: polymorphism carriage significantly associated with 
AAV- ILD but not with AAV without ILD (OR 11.6 (95% CI 2.04 to 
218.6, P = 0.023))

Hessels et al.159 241 (180 GPA, 61 MPA) NR3C1 Haplotype 4

rs6189 and rs6190 
(ER22/23EK)

rs6198 (9β)

rs10052957 
(TthIII1)

Independent predictor of mortality within the first 5 years 
following diagnosis

Higher kidney failure (P = 0.007)

Haplotype 1

rs41423247 (BclI)

Increased risk of new- onset dyslipidaemia

Reduction in the risk of relapse in carriers of the HSD11B1 
polymorphism

HSD11B1 rs11119328 Higher relapse risk among non- carriers of the GR haplotype 1

Alberici et al.175 130 (EGPA) FCGR3B NA1- NA1 
haplotype

Shorter relapse- free survival (P = 0.029). Finding maintained 
only in the MPO- ANCA- positive subgroup, no association in 
ANCA- negative patients

Alberici et al.162 322 (279 GPA, 44 MPA) TNFSF13B rs3759467 Higher risk of rituximab failure at 6 months: OR 8.8, P = 0.0065

Shorter time to relapse after rituximab: HR 7.3, P < 0.001

Higher count of peripheral B cells at 6 months after rituximab

Cartin- Ceba et al.168 189 patients 
(GPA»MPA)

FCG2A, 
FCG2B, 
FCG3A

FCG2A 519 AA Shorter time to complete remission among rituximab- treated 
patients (171 vs 212 days, P = 0.001)

Higher rates of complete remission among cyclophosphamide- 
treated patients (72% vs 49%, P = 0.005)

Higher rates of complete remission and shorter time to complete 
remission

Schirmer et al.169 196 (166 GPA, 30 EGPA) CYP2C9 Variant versus 
wild type

Higher risk of leukopenia after cyclophosphamide (55% vs 37%, 
P = 0.009); association more pronounced in patients receiving 
oral cyclophosphamide

Tendency towards lower treatment failure rates (19.6% vs 35.4%, 
P non- significant)

aSevere prognosis denotes at least one of the following: (1) eGFR ≤ 30 ml/min/1.73 m2; (2) stroke, (3) myocardial infarction; (4) subglottic stenosis; (5) respiratory 
insufficiency; or (6) death. AAV, anti- neutrophil cytoplasmic antibody (ANCA)- associated vasculitis; CI, confidence interval; EGPA, eosinophilic granulomatosis with 
polyangiitis; GPA, granulomatosis with polyangiitis; HR, hazard ratio; ILD, interstitial lung disease; MPA, microscopic polyangiitis; OR, odds ratio.
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studies170–172. On the other hand, it is still unknown 
whether blockade of IL-5, such as with mepolizumab, a 
drug increasingly used in EGPA, has comparable bene-
fit in ANCA- positive and ANCA- negative patients173,174. 
Certainly, mepolizumab efficacy is greater against asthma 
and eosinophilia, which are common to both subsets.

Few studies have explored the genetic influence on 
EGPA prognosis. As reported above, FCGR3B deficiency 
was associated with vasculitic manifestations (CNGN, 
neuropathy)68. An analysis of 130 patients with EGPA 
indicated that the NA1/NA1 haplotype of FCGR3B pre-
dicts relapse- free survival175. Further stratification of 
patients according to their ANCA status revealed that 
the NA1/NA1 haplotype was associated with relapse- free 
survival only in MPO- ANCA- positive EGPA (Table 2).

Future perspectives and conclusions
The genetics of AAV is a recent subject in the field of 
vasculitis that is likely to contribute substantially to 
improvements in both our understanding of the disease 
and the evolution of patient management. Because one 
of the main findings of genetic studies is the demonstra-
tion of a different genetic basis between AAV subtypes, 
future studies should be aimed at detecting associa-
tions within these subgroups, rather than with AAV in 
general. To this end, homogeneous cohorts, based on 
either PR3- ANCA- positive or MPO- ANCA- positive 
patients alone, with larger numbers of individuals, 
would be more highly powered to find new genetic var-
iants. Furthermore, studying the ANCA- negative sub-
set of GPA and MPA, which has never been explored 
in GWASs, is likely to yield a significant insight into the 
pathogenesis of ANCA- unrelated granulomatosis and 
vasculitis. A GWAS performed in populations other than 
those of European ancestry might contribute to a better 
understanding of the geographical and ethnic variations 
of AAV, and more specifically of MPO- ANCA- positive 
vasculitis, which is more common in East Asia. A fur-
ther question pertains to the differential organ tropism 
of AAV. Analysis of clusters of patients with different 
clinical features would allow genotype–phenotype 
correlations to be established, which could uncover 
mechanisms of organ damage.

The advent of new targeted therapies for AAV and the 
increasing awareness of the toxicity of more traditional 
therapies deserve a deeper knowledge of patient features 
associated with outcome. Studies linking genetics and 
prognosis are warranted in order to refine individualized 
treatment approaches. A better understanding of the 
genetics of AAV may also improve patient subgrouping 

in clinical trials, resulting in more homogeneous cohorts 
and greater reliability in the interpretation of outcomes. 
It is conceivable that in the near future, the knowledge 
of genetic profiles of patients with AAV will translate 
to new therapeutic targets. For the moment, the results 
of genetic studies lend support to the use of only a 
few targeted therapies for AAV, such as belimumab, 
a BAFF inhibitor, and abatacept, an agonist of CTLA-4, 
which are under clinical evaluation (ClinicalTrials.gov 
NCT03967925 and NCT02108860, respectively).

At present, genetic testing in AAV is performed 
exclusively for research purposes and the identified 
genetic associations are not to be used as diagnostic 
or prognostic markers for individual patients. These 
are simply common genetic variants with a differential 
distribution between cases and controls in the studies 
performed, providing information on their contribution 
to disease development and phenotype at a population 
rather than at an individual level. However, it seems 
likely that the increasing availability of inclusive genetic 
analyses, such as whole- genome/- exome sequencing, will 
further encourage genotyping of patients with AAV 
and will give impetus to the adoption of routine genetic 
evaluation for patient assessment.

To conclude, genetic studies in AAV represent 
a fine approach to the investigation of its complex 
aetio- pathogenesis. GPA and MPA show variations at loci 
that are common risk factors for autoimmunity as well as 
associations with HLA alleles, which are more strongly 
linked to ANCA specificity than to the clinical diagno-
sis. PR3- ANCA- positive disease is also associated with 
variants at loci encoding PR3 and its inhibitor. EGPA 
shows variations at a number of loci involved in eosino-
philia and asthma that are common to both its ANCA- 
negative and ANCA- positive subtypes. ANCA- positive 
EGPA also shows associations with HLA- DQ, making 
this subset close to MPO- ANCA- positive vasculitis, 
whereas ANCA- negative EGPA is associated with var-
iants related to abnormal mucosal barrier function, 
which poses doubts with regard to how related they are 
to AAV. In both GPA/MPA and EGPA, ANCA- based 
subsets show differences in clinical features as well 
as distinct genetic backgrounds, which supports a 
re- classification of AAV according to results of ANCA 
testing. Future studies focusing on genotype–phenotype, 
genotype–prognosis and pharmacogenomics will hope-
fully improve our understanding of AAV and refine our 
management approaches.
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Interferons are immune mediators that are generally 
classified into three families (type I, type II and type III), 
which differ in their immunomodulatory properties, 
their structural homology and the cells from which 
they are secreted. Type I interferons comprise 13 sub-
types of IFNα, IFNβ, IFNω, IFNε and IFNκ1. Evidence 
suggesting that type I interferons have a key role in 
systemic lupus erythematosus (SLE) pathogenesis was 
first acquired decades ago2. Advances in our under-
standing of the complex type I interferon system might 
resolve several longstanding clinical dilemmas and sug-
gest clinical strategies to address them. Although most 
pathogenic models emphasize the role of initial adap-
tive immune responses and antibodies against nucleic 
self- antigens leading to inflammation in ‘target organs’, 
such models do not explain why patients with SLE dif-
fer so greatly with regard to the organs that are affected. 
Indeed, the histopathology of SLE can also be observed 
in the skin in anti- nuclear antibody (ANA)- negative 
individuals with cutaneous lupus erythematosus (CLE)3. 
Therapeutic strategies can efficiently target these adap-
tive immune processes, but even after intensive thera-
pies such as complete B cell depletion, some patients do 
not clinically respond, some features (such as cutaneous 

manifestations) might even worsen and all patients 
experience relapses4,5.

Emerging evidence on the role of type I interferons 
offers an alternative view of the issues relating to SLE, 
moving the emphasis of disease initiation towards local 
tissue production and response to type I interferons. In 
this Review, we discuss evidence relating to type I inter-
feron regulation in SLE, paying particular attention 
to the role of non- haematopoietic tissues in the initi-
ation and perpetuation of disease. Therapies directed 
against the type I interferon pathway have unique roles 
in targeting tissue- mediated immunity, and their effec-
tiveness is now being demonstrated in phase III clin-
ical trials6,7. Understanding the function of the type I 
interferon system in SLE will be essential to the use of 
interferon- blocking therapies to change outcomes more 
radically in this challenging disease.

Preclinical autoimmunity in SLE
A challenge in translational immunology of SLE is 
that in the established disease abnormality is found 
in many potentially interlinked immune pathways, 
and any changes that are observed, including those 
that seem the most prominent, might be the result of 
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chronic inflammation or therapy rather than having  
a primary role in disease initiation. This problem might 
be resolved by studying the preclinical phases of auto-
immunity. SLE and related diseases are initiated in 
a stepwise fashion through a series of asymptomatic 
immune changes before the occurrence of clinically 
overt disease. Autoantibodies precede symptoms by 
many years in people who go on to develop established 
SLE8,9. However, the number of individuals who are sero-
positive for ANA greatly exceeds the prevalence of SLE 
and related diseases. Therefore, autoantibody positivity 
constitutes an at- risk state that is most often clinically 
stable and benign10.

In addition to autoantibodies, dysregulation of 
type I interferons can be observed in asymptomatic, 
at- risk individuals. In relatives of patients with SLE, 
increased serum IFNα activity is a distinct heritable 
phenomenon11. Relatives of patients with SLE associated 
with high or low serum IFNα activity will to some extent 
share the patient’s interferon status, but not (usually) 
the antibody status, so it is unlikely that autoantibodies 
account for high serum IFNα activity in healthy family 
members, or that they explain familial correlations. By 
contrast, the interferon regulatory factor 5 (IRF-5) risk 
haplotype, which explains a large proportion of the her-
itable variability in type I interferon activity, is also asso-
ciated with anti- Ro antibodies and clinical progression, 
and in established disease there is a clear relationship 
between autoantibody repertoire and type I interferon 
activity12–14. Thus, it is unclear whether asymptomatic 
type I interferon activity and asymptomatic autoantibody 
positivity arise independently and converge by the time 
of established disease, or whether there is a common 
sequence of progression between them. Other serum 
immune mediators, such as B lymphocyte stimulator 
(BLyS), CXCL10, CXCL9, IL-5 and IL-6, arise at varying 
intervals between 3.5 years and 10 months prior to diag-
nosis of established clinical SLE15. Preclinical autoim-
mune abnormalities, such as ANA and type I interferon 
activity, seem to be monotonic and cumulative16–18. In a 
study in which relatives of patients with SLE were fol-
lowed up for 12 years, prevalence of ANA seropositivity 

increased from 27% to 37%16. Analysing the sequence of 
events in the preclinical phase is difficult owing to the 
requirement for serial samples prior to onset of symp-
toms of an uncommon disease. Results from one study 
using a serum repository suggested that the type II inter-
feron IFNγ and autoantibodies occur at a similar time 
prior to symptoms, with IFNα being detected closer to 
SLE diagnosis18. However, the time points in this retro-
spective study and the use of serum samples alone limit 
the conclusions that can be drawn.

Progression of immunopathogenesis following devel-
opment of ANA is better understood in earlier clinical 
phases. In a prospective study, clinical and immunolog-
ical biomarkers were followed in ANA- positive, at- risk 
individuals with non- specific symptoms over a time 
period in which a proportion progressed to established 
SLE19. In addition to ANA positivity, this population had 
elevated type I interferon activity at baseline, as meas-
ured by blood interferon- stimulated gene (ISG) scores 
(IFN- Score- A and IFN- Score- B, which are discussed 
further later). Progression to SLE within a year was 
predicted by increased expression of a distinct subset 
of ISGs (IFN- Score- B), and was independent of family 
history, baseline symptoms and signs and autoantibody 
status as a predictor of clinical progression.

Overall, although a wide variety of patterns of 
immune dysregulation are associated with established 
SLE, study of the preclinical phases reveals that many 
abnormalities are not clinically symptomatic, nor do 
they lead to symptomatic disease. Although in estab-
lished disease these diverse immune abnormalities are 
observed simultaneously, study of preclinical individuals 
reveals that they occur in distinct stages over a period 
of several years. Lastly, preclinical autoimmunity reveals 
which of the immune features of the established disease 
cannot be explained by chronic inflammation or therapy.  
Work discussed later has elucidated the regulation of 
type I interferon activity in this phase.

Type I interferons in SLE pathogenesis
Interferons in SLE genetic susceptibility
The genetic susceptibility of SLE is complex, with >100 
loci known at a genome- wide level that involve diverse 
immune pathways20. Many newly identified loci are 
linked to activation of the interferon pathway21. The 
importance of interferon regulatory factors such as IRF-5 
was highlighted above, as the risk haplotype is associated 
with increased levels of serum IFNα and a risk of clini-
cal progression to SLE in ANA- positive individuals13. In 
particular, the IRF5 rs2004640- T allele enables expres-
sion of several distinct IRF-5 isoforms and conveys an 
important genetic risk for SLE22. The IRF5 rs10488631 
allele has an independent association with enhanced 
transcript and protein levels of IRF-5 in patients with 
SLE23. Single- nucleotide polymorphisms (SNPs) in IRF7 
loci also confer a strong genetic susceptibility to SLE24. 
Additionally, genetic variations at the IRF7–PHRF1 
locus are associated with high levels of serum IFNα and 
positivity for anti- Sm antibody in African American 
patients25. Similarly, the IFIH1 rs1990760- T allele is asso-
ciated with anti- dsDNA positivity as well as a high type I 
interferon gene signature (IFNGS) in peripheral blood 

Key points

•	type I interferon pathway variants are prominent in genetic predisposition 
to systemic lupus erythematosus (Sle), and epigenetic regulation affects classic
interferon- stimulated genes and genes less directly related to interferon signalling.

•	contrary to previous assumptions, plasmacytoid dendritic cells lose their immunogenic
functions in Sle, including type I interferon production and antigen presentation.

•	Non- haematopoietic cells within organs affected by Sle (especially the skin) produce 
type I interferons, express interferon- stimulated genes, and have roles in the initiation
of Sle and in established Sle.

•	both the dysfunction of plasmacytoid dendritic cells and the non- haematopoietic 
production of type I interferons is seen in all anti- nuclear antibody- positive 
individuals, regardless of whether progression to organ inflammation later occurs.

•	Diverse biomarkers (each with advantages and disadvantages) can characterize type I
interferon pathway activation, including evaluation of interferon proteins and several 
effects downstream of the type I interferon receptor.

•	Several therapies targeting the type I interferon pathway are in development 
(including the now licensed anifrolumab), and might have specific clinical properties
relating to the model of Sle proposed herein.
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mononuclear cells (PBMCs) of patients with SLE26. SNPs 
in a STAT4 haplotype, such as the rs7574865 allele, are 
strongly linked to SLE, and homozygosity of this risk 
allele carries a more than doubled risk of developing the  
disease (compared with absence of the risk allele)27.  
The STAT4 rs7574865- T allele is also linked to sensitivity  
to type I interferon signalling28.

Notably, although there are many genetic associa-
tions involving components of the downstream signal-
ling pathways of type I interferon, no polymorphisms 
within genes encoding most type I or II interferons are 
known to be linked to SLE susceptibility. An exception is 
the IFNK locus. As identified by a pooled genome- wide 
study, the rs1031154 SNP (which affects a site 25 kb 
upstream of the promoter for IFNK) is strongly associ-
ated with SLE susceptibility (rank number 51 of 116,204 
SNPs)29. SNPs at the IFNK locus are also associated with 
serum type I interferon activity as well as cutaneous 
lupus clinical phenotype. These results call into question 
whether IFNα has a particular importance in SLE patho-
genesis compared with other type I interferon subtypes, 
such as IFNκ.

Genetic- transcriptomic studies can provide informa-
tion on the tissues affected by pathogenic variants in SLE 
susceptibility genes. In a combined analysis of genotypic 
and transcriptomic data, susceptibility variants associ-
ated with SLE, including those in the type I interferon 
pathway, were shown to regulate gene expression across 
a range of blood and non- blood tissues30.

Epigenomic regulation of interferons
Interferons induce extensive remodelling of the 
epigenome31. Some ISGs might exhibit memory prop-
erties owing to epigenetic regulation. Priming of mouse 
embryonic fibroblasts with IFNβ leads to a subset of 
ISGs that has been termed ‘memory ISGs’, acquiring 
higher rates of transcription on re- stimulation, even 
after multiple cell divisions, owing to epigenomic 
changes32. Furthermore, interferons might upregulate 
inflammatory genes beyond canonical ISGs; interferon 
priming might prevent silencing of NF- κB- induced 
cytokines on re- stimulation33. Specifically in relation to 
SLE, IFNα can induce additional immunomodulatory 
effects in plasma cells. Exposure to IFNα during B cell 
differentiation imprints the resulting plasma cells for 
high expression of ISG15 mRNA. The ubiquitin- like 
protein ISG15 has multiple immunomodulatory effects 
both intracellularly and in its secreted form. Hence,  
in patients with SLE, ISG15- secreting plasma cells com-
prise a distinct pro- inflammatory subset that provides 
an immunoglobulin- independent immunomodulatory 
mechanism34.

Sources of type I interferons
Although dysregulation of the type I interferon axis is 
a prominent feature in studies of SLE pathogenesis, the 
cellular sources of the excessive cytokine production are 
a matter of debate. Plasmacytoid dendritic cells (pDCs), 
the professional type I interferon- producing cells, were 
hypothesized to be at the centre of this dysregulation 
based on their role in mounting immune responses 
mediated by Toll- like receptor 9 (TLR9) and TLR7 in 

viral infections35. Initial experiments showed that SLE 
serum or anti- dsDNA antibodies derived from patients 
with SLE combined with plasmid DNA induced IFNα 
production in PBMCs from healthy donors36,37. Notably, 
immune complexes generated from SLE IgG com-
bined with apoptotic material could also induce IFNα 
production in PBMCs from healthy donors38. These 
results led to a model of SLE pathogenesis based on a 
two- way interaction between autoantibody- secreting 
B cells that stimulate type I interferon production by 
pDCs, which in turn further induce B cell differentia-
tion. This hypothesis has led to attempts to target pDCs 
therapeutically in SLE. However, when experiments 
were extended to cells from patients with SLE, contrary 
results were obtained39. Numbers of pDCs (defined by 
the presence of blood dendritic cell antigen 2, BDCA-2) 
were lower in PBMCs from patients with SLE than in 
those from healthy individuals. Furthermore, stimula-
tion of PBMCs from patients with SLE with SLE serum 
or herpes simplex virus type 1 induced lower produc-
tion of IFNα than stimulation of cells from healthy 
donors. This reduced IFNα production was confirmed 
in BDCA-2+ cells.

Several other findings are inconsistent with the 
pDC- centred hypothesis described above. pDCs have 
negative regulatory mechanisms that are mainly medi-
ated via the crosstalk between immunoglobulin- like 
transcript 7 and bone marrow stromal antigen 2, which 
downregulate type I interferon production during 
viral infections40,41. TNF is also a negative regulator of 
interferon- producing capacity of pDCs, and switches 
them to an antigen- presenting function instead42.  
In murine models of chronic viral infection, the number  
and the functional capacity of pDCs are severely compro-
mised, resulting in a self- perpetuating pool of immuno-
logically inert pDCs43. The pDC- based model of type I  
interferon in autoimmunity therefore rests on a contra-
diction: the chronic excessive type I interferon produc-
tion in SLE was claimed on the basis of pDC function in  
acute viral infection, but could not be explained unless 
pDCs exhibited the opposite behaviour to that seen in 
chronic infection. Any model of SLE centred on type I 
interferon must explain the observed chronicity of 
production.

In experimental models of autoimmunity, upregu-
lation of ISGs is observed; the level of ISG expression 
varies among lupus- prone mice and is often related to 
disease progression44–47. In most murine lupus mod-
els, the number of circulating and bone- marrow pDCs 
and their ability to produce interferon are significantly 
decreased compared with wild- type mice, and no infil-
tration of target organs (such as the kidney) by pDCs 
is observed48. The pDCs from the MRL/Mp- Faslpr 
mouse model of SLE in particular tend to accumulate 
in the lymph nodes, with upregulation of expression of 
MHC class II molecules, but in parallel their IFNα pro-
duction upon TLR stimulation declines as the disease 
progresses49. These data strongly suggest that the high 
type I interferon production seen in lupus- prone mice 
does not derive from pDCs. Consistently, mice deficient 
in Trex1 (which encodes three- prime repair exonucle-
ase 1) that fail to regulate STING- mediated antiviral 
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responses are characterized by aberrant type I interferon 
production initiated in non- haematopoietic cells50.

Data from human samples point towards similar 
conclusions regarding type I interferon production. 
Single- molecule array (Simoa) digital enzyme- linked 
immunosorbent assay technology can detect attomolar 
concentrations of IFNα. When applied to sorted cell 
subsets from SLE and other interferon- mediated dis-
eases, Simoa detected IFNα in pDCs and monocytes 
in the type I interferonopathy STING, but it did not 
detect IFNα in any circulating cell subset in SLE51. More 
detailed immunophenotyping of pDCs in patients with 
SLE demonstrated that these cells had actually lost their 
immunogenic properties and they were unable to pro-
duce IFNα upon stimulation with TLR7 and TLR9 ago-
nists. They had not switched to an antigen- presenting 
function, and were unable to induce strong T cell activa-
tion and proliferation52. Instead, they were characterized 
by a transcriptomic picture of immune senescence and 
increased telomere erosion.

The reduced numbers and function of pDCs in SLE 
were previously attributed to migration of activated 
pDCs into inflamed tissues, or the effects of chronic 
inflammation or therapy35. This migration theory pre-
dicts that, in the absence of inflammation or therapy, 
pDC numbers and function in blood will be normal. 
However, once again the study of the at- risk individuals 
noted above has overturned that theory. The dysfunc-
tional phenotype of pDCs observed in established SLE 
is identical to that in at- risk individuals who have ANA 
and high blood ISG expression, but who never develop 
organ inflammation or require therapy52. Therefore, 
the defective phenotype of pDCs is independent of 
chronic inflammation and treatment. Meanwhile, in 
biopsy- derived kidney samples from patients with lupus 
nephritis, pDC numbers are low and the cells do not 
co- localize with expression of ISGs53.

In contrast to the inert SLE pDCs discussed above, 
neutrophils from patients with SLE express higher levels 
of IFNα upon stimulation, and can also induce IFNGS 
in an epithelial cell line, a feature that is enhanced in 
low- density granulocytes54. Neutrophil extracellular 
traps (NETs) contain oxidized mitochondrial DNA, and 
spontaneous NETosis is enhanced in low- density gran-
ulocytes from individuals with SLE. The oxidized mito-
chondrial DNA generated during NETosis can induce 
STING- dependent IFNGS in lupus- like mouse models55. 
Experimental data suggest that exposure of skin to ultra-
violet light can induce a neutrophil- dependent injury 
not only to the skin, but also to the kidney via reverse 
transmigration of the neutrophils56. This neutrophil 
migration also contributes to the IFNGS that is seen 
in renal tissue. In SLE models, exposure to ultraviolet 
light is known to trigger upregulation of ISGs not only 
in the skin, but also in blood and other tissues, such as 
the kidneys57.

Recent evidence suggests that there is an alterna-
tive source of type I interferons in the circulation58. In 
patients with SLE, programmed mitochondrial removal 
during erythropoiesis is defective, leading to accumula-
tion of erythrocytes that contain mitochondria, which 
correlates with disease activity. Antibody- mediated 

internalization of mitochondria- carrying erythrocytes 
can induce type I interferon production by macrophages 
through activation of cyclic GMP–AMP synthase. 
Patients with SLE who have these mitochondria- carrying 
erythrocytes, as well as opsonizing antibodies, have  
particularly high IFNGS expression.

More importantly, beyond the conventional immune 
system, study of the skin of at- risk individuals (discussed  
later) has demonstrated that non- circulating, non- 
haematopoietic sources of type I interferons dominate 
preclinical phases of the disease52.

Local production of type I interferons
Interferons are potent activators of a wide range of cells 
in tissues affected by SLE including the vasculature, 
and all nucleated cells express the type I interferon 
receptor (IFNAR). Most tissues affected in SLE exhibit 
higher expression of ISGs than in healthy individuals. 
Accumulating evidence indicates that tissue sources of 
type I interferons in response to environmental or other 
local stimuli, as well as local responses to type I inter-
ferons, have greater roles in disease pathogenesis and 
clinical presentation than circulating sources.

Skin. The clearest evidence of a causative role of type I 
interferon sources outside the haematopoietic immune 
system in the pathogenesis of SLE is in the skin. 
Keratinocytes are potent producers of type I interferons, 
particularly IFNκ59. IFNK expression is upregulated in 
lesional skin of patients with CLE, which increases kerat-
inocyte sensitivity to ultraviolet irradiation60,61. Equally, 
keratinocytes in SLE have a hypersensitive response to 
both type I and type II interferons62. This response is 
mediated by PITX1, expression of which is upregulated 
in CLE skin lesions. Keratinocytes from both patients 
with SLE and ANA- positive at- risk individuals are 
primed to produce IFNκ, and demonstrate enhanced 
IFNK expression at baseline, as well as following ultra-
violet light exposure in vivo52. This priming is evident 
in keratinocytes from biopsy- derived non- lesional skin 
samples (without signs of cutaneous inflammation) 
from patients with SLE and at- risk individuals, in which 
IFNK expression is upregulated upon stimulation with 
TLR3 and RIG- I (retinoic acid- inducible gene I) ago-
nists. These data from at- risk individuals, especially 
when taken with the data on circulating immune cells 
described above, indicate that skin itself in the absence of 
leukocyte infiltation is responsible for a high type I inter-
feron response, which is mediated by keratinocytes and 
is present even at a stage of preclinical autoimmunity.  
Nevertheless, this state of priming for overproduction 
of type I interferons, which leads to escalation of ISG 
expression locally (and likely systemically), does not nec-
essarily lead to escalation of inflammation and clinical  
disease.

An initially localized immune response might trigger 
both local and systemic immunity. A key local effect of 
type I interferons in skin is the production of CXCL9 
and CXCL10, which attract CXCR3+ lymphocytes to 
the dermis and epidermis respectively, conferring an 
additional IFNγ response. In C57BL/6J mice, ultravi-
olet irradiation of the skin leads to a type I interferon 
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response not only in the skin but also in peripheral 
blood and kidney tissue, sustaining endothelial cell 
activation57.

In established disease, local interferon production 
can explain clinical features and resistance to therapy. 
For example, ISG expression is strongly upregulated in 
hair follicles from patients with CLE compared with 
the rest of the skin63. Alopecia is a common symptom 
in SLE and cutaneous lupus, and the anti- proliferative 
and pro- apoptotic effects of high interferon expression 
can induce diffuse hair thinning by disturbing turnover 
between hair cycle phases. Hair follicle epidermal stem 
cells are usually localized in sites of immune privilege, but 
this status is compromised under the influence of type I 
interferons64. In the skin in established SLE there is also 
production of type III interferons (IFNλ), which have 
structural resemblance to IL-10, but similar signalling 
and downstream cellular effects to type I interferons65. 
Emerging evidence from single- cell RNA- sequencing 
(scRNA- seq) has shown how local interferon responses 
in the skin might educate myeloid cells, leading to cuta-
neous inflammation, whereas pDCs in the skin seem to 
be infrequent and comparatively inert66. The presence 
of local innate mediators of inflammation in the skin 
might explain why CLE can occur in the absence of auto-
antibodies or other organ involvement, and might be  
resistant to B cell- targeted therapies5.

Kidney. In biopsy- derived samples of kidneys from 
patients with class IV lupus nephritis, in situ hybridiza-
tion demonstrates that mRNA encoding IFNα is most 
highly expressed in tubular epithelial cells67. Expression 
of TLR9 in the tubulointerstitium in lupus nephritis cor-
relates with tubulointerstitial damage in animal models 
and in human SLE68,69. IFNα is absent in glomeruli, blood 
vessels and distal tubules in proliferative glomerulone-
phritis (class IV) and in biopsy- derived samples from 
patients with class I or class II lupus nephritis. BDCA-2+ 
cells in the kidney are not reported to express IFNα67.

Responses to locally derived interferons suggest the 
existence of an autocrine and paracrine effect in the kid-
ney. In an scRNA- seq study involving patients with lupus 
nephritis, upregulation of ISG expression was found in 
tubular epithelial cells but not glomerular cells. In vitro, 
stimulation of tubular epithelial cells with IFNα induces 
expression of the immunoproteasome subunit LMP-7, 
which might shape the repertoire of antigens presented 
via MHC class I molecules. Similar upregulation of 
LMP-7 is found in lupus nephritis, along with upregula-
tion of expression of gene sets involved in antigen pro-
cessing and presentation, response to hypoxia and SLE 
pathogenesis67. Consistently, results from scRNA- seq in 
cells from individuals with lupus nephritis demonstrate 
that tubular cell interferon scores are associated with 
proliferative histology, markers of fibrosis, a keratinocyte 
interferon score and clinical non- response to therapy70. 
By contrast, interferon scores in PBMC subsets (B cells,  
T cells, NK cells and monocytes) are not associated with 
clinical response. Evidence also indicates that serum 
interferon activity is associated with proliferative glo-
merulonephritis and its severity53. In addition, in the 
kidney, pDC numbers are low and these cells do not 

co- localize with ISG expression, suggesting that pDCs 
are not the source of local interferon- pathway activation. 
Also, in vitro, interferons can induce podocyte apopto-
sis as well as chemokine production53, which are both 
features of lupus nephritis. In summary, these results 
suggest production of type I interferons by tubular cells, 
not circulating immune cells, and direct pathogenic 
effects of type I interferons on tubular epithelial cells 
and podocytes, which might influence the histological 
presentation and response to therapy in lupus nephritis.

Synovium. Although interferon- pathway activation in 
blood is related to overall disease activity and mucocu-
taneous disease, it is not clearly related to arthritis71. 
Synovial gene- expression studies in patients with SLE 
demonstrate upregulation of ISGs and downregulation 
of extracellular matrix homeostasis compared with oste-
oarthritis and rheumatoid arthritis (RA)72. Synoviocytes 
and fibroblasts produce IFNβ, resulting in downregula-
tion of TNF expression and upregulation of TGFβ, IL-10 
and IL-1RA73–76. IFNβ inhibits osteoclastogenesis and 
skews myeloid cells towards an antigen- presenting- cell 
function instead, which is interesting given the low rates 
of bone erosion seen in SLE- related arthritis compared 
with RA77,78. Nevertheless, therapeutic IFNAR block-
ade is effective in arthritis in SLE (as discussed later)79. 
The balance of systemic and tissue- specific interferon 
sources might therefore have complex effects on clinical 
manifestations of SLE in the joint.

Brain. Type I interferons have prominent roles in several 
neuroinflammatory disorders, such as the monogenic 
interferonopathy Aicardi–Goutières syndrome (AGS)80. 
AGS is classically associated with mutations in TREX1 or 
SAMHD1, which are thought to cause disease by accu-
mulation of waste nucleic acid debris81,82, functional 
changes in RNA editing that alter discrimination of self- 
RNA and non- self- RNA (such as mutations in ADAR1), 
or gain- of- function mutations in genes encoding nucleic 
acid sensors (such as IFIH1)83,84. These mutations all 
converge on a phenotype of strongly positive IFNGS, 
small- vessel inflammation and encephalitis, leading to 
cerebral calcification, and responsiveness to inhibition 
of the Janus kinase–signal transducer and activator of 
transcription (JAK–STAT) pathway (discussed further 
later). These processes have parallels in human SLE, and 
some serological and clinical features of SLE occur in 
patients with AGS85,86. TREX1 is a susceptibility gene for 
SLE, and is specifically associated with chilblain lupus 
erythematosus and with neurological manifestations87,88. 
As mentioned above, Trex1 knockout in mice causes 
interferon production by non- haematopoietic tissues50. 
Neuronal and glial cells of the central nervous system are 
known to produce IFNα and IFNβ in viral infection89. 
Mutations that activate type I interferon expression are 
associated with the development of a spectrum of other 
neuroinflammatory diseases81,90. Gene silencing of AGS- 
related genes can cause upregulation of type I interferon 
pathways as well as cytokine and chemokine produc-
tion in multiple brain- cell types, including astrocytes91. 
Results from post- mortem analysis are consistent with 
type I interferon arising from astrocytes and not the 
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infiltrating leukocytes92. Treatment of other diseases 
such as melanoma or multiple sclerosis with recombi-
nant type I interferon proteins induces mood changes as 
well as neurological symptoms secondary to thrombotic 
microangiopathy93–95.

In human SLE, elevated levels of IFNα occur in 
the cerebrospinal fluid of patients with neuropsychi-
atric manifestations96,97. The key responder cells to 
type I interferons in the brain are not yet known, and 
might include neurons, endothelial cells or microglia. 
Many neurological syndromes in SLE, such as cogni-
tive dysfunction, seizures and movement disorders, 
seem to occur in the absence of MRI- determined 
neuroinflammation98. Endothelial- cell dysfunction 
is known to occur in response to type I interferon in 
SLE99–101. Endothelial dysfunction in the central nervous 

system is also associated with non- inflammatory vas-
culopathy and is consistent with the prominent 
non- inflammatory small- vessel disease seen in patients 
with SLE102,103.

Summary: non- haematopoietic sources of type I inter-
ferons. Currently available evidence suggests a model 
of SLE pathology in which non- circulating, non- 
haematopoietic tissues chronically produce interferon 
and thereby have a key role in disease initiation and 
maintenance (Fig. 1). Meanwhile, in established disease 
the subtypes, effects and regulation of type I interferons 
within the different organs affected by SLE might dictate 
clinical presentation (Fig. 2). A key point to note in this 
schema is that differing conclusions can be drawn from 
the results of cross- sectional and longitudinal studies 
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Fig. 1 | A model of SLE pathogenesis based on the roles of type I 
interferons during phases of disease progression. a | Although all 
nucleated cells can produce type I interferons, a key source in acute viral 
infection is plasmacytoid dendritic cells (pDCs), which are negatively 
regulated via binding of ILT-7 by interferon- inducible BST2 (CD317 , 
tetherin), preventing sustained pDC interferon production. b | In individuals 
who develop systemic lupus erythematosus (SLE), genetic predisposition is 
associated with exaggerated type I interferon response to nucleic 
self- antigens in non- haematopoietic tissues, particularly in the skin in 
response to ultraviolet light, leading to skin and (to a lesser extent) blood 
interferon signatures, occurring in the absence of haematopoietic immune 
cells and in the presence of inert pDCs. Despite immune abnormality in 
keratinocytes, pDC dysfunction, anti- nuclear antibodies (ANA), and 
elevated skin and blood interferon signatures, this ‘at- risk’ state remains 
clinically silent in most individuals, only occasionally progressing to SLE.  

c | Progression to clinical autoimmunity is not fully understood, but is 
predicted by strong expression of ‘Score B’ interferon- stimulated genes 
(ISGs). During progression, plasmablast numbers increase, further 
autoantibody specificities accumulate and plasma cells develop that 
regulate immune responses by secretion of ISG15, all potentially driven by 
type I interferon. Following progression, autocrine and paracrine effects  
of type I interferons in target organs may sustain inflammation and dictate 
clinical presentation, and interferon- stimulated chemokines within tissues 
attract tissue infiltration by haematopoietic immune cells. d | In established 
SLE, conventional therapies predominantly target circulating lymphocytes, 
and may achieve clinical response or remission, but do not directly affect 
type I interferon production and response within the skin and other organs, 
possibly explaining why sustained remission is difficult to achieve, with 
recapitulation of initial progression from at- risk to SLE when treatment is 
tapered.
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carried out at different times in the disease process. In 
cross- sectional studies in established disease, defec-
tive function of pDCs in blood, increased interferon- 
pathway activation in tissue and organ inflammation are  
all observed simultaneously alongside the use of immuno-
suppressive therapy. This observation is compatible  
with many potential causal relationships, including the 
notions that pDC activation and differentiation have 
primary causal roles, and that tissue interferon- pathway 
activation is secondary to infiltration by circulating 
immune cells. However, when longitudinal study or 
observation of many preclinical and clinical time points 
is undertaken, conclusions differ. The defect in pDC 
function is then seen to be clearly dissociated from organ 
inflammation in terms of both the time course of the 
disease and the individuals who are affected. Also, tissue 
interferon- pathway activation can be clearly dissociated 
from infiltration of circulating immune cells.

We do not yet know the whole sequence of events 
in preclinical disease with certainty. We can speculate 
that ultraviolet light exposure leads to keratinocyte pro-
duction of IFNκ, resulting in a skin and then a blood 
interferon signature, with autoantibodies occurring after 
systemic interferon- pathway activation. However, the 
data available to date are also consistent with a sequence in 
which autoantibodies have a role in the initial interferon  
response in skin in the absence of pDCs.

Clinical interferon- pathway monitoring
Particular challenges are associated with the study of 
type I interferon immunopathogenesis in a clinical con-
text. Assays for type I interferon pathway biomarkers are 
among the most promising new approaches in the field 
of human autoimmunity, with the potential to diagnose 
and stratify patients in diverse contexts of human dis-
ease. However, these assays have not yet entered routine 
clinical practice, one reason being variation in assay 
methodologies.

The type I interferon pathway comprises secre-
tion of subtypes of interferons, binding to the shared 
IFNAR receptor, signalling via JAK1–TYK2 and STAT1, 
STAT2 and IRFs, binding of transcription factors to the 
interferon- stimulated response element and gamma 
interferon- activated site, transcription of ISGs, expres-
sion of interferon- stimulated proteins and functional 
effects on cells1 (Fig. 3). Therefore, no single assay can 
evaluate the entirety of type I interferon pathway acti-
vation. The most appropriate assay depends on the 
question that is being asked, and there is no all- round 
‘gold- standard’ assay. The most commonly reported 
interferon biomarkers are summarized in Table 1.

Measuring circulating interferons
In many early studies, the difficulty of detecting IFNα 
protein directly in the circulation was noted, with serum 
IFNα protein detectable in far fewer patients than ISG 
expression104,105. More recent studies have used sensi-
tive Simoa methods to measure attomolar (and greater) 
concentrations of type I interferons in the circulation in 
larger numbers of patients51,106. However, soluble IFNα 
is only one component of a complex pathway; the path-
ogenic effects of type I interferons are thought to largely 

occur via induction of ISG expression. The low concen-
trations detected by Simoa, which are not sufficient to 
induce a cellular response in vitro, might not be the most 
important source of the widespread and pathogenic type I  
interferon pathway activation that underlies disease  
activity. Although elevation of serum IFNα concentra-
tions is seen in SLE and is associated with disease activity 
and flares, it does not have superior clinical correlation 
compared with results from more frequently used 
assays106,107. Last, direct measurements of type I interfer-
ons must account for the multiple cellular sources and 
subtypes that contribute to disease, which differ between 
tissues and therefore between patients with particular 
organ manifestations. Serum assays might not capture 
all of these local effects. The multiple subtypes of type I 
interferon that contribute to SLE pathology are not fully 
cross- reactive using a single antibody pair.

Measuring interferon- stimulated genes
The most successful methods of quantifying 
interferon- pathway activation analyse molecules down-
stream of the IFNAR; namely, expression of ISG mRNAs, 
or analysis of the proteins they encode (when these 
proteins are found in the serum or on the cell surface). 
Among these methods, ISG expression assays are most 
commonly used108. Many of these assays analyse a set 
of the most strongly and consistently expressed ISGs109. 
However, evidence indicates that ISGs are expressed in 
distinct subsets or modules (for example modules 1.2, 
3.4 and 5.12) that differ in their clinical associations71,110. 
These modules were discovered in microarray studies, 
but can also be analysed with a more clinically appli-
cable TaqMan PCR assay such as IFN- Score- A and 
IFN- Score- B14. A possible explanation for the observa-
tion of these co- expression patterns is the differing influ-
ences of subtypes of interferons71. However, although 
type I interferons and type II interferons have different 
receptors and core signalling pathways, in practice these 
pathways overlap considerably. A number of alternative 
STAT and IRF complexes are identifiable, with over-
lapping DNA- binding specificities111–113. Furthermore, 
many ISGs have both interferon- stimulated response 
element and gamma interferon- activated site response 
elements, so that their expression is sensitive to both 
type I and type II interferons31,113. A second possible 
explanation for co- expression patterns of ISGs and dif-
fering clinical associations is suggested by the greater 
variability of expression of the less commonly meas-
ured genes (modules 3.4 and 5.12, or IFN- Score- B) 
over time, which could be the result of epigenetic reg-
ulation, thereby explaining their superior properties as 
biomarkers31,71. IFN- Score- B is able to differentiate the 
interferon signature in SLE and RA, can predict progres-
sion to SLE in ANA- positive at- risk individuals and can 
better predict response to rituximab than more typical 
interferon signatures represented by IFN- Score- A or 
module 1.2 (reFs.14,19,114).

ISG expression is bimodal, with distinct high- 
expression and low- expression groups in both healthy  
individuals and in patients. The explanation for the 
bimodal expression is also not yet clear, and although 
interferon-assay results are frequently reported as 
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‘high’ or ‘low’, this dichotomization does not optimize 
the potential clinical relevance of interferon assays.  
Depending on which ISGs are measured, between 16% 
and 45% of healthy individuals might be classified as hav-
ing high ISG expression14. Furthermore, among the auto-
immune diseases, variations in expression within the 
interferon high- expression group are clinically relevant14.

Interferon- stimulated protein signature
Because of the convenience of protein assays that use 
serum or plasma, many studies have sought to develop 
protein assays based on proteins encoded by ISGs115. An 
important consideration with such assays is whether they 

retain specificity for type I interferons. Most of the pro-
teins measured are chemokines, such as CXCL9, CXCL10 
and CXCL11, which are well known to be induced by 
IFNγ, potentially more strongly than their induction by 
type I interferons116. Expression of the interferon- induced 
GTP- binding protein Mx1 (which is commonly known 
as MxA) is often assessed by immunohistochemistry,  
but this protein is also induced by IFNγ117.

Cell- specific interferon responses
Results from a study using scRNA- seq for analysis of cells 
from children with SLE have demonstrated distinct cell 
clusters and subclusters that differ in their contributions 
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to the interferon signature118. This finding was particu-
larly notable in monocyte subsets, which are associated 
with SLE pathogenesis. In addition, a monocyte subset 
that co- expresses ISGs and IL-1β was discovered. In clin-
ical practice or trials, flow cytometry might offer a more 
convenient means of measuring cell- specific interferon 
responses than scRNA- seq. For example, flow cytometry 
assays are available for the ISG- encoded cell- surface pro-
teins CD169 (Siglec-1) and CD317 (BST2, tetherin)119,120. 
CD169 is only expressed on monocytes, but CD317 
is expressed on all nucleated cells. Flow- cytometric 
approaches might be advantageous in some situations. 
Expression of ISGs differs between circulating- cell sub-
sets. Changes in expression might reflect the expansion 
or contraction of particular circulating leukocyte popu-
lations that differ in their levels of ISG expression121,122. 
This change characteristically occurs in inflammatory 
diseases; in the case of SLE, lymphopenia is almost 
universally seen123. Thus, changes in whole- blood gene 
expression might not entirely reflect a change in the  
production of, or exposure to, type I interferons.

In some contexts, the interferon response in specific 
cell subsets might be of interest. Compared with other 
circulating immune cells, ISG expression is markedly 
higher in monocytes, which therefore dominate ISG 
assays that use unsorted blood. In many situations,  
it might be preferable to monitor the effect of type I 
interferons on a specific cell subset; for example, B cells 
during B cell- targeted therapy in SLE. Type I interferons 
stimulate B cells to differentiate into plasmablasts, whose 
numbers are expanded in SLE and correlate with dis-
ease activity34,124. Type I interferons also imprint plasma 
cells for secretion of the pro- inflammatory molecule 

ISG15 (reF.34). Regarding therapeutic B cell depletion 
with rituximab in SLE, the rate of re- emergence of plas-
mablasts is strongly predictive of clinical outcomes4,125. 
Plasmablast repopulation after treatment with rituximab 
correlates with high levels of memory B cell tetherin, 
but not with an ISG score in unsorted PBMCs119. Only 
flow- cytometric methods enable interrogation of such 
effects in clinical contexts.

Other interferon biomarkers
Other methods reported as type I interferon assays 
include DNA methylation assays, reporter cell 
assays, cytopathic- effect assays and plaque- reduction 
assays105,126–128. All of these assays have specific pur-
poses in interferon research, although their clinical 
applications are limited by issues of feasibility and 
standardization.

Interferon assays have potential value in a range of 
clinical situations, including the diagnosis of rheumatic 
and musculoskeletal diseases, assisting in the evaluation 
of disease activity, predicting the development of SLE or 
primary Sjögren syndrome in ANA- positive individu-
als and predicting flares. An important emerging appli-
cation might be the use of interferon assays to identify 
patients who meet the criteria for treatment with new 
interferon- blocking therapies. In patients with a high 
IFNGS test result, response rates to standard- of- care 
treatment are poorer than in patients with a low IFNGS 
result. However, the added benefit from anifrolumab 
compared with standard- of- care treatment alone 
is greater in patients with a high IFNGS result129. 
Because many other rheumatic diseases also contain 
high- interferon subgroups, it might be possible to con-
duct basket trials based on immune endotypes pooled 
from multiple diseases, rather than traditional diagnostic 
entities1. Hence, the implementation of type I interferon 
assays might enable a reclassification of autoimmunity.

Type I interferon pathway targeting
Owing to the complexity of the type I interferon path-
way, several different approaches to therapy might be 
possible (Fig. 4). These possibilities include targeting of 
the IFNα protein, the shared IFNAR, JAK–STAT sig-
nalling, pDCs and Toll- like receptors. The key clinical 
trials for agents targeting aspects of the type I interferon 
pathway are summarized in Table 2.

Targeting IFNα and IFNAR
Sifalimumab and rontalizumab are monoclonal anti-
bodies that target IFNα130,131. IFNα bound to carrier 
protein in the form of a kinoid that induces production 
of endogenous IFNα- neutralizing polyclonal antibod-
ies is another means of targeting this protein that is in 
development132,133. These therapies have demonstrated 
some evidence of efficacy. However, in line with the 
evidence relating to the presence of non- circulating 
sources of other interferon subtypes, blockade of the 
shared IFNAR using anifrolumab provides more potent 
inhibition of ISG expression as well as clinical efficacy; 
thus, phase III trials have only evaluated anifrolumab134. 
The SLE Disease- Activity Index (SLEDAI)- based pri-
mary end point SLE Responder Index (SRI)-4 was 

Fig. 2 | Type I interferon production and response in organs affected by systemic 
lupus erythematosus. a | In individuals with genetic susceptibility in the type I interferon 
pathway, similar processes may occur in various organs affected by systemic lupus 
erythematosus (SLE). Generation of nucleic self- antigens in response to tissue damage  
or other environmental triggers, followed by stimulation of nucleic acid sensors in  
local non- haematopoietic cells and production of type I interferons can lead to local 
upregulation of interferon- stimulated genes (ISGs), then infiltration by haematopoietic 
immune cells. b | In the skin, ultraviolet light triggers generation of nucleic self- antigens 
and sustained production of IFNκ prior to clinical symptoms of SLE. Local ISG expression 
by keratinocytes, Langerhans cells and dermal fibroblasts has immunostimulatory effects 
including expression of CXCL9, CXCL10 and CXCL11, leading to infiltration of T cells.  
c | Tubular epithelial cells are key producers of type I interferons in the kidney, and 
autocrine stimulation by type I interferon has immunostimulatory effects, which correlate 
with proliferative glomerulonephritis and fibrosis. Animal models suggest transmigration 
of neutrophils from ultraviolet- light- provoked skin to the kidney. d | In the central nervous 
system, most cell types, including astrocytes, microglia, neurons and oligodendrocytes, are 
capable of producing type I interferons, with effects on neurodevelopment as well as 
antiviral defence. In interferon- mediated diseases, such as Aicardi–Goutières syndrome, 
astrocytes seem to be key producers of IFNα and IFNβ in response to TLR3 activation. 
Astrocyte- derived type I interferons can have autocrine effects, such as MHC class I 
expression, can induce activation of microglia and can induce activation of endothelial 
cells. These effects can lead to clinical syndromes of neuropsychiatric SLE, with little 
haematopoietic immune- cell infiltration or inflammation visible on imaging. e | Within 
synovium, synoviocytes and fibroblasts predominantly produce IFNβ in inflammatory 
arthritis, affecting local differentiation of myeloid- lineage cells, and may increase antigen- 
presentation function, but limit osteoclastogenesis, consistent with the low rates of bone 
erosion seen in SLE- related arthritis. f | Type I interferons from any source promote 
adaptive immunity, with clonal expansion of B cells and T cells and differentiation of  
B cells into plasmablasts and plasma cells that secrete SLE autoantibodies and 
immunomodulatory ISG15 protein.

◀
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met in the phase II MUSE trial by 17.6% of patients 
who received placebo and 34.4% of patients who 
received anifrolumab (300 mg intravenously every  
4 weeks for 48 weeks) in addition to standard of care129. 
In the phase III TULIP-2 trial, the British Isles Lupus 
Assessment Group (BILAG)- based primary end point 
BICLA (BILAG- based Composite Lupus Assessment) 
was met by 31.5% of patients receiving placebo and 
47.8% of patients receiving anifrolumab in addition to 
standard- of- care therapy7. Key secondary end points, 
including SRI-4, were also met. The TULIP-1 trial had 
a similar design to TULIP-2, other than inclusion of a 
150- mg anifrolumab- dose group. In contrast to TULIP-2,  
the primary end point SRI-4 was not met in TULIP-1,  
although the BICLA secondary end point was met6.  
There are several potential explanations for this discrep-
ancy between the trial results. Original medication adju-
dication rules in TULIP-1 decreased the difference in 
end point rates between treatment groups by excluding 
patients who had initiated NSAIDs from meeting the 
primary end point, whereas applying the revised rules 

used in TULIP-2 increased the difference between the 
arms. More generally, the SRI-4 end point might be less 
clinically meaningful than BICLA. SRI-4 can be met by 
improvement in serological components of the SLEDAI 
alone, with no change in symptoms and signs of SLE, 
and this outcome might occur more frequently for ther-
apies that target B cells directly (for which it was devel-
oped) compared with those that target type I interferons. 
Because SLEDAI only counts two points for rash (no 
matter how severe), but four points for arthritis (no mat-
ter how mild), it is not possible to meet the four- point 
reduction required for an SRI-4 response even if a severe 
rash improves to complete remission unless other organ 
systems also improve. This feature might be particularly 
problematic for anifrolumab, which is notably beneficial 
for cutaneous disease. Subsequent analyses have eval-
uated pooled TULIP-1 and TULIP-2 data to provide 
greater detail on arthritis- specific and skin- specific 
end points, as well as disease flares79,135. These studies 
analysed the pooled population from both TULIP trials 
and showed improvements in organ- specific outcome 
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measures such as joint counts, as well as reduction in 
flare rates, in patients who received anifrolumab.

An important aspect of interferon- targeted therapies 
has been the use of the interferon signature to stratify 
clinical responses. Higher differences in rates of response 
between anifrolumab and placebo were observed in 
patients with a high IFNGS result than in those with a 
low IFNGS result in all the anifrolumab trials79,129. The 
IFNGS likely has three independent effects on stratifica-
tion. First, at baseline, it might help to identify patients 

with active disease14,136. Both BILAG and SLEDAI have 
a level of inaccuracy in the identification of active dis-
ease compared with objective investigations137–139. The 
presence of a biomarker such as IFNGS likely increases 
the probability of identification of true disease activ-
ity at study entry. Objectively active inflammation  
(as opposed to comorbidities such as osteoarthritis or 
rosacea that are sometimes inappropriately scored on 
SLEDAI and BILAG) is more likely to respond to tar-
geted therapy. Second, the IFNGS might be associated 

Table 1 | Interferon- pathway activation biomarkers

Biomarker 
class

Aspect of 
interferon 
pathway evaluated

Strengths Limitations Clinical validation

Serum 
interferon 
ELISA

Interferon proteins 
in circulation

Specific for interferon subtype  
of interest

Does not measure cellular 
responses to type I 
interferon; unable to measure 
non- circulating sources of type 
I interferon; low sensitivity (no 
circulating interferon detected in 
many patients with high activity 
in gene- expression assays)

Diagnosis (cross- sectional,  
SLE versus healthy individuals); 
disease activity (cross- sectional)

Single- molecule 
array (Simoa) 
digital ELISA 
for serum 
interferon

Interferon proteins 
in circulation

Specific for interferon subtype  
of interest; higher sensitivity than 
conventional ELISA

Low concentrations detected 
may not be biologically 
relevant; does not measure 
cellular responses to type I 
interferon; unable to measure 
non- circulating sources of type I 
interferon

Diagnosis (cross- sectional,  
SLE versus healthy individuals); 
disease activity (cross- sectional)

Gene 
expression 
(module 1.2  
or Score A)

ISG expression Measures cellular response to 
type I interferon even if interferon 
proteins are not detected in  
the circulation; largest body  
of clinical validation evidence of  
all biomarkers

Requires samples in 
RNA- stabilizing solution;  
may not exclusively reflect  
type I interferon

Diagnosis (cross- sectional,  
SLE versus healthy individuals); 
disease activity (cross- sectional); 
flare prediction (longitudinal); 
response to sifalimumab and 
anifrolumab (longitudinal)

Gene 
expression 
(module 5.12  
or Score B)

ISG expression Measures cellular response to 
type I interferon even if interferon 
proteins are not detected in the 
circulation; more dynamic over 
time; better clinical correlation 
than module 1.2 or Score A

Requires samples in 
RNA- stabilizing solution;  
may not exclusively reflect  
type I interferon

Diagnosis (cross- sectional, SLE 
versus healthy individuals,  
SLE versus rheumatoid arthritis); 
disease activity (cross- sectional); 
flare prediction (longitudinal); 
response to rituximab 
(longitudinal); preclinical 
prediction of SLE diagnosis 
(longitudinal)

Flow cytometry 
(Siglec-1 or 
tetherin)

Interferon- inducible 
protein expression 
on specific cell 
subsets

Measures cellular response 
to type I interferon even if 
interferon proteins not detected 
in circulation; protein- level 
interferon- response biomarker 
may be particularly biologically 
relevant; reduces artefactual 
influence of changes in 
cellular composition; useful for 
interrogating cell- specific effects 
of type I interferon

Flow cytometry logistically 
complex; analysis of single 
interferon- induced proteins may 
be more susceptible to artefact 
than scores or signatures of many 
such molecules

Diagnosis (cross- sectional,  
SLE versus healthy individuals); 
disease activity (cross- sectional); 
flare prediction (longitudinal); 
pregnancy complications 
(longitudinal)

Serum 
interferon- 
inducible 
proteins

Secreted 
interferon- inducible 
protein expression

Measures cellular response 
to type I interferon even if 
interferon proteins not detected 
in circulation; protein- level 
interferon- response biomarker may 
be particularly biologically relevant

Many of the most commonly 
reported proteins are equally,  
or more strongly, induced by  
type II interferon

Diagnosis (cross- sectional,  
SLE versus healthy individuals)

Disease activity (cross- sectional)

Reporter cell 
assays

Bioactivity of 
interferon proteins

Measures biologically active type I 
interferon; uses serum samples

Assays are complex and difficult 
to standardize in routine practice 
or across multiple studies

Diagnosis (cross- sectional,  
SLE versus healthy individuals); 
disease activity (cross- sectional); 
flare prediction (longitudinal)

ELISA, enzyme- linked immunosorbent assay; ISG, interferon- stimulated gene; SLE, systemic lupus erythematosus.
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with a worse outcome at late time points in patients 
receiving standard- of- care therapy, compared with 
patients with low IFNGS who are otherwise identical at 
baseline, because it is well known to predict SLE flares in  
general14,119. Last, the IFNGS might identify true immuno-
pathogenic endotypes. Patients with SLE with identical 
clinical presentations might have differing underlying 
immunopathogenesis (or endotype), for which specific 
targeted therapies might be more or less appropriate1.  
In this case, similar clinical phenotypes might occur with  
a greater or lesser role for type I interferon in line  
with the heterogeneous genetic susceptibility to SLE.

Targeting JAK–STAT signalling
Some of the earliest evidence for targeting the type I inter-
feron pathway was obtained from case series using inhi-
bition of JAK–STAT signalling by ruxolitinib in AGS and 
chilblain lupus erythematosus140,141. Ruxolitinib treatment 
reduced the level of ISG expression, improved chilblain 
lesions in both diseases and improved developmental 
delay in AGS.

A small, randomized, controlled clinical trial was 
undertaken in which patients with SLE received tofac-
itinib or placebo142. The primary end point was safety, 
although the trial was actually not powered to detect a 
difference in safety. Accordingly, analysis of the efficacy 
data from this trial is similarly limited. However, results 
from the trial provided several mechanistic insights into 
JAK inhibition in SLE. Tofacitinib therapy was associ-
ated with a reduction in phosphorylation of STAT1 in 
CD4+ T cells, but not in other cell subsets, and with no 
effects on STAT3 or STAT5. ISG expression was down-
regulated in patients receiving tofacitinib. Tofacitinib 
was also associated with changes in low- density 
granulocyte function and variables associated with  
cardiovascular risk.

A phase II clinical trial has been completed for 
baricitinib, which has greater selectivity for JAK1 and 
JAK2 than for JAK3 (reF.143). The primary end point of 
resolution of rash or arthritis on SLEDAI-2K was met. 
Interestingly, improvements in joint pain seemed to be 
greater than the changes associated with most other end 
points, including joint swelling. Baricitinib therapy was 
associated with broad changes in expression of a network 
of genes associated with cytokine signalling and SLE 
pathogenesis, as well as reduced serum levels of IL-12p40 
and IL-6 (reF.144). Owing to the safety advantages asso-
ciated with more- selective signalling inhibitors and the 
role of TYK2 in type I interferon signalling, an agent 
with selective inhibition of TYK2 is being evaluated  
in a phase II clinical trial in SLE145.

Targeting BDCA-2
Several molecules aimed at depleting or inhibiting 
pDCs are under evaluation in SLE. A preclinical study 
has investigated the use of CSL362, a monoclonal anti-
body targeting CD123+ cells146. This study reported 
depletion of pDCs, as well as basophils, and reduced 
expression of a number of cytokines in response to 
treatment, suggesting a rationale for therapeutic eval-
uation in SLE. Investigations are most advanced for 
BIIB059, a monoclonal antibody that targets BDCA-2 
(reFs.147–149). BIIB059 treatment can reduce numbers 
of BDCA-2+CD123+HLA- DR+ cells in the circulation. 
In biopsy- derived skin samples, numbers of CD123+ 
cells, MxA staining and the values for the CLE Disease 
Area and Severity Index were generally reduced by 
BIIB059 treatment. These results might be surprising 
given the defective function of pDCs that is observed 
in all ANA- positive individuals and patients with SLE, 
and may seem to support the importance of pDCs in 
maintaining inflammation. Although further work is 
needed to resolve this contention, one explanation for 
these findings might be that BDCA-2 is also expressed 
by cells with monocytic morphology, which are not 
pDCs and which do not produce type I interferons, 
but which might have other roles in SLE pathology52. 
A study reporting type I interferon production via 
in situ hybridization in active and inactive SLE lesions 
in the skin did not find any IFNα- producing BDCA-4+ 
cells52. Numerous studies have reported the presence of 
BDCA-2+ or CD123+ cells in the skin, but none of these 
studies has demonstrated that these cells produce type I  
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interferons150. Instead, in a study of dermatomyositis, 
BDCA-2+ cells co- localized with IFNγ, a cytokine that 
is not normally produced by pDCs151. CD123 alone was 
used as an immunohistochemistry marker to identify 
pDCs. In blood studies, combinations of these markers 
are used for identification of pDCs because they are not 
specific enough in isolation, so it is not clear that the 
CD123+ (or BDCA2+) cells studied in skin are the same 
as those identified in multiparameter flow cytometry 

analysis of blood. CD123 is the IL-3 receptor, and is 
expressed by many other haematopoietic cells, includ-
ing pre- DCs that might differentiate to conventional 
DCs152. Although BIIB059 was associated with a reduc-
tion in an interferon- response gene score, the reduction 
was ~50%, contrasting with a far greater neutralization 
observed after blocking the IFNAR receptor, which 
is shared by all type I interferons149. The reduction in 
ISG expression does not prove that the mechanism of 

Table 2 | Clinical trials of therapies aimed at targeting the type I interferon pathway

Agent Target Trial na Primary 
end 
point

Primary 
end point 
met?

Key secondary 
end points

Secondary end 
points met?

Key safety 
results

Comment Refs.

Rontalizumab IFNα ROSE 238 BILAG No SRI-4 No None SRI-4 and 
prednisolone 
reduction greater in 
IFNGS- low patients

131

Sifalimumab IFNα NCT01283139 431 SRI-4 Yes GC dose; CLASI; 
FACIT- F

GC dose; CLASI Increased 
herpes 
zoster 
infection 
rates 
increased

SRI-4 greater in 
IFNGS- high patients

156

Anifrolumab IFNAR MUSE 305 SRI-4 Yes GC dose; CLASI; 
TJC and SJC; 
BICLA; mSRI 5–8; 
major clinical 
response; 
FACIT- F

GC dose; 
CLASI; TJC and 
SJC; BICLA; 
mSRI 5–8; 
major clinical 
response

Herpes 
zoster 
infection 
rates 
increased

SRI-4 greater in 
IFNGS- high patients

129

Anifrolumab IFNAR TULIP-1 457 SRI-4 No SRI-4 + IFNGS- 
high; GC dose 
CLASI; SRI-4 
week 24; BILAG 
Flares

GC dose; CLASI Herpes 
zoster 
infection 
rates 
increased

Included at 
100- mg dose (not 
effective); primary 
and secondary 
end points met in 
analyses of pooled 
TULIP-1 and TULIP-2 
data; restricted 
medication rules 
updated

6

Anifrolumab IFNAR TULIP-2 362 BICLA Yes BICLA + IFNGS- 
high; SRI-4; GC 
dose; CLASI; TJC 
and SJC; BILAG 
flares

BICLA + IFNGS- 
high; SRI-4; GC 
dose; CLASI

Herpes 
zoster 
infection 
rates 
increased

Flare and 
musculoskeletal 
end points met in 
analyses of pooled 
TULIP-1 and TULIP-2 
data

7,135

IFNα kinoid IFNα NCT02665364 185 IFNGS; 
BICLA

IFNGS SRI-4; SRI-4 + GC 
dose; SLEDAI 
flare; BILAG; 
SLICC- DI; 
CLASI; LLDAS; 
SF-36

LLDAS Related 
TEAEs and 
infections

None 157

Baricitinib JAK1/2 NCT02708095 314 SLEDAI 
arthritis 
and rash

Yes SRI-4; 
SLEDAI-2K; PGA

SRI-4; PGA More SAEs 
and safety 
discontin-
uations on 
4- mg dose

Only 4- mg dose 
met primary and 
key secondary 
end points; pain 
and tender joints 
also significantly 
improved on 4- mg 
dose

143

BIIB059 BDCA-2 NCT02106897 12 N/A N/A CLASI and 
SLEDAI 
(exploratory)

CLASI- A None None 149

BICLA, BILAG- based Composite Lupus Assessment; BILAG, British Isles Lupus Assessment Group; CLASI, CLE Disease Area and Severity Index; FACIT- F, Functional 
Assessment of Chronic Illness Therapy — Fatigue; GC, glucocorticoid; IFNGS, type I interferon gene signature; LLDAS, Lupus Low Disease Activity State;  
SAE, serious adverse event; SF-36, 36- Item Short Form Health Survey; SJC, swollen- joint count; SLEDAI, SLE Disease- Activity Index; SLICC- DI, Systemic Lupus 
International Collaborating Clinics Damage Index; SRI, SLE Responder Index; TEAE, treatment- emergent adverse events; TJC, tender- joint count. an for patients 
with SLE only.
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action of the monoclonal antibodies is via pDC deple-
tion or inhibition; many cell types can produce type I 
interferons, and reduction in ISG expression can occur 
with many SLE therapies, such as glucocorticoids and 
hydroxychloroquine153–155. In summary, these approaches 
might be effective because of the targeting of other  
myeloid cells, rather than of pDCs alone.

Conclusions
In patients with SLE there are numerous cellular sources 
of interferons within target organs that might dictate 
clinical phenotypes and resistance to therapy. Although 
these numerous cellular sources have been recognized for 
years, observations now suggest that non- haematopoietic 
sources have a more critical role in disease initiation and 
clinical presentation than circulating sources. Notably, 
production of type I interferons by non- haematopoietic 
cells is seen during the asymptomatic ‘at- risk’ phase of 
autoimmunity, before the onset of clinically overt disease, 

when pDCs are already defective. These data therefore 
suggest a novel model of disease pathogenesis and treat-
ment that reverses the conventional understanding 
of circulating immune cells targeting normal tissues. 
Instead of focussing on targeting adaptive immune 
mechanisms and circulating sources of type I interfer-
ons, such a model emphasizes the contribution of target 
organs’ own immune signals, and explains unique ben-
efits offered by recently developed interferon- targeted 
therapies. Accordingly, future approaches to therapy 
in SLE will need to reclassify disease for these different 
modalities of treatment1. Future research should investi-
gate type I interferon production, responses and related 
immune processes within target organs in greater detail. 
Improved understanding of mechanisms of disease ini-
tiation in preclinical phases might open the door to the 
development of preventative strategies.
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Rheumatoid arthritis (RA) is a chronic rheumatic dis-
ease, characterized by progressive articular damage and 
extra- articular manifestations, which can lead to perma-
nent disability and which is associated with a mortality 
rate higher than that in the general population. RA is the  
most prevalent systemic autoimmune disease among 
the rheumatic inflammatory musculoskeletal diseases. 
RA can be difficult to treat, and it generally necessitates 
lifelong therapy, but advances in management paradigms 
and the development of more effective treatments have 
resulted in considerable progress. Although the dis-
ease itself is associated with enormous indirect costs 
resulting from lost productivity1, newer treatments also 
incur a high financial burden2. Some of the more recent 
second- line therapies for RA are not considered to be 
affordable medications within all health- care systems, 
further contributing to heterogeneous management and 
outcomes of the disease worldwide.

In this Review, we focus on the global epidemiology of 
RA and discuss regional differences in its prevalence. We 
comment on temporal trends associated with the disease, 
in terms of both epidemiology and disease impact. Finally, 
we summarize evidence relating to some of the more 
established risk factors of RA, which might contribute to 
the regional differences in the epidemiology of the disease.

Global epidemiology of RA
Methodological considerations
Numerous studies have assessed the prevalence and 
incidence of RA. Many of the epidemiological esti-
mates from the literature are difficult to compare, given 
the wide variety of methods used for collection of the 

information and the variable definitions used for RA. 
Studies of low- prevalence diseases (that is, ≤1%), such 
as RA, are vulnerable to methodological pitfalls, includ-
ing various selection biases and information biases. For 
example, self- reported RA typically overestimates true 
disease prevalence, as it can include the reporting of any 
musculoskeletal pain or other rheumatic disease as RA, 
resulting in an ascertainment bias3–5.

Several approaches can be taken to optimize the accu-
racy of estimates of RA incidence and prevalence. In the 
reporting of the Global Burden of Disease (GBD) 2017 
study, a unified method was proposed to overcome the  
heterogeneity of the existing literature in estimating  
the prevalence of RA6. The GBD 2017 study incorporates 
121 sources for RA, from 42 countries, using the 1987 
ACR RA classification criteria as a reference for case 
definition. These RA sources cover a large time window, 
from 1950 to 2016, and include published literature, sur-
vey data, surveillance data and claims data, but exclude 
hospital and clinical data because they are not necessar-
ily representative of the general population7. GBD prev-
alence and incidence rates are modelled using a Bayesian 
meta- regression tool, and provide epidemiological esti-
mates and predictions for all countries. The WHO–
ILAR Community Oriented Program in the Rheumatic 
Diseases (COPCORD) is another global effort to provide 
standardized epidemiological data relating to musculo-
skeletal diseases. Notably, most RA–COPCORD publi-
cations have been integrated into the GBD sources. Even 
though a 2019 version of the GBD study exists, the input 
sources for RA have not been updated8; hence, in this 
Review we rely mostly on the GBD 2017 estimates of 
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prevalence and incidence of RA7. However, when rele-
vant, we refer to country- specific studies published later 
than 2016 or that were omitted by the GBD.

Prevalence and incidence estimates are often con-
gruent, but they can diverge if population demographics 
differ. With an ageing population, the prevalence of a 
chronic disease might be exaggerated relative to its inci-
dence. Examination of the age of onset of RA in a world-
wide survey9 notably indicated that age at onset was about 
8 years lower around the Tropic of Cancer than in north-
ern and southern latitudes (P < 0.001; 95% confidence 
interval (CI) 3.5–13 years). However, the interpretation 
of this finding is not straightforward, as various biases 
might be involved, including selection biases, access to 
specialized care and the age structure of the population. 
Furthermore, incidence studies require longer follow- up 
or larger samples than studies of prevalence, so they are 
less frequently available. To address these potential com-
plications, when possible we report age- standardized 
and/or sex- standardized prevalence and incidence.

In the GBD 2017 data, the age- standardized prev-
alence of RA was higher in North America (0.38%;  
95% CI 0.36–0.40%), western Europe (0.35%; 95% CI 
0.31–0.38%) and the Caribbean (0.34%; 95% CI 0.30–
0.37%) than in Oceania (0.14%; 95% CI 0.12–0.15%), 
western sub- Saharan Africa (0.13%; 95% 0.11–0.15%) 
or southeast Asia (0.10%; 95% CI 0.089–0.11%) (Fig. 1)7. 
Similar geographical patterns in disease epidemiology 
occur with other autoimmune diseases, such as systemic 
lupus erythematosus10. Differences in population charac-
teristics, socioeconomic or environmental risk factors,  

the methods used for classification of RA and the avail-
ability of specialists in rheumatology, related to RA 
diagnosis and survival, are likely to contribute to the 
observed heterogeneity in RA prevalence.

A 2021 meta- analysis of 67 RA- cohort incidence  
and prevalence studies from 41 countries found a pooled 
prevalence of 0.46% (95% CI 0.37–0.57%) for the period 
1986–2014 (reF.11). Although this estimate is almost twice 
the 2017 global prevalence of 0.27% (95% CI 0.24–0.3%) 
found in the GBD study7,12, the use of stricter inclusion 
criteria for the meta- analysis might have reduced poten-
tial biases, as half the studies included in the GBD were 
rated at a high risk of bias.

Epidemiological data
Here, we briefly discuss some of the main epidemiolog-
ical findings by continent, including specific regional 
characteristics. On the basis of the 2017 GBD data, the 
prevalence of RA is highest in developed countries, fol-
lowed by India and South American countries (Fig. 1). 
RA prevalence also seems to be lower in rural settings 
compared with urban settings, although the published 
data are inconsistent about this issue13.

Africa. In the 2017 GBD study, regional differences in 
RA prevalence were found in Africa, in particular higher 
estimates in North Africa and the Middle East (0.26%) 
compared with western sub- Saharan Africa (0.14%), with 
a similar trend in incidence (37 per 100,000 patient- years 
in North Africa and the Middle East and 23 per 100,000 
patient- years in western sub- Saharan Africa)7. Higher RA 
prevalence could reflect urbanization, greater life expec-
tancy, higher average population age, improved aware-
ness of RA (with more health- care workers available to 
diagnose RA) and/or a greater disease burden. Trends 
in prevalence were paralleled by similar tendencies in 
incidence, suggesting that the prevalence estimates did 
not only represent differences in age demographics14–18.

Clinical presentation differences noted in studies 
of RA in Africa include patterns of joint involvement, 
with less finger and thumb involvement among Black 
South Africans than among white patients19. Notably, in 
a large, multi- ethnic study, knee and large- joint involve-
ment was more common in South African patients than 
in those from the Netherlands20. Importantly, a diag-
nostic lag together with delayed initiation of DMARDs 
contributes to the poor outcomes described in African 
populations21,22.

The evaluation of prevalence and incidence of RA in 
Africa is hampered by the lack of reliable data, in this 
continent where many countries are among the poorest 
in the world23. In addition, the large burden of infec-
tious diseases (such as AIDS, hepatitis B, hepatitis C,  
Chikungunya and Ebola)14–18 could contribute to the 
difficulty in estimating the true occurrence of RA, 
given that these conditions can present as inflammatory 
arthritis mimicking RA.

Asia. In the GDB 2017 study, the estimated prevalence 
of RA was 0.32% for South Asia, 0.21% for Central 
Asia, 0.19% for East Asia and 0.10% for Southeast Asia.  
A similar reported pattern for age- standardized incidence  

Key points

•	the estimated prevalence and disease burden of rheumatoid arthritis (rA) vary 
considerably between geographic regions, with generally higher estimates in 
industrialized countries and urban settings.

•	Aspects involved in the disparity in rA prevalence between populations include 
genetic factors, environmental exposures, demographics, socioeconomics and 
reporting of the disease.

•	Despite rising rA prevalence, the severity, mortality and disease- associated 
comorbidities seem to be decreasing.

•	the aetiopathogenesis of rA involves interaction between predisposing genetic 
factors and environmental triggers, mostly at mucosal sites (oral cavity, respiratory 
system and intestinal tract), resulting in the ‘mucosal origin’ hypothesis.

•	many rA risk factors are modifiable, including dietary habits and inhalation of pollutants 
such as tobacco smoke; modifications are being incorporated in prevention strategies.
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includes a rate of 21 per 100,000 patient- years for South 
Asia, with lower rates for Central Asia (13 per 100,000 
patient- years), East Asia (12 per 100,000 patient- years) 
and Southeast Asia (6.2 per 100,000 patient- years)7. 
These regional differences in the epidemiology of RA 
in Asia could be the results of genetic or environmental 
factors, or of differences in the methodology used for 
the collection of the information. Asia comprises both 
low- income countries and high- income countries. RA 
estimates in lower- income and middle- income coun-
tries are almost all based on the COPCORD method24. 
In a national survey, based on self- administered ques-
tionnaires, the prevalence of RA in Japan in 2020 was 
estimated at 0.75% (reF.25). In Taiwan and South Korea, 
the use of claims databases has resulted in RA preva-
lence estimates of 0.14–0.32%, and incidence estimates 
of 18.5–28.5 per 100,000 patient- years26,27. In China, 
a two- stage study consisting of a home- administered 
questionnaire followed by a clinical examination of posi-
tive responders found an age- adjusted RA prevalence of 
0.28% (reF.28).

Europe. According to the estimates obtained from the 
GBD data, age- adjusted prevalence and incidence of 
RA are higher in the northern and western European 
countries (about 0.40% prevalence and 20–30 new cases 
per 100,000 patient- years) than in southern and eastern 
European countries (approximately 0.20% prevalence 
and 7–15 new cases per 100,000 patient- years) (Fig. 1). 
The GBD- estimated RA prevalence in Europe increased 

slightly between 1990 and 2015, as did the incidence. 
However, in another study, contradictory findings were 
reported with regard to RA incidence in the UK, indi-
cating that it decreased after 2005 (reF.29). The latter study 
also highlighted regional variations in prevalence and 
incidence, which were suggested to stem mostly from 
heterogeneity in smoking habits. Some studies have 
produced prevalence estimates for specific European 
countries that tend to be higher than those from the 
GBD study, which could result from methodological 
variations, age adjustments and RA case definition29–35. 
The reported female- to- male ratios for incidence vary 
around approximately 2:1 (reFs.7,36–39), with female- to- 
male prevalence ratios ranging from 1.4:1 in Poland  
to 5.7:1 in France (reFs.30–32,36,37,40–44).

Latin America. In the GBD study, the regional prev-
alence of RA ranges from 0.25% in the Central Latin 
America region to 0.31% in the Andean Latin America 
region7. However, country- specific age- adjusted preva-
lence can vary considerably from this range, with pub-
lished values as low as 0.1% in a particular region of 
Brazil and as high as 3.2% in an indigenous community 
in Argentina45,46. RA prevalence is generally greater in 
indigenous communities than in non- indigenous pop-
ulations in Latin America47. In a study of regional var-
iation of RA prevalence in Mexico (using COPCORD 
methodology), estimates ranged from 0.7% to 2.8% 
(reF.48), whereas in Buenos Aires, Argentina, the prev-
alence in 2015 was 0.33% and the incidence (calculated 

0–100
No data
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201–300
301–400
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Fig. 1 | Global prevalence of rheumatoid arthritis. The figure displays the reported prevalence ranges for rheumatoid 
arthritis (RA) per country (per 100,000 of the population), as denoted by the key. The plotted data, which are from the 
Global Burden of Disease (GBD) 2017 study (GBD-2017), can be accessed via the GBD-2017 query tool. Appendix 1  
of the 2017 GBD study6 contains detail about included sources and subsequent modelling strategy. Briefly, after extensive 
literature searches, population- based studies were selected (hospital or clinic- based studies were excluded) for 42 countries 
and 23 regions, from 1950 to 2016. Missing data were then modelled with the Bayesian meta- regression tool DisMod- 
MR 2.1, based on other covariates of the GBD study, assuming a natural (that is, drug- free) remission rate and the absence 
of RA under 5 years old. ACR 1987 criteria were set as the reference for case definition.
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using data obtained from 2000 to 2015) was 18.5 per 
100,000 patient- years49. Variations within countries or 
between ethnicities are not well captured by the GBD 
study, so the generalizability of the GBD estimates is 
not known. Among the limitations of available epide-
miological studies, including the GBD, are a focus on 
predominantly urban or other specific communities.

Results from population studies in Latin America 
also highlight the fact that limited access to rheumato-
logical assessment contributes to an important delay to 
diagnosis50. Overall, Latin American countries have an 
average of 0.93 rheumatologists per 100,000 inhabit-
ants, compared with 1.28–3.07 per 100,000 inhabitants 
in North America, and ranging from no rheumatology 
specialist at all in Guyana to 3.6 rheumatologists per 
100,000 inhabitants in Uruguay51–53.

North America. According to the GBD data, an 
age- standardized prevalence of 0.38% and an age- 
standardized incidence of 22.5 per 100,000 patient- years 
can be estimated for North America. A study from the 
US Centers for Disease Control determined in 2008 
that the prevalence of RA in the USA as a whole was 
about 0.6% (reF.54). More recently, analysis of health- care 
claims among more than 40 million individuals in the 
USA estimated that RA prevalence was between 0.54% 
and 0.63% (reFs.55,56). Women had a higher prevalence 
of RA than men (0.73% versus 0.29%)55,56. Claims- based 
studies are limited in that they largely assess individuals 
with health- care insurance, and the ‘diagnosis’ of RA 
is generally made by algorithms that utilize diagnostic 
codes, which might not accurately reflect the diagno-
sis of RA according to classification criteria. Estimates 
of age- standardized and sex- standardized prevalence 
are slightly higher (0.65–0.78%) in Canada than in the 
USA57–59. Furthermore, within the USA, estimates indi-
cate a younger age at diagnosis and higher prevalence in 
the east than in the west60. Notably, in Canada, incidence 
among First Nations people in Manitoba is around twice 
as high as in the area’s non- First Nations population57–59. 
Prevalence in some indigenous US populations is also 
high, with estimates ranging from 1.4% to 7.1%, with 
the highest rates occurring in the Chippewa population 
(6.8–7.1% RA prevalence)61–63. Furthermore, the average 
age of indigenous North Americans with RA is lower 
than that of the non- indigenous population, whereas the 
female- to- male ratios are similar.

Oceania. In the GBD study, modelling replaced miss-
ing epidemiological data from Oceania, which had an 
overall prevalence estimate of 0.13% (reF.7). Prevalence 

and incidence estimates were higher for Australia and 
New Zealand (prevalence about 0.27%, 16 new cases 
per 100,000 patient- years) than for the other islands of 
Oceania (about 0.15% prevalence, about 7 new cases per 
100,000 patient- years). Although the Australian Bureau 
of Statistics reports a prevalence of 2%, this value is 
based on self- reported data from 2014–2015 (reF.64). 
A study using the Australian national primary health- 
care database reported a lower RA prevalence of 0.8% 
for the period 2000–2016, but this study also mistak-
enly included patients with a diagnosis of polymyalgia 
rheumatica among those categorized as having RA65.

Global trends
Trends in RA prevalence and incidence
The results of the 2017 GDB study indicate that the 
global age- standardized prevalence of RA increased  
by 7.4% (95% CI 5.3–9.4%) and the incidence by 8.2% 
(95% CI 5.9–10.5%) between 1990 and 2017 (Box 1), 
thereby increasing the number of years lived with dis-
ability worldwide attributable to RA (from 0.24% to 
0.31% as a percentage of total years lived with disability 
worldwide between 1990 and 2017), albeit with some 
regional differences in trends7. Interestingly, in a US 
study with a population- based inception cohort, a dif-
ferential trend in incidence between 1985 and 2014 was 
identified according to the type of RA, with a decrease 
in seropositive RA but an increase in seronegative RA, 
using the 1987 ACR classification criteria7,66.

Establishing whether apparent changes in the inci-
dence and prevalence of RA over time are real is difficult, 
as findings can be confounded by improvements in the 
awareness and detection of RA, and by increases in life 
expectancy. Overall, across all countries and regions, 
accurate epidemiological estimates for RA are limited, 
although ongoing improvement in access to health care 
might help to provide more data23. Underlying trends in 
environmental risk factors are likely to affect the inci-
dence of RA, and these trends vary between countries. 
For instance, as discussed below in greater detail, smok-
ing and occupational exposure to silica have decreased 
in Westernized countries, such as the USA, Europe and 
Australia67–70, whereas in other parts of world exposure 
to tobacco smoke is predicted to increase, and environ-
mental exposure to arthritogenic substances (such as 
various forms of air pollution) is an ongoing concern71.

Trends in mortality
RA is associated with mortality, with as much as a 50% 
higher risk of cardiovascular mortality compared with 
the general population72,73. Because RA disease activity 
is strongly associated with mortality74, survival might 
have been expected to improve along with the changes 
in treatment paradigms that have occurred in the 
past few decades, including early intervention75,76 and 
treat- to- target approaches77. Data from the GBD identify 
a decrease, between 1990 and 2017, in age- standardized 
mortality from RA and other musculoskeletal diseases in 
western Europe, in high- income Asia Pacific countries 
and in southern Latin America78. However, this trend is 
reversed in Central Asia, Eastern Europe and tropical 
Latin America78. Notably, data on trends in RA- specific 

Box 1 | Global trends in rheumatoid arthritis

Increasing over time
•	Prevalence and incidence

•	Age at disease onset

Decreasing over time
•	mortality (including cardiovascular mortality)

•	orthopaedic surgeries

•	time between diagnosis and initiation of anti- rheumatic
therapies
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mortality are not available, making it difficult to evalu-
ate whether the trends described above are associated 
with RA or with other musculoskeletal conditions. In the 
UK, three studies, one using administrative health data79 
and two using electronic- medical- record databases80,81, 
identified an improvement in overall survival of patients 
with RA in the 2000s compared with the 1990s82,83. In 
Canada, a similar trend of a decline in the mortality of 
patients with RA was observed, although the excess risk 
of mortality compared with the general population (the  
‘mortality gap’) remained unchanged, with 40–50% 
excess mortality in patients with RA84. Likewise, nation-
wide studies from Sweden and from the Netherlands 
have identified excess mortality in patients diagnosed 
with RA compared with the general population85,86. In 
the UK Norfolk Arthritis Register, no improvement 
in mortality was identified between 1990 and 2011 in 
patients with early inflammatory arthritis compared 
with the general population87.

In relation to specific causes of mortality, studies 
conducted in the USA and in Norway have identified 
reduction of numbers of cardiovascular events and 
cardio vascular mortality in patients with RA in the 2000s, 
suggesting that the previously described excess cardio-
vascular mortality is no longer observed82,83. Interstitial 
lung disease is strongly associated with RA disease 
activity and is another common cause of increased 
mortality in patients with RA. Results from a US study 
using death certificates suggested a trend for decreased 
age- standardized mortality attributable to interstitial  
lung disease between 1999 and 2018 (reF.88). The decrease 
in mortality caused by interstitial lung disease was 
most pronounced in women88, and in the age group  
65–74 years89. Similar findings were suggested in a study 
of a cohort from Minnesota, USA90, which demonstrated 
a trend for lower mortality attributable to RA- related 
interstitial lung disease in the period 1999–2014,  
compared with 1955–1994.

Taken together, available data suggest that overall 
mortality, cardiovascular mortality and possibly inter-
stitial lung disease mortality associated with RA have 
decreased in recent decades in high- income countries. 
These trends may reflect better management of comor-
bidities. At the same time, however, mortality has fallen 
in the general population, so that the mortality gap for 
patients with RA in these countries has remained largely 
unchanged. In other parts of the world, trends in overall 
mortality and cause- specific mortality in RA are scarce, 
and difficult to interpret88,89.

Trends in disease severity
A systematic review evaluating trends in RA severity over 
time identified a trend for decreasing disease activity at 
RA onset, with lower disease activity at presentation in 
two European studies, suggesting a trend towards earlier 
diagnosis91. For extra- articular manifestations, despite 
improvement in treatments, no change in incidence 
was observed in a Minnesota cohort with RA diagnosed 
between 1955 and 1995 and followed up to 2000 (reF.92). 
However, in a UK study the incidence of rheumatoid 
vasculitis decreased between 1988 and 2002, and in a 
Finnish study a decrease in the incidence of renal failure 

resulting from amyloidosis was observed between 1988 
and 1997 (reFs.93,94). More recent studies or studies of 
other trends in extra- articular manifestations are lacking.

Surprisingly, despite progressive improvement in the 
management of RA and a reduction in the radiographic 
progression of structural joint damage, the prevalence 
of functional disability does not seem to have decreased 
over time95,96. A possible explanation is that some con-
founding by age is occurring, as patients with RA now 
have greater life expectancy, and loss of function is 
strongly associated with ageing. Indeed, although esti-
mates of the crude disability- adjusted life years (DALY) 
lost in patients with RA showed an increase over time 
in the 2017 GBD study, the age- standardized DALY rate 
did not substantially change from 1990 to 2017 (reF.7).

Improvements in the treatment of RA should affect 
the progression of joint damage and rates of orthopaedic 
surgery. In an English cohort study published in 2019, 
lifetime risks of knee and hip replacement following 
a diagnosis of RA were estimated to be 22% and 17%, 
respectively, which are around double the risks in the 
general population97, but rates of prosthetic joint replace-
ment seem to be declining in patients with RA since the 
beginning of the century98. Likewise, in a Norwegian 
study, a general decline in the rates of arthroplasties, 
arthrodesis and synovectomies was observed among 
patients with RA between 1997 and 2011 (reF.99). Notably, 
these trends differ according to the joint location. In a 
nationwide US study, a reduction in the proportion  
of patients with RA needing total elbow or shoul-
der arthroplasty, but not those needing total hip or  
knee arthroplasty, was observed between 2002 and 2012 
(reF.98). A retrospective medical- record review of patients 
in Minnesota also found a reduction in small- joint sur-
gery, but not in large- joint surgery, between 1980 and 
2013, with the latter even trending upwards100. Similarly, 
in the UK, a trend for the reduction of small- joint (foot 
and ankle) surgery, but not large- joint surgery, was found 
between 1986 and 2012 (reF.101). In Brazil, a decrease in 
the number of hospital admissions for orthopaedic sur-
gical procedures related to RA was observed between 
1996 and 2009 (reF.102), while at the same time the rates of 
total hip and knee arthroplasty increased in the general 
population103,104.

Altogether, it seems as though newer and more potent 
antirheumatic therapies and aggressive approaches to 
the management of RA have resulted in a measurable 
improvement in the severity of RA, although perhaps 
not in functional disability in large joints.

Risk factors for RA
Progressive changes and regional differences in the prev-
alence of RA might be related, at least in part, to varia-
tion in risk factors. Many risk factors for RA have been 
described (Fig. 2), and a detailed discussion of them all is 
beyond the scope of this Review. Instead, we focus here 
on female sex and on some environmental risk factors 
for which there is evidence relating to the epidemiolog-
ical findings described above. Our hope is that further 
understanding of the environmental factors that affect 
the development of RA can lead to actionable prevention 
of the disease in the future.
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Female sex and hormonal factors
Globally, RA is more prevalent in women than in 
men105–108, with a female- to- male sex ratio ranging 
from 4:1 in younger individuals to less than 2:1 in older 
populations with the disease109. Results from several 
studies have indicated that a sudden decline of oestro-
genic function (seen in menopause, or with the use of 
anti- oestrogenic therapies) might be a risk factor for the 
development of RA, and that factors related to high oes-
trogen exposure may be protective. In the Nurses’ Health 
Study cohort, post- menopausal status was associated 
with a higher risk of developing seronegative RA than 
pre- menopausal status, particularly for women with an 
early menopause (occurring at <44 years of age)110,111. 
The use of anti- oestrogenic agents such as selective 
oestrogen- receptor modulators or aromatase inhibitors 
was also associated with a cumulative, dose- dependent 
increase in the incidence of RA112.

Oral contraceptives are a source of oestrogens, but 
their effect on the risk of RA is still being debated113. 
Older studies tend to show a stronger protective 
effect against RA than more recent studies, which 
suggests a potential dose dependence, on account 
of the higher oestrogen doses that were originally 
provided by oral contraceptives. In a large Swedish 
cohort, users of oral contraceptives had a lower risk of 
anti- citrullinated- protein antibody (ACPA)- positive RA 
than never- users114. Similarly, a protective association of 
hormone- replacement therapy with ACPA- positive RA 
was identified in a Swedish case–control study, but not 
for oestrogen- only therapy115.

Pregnancy is associated with high levels of oestro-
gens, although the effect of these oestrogens is mod-
ified by other hormonal changes. In a prospective, 
case–control study of women in Washington, USA, 
a negative association between parity and risk of RA 

was identified116. By contrast, the postpartum period, 
which is characterized by a decline in concentrations 
of oestrogens (and other hormonal changes), is con-
sistently associated with elevation of the risk of RA117.  
A case–control study in an indigenous North American 
population demonstrated a high risk of developing RA 
during the first postpartum year118. However, evidence 
relating to breastfeeding consistently indicates a negative 
association with the risk of RA119. For example, results 
from a study in China identified decreasing RA risk in 
association with increasing duration of breastfeeding, 
up to 36 months120. A similar association was also found  
in the Nurses’ Health Study cohort121.

Modifiable and environmental factors
The population- attributable risk of RA associated with 
known modifiable environmental risk factors (smoking, 
BMI, alcohol, parity and breastfeeding) in the Nurses’ 
Health Study was 41%, implying that a considerable 
number of RA cases could be preventable with lifestyle 
intervention in people at risk122. Trials of interventions 
to reduce cardiovascular risk in the general population 
have demonstrated associated reductions in incident RA 
cases in the intervention arms, thereby demonstrating the 
influence of lifestyle factors on the development of RA123.

The current understanding of the aetiopathogenesis 
of RA hypothesizes a ‘mucosal origin’, in which the auto-
immune processes that lead to the development of RA 
are triggered in the mucosa- associated lymphoid tissues 
in the lung, the oral cavity and the gut, prior to systemic 
spread124. Notably, most of the environmental risk factors 
listed below imply the involvement of chronic mucosal 
inflammation, but more research is needed to understand  
the mechanisms that are involved.

Inhaled factors and lung disease as risk factors for RA. 
Results from multiple studies suggest that RA- related 
autoantibodies may be generated in the lung mucosa 
and in draining lymph nodes prior to the onset of clin-
ically apparent RA125–127. Individuals who are exposed 
to tobacco smoke have a higher risk of RA than those 
with no exposure128. Smoking represents up to 25% of 
the population- attributable risk for seropositive RA129,130. 
This risk is particularly high in individuals who are 
homozygous for HLA shared epitope alleles and who 
are heavy smokers (OR 52.6; 95% CI 18.0–154), empha-
sizing a strong gene–environment interaction131,132. The 
effect of smoking is dose- dependent and decreases 
slowly after cessation129.

A growing body of evidence links air pollution or 
inhaled particulates (such as those encountered fol-
lowing the 11 September 2001 terrorist attack in New 
York) with the risk of RA133–136. Silica, asbestos and 
textile- dust inhalation are all associated with the devel-
opment of RA137,138. Studies in the USA and Canada have 
found higher incidence and prevalence of RA in areas 
geographically located near major roadways133,134,139. 
Occupational exposures to factors inhaled by miners, 
pottery workers and dental technicians also increase 
the risk of RA140–142. In addition, household air pollution 
produced by indoor cooking with the use of fuels derived 
from crops, animal dung, shrubs or grass was associated 

Respiratory exposure
• Inhaled pollution
• Smoking
• Silica dust
• COPD
• Asthma

Genetics
• HLA shared epitope alleles
• Family history
• Ethnicity
• Epigenetics

Intestinal health
• Chronic diarrhoea
• Inflammatory/Western diet (?)
• Sugar-sweetened beverages
• Microbiota
• Coffee
• Mediterranean diet (?)
• Tea (?)
• Alcohol

Sex-specific factors
• Post menopause
• Anti-oestrogen treatment
• Oral contraceptives/hormone-

replacement therapy
• Parity
• Breastfeeding

Lifestyle and habits
• Obesity
• Stress (?)
• Exercise

Oral health
• Chronic periodontitis, 

tooth loss

Fig. 2 | Known risk factors for rheumatoid arthritis. Many factors can contribute to  
the risk of developing rheumatoid arthritis (RA), including genetic factors, respiratory 
exposure, hormonal factors, dietary factors, oral health and lifestyle. These factors can  
be protective or detrimental, and varying levels of evidence are available to link them  
to RA. In this Figure, green text indicates protective factors; red indicates detrimental 
factors and orange indicates conflicting or weak evidence. Several of these risk factors 
may interact together, and with genetic predisposition, to affect the risk of disease. 
COPD, chronic obstructive pulmonary disease.
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with an increased risk of arthritis in a study conducted 
in low- income and middle- income countries143. Given 
that in 2010 it was estimated that approximately 40% 
of households used solid fuels for cooking, particularly 
in Africa and Southeast Asia144, a large number of peo-
ple are exposed to this risk factor. The potential role of 
inflammation of respiratory mucosa in the development 
of RA is also suggested by results from prospective 
cohort studies that demonstrate associations between 
pre- existing chronic airways disease, such as asthma, 
and future onset of RA145–147.

Although the specific mechanisms of the pulmonary 
triggers of RA are not completely understood, these find-
ings should raise questions about the long- term effects 
of the increase in exposure to particulates in association 
with climate change and rising population density.

Nutritional factors, gut microbiota and RA. A grow-
ing body of evidence suggests that a healthy diet may 
be protective against the development of RA. In the 
Nurses’ Health Study, a broadly defined ‘healthy’ diet 
was associated with a lower risk of RA (particularly for 
seropositive RA) than a less healthy diet148. However, 
insufficient evidence is available in support of a specific 
diet in this regard. For instance, the Mediterranean diet, 
assessed in the Nurses’ Health Study, was not associ-
ated with a reduction in the risk of RA development149. 
Other case–control or cohort studies have provided 
evidence to support a role for the Mediterranean diet, 
with modest protective effects in particular subgroups, 
such as men with seropositive RA150 or women who 
have ever smoked151. An ‘inflammatory diet’ pattern 
has long been alleged to influence RA development, but 
only weak evidence exists to support this hypothesis152. 
Some evidence suggests an association between intake 
of red meat and total protein and the development of 
inflammatory polyarthritis153, but other studies have not 
reproduced these findings154,155. Daily consumption of 
sugar- sweetened sodas is associated with an increased 
risk of RA156,157, whereas alcohol consumption might 
be inversely associated with the risk of RA in a dose- 
dependent manner158, in particular for ACPA- positive 
RA159 (although some evidence suggests that there is no 
association with alcohol consumption)160. Results from 
several studies implicate high sodium intake as a risk 
factor for RA, but only in smokers161,162. Obesity has also 
been reported to increase the risk of RA in women163, 
mostly for seronegative RA164,165. Nevertheless, in sero-
positive individuals without a diagnosis of RA, incident 
arthritis is associated with body fat, and this effect is 
additive to other risk factors, so that, for instance, in 
one small study of seropositive individuals, the overall 
risk of RA at a median of 27 months follow- up was 28%, 
but the risk in overweight smokers was 60% (reF.166). 
Surprisingly, among men, a high BMI instead results in 
a protective effect on RA risk, in particular regarding 
ACPA- positive RA164,167.

With regard to specific nutrients, consumption 
of omega-3 fatty acids has repeatedly shown a mod-
est and dose- dependent negative association with 
the risk of RA168–170. However, a prospective study 
involving two Nurses’ Health Study cohorts found no 

association between intake of omega-3 fatty acids and 
RA development171. Evidence supporting a protective 
effect of omega-3 fatty acids relates to RA- associated 
autoimmunity172,173. A secondary analysis of the Vitamin D  
and Omega-3 Trial (a US nationwide, randomized, 
double- blind, placebo- controlled trial) demonstrated 
that long- term supplementation with omega-3 fatty 
acids and/or vitamin D3 resulted in a 25–30% lower 
incidence of autoimmune diseases (compared with no 
supplementation) in older adults (mean age 67 years)174. 
The effect size was larger for RA than for autoimmune 
disease in general, but was not statistically significant; 
for individuals who received vitamin D3 supplementa-
tion, the hazard ratio versus placebo was 0.58 (95% CI 
0.30–1.13; P = 0.11). In the Nurses’ Health Study, using 
a healthy- lifestyle index that included the five modifia-
ble risk factors of smoking, alcohol consumption, body 
weight, physical activity and diet, the risk of incident RA 
was lower (HR 0.42; 95% CI 0.22–0.8) in women with all 
five healthy lifestyle factors, compared with those with 
none175. Overall, 34% of RA in this study was determined 
to be preventable by adherence to at least four of these 
healthy- lifestyle characteristics176. Thus, diet experi-
ments have recently regained interest in the context of 
active RA, even though clinical outcomes in such trials 
do not seem to be significantly improved177,178.

Mechanisms linking dietary risk factors to RA are still 
being uncovered. For instance, the results of experiments 
in an animal model illustrated how acetate (metabolized 
from alcohol) could impair the function of T follicular 
helper cells that support autoantibody production179. 
The effects of dietary factors, and also of smoking and 
obesity, might be mediated by their influence on the 
digestive microbiome, gut permeability or the local 
immune system. Next- generation sequencing of gut and 
oral microbiota has been used to investigate their poten-
tial as risk factors for RA. Expansion of intestinal bacte-
ria in the family Prevotellaceae is associated with early 
RA180–183, but is not found in patients with established, 
treated RA184–186. In particular, expansion of Prevotella 
species is associated with RA- related autoimmunity and 
nonspecific articular symptoms in preclinical stages of 
RA187. Although Prevotella copri expansion seems to con-
tribute to arthritis in mouse models180,181, it is unclear 
whether microbiota alterations have an active role in 
humans, or if they merely reflect changes in the micro-
bial microenvironment in response to systemic inflam-
mation. Prevotella species are not the only bacteria that 
are potentially involved in RA onset, and preliminary 
evidence suggests that dysregulation of bacteria from a 
number of genera is associated with the onset of RA. For 
example, some evidence indicates that the Bacteroides 
genus is under- represented in patients with new- onset 
RA181,188, and the Eggerthella genus184,185 and Collinsella 
aerofaciens185,186 have also been associated with human 
RA. Interestingly, Collinsella aerofaciens notably wors-
ens arthritis in mouse models185,186, and is highly coated 
by intestinal IgA in patients with inflammatory bowel 
disease, suggesting it is targeted by an adaptive reac-
tion of the immune system189. Still, the hypothesis of a 
cross- reaction between human and bacterial antigens 
remains to be proved in RA.
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No prospective cohort study has yet demonstrated 
that gut microbiota dysbiosis is associated with subse-
quent RA. However, in a population study conducted 
in the Netherlands, gut microbiomes were profiled in 
more than 8,000 individuals in a three- generational 
cohort, and were found to be shaped predominantly 
by environmental exposures and cohabitation190.  
In addition, microbiome characteristics were strongly 
associated with common non- communicable diseases 
and their medications. Various individual species were 
associated with clusters of diseases, including sev-
eral oral species in RA, as previously identified. The 
potential role of inflammation of the gut mucosa on 
the development of RA was also suggested by results 
in the French E3N- EPIC cohort, which demonstrated 
an association between chronic diarrhoea and the risk  
of subsequent RA191.

Results from both cross- sectional184,192 and 
prospective193 studies have identified associations 
between periodontitis and RA. Similar findings in the 
preclinical RA population194,195 have led to hypoth-
esizing of a causal role of particular oral microbes 
such as Porphyromonas gingivalis and Aggregatibacter 
actinomycetemcomitans, which might trigger ACPA 
production196,197. Other microbial species might also be 
involved, as, for instance, Streptococcaceae are major 
contributors to oral dysbiosis in RA, and cell walls from 
Streptococcus parasalivarius isolates can induce chronic 
small- joint arthritis in mice198.

The available evidence suggests that any direct influ-
ence of the microbiome on RA will be difficult to tease 
apart from environmental exposures that influence the 
microbiome and/or tissue inflammation using classi-
cal epidemiological methods. However, the mucosal 
origin hypothesis provides a mechanistic framework 
within which to investigate the effects of socioeconomic  
and lifestyle- related exposures on the subsequent 
development of RA.

Disease management
Over the past few decades, the treatment of RA has 
evolved to emphasize the importance of early initiation 
of treatment75,76 and use of a treat- to- target strategy77, 
with a recognition that these strategies limit disease 
activity, radiographic progression and loss of function199. 
However, the implementation of these management 
recommendations seems to remain suboptimal. In 
2017, a US study found that as many as 64.3% of vis-
its did not include any of the components needed for a 
treat- to- target strategy76. In Greece in 2020, only 20% 
of patients not reaching treatment targets initiated 
or switched treatments200. In 2015, 59% of Japanese 
rheumatologists reported setting clinical remission as 

their target and only 45% were using composite meas-
ures of disease activity201. But, if we look at the glass as 
half- full, >50% of patients are treated according to the 
treat- to- target strategy. Additionally, progression to 
earlier initiation of anti- rheumatic therapies has been 
described in several European countries202–206.

In low- income countries, additional challenges of 
treating RA exist207, including unreliable drug availa-
bility, financial restrictions, patient hesitancy and both 
the availability and the costs of tests used for moni-
toring. A large proportion of patients with RA rely on 
ineffective or unverified complementary and alterna-
tive medicines208. There are inadequate numbers of 
physicians, rheumatologists and rheumatology nurses 
to diagnose and manage rheumatic diseases, includ-
ing RA. In addition, prevalent infections (especially 
hepatitis B virus, tuberculosis and HIV) complicate 
the management of RA, as many biologic DMARDs 
need to be used with caution in this setting209. Patients 
exposed to effective biologic DMARDs have a higher 
incidence of tuberculosis than the general population in 
a tuberculosis- endemic region210,211. In addition, most of 
these drugs are financially out of reach for many patients 
with RA in low- income countries, and better access is 
urgently needed212,213.

Conclusions
Available prevalence estimates for RA indicate that it 
is more common in developed countries and in urban 
settings than in developing countries and rural set-
tings, which suggests that environmental exposures 
may be involved. Although the prevalence of RA might 
be increasing, the severity and some of the long- term 
consequences of the disease are decreasing. However, 
access to diagnostic testing (such as autoantibody tests 
and imaging, which are used in RA classification) and 
specialized care remains an important challenge in 
developing countries207,208.

New insights into the aetiology of RA suggest that 
complex interactions occur at the mucosal level, between 
environmental exposures, the microbiome and host 
immune cells. A future task for researchers in the field 
will be to identify how these parameters interact to trig-
ger an autoimmune inflammatory response and the 
development of RA. A better understanding of the nat-
ural history of RA will help to anticipate how changes in 
global cultures and climate will affect the epidemiology 
of RA in the future. Further insight into the aetiopatho-
genesis of RA should also lead to specific prevention 
strategies to reduce the development or progression of 
this debilitating disease.
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Gout is one of the most common forms of inflammatory 
arthritis1. and can be effectively treated with appropriate 
long-term urate-lowering therapy. Current recommen-
dations by all the major rheumatology societies advocate 
the use of a treat-to-target serum urate strategy for the 
long-term management of gout2–4. These guidelines all 
suggest a target serum urate concentration of <5 mg/dl 
(<0.30 mmol/l) or <6 mg/dl (<0.36 mmol/l), but specific 
target serum urate concentrations are under debate. 
In this Review, we consider the rationale and evidence 
for the treat-to target serum urate recommendations 
and what further data might be required to validate the 
recommendations.

Treat-to-target: the strategy
The treat-to-target strategy has gained favour in the 
management of many rheumatic diseases including 
gout. The basic premise is selection of a target that is 
related to the degree of disease activity, with repeated 
assessment of disease activity and increase in therapy 
until the chosen target or level of disease activity is 
achieved5. The treat-to-target strategy is advocated in the 
management of rheumatoid arthritis, spondyloarthrop-
athies, systemic lupus erythematosus and vasculitis5. In 
all of these diseases, the target is low disease activity or 
remission, assessed using a composite disease activity 
score5. These composite disease activity indices typically 
incorporate a laboratory measure of inflammation, such 
as C-reactive protein or erythrocyte sedimentation rate, 
as well clinical features of importance to people with the 
disease, such as the number of swollen and tender joints. 
In comparison, no validated and widely used composite 
remission or low disease activity score is available for 
gout, and the treatment target (in most gout clinical 
trials and in rheumatology guideline-based gout care) 
is serum urate level (Fig. 1). Achieving a specific target 
serum urate level is only meaningful if it is a surrogate 

for clinical outcomes that are important to people with 
gout, for example flares. The value of the treat-to-target 
serum urate strategy in gout was questioned by the 
American College of Physicians 2016 Clinical Practice 
Guideline on the management of acute and recurrent 
gout, which concluded that insufficient evidence was 
available to recommend such an approach6. This con-
clusion produced much concern in the rheumatology 
community7 and with the availability of new data, it is 
timely to reconsider the evidence for target serum urate 
strategies in gout management.

Role of urate and MSU crystals in gout
As far back as 1848, Alfred Garrod noted the relationship 
between urate and gout8. The pathophysiology of gout is 
now well understood, with the clinical manifestations a 
consequence of monosodium urate (MSU) crystal dep-
osition secondary to high urate levels9. In vitro, MSU 
crystals form when supersaturation concentrations are 
reached (>6.0 mg/dl (>0.36 mmol/l)) at a temperature 
of 35°C, which is the likely temperature of peripheral 
joints10. Large population-based studies have revealed a 
strong concentration-dependent relationship between 
baseline serum urate concentrations and incident 
gout11,12, although most people with high serum urate 
levels do not develop the clinical manifestations of gout, 
even after many years11.

The prototypic gout flare, characterized by a red, hot, 
extremely painful joint, is the response of the immune 
system to the presence of MSU crystals within the joint 
or peri-articular structures13,14. MSU crystals activate 
monocytes and macrophages, with resultant NLRP3 
inflammasome-mediated IL-1β release and articular 
neutrophil influx and activation leading to the clinical 
features of the gout flare15. Tophi, the other cardinal 
clinical manifestation of gout, are subcutaneous col-
lections of MSU crystals and the subsequent chronic 
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granulomatous inflammatory response that typically 
occur after many years of hyperuricaemia16. Tophi can 
cause bone erosion17, whereas both tophi and gout flares 
cause disability and a notable reduction in quality of 
life18. Several studies have shown a positive, but not per-
fect, correlation between serum urate concentration and 
flare frequency19–21. Similarly, although high serum urate 
is important in tophus development, other factors — 
such as duration of gout, renal function and frequency 
of gout flares — are also important22.

Current recommended serum urate targets
Two serum urate targets are currently recommended 
by the major rheumatology societies: <5 mg/dl 
(<0.30 mmol/l) and <6 mg/dl (<0.36 mmol/l; Table 1). 
Given that these targets are below the point of saturation 
for urate they should lead to MSU crystal dissolution.

Rationale for a target serum urate
The rationale for a target serum urate is that MSU crystal 
dissolution occurs at concentrations below the point of 
saturation and that the velocity of crystal dissolution is 
dependent on serum urate concentration23,24. Currently, 
two recommended serum urate targets exist: <5 mg/dl 
(0.30 mmol/l) and <6 mg/dl (0.36 mmol/l)2–4,6,25,26 (Table 1). 
As it could be argued that these values are somewhat 
arbitrary, we should consider the evidence for these 
specific serum urate targets as well as other serum urate 
concentrations.

Evidence for current serum urate targets
A wealth of evidence from randomized controlled trials 
shows that the recommended target serum urate con-
centrations can be achieved with currently available 
urate-lowering therapies such as allopurinol, febuxostat 
and probenecid27–32. However, as noted above, achieving 
a target serum urate concentration is only meaningful 
if it is a surrogate for reducing clinical outcomes that 
are important to people with gout. Flares and tophi have 
been identified as important clinical outcomes for people 
with gout33. Despite these data and the scientific ration-
ale for the treat-to-target serum urate approach, it has 
been challenging to show that achieving the specific tar-
get serum urate of <6 mg/dl (<0.36 mmol/l) is associated 
with a reduction in gout flares and resolution of tophi 
and thus valid as a surrogate marker34,35. Many of the 

randomized controlled trials of urate-lowering therapies 
have been limited by a lack of a placebo comparator and 
a relatively short trial duration (≤12 months). Although 
this short trial duration is sufficient to show a reduction 
in serum urate concentration, the effect of this reduc-
tion on gout flares and tophus regression requires longer 
follow-up time, as gout flares typically occur more fre-
quently with the introduction of urate-lowering therapy 
and only gradually decline over several months27.

Relationship between achieving serum urate <6 mg/dl  
(<0.36 mmol/l) and the presence of MSU crystals in 
joints. Given the causal relationship between the pres-
ence of MSU crystals and gout flares and between 
the serum urate level and the formation of crystals36, 
it is reasonable to assume that if the serum urate level 
is reduced appropriately, MSU crystals will disap-
pear from within the joint. The dissolution of crystals 
is thought to be caused by a change in the tissue urate 
concentration gradient that leads to the crystals going 
back into the solution37,38. In a small study of 18 people 
with MSU crystal-proven gout, repeated arthrocentesis 
every 3 months revealed that MSU crystals disappeared 
after a reduction of serum urate to a median of 4.9 mg/dl 
(0.29 mmol/l; range 2.7–5.4 mg/dl (0.16–0.32 mmol/l)38. 
Furthermore, the time taken for the disappearance of 
MSU crystals ranged from 3 months to 33 months38, in 
keeping with the delayed reduction of gout flares after 
lowering of serum urate observed in clinical trials.

Advanced imaging studies using serial assessment 
with ultrasound and dual-energy CT have also demon-
strated reductions in MSU crystal load in response to 
treat-to-serum-urate target urate-lowering therapy. On 
ultrasound, features of MSU crystal deposition include 
the double contour sign, aggregates, and tophi39. Using 
a specific display algorithm based on the chemical com-
position of urate, dual-energy CT allows visualization 
of collections of MSU crystals within tissue40. In a study 
specifically designed to examine the ability of ultrasound 
to show a reduction in urate deposition, a statistically 
significant positive correlation was observed between 
serum urate level at 6 months and reduction in tophus 
size41. In the observational NOR-Gout study, in which 
all participants were treated with urate-lowering ther-
apy to a serum urate target of <6 mg/dl (<0.36 mmol/l), 
reductions in ultrasound features of MSU crystal depo-
sition (double contour sign, tophus and aggregates) all 
improved over 12 months of therapy42. Furthermore, 
in the same study, a continued reduction was seen in 
dual-energy CT urate scores, using a semi-quantitative 
scoring system (with the range 0–12) over 2 years 
(reduction from 4.6 at baseline to 1.5 at year 2)43. In a 
clinical trial of allopurinol dose escalation, achieving 
a serum urate of <6 mg/dl (<0.36 mmol/l) with allopu-
rinol dose escalation led to reductions in dual-energy 
CT urate crystal volumes of 28.3% over a 2-year period44.

Relationship between achieving serum urate <6 mg/dl  
(<0.36 mmol/l) and gout flares. An analysis by our 
group using individual patient level data from two 
2-year urate-lowering therapy trials30–32 clearly showed 
a relationship between achieving and sustaining serum 

Key points

•	the major rheumatology societies all recommend a treat-to target serum urate 
approach with the targets being <5 mg/dl (0.30 mmol/l) or <6 mg/dl (<0.36 mmol/l).

•	the treat-to target serum urate strategy for the management of gout has been 
questioned with the American college of Physicians, which states that insufficient 
evidence exists for such an approach.

•	Sustained reduction in serum urate to levels <6 mg/dl (<0.36 mmol/l) is associated 
with a reduction in the dissolution of gout flares and tophi but these clinical benefits 
take time to occur.

•	more than one target might be appropriate during gout management, with a lower 
target (<5 mg/dl (0.30 mmol/l)) in the initial phase of urate-lowering treatment and a 
higher target (<6 mg/dl (< 0.36 mmol/l)) once the flares and tophi have resolved.

•	Which serum urate target results in the best clinical outcomes for people with gout 
remains to be determined.
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urate <6 mg/dl and the reduction and cessation of gout 
flares45. Importantly, in this analysis, participants were 
defined as ‘serum urate responders’ if they achieved an 
average serum urate of <6 mg/dl (<0.36 mmol/l) from 
the available serum urate data at 6 months, 9 months 
and 12 months, and as ‘serum urate non-responders’ 
if they achieved on average serum urate ≥6 mg/dl 
(≥0.36 mmol/l) at 6 months, 9 months and 12 months, 
irrespective of randomized treatment allocation. The 
primary outcome was gout flares in the subsequent 
12-month period (i.e. 12–24 months from study start). 
This design enables a time lag between achieving tar-
get serum urate and the clinical outcome of importance 
and did not include the initial period of urate-lowering 
therapy introduction and dose escalation when gout 
flares can occur more frequently. Importantly, signifi-
cantly fewer serum urate responders experienced a gout 
flare in months 12–24 than serum urate non-responders 
(adjusted OR 0.29; 95% CI 0.17–0.51). In addition, 
the mean number of gout flares in months 12–24 was 
significantly lower in serum urate responders than in 
serum urate non-responders, with an adjusted mean 
difference of −1.41 (95% CI −1.77 to −1.04)45. Similar 
results were observed in the NOR-Gout study, with 
80.6% of participants having a flare in year 1 of the 

study compared with 26.0% in year 2 (reF.46). The mean 
number of flares reduced from 2.7 during year 1 to 0.7 
during year 2. Importantly, in this study the only variable 
that was associated with flares in year 2 were baseline 
scores of MSU crystal deposition on ultrasound and 
dual-energy CT. However, the authors did not specifi-
cally report whether achieving and maintaining target 
urate in year 1 was associated with a reduction of flares 
in year 2, although they comment that there was no con-
sistent relationship between other variables including 
serum urate and flares46. These data provide evidence 
that achieving a target serum urate concentration of 
<6 mg/dl (<0.36 mmol/l) results in a reduction in gout 
flares and could therefore be considered an appropri-
ate serum urate target and a surrogate outcome for the 
clinical outcome of interest, namely flare.

Relationship between achieving serum urate <6 mg/dl 
(<0.36 mmol/l) and tophus regression. Regression of tophi 
has been shown to be related to the intensity of serum 
urate lowering. In a small observational study of people 
with tophi, a linear relationship was seen between mean 
serum urate levels during urate-lowering therapy and the 
velocity of reduction of tophi assessed by physical meas-
urement (r = −0.62, r2 = 0.48)24. The same study showed 

Diagnosis of gout

ULT indicated

ULT started

Set target

Monitor serum 
urate monthly

Serum 
urate >6mg/dlTarget achieved

Clinical review
Monitor serum urate
6 monthly to ensure
target is sustained

<5mg/dl <6mg/dl

ULT increased

Reassess target

Serum 
urate >5mg/dl

ULT increased

Fig. 1 | Treat-to-target strategy in gout. The treat-to-target urate strategy involves setting the target serum urate 
concentration, with monthly monitoring of serum urate and adjustment of urate-lowering therapy (ULT) until the target 
serum urate concentration is achieved. Once the target is achieved it should be monitored every 6 months to ensure that 
it is sustained, and consideration should be given as to whether the target needs to be revised.
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that the velocity of tophus reduction was 0.53 ± 0.59 mm 
per month for patients with a mean serum urate dur-
ing follow-up of 6.1–7.0 mg/dl (0.36–0.42 mmol/l), 
0.77 ± 0.41 mm per month for patients with a mean serum 
urate of 5.1–6.0 mg/dl (0.30–0.36 mmol/l), 0.99 ± 0.50 mm 
per month for those with a mean serum urate of 
4.1–5.0 mg/dl (0.24–0.30 mmol/l) and 1.52 ± 0.67 mm 
per month for those with a mean serum urate ≤4.0 mg/dl 
(<0.24 mmol/l)24.

Evidence from randomized controlled trials shows 
that both tophus size and tophus number reduce with 
a decline in serum urate47. The pegloticase trials have 
shown particularly impressive results, likely related 
to the profound reduction in serum urate that is seen 
with pegloticase47. A pooled analysis from the phase III  
pegloticase randomized controlled trials examined 
tophus resolution by responder status, independent 
of the pegloticase dosing regimen during the study 
period, with response defined as serum urate <6 mg/dl 
(<0.36 mmol/l) for 80% of the time or longer during 
both month 3 and month 6 (reF.47). Tophus complete 
response, defined as complete resolution of ≥1 tophus, 
with no new tophi or enlargement of any other tophus, 
was achieved in 20/37 (54%) of responders compared 
with 9/45 (20%) of non-responders after 6 months47. 
Our analysis of data from two 2-year urate-lowering 
therapy trials, in which the primary urate-lowering ther-
apy used was allopurinol, revealed that among partici-
pants with a tophus at baseline, 38/55 (69.1%) of serum 
urate responders lost the sentinel tophus compared 
with 8/22 (36.4%) of the serum urate non-responders 
(OR 3.9; 95% CI 1.4–11.1)45.

Relationship between achieving serum urate <6 mg/dl 
and joint damage progression. In people with gout, joint 
damage — and particularly bone erosion — is strongly 
linked to MSU crystal deposition and tophaceous dis-
ease, and the development of tophi is a strong predictor 
of progressive radiographic damage48. In case series, very 
intensive serum urate-lowering therapy with intravenous 
pegloticase led to infilling of bone erosion and reduced 
erosion scores (but no change in joint space narrowing 
scores) in people with gout49,50. It has been uncertain 
whether such improvements in bone erosion can occur 

with oral urate-lowering therapy, and if so, what serum 
urate target is needed to achieve improvements.

A 2-year clinical trial of allopurinol dose escala-
tion showed that people with gout on allopurinol dose 
escalated using a treat-to-target management approach 
with a serum urate target <6 mg/dl (<0.36 mmol/l) over  
2 years had lower rates of progressive CT bone erosion 
than did those with the same treat-to-target approach 
applied in year 2 only44. The lowest progression in 
CT bone erosion scores was observed in those in the 
treat-to-target group who had a serum urate at target 
<6 mg/dl at year 2 (0.8% change from baseline), whereas 
the greatest progression was observed in the control 
group, which did not have a serum urate at target at 
year 2 (12.7% change from baseline).

Should targets be lower in severe gout?
As discussed, observational studies of people receiving 
urate-lowering therapy have demonstrated a linear rela-
tionship in the speed of tophus regression and serum 
urate concentrations, using both physical measurement 
and ultrasound24,51. Furthermore, pegloticase, an intrave-
nous treatment that leads to marked reductions in serum 
urate concentrations (often to undetectable levels) leads 
to rapid reductions in MSU crystal deposits, suppression 
of gout flares, regression of tophi and improvement in 
activity limitation and health-related quality of life28,52. 
These observations raise the possibility that more inten-
sive serum urate targets might be beneficial for people 
with severe gout.

The serum urate target of <6 mg/dl (<0.36 mmol/l) 
is recognized by both the EULAR and the ACR in their 
gout management guidelines, but lower targets have 
been advocated by EULAR3 and the British Society for 
Rheumatology4 for people with severe gout, particu-
larly in the setting of large MSU crystal deposits. The 
2016 EULAR guidelines state the following: “A lower 
serum urate target (<5 mg/dl; 0.30 mmol/l) to facilitate 
faster dissolution of crystals is recommended for people 
with severe gout (tophi, chronic arthropathy, frequent 
attacks) until total crystal dissolution and resolution of 
gout”3. The 2020 ACR gout guidelines did not make a 
specific recommendation regarding serum urate targets 
other than 6 mg/dl, citing a lack of trial evidence that 

Table 1 | Recommended serum urate targets from various guidelines

Guideline Treat-to- 
target urate 
recommended

Target serum 
urate 6 mg/dl 
(<0.36 mmol/l) 
recommended

Target serum urate 
5 mg/dl (<0.30 mmol/l) 
recommended

Lower limit 
serum urate 
recommended

ACR 2020 (reF.2) Yes For patients on ULT No No

BSR 2017 (reF.4) Yes Once the patient is 
stable

Initial target No

ACP 2016 (reF.6) No NA NA NA

EULAR 2016 (reF.3) Yes For patients on ULT For people with severe gout 
(tophi, chronic arthropathy, 
frequent attacks) until total 
crystal dissolution and 
resolution of gout

Serum urate <3 mg/dl 
(0.18 mmol/l) is not 
recommended in the 
long term

3e Initiative (reF.25) Yes For patients on ULT Preferable for people with tophi No

ACR 2012 (reF.26) Yes For patients on ULT For people with tophi No
ACP, American College of Physicians; BSR, British Society for Rheumatology; NA, not applicable; ULT, urate-lowering therapy.
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lower targets are beneficial, but noted that “lower serum 
urate thresholds may be preferable for people with more 
burdensome gout”2.

To date, no trials have compared outcomes for lower 
serum urate targets with the conventional target of 
<6 mg/dl (<0.36 mmol/l). However, several trials have 
provided some insights into the potential benefits and 
harms of lower serum urate targets. The 12-month 
CRYSTAL study compared febuxostat–lesinurad com-
bination therapy with febuxostat alone in people with 
tophaceous gout53. The primary end point of the trial 
was the proportion of patients achieving a serum urate 
<5 mg/dl (<0.30 mmol/l) at month 6. In this trial, sig-
nificantly more participants in the febuxostat–lesinurad 
400 mg group achieved the primary end point (76.1%) 
than in the febuxostat alone group (46.8%). Over  
12 months, participants in the febuxostat–lesinurad 
400 mg group had greater reductions in tophus area and 
fewer gout flares from months 6 to 12 compared with 
the febuxostat alone group. However, participants in the 
febuxostat–lesinurad 400 mg group also experienced 
more gout flares early in the trial, most likely owing to 
the rapid and greater reduction in serum urate.

The first clinical trial specifically designed to 
examine different serum urate targets in gout man-
agement examined the role of very low serum urate 
targets. This study was a 2-year, double-blind, rand-
omized clinical trial of people with erosive gout who 
were already taking oral urate-lowering therapy54. 
Participants were randomly assigned to either an inten-
sive serum urate target of <3.4 mg/dl (<0.20 mmol/l; 
range 1.7–3.2 mg/dl (0.10–0.19 mmol/l)) or a standard 
serum urate target of <5.0 mg/dl (<0.30 mmol/l; range 
3.4–4.9 mg/dl (0.20–0.29 mmol/l)). Oral urate-lowering 
therapy was titrated to achieve the target urate using a 
standardized protocol. All clinical outcomes improved 
(gout flares, tophus count, index tophus area, patient- 
reported outcomes and CT bone erosion scores) over 
the 2-year trial period, with similar improvements 
in the two groups. Most participants could reach 
the <5.0 mg/dl (<0.30 mmol/l) target (83% at year 2, 
mostly with allopurinol monotherapy at a mean dose 
of 497 mg per day), but fewer participants could reach 
the <3.4 mg/dl (<0.20 mmol/l) target (62% at year 2). 
Additionally, those in the intensive target group required 
higher allopurinol doses, had more medication switches 
and used more combination therapy than those in the 
standard target group. These findings suggest that a tar-
get of <5 mg/dl (<0.30 mmol/l) is achievable for most 
patients with erosive gout on oral urate-lowering therapy 
but leads to equivalent clinical benefit to the lower tar-
get of <3.4 mg/dl (<0.20 mmol/l). Identifying the absence 
of benefit with the lower target is particularly important 
given the observational data suggesting that urate might 
have a neuroprotective effect55,56.

Is more than one target serum urate needed?
Once target serum urate concentration is achieved, it is 
generally suggested that it is checked every 3–6 months 
to ensure that target urate is maintained, as when tar-
get urate is sustained over time, MSU crystals dis-
appear from joints, gout flares reduce and cease and 

tophi regress45. For many people, continuation of ther-
apy in the absence of any clinical signs or symptoms 
is challenging and achieving the current target serum 
urate requires a considerable medication burden. This 
challenge raises the question of whether a higher target 
serum urate could be tolerated without recurrence of the 
clinical features of gout.

Complete cessation of urate-lowering therapy leads to 
a rapid increase in serum urate levels and has been asso-
ciated with recurrence of gout flares, with patients with 
higher serum urate levels after stopping urate-lowering 
therapy at highest risk of recurrence57–59 (Fig. 2). The 
time to recurrence of gout flare has been shown to be 
related to serum urate concentration while patients are 
on urate-lowering therapy as well as after withdrawal, 
with patients on urate-lowering therapy for 5 years 
and with mean serum urate <5.05 mg/dl (<0.30 mmol/l) 
while on urate-lowering therapy and <8.75 mg/dl 
(<0.52 mmol/l) after urate-lowering therapy withdrawal 
having the longest period before recurrence (>4 years)59.

An alternative strategy would be to induce MSU crys-
tal dissolution with a lower target serum urate and then 
maintain a state of MSU crystal dissolution with a higher 
target serum urate. The dose of allopurinol required to 
achieve the current target serum urate has been reported 
to be positively associated with the pre-urate-lowering 
therapy serum urate, with a higher serum urate reflecting 
a higher total body urate burden and requiring a higher 
dose of allopurinol to achieve target serum urate60. Thus, 
the lower target would likely require higher doses of 
urate-lowering therapy and also induce MSU crystal dis-
solution more rapidly, whereas the higher target would 
reduce the medication burden and yet avoid new MSU 
crystal formation and a recurrence of symptoms over 
time. This idea has been termed the ‘dirty dish hypothe-
sis’ whereby the ‘dirtier the dish’ (i.e. the higher the MSU 
crystal burden) the more effort is required to clean it, but 
once it is clean, less effort is required to avoid it becoming 
dusty (i.e. for new MSU crystals to form) and to keep it 
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Fig. 2 | Time to recurrence of gout flare after 
withdrawal of urate-lowering therapy. Kaplan–Meier 
curve showing time to recurrence of gout flare after 
withdrawal of urate-lowering therapy stratified by average 
serum urate concentration. Adapted with permission from 
Perez-Ruiz et al.61.
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clean (i.e. no signs or symptoms of gout)61. This strategy 
appeared to be effective as long as the higher target serum 
urate was <7.0 mg/dl (<0.42 mmol/l)61 (Fig. 2).

Such an approach has already been recommended 
by EULAR and the British Society for Rheumatology 
for people with tophaceous gout, whereby the lower 
target urate of <5 mg/dl (<0.30 mmol/l) should be 
attained until tophi resolve, and then the higher target 
of <6 mg/dl (<0.36 mmol/l) can be used3,4.

Target serum urate for optimal outcomes
Two key questions arise given the controversy of the 
treat-to-target urate strategy. First, which serum urate 
target results in the best clinical outcomes, and second, 
should we treat-to-target serum urate at all?

The randomized trial that compared outcomes for 
different serum urate targets in people with erosive gout54 
provides a template for future randomized double-blind 
clinical trials comparing different serum urate targets 
in people with gout. A key inclusion criterion in the 
study was serum urate above the highest serum urate 
target (in this case 5 mg/dl (0.30 mmol/l))54. Participants 
were randomized into one of two serum urate tar-
get groups (<3.4 mg/dl (<0.20 mmol/l) or <5.0 mg/dl 
(<0.30 mmol/l)) at the baseline visit, and alteration of 
urate-lowering therapy was done according to a stand-
ardized protocol. The upper and lower bounds of each 
serum urate target group was defined; for example, for 
the <3.4 mg/dl (<0.20 mmol/l) group, the range was 
1.7–3.2 mg/dl (0.10–0.19 mmol/l). Blinding was main-
tained throughout the trial; serum urate results and treat-
ment allocation could be viewed only by the statistician 
and one other staff member who advised the other study 
staff whether the serum urate was at target or not at target 
and on dose adjustment according to the study proto-
col. Trials with similar study design are now required to 
determine which serum urate target — such as <5 mg/dl 
(<0.30 mmol/l) versus <6 mg/dl (<0.36 mmol/l), <6 mg/dl 
(<0.36 mmol/l) versus <7 mg/dl (<0.42 mmol/l), or sim-
ply below the point of saturation of urate — is appro-
priate. In this regard, of interest is that an exploratory 
analysis of the association between serum urate and gout 
flares in participants from the CARES trial reported a 
lower flare rate in those with a mean post-baseline 
serum urate <5.0 mg/dl (<0.30 mmol/l) than in those 
with a mean post-baseline serum urate of 5.0–6.0 mg/dl 
(0.30–0.36 mmol/l)62.

If no specific target urate results in superior clinical 
outcomes, then we need to consider the second question: 
should we treat-to-target serum urate at all? Designing a 
clinical trial to answer this question will be challenging. 
Attempts have been made to define how such a clinical 
trial could be designed, but have focussed on compar-
ing a treat-to-target serum urate approach with treating 

gout flares as they occur63. Whether urate-lowering 
therapy has beneficial effects, per se, without achieving 
target serum urate, is a different question. This question 
is something that we considered when we developed 
the protocol for the allopurinol dose escalation trial, 
which compared fixed-dose allopurinol and allopu-
rinol dose escalation to achieve target urate for the first 
12 months of the trial30,31. Long-term trials (e.g. >2 years), 
with similar fixed dose urate-lowering therapy versus 
treat-to-target serum urate, are needed to answer the 
question. However, such trials raise ethical concerns 
around potentially maintaining some participants with 
high urate levels that we know are likely to lead to ongo-
ing MSU crystal deposition and clinical deterioration64. 
Any such trial would need early escape routes for indi-
viduals in the fixed-dose arm who develop new tophi 
and/or have recurrent gout flares with persistent high 
serum urate levels.

Should we look at more than serum urate?
Unlike other rheumatic diseases, the FDA has accepted a 
single blood test, namely serum urate, as the primary out-
come measure in clinical trials of urate-lowering thera-
pies for many years27,28. The benefits of serum urate as the 
primary outcome in clinical trials is that it allows for clin-
ical trials of short duration (6–12 months) with smaller 
sample sizes. However, the focus on serum urate as the 
target has led to less focus on the clinical outcomes. In 
fact, the first trial of urate-lowering therapy with clinical 
outcomes as the primary end point was only published 
in 2022 (reF.65). We strongly endorse that all long-term 
urate-lowering therapy trials have pre-specified end-
points, which include the OMERACT core outcome 
domains for long-term gout studies: gout flares, tophi, 
health-related quality of life, activity limitation, pain and 
patient global assessment of disease activity, as well as 
serum urate33. Ultimately, composite gout disease activity 
measures for low disease activity and remission (which 
include both serum urate targets and clinical outcomes) 
might be preferable for the clinical management of gout, 
as for other rheumatic diseases. Draft measures have 
been described66,67 and require further validation.

Conclusions
Serum urate level is an important outcome measure in 
clinical trials of urate-lowering therapies in gout. New 
evidence supports the currently recommended serum 
urate target of <6 mg/dl (<0.36 mmol/l) being associated 
with improvement in clinical outcomes such as gout 
flares and tophus regression. However, which serum 
urate target results in the best clinical outcomes remains 
unanswered.
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