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Research highlights

Clinical trials

Systemic lupus erythematosus

Invivo CAR-T cellengineering

inrefractory SLE

PLD4 variants promote SLE via unchecked

TLR activation

Treatment with autologous
T cells that are engineered
ex vivo to express a chimeric
antigen receptor (CAR) is costly,
time-consuming, and requires
previous lymphodepletion.
Ongoing efforts to simplify
autologous CAR-T cell therapy
have focused on the develop-
ment of lipid nanoparticles
(LNPs) that delivera CAR mRNA
into CD8" T cells, to achieve gen-
eration of CAR-T cells in vivo.
Inthe New England Journal
of Medicine, Gao-Feng Zha,
Georg Schett, Zhu Chen and col-
leagues report the early results
ofaclinical trial with in vivo
CAR-T cell therapy in five indi-
viduals with refractory systemic
lupus erythematosus (SLE).
The authors used LNPs
that carry aportion ofa CDS8-
targeting monoclonal antibody
and encapsulate an mRNA
encoding a CD19-specific CAR.
Use of these LNPs (which were
termed HN2301) in vitroand in
non-human primates indicated
that they caninduce both the
expression of CD19-CAR on
CD8'T cells and the depletion
of CD19-expressing B cells.
AsHN2301LNPsshowed a
favourable safety profilein the
non-human primate studies,
they were administered at
two different doses to five
individuals with refractory
SLE. Treatment with HN2301
induced CD19-CAR expression
on approximately 5-50% of

circulating CD8' T cells as early
as 6 hafter the infusion and was
maintained for up to 3 days.
Circulating B cells were partly
depletedin patients1and 2, who
received alow dose of HN2301,
or fully depletedin patients 3, 4
and 5, whoallreceived a higher
dose. Depletion of circulating
B cells was observed within6 h
after HN2301 infusion and for
up to 10 days. Consistently,
levels of anti-nucleosome and
anti-double-stranded DNA
antibodies were decreased in
patients4and 5.

The authors report no severe
adverse effects, suchas grade 3
or 4 cytokine release syndrome,
although three patients were
treated with a single dose of
anti-IL-6 monoclonal antibody
(tocilizumab) inresponse to
increased cytokine levels after
HN2301infusion. Importantly,
disease activity decreased
inall five patients during the
3 months of follow-up. Although
long-term follow-up and
further dataon treatment dose,
schedule and responses are still
required, the early findings of
the study highlight the feasibil-
ity of LNPs forin vivo CAR-T
cell therapy in B cell-mediated
autoimmune conditions.

Maria Papatriantafyllou
Original article: Wang, Q. et al. In vivo CD19
CAR T-cell therapy for refractory systemic

lupus erythematosus. N. Engl. J. Med. https://
doi.org/10.1056/NEJMc2509522 (2025)

Excessive innate immune
signalling, particularly via the
type linterferon pathway, is
ahallmark of systemic lupus
erythematosus (SLE) and
isassociated with overactive
Toll-like receptor (TLR)
responses. The exonuclease
PLD4 helps restrain activation
of TLR7 and TLR9 by cleaving
their ligands (single-stranded
RNA and DNA). In a new study
published in Nature, researchers
have identified loss-of-function
variants in PLD4 in five patients
with SLE, linking disruption

of this regulatory mechanism
with systemic inflammation and
autoimmunity.

The study builds on previ-
ousworkin monogenic SLE
thatidentified causal gain-of-
function mutationsin TLR7
and UNC93B1, which activate
the TLR7 pathway. The newly
identified PLD4 mutations
represent anovel genetic cause
of monogenic SLE, further
underscoring the important
role of TLR dysregulationin SLE
pathogenesis.

Allfive patients presented
with renal involvement and
haematological abnormali-
ties, and some also had skin
rashes, arthritis and/or serositis.
Whole-exome sequencing
revealed biallelic mutations
in PLD4in all the patients, all
located in the catalyticdomain
and predicted to be deleterious.

Analysis of the peripheral
blood mononuclear cells of the
patients revealed enhanced
typelinterferon responses,

especially in dendritic cells,
and pointed toincreased
activation of the TLR7 and TLR9
pathways. Further analysis
using in vitro and ex vivo assays
confirmed that the mutations
impaired the exonuclease
activity of PLD4.

Mice lacking PLD4 develop
an autoimmune phenotype
that closely resembles SLE.
Mixed-bone marrow chimera
experiments showed that the
expansion of plasmacytoid
dendritic cells and plasma cells
inthese mice was cellintrinsic.
Importantly, treatment with
theJAK inhibitor baricitinib
ameliorated both theimmune
phenotype of the mice and
the typelinterferon hyper-
activation observedin the
patient-derived cells, highlight-
ing its therapeutic potential for
patients with PLD4 deficiency.

“We planto extend genetic
screeningin SLE cohorts to
identify additional patients with
PLD4 mutations and to char-
acterize the clinical spectrum
of PLD4 deficiency,” explains
ZhihongLiu, a corresponding
author on the study. “For patient
care, our findings highlight
the potential value of genetic
testingin SLE and support evalu-
ation of interferon-targeted
therapies, such as JAK inhibi-
tors, as promising treatment
strategies.”

Jessica McHugh
Original article: Wang, Q. et al. Loss-of-
function mutations in PLD4 lead to systemic

lupus erythematosus. Nature https://doi.org/
10.1038/541586-025-09513-x (2025)

naturereviews rheumatology

Volume 21| December 2025 | 697-698 | 697


http://www.nature.com/nrrheum
https://doi.org/10.1056/NEJMc2509522
https://doi.org/10.1056/NEJMc2509522
https://doi.org/10.1038/s41586-025-09513-x
https://doi.org/10.1038/s41586-025-09513-x

Research highlights

Clinical trials Autoimmunity
Phaselll trial of SGLT2inhibitors reduce risk of
telitaciceptinSLE ~ autoimmune disease

Telitacicept, a dual inhibitor of
BAFF and APRIL, has now been
showninaphaselll randomized
controlled trial toimprove
systemic lupus erythematosus
(SLE) disease activity when
added to standard therapy. The
recombinant fusion protein,
which consists of TACl and the
Fc portion of humanIggG, acts
as asoluble decoy receptor for
BAFF and APRIL to inhibit B cell
activation and survival and is
already approved in China for
the treatment of SLE.

The trial, conducted at
42 hospitalsin China, included
335 adults with moderate-to-
severe SLE. All patients received
standard therapy plus either teli-
tacicept (160 mg once weekly)
orplacebo.

Atweek 52, the rate of clinical
response on the modified SLE
ResponderIndex 4 was 67.1% in
the telitacicept group, nearly
double theresponserateinthe
placebo group (32.7%). The dif-
ference in this clinical response
between the two groups was
apparent by week 4 and sustained
toweek 52.

Additionally, areduction of
>4 points in SELENA-SLEDAI
score from baseline to week 52
occurredin70.1% of the telitacic-
eptgroup, compared with 40.5%
ofthe placebo group. Notably,
however, respiratory tract infec-
tions, reductionsin serum levels
ofIgG and IgM and injection-site
reactions were more commonin
the telitacicept group thaninthe
placebo group.

The new findings support the
further investigation of teli-
taciceptinother populations of
patients with SLE.

Sarah Onuora
Original article: van Vollenhoven, R. F. et al.
A phase 3 trial of telitacicept for systemic

lupus erythematosus. N. Engl. J. Med. 393,
1475-1485 (2025)

Sodium-glucose cotrans-
porter-2 (SGLT2) inhibitors, orig-
inally developed for glycaemic
control, are increasingly recog-
nized for providing multisystem
benefits, including cardiovascu-
lar and renal protection. A new
population-based study suggests
that these drugs also reduce
the risk of autoimmune rheu-
matic diseases in individuals
with type 2 diabetes mellitus.

Using anationwide health
insurance database in South
Korea (2012-2022), the inves-
tigators compared more than
2 million adults with type 2
diabetes mellitus who initi-
ated either an SGLT2 inhibitor
(n=552,065) or sulfonylurea
(n=1,480,092). Autoimmune
rheumatic diseases were defined
as acomposite of inflammatory
arthritis — including rheuma-
toid arthritis, psoriatic arthritis
and spondyloarthritis —and sys-
temic autoimmune rheumatic
diseases —including systemic
lupus erythematosus, Sjogren
disease, systemic sclerosis, idi-
opathicinflammatory myositis,
mixed connective tissue disease,
polymyalgiarheumatica and
vasculitides.

After propensity score weight-
ing and a median follow-up of
9 months, SGLT2 inhibitor use
was associated with an11% lower
risk of incident autoimmune

rheumatic disease compared
with sulfonylureause (HR 0.89,
95% C10.81-0.98). The reduction
inrisk was driven by inflamma-
tory arthritis (HR 0.86,95% Cl
0.77-0.97), with no significant
difference observed for systemic
autoimmune diseases.

Exploratory analyses showed
asimilar pattern when SGLT2
inhibitors were compared
with dipeptidyl peptidase-4
inhibitors, but no significant
difference was observed versus
glucagon-like peptide-1recep-
tor agonists, possibly owing to
low use of the latter in the study
population.

Although the absolute benefit
was small, the study provides the
first population-level evidence
that SGLT2 inhibition might
confer protection against auto-
immune rheumatic disease.
Replicationin other populations
and longer-term studies will be
essential to confirm the immu-
nomodulatory effects of SGLT2
inhibitors.

Jessica McHugh

Original article: Hong, B. et al. Sodium-
glucose cotransporter-2 inhibitors and
risk of autoimmune rheumatic diseases:

population based cohort study. BMJ 391,
085196 (2025)

Related article: Karacabeyli, D. & Lacaille, D.
Glucagon-like peptide-1 receptor agonists in
arthritis: current insights and future directions.
Nat. Rev. Rheumatol. 21, 671-683 (2025)
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Timing matters in diagnosis of cancer with
immune-mediated inflammatory disease

Dongxue Wang & Jianguang Ji

% Check for updates

Immune-mediated inflammatory diseases
(IMIDs) are associated with cancer risk through
mechanismsinvolving disrupted immune
tolerance and dysregulated immune responses.
Deng et al. investigated how the timing of IMID
diagnosis relative to cancer diagnosis affects
patient survival outcomes.

REFERS TO Deng, G. et al. Differential impact of immune-mediated
inflammatory diseases before versus after cancer on patient survival:
a nationwide cohort study. Rheumatology https://doi.org/10.1093/
rheumatology/keaf213 (2025).

The association between immune-mediated inflammatory diseases
(IMIDs) and cancer is dynamic and bidirectional, largely driven by
shared genetic and environmental risk factors. Variants of genes of
the HLA complex or otherimmune regulatory genes, such as cytotoxic
Tlymphocyte-associated antigen 4 (CTLA4), have been strongly associ-
ated with susceptibility to various IMIDs and cancers. These variants
often confer altered antigen presentation, defects inimmune tolerance
and dysregulated immune responses’. In addition, IMIDs and cancer
share non-immune genetic loci, as exemplified by the overlapping
mutational profiles between inflammatory bowel disease and colon
cancer, which implicate common pathways of immune and cellular
dysregulation in IMID and cancer pathogenesis’. Environmental fac-
tors that promote DNA damage and chronic inflammation and impair
immune surveillance, such as smoking, diet, pollution, stress and gut
microbiome imbalances, also contribute to the development of both
IMIDs and cancer’. Medical treatments for IMIDs, such as TNF inhibi-
tors, are likely to increase risk of cancer owing to their immunosup-
pressive effects’, whereas surveillance bias might also enhance the
frequency of dual IMID and cancer diagnoses’. The variationsin cancer
risk across different IMIDs and anatomical sites highlight the need for
precise risk estimation across diverse populations.

Understanding the interplay between IMIDs and cancer might
uncover shared disease mechanisms and inform targeted prevention
strategies. Moreover, clarifying the effect of IMIDs on cancer survival
will guide clinical decision-making towards precision medicine. How-
ever, current evidence for cancer survival related to IMIDs remains
conflicting and limited. Some studies suggest improved survival in
patients with cancer and IMIDs, whereas others report poor outcomes.

Deng et al.® explore how the timing of an IMID diagnosis rela-
tive to cancer onset might affect survival outcomes. Their findings
reveal astriking paradoxical pattern: pre-existing IMIDs are associated
with an increased mortality risk, whereas IMIDs diagnosed after the
onset of cancer seem to confer a survival advantage. This distinction

underscores the dynamic and context-dependent roles of IMIDs in
cancer progression and outcomes. This exploration of the temporal
sequence between IMIDs and cancer is both thought-provoking and
clinically relevant. However, the finding that the timing of IMID onset,
whether before or after a cancer diagnosis, has such divergent effects
onsurvivalis unexpected and warrants further investigation to confirm
these associations and elucidate underlying mechanisms.

Several plausible explanations might account for the elevated
mortality risk observed in people with cancer and pre-existing IMIDs.
First, these individuals often have poorer baseline healthand a higher
burden of chronic comorbidities than those with cancer and no other
pre-existing conditions, and this might negatively affect cancer prog-
nosis. For example, a previous study demonstrated a significantly
reduced survival rate among patients with breast cancer who had
previously been hospitalized for over three years due to autoimmune
disorders’. Second, individuals with IMIDs commonly exhibitimmune
dysregulationand arelikely to tolerate poorly or respond suboptimally
to immunotherapy, such as immune checkpoint inhibitors®. Third,
immunosuppressive treatments used for IMIDs are likely to contrib-
ute to cancer progression and thereby to elevated mortality among
individuals with a dual diagnosis.

The improved survival among patients diagnosed with IMIDs
after the onset of a variety of cancer types, including colorectal, lung,
pancreatic, oesophageal and biliary-duct cancers, is interesting and
noteworthy. One possible explanation, as suggested by Deng et al.’, is
that the onset of IMIDs after cancer might reflect heightened immune
systemactivationand an enhanced ability of immune cells to recognize
and eliminate tumour cells. Indeed, previous research has associ-
ated increased lymphocytic activity within tumours with improved
prognosis’. Similarly, better overall survival has been reported in
patients with lung cancer and autoimmune rheumatic diseases com-
pared with patients with lung cancer and without autoimmunity,
independent of cancer stage or treatment'’.

Although the study of Deng et al.¢ offers valuable insights, sev-
eral important challenges must be addressed. In this register-based
study, the median interval between a cancer and an IMID diagnosis
was just 0.07 years, and this suggests that an unknown number of
people are likely to have experienced near-simultaneous diagnoses.
The delays in referral from primary to secondary care might obscure
thetrue sequence of disease onset between cancer and IMID, suggest-
ing frequent misclassification of pre-existing undiagnosed conditions
as incident cases. Thus, individuals with undiagnosed pre-existing
IMIDs might be misclassified as developing IMIDs post-cancer. Future
register-based studies should consider excluding those with a small
interval between the two diagnoses, such as aninterval of one year or
less, to avoid such misclassification.

In addition to the lack of detailed information about the time
between cancer onset and an IMID diagnosis, detailed analysis of the
timeinterval between the diagnoses would also be required to exclude
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immortal time biasin patients who receive an IMID diagnosis long after
the onset of cancer. Immortal time bias is a methodological bias in
epidemiological and clinical research that frequently leads to the over-
estimation of survival time in the exposed group, thereby distorting
the true association between exposure (in this case, an IMID diagnosis)
and clinical outcomes (in this case, survival). As some individuals with
cancer must survive long enough to receive an IMID diagnosis, they
might have an artificially prolonged survival advantage compared to
those with no IMID diagnosis after cancer. In this context, the period
between cancer diagnosis and the subsequent onset of IMIDs should
be considered a non-exposure interval (that is, as immortal time) to
exclude an artificial finding of a protective effect of IMIDs diagnosed
after cancer.

Besides detailed analyses of data on time between diagnoses,
future studies should investigate associations between specific types
of cancer and IMIDs, as well as the effect of the various treatments on
survival. The dataset analysed by Deng et al.® includes 24 IMIDs and
26 cancer types, but the relatively small sample size for each patient
subgroup does not enable detection of significant associations
between specific types of cancer and IMIDs. Furthermore, this dataset
lacksinformation about treatment for both IMIDs and cancer, and this
might potentially compromise the validity of study conclusions and
limit interpretation and clinical application. The observed survival
advantage among patients with cancer and subsequent IMID diagnoses
mightreflect differencesin treatmentintensity (for example, because
of additional targeted treatments following an IMID diagnosis) and
frequency of surveillance, or it might stem frombiological interactions
betweenimmunomodulatory treatments and tumour progression. The
inclusion of detailed information about treatment regimens such as
immunosuppressants, DMARDs and cancer therapies will help clarify
these open questions.

Overall, the study by Deng et al. underscores the potential impor-
tance of diagnostic timing and immune system dynamics in cancer

outcomes. Although the findings should be interpreted with caution,
the study raises important questions that require further investiga-
tion to clarify the relationship between IMIDs and cancer survival.
Comprehensive evidence based on appropriately reported data will
be required to guide clinical decision-making for patients with both
IMIDs and cancer.

Dongxue Wang & Jianguang Ji®
Faculty of Health Sciences, University of Macau, Macau, China.
e-mail: jlanguangji@um.edu.mo

Published online: 24 July 2025
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Theepidemiology of RA

Axel Finckh

R Check for updates

Analysis of regional variationsin the
epidemiology of rheumatoid arthritis (RA)
over the past 40 years indicates that the age-
standardized incidence of RA hasincreased —
and is expected to continue rising — while the
mortality and morbidity of the disease are
decreasing. As aresult, the number of years
lived with disability and the overall disease
burden attributable to RA haveincreased and
are projected torise further.

REFERS TO Jin, W. et al. Spatiotemporal distributions and regional
disparities of rheumatoid arthritis in 953 global to local locations,
1980-2040, with deep learning-empowered forecasts and evaluation
of interventional policies benefits. Ann. Rheum. Dis. https://doi.org/
10.1016/j.ard.2025.04.009 (2025).

Rheumatoid arthritis (RA) is the most common type of chronic
inflammatory arthritis with a global distribution. Jin et al.' examined
regional variations in the epidemiology of RA from 1980 to 2021 and
projected future trends under various scenarios. Todo so, the authors
used global epidemiological datasets, including publicly available
data from the Global Burden of Disease 2021 report, which they
analyzed usingartificial intelligence-powered advanced deep learning
algorithms across 953 locations worldwide.

Key findings indicate that both the age-standardized incidence
and the prevalence of RA have continued to rise by 13% and 14%,
respectively, in the past 30 years. The age of onset of RA has trended
towards younger age groups in the past. Interestingly, regions
with higher socio-economic development generally report higher
RA incidence rates than less-developed regions. In the period from
1980 to 2021, both the death rates and the number of years of life
lost attributable to RA decreased by one third. By contrast, the number
ofyearslived with disability owing to RAincreased over the same period.

The overall disease burden attributable to RA was assessed using
the ‘disability-adjusted life years’ (DALY) construct, which pools years
of life lost due to premature mortality and years lost due to disability
related to the disease. In essence, the DALY construct estimates the
quantity of healthy life years lost owing to RA compared with a healthy
state, with one DALY unit representing1year of healthy life lost’. Women
withRA generally bear agreater disease burden (as measured by DALY)
than men do. Globally, DALY counts attributable to RA nearly dou-
bled over the past 30 years, reflecting a shift from earlier mortality to
prolonged disability, as patients now live longer but with more years
affected by the disease, relative to some decades ago.

RA-associated disability exhibits marked regional imbal-
ances that seem to be deepening. For example, the Tokyo region has

experienced a 22% decline in RA-related disease burden over the past
30 years. The authors propose that factors such as the effectiveness of
disease-managementprograms, changesinenvironmentalexposuresand
lifestyle modifications potentially explain these regional differences.
The example from Japan suggests that proactive healthcare strategies
have the potential to reverse RA-associated disability trends.

On the basis of projections for the next 15 years, RA incidence
rates and RA disease burden (measured by DALY) are expected to con-
tinue to increase. However, the disease burden is predicted to decline
in regions with high socio-economic status, probably as a result of
improved disease management. The authors project that targeted
interventions might further reduce the RA burden by up to 20% and
lower RA-related mortality by as much as 17%. Jin et al. thus advocate
for health policies and resource allocation to help reduce the burden of
RA, emphasizinginterventions suchasearly diagnosis, smoking-control
policies, and appropriate use of advanced antirheumatic therapies'.

Akeylimitation of thisanalysis liesin the quality and completeness
of the data used for modeling. Although the Global Burden of Disease
estimates currently represent the most comprehensive source for global
epidemiological studies, the approach relies heavily on complex imputa-
tions, especiallyinregionsinwhich epidemiologicdataon RAaresparse or
of questionablereliability. Consequently, some of the observed regional
disparities in RA estimates, particularly in underserved areas, might
reflect deficienciesin healthcareinfrastructure and rheumatology care,
rather thantrue epidemiological differences. The validity and relevance
of the DALY construct also remains subject to debate?, partly because
some of its key components, such as the ‘disability coefficient’, are based
on arbitrary assumptions. This coefficient, for instance, implies that
years lived with certain diseases (suchas RA) areinherently less valuable
than years lived without disability or disease. Critics argue that
such a metric is too disconnected from real-world experience to serve
asareliable basis for setting priorities in resource allocation or informing
health policy decisions®*.

Although methodological concerns introduce some uncertainty
intospecific estimates and outcomes, the overall conclusions of this anal-
ysis remain sound. The global incidence and prevalence of RA continue
torise, while both mortality and morbidity associated with the disease
are declining — probably reflecting improvements in disease manage-
ment. As aresult, more individuals are living longer with RA, leading
to anincrease in years lived with disability and, consequently, higher
DALY counts. This analysis offers valuable insights into the long-term
epidemiological trends of RA.Importantly, it cansupport health systems
in anticipating future demands for RA care and prioritizing resource
allocationto measures thatare most likely to have the greatestimpact.
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Cutaneous lupus erythematosus —
from pathogenesisto targeted

therapy

Benjamin Klein', Allison C. Billi®?, Lisa Abernathy-Close ®' & J. Michelle Kahlenberg ®*?

Abstract

Sections

Cutaneous lupus erythematosus (CLE) is a complex inflammatory skin
disease that presents eitherinisolation or as afrequent manifestation
of systemic lupus erythematosus (SLE). CLE subtypes show clinical
heterogeneity and varying associations with SLE. Histologically,
CLEis characterized by interface dermatitis, areaction pattern that
involvesimmune-cellinfiltration of the dermo-epidermal junction.
In-depth characterization of both non-lesional and lesional lupus skin
has reshaped our understanding of pathogenesis. Non-lesional and
lesional lupus skin exhibits early and chronic upregulation of typel
interferons, which drive photosensitivity, myeloid-cell recruitment
and amplification of cytokine responses in both immune and
non-immune cells. This detailed understanding of CLE biology has
enabled the development of targeted therapies. Ongoing research

to identify key pathogenic mechanisms will create opportunities for
prevention of CLE and CLE-to-SLE transition.

'Department of Internal Medicine, Division of Rheumatology, University of Michigan, Ann Arbor, MI, USA.
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Review article

Key points

= Clinical, histological and laboratory findings help to distinguish among
subtypes of cutaneous lupus erythematosus (CLE) and can be used to
predict potential transition into systemic lupus erythematosus (SLE).

= Type | interferon (IFN) production is an early and persistent finding
in non-lesional skin in SLE and CLE.

= Keratinocytes are pro-inflammatory and prone to type | IFN
production, even in non-lesional skin.

= Environmental triggers, such as ultraviolet light, over-activate type |
IFN and innate immune responses in primed skin of patients with SLE
or CLE.

= Plasmacytoid dendritic cells and myeloid-derived cells contribute to
the pathogenesis of CLE.

= Absence of the tolerogenic Langerhans cells and dysfunction of
regulatory T cells seem to contribute to inflammatory activation in CLE.

= Type | IFN signatures are present in all lesional CLE subtypes, and
targeting IFN signaling is a promising way to treat CLE lesions.

Introduction

The outermost barrier of the human body features an orchestrated
regulation of epithelial, stromal and immune-cell homeostasis, result-
ingin afine-tuned interaction between sensing of external stimuli,
regulation of inflammation and repair of damage. The disruption of
homeostasis by environmental or pathogen-induced stress, skininjury,
impairment of regulatory mechanisms or overdrive of cellular signal-
ling pathways might tip the scale, precipitating or exacerbating skin
pathology.

Cutaneous lupus erythematosus (CLE) is a complex inflamma-
tory skin disease with a wide spectrum of lesions ranging from acute
and non-scarring lesions to chronic, disfiguring disease (Box 1). CLE
occurs either as anisolated skin disease or as a manifestation in about
70-80% of individuals with systemic lupus erythematosus (SLE). The
initial CLE classification by Gilliam and Sontheimer included three major
CLE subtypes: acute (ACLE); subacute (SCLE); and chronic CLE (CCLE)~
Studies of another rare form of CLE, namely, tumid lupus, have led to
the Diisseldorf classification, which distinguishes intermittent CLE as
the fourth CLE subtype? (Fig. 1). Multiple CLE subtypes may occurina
single patient, although one subtype is usually predominant. CCLE,
particularly discoid lupus erythematosus (DLE) is the most common
CLE subtype, accounting for up to 80% of all CLE cases*. Further subtyp-
ing depends ondistribution (forexample, localized versus generalized
ACLE), morphology (for example, annular versus psoriasiform SCLE)
and affected skinlayers (for example, CLE profundus (also known as CLE
panniculitis)) (Fig. 1 and Box 2). Patients with CLE might also develop
skin manifestations that are not CLE specific but are observed in many
autoimmune diseases, such as vasculitis or non-scarring alopecia®®.

CLE is often a devastating disease, and it substantially impacts
patient quality of life more than other inflammatory skin lesions’.
Cross-sectional studies of adults with CLE have demonstrated cor-
relations between reduced quality of life and increased skin disease

activity®’. Thus, understanding CLE pathogenesis s crucial for improv-
ingtreatment of skininflammation and the lived experience of patients.
The factors that contribute to pathogenesis in CLE are manifold.
Genetic predisposition, environmental stressors such as ultraviolet
(UV) radiation and smoking, and drivers of chronic activation of the
immune system, including upregulation of type linterferon (IFN) signal-
ling, prime normal-appearing skin for inflammatory responses. Once
triggered, aninterplay of humoral and cellular factors drives activation
ofinnate and adaptiveimmune cells recruited to the dermo-epidermal
junction (DEJ). Thisinflammatory and cytotoxic response culminates
in vacuolar degeneration in basal keratinocytes and is mediated and
amplified by skin-resident stromal cells, such as keratinocytes and
fibroblasts, and immune cells, such as myeloid cells, plasmacytoid
dendritic cells (pDCs), T cells, and B cells. Immune complex deposition
and a chronicinflammatory circuit then ensues.

In this Review, we discuss CLE pathogenesis with an emphasis
on the interplay between chronic IFN cycles, tissue-resident cells
and non-tissue-resident cells. Epidemiology of CLE, the potential
risk factors of progression to SLE and genetic factors implicated in
CLE and SLE are described. We explain the role of type I IFN signalling
and non-lesional skin dysfunction in CLE that primes for cutaneous
inflammation. We elaborate on triggers that result in provocation or
progression of skinlesions such as UV radiation and discuss novel and
upcoming therapeutic approaches to targeting these pathways.

Epidemiology of cutaneous lupus erythematosus
Over the past four decades, the incidence of CLE in the USA has
remained stable, with no significant trends across sex or age groups'.
Theincidence of CLEin population-based studiesisreported at3.9-4.3
per 100,000 person-years, with prevalence estimates ranging from
70t0109 per 100,000 (refs. 10-12). In Europe, estimates have been
similar®. Epidemiological studies of Asia, Africaand Australia are scarce;
aKoreanstudy found an estimated incidence of 4.4 per100,000 (ref. 13).
The female-to-male ratiois approximately 3:1,and the mean age at onset
is typically in the fifth to sixth decade of life*. Notably, CLE is more com-
monthan SLEinmen and older adults, with theincidence of CLE peaking
in the 60-69-year age group'. The racial and ethnic demographics of
CLE show marked disparities in incidence and disease burden. In the
USA, Black individuals have a significantly higher incidence of CCLE,
particularly DLE, than white individuals; data from the Georgia Lupus
Registry indicate that Black individuals have a 3- to 5-fold increased
incidence of CCLE and DLE compared with white individuals'. Black
patients also tend to experience more severe skin damage and ear-
lier onset of disease than white patients™. Studies in other regions
demonstrate similar disparities. In New Zealand, Maori and Pacific
peoples have a higher relative risk of all types of CLE, especially DLE,
than individuals of European ancestry, with a relative risk of 5.96 for
DLE for the former®”. Genetic factors are likely to influence these dif-
ferences, but socio-environmental factors might also contribute, and
further research is required to understand the relative contributions
of genetics and environment to CLE and SLE incidence.

Mortality among individuals with isolated CLE is comparable
withthat of the general population, with one retrospective population-
based cohort study reporting a standardized mortality ratio of 1.23
(95%Cl,0.88t01.66)". However, a substantial proportion of individu-
alswith CLE either have a concurrent diagnosis of SLE at presentation
(approximately 24% in one study) or develop SLE during follow-up
(anadditional 18%)*. Co-occurrence of CLE and SLE increases the risk
of morbidity and mortality. A recent systematic review described
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Box 1| Clinical and histological features of cutaneous lupus erythematosus subtypes

Acute cutaneous lupus erythematosus

Localized acute cutaneous lupus erythematosus (ACLE) typically
features a malar rash characterized by symmetrical macules and
papules that occur on the cheeks and bridge of the nose in the
so-called ‘butterfly rash’ distribution, characteristically sparing

the nasolabial folds. This rash is often accompanied by erosions

or ulcerations of the nasal mucosa and facial oedema. Generalized
ACLE often coincides with organ manifestations and presents

as a symmetrical widespread rash sparing the knuckles that
resembles a drug eruption or toxic epidermal necrolysis. Histology
is characterized by prominent interface dermatitis, potentially
with epidermal detachment (toxic epidermal necrolysis-like
ACLE). Drug-induced photosensitivity, rosacea, atopic dermatitis,
pemphigus erythematosus, contact dermatitis or photocontact
dermatitis are differential diagnoses to ACLE.

Subacute cutaneous lupus erythematosus

Subacute cutaneous lupus erythematosus (SCLE) often occurs in

a symmetric distribution on sun-exposed areas, usually sparing

the central face and the scalp. The eruption initially presents as
erythematous papules and macules with a slight scale, evolving
into papulosquamous or annular plaques'®®. SCLE shows strong
photosensitivity and is often drug induced (for example, by treatment
with terbinafine, thiazide diuretics or angiotensin-converting
enzyme inhibitors). Lesions sometimes subside with vitiligo-like
hypopigmentation but do not scar. Histological features are subtle
in SCLE but include interface dermatitis. Psoriasis, dermatomyositis,
erythema annulare centrifugum, erythema gyratum repens,
photolichenoid drug eruption, granuloma annulare, or pemphigus
foliaceus are differential diagnoses to SCLE.

Discoid lupus erythematosus

Discoid lupus erythematosus (DLE) is the most common CLE subtype,
and presents either as localized (80%) or as disseminated (20%)

rash, with disseminated DLE being more associated with systemic
lupus erythematosus (SLE) than localized DLE. DLE is typically
distributed on ultraviolet radiation-exposed areas such as the face,
ears and scalp, but might involve the extremities when widespread'.

progression of isolated CLE to SLE and reported a range of 0% to 42%
among adults and 0% to 31% among paediatric populations'. Further,
progressionto SLE may occur both early and late after CLE diagnosis,
with substantial variability depending on patient risk factors and
study design*™". Collectively, these longitudinal studies indicate that
the risk of progression from CLE to SLE is clinically substantial, and
regular monitoring and early identification of systemic symptoms are
recommended for optimal management'e.

Risk of progression to systemic lupus erythematosus

InCLE, many factors have been found to correlate with increased risk of
SLE or progression to SLE —most notably, CLE type. ACLE is frequently
associated withactive SLE. Among other CLE subtypes, risk of progres-
sion to SLE is highest among patients with SCLE™, although generalized
DLE, defined as affecting areas both above and below the neck, also con-
fers increased risk of progression to SLE'>*, Risk is also stratified by

Lesions typically present as well-demarcated scaly, erythematous,
variably hypo- and hyperpigmented macules and papules and
indurated plagues that may show characteristic occlusion of follicles
with hyperkeratotic plugs — so-called “follicular plugging’. Lesions
frequently eventuate in scarred plaques with central atrophy and
hypopigmentation. Histology shows prominent perifollicular and
perivascular infiltrates, interface dermatitis and plugging of follicular
ostia with keratotic material. Psoriasis, cutaneous T cell lymphoma,
polymorphic light eruption, or sarcoidosis are differential diagnoses
to DLE.

Profundus cutaneous lupus erythematosus or panniculitis
cutaneous lupus erythematosus

Profundus CLE (also known as panniculitis CLE) is characterized by
indurated nodules or plaques that resolve with deep lipoatrophy,
manifesting as depressed plaques. Histological features of active
lesions include lobular panniculitis and mucin deposition between
collagen bundles. Involvement of the overlying skin with other forms
of CLE might be present. Differential diagnoses include other forms
of panniculitis, such as erythema nodosum.

Chilblain cutaneous lupus erythematosus

Chilblain CLE features purple, violaceous, painful plaques in
acral areas (primarily the digits of the hands and feet) that are
often induced or aggravated by cold exposure but may occur in
the absence of these precipitants. Hyperkeratosis and ulceration
are common. Differential diagnoses include idiopathic perniosis
(chilblains), or secondary chilblains due to other diseases such as
cryoglobulinaemia.

Intermittent (tumid) cutaneous lupus erythematosus
Intermittent (tumid) CLE is characterized by erythematous or
violaceous firm, indurated, urticaria-like single or multiple plagues
without epidermal involvement in sun-exposed areas that spare

the knuckles. Histology shows patchy dermal infiltrates (lymphocytes
and plasmacytoid dendritic cells) and mucin deposition. Differential
diagnoses include reticular erythematous mucinosis, pseudolymphoma
and polymorphous light eruption.

systemic autoimmune markers. These factorsinclude testing positive
for antinuclear antibodies (ANAs), especially when high ANA titres
are present, haematological abnormalities such as cytopenias, and
the presence of additional lupus classification criteria at baseline™®.
Individuals with CLE that test positive for anti-Ro or Sjogren syndrome
A (SSA) antibodies also appear to be at anincreased risk of progression
to SLE, although they have not yet been directly compared with patients
with CLE who lack anti-Ro antibodies**.

During assessment of potential risk to progression, it is impor-
tant to differentiate between progression to mild versus severe SLE.
Some patients presenting with CLE receive a consecutive diagnosis of
SLE that is only based on the mucocutaneous criteria of previous ver-
sions of the ACR classification criteria for SLE>> — namely, malar rash,
discoid rash, enhanced sensitivity to UV radiation (photosensitivity)
and oral ulcers but otherwise have mild systemic disease without
life-threatening organ involvement”. When specifically examining
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« Localized (malar rash) = Annular = Discoid (DLE)

= Generalized = Psoriasiform or papulosquamous = Mucosal DLE

= TEN-like ACLE = Rowell syndrome
= Neonatal CLE

SCLE

= Chilblain CLE

CCLE

= Hypertrophic DLE
= Profundus CLE or panniculitis CLE

ICLE

}

= Tumid CLE

= Lichen planus-like CLE
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|
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|

Fig.1| Cutaneous lupus erythematosus classification and skin-lesion
morphology. a, Cutaneous lupus erythematosus (CLE) classification with

four major subtypes according to the Diisseldorf classification® and numerous
specific subtypes. Acute CLE (ACLE) can be distinguished from subacute (SCLE),
chronic (CCLE) and intermediate CLE (ICLE). ACLE presents as localized (malar
rash), generalized or toxic epidermal necrolysis (TEN)-like manifestation. SCLE
canbedivided into annular and psoriasiform subtypes. Rowell syndrome often
manifests as erythema multiforme-like skin lesions, accompanied by serological
features such as positive ANA (antinuclear antibody), anti-Ro/SSA (Sjogren
syndrome A) or anti-La/SSB antibodies. Neonatal CLE might occur in babies born
to mothers who test positive for the autoantibodies anti-SSA/Ro, anti-SSB/La

or anti-UIRNP. Neonatal CLE typically manifests as annular, SCLE-like lesions

onthe face. CCLEis divided into multiple subtypes including discoid (DLE),
mucosal DLE, hypertrophic DLE, profundus or panniculitis CLE, chilblain CLE,
lichen planus-like CLE and comedonic CLE. ICLE is often also referred to as
tumid CLE'®. b, Clinical images of SCLE, DLE, and tumid CLE. SCLE features a
symmetric distribution on sun-exposed areas with annular or papulosquamous
plaques. Annular lesions are often accompanied by central vitiligo-like
hypopigmentation. DLE typically occurs on the face, ears and scalp but can occur
insun-exposed areas below the neck when widespread. Note that DLE lesions
show a hyperpigmented periphery with depressed central hypopigmented
atrophy and scarring. Patients with tumid CLE show indurated, urticaria-like
erythematous plaques without epidermal involvement in sun-exposed areas.

therisk of progression from DLE to severe SLE, defined as SLE requir-
ing hospitalization and specific treatment*, age <25 years at the time
of DLE diagnosis, ANA titre >1:320, and Fitzpatrick phototype V or VI
(darker skin types according to a standardized classification of the
skin’s response to UV exposure®) were associated with a significantly
increased risk of progression to severe SLE. A follow-up study validated

that the absence of these features effectively identified a subset of
patients with DLE and no risk of progression to severe SLE*.

To date, no major rheumatology or dermatology societies have
issued formal guidelines advocating a specific method for clinical and
laboratory monitoring of patients with CLE for the development of
SLE. Clinical monitoring with total body skin examination, including
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antibody tests, with some additionally advocating for urinalysis and
renal-function tests'®'*”. No studies clearly specify optimal monitoring
intervals. This gap in the literature highlights the need for rigorous,
high-quality prospective longitudinal research to avoid overscreening
insome populations and underscreening in others.

aninspection of mucosal surfaces (oral ulcers) and acomplete review
of systems, as well as laboratory monitoring, has been recommended®.
Laboratory monitoring may reasonably include complete blood count
and ANA, with positive ANA titres triggering further autoantibody test-
ingincluding double-stranded DNA (dsDNA) and extractable nuclear

Box 2 | Diagnosis of cutaneous lupus erythematosus

Cutaneous lupus erythematosus (CLE) is diagnosed by a thorough
assessment of the onset, duration and morphology of skin lesions,
histopathology and laboratory findings. Typical histopathological
findings depend on the subtype but generally include dermal mucin
deposition and an inflammatory infiltrate along the dermo-epidermal
junction (DEJ) that is termed ‘interface dermatitis’ and is associated
with the cell death of basal keratinocytes (see the figure, see also
Fetter et al."”’ for a recent review of histopathological features).

Of note, tumid lupus does not show interface dermatitis but features
mucin deposition, oedema in the papillary dermis and a dermal
lymphocytic infiltrate, as well as photosensitivity. This has therapeutic
implications, as patients with intermediate CLE (ICLE) are often not
included in clinical trials. Diagnostic procedures may further include
directimmunofluorescence to detect depositions of IgG, IgM, IgA or
complement (C3) at the DEJ — also known as ‘the lupus band test’ — in
lesional CLE skin or in non-lesional, sun-protected skin in systemic lupus
erythematosus (SLE). Notably, immune complex deposition at the DEJ
can be positive in other dermatological conditions and also in healthy,
sun-exposed skin®. Photoprovocation, deliberate administration of
ultraviolet (UV) radiation, is used to evaluate photosensitivity and to
further confirm CLE; in affected patients, UV-induced lesions occur up
to 21 days post-exposure and typically persist’®.

During the diagnostic work-up, a complete review of systems is
recommended to evaluate for associated SLE: physical examination
including evaluation of skin and mucosa for worsening of CLE and
oral ulcers lasting for more than 2 weeks; and laboratory evaluation

ACLE Annular SCLE

including complete blood count, serum creatinine, urine protein
and anti-nuclear antibody testing with subsequent testing for
autoantibodies to double-stranded DNA (dsDNA) and extractable
nuclear antigens, if the anti-nuclear antibody test is positive'®.
In SCLE, anti-Ro/Sjogren syndrome A and anti-La/Sjogren
syndrome B are often positive, whereas anti-Smith or anti-dsDNA
antibodies are frequently seen in SLE-associated CLE. After
establishment of a CLE diagnosis, the activity of disease is assessed
by using the Cutaneous Lupus erythematosus disease Area and
Severity Index (CLASI), an instrument developed for scoring CLE
skin activity and damage'®®. In Europe, the revised CLASI (RCLASI)
is used as the primary scoring system. The RCLASI emphasizes
morphological criteria, for example, including oedema, which
is an important and often underrecognized clinical sign. Further
assessments include the degree of pain and itch as well as
skin-disease-associated quality of life”#?°%-20%,

The box figure shows representative histopathology images
of haemotoxylin and eosin (H&E)-stained acute CLE (ACLE),
annular subacute CLE (SCLE), psoriasiform SCLE and discoid
lupus erythematosus (DLE). Enlarged area depicts features of
each subtype. All subtypes show interface dermatitis with vacuolar
degeneration of basal keratinocytes. Note the differences in
the epidermal thickness in annular versus psoriasiform SCLE.
DLE shows deep dermal and periadnexal inflammatory infiltrate
and pigment incontinence. Scale bars top row,200 um. Scale bars
bottom row, 60 um.

Psoriasiform SCLE DLE
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The pathogenesis of CLE

Typelinterferon signalling

CLElesions are characterized by acytotoxicimmune response against
the epidermis. Previous studies have suggested that during CLE patho-
genesis an inflammatory trigger (for example, UV light) leads to the
formation of a lesion through externalization of antigens that are
recognized by pathogenic autoantibodies. However, pathogenesis
of CLE is likely to be more complex than this model, as not all disease
subtypes are associated with known autoantibodies. Importantly,
all subtypes of CLE are associated with an activation of the type I IFN
pathway that promotes the cytotoxic epidermal reaction. Type I IFNs
signal through the IFN-a/p receptor (IFNAR) to activate Janus kinase 1
(JAK1) and tyrosine kinase 2 (TYK2). This leads to phosphorylation of
signal transducer and activator of transcription 1 (STAT1) and STAT2,

whichformacomplex withinterferon regulatory factor 9 (IRF9) to then
translocate to the nucleus toinduce expression of IFN-stimulated genes
via binding to interferon-stimulation response elements. Chronic
upregulation of IFN-stimulated genes is referred to as the ‘IFN sig-
nature’. This type I IFN signature is robustly detected in lesional and
non-lesional, sun-protected skin in patients with a history of CLE*
(Fig. 2). Moreover, IFN signatures are increased, even in patients
with so-called ‘incomplete lupus’, who have detectable antinuclear
antibodies but do not meet SLE criteria®®'.

Type I IFNs are crucial mediators of inflammation through their
effects on activation and metabolic reprogramming of myeloid cells,
T cell polarization and sensitization of tissues to environmental
stimuli***, The importance of type I IFN in CLE pathogenesis is fur-
ther highlighted by the striking beneficial effects of drugs targeting
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Fig.2|Non-lesional skin dysfunction and photosensitivity. Non-lesional
skin of patients with cutaneous lupus erythematosus or systemic lupus
erythematosus exhibits increased type linterferon (IFN) levels, dysfunctional
Langerhans cells and increased numbers of CD16" dendritic cells (DCs) that
probably derive from non-classical monocytes. Exposure to ultraviolet

(UV) light triggers lesion development through UVB-mediated effects on
keratinocytes. First, mitochondrial damage and production of reactive oxygen
species (ROS) results in release of oxidized mitochondrial DNA (mtDNA) in the
Z-conformation (Z-DNA) (1). Second, Z-DNA is stabilized by IFN-induced Z-DNA
binding protein1(ZBP1) and further recognized by cyclic GMP-AMP synthase
(cGAS) (2). Third, cGAS activates a signalling cascade that includes activation
of stimulator of interferon genes (STING) and TANK-binding kinase 1 (TBK1),

to promote interferon regulatory factor 3 (IRF3)-dependent expression of

IFN (3). Fourth, type I IFNs get released and bind to interferon-o/f receptor
(IFNAR), and this leads to signal transducer and activator of transcription1
(STAT1) phosphorylation and expression of interferon-stimulated genes

(ISGs) and release of chemokines (CXCL9, CXCL10 and CXCL11) (4). Secreted
chemokines recruit CXCR3" T cells, plasmacytoid dendritic cells (pDCs) and
myeloid cellsinto the skin, and myeloid cells potentiate type Il IFN secretion,
subsequently migrating to skin-draining lymph nodes (5). Inaddition to cytokine
and chemokine secretion, UVB causes keratinocyte cell deathin all epidermal
layers, leading to autoantigen expression on the surface. Deficient clearance of
cellular debris leads to secondary necrosis and release of autoantigens that form
immune complexes with autoantibodies. This inflammatory circuit s further
promoted by the dysfunction of regulatory T (T.,) cells.JAK1, Janus kinase 1;
TYK2, tyrosine kinase 2.
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IFNsignalling, eveninrefractory cases*® (see section ontherapeutic
approaches). Epithelial, stromal and immune cells produce type I IFN.
Keratinocytes express a broad range of type I IFNs including /FNB,
IFNK, IFNE and type Il IFNs (IFNL)*. Myeloid cells (monocytes,
monocyte-derived dendritic cells and macrophages) and pDCs
secrete large amounts of type I IFN***! and have been identified in
both non-lesional and lesional lupus skin*~** (Fig. 2). However, recent
studies suggest CD16* myeloid cells rather than pDCs to be prominent
producers of type [ IFNin lupus skin*.

Type I IFN production is triggered by activation of endogenous
antimicrobial machinery that detects nucleic acids from varying
sources. Recognition of double-stranded RNA (dsRNA) through
Toll-like receptor 3 (TLR3) and single-stranded RNA (ssRNA) through
TLR7 and TLR8induces type I IFN expression vianuclear translocation
of pIRF3 (ref. 28). Cytosolic RNA is sensed by RIG1 and MDAS, which
promote type I IFN expression through MAVS. Cytosolic DNA from
microbial and endogenous sources is recognized by cyclic GMP-AMP
synthase (cGAS), which produces cyclic GMP-AMP (cGAMP), leading
todownstream activation and phosphorylation of stimulator of inter-
feron genes (STING)-TANK-binding kinase 1 (TBK1) and IRF3 (ref. 28).
Another sensor that promotes type I IFN signalling and cell-death
responsesis Z-DNA binding protein1(ZBP1), which binds cytosolic DNA
inthe Z-conformation®. The expression, trafficking and signalling of
these sensorsaretightly regulated, and disruption of inhibitory factors
or chronic overexpression are assumed to drive the chronic type I IFN
loop that characterizes lupus skin. Notably, nucleic acid sensors such
ascGAS and ZBP1are themselvesinduced by stimulation with IFN* 5,
resultinginafeedforward autocrine loop that might underlie chronic
activation of type IIFN signalling. Our understanding of these pathways
is evolving rapidly, and further translational and clinical studies are
neededto decipher what nucleicacids and nucleic acid sensors mostly
drive IFN production in the skin of patients with CLE and SLE.

Genetic associations in cutaneous lupus erythematosus
Multiple genetic factors have been associated with CLE, with subtypes
exhibiting overlapping and unique genetic associations. Monogenic
CLE and monogenic SLE have been mostly associated with chronic
activation of the type I IFN pathway, and are collectively termed
‘interferonopathies™**°. Monogenic CLE is primarily manifested as
familial chilblain lupus. Many individuals with monogenic CLE have
heterozygous mutations in TREXI (refs. 51-54). This gene encodes
a cytosolic 3’'-5" exonuclease involved in clearing cytosolic DNA;
decreased TREXI function leads to accumulation of cytosolic DNA,
whichis sensed by the cGAS-STING pathway, triggering chronic typel
IFN production®~°, Patients with TREX1-associated CLE exhibit signs of
systemicimmune activationincluding production of autoantibodies,
asystemic type I IFN signature and photosensitivity due to enhanced
DNA damage and cGAS activation in response to UV radiation®>”’.
Mutations in SAMHDI, a regulator of intracellular deoxynucleotide
triphosphate (ANTP) levels, cause another form of familial chilblain
lupus phenotypically characterized by violaceous plaques, nail dystro-
phyand vasculitis®®. TLR7 signalling is also affected insome individuals
with monogenic SLE. Missense mutations in TLR7 and in UNC93B1,
whichis involved in TLR7 trafficking and function, have been shown
to cause SLE with cutaneous manifestations including chilblain lupus,
whereas TLR mutations have been associated with malar rash® ¢,
Non-monogenic CLE exhibits complex genetic associations*™ with
HLA-associated genes, as well as genes involved in antigen presenta-
tion, complement, apoptosis, DNA processing and IFN responses.

A genome-wide association study of 183 patients with CLE and
1,288 healthy individuals identified 4 CLE-associated SNPs that are
all located within the major histocompatibility complex region of
chromosome 6, in proximity to genesimplicated in other autoimmune
diseases suchas HLA-DQalpha chain1 (HLADQAI), TRIM39 and RPP21
(ref. 62). Genetic associations with propensity for skininvolvementin
SLE were further identified for variants in ITGAM, FCGR2A, VDR and
STK17A%%, IFNK represents another risk locus for the development
of both CLE and SLE®®. Further genetic associations and functions of
individual proteins are reported by Chen et al.™®,

Non-lesional skin dysfunction in cutaneous and systemic
lupus erythematosus

Theidea that non-lesional lupus skin might be primed for inflammation
wasintroduced in the 1960s, when non-lesional skin was found to fea-
tureimmunoglobulins along the DEJ in up to 70% of patients with SLE®".
Now we know that there is intrinsic dysregulation of keratinocytes in
non-lesional lupus that persists in culture and is likely to be driven by
epigenetic modifications®®**’. Some of this dysfunction is driven by
chronic upregulation of IFNK expression, as blockade of IFNk normal-
izes pro-inflammatory responses to UV light*>*%7°7!, A recent single-cell
RNA-sequencing study of lesional and non-lesional skin and circulat-
ing immune cells from patients with CLE and SLE confirmed that the
IFN-rich environment generated by non-lesional lupus keratinocytes
influences gene expression in skin-infiltrating non-classical mono-
cytes, which thereby acquire pro-inflammatory properties and become
CD16" DCs, a pathogenic immune-cell subset in the skin of patients with
CLE*". Additional studies have identified epigenetic dysregulation of
Hippo signalling pathways in non-lesional skin that contribute to a
propensity towards apoptosis®. Further, repression of peroxisome
proliferator-activated receptor (PPARY) levels have been observed
in basal keratinocytes from the skin of patients with SLE, and PPARy
expressioninkeratinocytesis also likely to contribute to enhanced IFN
production in these cells’>”*. IFNs released from dysregulated keratino-
cytes in non-lesional skin activate DCs* and are likely to promote
inflammatory phenotypes of skin-infiltrating myeloid cells** (Fig. 2).
Collectively, these datasupportamodel in which chronic secretion of
type I IFN by dysfunctional keratinocytes in non-lesional skin places
individuals at risk of developing hyperinflammatory responses after
additional external stimuli such as UV light.

Triggers for development of skin lesions
Ultraviolet radiation. Photosensitivity to UV radiation is one of the
most important features of CLE, reported in up to 81% of patients,
regardless of skin colour”™. Other inflammatory skin diseases, such as
atopic dermatitis and psoriasis, can be treated by narrowband (311 nm)
UVB radiation, but UV exposure can provoke CLE and lead to severe
systemic flares, including lupus nephritis, when SLE is present’ ", Clini-
cally, photosensitivity in CLE and SLE is defined as photo-distributed
rash histologically consistent with CLE or systemic symptoms such as
fatigue or arthritis with a delayed onset (up to 3 weeks)””’%. This must be
distinguished fromacute photosensitive rashes,immediately following
UVradiation exposure, such as sunburn, solar urticaria, polymorphic
light eruption and other non-rheumatic diseases. In a study using
self-report, reaction patternsin photosensitive individualswith CLE are
variable, ranging from pruritic sensations (60%) to adirect sun-induced
CLE flare (86%) or even systemic reactions (36%)*.

The mechanisms underlying photosensitivity in CLE and SLE
are under investigation. UVB is mainly absorbed by the epidermal
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compartment, whereas UVA reaches the dermis. Both UVB and UVA
were shown toinduce CLE lesions™”’. However, histologically, skin from
patients with CLE exhibits increased abundance of dying keratinocytes
across all layers of the epidermis after exposure to UV light*° (Fig. 2).
Thus, keratinocytes are likely to beinvolved ininitiation of the reaction.
Keratinocytes from non-lesional skin of patients with SLE and a history
of CLE in vitro exhibit hyperinflammatory immune responses after
UVB exposure, including enhanced IFN and chemokine secretion*%
(Fig. 2).IFN has been implicated in priming inflammatory responses,
showingapathogenicroleinincreased cell deathand T cell activation
after exposure of human non-lesional lupus keratinocytes to UV light
in vitro® and in mouse models®. In mouse models, epidermal IFNK
overexpression enhances epidermal cell death through activation of
caspase 8 (ref. 81), skin inflammation and systemic T cell activation
after exposure to UV light®*.

Mechanistically, we are now starting to understand why type [ IFN
production is amplified in the skin of patients with CLE or SLE after
UVB exposure. In mice, early inflammatory responses to UV radia-
tion are cGAS dependent, and high doses of UV radiation result in
neutrophil-mediated kidney inflammation®*¢, Type I IFNs, which are
high in the skin of patients with non-lesional CLE, further skew this
process througha crucial IFN-inducible rheostat, ZBP1 (Fig. 2). UV radia-
tion causes mitochondrial stress and release of mitochondrial DNA
in the Z-conformation, most likely through generation of oxidized
bases (8-o0xodG) that favour Z-DNA conformation over the more con-
ventional B-conformation®*®*. Oxidized DNA staining colocalizes with
IFN-induced genesinskin lesions of patients with CLE*®, but type I IFN
does not increase oxidation per se*’. Importantly, in keratinocytes,
UV-induced mitochondrial Z-DNA and ZBP1 act as a ligand-receptor
pair driving enhanced early inflammatory responses in autoimmune
photosensitivity®* (Fig. 2). ZBPlis upregulated in CLE, aswell asin other
photosensitive diseases, such as dermatomyositis***’, Knockdown of
ZBP1reducesIFNresponses after UV, whereas overexpression resultsin
spontaneous Z-DNA accumulation and a type l IFN signature®”. Similar
to oxidized DNA, Z-DNA is resistant against intracellular nucleases®,
suggesting that this nucleic acid conformation might overcome cellular
DNA degradation through TREX1. Thus, Z-DNA and ZBP1 cause strong
activation of cGAS, leading to robust type I IFN and inflammatory
cytokine production (Fig. 2).

UV light also affects autoantigen exposure on dying cells, which
may alter downstream activation ofimmune responses. After UV radia-
tion, apoptotickeratinocytes present autoantigens such as Ro52/SSA
and La/SSB on their cell surface that can subsequently be bound by
autoantibodies, thereby forming immune complexes®. UV-induced
reactive oxygen speciesincrease expression of autoantigens onthe cell
surface of keratinocytes but also oxidize them to increase autoanti-
genimmunogenicity” . Translocation of La/SSB from the nucleus to
the cytoplasm is induced by UV-dependent conformational changes
of La”>**, These autoantigens can then be recognized by antibodies,
formingimmune complexes, triggering tissue damage.

TypellFNsalsoact viaepidermal Langerhans cells to abolish pro-
tection of keratinocytes from UVB-induced cell death. In healthy skin,
Langerhans cells provide epidermal growth factor receptor (EGFR)
ligands through a disintegrin and metalloproteinase 17 (ADAM17)-
mediated activation, and EGFR signalling in keratinocytes promotes
survival despite exposure to UVB light®. In mouse models of lupus,
Langerhans cells are dysfunctional and the type I IFN-rich environment
limits sheddase activity of ADAM17, thereby amplifying photosensitive
responses’ (Fig. 2).

Beyond the epidermis, data from mouse models have shown
that type I IFN also regulates photosensitive responses via the activa-
tion of inflammatory monocytes and their migration to local lymph
nodes, where they prime adaptive immune cells”. InIFNAR-knockout
mice, this response and associated photosensitivity were found to
be substantially reduced. Consistently, type I IFN-dependent migra-
tion of myeloid-derived DCs to the skin and draining lymph nodes
was more pronounced in lupus-prone mice than in non-lupus prone
controls®®. Increased activation of myeloid-derived DCs was also seen
in an IFN-high model generated by deletion of Trim21, the gene that
encodes for Ro/SSA. In these mice, UVB radiation leads to enhanced
systemicinflammation withanincrease ininflammatory monocytes”.
Thus, environments with high levels of type I IFNs, such as those seen
in lupus-prone mouse models, skew myeloid-cell recruitment and
generate a pro-inflammatory response. Similarly, IFN-associated genes
are expressed in FOXP3* regulatory T (T,..) cells from patients with
CLE but not in T, cells from healthy individuals*>. Indeed, chronic
typellFNresultsin T, cell dysfunctionand T cell activation in the skin-
draining lymph nodes after UV exposure in mice, further accelerating
UV-induced inflammatory responses®. In addition to IFN signalling,
lymphatic flow, whichis reduced in lupus-prone mice, might also con-
tribute to autoimmune photosensitivity'°°. Improved lymphatic flow
restrains B cell responses through activation of stromal CCL2, leading
todepletion of plasmablasts'®.

In summary, the IFN-rich epidermis in non-lesional lupus skin
primes for photosensitive responses that are mediated by hyperinflam-
matory responses of keratinocytes and immune cells, compounded by
the absence of tolerogenic factors.

Staphylococcus aureus. Patients with SLE have a distinct skin micro-
biome compared with healthy individuals'®". Staphylococcus aureus
is a dynamic colonizer of 30% of the US population'®?, and has been
shown to promote SLE-like autoimmune inflammation'®. S. aureus
is likely to also contribute to development of CLE'**'?, Individuals
with SLE are disproportionately colonized by S. aureus'*®, and nasal
carriage of S. aureusincreases the risk of skin disease flare inindividu-
als with SLE'®®. Importantly, CLE lesions are frequently colonized by
S. aureus''"". S. aureus adheres more robustly to keratinocytes in
patients with SLE than to those in healthy individuals and produces
mediators thatinduce inflammatory signalling and type I IFN produc-
tion, which contributes to skin barrier disruption'®. Treating CLE
lesions with 2% mupirocin, a topical antibiotic, to decrease S. aureus
colonization, was accompanied by decreased type | IFN-stimulated
gene expression'””. Reduction of staphylococcal burdenin CLE lesions
correlated witha decreasein IFN pathway signalling, ininflammatory
gene expression and in barrier dysfunction in lesional skin. Interest-
ingly, mupirocin-associated decreases in lesional monocytes also
correlated with decreased inflammatory gene expression'”. These
studies suggest that colonization of CLE lesions by S. aureus contrib-
utestoafeedforwardloop wherein type I IFNs drive a skin environment
thatis conducive to colonization, whichin turn furtherincreases IFN
production.

Chronic exposure to S. aureus proteins via repeated injection
induces development of lupus-like disease manifestations in wild-
type mice"’. Additional mouse models show that S. aureus coloni-
zation of mouse-bladder catheters with S. aureus prompts sterile
inflammatory-cellinfiltrationin the absence of bacteraemiaindiverse
organs, such as the kidney and lung'. Emerging evidence demon-
strates that S. aureusregularly breaches the epidermis, evenin normal
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skin?, and this process is enhanced when skin-barrier proteins, such as

filaggrin', are dysfunctional or absent. Increased type I IFN expres-
sion in the skin might further promote infiltration by the spread of
S.aureus, as cutaneousinoculationresultedinincreased lung-isolated
S. aureus in mice overexpressing Ifnk in their epidermis as compared
with wild type®. Furthermore, other environmental CLE triggers,
such as UV radiation” and smoking'*, are also implicated in damag-
ing skin-barrier integrity, thereby potentially promoting increased
S. aureus adherence™ ", Thus, overall skin health, barrier function
and underlying IFN production are crucial for microbial interactions
and require further study to understand how manipulation of the
cutaneous microbiome might exacerbate or benefit CLE lesions.

Cigarette smoking. Cigarette smoking increases therisk and disease
activity of CLE"*"” and SLE"®"°, Intriguingly, smoking at the onset of
SLE was associated with DLE (odds ratio (OR) 2.05), tumid CLE (OR4.5)
and photosensitivity (OR 2.07)"?°. Current smokers with SLE or CLE
have more severe disease and worse quality of life than non-smokers,
and smoke exposure increases cutaneous inflammation and damage
in a dose-dependent manner™. Cigarette smoking also has negative
effects on treatment responses for CLE. Smoking decreases the effi-
cacy of antimalarials in patients with SLE and CLE'*. Current smokers
with CLE are more often treated with hydroxychloroquine (HCQ) plus
quinacrine than non-smokers™ suggesting that additional drugs might
be required to overcome the effects of smoking or that smoking is
associated with increased disease activity. Indeed, in patients with
CLE, the antimalarial response rate is significantly lower for smokers
(40%) than for non-smokers (90%)'**. A meta-analysis of the litera-
ture revealed that smoking is associated with a 2-fold decrease in the
proportion of patients with CLE achieving resolution of cutaneous
disease with antimalarials'>. Furthermore, smoking limits efficacy
of otherimmunosuppressant medications such as methotrexate and
mycophenolate™. The mechanisms by which smoking impacts thera-
peutic responses and drives skin disease in SLE are currently under
investigation. A cross-sectional study in patients with SLE found that
smoking is independently associated with increased skin manifesta-
tions (for example, with Raynaud’s phenomenon), increased levels of
B cell-activating factor (BAFF) and decreased levels of IFNy'%, Further
studies arerequired toidentify SLE-and CLE-associated pathways trig-
gered by smoking. Regardless, current evidence highlights theimpor-
tance of smoking cessation messaging as an approach to improving
skin-disease outcomesin patients with SLE and CLE.

Lesional skin

Inflammatory circuits in lesional skin. CLE lesions are marked by
a prominent autocrine inflammatory loop at the DEJ that relies on
crosstalk between keratinocytes, fibroblasts, myeloid cells, T cells and
B cells. Keratinocytes robustly express chemokines such as CXCL9,
CXCL10 and CXCL11, thereby recruiting CXCR3" cytotoxic T cells to
the site of inflammation®*'*° (Fig. 3). Keratinocyte-derived type IlI
IFNs (IFNA1-4) might contribute to this chemokine excess, as IFNA1
is enhanced in serum from patients with active CLE, and stimula-
tion of keratinocytes with IFNA1 results in enhanced production of
CXCL9 (ref.127). Vacuolar degeneration of basal keratinocytes and
insufficient uptake of apoptotic material by macrophages lead to
persistence of cellular debris, including nucleic acids. This insuf-
ficient disposal of cellular waste has been suggested to amplify the
lesional inflammation in CLE and further activate innate immune
pathwaysin lesional keratinocytes and immune cells'*®. Lesional CLE

features deposition ofimmunocomplexes at the DEJ, probably through
autoantigen exposure on the surface of keratinocytes and insufficient
efferocytosis of dying keratinocytes' (Fig. 3). Notably, tumour necro-
sis factor (TNF) canincrease the surface expression of Ro52/SS-A and
La/SS-Bonkeratinocytes and is highly expressedin CLE, especially in
therapy-refractory cases**'*°,

Amongimmunecells, T cellnumbers areincreasedin CLE lesions.
CDS8' T cells have been identified to promote skin damage through
release of cytotoxic factors such as granzyme B and perforin'?*"!
(Fig. 3). Cytotoxicity of both CD4" and CD8' T cells expressing gran-
zyme B is regulated by hypoxia-inducing factor 1 (HIF-1), which is
highly expressed in lesional CLE™ (Fig. 3). CLE CD4" T cells are pre-
dominantly polarized towards a T helper 1 (T,1) phenotype, and this
T cell phenotype correlates with type I IFN signalling®*. In CLE, T cells
exhibit very elevated and sustained type I IFN signatures compared
with T cells from healthy individuals***>*3, The downstream effects
of this IFN exposure remain uncertain, as CLE lesional T cells exhibit
reduced activationand cytotoxicity when compared with T cells from
lupus nephritis biopsies™. Further, exhaustion signatures have been
reportedin T cells from CLE lesions™*. In contrast to human CLE, mouse
models of CLE exhibit T,17 cell polarization®™'. Both DLE and SCLE
lesions were shown to exhibit increased IL-17A expression compared
with healthy skin'*"**, However, transcriptomic analysis of CLE lesion
samples revealed that the levels of IL-17A are minimal compared with
levels of other cytokines™”*%, Targeting of IL-17 signalling through
blockade of upstream IL-12 and IL-23 using ustekinumab did not result
in greater improvement in skin activity, as measured by Cutaneous
Lupuserythematosus disease Area and Severity Index (CLASI) scores,
compared with placebo ina phaselll placebo-controlled multi-centre
study in patients with active SLE™’. Thus, IL-17 signalling might not
be clinically relevant in CLE. Overall, more researchis needed to fully
understand the pathogenic contributions of T cellsin CLE.

Myeloid cells areless abundant than T cellsin CLE but participate
substantially in the inflammatory loop in CLE lesions (Fig. 3). pDCs
are able to produce high amounts of IFNa& upon TLR stimulation™%**,
As pDC numbers are low in the blood of patients with SLE, for many
decades they werethoughttobelocalizedinthe tissue and serve as the
main contributors tothe IFN signature observed in SLEand CLE. Stimu-
lation of peripheral blood mononuclear cells from patients with SLE
with autoantibodies and plasmid DNA orimmune complexes together
with apoptotic material have been shown to mount robust type I IFN
responses'*>'*3, However, sources of type | IFN other than pDCs have
been identified, and pDCs were found to have lower IFNa expression
levels than myeloid-derived dendritic cells or epithelial cells, such as
keratinocytes, especially inlesional CLE biopsies®**. The low numbers
of pDCsin peripheral blood of patients with SLE did not correlate with
diseaseactivity, and these pDCs exhibited lower production of IFNaand
TNF after TLR stimulation than pDCsisolated from healthy individuals,
despite equivalent levels of receptor expression®’. Furthermore, pDCs
isolated from patients with SLE did not activate T cells as effectively
as pDCs from healthy individuals®. The compromised capacity for
invitroIFN production of blood-derived pDCs from patients with SLE
was reproduced using pDCs from skin lesions of patients with CLE*.
These results suggest that pDCs in SLE feature an exhausted pheno-
type and more research is needed to understand their role in SLE and
CLE. pDCs might have roles beyond IFN production in SLE and CLE,
as they express granzyme B, which promotes their interaction with
Tcells*. Indeed, clinical trials usinglitifilimab, amonoclonal antibody
against the pDC marker BDCA2, have indicated that pDC blockade
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Fig.3|Inflammatory circuits in lesional lupus skin. Lesional lupus skinis
characterized by infiltration of the dermo-epidermal (interface dermatitis)

by T cells, marked by vacuolar degeneration of basal keratinocytes, leading to
release of danger-associated molecular patterns (DAMPs) and autoantibody
deposition. This cytotoxic response is mediated by CD8" T cellsand CD4" T cells,
particularly T helper1(T,1) cells, which all exhibit upregulation of the transcription
factor hypoxia-inducible factor 1 (HIF-1). A chronic cytokine crosstalk is established
by keratinocytes, myeloid cells and T cells, resulting in robust chemokine and

typelinterferon (IFN) signatures in lesional skin, leading to further immune-
cell recruitment. Absence of tolerogenic Langerhans cells and the presence of
dysfunctional regulatory T (T,.,) cells resultin dampened immune tolerance,
leading to a chronic hyperinflammatory environment. Fibroblasts exhibit
immune-cell crosstalk and become activated, ultimately leading to dermal mucin
deposition'. Antigen-presenting cells migrate through lymphatic vessels to skin-
draining lymph nodes, promoting adaptive immune responses. DC, dendritic cell;
DEJ, dermo-epidermal junction; pDC, plasmacytoid DC.

leads to amelioration of CLE lesions'**, accompanied by reduction
of MX1 expression in skin lesions'*. However, BDCA2 might also be
expressed on dendritic-cell subsets'*®, and the specificity of litifilimab
against pDCsremains to be validated. We will learn more about the role
and targeting of pDCs in CLE when data from the phase Ill trial using
litifilimab are released.

Inflammation in lesional skin is further amplified by the absence
of tolerogenic factors. Epidermal Langerhans cells are depleted in
lesional CLE***>'¥ (Fig. 3), which is a finding relatively unique to CLE,
asotherinflammatory skin diseases that feature interface dermatitis,
suchaslichen planus, exhibitincreased numbers of Langerhans cells'’.
T, cells, knowntodampen T cell activation, are similar innumbersin
CLE lesions and skin samples of healthy individuals, but are dysfunc-
tional in CLE**"™* (Fig. 3). T, cells in CLE skin exhibit a high type I IFN
signature and a high exhaustion score™>"**, especially in non-lesional
skin. As the immunosuppressive capacity of T, cells is also strongly
inhibited by type I 1FNs following UV exposure in lupus-prone mice®,
itistemptingto speculate that high levels of IFNsin CLE skin contribute
to T, cell dysfunction. Other relevant pathways contributing to this
T, cell phenotype include metabolic shifts that result in increased
glycolysis, overdrive of oxidative phosphorylation and repression
of the pentose phosphate pathway'**'*’, Intriguingly, a small study

that treated CLE lesions with gluconolactone, a metabolite of the
pentose phosphate pathway, to restore activity of T, cellsresultedin
moderate improvement of CLE lesions after 2 weeks of treatment'’,
Further studies will be needed to investigate if T, cell function is
improved after reductionin IFN signatures in CLE and SLE skin.

Discoid lupus erythematosus versus subacute cutaneous lupus
erythematosus. The two best studied subtypes of CLE lesions are
DLE and SCLE. These lesions have interesting contrasting phenotypes,
but drivers for this difference in lesional behaviour have not yet been
identified. DLE lesions manifest asinflammatory plaques, often result-
ing in atrophic scars with dyspigmentation, whereas SCLE lesions
are characterized by non-scarring, non-atrophying inflammation®’.
Both subtypes are characterized by type I IFN signatures, and these
signatures are stronger in DLE versus SCLE, regardless of whether
associated with SLE®*3, Comparisons of immunophenotypesin DLE
versus SCLE via mass cytometry revealed similar levels of skin infil-
tration by myeloid cells and T cells*. SCLE showed slightly enhanced
T,2 cell-to-T,17 cell ratios compared with DLE*, potentially reflecting
similarity to psoriasiform inflammation. Overall, DLE is more cellular
and inflammatory than SCLE, which may explain the higher IFN scores
in DLE*13,
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InSLE, dermal fibroblasts are poised to hyper-respond to inflam-
mation, and fibroblast responses differ between patients with SLE and
a history of SCLE versus patients with DLE®*. Transforming growth
factor-p (TGFp) has been identified as a crucial upstream regulator
for inflammatory fibroblasts in DLE lesions, whereas inflammatory
pathways were more prominent in patients with a history of SCLE.
Further, when stimulated with TGFf3, DLE fibroblasts responded with
increased upregulation of collagen transcripts, whereas SCLE fibro-
blasts mounted inflammatory responses”*. Some of these differences
might underlie variable propensity for scar formation.

B cell profiles also differ betweenthe two lesional subtypes. InDLE,
B cells are enriched, coinciding with an upregulation of BAFF, whereas
SCLE lesions have very few B cells"*>">*"*¢, Peripheral B cell analysis in
patients with DLE identified less overlap with SLE B cell phenotypes
whenthere were few lesions but more overlap with SLE whenthere were
widespread lesions, suggesting that isolated DLE might have distinct
B cell activation patterns that are less ‘SLE like™’. B cellimmunopheno-
typingin DLE and SCLE skin lesions compared with healthy skin revealed
increased abundance of CD20" B cells, CD38" B cells, but not plasmacells
in DLE versus SCLE™®. Together, it remains to be determined whether
B cells contribute to differences between the DLE and SCLE phenotypes.

CLE diagnosis

Therapy for cutaneous lupus erythematosus
Treatment of CLE requires amultimodal approach that includes avoid-
ance of triggering factors and use of topical and systemic treatments
based on individual factors such as CLE subtype and patient comor-
bidities (Fig.4). Until recently, treatment options were limited, and, to
date, there are stillno FDA-approved therapies beyond HCQ for treat-
ment of CLE. However, inhibition of type I IFN signalling is especially
effective in treating SLE-associated cutaneous lesions™’, highlighting
the importance of this pathway for disease pathogenesis. Ongoing
trials of new therapies for SLE and CLE have promising early data,
and we anticipate that treatment algorithms for CLE will change as
these dataemerge.

Conventional therapies

First-line therapies for CLE are topical corticosteroids and topical
calcineurin inhibitors for localized disease, and antimalarial medi-
cations (HCQ, chloroquine and quinacrine) for more extensive or
refractory cases (Fig. 4). Topical corticosteroids are the mainstay for
limited skin involvement, with generally good efficacy but a risk of
local side effects, such as atrophy and telangiectasia, especially with
prolonged use. Topical calcineurininhibitors, for example, tacrolimus
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Fig. 4| Treatment algorithm for cutaneous lupus erythematosus. Treating
cutaneous lupus erythematosus (CLE) should include a specific treatment
strategy that is based on individual factors such as subtype, disease severity,
comorbidities, lifestyle and patient preference. It is recommended to combine
topical and systemic therapies for improved outcome if initial topical treatment
is not successful>'*, Preventative factors should accompany any therapeutic
approach (avoid ultraviolet (UV) exposure, quit/reduce smoking, eliminate
photosensitizing drugs, exercise, healthy nutrition). When treating CLE, patients
need to be assessed for disease distribution, disease activity (as assessed by

the Cutaneous Lupus erythematosus disease Area and Severity Index (CLASI)

or revised CLASI (RCLASI)), pain, itch, quality of life (QoL) and manifestations

of systemic lupus erythematosus (SLE) including potential risk of progression
to SLE. Localized disease should be treated topically with glucocorticosteroids
(GCS), calcineurin inhibitors (CI) or topical JAK inhibitors (JAKi), if available.
Non-responders should receive hydroxychloroquine (HCQ) or chloroquine

(CQ) systemically, where hydroxychloroquine is preferred because of the retinal
toxicity risk of chloroquine. In severe and widespread disease, first-line therapy
includes both topical and systemic treatment. If available, quinacrine should be
added to hydroxychloroquine or chloroquine. Second-line treatments include
immunomodulatory orimmunosuppressant drugs (methotrexate (MTX),

or mycophenolate mofetil (MMF) are recommended) or biologic DMARDs (such
as belimumab or anifrolumab), especially when SLE is present. Non-responders
should be interdisciplinarily discussed and might benefit from retinoids
(hypertrophic discoid lupus erythematosus (DLE)), dapsone (bullous CLE),
thalidomide/lenalidomide or B cell depletion (for example, with rituximab or
obinutuzumab). Inclusion in ongoing clinical trials (clinicaltrials.gov), including
chimeric antigen receptor (CAR)-T cell studies, is an option for difficult-to-treat
patients. Responders to therapy should maintain their current therapeutic
regimen and be regularly assessed for sustained efficacy or possible transition
toSLE.
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or pimecrolimus, are effective steroid-sparing agents, particularly for
sensitive areas such as the face and intertriginous zones and are sup-
ported by moderate evidence of efficacy in CLE'*°, Among antima-
larials, HCQis the first-line systemic treatment with favourable efficacy
and safety profile® and is supported by moderate-quality evidence for
reducing clinical flares compared with placebo'*® (Fig. 4). The mecha-
nismofactioninvolves modulatingimmune systemactivity, particularly
through inhibition of TLR signalling and reduced pro-inflammatory
cytokine production. HCQ accumulates in lysosomes, increasing the
lysosomal pHand interfering with antigen processing and presentation,
thereby dampening the activation of autoreactive T cells and B cells.
This leads to decreased production of type I IFN and other cytokines
implicated in CLE pathogenesis'®’. Addition of quinacrine in patients
for whom HCQ monotherapy fails is associated with higher response
rates”’. For patients with an inadequate response to antimalarials,
escalation to immunosuppressive agents such as methotrexate is
recommended'®®, Methotrexate has demonstrated superiority to
placebo in achieving complete clinical response and was found to be
non-inferior to chloroquine in head-to-head trials'*® (Fig. 4). Metho-
trexate is achemotherapy agent that inhibits dihydrofolate reductase
to exert an antiproliferative effect; however, at the low doses used in
treatment of autoimmune diseases, methotrexate principally acts to
modulateimmune responses, suppressing T cell activation, reducing
pro-inflammatory cytokine production, and interfering with purine
metabolism and, thus, increasing the release of adenosine, which has
broad anti-inflammatory effects””". Methotrexate efficacy in psoriasis
was linked with methotrexate ability to inhibit transport of bacterial
peptidoglycans into keratinocytes'”. Cyclosporine and azathioprine
are also used as steroid-sparing agents in SLE, with similar efficacy in
treating cutaneous disease'®,

Autoantibody positivity correlates not only with risk of disease
progression but also with CLE therapeutic response'”. In a study of
390 patients with CLE, antimalarials and topical steroids were the most
common treatments (86% and 85% of participants, respectively), but
only 63% of CLE patients responded to antimalarials and 50% to topical
steroids. Low response rates to these first-line therapies were observed
in patients with ACLE and SLE; when controlling for CLE subtype and
the presence of SLE, poor response to antimalarials was observed
among participants with anti-dsDNA (OR 0.5), anti-Smith (OR 0.5),
or anti-chromatin (OR 0.6) autoantibodies'”’. Cellular and molecular
disease characteristics also correlate with therapeutic response. One
study comparing responses to HCQ and the antimalarial quinacrine
reported thatincreased numbers of myeloid dendritic cells with high
TNF expression in cutaneous lesions might contribute to HCQ refrac-
toriness but was associated withimproved response to quinacrine; this
is likely to explain the differential effects of these two medications on
thelevels of inflammatory cytokines*.

Emerging therapies for cutaneous lupus erythematosus

The development and validation of provider- and patient-reported
disease severity metrics for CLE have facilitated incorporation of
primary or secondary CLE outcomes intrials, accelerating discovery
in this area. Emerging therapies for CLE focus primarily on targeted
immunomodulation (Fig. 5). Recent advances include monoclonal
antibodies and small molecules that specifically inhibit key patho-
genic pathways in CLE. Type I IFN pathway blockade is a major area
of development. Anifrolumab, a monoclonal antibody targeting
IFNAR, has demonstrated efficacy in reducing cutaneous disease
activity in SLE trials, with significant improvement in skin-specific
outcomes, and is now being evaluated in CLE-only populations®”*%17#,
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Belimumab, a monoclonal antibody against BAFF, is approved for
SLE and has shown benefitin cutaneous domains'”, although its effi-
cacy in CLE without systemicinvolvementisstill under investigation.
Litifilimab, an anti-BDCA2 antibody that depletes pDCs, has shown
promising resultsina phasell trial, significantly reducing skin disease
activity in patients with CLE™**. Other agentsin developmentinclude
deucravacitinib (aselective TYK2 inhibitor approved for psoriasis)*’
and enpatoran'”’,a TLR7 and TLRS inhibitor, which have shown prom-
ise in phase Il data. Edecesertib (GS-5718), an inhibitor of IRAK4, a
kinase that is activated downstream of TLRs, and VENT-03, a cGAS
inhibitor, are currently under investigation in phase Il trials (Fig. 5).
Although some therapeutics did not meet CLE endpoints, such as the
selective JAK1 inhibitor filgotinib and the SYK inhibitor lanraplenib'®,
select subgroups were found to benefit, suggesting possible disease
heterogeneity. Indeed, meta-analyses indicate that the effect of JAK
inhibitors such as baricitinib on CLE is uncertain’**, but baricitinib
was highly effective in a small case series of patients with familial
chilblain lupus who carried TREXI mutations’®’,

Other emerging therapies that might show efficacy on CLE lesions
include those aiming at immune reset’ through deep B cell depletion.
Casereports of patients with SLE with active CLE as part of their disease
have shown complete reductionin SLEDAl activity with CD19-directed
chimericantigen receptor (CAR)-T cell therapy'®*'** (Fig. 5), suggesting
that skin manifestations are also improving. Other methods of B cell
depletion, including bi-specific T cell engager therapy, are also showing
promise withimprovement inskinmanifestations in other autoimmune
diseases'™’, but datain SLE or CLE are still lacking. The next 5 years will
rapidly provide insight into how B cell depletion affects CLE.

Moving from treatment to prevention

Inflammatory changes in the skin are found early, potentially before
lesions appear. Epigenetic modifications of non-lesional keratinocytes
have beenreported®’, but we still know very little about the connections
between CLE and the development of SLE. Type I IFNs are sufficient to
drive CLE phenotypes and immune activationinmice®!. Type 1 IFNs also
accelerate SLE onset'®*'®", Skin exposure to UV light causes both CLE
and SLE flares. However, we still know very little about how CLE starts,
whether CLEisadriver of SLE, or how the skin activates systemic auto-
immunity. Mouse models support systemicimmune activation by UV
exposure or skininflammation, especially in the context of lupus-prone,
IFN-rich environments® %8 Thus, treatment of isolated CLE has long
been hypothesized to reduce the likelihood of progression to SLE.
Anobservational study of 286 patients withisolated CLE treated with
HCQor topical corticosteroids or with calcineurininhibitors reported
that early initiation of HCQ was associated with an 87% reductionin
SLErisk over time, regardless of CLE severity and baseline antinuclear
antibody status. HCQ use was also associated with alower risk of severe
SLE with end-organ involvement'®. Definitive determination of the
effects of CLE treatment on progression to SLE will require prospec-
tive, longitudinal studies and high-quality, skin-focused randomized
controlled trials. As therapeutic options expand with new agents that
target potential drivers of disease onset and progression — such as
type I IFNs — the prospect of treating CLE to prevent SLE transition
might be drawing closer.

Conclusions

The future for patients with CLE has never been brighter. The under-
standing of CLE continues to evolve but has already led to potentially
life-changing therapies for patients who are affected by this disease.

Future research will help to clarify the definitive pathogenic cell
populations in CLE and whether they differ by disease subtype. This,
coupled with a wave of targeted therapies, will offer the opportunity
for personalized therapeutics and potentially immune reset or cure.
Supportand growth of research in autoimmune diseases is crucial for
this transformational work to happen.

Published online: 7 November 2025
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Abstract Sections
Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis Introduction
(AAV) encompasses three rare yetinterrelated diseases: granulomatosis Approach to AAV diagnosis

with polyangiitis (GPA), microscopic polyangiitis (MPA) and eosinophilic
granulomatosis with polyangiitis (EGPA). Despite increasing recognition,

Classification criteria

Assessment of disease activity,

the diagnosis of AAV remains challenging, evenin specialized medical damage and health-related
centres, owing toits clinical heterogeneity, overlap with mimicking quality of life
conditions, and the variable performance of ANCA testing. The assessment | prognosis

of apatient suspected of AAV requires a timely synthesis of symptoms, Outlook

physical examination, laboratory tests, histopathology and imaging data to
substantiate the diagnosis, exclude alternative diagnoses, assess disease
activity and extent, and enable rapid initiation of appropriate therapies.
Classificationis similarly complex, and evolving classification systems are
based on clinical phenotype, ANCA specificity or acombination of both,
each withimplications for disease monitoring, therapeutic decisions

and trial design. Assessing disease severity and predicting prognosis are
fundamental but complicated by the diverse patterns of organinvolvement,
relapsing-remitting course and co-morbidities. Although validated

tools exist for measuring disease activity, organ damage and prognosis,
many limitations remain, particularly inidentifying smouldering disease,
irreversible damage and risk of relapse. Emerging therapies have improved
outcomes, with recovery of kidney function, better overall survival and
improved glucocorticoid-related toxicity, but patients with AAV continue
to experience high risks of chronic morbidity and early mortality. This
Review explores current challenges and opportunities in the diagnosis,
classification and prognostic assessment of AAV, and outlines a structured
framework to support personalized and outcome-focused care.

Conclusions

A full list of affiliations appears at the end of the paper. [></e-mail: casalmoura.marta@mayo.edu;
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Key points

= Diagnosing ANCA-associated vasculitis (AAV) can be challenging
owing to the heterogeneity of the syndromes, the absence of a gold
standard and criteria for diagnosis, and the overlapping features with
other conditions.

= The development and revision of classification criteria for AAV
have been essential for enhancing the accuracy and consistency
of research studies.

= As research into the genetic and immunological basis of AAV
progresses, classification criteria will continue to evolve, assisting
patient stratification and personalized treatment.

= Although the standardized tools — BVAS, VDI and AAV-PRO — have
improved our ability to assess disease activity, organ damage and
patient quality of life, respectively, comprehensive measures that
integrate all these factors remain to be developed.

= Improved disease stratification, combined with patient-centred
approaches, will help to refine prognosis, to personalize treatment
and ultimately to improve outcomes for patients with AAV.

= Anintegrated, multifaceted approach to assess AAV is essential for
improving patient care, including understanding diagnostic tools,
classifying disease severity and predicting outcomes based on a
combination of factors.

Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(AAV)is agroup of three related, rare, challenging and complex con-
ditions with overlapping clinical presentations: granulomatosis with
polyangiitis (GPA); microscopic polyangiitis (MPA); and eosinophilic
granulomatosis with polyangiitis (EGPA). The outcome of systemic
vasculitis has improved from an invariably fatal course to a chronic
relapsing-remitting disorder, with survival rates close to 90% after
remission-induction treatment' >, Following the introduction of cyclo-
phosphamide inthe 1960s, the management of AAV progressed from
optimizing glucocorticoid-based and otherimmune-suppressive regi-
mensto targeted therapies, including rituximab, the complement C5a
receptor inhibitor avacopan, for GPA and MPA* ™8, and interleukin-5
(IL-5) inhibition for EGPA*'°. Achieving remission, resolving acute
life-threatening disease manifestations and markedly reduc-
ing therisk of organ damage is now possible for most people with AAV.
The frequency of adverse outcomes, including death and end-stage
kidney disease, is declining owing to earlier diagnosis and advances in
therapy'2. However, substantial mortality and morbidity associated
with both the disease and treatment, and reduced life expectancy,
remain a reality for many people with AAV".

Classification criteria for GPA and EGPA were initially developed by
the American College of Rheumatology (ACR) in 1990, were updatedin
2022toinclude MPA, and improved standardization of patient recruit-
ment for clinical trials” ™. Additionally, definitions of AAV were estab-
lished through the Chapel Hill Consensus Conferences processin1993
and updatedin2012 (ref.15). However, these classification criteria and
definitions are not designed for diagnosing AAV, and formal diagnostic

criteria have not yet been established for AAV. Disease activity and
extentin AAV hasbeen quantified for clinical trials using various itera-
tions of the Birmingham vasculitis activity score (BVAS). Organ damage
resulting frominitial vasculitic activity, disease relapse, adverse effects
oftreatment or other co-morbidities are captured using damage assess-
ment instruments, including the vasculitis damage index (VDI) and
the combined damage assessment (CDA). Finally, so-called generic
patient-reported outcomes (PROs) have been studied and validated
for use to assess the impact of AAV on physical, mental, and social
well-being. A disease-specific PRO for AAV has been developed™®.
Consequently, acohesive and integrated approach that combines the
evaluation of the diagnosis, classification, severity, damage and PROs
is strongly recommended when studying AAV®”.

Despite advancesinthe treatment of AAV and progresses madein
disease classification and assessment, challenges remain in ensuring
timely diagnosis, consistent disease assessment, and appropriate
treatment stratification®. Existing classification criteria and disease
activity scores have facilitated research and clinical decision-making,
but their limitations — particularly in real-world settings — have
become apparent. As precision medicine gains traction and clinical
trials become increasingly tailored to patient subgroups, there is a
pressing need to reassess how we define, measure and monitor AAV.
Recent updatestoclassification criteria, emerging targeted therapies
and agrowing emphasis on precision medicine all call for accurate and
adaptabletools for diagnosis, assessment and outcome measurement
inAAV. Therefore, the field needs to critically examine the current tools
used for classification and disease assessment, explore their clinical
andresearchimplications, and highlight opportunities for refinement
toimprove outcomes for patients with AAV.

This Review outlines an integrated approach to evaluation of
AAV that considers diagnosis, classification, assessment of severity
and prognosis. Discussions include ongoing challenges of diagnos-
ing AAV in the absence of validated diagnostic criteria, followed by
development and application of classification criteria and disease
definitions. Furthermore, we review current tools for assessing dis-
ease activity, organ damage, and patient-reported outcomes, and
their utility in both clinical practice and research. Finally, we highlight
emerging opportunities to refine these instruments in the context of
precision medicine, with the goal of improving disease stratification,
treatment individualization and long-term outcomes for individuals
living with AAV.

Approach to AAV diagnosis

The frequent occurrence of nonspecific presenting signs and symp-
toms of AAV and the absence of established diagnostic criteria often
resultin delays in diagnosis and postponement of the start of treat-
ment, both potentially leading to development of irreversible organ
damage”**. AAV symptoms might range from nonspecific constitu-
tional features (such as malaise, fatigue, weight loss, fever, arthralgia
and myalgia) to organ-related manifestations (such as pulmonary dis-
ease or neuropathy). Incidentally discovered findings such asimpaired
kidney function, urinary findings suggestive of glomerulonephritis,
or radiographic abnormalities suggesting pulmonary disease also
prompt evaluation for AAV in otherwise asymptomatic individuals.
The diagnosis of AAV is based on a synthesis of data based on clinical
presentation, radiographic testing, pathology, and laboratory tests"*
(Fig.1and Supplementary Fig.1). Differences in organ manifestations,
ANCA specificity, and the presence or absence of peripheral and
tissue eosinophilia help to distinguish among the three subtypes of AAV.
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The development of diagnostic criteria for AAV has been chal-
lenged by protean nature and heterogeneity of the disease combined
with the absence of a gold standard. Ideally, such diagnostic criteria
should be adaptable to the various clinical contexts, yet sufficiently
broad to encompass many potential features and variations in disease
severity, while achieving high levels of sensitivity and specificity*.
This is complicated by the fact that individuals with AAV are often
ANCA-negative, whereas common clinical features of AAV, such as
constitutional symptoms, are not specific to vasculitis®*?. Potentially,
deeper understanding of the pathogenesis of AAV, including genetic
factors, cytokine profiles, mechanisms leading to loss of immune
tolerance, and immune cell signatures associated with GPA, MPA or
EGPA, might help to develop biomarkers with the potential to guide
diagnostic criteria and improve diagnostic accuracy.

Typical clinical manifestations of AAV subtypes

Disease manifestations, ANCA specificity and histopathology largely
overlap among the three subtypes of AAV. However, a large amount
of medical literature in the AAV spectrum support clinical use of the
three disease subtypes.

Granulomatosis with polyangiitis. Granulomatosis with polyangii-
tis (GPA) is a small-vessel vasculitis that typically involves the upper
and lower respiratory tract and presents with granulomatous inflam-
mation. Common clinical manifestations include nasal crusting,
epistaxis, sinusitis, otitis, conductive hearing loss and capillaritis
with vasculitis, alveolar haemorrhage, and kidney involvement with
glomerulonephritis® (Fig. 1a). In patients with severe ear, nose and
throat (ENT) involvement, GPA leads to nasal septum perforation
and saddle nose deformity. Orbital pseudotumors and subglottic
stenosis are also highly suggestive of GPA**, Although GPA typically
presents with upper respiratory tract involvement that is likely to
progress to affect the lungs and kidneys, isolated involvement of the
lungs is a common presentation®’"*. The presence of proteinase 3
(PR3)-specific ANCA, is strongly associated with GPA. However, some
individuals with GPA are ANCA-negative (10-50%), and the absence of
ANCA might delay the diagnosis and is associated with chronic damage
atthe time of presentation?***,

Microscopic polyangiitis. Microscopic polyangiitis (MPA) is a
small-vessel vasculitis often associated with myeloperoxidase
(MPO)-specific ANCA and involves the kidney in 75-100% of cases,
whereas clinical manifestations related to granulomatous inflam-
mation such as lung nodules or retroorbital masses are absent as
per the 2012 Chapel Hill Consensus Conference (CHCC) disease
definition®’ (Table 1 and Fig. 1b). Lung involvement in MPA is likely
to presentinvarious ways, including pulmonary capillaritis with alveo-
lar haemorrhage or as fibrotic parenchymal disease manifesting as

interstitial lung disease®®*.

Eosinophilic granulomatosis with polyangiitis. Eosinophilic granu-
lomatosis with polyangiitis (EGPA) is a small-vessel vasculitis often
accompanied by eosinophilic infiltration and granuloma formation
(Fig. 1c). Clinically, EGPA typically presents with a prodromal phase
marked by asthma and nasal polyposis, which often precede systemic
manifestations by months or years*’. Blood eosinophilia is consistently
present* (Table 1). Although the disease is named for eosinophilic gran-
ulomatous inflammation, histological identification of eosinophilic
granulomais exceedingly rare.

Manifestations of EGPA can be broadly categorized into two
groups: eosinophilic and vasculitic*®. The eosinophilic manifestations
include asthma, nasal polyposis, lung infiltrates and cardiac involve-
ment, particularly myocarditis, which is common and potentially
severe*. Pleuritis and pericarditis are also more common in EGPA
than in GPA or MPA, although they are probably underdiagnosed*.
The vasculitic features include peripheral nervous system involve-
ment most often presenting with mononeuritis multiplex in 50-70%
of patients. Mononeuritis multiplex typically causes sensory deficits,
but motor symptoms might also occur. Nerve conduction studies show
an axonal damage pattern in EGPA with mononeuritis multiplex, and
the frequency of neuropathy is higher in EGPA thanin GPA or MPA** ¢,
Kidney involvementis relatively uncommon in EGPA, but possible*”*’.

Stratification by ANCA status reveals distinct phenotypic pat-
terns in EGPA. Positive MPO-ANCA, found in approximately 40% of
patients with EGPA, is frequently associated with vasculitic features,
such as neuropathy and glomerulonephritis, whereas ANCA-negative
EGPAis usually associated with eosinophilic manifestations, including
cardiomyopathy and lung infiltrates* . These clinical differences are
supported by genetic studies, which have linked ANCA-positive and
ANCA-negative EGPA with partially distinct susceptibility loci: gene
variants associated with barrier dysfunction have been implicated
in ANCA-negative disease and HLA polymorphisms have been identi-
fied in individuals with ANCA-positive EGPA**"', However, both EGPA
subsets share agenetic predisposition to eosinophiliaand, rather than
representing two distinct diseases, EGPA subsets are best understood
asaspectrum of overlapping features®>*".

Laboratory, serological, histopathology and imaging profiles
Theinflammatory marker C-reactive protein and erythrocyte sedimen-
tationrate are commonly increased in patients with active disease but
are not specific for AAV. Assessment of ANCA titers aids in the diag-
nosis of AAV, particularly when clinical features are supportive, but
their correlation with disease activity or severity remains inconsistent.
Perinuclear ANCA and cytoplasmatic ANCA patternsinindirectimmu-
nofluorescence of blood samples are still used for ANCA detectionand
AAV diagnosis despite their low predictive value. ANCA-specificity
testing, particularly for MPO and PR3, is crucial for diagnosing AAV
and occasionally has a supportive role in predicting risk of relapse
(Fig. 1). Current guidelines recommend using third-generation
antigen-specificity tests to detect MPO-ANCA and PR3-ANCA, such
as enzyme-linked immunosorbent assay (ELISA) or bead assays,
which provide more reliable information and have higher specificity
(91.4-95.6% and 96.8-98.3%, respectively) than previous generation
assaysorindirectimmunofluorescence, decreasing the false-positive
rates”*. Furthermore, ANCA-specificity tests have improved correla-
tion with disease phenotype, standardization, and reproducibility™>*.
Positive MPO-ANCA has been frequently associated with interstitial
lung disease and increased risk of progression from acute or chronic
kidneyinjury to end-stage kidney disease, whereas positive PR3-ANCA
has been associated with the presence of lung nodules, ENT involve-
ment and acute kidney injury® %, In terms of treatment response,
patients with positive PR3-ANCA and patients with GPA tend to have a
higher relapserisk than patients with positive MPO-ANCA or individuals
with MPA>*~°',

Inthe absence of vasculitis, ANCA tests can be positive in patients
withinflammatory bowel disease, malignancies, or infections; ininfec-
tive endocarditis 8% of the patients test positive for ANCA®* (Box 1).
Moreover, manifestations of vasculitis and ANCA seropositivity might
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a Granulomatosis with polyangiitis Eyes

Episcleritis, uveitis, optic neuropathy,
nerve palsy, retinal vasculitis
(1%-9%)

Central nervous system
Headache, stroke, intracranial
haemorrhage

(0%-18%)

| Limited disease
Ear, nose, throat (often ANCA-
Rhinosinusitis, chronic otitis media, sensorineural negative)
hearing loss, subglottic stenosis, saddle nose
deformity after rhinosinuitis

(75%-99%)

Heart

Pericarditis, pericardial effusion,
cardiomyopathy, coronary artery
disease, heart failure

(2%-15%)

Lungs

Nodules, cavities and pulmonary infilrates:
alveolar haemorrhage and pleurisy

Skin (62%-94%)
Palpable purpura, ivedo ——
reticularis

(10%-50%)

Kidneys
Acute kidney injury with pauci-immune necrotizing
glomerulonephritis (38%-85%)

Peripheral nervous system
Vasculitic neuropathy, mononeuritis Gastrointestinal tract:

multiplex E— Abdominal pain, bleeding, diarrhoea, pancreatitis
(14%-40%) (0%-7%)

= Necrotizing granulomatous inflammation usually involves the upper and lower respiratory tract
= Necrotizing vasculitis predominantly affects small to medium vessels

= Necrotizing glomerulonephritis is common
Eyes
/ Episcleritis, uveitis, optic neuropathy, nerve palsy, retinal vasculitis
~ (1%-9%)

A Ear, nose, throat

Non-granulomatous and non-erosive sinus inflammation,
sensorineural hearing loss

(9%-30%)

b Microscopic polyangiitis

Central nervous system
Headache, stroke, intracranial haemorrhage
(0%-18%)

Heart

Pericarditis, pericardial effusion,
cardiomyopathy, coronary artery
disease, heart failure

(2%-15%)

Lungs
Diffuse alveolar haemorrhage, interstitial
pneumonitis or pulmonary fibrosis

skin (25%-66%)

Palpable purpura, livedo reticularis,
nodules, urticarial lesions

Kidneys
(30%-60%) ]

Acute kidney injury with pauci-immune necrotizing
glomerulonephritis (75%-100%)

Peripheral nervous system

Vasculitic neuropathy, mononeuritis Abdominal pain, bleeding, diarrhoea, abnormal liver

multiplex - .
o o tests, cholecystitis, appendicitis
(14%-40%) (2%-56%)

Gastrointestinal tract

= Necrotizing vasculitis predominantly affects small vessels (capillaries, venules or arterioles)
= Necrotizing glomerulonephritis is very common
< Pulmonary capillaritis is common

C Eosinophilic granulomatosis with polyangiitis Eyes

Orbital granuloma, episcleritis, uveitis, optic neuropathy,
nerve palsy, retinal vasculitis
(3%-11%)

7 Ear nose and throat
L Q ’ Allergig rhinitis, sir!usitis, polyposis, otitis media,
: sensorineural hearing loss

Heart .
: . ) . . . (48%-98%) EGPA triad:
Pericarditis, pericardial effusion, \ | asthma, nasal

cardiomyopathy, coronary artery Lungs polyposis,

disease, heart failure, arrhythmia A g : s
¢ ' ( £ Asthma
(14%-58%) \ G eosinophilia
| > Pulmonary infiltrates, pleural effusion, nodules/cavities
(61%-91%)

Kidneys

Interstitial nephritis, less severe pauci-immune
necrotizing glomerulonephritis

(10%-27%)

Central nervous system
Eosinophilia in cerebrospinal fluid,
vasculitis, stroke, cranial nerve palsy,
cognitive impairment (5%-15%)

Skin

Aseptic nodules, palpable purpura,
livedo reticularis, urticarial lesions
(30%-69%)

Peripheral nervous system
Vasculitic neuropathy,
mononeuritis multiplex
(50%-92%)

Gastrointestinal tract
Organ perforation, mesenteric ischaemia, colitis
(6%-44%)

= Eosinophil-rich and necrotizing granulomatous inflammation involving the respiratory tract
= Necrotizing vasculitis predominantly affects small to medium vessels
= Associated with asthma and eosinophilia
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Fig.1|Systematic approach to the diagnosis in ANCA-associated vasculitis.
Theinitial assessment of a patient with suspected anti-neutrophil cytoplasmic
antibody (ANCA)-associated vasculitis (AAV) requires a systematic approach to
establish the degree of organ involvement, of which there are several common
organ manifestations that present with differing frequencies. The most common
manifestations are shaded blue for granulomatosis with polyangiitis (GPA)

(a), shaded pink for microscopic polyangiitis (MPA) (b) and shaded purple for
eosinophilic granulomatosis with polyangiitis (EGPA) (c). According to the
signs and symptoms at AAV presentation, tests will be performed to ascertain
the involvement of each probable organ affected. For instance, patients with
respiratory tract involvement, particularly ear, nose and throat manifestations

such as nasal crusting, epistaxis, sinusitis, otitis and hearing loss, are most
likely to be diagnosed with GPA and are frequently evaluated by ear, nose and
throat specialists who therefore perform specific ear, nose and throat-related
investigations (a). By contrast, patients presenting with acute kidney injury are
likely to be diagnosed with MPA, and akidney biopsy will be performed early in the
evaluation (b). Patients with EGPA frequently present with asthma and therefore
pulmonary function tests are usually performed first (c). Life-threatening
manifestations (yellow shading) involve capillaritis in GPA and MPA. Limited
disease canbe ANCA-negative in 10-50% of patients with GPA (a). As depicted, the
heterogeneous clinical presentation of AAV and clinical syndromes hampers the
establishment of a standardized first diagnostic evaluation of these patients.

occurin patients with other primary autoimmune diseases, including
systemic sclerosis, Sjogren syndrome and rheumatoid arthritis**~¢,

A range of laboratory tests are essential to support diagnosis,
assess organ involvement, and identify comorbid conditions prior
to initiating treatment in AAV. Urinary findings, such as proteinuria,
dysmorphic erythrocytes, or red blood cell casts, are indicative of
glomerulonephritis. Anti-glomerular basement membrane antibodies
are detected inabout 6% of patients with AAV and glomerulonephritis®,
and support dual diagnoses of AAV and anti-glomerular base-
ment membrane disease. Troponins and B-type natriuretic peptide
canbe useful biomarkers when thereis suspected cardiacinvolvement,
particularly in EGPA, although not specific to vasculitis-associated
disease®. Screening for hepatitis B, hepatitis C and humanimmunode-
ficiency virus (HIV), as well as other infectious diseases (as, for example,
tuberculosis, schistosomiasis and strongyloidiasis in endemic areas)
is recommended prior to starting treatment>*>"°,

Histological findings of vasculitis have been usefulin AAV diagno-
sisandindeveloping disease definitions and classification. Insuspected
kidney involvement, biopsy can confirm the hallmark finding of
AAV-associated glomerulonephritis (AAV-GN) — that is necrotizing
and crescentic glomerulonephritis with absence or minimal presence
ofimmune deposits affecting small vessels, including glomeruli'>*® —
but also permits exclusion of other causes of kidney diseases, such as
drug toxicity, IgA vasculitis, or cryoglobulinaemia. Kidney biopsy,
as performed in experienced centres, has a high diagnostic yield
(sensitivity >99%) and is particularly important when patients test
negative for PR3-ANCA or MPO-ANCA or when there are doubts about
the diagnosis'. Furthermore, kidney histology is animportant predic-
tor of long-term kidney function in AAV”". By contrast, nasal and sinus
biopsies have alow diagnosticyield (sensitivity 28-37%) for vasculitis
orgranuloma’. Transbronchial biopsies in GPA also have limited diag-
nostic value (sensitivity <50%), and are typically used to exclude infec-
tion or malignancy’. Electromyography might be helpful in mapping
any affected nerves and muscles. Nerve and muscle biopsies (as, for
example, biopsies of the superficial peroneal nerve) show 60-75%
sensitivity for vasculitic neuropathy, which most frequently occurs
in patients with EGPA. However, nerve biopsies might lead to sensory
impairment, usually mild’*”. Skin biopsies, though nonspecific for the
type of vasculitis, can support the presence of vasculitis in a patient
with suspected AAV.

Imaging is used to assess organ involvement in AAV and is per-
formed based on clinical symptoms or as part of a systematic dis-
ease evaluation protocol. Non-contrast high-resolution computed
tomography should be considered aroutine test to evaluate suspected
lung involvement’®”’. In some cases, chest imaging is also useful in
distinguishing between AAV subtypes, as certain lung lesions, such

as honeycombing and peripheral reticulation, are often associated
with MPO-ANCA positivity, whereas nodular opacities are seen fre-
quently when PR3-ANCA is detectable®>’®, Furthermore, pulmonary
function tests with bronchodilation are mandatory in patients with
EGPA who present with asthma. For potential cardiac involvement,
a step-up approach starting with an electrocardiogram, followed by
echocardiography, and cardiac magnetic resonance imaging, is used
to increase the detection rate of cardiac involvement, particularly
in EGPA”.

Differential diagnosis and mimickers

of ANCA-associated vasculitis

Other diseases associated with ANCA positivity, such as non-AAV
vasculitides, autoimmune diseases®>®, secondary vasculitis, or mimics
of vasculitis"**** (Box 1), need to be excluded before classifying a patient
with GPA, MPA or EGPA. In essence, a broad differential diagnosis exists
for most organ manifestations of AAV.

For instance, acute kidney injury with haematuria and pro-
teinuria might be present in several glomerular diseases such as
anti-glomerular basement membrane disease, lupus nephritis,
IgA nephropathy, cryoglobulinaemic glomerulonephritis, and
drug-induced interstitial nephritis®>**. In the differential diagnosis of
AAV withlungnodules, pulmonary infiltrates or alveolar haemorrhage,
conditions such asinfections (such as bacterial pneumonia, tuberculo-
sis and fungal infections), malignancy (including primary lung cancer
and metastatic disease), other vasculitides (such as anti-glomerular-
basement-membrane disease or Behcet’s disease), sarcoidosis, pulmo-
nary embolism and drug-induced pneumonitis must be considered.
Diagnosing EGPA remains challenging as many conditions share the
features of asthma, eosinophilia and pulmonary infiltrates: hypere-
osinophilicsyndrome, allergic bronchopulmonary aspergillosis, para-
siticinfections, drug reactions, and idiopathic eosinophilic pneumonia.
In the absence of ANCA, distinction between these differential diag-
noses and EGPA can be difficult*’. In such cases, the presence of both
eosinophilic and vasculitic features — such as peripheral neuropathy,
purpura or biopsy-proven vasculitis — is required for establishing the
diagnosis of EGPA.

Classification criteria

Classification criteria are essential for defininghomogeneous patient
groups for enrolment into clinical studies, ensuring that cohorts are
uniform and comparable across studies and geographical regions®.
The2022revision of the classification criteria for AAV was prompted by
several key factors, including the recognition of the problems with the
performance of the 1990 ACR criteria, the increasing contribution of
ANCA testing to diagnosis, and advancementinimaging techniques® .
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Table 1| Domains of ANCA-associated vasculitis and associated assessment tool scores

Index

Description

Domains

Disease activity

BVAS/GPA (2001)'° List of items that typically occur in patients with active GPA, Organ involvement (general; cutaneous; mucous membranes
providing an overall measure of disease activity using a score and eyes; ENT; cardiovascular; gastrointestinal; pulmonary; renal;
from O to 68 nervous system) major versus minor disease manifestationsa;

BVAS V3.0 (2009)'" List of items that typically occur in patients with active systemic new or deterlorated {:Jlsease i de previous Leckie vbersus

- T A L . persistent disease; disease status (severe disease or flare®;
vasculitis, providing an overall measure of disease activity using a o " i . . 3 L
score from O to 63 limited disease or flare®; persistent disease or flare®; remission®);

physician’s global assessment (only in BVAS/GPA)

Damage

VDI (1997)" The VDI is used to score damage that has been accrued since the Organ damage (musculoskeletal; skin or mucous membranes;

onset of vasculitis using a score from O to 64 (each item scores 1).
Comorbidities present before developing vasculitis should not be
scored. The score can either increase or remain the same over time

ocular; ENT; pulmonary; cardiovascular; peripheral vascular
disease; gastrointestinal; renal; neuropsychiatric; other)

CDA (2007)™

The CDA has 135 individual items in 17 categories and includes
some bilaterality for items involving the eyes and ears; 8 items
assign gradation. The CDA tool has been developed to improve the
description of damage to provide more detail and to consider the
possibility of reversibility of some damaged items

Organ damage (musculoskeletal; skin or mucous membranes;
ocular; ear; nose; sinuses; subglottic stenosis; pulmonary;
cardiac; vascular disease; gastrointestinal; renal; neurologic;
psychiatric; endocrine; haematology or oncology; other)

Patient-reported outcomes

ANCA-associated
vasculitis PROs
(2017)®

Questionnaire composed of 29 items. Each item has 5 answers
scored from O to 4 (the higher the score, the higher the severity)
distributed in 6 domains using a score from O to 600

Organ-specific symptoms; systemic symptoms; treatment side
effects; physical function; social and emotional impact; concerns
about the future

PROs Measurement
Information System

A set of person-centred measures that evaluates and monitors
physical, mental and social health in adults and children; it can be

Standardized measures of health status, including pain (intensity,
interference), fatigue, emotional distress (depression, anxiety),

(PROMIS)'*® used with the general population and with individuals living with physical function, sleep disturbance, social roles, cognitive
chronic conditions function, and global health

Short Form 36 A 36-item, patient-reported survey of patient health. The SF-36 is Assesses health-related quality of life across eight domains:

(SF-36)"’ usually used in health economics as a variable in the quality-adjusted  physical functioning, role-physical, bodily pain, general health,

life year calculation to determine the cost-effectiveness of a health
treatment. The SF-36 is also often utilized in health psychology
research to examine the burden of disease The SF-36 consists of
eight scaled scores, which are the weighted sums of the questions in
their section. Each scale is directly transformed into a 0-100 scale on
the assumption that each question carries equal weight. The lower
the score the more disability

vitality, social functioning, role-emotional, and mental health

AAV, ANCA-associated vasculitis; ANCA, anti-neutrophil cytoplasmic antibody; BVAS, Birmingham vasculitis activity score; CDA, combined damage assessment; ENT, ear, nose and throat;
GPA, granulomatosis with polyangiitis; PRO, patient-reported outcomes; VDI, vasculitis damage index. Disease activity denotes the spectrum of clinical manifestations, which may range from acute
and severe episodes to persistent, insidious symptoms; Damage denotes the resultant tissue damage that can induce chronic signs and symptoms reminiscent of active disease, although
not necessarily attributable to ongoing inflammatory activity. Patient-reported outcome encompass the overall effect of the disease on physical, social, and psychological domains, including
quality of life and employment. *Major disease manifestations were those that constitute an immediate threat to the patient’s life or to the function of a vital organ (urinary red blood cell casts,
pulmonary haemorrhage, and mononeuritis multiplex); minor items do not constitute immediate threats to vital organs or patients’ lives and would normally be managed as limited GPA.
"Severe disease/flare: occurrence of any new/worse item that is major. °Limited disease/flare: any new/worse item that is minor. “Persistent disease: presence of 1item representing active
disease that has continued since the patient’s previous evaluation. °Remission: no active disease; that is, no new/worse and no persistent items present. ‘The degree of GPA disease activity
within the 28 days prior to the evaluation by marking a vertical line on the 10-cm visual analogue scale.

Classification by clinical subtypes versus ANCA specificity

A debate exists regarding whether to categorize patients with AAV
based on clinical disease (GPA, MPA, and EGPA) or based on ANCA
specificity (PR3-ANCA versus MPO-ANCA)! (Fig. 2). Studies show
that patients with positive PR3-ANCA might have different responses
to treatment, relapse rates, and long-term outcomes compared with
patients that test positive for MPO-ANCA®** %%, Research also highlights
that the genetic distinctions among patients with AAV are more closely
aligned with ANCA serotype than with clinical or histopathological fea-
tures”. InEGPA, clinical and genetic studies found differences between
MPO-ANCA-positive and ANCA-negative individuals, in both clinical
features and gene variants that are associated with ANCA status, and
this further enhances differences in pathogenesis with implications
for patient classification®>'°>'", Classifying AAV using both clinical
disease name and ANCA specificity might better reflect the phenotypic
spectrum of AAV**°71°2_ Observational studies and post hoc analyses

have shown that such an approach enhances prognostic accuracy,
enables tailored treatment strategies, and helps to improve disease
monitoring. However, large-scale prospective studies are lacking,
constituting abarrier to adoption of this type of classification. These
challenges underline the limitations of relying solely on ANCA positiv-
ity, especially given the lack of assay standardization and the presence
of ANCA-negative patients with AAV.

Current classification criteria

The 2022 ACR-European Alliance of Associations for Rheumatology
(EULAR) criteria have improved sensitivity and specificity for distin-
guishing AAV from other similar forms of vasculitis when a diagnosis
of small-or medium-vessel vasculitis hasbeenmade. These criteriaalso
incorporate ANCA specificity (PR3-ANCA and MPO-ANCA) and provide
areliable framework for classifying patients based on both clinical
presentationand laboratory results'®® (Box 2). Consequently, patients
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can be classified as having GPA in the absence of any granulomatous
inflammation (for instance a patient with isolated pauci-immune glo-
merulonephritisand PR3-ANCA), or as having MPA despite the presence
of granulomatous inflammation (for instance a patient with lung nod-
ulesand MPO-ANCA)'**. Thisis natural because classification criteriaare
based on a probabilistic scoring that integrates various scenarios and
combinationsinthe context of overlapping clinical and pathological fea-
tures, acontext thatisfrequentin AAV. The applicability of these criteria
mightdifferacross the various ethnicbackgrounds. Therefore, the 2022
ACR-EULAR criteriamight require additional validation, particularly in
populations under-representedin the derivation processresearch, such
asthose originating from Africa, Latin Americaand Asia'®. Importantly,
neither the 2022 ACR-EULAR classification criteria, nor the 2012 CHCC
definitions are appropriate for use as diagnostic criteria.

Assessment of disease activity, damage and
health-related quality of life

Outcome Measures in Rheumatology (OMERACT) developed a core
set of outcome domains and matching instruments for use in clinical
trials in AAV”. This set includes the domains of disease activity, dis-
ease damage, PROs and mortality”. The clinical evaluation of disease

activity in AAV is complex, given the variable clinical manifestations
andinvolvement of multiple organ systems'®. There is no consensus on
how to grade severity of presentations of AAV, with several proposed
systems that have not gained universal approval. The 2022 EULAR
recommendations for the management of AAV avoided use of the word
‘severe’ and referred to disease activity that was, or was not, directly
threatening organ function’. However, the outcome of a presumably
non-life-threatening manifestation is hard to predict and might still
contribute to accumulation of organ damage inanindividual. The term
‘severe’ was adopted by the US Food and Drug Administration agency
for the approval of avacopan for GPA and MPA. Thus, acomprehen-
sive definition of disease extent and severity in AAV, incorporating
BVAS, damage assessment and PROs, would improve patient stratifica-
tion, risk assessment and the evaluation of treatment responses and
outcomes (remission and relapse).

Disease activity in ANCA-associated vasculitis

The BVAS has been widely used to assess disease activity and severity
in clinical research in AAV. Several versions of BVAS have been devel-
oped for clinical trials. Items are scored only if judged to stem from
active disease, with new or worsening symptoms over the preceding

Box 1| Main differential diagnoses of ANCA-associated vasculitis and diseases associated

with ANCA seropositivity

Other small/medium vessel vasculitides: monogenic
autoinflammatory diseases; inborn errors associated with
anti-neutrophil cytoplasmic antibody (ANCA) positivity; polyarteritis
nodosa; and Behget’s disease.

Non-vasculitic systemic rheumatic diseases: systemic

lupus erythematosus; sarcoidosis; rheumatoid arthritis; Sjogren’s
disease; inflammatory myopathies; juvenile chronic arthritis;
reactive arthritis; relapsing polychondritis; systemic sclerosis;
and antiphospholipid syndrome.

Anti-glomerular-basement-membrane disease: dual positivity of
AAV and anti-glomerular basement membrane disease is common;
present in 6% of patients with AAV and 30-40% of patients with
anti-glomerular basement membrane disease.

Other concurrent glomerular diseases: membranous nephropathy;
lupus nephritis; IgA nephropathy; cryoglobulinaemia; and bacterial
infection-related glomerulonephritis.

Interstitial nephritis: may be seen when the vasculitis involves the
renal medulla.

Drug-induced ANCA-associated vasculitis (AAV): usually occurring
within the first year of exposure to the causal agent(s), more likely to
affect women than men and individuals who test positive for multiple
autoantibodies, including ANCA; mostly specific to myeloperoxidase
(MPQ), anti-nuclear antibodies and anti-histone antibodies. The most
common agents associated with drug-induced AAV are hydralazine,
propylthiouracil, thiamazole and carbimazole. Vasculitis occurs in
only a minority of the patients.

= Cocaine-induced AAV: can lead to midline destructive lesions
of the face with a high incidence of nasal septal perforation or
oronasal fistulae; systemic involvement is rare in cocaine-induced
GPA, but when it occurs, patients may test positive for
proteinase-3 (PR3)-specific ANCA

= Cocaine+levamisole-induced AAV: skin lesions predominate and
both PR3- and MPO-ANCA can be present

Autoimmune gastrointestinal disorders: inflammatory bowel
diseases are often associated with positive cytoplasmic ANCA
(up to 40%).

Infection: differentiating infective endocarditis from AAV can

be particularly challenging, because 8% of these patients test
positive for PR3-ANCA, sometimes with high ANCA titres. Other
infections (such as bacterial pneumonia, tuberculosis, allergic
bronchopulmonary aspergillosis and parasitic infections) might be
considered in the appropriate context (for example, in the presence
of lung nodules or suspected eosinophilic granulomatosis with
polyangiitis, EGPA).

Malignancy: primary lung cancer; metastatic disease; lymphoma;
leukaemia; myeloproliferative and myelodysplastic disorders;
and hypereosinophilic syndromes.

Cystic fibrosis: non-MPO perinuclear ANCA are common in
patients with cystic fibrosis, particularly among those with
bacterial airway infections. The ANCA is directed against
bactericidal/permeability-increasing protein (BPI), with a
strong association with Pseudomonas aeruginosa infection
and colonization.
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Classification by clinical syndrome versus ANCA specificity
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Fig. 2| Classification by clinical presentation versus autoantibody specificity
in ANCA-associated vasculitis. Classification criteria were developed to recruit
individuals with anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV) into clinical trials and other clinical research studies based on
specific disease phenotypes so that homogeneous study cohorts can be ensured.
There is an ongoing debate on whether patients with AAV should be classified
according to their clinical presentation, as in previous practice, or according to
antigen specificity of anti-neutrophil cytoplasmic antibody (ANCA). ANCAs are
usually specific against proteinase 3 (PR3) or myeloperoxidase (MPO). Theinitial
concept of eosinophilic granulomatosis with polyangiitis (EGPA; shown in
purple), granulomatosis with polyangiitis (GPA; shown in blue) and microscopic
polyangiitis (MPA; shown inred) under AAV recognized their overlapping clinical
and histopathological characteristics, as well as their strong association with
positive ANCA serology. The central challenge in developing classification
criterialies in the clinical and biological heterogeneity of AAV. Patients often
present with overlapping AAV syndromes and variable ANCA status (PR3-ANCA,
MPO-ANCA or ANCA-negative). For example, clinical manifestations typical

of GPA almost always overlap with PR3-ANCA or ANCA-negative (outlined by
orange circle). By contrast, clinical manifestations of MPA overlap less perfectly
with MPO-ANCA and are more heterogeneous (outlined by yellow oval). These
overlaps complicate clear distinctions between syndromes and contribute to
difficulties in classification. Mortality increases when capillaritis develops,
occurring as arelapse of the disease in some patients (darker grey area). Over the
years, the importance of ANCA specificity has been highlighted, and now they
areincluded in the classification criteria. ANCA-specificity provides additional
prognostic and pathogenic insights. AAV is a relapsing-remitting disease and
patients with GPA and PR3-ANCA positivity are at a particularly high risk of
relapse, whereas severity of the presentation and mortality are higher in patients
with MPA and MPO-ANCA. This highlights the importance of patient phenotype
for prediction of prognosis. Integrating both clinical features and ANCA specificity
allows for objective and reproducible classification of AAV, advancing research
consistency and enabling more accurate patient stratification in clinical trials.
GN, glomerulonephritis.

4 weeks contributing to the score'*®. Symptoms that occurred in the
past 1-3 months are mentioned but not scored, unless they are still
active'°®. BVAS version 3 (BVAS V3.0), provides a score from 0 to 63
based on common manifestations of active vasculitis. The BVAS-GPA,
arevised version of BVAS V2 used in several trials of GPA and MPA, dis-
tinguishes between major manifestations, which threaten vital organ
function, and minor manifestations, which are less severe'”” (Table 1).

Major manifestations are assigned 3 points, whereas minor ones are
given 1 point, reflecting clinical severity. Across the BVAS versions,
weighting of items is based on expert opinion and total scores are not
generalizable. High BVAS scores at presentation correlate with poor
prognosis, and during follow-up, worsening or new symptoms often
lead to escalation of treatment'*'°°'%°, However, the BVAS system is
almost always used in trials in a dichotomous manner to distinguish

Nature Reviews Rheumatology | Volume 21| December 2025 | 719-736

726


http://www.nature.com/nrrheum
https://innovation.ox.ac.uk/wp-content/uploads/2023/11/BVAS-UK-English-SAMPLE-COPY.pdf
https://vcrc.rarediseasesnetwork.org/sites/default/files/2022-03/VCRC_Resources_Researchers-Clinicians_Birmingham-Vasculitis-Activity-Score-for-Granulomatosis-with-polyangiitis-Wegeners-GPA-Form-BVAS-WG.pdf

Review article

active disease (score >1) from remission (score 0), with no reliable man-
ner of scoring intermediate disease states or responses. Nevertheless,
BVAS has been a useful tool in the conduct of clinical trials that led to
changesin practice.

The BVAS system has several drawbacks, including its subjectiv-
ity and variability in clinical assessments, and its limited sensitivity to
chronic damage or mild disease. BVAS also lacks any PRO measures.
Therefore, combining BVAS with other tools, such as novel biomarkers,

damage indexes and PROs, might mitigate some of these limitations
and better characterize disease activity and severity (Fig. 3). The limita-
tions of BVASinaccurately estimating disease severity are particularly
evident in EGPA (Fig. 3). This is largely due to challenges in scoring
asthma and asthma-associated exacerbations, the underrepresenta-
tion of ENT symptoms in the BVAS scoring system, and the underesti-
mation of the clinical need to escalateimmunosuppression evenwhen
BVAS scores remain low.In EGPA, amore accurate assessment of disease

Box 2 | Classification criteria for ANCA-associated vasculitis

The first attempt to develop any structured classification system

was made in 1952 by Pearl Zeek'®, who proposed that vasculitis
should be classified according to the size of the vessels affected:
small, medium or large. Then, Donato Alarcon-Segovia in 1977'° and
Anthony Fauci in 1978' proposed classifications based on vessel

size and pathophysiology. A set of classification criteria for several
types of systemic vasculitis was developed by the American College
of Rheumatology (ACR) in 1990 following previous proposals for
sub-categorization of vasculitis disease. The Chapel Hill Consensus
Conference (CHCC) in 1993 achieved international agreement on

a set of definitions of the various vasculitides. In 2007, a four-step
algorithm, integrating ACR 1990 and CHCC 1993 criteria in a hierarchic
way, categorized patients into a single classification'’. A revision of
the CHCC definitions in 2012 adopted the term ‘ANCA-associated
vasculitis’. These disease definitions are also used to define patient
cohorts for clinical research studies. The classification criteria were
revisited by a subsequent classification initiative to produce diagnostic
and classification criteria for vasculitis (DCVAS), a large, multinational
prospective observational study that included data from over

6,900 patients with vasculitis across 136 sites and 32 countries® 1%,
The updated criteria were developed using regression modelling and
expert consensus, incorporating both clinical and laboratory data, with
weighted criteria that reflect the importance of specific features)®*-°.

Granulomatosis with polyangiitis (GPA)
= Upper and lower respiratory tract symptoms with granulomatous
inflammation and typically seropositivity for proteinase-3-specific
anti-neutrophil cytoplasmic antibodies (PR3-ANCA). Individuals
who present with only one organ manifestation such as ear, nose
and throat or lung involvement test negative for ANCA.

2012CHCC
= Necrotizing granulomatous inflammation usually involving the
upper and lower respiratory tract, and necrotizing vasculitis
affecting predominantly small to medium vessels (such as
capillaries, venules, arterioles, arteries and veins); necrotizing
glomerulonephritis is common™.

2022 American College of Rheumatology (ACR)-European Alliance
of Associations for Rheumatology (EULAR) classification criteria
(presence of at least 5 points)

« Clinical criteria: Bloody nasal discharge, ulcers, crusting,
congestion or blockage, or septal defect/perforation (3 points);
cartilaginous involvement (2 points); conductive or sensorineural
hearing loss (1 point)®.

= Laboratory, imaging and biopsy criteria: Cytoplasmic ANCA or
PR3-ANCA (5 points); pulmonary nodules, mass or cavitation on
chest imaging (2 points); granuloma, extravascular granulomatous
inflammation or giant cells on biopsy (2 points); inflammation,
consolidation or effusion of the nasal or paranasal sinuses on
imaging (1 point); pauci-immune glomerulonephritis on biopsy
(1 point); perinuclear ANCA or myeloperoxidase-specific ANCA
(MPO-ANCA) (-1 point); blood eosinophil count 21x10° per litre
(-4 points)®.

Microscopic polyangiitis (MPA)
= Acute kidney injury with glomerulonephritis, typically, generally
testing positive for MPO-ANCA, with or without pulmonary
capillaritis and absence of granulomatous inflammation.

2022 ACR-EULAR classification criteria (presence of at
least 5 points)®®
« Clinical criteria: Bloody nasal discharge, ulcers, crusting,
congestion or blockage, or septal defect or perforation (-3 points).
= Laboratory, imaging and biopsy criteria: perinuclear ANCA or
MPO-ANCA (6 points); fibrosis or interstitial lung disease on chest
imaging (3 points); pauci-immune glomerulonephritis on biopsy
(3 points); cytoplasmatic ANCA or PR3-ANCA (-1 point); blood
eosinophil count >1x10° per litre (-4 points).

Eosinophilic granulomatosis with polyangiitis (EGPA)
= Upper respiratory tract involvement with nasal polyposis
associated with asthma and eosinophilia, usually testing positive
for MPO-ANCA, although ANCA-negative disease is frequent.

2012CHCC
= Eosinophil-rich and necrotizing granulomatous inflammation
often involving the respiratory tract, and necrotizing vasculitis
predominantly affecting small to medium vessels, and associated
with asthma and eosinophilia. ANCA is more frequent when
glomerulonephritis is present'.

2022 ACR-EULAR classification criteria (presence of at least
6 points)
= Clinical criteria: Obstructive airways diseases (3 points); nasal
polyps (3 points); mononeuritis multiplex (1 point)®°.
= Laboratory, imaging and biopsy criteria: Blood eosinophil count
>1x10° per litre (5 points); Extravascular eosinophilic-predominant
inflammation on biopsy (2 points); cytoplasmatic ANCA or
PR3-ANCA (-3 points); haematuria (-1 point)®.
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Fig.3| Combined assessment of disease activity, organ damage and
patient-reported outcomes can help to characterize severity in three
stereotypical cases of ANCA-associated vasculitis. Shown are three examples

of stereotypical cases of anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV) and how life-threatening versus non-life-threatening and ‘limited’
versus systemic presentation can affect outcomes differently, particularly in

the context of damage (as assessed by the vasculitis damage index (VDI) and
patient-reported outcomes (as assessed by AAV-patient-reported outcomes
(AAV-PRO). Three representative casesillustrate the spectrum of disease
presentation, follow-up and long-term outlook. In a case of microscopic polyangiitis
(MPA, MPO-ANCA+), a38-year-old woman presented with acute kidney injury,
haematuria and pauci-immune crescentic glomerulonephritis. At baseline, disease
was assessed with a Birmingham vasculitis activity score (BVAS) V3.0 of 12,a VDI of O,
and an AAV-PRO of 4. Treatment with rituximab and avacopan achieved remission,
with stable kidney function and no relapse over 24 months. Despite life-threatening
kidney involvement at onset, the patient achieved inactive disease without
measurable damage. In a case of eosinophilic granulomatosis with polyangiitis
(EGPA, MPO-ANCA+), a45-year-old man presented with asthma, subcutaneous

MPA MPO-ANCA+ EGPA MPO-ANCA+
BVAS V.3 =12 = 51-year-old woman BVAS V.3 =13 = 45-year-old man
VDI =2 = Acute kidney injury VDI =0 = Asthma
° AAV-PRO = 4 = eGFR 20 ml/min/1.73 m? AAV-PRO = 203.3 = Subcutaneous nodules
] = MPO-ANCA* . = Mononeuritis multiplex
g | = Pauci-immune necrotizing = Eosinophilia
2 crescentic glomerulonephritis = MPO-ANCA*
B = Berden: crescentic = Rl - Mepolizumab +
= MCCS: mild glucocorticoids
= AKRiS: moderate
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@ L
é BVAS V.3=0 BVAS V.3=2
g VDI =0 VDI =2
o AAV-PRO = 0 AAV-PRO =143
1
‘g_ Inactive disease without measurable Active asthma with damage from
? damage neurologic impairment, chronic asthma
g and impaired pulmonary function
=-°' tests with impact on daily life
('Y L

nodules, mononeuritis multiplex and eosinophilia. At baseline, disease was
assessed with BVAS V3.0 =13, VDI = 0 and AAV-PRO =203.3. He was treated with
mepolizumab and glucocorticoids. Over 24 months, asthmarelapses required
treatment with glucocorticoids, and long-term follow-up showed BVASv.3 =2,

VDI =2and AAV-PRO =143, reflecting damage related to chronic asthma and motor
impairment, with substantialimpact on quality of life. In a case of granulomatosis
with polyangiitis (GPA, PR3-ANCA+), a 56-year-old woman presented with sinusitis
and PR3-ANCA+ tests. At baseline, disease was assessed withBVASV3.0=2,VDI=0
and AAV-PRO =40. Despite treatment with rituximab and low-dose glucocorticoids,
she persistently tested positive for ANCA and had sinus disease with chronic nasal
discharge. At 24 months, relapse required intravenous glucocorticoids, and her
follow-up scores were BVAS v.3 =2, VDI =6 and AAV-PRO =167, reflecting damage
related to sinus disease and glucocorticoid toxicity. The figure emphasizes that
prognosisin AAV depends not only on disease activity, extent and severity at
presentation, but also on the accrual of damage and the influence of patient-related
factors and comorbidities throughout the disease course. AKRiS, ANCA kidney risk
score; eGFR, estimated glomerular filtration rate; MCCS, Mayo Clinic chronicity
score; MPO, myeloperoxidase; PR3, proteinase 3; RI, remission induction.

severity requires the use of targeted tools such as the SNOT-22 (ref. 110)
and the Asthma Control Questionnaire', both of which capture the
disease’s respiratory and sinonasal burden better than BVAS.

Organ damage

Persistent organ damage in AAV results from disease activity, cumu-
lative relapses, treatment side effects and comorbidities. Damage is
quantified using standardized and validated assessment tools. The VDI
assesses features persisting for at least three months post-diagnosis
after appropriate treatment on a scale from 0 to 64"*' (Table 1).
A cumulative VDI = 5 correlates with increased mortality risk after
two years'”. An alternative instrument, the CDA score was developed
specifically for AAV and hasbeen used in clinical trials such as PEXIVAS,
RITAZAREM and ABROGATE™,

Differentiating between organ damage and disease activity is
crucial toavoid unnecessary immunosuppressive treatment'?. Organ
damage mostly occurs within the first 6-12 months, with slower pro-
gression thereafter, driven by relapses and therapy'”. Long-term dam-
age is associated with disease severity, age at presentation, relapse
frequency and glucocorticoid use™. Thereis interest in differentiating
disease-related from treatment-related damage, given that the latter

is predictable and preventable™®.

Glucocorticoid-related toxicity. Despite important advances in treat-
ment, glucocorticoids remainacornerstone of treating AAV.In practice,
glucocorticoids tend to be maintained at higher doses and for longer
time thanin clinical trials. Patients in practice are often left on amainte-
nance dose of glucocorticoids. For these reasons, patients are likely to
receive substantially more glucocorticoids than the data from clinical
trials might suggest is indicated. In the long term, treatment-related
damage, especially from glucocorticoids, rivals the damage imposed
by the disease itself™>"”,

There is now great interest in reducing glucocorticoid-related
toxicity in AAV. In the PEXIVAS trial comparing standard versus
reduced-dose glucocorticoid regimens for severe AAV, the efficacy of
thetwo treatments were equivalent but the reduced-dose glucocorti-
coid arm had significantly (hazard ratio 0.69, 95% confidence interval
0.52-0.93) fewer serious infections in the first year of treatment’.
The ADVOCATE trial demonstrated that a strategy using avacopan
allows for reduced dosing of glucocorticoids and subsequent reduced
glucocorticoid-related toxicity as measured by the glucocorticoid tox-
icity index (GTI)"® compared to standard prednisone tapering"*?°. In
EGPA, glucocorticoid needs were the highest, mainly due to persistent
and severe asthma symptoms, but treatment with anti-IL5 has shown
an effective sparing effect'*'.,
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Patient-reported outcomes

People with AAV often rate the importance of various manifestations of
vasculitis differently from physicians'**'*. As with all diseases, the perspec-
tives of people with AAV should be respected andincorporated into assess-
mentof any treatment planandjudgement of efficacy of interventions (see
Supplementary Box1). AAVimpairsdaily functioningacross physical, social
and psychological domains, affecting health-related quality of life (HRQoL)
and employment'?, Patients with AAV experience reductions in HRQoL
thatare comparable with HRQoL decreases experienced by patients with
other chronicdiseases. So-called generic measures of HRQoL, especially
the SF-36, have been validated and used regularly to study AAV'$'24125,
In addition, the disease-specific tool AAV-PRO was developed to more
comprehensively capture patients’ experiences with AAV'*'** (Table 1).
AAV-PROdomainscores donot correlate with disease activity and damage
assessment (including the BVAS and the VDI), and, so AAV-PROrepresents
anoutcome measure that complements clinician-reported endpointsin
clinical trials, and aims to be reflective of the specific needs of patients”
(Fig. 3). Other generic tools such as EQ-5D and PROMIS are also used
to estimate PROs in AAV research'”%%, In the ADVOCATE trial, patients
with AAV receiving avacopan showed improvementsin HRQoL, as meas-
ured by SF-36, EQ-5D-5L and SF-6D, compared with those receiving oral
glucocorticoids®?. In patients with EGPA, mepolizumab was associated
withaquickand remarkableimprovement of HRQoL as measured by the
AAV-PRO™. Theseand other findings suggest that treatment, particularly if
accompanied by reduced glucocorticoid exposure, canenhance HRQoL in
peoplewith AAV. People experience AAVinways that are poorly measured
by BVAS and other clinician-reported outcomes, and their concerns are
oftenignored”*"",

Prognosis

Advancesintreatment regimens have improved survivalin AAV, and the
emphasisinclinical management has shifted towards long-term health,
preventing disease flares, minimizing treatment toxicity and enhanc-
ing HRQoL. Severe comorbidities, such as thromboembolic events
and cardiovascular diseases, suggest a complex interaction between
the pathogenesis of vasculitis, persistent inflammatory activity and
clinical manifestations that do not appear to be direct consequences
of vasculitis™*'**. Comorbidities have thus become central concerns
for clinicians.

AAVis characterized by considerable heterogeneity inage at onset,
organ involvement, disease severity, treatment response and risk of
comorbidity, all of which affectindividual prognoses®™*. Long-term out-
comes of greatinterestinclude remission, relapse, mortality, survival
and accrual of damage, particularly progression to end-stage kidney
disease or respiratory failure™*. Additionally, comorbidities such as
severe infections, thromboembolic events, cardiovascular risk, malig-
nancy, fertility issues, secondary immunodeficiency and mental health
issues must be considered™*.

Remission

Remission of AAV is achieved in 70-90% of cases (Supplementary
Tablel). Achieving a BVAS of zero at 3 months correlates withimproved
survival, reduced risk of end-stage kidney disease, and less damage'*.
Sustained remission for at least 3-6 months predicts favourable out-
comes, and is akey end pointininterventional trials”**. Such sustained
remissionis more difficult to obtainin people with EGPA thanin people
with other subtypes of AAV, because recurrent respiratory symptoms
occurinthe former once treatmentis reduced”*"’. PR3-ANCA positiv-
ityandincreased baseline disease activity are inversely correlated with

likelihood of remissionin newly diagnosed patients. Refractory disease
substantially heightens the risk of early mortality, primarily owing to
alveolar haemorrhage and end-stage kidney disease.

Relapse

Relapse occurs in 42-57% of people with AAV within 5 years of
diagnosis'>***° (Supplementary Table 1). Depending on the AAV
severity score used, relapses are classified as major or minor, although
untreated minor relapses often progress to major ones''. Disease activ-
ity atrelapseis typically less severe than disease activity at initial diag-
nosis, asaresult of early detection and ongoingimmunosuppression',
The optimal duration of maintenance therapy and the role of ANCA
titres in the prediction of relapse remain key research areas™>™*,
Current guidelines do not recommend treatment adjustments based
solely on ANCA levels*. However, arise in ANCA levels, the persistence
of apositive test for ANCA, and the reappearance of a positive test for
ANCA all correlate with relapse in AAV-GN'>'*¢, These findings pertain
to people with AAV and kidney involvement, and it remains unclear
whether similar findings are observed in other well defined disease clus-
ters (suchas AAV with ENT involvement). Emerging biomarkers, such as
urinary soluble CD163 (which s already available in clinical practice),
urinary levels of CD4" T cells, and serum complement markers show
promise for prediction of relapse but require further validation’*°,

Kidney outcomes
Kidneyinvolvementin AAVis associated with high morbidity and mor-
tality. Despite therapeutic advances, 25% of people with AAV progress to
end-stage kidney disease at 5 years after diagnosis®*****"*°", Outcomes
areinfluenced by the timing of obtaining a diagnosis and baseline kidney
function. People with GPA are generally diagnosed earlier than patients
with MPA owing to extrarenal manifestations. Therefore people with
MPA, especially in cases where disease is present only in the kidneys,
often present later and with advanced chronic kidney disease®**>,
Several tools, including the Berden histological classification,
the Mayo Clinic chronicity score (MCCS), the ANCA renal risk score
(ARRS) and its revised version the ANCA kidney risk score (AKRiS), as
well as the percentage of ANCA crescentic score (PACS) help to pre-
dict end-stage kidney disease in AAV"**’ (Fig. 4 and Supplementary
Table 1). Of these, AKRiS, which includes baseline kidney function as
well as histopathological features, is the most reliable predictor of
end-stage kidney disease”'*°. However, these tools do not address the
chance of recovery of kidney function, an important outcome given
that patients frequently present with severe kidney disease and an
eGFR <15 ml min™ per 1.73 m? and require acute dialysis. The percent-
age of normal glomeruli on kidney biopsy was found to help to predict
kidney recoveryin people with AAV-GN, but this observation needs vali-
dationin prospective studies'®. Recovery of kidney function is not yet
anestablished end point in clinical trials, although it is being explored
in current studies. The ADVOCATE trial demonstrated that avacopan
improved eGFR in people with baseline eGFR <20 mImin™ per 1.73 m?,
withasignificant between-group (active drug versus placebo) difference
of 8.4 mImin~ per1.73 m*at 52 weeks'. Definitions of kidney function
recovery, such as eGFR > 15 ml min™ per 1.73 m? or a change in the cat-
egory of chronickidney disease, require further validation'®>. Notably,
recovery of eGFR continues beyond 52 weeks, as reported in observa-
tional studies, underscoring the importance of long-term follow-up in
clinical trials'>'®*, Severe chronic kidney disease and the requirement
forkidney replacement therapy have profound effects on cardiovascular
events, thromboembolism, infection risk, HRQoL and mortality'**¢¢,
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Screening for comorbidities

Patients with AAV are at increased risk of developing comorbidi-
ties. Some comorbidities, such as infection'*” and thromboembolic
events'*®'® occur early in the disease course (23% in the first year),
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Fig. 4| Histopathological assessment of kidney for end-stage kidney disease
predictionin AAV-associated glomerulonephritis. Various histopathological
scores assess kidney histopathological patterns. Berden classification and ANCA
kidney risk score (AKRiS) have been developed specifically for the assessment of
glomerulonephritis in anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV-GN). The Mayo Clinic chronicity score (MCCS) is used in abroad
spectrum of diseases with kidney involvement. Berden classification evaluates
only glomerular compartment; the MCCS evaluates glomerular and interstitial
compartment with additional grading of interstitial fibrosis and tubular atrophy
and arteriosclerosis; and the AKRiS combines the evaluation of the glomerular
and interstitial compartments with estimated glomerular filtration rate (eGFR).
Therisk of progression to end-stage kidney disease (eGFR <15 mImin™ per1.73 m?
or dialysis) at 12 months and 3 years is shown for each classification (left). In

the MCCS and AKRIS, biopsy findings are graded, and patients are assigned to a
category according to the total score obtained. Theimplementation of at least
oneof the scoresinaroutine histopathological reportis warranted, and the
Berden score has been used here in the past by most pathology services.

1,170,171 172

and others, including cardiovascular disease ,osteoporosis”’*and
malignancy”*"7>'7* occur duringlong-term follow-up (37%at10 years).
Fertility issues”” and reduced HRQoL"* might persist throughout the
duration of the disease (Supplementary Table 1). It is unclear whether
comorbidities are attributable to immunosuppression, underlying
disease or both. Anticipating comorbidities can help to mitigate the
metabolic effects of treatments (by using lower-dose glucocorticoid
regimens, or alternatives such as avacopan) or the impact on fertility
and pregnancy (through counselling and treatment with fertility- and
pregnancy-compatible immunosuppression)”¢. Routine prophylaxis
against Pneumocystis jirovecii pneumonia is recommended and might
also reduce the frequency of other bacterial infections®. People with
AAV that are onrituximab maintenance therapy are at risk for secondary
immunodeficiency and should have serum immunoglobulins checked
priortoinfusion. Cardiovascular disease is the leading cause of mortality
in AAV, and screening for cardiovascular risk factors can support preven-
tion of cardiovascular disease and early AAV treatment?. Also, age- and
sex-adjusted malignancy screeningis recommended. People with AAV
treated with cyclophosphamide are atincreased risk of non-melanoma
skin cancer and urothelial malignancy, and screening for haematuria
and skin malignancy in these individuals should be lifelong'”>"7"'78,

Early mortality

Early mortality in AAV is driven primarily by infections and other
treatment-related adverse effects. A ‘therapy burden’ tool can be used
to effectively predict risk of early mortality (Supplementary Table 1).
Other prognostic factorsinclude markedly reduced kidney function —
specifically a baseline eGFR below 30 ml min™ per 1.73 m2 — which
portends poorer kidney survival, and cumulative cyclophosphamide
exposure (exceeding -36 g of cyclophosmamide), whichmightlead to
long-term complications, including malignancy. Advanced age, chronic
kidney disease and MPO-ANCA positivity consistently predict poorer
survival. Despiteimproved survival, based on datafrom cohorts from
2002 to 2017 the overall mortality rate in people with AAV remains
2.7-fold higher than the rate in the general population”*'%°,

Long-term outcomes

Thefive-year survivalrate for AAV hasrisen to 70-80%,amarked improve-
ment from previous decades, owing to earlier diagnosis, effectiveness
of immunosuppressive therapies, new treatments, wide availability of
ANCA testing and improved supportive care'?. Similarly, there has been
areduction in the rate of end-stage kidney disease over the past several
decades™'®. Although mortality rates have decreased, there is still a
higher-than-expected mortality compared to the general population,
largely caused by complicationsarising from the disease oritstreatment'®,
The five-factor score (FFS) is a prediction system based on the presence
of four positive items such as age >65 years, creatinine >2.7 mg dl™, and
central nervous systemand cardiacinvolvement, and one negative item,
ENT involvement, at the time of diagnosis of vasculitis. The FFS predicts
mortality across several types of vasculitis, including AAV***** with ascore
of above 2 associated with worse outcomes at five years'*>'$,

Outlook

Anintegrated, multifaceted approach to assess AAV is essential for
improving patient care (Box 3). Thisincludes understanding diagnostic
tools, classifying disease, estimating severity, and predicting outcomes.
By better addressing comorbidities, side effects of treatment, and
disease progression, clinicians can optimize care and enhance the
prognosis for patients living with AAV.
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Multidisciplinary managementin specialized centres

and international collaboration

Multidisciplinary management in specialized centres with vasculitis
expertiseis considered an overarching principlein treatmentguidelines
for AAV*. Rapid access to multidisciplinary diagnostic evaluation and
treatment for an early and accurate diagnosis is often necessary. Inaddi-
tion, patients with relapsing or refractory AAV might need improved
accessto clinical trials testing new drugs. Dedicated vasculitis centres
withappropriately trained healthcare providers experiencedin AAV can
support patients and provide patient education. Some retrospective
studies showed improved outcomes for patients with centre-based
management, but prospective studies are needed'® ",

In addition, collaborative efforts across international research
centres, clinical registries and patient populations have the potential
to expand knowledge about AAV pathogenesis and management.
Global exchange of clinical experience and patient data will clarify
differences in presentation and prognosis of AAV on a global scale,
enabling the identification of novel biomarkers, treatment strategies
and clinical guidelines. Incorporating mechanistic endpoints into
clinicaltrials, such as evaluating the role of specificimmune pathways,
genetic markers, and immune cell populations, might provide deeper
insights into the mechanisms driving disease activity and relapse.

Refinement of classification criteria
The development and revision of classification criteria for AAV have
beenimportant for enhancingtheaccuracy and consistency of research

studies. The 2022 ACR-EULAR criteria offer substantialimprovements
over previous versions, addressing the challenges posed by the diverse
clinical and serological features of AAV. ANCA-specificity testing has
been shown to predict risk of relapse and has the potential to guide
decisions about treatment duration. Thisunderlines the need to analyse
clinical trial outcomes based on ANCA specificity®*. Understanding
therelative contributions of clinical phenotypes and ANCA specificity
is necessary for personalizing treatment and improving outcomes of
patients with AAV*® (Fig. 2).

Integrated view of disease activity, organ damage and PROs

The development of the standardized tools BVAS, VDI and AAV-PRO
hasadvanced the ability to assess disease activity, damage and HRQoL.
However, integration of these toolsinto daily care and assessment of dis-
ease activity and damagein AAV has proved difficult. Thisis particularly
evidentin patients with EGPA, because estimation of disease activity and
damagein EGPA needstoincorporate the assessment of ENT manifesta-
tions and asthma more precisely. Current measures of disease activ-
ity and damage, especially kidney involvement, might lack sufficient
granularity to correctly estimate severity and, thus, to stratify patients
inprognostic categories. Forinstance, the BVAS V3.0 assigns the same
scoreof 12inthe presence of haematuria and proteinuria regardless of
whether apatient presents with a creatinine level of 1.54 or 7.50 mgdI™.
The VDI records damage based on eGFR < 50 ml min™ per 1.73 m? or
significant proteinuria but this does not account for improvements
inkidney function'®®®*, The comprehensive end organandintegrated

Box 3 | Future steps towards an integrative approach to the assessment

of ANCA-associated vasculitis

An integrated assessment in anti-neutrophil cytoplasmic

antibody (ANCA)-associated vasculitis (AAV) should take into
consideration diagnostic approaches, classification criteria and
assessment of disease severity and prognosis. The aim is to achieve
discriminative assessment with improved identification of patients at a
high risk of specific outcomes. This would help to tailor treatments and
would bring the field a step closer to personalized medicine in AAV.

Diagnosis
= Developing diagnostic criteria would be beneficial for
improved accuracy in stratification and personalization
of treatment of AAV

Classification
= Validation of the American College of Rheumatology (ACR)-European
Alliance of Associations for Rheumatology (EULAR) classification
criteria in populations under-represented in initial studies
= Continued international collaborations to perform
investigator-initiated clinical trials, but also observational studies

Disease assessment
« Developing a definition of disease extent and severity
that combines the activity and damage assessment, and
patient-reported outcomes to improve patient stratification, risk
assessment, and evaluate response to treatment and outcomes
(remission, relapse) in AAV

= Improved granularity when assessing the severity and damage
of certain organ manifestations

Outcomes and prognosis
= Inclusion of biomarkers and genetic data in the evaluation of
individuals with AAV, especially for prediction of future relapse risk
= Development of composite assessment tools to evaluate response
to treatment in AAV

Multidisciplinary management in
specialized centres

A
\ ¥
Establishing diagnostic RTﬁngfrpem of
e classification
criteria for AAV
L J
¥
Collaboration in the management of AAV

Integrated view of disease activity, damage,
severity and patient-reported outcomes

Composite outcomes for prediction of
prognosis in AAV
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Glossary

Alveolar haemorrhage

The presence of blood within the
alveoli (air sacs) of the lungs, often
caused by injury or disease; it can lead
to difficulties in breathing, coughing up
blood and impaired gas exchange.

Capillaritis

An inflammatory process that primarily
affects capillaries (the smallest blood
vessels in the body) and is characterized
histologically by neutrophilic infiltration
of the capillary walls, leukocytoclastic
vasculitis, fibrinoid necrosis of the vessel
and erythrocyte extravasation.

Conductive hearing loss

Atype of hearing loss that occurs
when sound waves cannot efficiently
travel through the outer ear, eardrum or
middle ear.

Eosinophilia

Eosinophilia is characterized by an
increased number of eosinophils in
the blood, defined by an absolute
eosinophil count greater than 500
cells per microlitre or an eosinophil
percentage that exceeds 10% of the
total white blood cell count.

Gold standard

The most reliable and accurate
method for diagnosing a condition,
testing a procedure or assessing
treatment effectiveness; it serves
as the benchmark against which
other methods or treatments

are compared.

Granulomatous inflammation
A chronic inflammatory response
characterized by the formation of
granulomas, which are aggregates of
macrophages, often surrounded by
lymphocytes and other immune cells;
this type of inflammation typically
occurs in response to persistent
infections, foreign bodies or certain
diseases, such as tuberculosis,
sarcoidosis and leprosy.

Interstitial lung disease

A group of pulmonary disorders
characterized by inflammation and
fibrosis of the lung interstitium,
leading to impaired gas exchange
and respiratory dysfunction; it can
result from various causes, including
autoimmune diseases, environmental
exposures and medications.

Mononeuritis multiplex
Mononeuritis multiplex is characterized
by the simultaneous or sequential
inflammation and damage of two
or more peripheral nerves, typically
affecting different anatomical
areas; it often results from systemic
diseases such as autoimmune
disorders, vasculitis or infections;
symptoms include pain, weakness
and sensory disturbances like
numbness or tingling.

Necrotizing and crescentic
glomerulonephritis

A severe kidney disorder
characterized by rapid glomerular
damage and crescent formation,
often leading to acute kidney failure;

it is often associated with autoimmune
diseases and vasculitis.

Orbital pseudotumours
A benign, non-infectious
inflammatory condition of the
orbit that causes swelling, pain
and potential vision changes,
often resembling a tumour.

Saddle nose deformity

A condition characterized by a collapse
or depression of the nasal bridge,
creating a saddle-like appearance.

It can result from trauma, congenital
conditions, or diseases like syphilis or
granulomatosis with polyangiitis (GPA).

Subglottic stenosis

A narrowing of the airway in the
subglottic region, located between
the vocal cords and the first tracheal
ring; symptoms may include
inspiratory stridor, dyspnea and voice
abnormalities.

Vasculitis

Inflammation of the blood vessels; it can
affect the arteries, veins or capillaries,
leading to a variety of symptoms,
depending on which vessels and organs
are involved.

assessment of disease activity and damage could be used as ameasure
of AAV severity, because different treatment regimes are needed fora
person who has overcome acute kidney failure and a person who pro-
gressed to end-stage kidney disease shortly after diagnosis (Fig. 3). Simi-
larly, risk of relapse differs between individuals with AAV, and relapse
contributes to cumulative damage (Fig. 3). PROs are not part of the
standard assessments, but they areimportant tounderstand patients’
perceptions of the disease, adherence to the management plan and
would help with patient inclusion in an integrated approach towards
personalized care (Fig. 3; Supplementary Box1). In addition, the lack of
reliable biomarkers for disease assessment in AAV disconnects evalu-
ation of disease state and pathophysiology, but their integration on
combined assessment might help to tailor treatmentin the appropriate
setting. For example, MPO-ANCA testing could be integrated with clinic
and laboratory data to guide maintenance or treatment strategies in
people with AAV-GN. Future research should focus on combining dis-
ease assessment tools with PROs and biomarkers to better characterize
disease and assess outcomes in AAV (Fig. 3).

Composite outcomes for prediction of prognosis

Composite assessment tools have been proposed toimprove assessment
of response to treatmentand outcomes in AAV. These toolsintegrate vari-
ous disease measures, including disease activity, damage and treatment
toxicity'”*"!, The OMERACT Vasculitis Working Group is developing a

composite tool that captures the full disease burden across multiple
domains'*"!, This approach might provide amore holistic assessment
of AAV, including assessment of the potential increase in frailty and the
long-term consequences of persistent organ damage, and might help
to guide clinical trials and patient management in the future'*®"”!, Such
composite assessment tools could incorporate PROs, biomarkers and
genetic data. Genetic dataare emergingas a potential biomarker for refin-
ing patient management. For instance, polymorphismsinthe PRTN3gene
mightincrease theamount of PR3 in patients with AAV orincrease the risk
of relapsein patients with PR3-ANCA'>"*, Although this approach holds
promise, moreresearchisneeded to validate the utility of genetic mark-
ersinclinical practice, and theirintegrationinto personalized treatment
strategies will require further refinement. Anincreased understanding of
the pathogenesis of AAV might also help individual risks to be evaluated
by integrating genetic and immunological information.

Conclusions

Anintegrated approach to assessing and managing AAV is essential for
improving outcomes. Thisincludes the use of diagnostic tools, accurate
disease classification, biomarkers and PROs to personalize treatment.
Ongoing international collaborations and clinical registries will help
torefine treatment strategies, biomarkers and classification systems.
Future clinical trials focused on mechanistic endpoints will further
enhance our understanding of the pathophysiology of this complex
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disease. By incorporating these strategies, clinicians will be able to
personalize and optimize care, reduce complications and improve
prognosis for patients with AAV.

Published online: 16 October 2025

References

1

N

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kronbichler, A., Bajema, I. M., Bruchfeld, A., Mastroianni Kirsztajn, G. & Stone, J. H.
Diagnosis and management of ANCA-associated vasculitis. Lancet 403, 683-698 (2024).
Kitching, A. R. et al. ANCA-associated vasculitis. Nat. Rev. Dis. Prim. 6, 71 (2020).

Heijl, C., Mohammad, A. J., Westman, K. & Hoglund, P. Long-term patient survivalin a
Swedish population-based cohort of patients with ANCA-associated vasculitis. RMD Open.
3,e000435 (2017).

Chung, S. A. et al. 2021 American College of Rheumatology/Vasculitis Foundation
guideline for the management of antineutrophil cytoplasmic antibody-associated
vasculitis. Arthritis Care Res. 73, 1088-1105 (2021).

Casal Moura, M. et al. Management of antineutrophil cytoplasmic antibody-associated
vasculitis with glomerulonepbhritis as proposed by the ACR 2021, EULAR 2022 and KDIGO
2021 guidelines/recommendations. Nephrol. Dial. Transpl. 38, 2637-2651(2023).
Hellmich, B. et al. EULAR recommendations for the management of ANCA-associated
vasculitis: 2022 update. Ann. Rheum. Dis. 83, 30-47 (2024).

Walsh, M. et al. Plasma exchange and glucocorticoids in severe ANCA-associated
vasculitis. N. Engl. J. Med. 382, 622-631(2020).

Jayne, D. R. W., Merkel, P. A., Schall, T. J., Bekker, P. & Group, A. S. Avacopan for the
treatment of ANCA-associated vasculitis. N. Engl. J. Med. 384, 599-609 (2021).
Wechsler, M. E. et al. Mepolizumab or placebo for eosinophilic granulomatosis with
polyangiitis. N. Engl. J. Med. 376, 1921-1932 (2017).

Wechsler, M. E. et al. Benralizumab versus mepolizumab for eosinophilic granulomatosis
with polyangiitis. N. Engl. J. Med. 390, 911-921(2024).

Nelveg-Kristensen, K. E. et al. Increasing incidence and improved survival in ANCA-
associated vasculitis — a Danish nationwide study. Nephrol. Dial. Transpl. 37, 63-71
(2020).

Rhee, R. L. et al. Trends in long-term outcomes among patients with antineutrophil
cytoplasmic antibody-associated vasculitis with renal disease. Arthritis Rheumatol. 68,
1711-1720 (2016).

Leavitt, R. Y. et al. The American College of Rheumatology 1990 criteria for the classification
of Wegener granulomatosis. Arthritis Rheum. 33, 1101-1107 (1990).

Masi, A. et al. The American College of Rheumatology 1990 criteria for the classification
of Churg-Strauss syndrome (allergic granulomatosis and angiitis). Arthritis Rheum. 33,
1094-1100 (1990).

Jennette, J. C. et al. 2012 revised International Chapel Hill Consensus Conference
Nomenclature of Vasculitides. Arthritis Rheum. 65, 1-11 (2013).

Robson, J. C. et al. Validation of the ANCA-associated vasculitis patient-reported outcomes
(AAV-PRO) questionnaire. Ann. Rheum. Dis. 77, 1157-1164 (2018).

Maunz, A. et al. Association of the AAV-PRO questionnaire with established outcome
measures in AAV. Rheumatology 63, 174-180 (2024).

Walsh, M. et al. Health-related quality of life in patients with newly diagnosed antineutrophil
cytoplasmic antibody-associated vasculitis. Arthritis Care Res. 63,1055-1061 (2011).
Merkel, P. A. et al. The OMERACT core set of outcome measures for use in clinical trials

of ANCA-associated vasculitis. J. Rheumatol. 38, 1480-1486 (2011).

Trivioli, G. et al. Advances in the treatment of ANCA-associated vasculitis. Nat. Rev.
Rheumatol. 21, 396-413 (2025).

Sreih, A. G. et al. Diagnostic delays in vasculitis and factors associated with time to
diagnosis. Orphanet J. Rare Dis. 16, 184 (2021).

Dirikgil, E. et al. Identifying relevant determinants of in-hospital time to diagnosis for
ANCA-associated vasculitis patients. Rheumatol. Adv. Pract. 6, rkac045 (2022).

Ponte, C., Agueda, A. F. & Lugmani, R. A. Clinical features and structured clinical evaluation
of vasculitis. Best. Pract. Res. Clin. Rheumatol. 32, 31-51(2018).

Aggarwal, R. et al. Distinctions between diagnostic and classification criteria?

Arthritis Care Res. 67, 891-897 (2015).

Dejaco, C. & Guillevin, L. New classification criteria for small-vessel vasculitis: is
antineutrophil cytoplasmic antibody inclusion their major advance? Arthritis Rheumatol.
74, 383-385 (2022).

Hoffman, G. S. et al. Wegener granulomatosis: an analysis of 158 patients. Ann. Intern. Med.
15, 488-498 (1992).

Coordes, A. et al. Saddle nose deformity and septal perforation in granulomatosis with
polyangiitis. Clin. Otolaryngol. 43, 291-299 (2018).

Rothschild, P.-R. et al. Ophthalmologic manifestations of systemic necrotizing vasculitides
at diagnosis: a retrospective study of 1286 patients and review of the literature. Sem. Arthritis
Rheum. 42, 507-514 (2013).

Stone, J. H. Limited versus severe Wegener’s granulomatosis: baseline data on patients in
the Wegener's granulomatosis etanercept trial. Arthritis Rheum. 48, 2299-2309 (2003).
Holle, J. U. et al. Prospective long-term follow-up of patients with localised Wegener's
granulomatosis: does it occur as persistent disease stage? Ann. Rheum. Dis. 69, 1934-1939
(2010).

Finkielman, J. D. et al. ANCA are detectable in nearly all patients with active severe
Wegener's granulomatosis. Am. J. Med. 120, 643 e649-614 (2007).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mabhr, A., Specks, U. & Jayne, D. Subclassifying ANCA-associated vasculitis: a unifying
view of disease spectrum. Rheumatology 58, 1707-1709 (2019).

Floyd, L. et al. Clinical presentation and outcomes of antineutrophil cytoplasmic
autoantibody-negative pauci-immune glomerulonephritis. Kidney Int. Rep. 10,
1450-1459 (2025).

Casal Moura, M. et al. Granulomatosis with polyangiitis with and without antineutrophil
cytoplasmic antibodies: a case-control study. Rheumatology 63, 3279-3288 (2024).
Guillevin, L. et al. Microscopic polyangiitis: clinical and laboratory findings in eighty-five
patients. Arthritis Rheum. 42, 421-430 (1999).

Gisslander, K. et al. Data-driven subclassification of ANCA-associated vasculitis:
model-based clustering of a federated international cohort. Lancet Rheumatol. 6,
e762-e770 (2024).

Kronbichler, A. et al. Clinical associations of renal involvement in ANCA-associated
vasculitis. Autoimmun. Rev. 19, 102495 (2020).

Borie, R. & Crestani, B. Antineutrophil cytoplasmic antibody-associated lung fibrosis.
Semin. Resp. Crit. Care Med. 39, 465-470 (2018).

Suzuki, A. et al. Chest high-resolution CT findings of microscopic polyangiitis: a Japanese
first nationwide prospective cohort study. Am. J. Roentgenol. 213, 104-114 (2019).

Emmi, G. et al. Evidence-based guideline for the diagnosis and management of eosinophilic
granulomatosis with polyangiitis. Nat. Rev. Rheumatol. 19, 378-393 (2023).

Comarmond, C. et al. Eosinophilic granulomatosis with polyangiitis (Churg-Strauss):
clinical characteristics and long-term followup of the 383 patients enrolled in the French
Vasculitis Study Group cohort. Arthritis Rheum. 65, 270-281(2013).

Neumann, T. et al. Cardiac involvement in Churg-Strauss syndrome: impact of
endomyocarditis. Medicine 88, 236-243 (2009).

Thompson, G. E. et al. Pleuritis and pericarditis in ANCA-associated vasculitis. Chest 160,
572-581(2021).

Casal Moura, M. et al. A glance into the future of anti-neutrophil cytoplasmic
antibody-associated vasculitis. Ther. Adv. Musculoskelet. Dis. 14, 1759720X221125979 (2022).
Cho, H. J. et al. Clinical characteristics and treatment response of peripheral neuropathy in
the presence of eosinophilic granulomatosis with polyangiitis (Churg-Strauss Syndrome):
experience at a single tertiary center. J. Clin. Neurol. 13, 77-83 (2017).

Padoan, R. et al. Overall disability sum score for clinical assessment of neurological
involvement in eosinophilic granulomatosis with polyangiitis. J. Clin. Rheumatol. 24,
197-202 (2018).

Guillevin, L. et al. Churg-Strauss syndrome. Clinical study and long-term follow-up

of 96 patients. Medicine 78, 26-37 (1999).

Sinico, R. A. et al. Prevalence and clinical significance of antineutrophil cytoplasmic
antibodies in Churg-Strauss syndrome. Arthritis Rheum. 52, 2926-2935 (2005).
Sablé-Fourtassou, R. et al. Antineutrophil cytoplasmic antibodies and the Churg-Strauss
syndrome. Ann. Intern. Med. 143, 632-638 (2005).

Lyons, P. A. et al. Genome-wide association study of eosinophilic granulomatosis with
polyangiitis reveals genomic loci stratified by ANCA status. Nat. Commun. 10, 5120 (2019).
Rubenstein, E. et al. Cluster analysis to explore clinical subphenotypes of eosinophilic
granulomatosis with polyangiitis. J. Rheumatol. 50, 1446-1453 (2023).

Damoiseaux, J. et al. Detection of antineutrophil cytoplasmic antibodies (ANCAs):

a multicentre European Vasculitis Study group (EUVAS) evaluation of the value of indirect
immunofluorescence (IIF) versus antigen-specific immunoassays. Ann. Rheum. Dis. 76,
647-653 (2017).

Bossuyt, X. et al. Position paper: revised 2017 international consensus on testing of ANCAs
in granulomatosis with polyangiitis and microscopic polyangiitis. Nat. Rev. Rheumatol. 13,
683-692 (2017).

Guchelaar, N. A. D. et al. The value of anti-neutrophil cytoplasmic antibodies (ANCA) testing
for the diagnosis of ANCA-associated vasculitis, a systematic review and meta-analysis.
Autoimmun. Rev. 20, 102716 (2021).

Mohammad, A. J. et al. Pulmonary involvement in antineutrophil cytoplasmic antibodies
(ANCA)-associated vasculitis: the influence of ANCA subtype. J. Rheumatol. 44, 1458-1467
(2017).

Alba, M. A. et al. Pulmonary involvement in antineutrophil cytoplasmic antibodies (ANCA)-
associated vasculitis: the influence of ANCA subtype. J. Rheumatol. 44, 1458-1467 (2017).
Casal Moura, M., Soler, M. J., Sethi, S., Fervenza, F. C. & Specks, U. Kidney histopathology
in ANCA-associated vasculitides treated with plasma exchange. J. Am. Soc. Nephrol. 33,
1223-1224 (2022).

Quintana, L. F. et al. ANCA serotype and histopathological classification for the prediction
of renal outcome in ANCA-associated glomerulonephritis. Nephrol. Dial. Transpl. 29,
1764-1769 (2014).

Specks, U. et al. Efficacy of remission-induction regimens for ANCA-associated vasculitis.
N. Engl. J. Med. 369, 417-427 (2013).

Stone, J. et al. Rituximab versus cyclophosphamide for ANCA-associated vasculitis.

N. Engl. J. Med. 363, 221-232 (2010).

Unizony, S. et al. Clinical outcomes of treatment of anti-neutrophil cytoplasmic antibody
(ANCA)-associated vasculitis based on ANCA type. Ann. Rheum. Dis. 75, 1166-1169
(2016).

Mahr, A. et al. Prevalence of antineutrophil cytoplasmic antibodies in infective endocarditis.
Arthritis Rheum. 66, 1672-1677 (2014).

Arad, U. et al. Anti-neutrophil antibody associated vasculitis in systemic sclerosis.

Semin. Arthritis Rheum. 41, 223-229 (2011).

Douglas, G., Bird, K., Flume, P,, Silver, R. & Bolster, M. Wegener’s granulomatosis

in patients with rheumatoid arthritis. J. Rheumatol. 30, 2064-2069 (2003).

Nature Reviews Rheumatology | Volume 21| December 2025 | 719-736

733


http://www.nature.com/nrrheum

Review article

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

Nasr, S. H. et al. Membranous glomerulonephritis with ANCA-associated necrotizing and
crescentic glomerulonephritis. Clin. J. Am. Soc. Nephrol. 4,299-308 (2009).
Ramos-Casals, M., Brito-Zeron, P. & Font, J. The overlap of Sjogren’s syndrome with other
systemic autoimmune diseases. Semin. Arthritis Rheum. 36, 246-255 (2007).

McAdoo, S. P. et al. Patients double-seropositive for ANCA and anti-GBM antibodies have
varied renal survival, frequency of relapse, and outcomes compared to single-seropositive
patients. Kidney Int. 92, 693-702 (2017).

Baldallo, C. et al. COVID-19 in a patient with hypocomplementemic urticarial syndrome
and MPO-ANCA vasculitis on hemodialysis treated with omalizumab. Nefrologia 41,
354-355 (2020).

Jayne, D. Vasculitis — when can biopsy be avoided? Nephrol. Dial. Transpl. 32, 1454-1456
(2017).

van Daalen, E. E. et al. Developments in the histopathological classification of
ANCA-associated glomerulonephritis. Clin. J. Am. Soc. Nephrol. 15, 1103-1111 (2020).
Bate, S. et al. The improved kidney risk score in ANCA-associated vasculitis for clinical
practice and trials. J. Am. Soc. Nephrol. 35, 335-346 (2024).

Devaney, K. O. et al. Interpretation of head and neck biopsies in Wegener’s granulomatosis.
A pathologic study of 126 biopsies in 70 patients. Am. J. Surg. Pathol. 14, 555-564 (1990).
Daum, T. E. et al. Tracheobronchial involvement in Wegener’s granulomatosis. Am. J.
Respir. Crit. Care Med. 151, 522-526 (1995).

Agadi, J. B., Raghav, G., Mahadevan, A. & Shankar, S. K. Usefulness of superficial peroneal
nerve/peroneus brevis muscle biopsy in the diagnosis of vasculitic neuropathy. J. Clin.
Neurosci. 19, 1392-1396 (2012).

Collins, M. P. et al. Superficial peroneal nerve/peroneus brevis muscle biopsy in vasculitic
neuropathy. Neurology 55, 636-643 (2000).

Villeneuve, T., Faguer, S., Collot, S., Pugnet, G. & Prévot, G. HRCT imaging of pulmonary
involvement in granulomatosis with polyangiitis and microscopic polyangiitis at disease
onset and during follow-up. Semin. Arthritis Rheum. 63, 152307 (2023).

Casal Moura, M., Tandon, Y. K., Hartman, T. E., Ryu, J. H. & Bagir, M. Interstitial lung disease
in patients with antineutrophil cytoplasmic antibody-associated vasculitis: chest CT
patterns and correlation with survival. Semin. Arthritis Rheum. 73, 152726 (2025).
Yamagata, M. et al. Prevalence and responsiveness to treatment of lung abnormalities
on chest computed tomography in patients with microscopic polyangiitis: a multicenter,
longitudinal, retrospective study of one hundred fifty consecutive hospital-based
Japanese patients. Arthritis Rheumatol. 68, 713-723 (2016).

Hazebroek, M. R. et al. Prevalence and prognostic relevance of cardiac involvement

in ANCA-associated vasculitis: eosinophilic granulomatosis with polyangiitis and
granulomatosis with polyangiitis. Int. J. Cardiol. 199, 170-179 (2015).

G, A. et al. The pathogenesis, clinical presentations and treatment of monogenic
systemic vasculitis. Nat. Rev. Rheumatol. 21, 414-425 (2025).

Triaille, C. et al. The emerging concept of ANCA-associated vasculitis related to inborn
errors of immunity. Autoimmun. Rev. 24, 103824 (2025).

Fteiha, B., Bnaya, A., Abu Sneineh, M., Nesher, G. & Breuer, G. S. Clinical implications of
ANCA positivity in a hospital setting: a tertiary center experience. Intern. Emerg. Med. 16,
429-436 (2021).

Feriozzi, S. et al. Cephotaxime-associated allergic interstitial nephritis and MPO-ANCA
positive vasculitis. Ren. Fail. 22, 245-251(2000).

Sakai, N. et al. Tubulointerstitial nephritis with anti-neutrophil cytoplasmic antibody
following indomethacin treatment. Nephrol. Dial. Transpl. 14, 2774 (1999).

Seeliger, B. et al. Are the 1990 American College of Rheumatology vasculitis classification
criteria still valid? Rheumatology 56, 1154-1161(2017).

Watts, R. A., Suppiah, R., Merkel, P. A. & Lugmani, R. Systemic vasculitis — is it time to
reclassify? Rheumatology 50, 643-645 (2011).

Basu, N. et al. EULAR points to consider in the development of classification and diagnostic
criteria in systemic vasculitis. Ann. Rheum. Dis. 69, 1744-1750 (2010).

Robson, J. C. et al. 2022 American College of Rheumatology/European Alliance of
Associations for Rheumatology classification criteria for granulomatosis with polyangiitis.
Arthritis Rheumatol. 74, 393-399 (2022).

Suppiah, R. et al. 2022 American College of Rheumatology/European Alliance of
Associations for Rheumatology classification criteria for microscopic polyangiitis.
Arthritis Rheumatol. 74, 400-406 (2022).

Grayson, P. C. et al. 2022 American College of Rheumatology/European Alliance of
Associations for Rheumatology classification criteria for eosinophilic granulomatosis
with polyangiitis. Arthritis Rheumatol. 74, 386-392 (2022).

Pagnoux, C. & Springer, J. Editorial: classifying antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitides according to ANCA type or phenotypic diagnosis: salt or
pepper? Arthritis Rheumatol. 68, 2837-2840 (2016).

Flossmann, O. et al. Long-term patient survival in ANCA-associated vasculitis.

Ann. Rheum. Dis. 70, 488-494 (2011).

Walsh, M. et al. Risk factors for relapse of antineutrophil cytoplasmic antibody-associated
vasculitis. Arthritis Rheum. 64, 542-548 (2012).

Booth, A. D. et al. Outcome of ANCA-associated renal vasculitis: a 5-year retrospective
study. Am. J. Kidney Dis. 41, 776-784 (2003).

Hogan, S. L. et al. Predictors of relapse and treatment resistance in antineutrophil
cytoplasmic antibody-associated small-vessel vasculitis. Ann. Intern. Med. 143, 621-631
(2005).

Pagnoux, C. et al. Predictors of treatment resistance and relapse in antineutrophil
cytoplasmic antibody-associated small-vessel vasculitis: comparison of two
independent cohorts. Arthritis Rheum. 58, 2908-2918 (2008).

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

0.

m.

2.

na.

4.

ns.

1e.

n7.

8.

ne.

120.

121.

122.

128.

124.

125.

126.

Mabhr, A. et al. Revisiting the classification of clinical phenotypes of anti-neutrophil
cytoplasmic antibody-associated vasculitis: a cluster analysis. Ann. Rheum. Dis. 72,
1003-1010 (2013).

Puéchal, X. et al. Long-term outcomes among participants in the WEGENT trial of
remission-maintenance therapy for granulomatosis with polyangiitis (Wegener’s) or
microscopic polyangiitis. Arthritis Rheumatol. 68, 690-701(2016).

Deshayes, S. et al. Clinical impact of subgrouping ANCA-associated vasculitis according
to antibody specificity beyond the clinicopathological classification. Rheumatology 58,
1731-1739 (2019).

Lyons, P. A. et al. Genetically distinct subsets within ANCA-associated vasculitis. N. Engl.
J. Med. 367, 214-223 (2012).

Merkel, P. A. et al. Identification of functional and expression polymorphisms associated
with risk for antineutrophil cytoplasmic autoantibody-associated vasculitis. Arthritis
Rheumatol. 69, 1054-1066 (2017).

Miloslavsky, E. M. et al. Myeloperoxidase-antineutrophil cytoplasmic antibody (ANCA)-
positive and ANCA-negative patients with granulomatosis with polyangiitis (Wegener’s):
distinct patient subsets. Arthritis Rheumatol. 68, 2945-2952 (2016).

Ecclestone, T. & Watts, R. A. Classification and epidemiology of vasculitis: emerging
concepts. Best. Pract. Res. Clin. Rheumatol. 37,101845 (2023).

Rathmann, J., Segelmark, M. & Mohammad, A. J. Evaluation of the ACR/EULAR 2022
criteria for classification of ANCA-associated vasculitis in a population-based cohort
from Sweden. Rheumatology 63, 1965-1972 (2024).

Merkel, P. A. et al. Comparison of disease activity measures for anti-neutrophil cytoplasmic
autoantibody (ANCA)-associated vasculitis. Ann. Rheum. Dis. 68, 103-106 (2009).
Mukhtyar, C. et al. Modification and validation of the Birmingham Vasculitis Activity
Score (version 3). Ann. Rheum. Dis. 68, 1827-1832 (2009).

Stone, J. H. et al. A disease-specific activity index for Wegener’s granulomatosis:
modification of the Birmingham Vasculitis Activity Score. Arthritis Rheum. 44, 912-920
(2001).

Lugmani, R. A. et al. Birmingham Vasculitis Activity Score (BVAS) in systemic necrotizing
vasculitis. QJM 87, 671-678 (1994).

Lugmani, R. A. in Rare Diseases of the Immune System: Anti-Neutrophil Cytoplasmic
Antibody (ANCA) Associated Vasculitis (eds Albert, R. S. & Guillevin, L.) 57-76

(Springer Nature Switzerland, 2020).

Piccirillo, J. F., Merritt, M. G. Jr. & Richards, M. L. Psychometric and clinimetric validity

of the 20-item Sino-Nasal Outcome Test (SNOT-20). Otolaryngol. Head. Neck Surg. 126,
41-47 (2002).

Juniper, E. F., O'Byrne, P. M., Guyatt, G. H., Ferrie, P. J. & King, D. R. Development and
validation of a questionnaire to measure asthma control. Eur. Resp. J. 14, 902-907 (1999).
Lugmani, R. A. Disease assessment in systemic vasculitis. Nephrol. Dial. Transpl. 30,
i76-i82 (2015).

Exley, A. R. et al. Development and initial validation of the Vasculitis Damage Index

for the standardized clinical assessment of damage in the systemic vasculitides.
Arthritis Rheum. 40, 2187-2195 (1997).

Seo, P. et al. The future of damage assessment in vasculitis. J. Rheumatol. 34, 1357-1371
(2007).

Robson, J. et al. Glucocorticoid treatment and damage in the anti-neutrophil cytoplasm
antibody-associated vasculitides: long-term data from the European Vasculitis Study
Group trials. Rheumatology 54, 471-481(2015).

Bloom, J. L. et al. The association between age at diagnosis and disease characteristics
and damage in patients with ANCA-associated vasculitis. Arthritis Rheumatol. 75,
2216-2227 (2023).

Scherbacher, P. J., Hellmich, B., Feng, Y. S. & Loffler, C. Prospective study of complications
and sequelae of glucocorticoid therapy in ANCA-associated vasculitis. RMD Open 10,
e003956 (2024).

Stone, J. H. et al. The glucocorticoid toxicity index: measuring change in glucocorticoid
toxicity over time. Semin Arthritis Rheum. 55, 152010 (2022).

Miloslavsky, E. M. et al. Development of a glucocorticoid toxicity index (GTI) using
multicriteria decision analysis. Ann. Rheum. Dis. 76, 543-546 (2017).

Patel, N. J. et al. Glucocorticoid toxicity index scores by domain in patients with
antineutrophil cytoplasmic antibody-associated vasculitis treated with avacopan
versus standard prednisone taper: post-hoc analysis of data from the ADVOCATE trial.
Lancet Rheumatol. 5, €130-€138 (2023).

Desaintjean, C. et al. Mepolizumab and benralizumab in patients with severe asthma
and a history of eosinophilic granulomatosis with polyangiitis. Front. Med. 11, 1341310
(2024).

Seo, P, Jayne, D., Lugmani, R. & Merkel, P. A. Assessment of damage in vasculitis: expert
ratings of damage. Rheumatology 48, 823-827 (2009).

Herlyn, K., Hellmich, B., Seo, P. & Merkel, P. A. Patient-reported outcome assessment in
vasculitis may provide important data and a unique perspective. Arthritis Care Res. 62,
1639-1645 (2010).

Tomasson, G. et al. Assessment of health-related quality of life as an outcome measure in
granulomatosis with polyangiitis (Wegener’s). Arthritis Care Res. 64, 273-279 (2012).
Strand, V. et al. The impact of treatment with avacopan on health-related quality of life
in antineutrophil cytoplasmic antibody-associated vasculitis: a post-hoc analysis of data
from the ADVOCATE trial. Lancet Rheumatol. 5, e451-e460 (2023).

Robson, J. C. et al. Health-related quality of life in ANCA-associated vasculitis and item
generation for a disease-specific patient-reported outcome measure. Patient Relat.
Outcome Meas. 9, 17-34 (2018).

Nature Reviews Rheumatology | Volume 21| December 2025 | 719-736

734


http://www.nature.com/nrrheum

Review article

127.

128.

129.

130.

131

132.

138.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Testa, M. A. & Simonson, D. C. Assessment of quality-of-life outcomes. N. Engl. J. Med.
334, 835-840 (1996).

Bevans, M., Ross, A. & Cella, D. Patient-reported outcomes measurement information
system (PROMIS): efficient, standardized tools to measure self-reported health and
quality of life. Nurs. Outlook 62, 339-345 (2014).

Delvino, P. et al. Impact of mepolizumab on the AAV-PRO questionnaire in eosinophilic
granulomatosis with polyangiitis: data from a European multicentre study. Rheumatology
64, 4937-4947 (2025).

Quartuccio, L. et al. Unmet needs in ANCA-associated vasculitis: physicians’ and patients’
perspectives. Front. Immunol. 14, 1112899 (2023).

Floyd, L. et al. A systematic review of patient-reported outcome measures in patients
with anti-neutrophil cytoplasmic antibody associated vasculitis. Rheumatology 63,
2624-2637 (2024).

Merkel, P. A. et al. Brief communication: high incidence of venous thrombotic events
among patients with Wegener granulomatosis: The Wegener’s Clinical Occurrence

of Thrombosis (WeCLOT) study. Ann. Intern. Med. 142, 620-626 (2005).

Suppiah, R. et al. A model to predict cardiovascular events in patients with newly diagnosed
Wegener's granulomatosis and microscopic polyangiitis. Arthritis Care Res. 63, 588-596
(201).

Jayne, D. in Rare Diseases of the Immune System: Anti-Neutrophil Cytoplasmic Antibody
(ANCA) Associated Vasculitis (eds Albert, R. S. & Guillevin, L.) 293-311 (Springer Nature
Switzerland, 2020).

McClure, M. E. et al. Evaluation of PR3-ANCA status after rituximab for ANCA-associated
vasculitis. J. Clin. Rheumatol. 25, 217-223 (2019).

Sanchez-Alamo, B. et al. Systematic literature review informing the 2022 update of the
EULAR recommendations for the management of ANCA-associated vasculitis (AAV):

Part 2 — treatment of eosinophilic granulomatosis with polyangiitis and diagnosis and
general management of AAV. RMD Open 9, e003083 (2023).

Doubelt, I. et al. Clinical manifestations and long-term outcomes of eosinophilic
granulomatosis with polyangiitis in North America. ACR Open Rheumatol. 3, 404-412 (2021).
Seror, R. et al. Treatment strategies and outcome of induction-refractory Wegener’s
granulomatosis or microscopic polyangiitis: analysis of 32 patients with first-line
induction-refractory disease in the WEGENT trial. Ann. Rheum. Dis. 69, 2125-2130 (2010).
Guillevin, L. et al. Rituximab versus azathioprine for maintenance in ANCA-associated
vasculitis. N. Engl. J. Med. 371,1771-1780 (2014).

Terrier, B. et al. Long-term efficacy of remission-maintenance regimens for ANCA-associated
vasculitides. Ann. Rheum. Dis. 77, 1150-1156 (2018).

McClure, M. & Jones, R. B. Treatment of relapses in ANCA-associated vasculitis. Clin. J.
Am. Soc. Nephrol. 14, 967-969 (2019).

Outh, R. et al. Relapses in patients with anti-neutrophil cytoplasmic antibody-associated
vasculitis: a retrospective study. Clin. Rheumatol. 39, 1601-1608 (2020).

Kemna, M. J. et al. ANCA as a predictor of relapse: useful in patients with renal involvement
but not in patients with nonrenal disease. J. Am. Soc. Nephrol. 26, 537-542 (2015).

Fussner, L. A. et al. Factors determining the clinical utility of serial measurements of
antineutrophil cytoplasmic antibodies targeting proteinase 3. Arthritis Rheumatol. 68,
1700-1710 (2016).

Casal Moura, M. et al. Maintenance of remission and risk of relapse in myeloperoxidase
positive antineutrophil cytoplasmic antibody-associated vasculitis with kidney involvement.
Clin. J. Am. Soc. Nephrol. 18, 47-59 (2023).

van Dam, L. S. et al. Proteinase-3-anti-neutrophil cytoplasmic antibodies (PR3-ANCAs)
predict relapses in ANCA-associated vasculitis patients after rituximab. Nephrol. Dial.
Transpl. 36, 1408-1417 (2020). 2021.

Gamerith, G. et al. Association of baseline soluble immune checkpoints with the risk

of relapse in PR3-ANCA vasculitis following induction of remission. Ann. Rheum. Dis. 82,
253-261(2023).

Moran, S. M. et al. The clinical application of urine soluble CD163 in ANCA-associated
vasculitis. J. Am. Soc. Nephrol. 32, 2920-2932 (2021).

Almaani, S. et al. Urine and plasma complement Ba levels during disease flares

in patients with antineutrophil cytoplasmic autoantibody-associated vasculitis.

Kidney Int. Rep. 8, 2421-2427 (2023).

Fauci, A. S., Haynes, B. F., Katz, P. & Wolff, S. M. Wegener's granulomatosis: prospective
clinical and therapeutic experience with 85 patients for 21 years. Ann. Intern. Med. 98,
76-85 (1983).

Berti, A., Cornec, D., Crowson, C. S., Specks, U. & Matteson, E. L. The epidemiology of
antineutrophil cytoplasmic autoantibody-associated vasculitis in Olmsted county,
Minnesota: a twenty-year US population-based study. Arthritis Rheumatol. 69,
2338-2350 (2017).

Jennette, J. C. Rapidly progressive crescentic glomerulonephritis. Kidney Int. 63, 1164-1177
(2003).

de Joode, A. A. E. et al. Renal survival in proteinase 3 and myeloperoxidase ANCA-associated
systemic vasculitis. Clin. J. Am. Soc. Nephrol. 8,1709-1717 (2013).

Li, Z.Y.,Gou, S. J., Chen, M. & Zhao, M. H. Predictors for outcomes in patients with severe
ANCA-associated glomerulonephritis who were dialysis-dependent at presentation:

a study of 89 cases in a single Chinese center. Semin. Arthritis Rheum. 42, 515-521

(2013).

Lee, T. et al. Predictors of treatment outcomes in ANCA-associated vasculitis with severe
kidney failure. Clin. J. Am. Soc. Nephrol. 9, 905-913 (2014).

Berden, A. E. et al. Histopathologic classification of ANCA-associated glomerulonephritis.
J. Am. Soc. Nephrol. 21,1628-1636 (2010).

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Casal Moura, M., Fervenza, F. C., Specks, U. & Sethi, S. Kidney biopsy chronicity grading
in antineutrophil cytoplasmic antibody associated vasculitis. Nephrol. Dial. Transpl. 37,
1710-1721(2021).

Brix, S. R. et al. Development and validation of a renal risk score in ANCA-associated
glomerulonephritis. Kidney Int. 94, 1177-1188 (2018).

Takeda, R. et al. Development of a kidney prognostic score in a Japanese cohort of
patients with antineutrophil cytoplasmic autoantibody vasculitis. Kidney Int. Rep. 9,
611-623 (2024).

Sandino-Bermudez, M. J., Hernandez-Andrade, A., Hinojosa-Azaola, A., Martin-Nares, E.
& Mejia-Vilet, J. M. Performance of clinical and histological prognostic scores for kidney
survival in ANCA-associated vasculitis. Rheumatology 64, 1981-1988 (2024).

Casal Moura, M., Fervenza, F. C., Specks, U. & Sethi, S. “Normal” glomerular score
correlates with outcomes in antineutrophil cytoplasmic autoantibody-associated
vasculitis with glomerulonephritis. Kidney Int. Rep. 10, 596-600 (2025).

Odler, B. et al. Challenges of defining renal response in ANCA-associated vasculitis: call
to action? Clin. Kidney J. 16, 965-975 (2023).

Uchida, L. et al. WCN25-1022 long-term kidney function beyond 12 months and kidney
relapse after initiation of treatment for ANCA-associated vasculitis. Kidney Int. Rep. 10,
S617-S618 (2025).

Moiseey, S. et al. Traditional and disease specific risk factors for cardiovascular events in
ANCA-associated vasculitis: a multinational retrospective study. J. Rheumatol. 50, 1094
(2023).

Moiseey, S. et al. Association of venous thromboembolic events with skin, pulmonary and
kidney involvement in ANCA-associated vasculitis: a multinational study. Rheumatology
60, 4654-4661(2021).

Steiger, S., Rossaint, J., Zarbock, A. & Anders, H. J. Secondary immunodeficiency related
to kidney disease (SIDKD)-definition, unmet need, and mechanisms. J. Am. Soc. Nephrol.
33, 259-278 (2022).

Odler, B. et al. Risk factors for serious infections in ANCA-associated vasculitis.

Ann. Rheum. Dis. 82, 681-687 (2023).

Windpessl, M. et al. ANCA status or clinical phenotype — what counts more?

Curr. Rheumatol. Rep. 23, 37 (2021).

Hilhorst, M. et al. Patients with antineutrophil cytoplasmic antibodies associated
vasculitis in remission are hypercoagulable. J. Rheumatol. 40, 2042-2046 (2013).
Nygaard, L. et al. Increased risk of cardiovascular disease preceding diagnosis of incident
ANCA-associated vasculitis: a Danish nationwide study. Rheumatology 63, 1313-1321(2024).
Bramlage, C. P. et al. Management of cardiovascular risk factors in patients with
ANCA-associated vasculitis. J. Eval. Clin. Pract. 23, 747-754 (2017).

Cetin, B. et al. FRAX scores are increased in patients with ANCA-associated vasculitis.
Int. Urol. Nephrol. 53, 2333-2339 (2021).

van Daalen, E. E. et al. Effect of rituximab on malignancy risk in patients with
ANCA-associated vasculitis. Ann. Rheum. Dis. 76, 1064-1069 (2017).

Pankhurst, T., Savage, C. O., Gordon, C. & Harper, L. Malignancy is increased in
ANCA-associated vasculitis. Rheumatology 43, 1532-1535 (2004).

Pecher, A. C., Henes, M. & Henes, J. C. Optimal management of ANCA-associated
vasculitis before and during pregnancy: current perspectives. Arch. Gynecol. Obst. 308,
379-385 (2023).

Riegg, L. et al. EULAR recommendations for use of antirheumatic drugs in reproduction,
pregnancy, and lactation: 2024 update. Ann. Rheum. Dis. 84, 910-926 (2025).

Westman, K. W., A, B. P., Olsson, H., Ranstam, J. & Wieslander, J. Relapse rate, renal
survival, and cancer morbidity in patients with Wegener’s granulomatosis or microscopic
polyangiitis with renal involvement. J. Am. Soc. Neph. 9, 842-852 (1997).

Heijl, C. et al. Incidence of malignancy in patients treated for antineutrophil cytoplasm
antibody-associated vasculitis: follow-up data from European vasculitis study group
clinical trials. Ann. Rheum. Dis. 70, 1415-1421 (2011).

Kronbichler, A., Leierer, J., Gauckler, P. & Shin, J. |. Comorbidities in ANCA-associated
vasculitis. Rheumatology 59, iii79-iii83 (2020).

Tan, J. A. et al. Mortality in ANCA-associated vasculitis: a meta-analysis of observational
studies. Ann. Rheum. Dis. 76, 1566-1574 (2017).

Steinberg, A. W., Wechsler, M. E. W. & Fernandez Pérez, E. R. Trends in antineutrophil
cytoplasmic autoantibody-associated vasculitis-related mortality in the United States,
1999 to 2017. Ann. Intern. Med. 172, 160-163 (2020).

Scherlinger, M. et al. Worldwide trends in all-cause mortality of auto-immune systemic
diseases between 2001 and 2014. Autoimmun. Rev. 19, 102531 (2020).

Guillevin, L. et al. Prognostic factors in polyarteritis nodosa and Churg-Strauss syndrome.
Medicine 75, 17-28 (1996).

Guillevin, L. et al. The five-factor score revisited: assessment of prognoses of systemic
necrotizing vasculitides based on the French vasculitis study group (FVSG) cohort.
Medicine 90, 19-27 (2011).

Schirmer, J. H. et al. Clinical presentation and long-term outcome of 144 patients with
microscopic polyangiitis in a monocentric German cohort. Rheumatology 55, 71-79 (2016).
Moosig, F. et al. A vasculitis centre based management strategy leads to improved
outcome in eosinophilic granulomatosis and polyangiitis (Churg-Strauss, EGPA):
monocentric experiences in 150 patients. Ann. Rheum. Dis. 72,1011-1017 (2013).

Holle, J. U. et al. Improved outcome in 445 patients with Wegener's granulomatosis in a
German vasculitis center over four decades. Arthritis Rheum. 63, 257-266 (2011).
Matsushita, K. et al. Incorporating kidney disease measures into cardiovascular

risk prediction: development and validation in 9 million adults from 72 datasets.
eClinicalMedicine 27, 100552 (2020).

Nature Reviews Rheumatology | Volume 21| December 2025 | 719-736

735


http://www.nature.com/nrrheum

Review article

189. Benichou, N. et al. Proteinuria and hematuria after remission induction are associated
with outcome in ANCA-associated vasculitis. Kidney Int. 103, 1144-1155 (2023).

190. Monti, S. et al. Use and reporting of outcome measures in randomized trials for
anti-neutrophil cytoplasmic antibody-associated vasculitis: a systematic literature
review. Semin. Arthritis Rheum. 50, 1314-1325 (2020).

191. Quinn, K. A. et al. Developing a composite outcome tool to measure response to
treatment in ANCA-associated vasculitis: a mixed methods study from OMERACT 2020.
Semin. Arthritis Rheum. 51, 1134-1138 (2021).

192. Chen, D. P. et al. PRTN3 variant correlates with increased autoantigen levels and relapse
risk in PR3-ANCA versus MPO-ANCA disease. JCI Insight 8, €166107 (2023).

193. Casal Moura, M. et al. Risk of relapse of ANCA-associated vasculitis among patients
homozygous for the proteinase 3 gene Val119lle polymorphism. RMD Open. 9, e002935
(2023).

194. Zeek, P. M. Periarteritis nodosa and other forms of necrotizing angiitis. N. Engl. J. Med.
248, 764-772 (1953).

195. Alarcon-Segovia, D. The necrotizing vasculitides. A new pathogenetic classification.
Med. Clin. North. Am. 61, 241-260 (1977).

196. Fauci, A. S., Haynes, B. & Katz, P. The spectrum of vasculitis: clinical, pathologic,
immunologic and therapeutic considerations. Ann. Intern. Med. 89, 660-676 (1978).

197. Watts, R. et al. Development and validation of a consensus methodology for the
classification of the ANCA-associated vasculitides and polyarteritis nodosa for
epidemiological studies. Ann. Rheum. Dis. 66, 222-227 (2007).

198. Craven, A. et al. ACR/EULAR-endorsed study to develop diagnostic and classification
criteria for vasculitis (DCVAS). Clin. Exp. Nephrol. 17, 619-621 (2013).

Author contributions

M.C.M. and A.K. had the idea for this review paper, conceptualized the proposal and the
manuscript that generated this work, and coordinated the project. P.A.M. and D.J. provided
initial review of, and input into, the proposal and the manuscript. All authors contributed to
writing and revising the paper.

Competing interests

This research did not receive any specific grant from funding agencies in the public,
commercial or not-for-profit sectors. In the past two years, P.A.M. received funds for:
consulting from AbbVie, Alpine, Amgen, ArGenx, AstraZeneca, Boehringer-Ingelheim,
Bristol-Myers Squibb, Commonwealth Serum Laboratories (CSL) Behring, GlaxoSmithKline,
iCell, Interius, Kinevant, Kyverna, Metagenomia, Neutrolis, Novartis, NS Pharma, Q32,
Quell, Regeneron, Sanofi, Sparrow, Takeda and Vistera; and for research support from
AbbVie, Amgen, AstraZeneca, Boehringer-Ingelheim, Bristol-Myers Squibb, Eicos, Electra,
GlaxoSmithKline, Neutrolis and Takeda; and stock options from Kyverna, Q32, Lifordi and
Sparrow; and royalties from UpToDate. D.J. received honoraria or consulting fees from
Amgen, AstraZeneca, Aurinia, Bristol-Myers Squibb, Boehringer-Ingelheim, ChemoCentryx,
GlaxoSmithKline, the National Institute for Health and Care Excellence, Novartis, Otsuka,
Roche/Genentech, Takeda, UCB and CSL Vifor. M.C.C. received consulting fees from
GlaxoSmithKline, AbbVie, CSL Vifor, AstraZeneca, Alexion, Boehringer-Ingelheim and
Novartis; royalties from UpToDate; and was supported by the Ministerio de Ciencia,

Innovacion y Universidades AEI/10.13039/501100011033 (PID2023-1522650B-100), FEDER-EU.

N.B. received consulting or advisory board honoraria from CSL Vifor and GlaxoSmithKline,
and research grant support from AstraZeneca, CSL Vifor and GlaxoSmithKline. B.H. received
consulting fees from Alexion, AstraZeneca, Boehringer-Ingelheim, GlaxoSmithKline, InflafRx,
Novartis and CSL Vifor and honoraria for lectures from AbbVie, Amgen, AstraZeneca, BMS,
Boehringer, Chugai, GlaxoSmithKline, Janssen, Merck Sharp & Dohme (MSD), Pfizer, Phadia,
Roche and CSL Vifor. BT. reported consulting fees from AstraZeneca, GlaxoSmithKline,

CSL Vifor, Novartis, Laboratoire Frangais du Fractionnement et des Biotechnologies (LFB)
and Boehringer-Ingelheim. C.A.L. received research grants from Bristol-Myers Squibb,
AstraZeneca, GlaxoSmithKline, NSD Pharma and non-paid consultancy royalties from

Bristol-Myers Squibb, AbbVie and AstraZeneca. I.M.B. received grant support from CSL

Vifor and Novartis; educational fees from Astra-Zeneca and CSL Vifor; and consulting fees
from GlaxoSmithKline, Aurinia, Novartis, Amgen, Hansa and Alentis Consultancy Boards.
1.M.B. also serves on the Glomerular Disease Council (CSL Vifor, Novartis), is owner of BiPath
and vice-president of EUVAS. D.G. received consulting fees from Amgen, ChemoCentryx,
Otsuka, Calliditas and Vera Therapeutics. F.C.F. received unrestricted research funding

from Genentech/Roche. A.R.K. received research support, contract work and consultancy
fees (funds to institution) from CSL, Visterra, Alentis, Variant Bio, Patrys and Sitala; speaker
fees from CSL Seqjirus; royalties from UpToDate; and is the chair of the Australia and

New Zealand Vasculitis Society. U.S. received consulting or advisory board honoraria from
Amgen, Argenx, AstraZeneca, Boehringer-Ingelheim, ChemoCentryx, CSL Vifor and Novartis;
and research grant support from Amgen, AstraZeneca, Bristol-Myers Squibb, Genentech,
GlaxoSmithKline, NorthStar Medical Radioisotopes, Novartis and NS-Pharma. A.K. received
honoraria or consulting fees from Amgen, AstraZeneca, Boehringer-Ingelheim, CSL Vifor,
Delta4, GlaxoSmithKline, Miltenyi Biotec, Novartis, Novo Nordisk, Otsuka, Roche, Sobi and
Walden Biosciences. Peer review information; and unrestricted research grants from CSL Vifor
and Otsuka received by A K. He serves on the editorial boards of Glom Dis and Nephrol Dial
Transplant. M.C.M., A.R., J.G., PV., J.K. and J.H.S. have no competing interests to report.

Additional information
Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/541584-025-01306-w.

Peer review information Nature Reviews Rheumatology thanks Renate Kain, Sang Won Lee
and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

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

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

Related links

AAV-PRO: The score will be provided upon request at: https://innovation.ox.ac.uk/
outcome-measures/anca-associated-vasculitis-patient-reported-outcome-aav-pro/
Birmingham vasculitis activity score (BVAS V3.0): https://innovation.ox.ac.uk/wp-content/
uploads/2023/11/BVAS-UK-English-SAMPLE-COPY.pdf

Birmingham vasculitis activity score (BVAS): https://vcrc.rarediseasesnetwork.org/sites/
default/files/2022-03/VCRC_Resources_Researchers-Clinicians_Birmingham-Vasculitis-
Activity-Score-2003-BVAS-2003.pdf

Birmingham vasculitis activity score for granulomatosis with polyangiitis (BVAS-GPA):
https://vcre.rarediseasesnetwork.org/sites/default/files/2022-03/VCRC_Resources_
Researchers-Clinicians_Birmingham-Vasculitis-Activity-Score-for-Granulomatosis-with-
polyangiitis-Wegeners-GPA-Form-BVAS-WG.pdf

Combined damage assessment (CDA): https://omeract.org/wp-content/uploads/2023/11/26-
The-Future-of-Damage-Assessment-in-Vasculitis.pdf

Five-factor score (FFS): https://vcrc.rarediseasesnetwork.org/sites/default/files/2022-03/
VCRC_Resources_Researchers-Clinicians_Five-Factor-Score-FFS.pdf

Vasculitis damage index (VDI): https://vcre.rarediseasesnetwork.org/sites/default/files/
2022-03/VCRC_Resources_Researchers-Clinicians_Vasculitis-Damage-Index-VDI.pdf
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Advancesinthe pathophysiology,
diagnosis and treatment
of Takayasu arteritis

Amr H. Sawalha®"", Durga P. Misra®?, Ruchika Goel®, Fatma Alibaz-Oner*, Kaitlin A. Quinn®, Peter C. Grayson®
& Haner Direskeneli®*

Abstract Sections

Takayasu arteritis (TAK) is arare, chronic, large-vessel vasculitis Introduction

that primarily targets the aorta and its major branches, leading to Pathology and

vascular stenosis, occlusion and aneurysm formation. TAK, which s immunopathogenesis
characterized by granulomatous inflammation of the arterial wall, Genetics of Takayasu arteritis
predominantly affects women, with peak onset typically occurring Clinical features and
between 20 and 40 years of age. The disease exhibits substantial differential diagnosis
geographic variability in prevalence, with emerging evidence Imaging in the diagnosis
suggesting that these differences are partly owing to variationsin ?2&';‘:;""322‘3?; of
genetic susceptibility loci, particularly withinimmune-related genes;

however, the role of environmental factors in the disease aetiology 3:;’22;“22.1?:3 monitoring
remains poorly understood. Non-invasive imaging techniques Management of

have become central to both diagnosis and disease monitoring. Takayasu arteritis
Furthermore, the development of biomarkers holds promise for Conclusion

more accurate assessment of disease activity. The management of
TAKis evolving, driven by animproved understanding of disease
pathogenesis. The growing use of biologic agents is providing new
treatment options, particularly for patients with refractory or relapsing
disease. By integrating these developments, this Review is aimed at
serving as acomprehensive resource for clinicians and researchers
dedicated to improving the understanding and management of TAK.
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Key points

= Takayasu arteritis (TAK) is a rare large-vessel vasculitis with a global
incidence of 111 per million person-years, which predominantly affects
young women 20-40 years of age.

= The pathogenesis of TAK involves multiple interconnected
immune-mediated processes that ultimately result in vascular fibrosis
and stenosis.

= Over 100 genetic susceptibility loci, including HLA-B*52, have
been identified, contributing to geographic differences in disease
prevalence.

= Non-invasive imaging is central to diagnosis and monitoring;
BF_fluorodeoxyglucose-PET uptake in the arterial wall predicts future
stenotic lesions better than wall thickness alone.

= Serum pentraxin-3 shows promise as a biomarker of disease activity,
particularly when IL-6 blockers are used.

= Glucocorticoids combined with conventional immunosuppressive
therapy remain the cornerstone of treatment; relapse rates with
glucocorticoid monotherapy reach 60-77% within 1 year.

= Biologic agents, including TNF inhibitors and tocilizumab, can be
effective in refractory TAK; therapies such as secukinumab and Janus
kinase inhibitors are emerging options.

Introduction

Takayasu arteritis (hereafter also referred to as TAK), first described by
theJapanese ophthalmologist Mikito Takayasuin1908, is characterized
by chronic granulomatous inflammation of the arterial wall that can
lead to stenosis, occlusion and aneurysm formation'. These vascular
changes canresultinischaemic symptoms and the characteristic loss
of pulses, hence why TAK is sometimes referred to as ‘pulseless disease’.
Disruption of blood flow through crucial arteries to the brain, heart
and other organs can be life threatening.

TAK is more common in women than in men; reported ratios
vary between 2:1 and 9:1 (ref. 2). Although disease onset is typi-
cally 20-40 years of age, childhood-onset disease and onset after
40 years of age can occur’. TAK is a rare disease; the estimated global
incidence of TAK is 1.11 per million person-years, although incidence
rates vary considerably among different populations®. The disease
is most common in East Asian populations, with the highest preva-
lence rates reported in Japan (40 per million)°. However, the disease
can affect individuals of any genetic ancestry. Studies suggest that
inter-population differencesin disease prevalence are, at leastin part,
caused by variationinallele frequencies at disease-associated genetic
susceptibility loci®. The role of environmental factors in the aetiology
of TAK is less clear.

Given its complex and often insidious onset, TAK requires a
high index of clinical suspicion and a multidisciplinary approach
to diagnosis and management. In this Review, we comprehen-
sively examine advances in the pathophysiology, clinical features,
diagnostic strategies and therapeutic approaches with regard
to TAK.

Pathology and immunopathogenesis

In TAK, the arterial tissue has a granulomatous pan-arteritis with
prominent adventitial fibrosis, neovascularization, disruption of
the elastic laminae and intima-media thickening (Fig. 1). Environ-
mental factors, particularly infectious triggers, are thought to
contribute to disease development. This section explores the immu-
nopathological mechanisms underlying TAK, including the roles of
microbial exposure, dysregulated innate and adaptive immune-cell
activation, cytokine signalling and tissue remodelling, which lead to
arterial fibrosis.

Environmental factors

Indirect evidence suggests an association between TAK and infec-
tions; for example, a high frequency of tuberculosis occurs in patients
with TAK (including those not on immunosuppressive therapy)”.
In addition, the common pathology of granulomatous inflamma-
tion, reports of primary immunodeficiency disorders associated
with paediatric-onset TAK and the role of T helper 17 (T;17) cells in
TAK (a cell type that is linked to viral infections) make it reasonable
to hypothesize that an aberrant immune response to prior infection
with tuberculosis, viruses or other infections might trigger TAK” %,
Compared with atherosclerotic arteries, the arterial wall is inflamed
inTAK and showsincreased MHC class I polypeptide-related sequence
A (MICA) expression, which can be induced by infections and can
activate infiltrating y6 T cells and natural-killer (NK) cells via the
NKG2D receptor®2°. In TAK, a greater abundance of Streptococcus
and Campylobacter species has been reported in the gut microbiota,
andintheblood, Clostridia, Cytophagia and Deltaproteobacteria are
increased, whereas Bacilli classes are reduced compared with healthy
individuals®*.

Innate immunity

Theactivation of y§ T cellsand NK cells in TAK arterial tissue is hypoth-
esized to stimulate their cytotoxic activity and is also associated with
higher expression of the co-stimulatory molecules CD137 (also known
as 4-1BB) and Fas in the arterial wall, which in turn enhance T cell
activation'®?° (Fig. 1). Vascular smooth-muscle cells in patients with
TAK have a senescent phenotype with mitochondrial dysfunction,
driven by IL-6 (ref. 23).

The gene ETS2, which regulates monocyte and macrophage acti-
vation, hasbeenidentified asa common genetic association between
TAK, ankylosing spondylitis and inflammatory bowel diseases, which
arealsolinked through their shared MHC-l associations (referred to as
MHC-l-opathies)***. However, clinical and molecular characteristics
suggest that TAK belongs to a distinct subset of MHC-I-opathies®, dem-
onstrated by thelack of anassociation with ERAP1or ERAP2in contrast
with other MHC-I-opathies (A.H.S., unpublished observations). A poly-
morphism (rs2069837) in the /L6 enhancer region that alters the expres-
sion of glycoprotein non-metastatic melanoma protein B (GPNMB),
anegative regulator of monocyte and macrophage activation, has
been linked with TAK susceptibility®. Keeping in mind the continuum
between M1-like and M2-like macrophage polarization withinbiological
systems, patients with TAK who are not onimmunosuppressive therapy
show apredominant infiltration of M1-like macrophages and the chem-
oattractant protein CCL2 is detected in the adventitia, whereas those
who are onimmunosuppressants have primarily M2-like macrophage
infiltration and CCL2 reported in the media layer”. These findings indi-
cate ashift to a predominantly fibrotic M2-like phenotype in patients
with TAK receiving immunosuppressive therapy, which corresponds
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Fig.1|Pathology of Takayasu arteritis. The pathology of Takayasu arteritis
(TAK) is a pan-arteritis, believed to begin in the adventitial layer, initially through
vasa vasorum affliction, before involving the media and intima, resulting in
intimal hyperplasia, disruption of the elastic laminae and adventitial thickening
with fibrosis and neovascularization"*. Cellular infiltrates in the arterial wall
include T cells, B cells, plasma cells, y& T cells, natural killer (NK) cells, dendritic
cells, neutrophils and macrophages™". Granulomatous arteritis iscommon to
TAK and giant-cell arteritis (GCA). Granulomas with multinucleate giant cells in

the TAK arterial wall are often found in the intima and media. The arteries from
patients with TAK show a dominant infiltration of CD8" T cells and NK cells'.
Tertiary lymphoid structures (TLS) have been identified in the adventitia of TAK
arteries'®". Arterial-wall fibrosis (which results in arterial stenosis) is prominent
in TAK, unlike GCA, in which aneurysms are more common’®. BCR, B cell receptor;
MICA, MHC class I polypeptide-related sequence A; TCR, T cell receptor.

The original version of this figure was created with BioRender.com.

with the stenosing behaviour of arteritis in TAK'®. Patients with active
TAK have higher frequencies of circulating total monocytes and classi-
calandintermediate sub-populations than healthy people, and levels of
the monocyte chemokine CCL22 are elevated compared withthose with
inactive TAK?, Arterial-wall macrophage infiltration detectionin vivo
using somatostatin-2 receptor PET, which targets the somatostatin-2
receptor expressed oninflammatory macrophages, merits evaluation
as anovel disease activity measure for TAK?.

Adaptive immunity

Dendritic cells infiltrating affected arteries might bridge innate and
adaptative immunity in TAK". T,,1and T,;17 cells, via secretion of IFNy
and IL-17, respectively, drive granuloma formation and arteritis in
TAK'®*°, In TAK, the activation of mammalian target organ of rapa-
mycin (mTOR), particularly mTOR complex1(mTORC1) in CD4" T cells
is driven by Notch-1, which promotes T,1 and T,;17 cell activation®-*,
Unlike in giant-cell arteritis (GCA), another form of large-vessel
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Fig. 2| Therapeutic targets in Takayasu arteritis. Observational data and

the secondary end point of arandomized controlled trial (RCT) support the

use of IL-6 inhibition with tocilizumab in Takayasu arteritis (TAK)***". The use

of TNF inhibitors and secukinumab for TAK is also supported in observational
studies*"**. Costimulatory blockade with abatacept and IL12p40 inhibition

with ustekinumab failed to demonstrate benefits versus placebo in RCTs,
although methodological issues and premature termination rendered the

trial of ustekinumab at a high risk of bias**. Despite literature supporting the
role of B cells in the arterial pathology of TAK, observational data reveal the
ineffectiveness of rituximab in TAK, although other B cell-depleting therapies,
such as obinutuzumab and inebilizumab, remain unexplored*. Sirolimus blocks
mTORCI, whichdrives T helper1(T,1) celland T 17 cell differentiation in TAK,
and is a potential treatment target for future exploration®. Mavrilimumab blocks
granulocyte-macrophage colony-stimulating factor receptor which activates
macrophages and neutrophils®”; it has been proven effective in an RCT of giant-
cell arteritis, although it remains unexplored in TAK*®. Observational studies
have reported the effectiveness of Janus kinase (JAK) inhibitors in TAK and

these drugs target multiple cytokines and immune cells. The solid lines indicate
therapies that are commonly used with some evidence to support their use in
patients with TAK. The dotted lines indicate potential future therapies based on
anunderstanding of the pathogenesis of TAK or therapies that have a mechanistic
basis but have not yet been proven to be effective in patients with TAK. CD80/86,
CD80 or CD86; mTORC1, mammalian target organ of rapamycin complex 1;
TCR, T cell receptor; BCR, B cell receptor. The original version of this figure was
created with BioRender.com.

vasculitis, the expansion of T,;17 cells in the peripheral blood in TAK is
notinhibited by glucocorticoids'**. T,17.1 cells have been reportedin
TAK; these cells secrete both IFNy and IL-17 and thus share phenotypic
characteristics of Tyl and T,;17 cells, and also express the drug efflux
protein p-glycoprotein, which might explain the resistance of T,,17 cells
toglucocorticoidsin this context™*, Circulating CD4" T cellsand T,,17

cells that express the exhaustion marker PD1are also elevated in TAK.
These cellsdrive fibrosisin other disease states, and might contribute
toarterial-wall fibrosis in TAK, although these cell populations have not
yet beenstudiedinarterial tissue from patients with TAK™%. Infiltrating
CD8" cytotoxic T cellsin TAK haveincreased T cell receptor activation
and areimportant sources of [IFNy***,

The role of B cells in TAK is emerging. Tertiary lymphoid struc-
tures (TLSs) comprising follicular dendritic cells, memory B cells and
T cells, with enrichment of antigen-experienced T follicular helper cells,
are more prevalent in the arterial wall of TAK than GCA, particularly
in active TAK'®Y. In arterial tissue from patients with GCA and in a
functional mouse model of GCA, stem-like CD4" T cells expressing
TCF1 were crucial for TLS formation; however, this aspect remains
unexplored in TAK*®, Sera from patients with TAK can activate mTORC1
in endothelial cells in vitro”. Autoantibodies that target endothe-
lial protein C receptor and scavenger receptor class B type I block
these proteins frominhibiting endothelial-cell and T,17-cell activation,
thereby driving inflammation in TAK?®. Novel autoantibodies against
proline-rich protein Haelll subfamily 2, dihydropteridine reductase
and spermatogenesis-associated 7 proteins were identified in 2021
using serum proteomics that distinguished samples from people with
TAK from samples from healthy individuals, but these results require
further validation®.

Arterial-wall fibrosis

Theinflamed TAK artery healsand becomes afibrosed, stenosed artery.
M2-like macrophages, mast cells, T cells (particularly PD1-expressing
Ty17 cells) and the cytokines IL-6 and IL-17A are postulated to drive
fibroblastactivationinthe TAK artery. As arterial inflammation in TAK
canresultinfibrosis, usinginvitro and preclinical models of disease to
test if combining immunosuppressive and antifibrotic therapies can
reduce subsequent arterial stenosis is important’. Several targeted
therapies for TAK have been developed on the basis of the current
understanding of disease pathogenesis®**°~* (Fig. 2).

Animal models of Takayasu arteritis
Animal models that replicate the pathology of TAK are sparse. One
model, whichwasfirst describedin GCA and is now also used asamodel
of TAK, involves implanting human arteries from cadaversintoimmu-
nodeficient NOD-SCID mice followed by infusion of peripheral-blood
mononuclear cells from patients with active TAK, and results in
immune-cell engraftment in the implanted artery*. Other models of
TAKinclude aortitisinduced by knocking out IRF4-binding protein, IL-1
receptor antagonist knockout mice or bioengineered human arteries
engrafted with monocytes, macrophages and dendritic cells**5,
Taken together, the interplay of environmental triggers,
dysregulated innate and adaptive immune responses, and maladap-
tive tissue repair drives the vascular pathology of TAK, underscor-
ing the importance of mechanistic insights for the development of
targeted therapies.

Genetics of Takayasu arteritis

The pathogenesis of TAK remains incompletely understood. Given the
substantial heterogeneity observed between different patients, there
might be multiple causal factors that contribute to disease pathogenesis.
Evidence of agenetic contribution to the disease aetiology comes from
differences between populationsinthe prevalence of TAK, familial case
occurrence and the confirmed genetic associations within and outside
of the HLA region®. Unbiased genome-wide association studies have
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been performed in TAK that characterize the genetic landscape of the
disease*~*>. Currently, over 100 genetic susceptibility loci for TAK have
beenidentified, including anumber of loci established in multiple cohorts
with agenome-wide association studies level of significance (Table 1).

Genetic susceptibility lociin Takayasu arteritis

The most well-established genetic association in TAK is within the
HLA classIregion. Specifically, HLA-B*52 has been consistently linked
to increased disease susceptibility across different populations® .
Furthermore, HLA-B*52 is associated with earlier disease onset
and a more aggressive disease course, including increased rates of
aortic regurgitation and left ventricular dysfunction in TAK*>*"5,
Fine-mapping studies within the HLA region have led to the identifi-
cation of an additional genetic association in the HLA class Il region,
specifically localized to HLA-DQBI1 and HLA-DRBIin TAK*. This associa-
tion appears to be independent of HLA-B*52, albeit much less robust.
Interestingly, similar genetic associations within both HLA class |
and class Il regions have been reported in GCA*’; however, in GCA,
the genetic association is stronger in the HLA class Il region. These
findings suggest that the relative contribution of associations in HLA
class I versus class Il regions might influence if a patient predisposed
to large-vessel vasculitis develops TAK or GCA.

Beyond the HLA region, multiple non-HLA loci have been impli-
cated in TAK, primarily genes involved inimmune-system regulation®.
Among these, IL12B encodes the p40 subunit of IL-12 and IL-23, both
of which have key roles in pro-inflammatory immune responses**°.
Another important cytokine-related gene, /L6, has been associated
with TAK, with functional studies indicating that genetic variants in
this region mightalter the expression of pro-inflammatory mediators
inmonocytes and macrophages®'.

Other associated lociinclude FCGR2A and FCGR3A, whichencode
Fcreceptorsinvolved inimmune-complex clearance,and ETS2, a tran-
scription factor that regulates macrophage-driven inflammation®**>*,
Additional susceptibility loci that have beenidentified include DUSP22,
PTK2B, KLHL33, RPS9/LILRB3, LILR3A, SVEP1, CFL2 and VPS8, many
of which are involved in immune signalling, vascular biology and
inflammatory responses® >,

Functional implications of susceptibility variants

Similar to other immune-mediated diseases, the majority of genetic
susceptibility lociin TAK are located in non-protein-coding regions
and areinstead foundinregulatory regions thatinfluence gene expres-
sion and chromatin structure®*, Functional genomic analyses show
that TAK-associated variants are enriched in enhancer and promoter
regions, particularly in monocytes, suggesting their role in modulating
immune responses®. Further enrichment of genetic susceptibility loci
within regulatory chromatin regions in B cells also suggests arole for
B cells in the pathogenesis of TAK*®.

The disease-risk allele in a key disease-associated genetic variant
within /L6 suppresses the expression of GPNMB, an anti-inflammatory
gene, through chromatin looping and recruitment of the MEF2-HDAC
repressive complexinmonocyte-derived macrophages®. Riskallelesinthe
disease-associated chr21q22locus enhance the expression of ETS2, atran-
scription factor implicated in macrophage-mediated inflammation®*,
These findings highlight how non-coding genetic variation contributes
to disease pathogenesis by alteringimmune-cell activity in TAK.

Transcription factor binding analysis has shown that TAK-
associated variants are enriched in binding sites for STAT and RUNX
family transcription factors, which are critical regulators of immune

responses®. This finding suggests that genetic variants associated with
TAK mightinfluence the activation of key inflammatory pathways and
therefore provide novel potential therapeutic targets for TAK.

Genetic-risk score and population differences

Acumulative genetic-risk score (GRS) analysis has provided insightsinto
the geneticburden of TAK across populations®. The highest geneticrisk
has been observed in East Asian populations, where TAK prevalence is
highest. South Asian and African populations also exhibit a relatively
high GRS, whereas European and admixed American populations
are at a lower genetic risk. These findings suggest that genetic fac-
tors at least partly underlie the differences in TAK prevalence across
populations. However, it should be noted that the use of a GRS alone
inimmune-mediated diseases in individual patients is limited, largely
owingtothe factthat GRSs are based mainly oncommongenetic variants.

Clinicalimplications

The identification of genetic risk loci in TAK has potential clinical
applications, including biomarker development, risk stratification
and personalized-medicine approaches. Moreover, genetic studies
in TAK can identify promising new therapeutic targets; for example,
the genetic association with /L12B suggests that ustekinumab might
warrant consideration as a candidate for future clinical evaluation
in TAK***%°, The IL-6 pathway is already a target of existing biologic
therapies, such as tocilizumab, which is used in the treatment of TAK***",
Evidence from functional genetic studies suggests that targeting
ETS2-driven macrophage inflammation could offer novel therapeu-
tic strategies in TAK and other ch21q22-associated diseases. Finally,
drug-repurposing analyses based on genetic-association studies

Table 1| Genetic susceptibility loci in Takayasu arteritis

Gene Oddsratio Loci
HLA-B and MICA 3.28 HLA
mMuc21 27 HLA
CCHCRI1 2.44 HLA
HLA-DQBT1and HLA-DRB1 2.34 HLA
IL6 2.07 Non-HLA
PTK2B 1.94 Non-HLA
chr13q21 2.02 Non-HLA
FCGR2A and FCGR3A 1.81 Non-HLA
RPS9 and LILRB3 1.64 Non-HLA
CFL2 1.62 Non-HLA
chr21g22 1.56 Non-HLA
KLHL33 1.55 Non-HLA
IL12B 1.54 Non-HLA
LILR3A 1.53 Non-HLA
DUSP22 1.52 Non-HLA
VPS8 1.51 Non-HLA
SVEP1 1.45 Non-HLA
HLA-G 1.43 HLA

Loci within and outside of the HLA region that have been associated with the susceptibility
to Takayasu arteritis with a genome-wide association studies level of significance (P<5x107®)
are depicted®.

Nature Reviews Rheumatology | Volume 21| December 2025 | 737-751

rLy


http://www.nature.com/nrrheum

Review article

have identified medications such as fostamatinib and leflunomide as
potential treatments for TAK®.

In summary, integrating genetic discoveries with functional
genomics and clinical data will be essential for advancing under-
standing of the molecular mechanisms underlying TAK. Future
researchinto the genetics of TAK should also focus on understanding
gene-environment interactions in the development of TAK.

Clinical features and differential diagnosis

The clinical presentation of patients with TAK depends on the stage
of the disease and the distribution of vascular lesions. Classically, the
natural history of TAK progresses through three stages: the first stage is
characterized by the presence of non-specific constitutional symptoms
(thatis, non-specific symptoms thatindicate generalized disease and
do not signify specific organ pathology) caused by systemic inflam-
mation; the second stage is vascular inflammation that presents with
features suchas carotidynia; the final stage is vascular insufficiency®.
However, less than one-fifth of patients progress sequentially through
such a triphasic disease®.

Most patients present with clinical features suggestive of underly-
ing vascular inflammation and vascular insufficiency. The symptoms
of vascular insufficiency, including limb claudication, absent pulses,
vascular bruit and hypertension, are by far the most common pre-
senting features, reported in more than 50% of patients with TAK®*.
Although some symptoms, including limb claudication, reflect the
underlying vascular area of stenosis, many of the symptoms are multi-
factorial. Forinstance, breathlessness, cough and chest pain might be
manifestations of multiple pathologies, including aortic regurgitation,
cardiac failure, coronary heart disease, systemic hypertension and
rarely pericarditis, pulmonary hypertension or aortic dissection®.
A few patients might present with features of subclavian steal syn-
drome, whichincludes light-headedness, presyncope or syncope along
with features of upper limb claudication®.

Around 30% of patients with severe narrowing of large arteries
present with complications thatinclude stroke or transient ischaemic
attacks, hypertensive emergency, myocardial ischaemia, heart failure,
aorticregurgitation, ocular blindness and, rarely, digital gangrene®**"¢%,
Patients can also present with features of left-ventricular dysfunc-
tion and pulmonary hypertension, including haemoptysis, but these
features are rare®””", Visual symptoms, such as amaurosis fugax and
monocular or bilateral visual loss, are common and generally indicate
advanced disease’”. In many patients, extensive vascular damage
is already present at the time of diagnosis, and life-threatening or
organ-threatening complications might be the initial presenting
feature563,6§,66,68,73.

Inlong-standing disease, the risk of cardiovascular disease, includ-
ing stroke and transient ischaemic attack, is increased, with an esti-
mated pooled prevalence of15.8% (refs. 74-76). Coronary-artery lesions
have also been described in TAK””; coronary-artery involvement occurs
in~5%to 50% of patients with adult-onset TAK, whereas the frequencyin
paediatric TAK varies from-8%to 40% (ref. 78). For more than two thirds
of patients, involvement occurs primarily in the proximal region and
ostiaof the coronary artery, whereas the middle and distal regions are
rarely affected. Skip lesions (segmental areas of vascular inflamma-
tion separated by normal-appearing artery) are also characteristic of
TAK-associated coronary-artery lesions’. Coronary-artery involvement
is associated with a high frequency of major cardiovascular events,
and this frequency is increased further with disease involving the
coronary-artery ostia, >70% luminal stenosis and high disease activity”.

Multi-detector CT imaging is the preferred method for detecting cor-
onary involvement®’. Given the high frequency of coronary-artery
lesions in TAK and the considerable impact of coronary lesions on
cardiovascular mortality, it might be prudent to assess the coronary
arteries of patients with TAK at least at diagnosis.

Carotidynia, a characteristic symptom of vascular inflamma-
tion, is described in 5% to 15% of patients with TAK. Up to one third of
patients with TAK present with fatigue, fever, myalgia and malaise,
which indicates systemic inflammation along with features of vascu-
lar inflammation or ischaemia. However, constitutional symptoms
alone occur in less than 10% of patients®>**. The absence of ischaemic
symptoms in these patients can lead to diagnostic delay®. Skin lesions,
including erythema nodosum, pyoderma gangrenosum and cutane-
ous vasculitis, are uncommon and often indicate overlap with other
autoimmune conditions®***, A few (<10%) patients are asymptomatic
and are diagnosed incidentally during evaluations for other medical
conditions®. Some patients only present with vascular bruit (an abnor-
malsound heard over anartery caused by turbulent blood flow, usually
owingtostenosis or other vascularirregularities), pulse asymmetry or
blood-pressure abnormalities during examination.

The frequency of symptoms differs slightly with age at onset.
Although constitutional symptoms, abdominal pain, hypertension,
cardiomyopathy and renal failure are more common in childhood
TAK, symptoms of peripheralischaemia, including limb claudication,
is more frequently observed in patients with adult-onset disease®.
However, pulse abnormality and hypertension are stillthe commonest
clinical presentations in children®. Infants most commonly present
with hypertension, blood-pressure inequality between limbs and
fever®®, Aortic regurgitation and stroke are more frequently observed
inadult TAK (approximately 7.5%) than in childhood-onset TAK®*.

The co-occurrence of otherimmune-mediated diseases with TAK
isnot uncommon. The most common associations include spondyloar-
thritis (referred to as TAK-SPA) and inflammatory bowel disease, which
areobservedinapproximately 6%-20% and 2%-6% of patients with TAK,
respectively®. These conditions share common genetic susceptibility
loci, including MHC class I and /L12B. The TAK-SPA group of patients
present at a younger age and require biologic drugs more frequently
than patients with TAK without SPAY.

Differential diagnosis of Takayasu arteritis

Althoughimaging abnormalities in TAK are quite characteristic, many
other autoimmune and non-autoimmune diseases might present with
overlapping features and therefore need to be ruled out®® (Table 2). The
most common differential diagnosis is GCA. Older age at onset, more
frequent cranial and constitutional symptoms (including polymyal-
gia rheumatica) and higher and persistent metabolic activity on PET
scans, with less severe thickening of the involved areas, differentiate
GCA from TAK®**°°, In addition, patients with GCA generally do not
present with lower-limb claudication and carotidynia®“. Although the
carotid and subclavian arteries can beinvolvedin both diseases, longer
segment and tapering stenotic lesions are more often found in GCA
thanin TAK”. IgG4-related peri-aortitis is another condition that can
also mimic TAK” (Table 2). Atherosclerosis is yet another common
mimic, particularly inolder individuals; in contrast to the smoothlong
segment concentric mural thickeningin TAK, atherosclerosisis charac-
terized by eccentric thickening of the aorta or its branches with focal,
low-intensity uptake in fluorodeoxyglucose (FDG)-PET studies’. Ath-
erosclerosis preferentially involves the distal portions of the carotids
andits branches®. Some infections can also resemble TAK; tuberculosis
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Table 2 | Differential diagnosis of Takayasu arteritis

Disease(s) or disorder(s) Prominent features Vascular imaging findings Refs.
Autoimmune and inflammatory diseases
Giant-cell arteritis Older age at disease onset than in TAK  Superficial temporal arteries and cranial and axillary arteries are 89,90
Frequent constitutional and cranial commonly affected
symptoms PET-CT scans show higher and persistent metabolic activity with less
severe mural thickening of the involved arteries than in TAK
IgG4-related peri-aortitis Other organ involvement The aorta and coronary arteries are most affected, followed by 93-95
The presence of retroperitoneal iliac arteries
fibrosis Diffuse or patchy mural thickening of often >2mm along with
homogenous delayed wall enhancement (‘'mantle sign’) with either
aneurysms or stenosis
Periaortic soft-tissue thickening and absence of mural calcifications
differentiate IgG4-related peri-aortitis from TAK
FDG-PET scans show no or minimal metabolic activity in the aortic wall
but metabolic activity is present in peri-aortic and arterial tissues
Associated with other Disease-specific features that are Small to large vessel involvement 88,89
EMEIIHVTIE rheumatic indicative of other organ involvement  Behget disease might lead to both aneurysms and stenosis with
conditions and the presence of autoantibodies  jnyolvement of the pulmonary arteries, the aorta and aortic branches
specific for other rheumatic diseases . . . . - .
Ascending aorta involvement with aortic insufficiency is a common
feature of Cogan’s syndrome
Antiphospholipid Previous pregnancy loss or Involvement of any of the aortic-arch branches, including carotids with 188
antibody-associated pregnancy complications the internal carotid artery, innominate and subclavian arteries
vasculopathy Vascular thrombosis Usually non-inflammatory with no or minimal metabolic activity
Associated with neurological
involvement
Normal inflammatory markers
Erdheim-Chester disease Clinical features that reflect the Circumferential wall thickening of the aorta (coated aorta), the entire aorta 189-191
involvement of other organs, is involved in 50% of patients
mcludm%the lungs, eyes,long  pescending thoracic aorta and renal ostial stenosis
bones, s 'ln, plthary qland andbrain o . eritis is common
Retroperitoneal fibrosis
Non-infectious non-autoimmune diseases
Atherosclerosis Affects older patients The disease might extend up to and beyond the carotid bifurcation, which 96
Absence of symptoms such as are usually spared in TAK
carotidynia Subclavian arteries are less commonly involved
Normal or mildly elevated The aortic-wall thickening is focal, eccentric and irregular in
inflammatory markers atherosclerosis, whereas smooth, concentric and long-segment
thickening is the typical involvement in TAK
Calcified plaques on CT angiography are more common than in TAK
FDG uptake is less intense, with an SUV max of <2
Fibromuscular dysplasia Primarily affects young women Typically characterized by symmetrical involvement of bilateral renal 192
Usually presents with hypertension and distal carotid arteries, predominantly the extra-cranial portion of the
or mid-aortic syndrome, stroke internal carotid artery
Normal inflammatory markers Characteristic ‘string of beads’ appearance, owing to areas of focal
stenosis and aneurysms
Segmental mediolysis Abdominal pain is a frequent Affects medium-sized arteries, including involvement of the superior 193,194
symptom mesenteric and coeliac axis, whereas the main aorta is usually spared
Characterized by non-inflammatory dissecting aneurysms
Aneurysms and dissecting haematoma lesions can also be observed
Hereditary elastic fibrous disorders
Vascular Ehlers-Danlos Positive family history Involvement of the infra-diaphragmatic aorta and infra-diaphragmatic 195
syndrome, Loeys-Dietz Characteristic clinical features, aorta branches
syndrome and Marfan including tall stature, ectopia lentis Multiple arterial dissections and aneurysms, and rarely occlusions
syndrome and hyperextensibility of skinand joints  No or low metabolic activity on PET scans
Neurofibromatosis-1 Characteristic features, including Arterial aneurysms of the aorta, renal, carotid or mesenteric arteries with 196
vasculopathy symptoms suggestive of or without stenosis
compression of the gastrointestinal Arterio-venous malformation
tract, pulmonary and urinary tracts
by neurofibroma
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Table 2 (continued) | Differential diagnosis of Takayasu arteritis

Disease(s) or disorder(s) Prominent features Vascular imaging findings Refs.
Infectious aortitis disorders
Mycobacterium tuberculous  These disorders typically present Abdominal aorta is primarily involved, followed by descending thoracic 97,98,197
arteritis, syphilitic aortitisand  with non-specific constitutional aorta and renal arteries
bacterial aortitis symptoms, including fever, weight Multiple saccular aneurysms without substantial wall thickening can be
loss, malaise and myalgia observed in tuberculous arteritis
Lymphadenopathy Arterial-wall erosions might occur (uncommon in TAK)
Non-homogenous contrast-medium uptake, perivascular inflammation
with perilesional lymphadenopathy
FDG-PET uptake in large arteries can be patchy
Miscellaneous diseases involving a single large vessel
Transient perivascular Acute neck pain with transient Only carotid abnormality with peri-arterial infiltration with focal soft 198
inflammation of the carotid neurological symptoms plague (30% of people) and luminal narrowing (15% of people)
artery syndrome Allfindings resolve or are substantially reduced within days or months
Thoracic outlet syndrome Symptoms related to the vascular Typically affects the mid-distal segment of the subclavian artery
area involved
Congenital hypoplasia of the ~ Symptoms related to the vascular Usually presents as isolated long-segment stenosis or ‘string appearance’ 199
carotid or subclavian arteries  area involved
Post-radiation carotid History of radiation with only carotid ~ Carotid involvement 200

stenosis involvement

“Including Cogan'’s syndrome, relapsing polychondritis, anti-neutrophil cytoplasm antibody-associated vasculitis, sarcoidosis, Behget disease, axial spondyloarthritis and Sjogren disease.

SUV, standard uptake value; TAK, Takayasu arteritis; FDG, fluorodeoxyglucose.

is the most common mimic of TAK, especially in developing countries”.
The presence of constitutional symptoms and multiple aneurysms
on imaging studies can indicate possible tuberculous arteritis’”*. In
patients with predominantly aneurysmal lesions, inherited disorders
of connectivetissue, such as Ehlers-Danlos syndrome or Loeys-Dietz
syndrome, merit consideration. Many other differential diagnoses exist
for TAK, and knowledge of the clinical and imaging features of each
might prevent misdiagnosis (Table 2).

Imaging in the diagnosis and management

of Takayasu arteritis

Imaging has a centralrole in the diagnosis, classification and manage-
ment of TAK. Advances inimaging technology have transformed how
clinicians detect vascular inflammation, monitor disease progression
and assess response to treatment. The following section highlights the
evolving role of vascular imaging in TAK.

Importance ofimaging

In 2022, the classification criteria for TAK were updated®. Compared
with the original 1990 classification criteria for TAK'*°, the updated crite-
riamore strongly reflect theincreasing importance of vascularimaging
todefineand characterize TAK. An absolute requirement of the updated
criteriais that, to be classified as TAK, a patient must have imaging evi-
dence suggestive of vasculitisinthe aortaor branch arteries. Although
the criteria permit confirmation of vasculitis by many different imag-
ingtechniques (angiography, PET or ultrasonography), this mandated
requirement emphasizes therole thatimaging has asacomplementary
assessment to the vascular physical examination in TAK'".

Vascular-imaging modalities

Multiple imaging techniques can be used to assess the large arter-
ies. Non-invasive angiography by MRI or CT has largely replaced
catheter-based angiography, except for instances in which concomi-
tant direct measurement of central arteries is desirable or during

endovascular interventions. PET imaging can be used to assess arte-
rial ®F-FDG uptake as a surrogate measure for vascular inflammation,
typically coupled with either CT- or MR-based anatomical imaging'®>'%,
Ultrasonography is an inexpensive way of assessing parts of the vas-
culature at the bedside. Each modality has specific advantages and
limitations; consequently, multimodal imaging can be used to assess
patients comprehensively, particularly when there are unexpected find-
ings by one form of imaging assessment'**. Consensus-based recom-
mendations for the use of imaging in large-vessel vasculitis have been
proposed to standardize image acquisition and interpretation'®®,
The purpose of vascularimaging in TAK is to identify luminal dis-
ease (forexample, aneurysm, stenosis or occlusion) and to characterize
morphological abnormalities of the vascular wall (such as increased
wallthickness or oedema). Differentiating vascular damage fromactive
disease canbe challenging but hasimportant treatmentimplications'”.
Increased wall thickness might reflect ongoing vascular inflammation,
prior damage or vascular remodelling, whereas vascular oedema on
MR angiography or increased arterial FDG uptake by PET is more sug-
gestive of active vasculitis'®®. Technological advances in imaging will
continue toimprove the ability to monitor disease at the vascular level.
Specific MRIsequences aid the visualization of wall thickness (such as
blackbloodimaging) or oedema (such assignal tauinversionrecovery).
Novelradioligands that target specificimmune-cell populations, such
asfibroblast-activating protein inhibitor for fibroblast activation and
somatostatin 2 receptor to indicate macrophage infiltration, might
improve the specificity of PET by detecting and defining inflammation
within the vascular wall compared with FDG'”. Newer-generation PET
scanners will enable faster imaging with less radiation and define the
kinetics of radiotracer distribution within the vascular compartment™°.

Angiographic patterns

Various classification patterns have been proposed to define sub-
groups of patients with TAK with different angiographic patterns of
disease. The Lupi-Herrera classification scheme, a modification of
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the Ueno classification™, divides patients into four subtypes on the

basis of involvement of the aortic-arch branch vessels, descending tho-
racic,abdominal, and pulmonary arteries®’. The Numano classification
groups patients into five subtypes on the basis of involvement of the
aortic arch, aortic-arch branch vessels, ascending aorta, descending
thoracic aorta, abdominal aorta and renal arteries'?.

Data-driven classification patterns were developed by assessing
differencesin angiographic patterns of damage from over 800 patients
with TAK from Indiaand North America. Three clusters were identified:
involvement of the abdominal aorta and its branches; involvement
of the aortic arch and its branches; and asymmetric, focal disease'
(Fig.3). Angiographic patterns differ among patients with TAK in differ-
ent parts of the world. Patientsin India have more frequent abdominal
vasculature involvement, whereas patients from Japan and North
America are more likely to have involvement of the aortic arch and
its branches*"", Ongoing studies are assessing the extent to which
genetics might influence angiographic patterns of disease.

Imaging to monitor disease activity

Discordance between clinical symptoms and imaging findings can
occur when assessing disease activity in patients with TAK. New or wors-
ening areas of arterial damage have been noted on serial angiography
in patients with TAK during periods of apparent clinical remission'.
Given the concern for ‘silent’ angiographic progression of disease,
some guidelines recommend that patients with TAK undergo regularly
scheduled non-invasive angiography to assess for changesin vascular
damage over time, evenin the absence of clinical symptoms of disease
activity; however, the optimal timing for repeat imaging is not speci-
fied owing to limited evidence"®. The development of anew lesionina
previously unaffected vascular areais of greater concern, asit indicates
active disease, compared with worsening of existing arterial stenosis,
which canbe secondary to changesinscar tissue within the arterial wall
(thatis, ‘healing fibrosis’)"®.

Changes in the vessel wall on imaging that might suggest active
diseaseinclude vascular oedema, contrast enhancement andincreased
wall thickening on CT or MRimaging, or vascular FDG uptakein thearte-
rialwallon FDG-PET. These imaging sequences can be complementary
to clinical assessment in TAK, and particularly helpful for instancesin
whichthereis clinical uncertainty about disease activity; however, these
findings are not always specific indicators of active disease, and other
factors, such as vascular remodelling and atherosclerosis, can contrib-
ute towall-morphology changes and vascular FDG uptake'**'%""1'8 FDG
uptakeinthe arterial wall better predicts future stenoticlesions in TAK
thanwall thickness alone', but the majority of arterial regions with FDG
uptake do not develop stenosis (>90%)". Arteries with wall thicken-
ing and oedema on MRI and concomitant FDG uptake on PET are at a
high risk of angiographic progression™. In the absence of prospective
studies toinformspecific guidelines regarding serialimaging to moni-
tor disease activity, these decisions should be individualized to each
practitionerinalignment with institutional resources and capabilities.

Scoring systems have been proposed to quantify changes in the
vessel wall on imaging over time (such as the PET Vascular Activity
Score'” or Vasculitis Activity using MRI and PET scores'), but these
have mainly been usedinresearch settings and are not routinely incor-
poratedinto clinical practice. Novel disease indices that integrate clini-
calandimaging assessmentsin TAK have also been proposed, including
the TAK Integrated Disease Activity Index. This index evaluates clinical,
imaging and laboratory findings in a hierarchical manner, and vascu-
lar FDG uptake on PET is only scored if a patient has a corresponding

disease-associated clinical symptom'. Incorporating vascular imaging
asanoutcome measure will probably occur withincreasing frequency
infuture therapeutic trials, and these data will be important to deter-
mine the extent to whichserialimaging is helpful in assessing response
to therapy and guiding management.

Biomarkers and disease-activity monitoring
Identifying accurate and reliable biomarkers to assess disease activity
in TAK remains challenging. Traditional inflammatory markers, such

@ Abdominal predominant

€ Focal disease

Percent
involvement

100%

0%

Fig. 3| Angiographic patterns of Takayasu arteritis. Using k-means clustering,
three angiographic clusters have beenidentified and validated in TAK: a, abdominal
predominant; b, aortic-arch predominant; ¢, focal disease. Representative angiograms
ofapatientineach cluster are depicted with sites of vascular damage identified

by red arrows. Heatmaps of the large arteries indicate the percentage of patients
ineach cluster with involvement of each artery. Aadapted with permission from
ref.203, Wiley.
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Box 1| Biomarkers of active disease
in Takayasu arteritis

Acute-phase reactants
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aserythrocyte sedimentation rate (ESR) and C-reactive protein (CRP),
are widely used'?, but lack sufficient sensitivity and specificity'>*'*.
Active disease can be present in up to one third of patients with nor-
mal ESR and CRP levels®*'*. Moreover, ESR levels canbe high in 44% of
patients who have achieved remission'*. When the levels of different
acute-phase proteins in patients with TAK were assessed, only serum
amyloid A (SAA) and complement C4-binding protein (C4BP) levels
wereincreased in patients with active TAK compared with patients with
inactive disease and healthy individuals'”. Another study confirmed
that SAAlevels were higher in patients with active disease thanin those
with stable disease and decreased after treatment'?®, These findings
suggest that SAA might be a reliable biomarker for assessing disease
activity and response to treatment in TAK.

Several cytokines, chemokines, autoantibodies and growth fac-
tors are increased in TAK, but they are not disease specific'’. Among
these markers, IL-6, IL-18, CCLS5 (also known as RANTES), monocyte
chemotactic protein-1, CCL2, CCL20, CCL22, CXCL8, CXCL10, matrix
metalloproteinase-3, matrix metalloproteinase-9, anti-endothelial cell
antibody, anti-cardiolipin antibody, anti-annexin V antibody, serum Clq
levels and leucine-rich -2 glycoprotein were associated with clinical
disease activity”?**°"3¥ (Box 1). Higher complement protein C3 levels
occur in patients with active disease than in those with inactive dis-
ease (sensitivity of 69.9%, specificity of 66.7%) and can better indicate

active TAK than IL-6 levels™’. However, all these biomarkers need to
beinvestigated further before they can be appliedin clinical settings.

A 2024 systematic review and meta-analysis reported that IL-6
levels wereincreased in patients with active TAK compared with those
withinactive disease and healthy individuals*°. Inanother study, solu-
ble IL-6 receptor levels were also increased in patients with active but
not inactive TAK compared with healthy individuals and could be a
potential biomarker for disease activity'"'. Prospective longitudinal
studies are needed to assess the clinical use of IL-6 as a biomarker of
disease activity in TAK.

The pentraxin (PTX) superfamily is agroup of proteins that func-
tion as acute-phase reactants during exogenous pathogen recogni-
tion. PTX-3 is along pentraxin that is secreted independently of IL-6
stimulation and has been proposed as a potential marker for active
disease in TAK**"'*, However, two large studies found no difference
in PTX-3 levels between patients with active and inactive disease*®'*’,
By contrast, another study reported elevated PTX-3 levels in a sub-
group of patients with TAK who showed signs of active inflammation
on vascular imaging'®. In addition, PTX-3 levels correlate strongly
with disease activity, as assessed by PET imaging and standardized
indices such as the NIH criteria and ITAS2010 (ref. 150). Furthermore,
PTX-3levels show stronger correlation with activity scoresin PET scans
and ITAS2010 than ESR and CRP*. In addition, results of a systematic
review and meta-analysis of eight studies indicate that PTX-3 might
be more valuable than CRP for the assessment of disease activity in
TAK"™?; however, this result should be interpreted cautiously owing to
the heterogeneity and potential publication bias of this meta-analysis.
Furthermore, although PTX-3 seems to be a promising biomarker for
disease activity in TAK, its usein clinical practice and correlation with
disease activity inimaging studies need to be evaluated in prospective
follow-up studies.

Thus, reliable biomarkers for assessing active disease in TAK
remain limited, largely owing to conflicting findings across studies;
however, PTX-3 seems to be the most promising biomarker for moni-
toring disease activity in TAK. CRP, ESR and SAA are still the most
commonly used biomarkers to assess disease activity in TAK, but it
should be noted that these biomarkers are non-specific and might
notaccurately reflect disease activity. Moreover, they are usually sup-
pressed with IL-6-blocking agents, which are commonly used in the
management of TAK.

Identifying biomarkers of arterial-wall fibrosis and damage in
TAK is an area of increasing interest. Higher Enhanced Liver Fibrosis
scores (used to assess fibrosis in liver diseases) and TAK-associated
polymorphisms in /L12B have been shown to predict more vascular
damage in patients with TAK*>1%*,

Management of Takayasu arteritis

Effective management of TAK requires a carefully balanced approach
to control inflammation while minimizing treatment-related risks.
This sectionreviews current therapeutic strategies, including the use
of glucocorticoids, conventional immunosuppressive agents and
biologic therapies, highlighting evolving recommendations in TAK
treatment (Fig. 4).

Glucocorticoids are the mainstay treatment for remissioninduc-
tion in TAK™. However, glucocorticoid monotherapy for remission
inductionisassociated withfrequentrelapses after drugwithdrawal and
is notrecommended in current management guidelines"®*¢'*°, Most
guidelines suggest doses of 0.5-1 mg/kg per day (40-80 mg per day)
prednisone or prednisolone as the initial therapy'¢'¢ 5191192 except for

Nature Reviews Rheumatology | Volume 21| December 2025 | 737-751

746


http://www.nature.com/nrrheum

Review article

milder, single lesions, for which lower doses 25-30 mg per day might
be used™*'*2, Similar complete remission and relapse rates were shown
in patients receiving 0.5 mg/kg per day and 1 mg/kg per day as the
initial glucocorticoid dose when a second immunosuppressive agent
is used'®’. No studies have compared the efficacy of high-dose gluco-
corticoid versus pulse glucocorticoid treatments for TAK; however,
pulse glucocorticoids are suggested for refractory, life-threatening
or organ-threatening disease'*'*>'’, Although there is no standard
glucocorticoid dose-reduction regimen for TAK, most guidelines rec-
ommend lowering prednisone doses to <10 mg per day, and some
guidelines fromthe past 3 years recommend aiming for <5 mg per day
after 1year"®156157157162 | ow-dose or discontinuation of glucocorticoid
monotherapy, especially in the first year, led to relapses in 60-77% of
patients during two randomized controlled trials (RCTs)***,

Owingto the toxicity risk that can occur with long-term glucocor-
ticoid use and high relapse rates with glucocorticoid monotherapy,
additional immunosuppressive agents are recommended from the
initial remission-induction phase"*"*¢*”15%1¢°_Efficacy of methotrex-
ate, azathioprine, leflunomide and mycophenolate mofetil on induc-
tion of remission and prevention of relapses were shown in various
observational studies and meta-analysis'®*"°°. Methotrexate and aza-
thioprine have a similar efficacy, with low long-term retention rates
asfirst-lineimmunosuppressive drugs'®’. Mycophenolate mofetil and
methotrexate combination therapy was shown to be superior to cyclo-
phosphamide and azathioprine sequential therapy'*®. Owing to the
serious adverse effects of cyclophosphamide and the lack of the proven
superiority of this drug against other conventional immunosuppres-
sive drugs, cyclophosphamide is only recommended for severe life- or
organ-threatening disease’>"'**'°,

Clinical or angiographically refractory disease to conventional
immunosuppressive drugs or frequent flares are a clinical challenge in
the management of TAK. Biologic therapies arerecommendedin these
patientsin all current guidelines; however, using biologic drugs from
the onsetin patients withasevere disease course is also recommended
insome guidelines"*"*"'%?, The efficacy of TNF inhibitors for remission
induction and prevention of relapses in TAK was demonstrated in

multiple observational studies”’. Retrospective, comparative data
indicate that using TNF inhibitors can lead to a better disease course,
without new vascular lesions, than glucocorticoid monotherapy
and immunosuppressive agents'". Despite an RCT of tocilizumab
(an anti-IL-6 receptor antagonist) versus placebo failing to meet its
primary end point of time to first relapse*’, the efficacy of tocilizumab
has been shown in numerous observational studies*. There are only
a limited number of retrospective studies that compare TNF inhibi-
tors and tocilizumab, with no clear evidence of superiority between
them'?'73, However, one prospective, comparative trial demonstrated
better outcomes with adalimumab (a TNF inhibitor) at 24 weeks'*.
Although most recommendations do not make a preferential choice
between the two classes of biologic drugs”*"**'*, the American Col-
lege of Rheumatology guidelines recommend TNF inhibitors owing to
greater clinical experience and more available data, and the challenge
of usingacute-phase reactants to monitor disease activity in TAK when
treated with tocilizumab. Unlike TNF inhibitors, tocilizumab can inhibit
the acute-phase response (such as C-reactive protein production), even
in the presence of clinically active disease™.

For refractory disease or patients who are intolerant to TNF inhibi-
torsor tocilizumab, new alternative agents are emerging. Secukinumab
(anIL-17inhibitor) was shown to have similar efficacy to TNF inhibitors
inasmall prospective trial*>. AmongJanus kinase (JAK) inhibitors, tofaci-
tinib has the most comprehensive data, favouring its use over metho-
trexate but not over leflunomide for TAK'>7°, A prospective case series
with another JAK inhibitor, baricitinib, showed favourable results'”’.
Abatacept has shown negative results, and data on rituximab are lim-
ited; therefore, the use of these drugs is not currently recommended
for TAK**™’, Data for ustekinumab in a2025 RCT were inconclusive, as
patient numbers were too low, owing to recruitment challenges***.

The optimal duration of immunosuppressive therapy for TAK is
unknown'’. Use ofimmunosuppressive agents, lower cumulative glu-
cocorticoid dose and earlier disease onset are associated with reduced
long-term disease-associated and treatment-associated damage in
TAK'"8, Clinicians should be aware of risks associated with long-term
glucocorticoid therapy and discontinuation of glucocorticoids should

Diagnosis of TAK

'

Glucocorticoids:

0.5-1 mg/kg per day

For severe disease:

1 mg/kg per day or intravenous
methylprednisolone 250-1,000 mg per
day for 3-5 days

Start a conventional
immunosuppressive agent?

{ ¥

Remission: Mild refractory disease:
Continue conventional immunosuppressive
agent* and decrease glucocorticoid dose Severe refractory disease:

to <5 mg per day (in 1 year) Start a biologic drug®

Change conventional immunosuppressive agent?

Fig. 4| Therapeutic approaches to Takayasu
arteritis. Current treatment strategies for
Takayasu arteritis (TAK) include glucocorticoids,
conventional immunosuppressive agents and
biologic therapies, which reflects the evolving
recommendations in TAK management.
*Methotrexate, azathioprine, leflunomide,
mycophenolate mofetil or cyclophosphamide;
"TNF inhibitors or tocilizumab; Janus kinase
inhibitors, secukinumab, calcineurin inhibitors,
sirolimus or rituximab.

| ¢ 8

Sustained remission:
Continue with the same
therapy for at least

2 years

Relapse:
Increase glucocorticoid dose to
0.5-1 mg/kg per day

¥

Relapsing or refractory
disease:

Change to a different
biologic drug

|

Insufficient response or vascular progression:
Change to experimental agents®
(refer to expert centres for controlled clinical trials)
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be considered in patients with sustained remission for longer than
6-12 months. Addition ofimmunosuppressive agents, especially bio-
logic agents, might decrease the relapse rates to less than 10% and
enable glucocorticoid doses to be reduced to <10 mg per day”’. Inour
opinion,immunosuppressive agents should be used for aminimum of
2 years after remission is achieved. Tapering of immunosuppressive
drugs should also be slow, especially in patients with frequent relapses
and organ- or life-threatening manifestations. Whether routine imag-
ing should be used before immunosuppressive agent tapering or drug
discontinuationis debatable, with no high-quality evidence. Evidence
tosupportthe routine use of low-dose aspirinand statinsin all patients
with TAK for primary cardiovascular prevention is insufficient. In our
opinion, the use of these treatments should be limited to patients
with conventional cardiovascular risk factors; however, in those with
high-risk arterial involvement, such as coronary or cerebral arteries,
these therapies might be considered.

Vascular interventions are considered mainly for patients with
haemodynamically severe vascular stenosis or occlusions, such as cranial
arterial or coronary disease, renal-artery stenosis or aortic aneurysms
with a rupture risk, especially those with a progressive disease course,
despite effective treatment withimmunosuppressive drugs'®*. However,
the American College of Rheumatology guidelines emphasize a more
conservative approach, advocating for the escalation of immunosup-
pressive drugs or biologic therapies in cases of progressive vascular
disease before considering vascular interventions™. Patients undergoing
vascular interventions should be onlifelong antiplatelet agents'.

Vascularinterventions should be planned, if possible, during clini-
calremissionand withadequateimmunosuppressive agents or biologic
therapy before the procedure. Inemergency situations, vascular inter-
ventions should be performed under the protection of a perioperative
high-dose glucocorticoid therapy to prevent postoperative complica-
tions such as stenosis or occlusions™*™, However, risk of infection and
possibleimpairment of wound healing with high-dose glucocorticoids
should be assessed for each individual patient. The type of vascular
intervention (open surgery versus endovascular procedure) in TAK
can vary depending on the affected vascular region'’. Open surger-
ies, such as bypasses, have a high postoperative rate of patency and
are preferred in complicated and long-segment, occlusive lesions™.
However, the risk of early perioperative mortality and complications
are high with open surgeries. Endovascular therapies such as balloon
angioplasty and stent implantation are minimally invasive, effective
in short-segment lesions, but their long-term restenosis rates are
higher’. However, repeat percutaneous interventions are possible,
and patency has been shown to increase from 49% to 83% in obstruc-
tive lesionsinalarge study from India'. For patients with renal-artery
involvement, endovascular intervention should be prioritized over
open surgery, with balloon angioplasty preferred to stenting owing
toits lower restenosis rate™>%1¢0183184,

Given therisk of complications such as stroke and death, endovas-
cularinterventionshouldalso be the primary option for patients with
supra-aortic artery involvement. For coronary-artery involvement,
open surgery seems generally more successful than percutaneous
coronary interventions and might be the preferred option'®. However,
the retrospective nature of these data and possible selection bias
for patients with severe disease for endovascular interventions limit
the interpretation of these observations. In patients with stable
upper-extremity claudication, vascular interventions are generally
not preferred, asthe risk of criticalischaemiais low owing to extensive

collateral circulation™®.

Patients with TAK treated with glucocorticoids and immunosup-
pressive agents are at a greater risk of osteoporosis, infections and
cardiovascular events. Such comorbid conditions should be managed
as per standard recommendations'**'¥. Hypertension is another
important manifestation of TAK that requires management. The pres-
ence of anatomical or functional (stenosis of suprarenal abdominal
aorta or descending thoracic aorta) bilateral renal-artery stenosis
in a substantial proportion of people with TAK precludes the use of

angiotensin-converting enzyme inhibitors or angiotensin receptor

blockers for managing hypertension™’.

In summary, although additional evidence from clinical trials is
needed, current data suggest that early and aggressive use of gluco-
corticoids withimmunosuppressive or biologic agents resultsinbetter
outcomes for patients with TAK, with reduced morbidity and mortality.

Conclusion

Perturbationsininnate and adaptive immune mechanisms, which are
driven at least in part by genetic factors, promote the pan-arteritis
observed in TAK. Extracranial giant-cell arteritis and atherosclerosis
areimportant differential diagnoses, particularly in older individuals.
Imagingis the cornerstone for diagnosing TAK and can help to delineate
luminal narrowing and wall thickening. ®F-FDG uptake in the arterial
wallisincreasingly recognized to denote active disease and arterial seg-
ments atarisk of future stenosis. Despite alack of quality evidence from
RCTs, glucocorticoids, along with conventional, biologic or targeted
syntheticimmunosuppressive agents, remain the cornerstone of the
management of TAK.

Published online: 6 November 2025
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Inborn errors of immunity and
AAV:acomplexpicture

M Check for updates

e read with great interest the
manuscriptby Giil etal. onmono-
genic systemic vasculitis (Giil, A.
et al. The pathogenesis, clinical
presentations and treatment of monogenic
systemic vasculitis. Nat. Rev. Rheumatol. 21,
414-425 (2025))". We thank the authors for
presenting a detailed synthesis of current
knowledge on the clinical features of these
genetic disorders and the putative mecha-
nisms that link different genetic defects to
vascular inflammation. Giil et al." also dis-
cuss the potential relevance of these genes
(and their associated pathways) for the spo-
radic forms of vasculitis that they clinically
resemble. We would like to provide further
comments on the genetic defects associated
with anti-neutrophil cytoplasmic antibodies
(ANCA)-associated vasculitis (AAV).

First, although a robust link between AAV
and specific genetic disorders (particularly
among type l interferonopathies) is emerg-
ing, much progress is still needed to better
understand the nature of this association’.
For instance, ANCA specificity and titres are
lacking in many studies that describe these
conditions, asis their association with specific
small vessel vasculitis manifestations (such
as alveolar vasculitis and pauci-immune glo-
merulonephritis). These aspects are indeed
crucial to assess the pathogenic value of
ANCA (that is, the presence of true AAV), as
opposed to an unspecific biological sign of
autoimmunity.

Second, in addition to mutations in COPA
and STINGI genes, deficiency in DNASEIL3
(deoxyribonuclease 1L3), which usu-
ally results in lupus-like phenotypes with
hypocomplementemic urticarial vasculitis,
should be added as a classic aetiology for
an early-onset AAV-like phenotype; 55-85%
of patients with biallelic mutations in the
DNASEIL3 gene and consequent DNASE1L3
deficiency are ANCA-positive, which is asso-
ciated with pulmonary haemorrhage and/or
interstitial lung disease or pauci-immune

glomerulonephritisinasubset of patients’™.
In contrast to the two other conditions (that
is, COPA syndrome and STING-associated
vasculopathy with onset in infancy (SAVI)),
which are considered classical type l inter-
feronopathies, DNASE1L3 deficiency has only
been associated with transiently increased
expression of interferon-stimulated genes®.
Increasing evidence also suggests that
patients with gain-of-function mutations
in PIK3CD can present with an AAV-like
phenotype®®. Links to type I interferon
have not yet been specifically investigated
in the latter condition. Therefore, absence
of increased interferon-stimulated gene
expression does not rule out an underlying
monogenic disorder in a patient with AAV.

We also want to share two observations
regarding the diagnosis and management
of individuals with these inborn errors of
immunity and features of AAV. First, it should
be noted that some patients will present with
overlap syndromes with mixed clinical, sero-
logical and histological features of AAV and
other conditions, in particular systemic lupus
erythematosus®. Second, the treatment of AAV
in patients with underlying monogenic disor-
ders has not been specifically studied and is
challenging in practice. Standard therapies
and protocols for sporadic AAV should gen-
erally be used for such patients, potentially
in combination with other therapies such as
Januskinase inhibitors.

Finally, as mentioned by Giil et al.}, the
mechanistic link between genetically driven,
excessive type | interferon signalling and
AAV remains unclear at this stage, and other
distinct dysregulated pathways might have a
role. Therefore, drawing parallels on possible
shared pathophysiology between monogenic
disorders that have an increased risk of AAV
and the sporadic forms of AAV remains thus
far hypothetical®.

Thereis areply to this letter by Giil, A. et al.
Nat. Rev. Rheumatol. https://doi.org/10.1038/
$41584-025-01298-7 (2025).
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Reply to‘Inborn errors of immunity
and AAV:acomplex picture’

M Check for updates

ethank Clément Triaille, Marie-
Louise Frémond and Augusto
Vaglio for their interest in
our Review (Giil, A et al. The
pathogenesis, clinical presentations and
treatment of monogenic systemic vas-
culitis. Nat. Rev. Rheumatol. 21, 414-425
(2025))*, and for providing additional
examples of monogenic disorders that
can be associated with the development
of anti-neutrophil cytoplasm antibodies
(ANCA) and vasculitic manifestations
(Triaille, C., Frémond, M. L. & Vaglio, A.Inborn
errors of immunity and AAV: a complex pic-
ture. Nat. Rev. Rheumatol. https://doi.org/
10.1038/541584-025-01299-6 (2025))>.

In our Review', we focused on monogenic
autoinflammatory diseases that present
with findings of vasculitis involving blood
vessels of all sizes and types. The pathogenic
mechanisms underlying these conditions
are complex and include the activation of
myeloid cells, type l interferon-driven auto-
immune responses, dysregulated adaptive
immunity, endothelial dysfunction andinjury
and thrombotic vasculopathies.

Among these mechanisms, ANCA can be
detected particularly in disorders charac-
terized by dysregulated adaptive immunity
and/or type l interferon-driven autoimmun-
ity, mainly classified as interferonopathies.
As noted by Triaille et al.?, ANCA can also
develop in association with immunodefi-
ciencies**; however, the relationship between
ANCA positivity and the development of vas-
cular pathology remains unclear in many of
these instances”.

We are grateful to Triaille et al.” for suggest-
ing the inclusion of patients with DNASEIL3
variantsin the spectrum of monogenic vasculi-
tis. These patients typically exhibit a systemic
lupus erythematosus (SLE)-like phenotype*”.
Reduced DNASEIL3 enzymaticactivity impairs
the clearance of extracellular chromatin from
apoptotic bodies, which triggers disease
activity associated with a transient type |
interferon response®. A considerable propor-
tion of patients with DNASE1L3 variants also
develop hypocomplementemic urticarial

vasculitis, with urticarial rash often being
the initial manifestation’. Thus, DNASEIL3-
related disease can be considered a form of
monogenic vasculitis, particularly in patients
with early-onset SLE-like features. Although
ANCA screening has not been uniformly per-
formed in these patients, reports describe
ANCA positivity alongside anti-nuclear anti-
bodies and anti-double-stranded DNA anti-
bodies®; the specific contribution of ANCA to
disease manifestations, however, remains to
be elucidated.

In this context, hereditary complement
deficiencies, such as C1q and C2 deficiency,
canalsobeincludedinthe spectrum of mono-
genic vasculitis and SLE-like disease’. These
disorders canalso present with hypocomple-
mentemic urticarial vasculitis, but can also
involve vasculitic neuropathy and central
nervous system vasculitis®’.

Activated PI3K& syndrome is a combined
form of immunodeficiency thatis associated
with increased susceptibility to sinopulmo-
nary infections, Epstein-Barr virus and cyto-
megalovirus viremia, enteropathy, increased
risk of malignancy and autoimmunity>*.
Asnoted by Triaille et al.?, patients with type1
activated PI3KS syndrome owing to PIK3CD
variants can develop ANCA, along with
some clinical findings that resemble ANCA-
associated vasculitis®*. Insuchsettings, various
factors, including infections, can contribute
tovascular pathology.

In summary, beyond monogenic auto-
inflammatory disorders, other monogenic
diseases can also lead to systemic vascular
involvement through diverse mechanisms,
notlimited to ANCA. Increasing awareness of
these rare monogenic disorders is essential,
as early recognition can offer opportunities
for timely and targeted management. We
fully agree with our colleagues that translat-
ing current observations from monogenic
diseases to multifactorial disorders is chal-
lenging; however, we hope that further
investigation of these rare conditions will
enhance understanding of the pathogenic
mechanisms underlying more common forms
of systemic vasculitis.
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Potential benefit of anticoagulation
in Behcet syndrome

M Check for updates

e read with great interest the
comprehensive Review by Bello
etal. published in Nature Reviews
Rheumatology'. The authors
stated that four retrospective studies have
shown that the addition of anticoagulation to
immunosuppressants does not seemto signifi-
cantly reduce therecurrence of vascular events
inBehcet syndrome compared with treatment
with DMARDs alone. However, in our study?,
whichisone ofthe studies cited by the authors,
recurrentvenousthromboembolismwas statis-
tically significantly lower in the group treated
withimmunosuppressants plus anticogulation
than in the group treated with immunosup-
pressants alone. Also, some case reports’ and
a 2021 study* report successful prevention
of recurrence of venous thromboembolism
with anticoagulation in these patients.
Thromboinflammation is the main mecha-
nismunderlying the vascular complications of
Behcet syndrome. Thus,immunosuppressives
are the mainstay of management. However, as
previous studies revealed, there is a possibil-
ity of hypercoagulation and thrombophilia

in these patients’®. Therefore, adding anti-
coagulants might help to lower the risk of
thrombosis in Behget syndrome.
Thereisareply tothisletter by Fagni, F.etal.
Nat. Rev. Rheumatol. https://doi.org/10.1038/
$41584-025-01317-7 (2025).
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Reply to ‘Potential benefit of anticoagulation
in Behcet syndrome’

M Check for updates

e thank Serhat Erol et al. for

their interest in our Review arti-

cle (Bello, F. et al. Arterial and

venous thrombosis in systemic
and monogenic vasculitis. Nat. Rev. Rheu-
matol. 21, 355-369 (2025))" and for raising
important points regarding the role of anti-
coagulationin Behget syndrome with vascular
involvement®. We appreciate the opportunity
to clarify these points.

The study by Erol et al.? that we cited in our
Review reported 27 recurrent venous throm-
boticeventsamong 22 of 40 (55%) patients with
Behcet syndrome. Of these 27 events, 15 (55.5%)
occurred while patients were on immunosup-
pressantsalone, 2(7.4%) occurred on combined
immunosuppressants and anticoagulation,
and2(7.4%) occurred onanticoagulationalone.
The recurrence rate was significantly lower in
the group receiving the combination therapy
than in the group receiving immunosuppres-
sants only, suggestive of a potential benefit of
combination therapy inselected cases.

InourReview', we emphasized thatendothe-
lial activation and the neutrophil-mediated
immune response (that is, thromboinflam-
mation), rather than hypercoagulability, is
a central mechanism underlying vascular
complicationsin Beh¢et syndrome. Immuno-
suppressants therefore remain the mainstay
of treatment, particularly in preventing new
inflammatory thrombotic events, asisalsorec-
ommended by the 2018 EULAR guidelines*and
the recent 2025 update (G. Hatemi, personal
communication).

However, we recognize that the interplay
between inflammation and coagulation is
complex and that some patients could indeed
benefit from adjunctive anticoagulation. As
highlighted in the Correspondence?, some
studies suggest a potential benefit of anti-
coagulation in selected patients with Behget
syndrome, due to prothrombotic factors and
ahypercoagulable state. However, larger ret-
rospective studies have not confirmed this
finding>¢, and the risk of haemorrhagic com-
plications, particularly with arterial involve-
ment or pulmonary artery aneurysms”®,
remains relevant. Alibaz-Oner etal.’ reported
similar rates of new vascular eventsin patients
treated with immunosuppressants alone or

combined with anticoagulation, and Emmi
et al.° likewise found no improvement in
venous thromboembotic event-free survival.

We also believe that the data presented by
Erol et al.> should be interpreted with appro-
priate caution. The study reports arelatively
highrate of pulmonary embolism (52.5% of the
cohort), including a considerable proportion
of cases with concomitant deep vein thrombo-
sisand pulmonary embolism (37.5%). Although
these findings are quite well documented
withintheir cohort, suchafrequencyis some-
what higher than whatiscommonly reported
inthe literature, where pulmonary embolism
isconsidered an uncommon manifestation of
Behcet syndrome. These observations might
reflect specific features of the local popula-
tion or referral bias, and thus merit further
investigationin larger prospective studies.

Webelieve the question of anticoagulation
in Behcet syndrome remains nuanced. While
immunosuppressionis essential, adding anti-
coagulants should be decided individually,
considering clinical context, bleeding risk and
imaging findings. Currentrecommendations
also endorse a case-by-case approach®, given
thelack of randomized trials showing reduced
relapse or post-thrombotic syndrome.

We are grateful to the authors for drawing
attention to the more detailed results of their
study and for referencing additional relevant
literature. Their contribution underscores
the need for further high-quality research to
guide anticoagulation strategies in Behcet
syndrome.
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Author Correction: Parathyroid hormone receptor
agonists in the management of osteoporosis

Correction to: Nature Reviews Rheumatology ~ Nicholas Fuggle ®, René Rizzoli®, Charlotte Beaudart, Bernard Cortet,
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In the version of the article initially published, in Fig. 1, the box reading “t OPG” should have
read “¥ OPG”. In the Fig. 1 caption, the text “...results in increased expression of receptor
activator of NF-kB ligand (RANKL) and osteoprotegerin (OPG) in osteoclasts, and sustained
RANKL-OPG signalling supports osteoclast activation, resulting in bone resorption” should
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downregulation of osteoprotegerin (OPG) in osteoclasts, leading to osteoclast activation,
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