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ETS1 expres-
sion is asso-
ciated with 
pathogenic 
fibroblast  
phenotypes 
across differ-
ent tissues  
and diseases

New research published in Nature 
Immunology demonstrates that the 
transcription factor ETS1 regulates 
the tissue-destructive properties of 
fibroblasts in multiple disease settings, 
including arthritis, colitis and cancer. 
“This study provides insights into the 
molecular driver of fibroblast hetero-
geneity in diseases, suggesting a novel 
therapeutic concept of targeting the 
shared pathogenic fibroblast popu-
lations in different disease settings,” 
says Hiroshi Takayanagi, correspond-
ing author of the paper reporting the 
findings.

Previous work had established 
that inflammation and joint  
destruction in arthritis are mediated 
by distinct fibroblast populations; 
however, the mechanisms that 
induce polarization towards the 
tissue-destructive fibroblast pheno-
type under arthritic conditions 
remained unknown. Yan et al.  
found that ETS1 promotes the 

expression of genes encoding 
bone-damaging and cartilage- 
damaging factors, including receptor 
activator of nuclear factor-κB ligand 
(RANKL) and matrix metallopro-
teinases. Deletion of Ets1 specifically 
in synovial fibroblasts ameliorated 
arthritis-associated tissue damage  
in mice, but joint inflammation  
was not affected.

 F I B R O S I S

ETS1 implicated in polarization 
of tissue-destructive fibroblasts

Analysis of single-cell RNA 
sequencing datasets revealed that 
ETS1 expression is associated with 
pathogenic fibroblast phenotypes 
across different tissues and diseases. 
In cancer-associated fibroblasts, 
increased expression of ETS1 was 
associated with stromal invasion, 
advanced cancer stages and poor prog-
nosis. In gut tissue, ETS1-expressing 
fibroblasts contributed to tissue 
remodelling and epithelial healing 
but did not affect inflammation in a 
mouse model of colitis.

“Although we showed the critical 
importance of ETS1 expressed in fibro-
blasts in tissue destruction and remod-
elling, it is challenging to block ETS1 
specifically in fibroblasts for clinical 
use due to its broad expression,” notes 
Takayanagi. “We would like to investi-
gate the mechanisms of ETS1 induction 
specifically in fibroblasts but not in 
other cell types, and establish a thera-
peutic strategy for fibroblast-specific 
ETS1 targeting for human diseases.”

Sarah Onuora

ORIgInal aRtIcle Yan, M. et al. ETS1 governs 
pathological tissue-remodeling programs in 
disease-associated fibroblasts. Nat. Immunol. 
https://doi.org/10.1038/s41590-022-01285-0 (2022)Credit: Alex Whitworth/Springer Nature Limited
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ORIgInal aRtIcle Jouan, Y. et al. Lin28a 
induces SOX9 and chondrocyte reprogramming 
via HMGA2 and blunts cartilage loss in mice.  
Sci. Adv. 8, eabn3106 (2022)

reactivation 
of Lin28a 
expression in 
chondrocytes 
can promote 
cartilage 
regeneration 
in OA

Newly published research indicates 
that the rNA-binding protein lin28a 
mitigates cartilage breakdown in a 
mouse model of osteoarthritis (oA), 
and that therapeutic reactivation of 
lin28a expression in chondrocytes can 
 promote cartilage regeneration in oA.

Healthy cartilage is maintained by 
chondrocytes, with the involvement of 
the transcription factor SoX9. In oA, 
chondrocytes develop a catabolic pheno-
type, and SoX9-expressing chondrocyte 
precursors are lost from the cartilage.

In the new study, factors involved in 
cartilage degeneration and regenera-
tion were investigated. The expression 
of lin28a was examined in cartilage 
from patients with oA and from mice 
with destabilization of the medial menis-
cus (Dmm). In both, lin28a was absent 
in undamaged cartilage, but present in 
clusters of chondrocytes in damaged 
cartilage. After Dmm surgery, mice with 
induced, cartilage-specific knockout 

of Lin28a had higher oA scores and, in 
articular cartilage, higher expression of 
matrix metalloproteinase 13 (MMP13) 
and reduced expression of SoX9 than 
Lin28a+/+ mice.

“These findings demonstrate that 
articular cartilage has mechanisms to 
prevent against erosions induced by  
oA, by reactivation of lin28a and  
chondrocyte proliferation,” explains 
eric Hay, senior author on the study.  
“This reprogramming is not sufficient to 
fully counteract the matrix degradation,  
but can delay cartilage breakdown.”

In mouse cartilage explants, over-
expression of lin28a stimulated pro-
duction of glycosaminoglycans and 
type II collagen, inhibited production 
of MMP13, reduced numbers of apop-
totic cells, and promoted proliferation 
of chondrocytes. Furthermore, over-
expression of lin28a after the onset 
of Dmm-induced oA prevented an 
increase in the oA score.

mechanistically, lin28a was found 
to inhibit the expression of specific 
members of the let-7 microrNA family, 
thereby increasing expression of genes 
including HMGA2, which encodes a 
transcriptional regulator that inhibits 
chondrocyte catabolism and activates 
anabolism. HMGA2 knockdown  
abolished the anti-oA effects of  
lin28a overexpression.

The researchers now plan to target 
cartilage-specific inhibition of the let-7 
microrNAs as a therapeutic approach 
to early oA.

Robert Phillips

 O S t e Oa Rt H R I t I S

Lin28a blunts cartilage loss in a mouse 
model of OA

Credit: Westend61/Getty Images
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Autoimmune disease increases CVD risk
An analysis of primary and secondary care records for 22 million 
individuals in the UK found an incidence rate of cardiovascular 
disease (CVD) of 23.3 events per 1,000 patient- years among 
patients with autoimmune disease, compared with 15.0 events 
per 1,000 patient- years among those without an autoimmune 
disease (hazard ratio (HR) 1.56; 95% CI 1.52–1.59). CVD risk 
increased with the number of autoimmune diseases present 
and was particularly high in those aged <45 years old. Among 
the 19 autoimmune diseases included in the analysis, systemic 
sclerosis was associated with the highest overall CVD risk  
(HR 3.59; 95% CI 2.81–4.59).
ORIgInal aRtIcle Conrad, N. et al. Autoimmune diseases and cardiovascular risk: a 
population- based study on 19 autoimmune diseases and 12 cardiovascular diseases in  
22 million individuals in the UK. Lancet 400, 733–743 (2022)

IN brIeF

 S P O n DY lOa Rt H R I t I S

Undiagnosed axSpA is prevalent in IBD
An estimated 5% of patients with inflammatory bowel 
disease (IBD) and chronic back pain (CBP) have undiagnosed 
axial spondyloarthritis (axSpA), according to the results of a 
cross- sectional study. Among 470 patients attending IBD  
clinics in a routine secondary care setting, 82 had self- reported 
CBP of >3 months’ duration with onset before age 45 years  
and were eligible for rheumatological assessment. Patients  
who received a rheumatologist- verified diagnosis of axSpA  
had a mean symptom duration of 12 years.
ORIgInal aRtIcle Lim, C. S. E. et al. Prevalence of undiagnosed axial spondyloarthritis 
in inflammatory bowel disease patients with chronic back pain: secondary care cross- 
sectional study. Rheumatology https://doi.org/10.1093/rheumatology/keac473 (2022)

 R H e U M atO I D  a Rt H R I t I S

Calprotectin tracks tocilizumab- treated RA
In a study of 69 patients receiving treatment with tocilizumab 
for rheumatoid arthritis (RA), serum concentration of 
calprotectin (also known as S100A8/S100A9) was able to 
identify disease activity requiring adjustment of therapy 
with 80% sensitivity and specificity. Neither erythrocyte 
sedimentation rate nor serum concentration of C- reactive 
protein was able to detect active RA in tocilizumab- treated 
patients, despite being suitable for this purpose in patients 
treated with TNF inhibitors.
ORIgInal aRtIcle Gernert, M. et al. Calprotectin (S100A8/S100A9) detects 
inflammatory activity in rheumatoid arthritis patients receiving tocilizumab therapy. 
Arthritis Res. Ther. 24, 200 (2022)

 I n F l a M M atO RY  a Rt H R I t I S

Immune cell profiles stratify AOSD endotypes
Hierarchical cluster analysis of circulating immune cells  
classified 95 patients with treatment- naive adult- onset Still 
disease (AOSD) into three endotype- based groups, with group 1 
having the highest percentage of neutrophils, group 2 having  
the highest percentage of monocytes and group 3 having the  
highest percentage of CD8+ T cells. Patients in group 3 had  
the highest total number of disease flares during the follow- up 
period and had poorer responses to treatment than patients 
in the other groups. The ratio of CD4+ T cells to CD8+ T cells 
negatively correlated with the systemic score and positively 
correlated with treatment response in patients with AOSD.
ORIgInal aRtIcle Guo, R. et al. AOSD endotypes based on immune cell profiles: patient 
stratification with hierarchical clustering analysis. Rheumatology https://doi.org/10.1093/
rheumatology/keac439 (2022)

of experts assessed the validity of 
these preliminary recommendations, 
and a voting panel (consisting of par-
ticipants of the second meeting and 
the external experts) agreed upon the 
final set of recommendations.

The three overarching man-
agement principles emphasize the 
frequency of TMJ, the goals of 
management and the importance 
of an interdisciplinary approach. 
The 12 recommendations pertain 
to diagnosis, treatment of TMJ 
arthritis, treatment of TMJ dys-
function and symptoms, treatment 
of arthritis-related dentofacial 
 deformity and other related aspects.

“This work also contains a pro-
posal for a research agenda that will 
constitute as a framework for future 
interdisciplinary research efforts to 
improve the evidence used to guide 
care,” reveals last author Marinka 
Twilt. “It is presented in the form of 
specific research questions to make 
the future research relevant and 
directly applicable to clinical practice.”

The authors consider this pub-
lication a working document and  
plan to revise it as new evidence 
emerges. “The recommendations  
are directly applicable to the clinic 
and we hope that they can help to 
facilitate a process for specialties  
to collaborate on local and national 
strategies to improve the outcome  
of  management,” says Twilt.

Jessica McHugh
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Arthritis of the temporomandibular 
joint (TMJ) commonly occurs in 
patients with juvenile idiopathic 
arthritis (JIA), and its orofacial man-
ifestations can negatively affect the 
quality of life of affected patients.  
The treatment of this condition 
involves multiple specialities and, 
as such, a new article published in 
Arthritis Rheumatology provides for 
the first time a set of interdisciplin-
ary recommendations for the  
management of TMJ arthritis.

TMJ arthritis has received 
increasing attention over the past 
15 years, partly owing to efforts 
by the Temporomandibular Joint 
Juvenile Arthritis Working group 
(TMJaw), an international, interdis-
ciplinary research network dedicated 
to improving the management of 
TMJ arthritis and its associated con-
ditions. The members of this group 
represent a range of specialities, 
including paediatric rheumatology, 
radiology, orthodontics, surgery, 
pain specialists and paediatric 
dentistry. TMJaw has already pub-
lished recommendations relating to 
orofacial assessment, standardized 
terminology and screening tools in 
the management of TMJ arthritis.

The latest publication, led by a 
steering committee consisting of 
various TMJaw members, provides 
three overarching management 
principles and 12 recommendations 
to guide the clinical management of 
TMJ arthritis in JIA. “Management 
of TMJ arthritis varies widely in 
different continents, countries, 
regions and health-care systems and 
we hope that these recommendations 
can disseminate knowledge about the 
treatment of TMJ arthritis as well as 
be used as a tool to improve local and 
international treatment strategies in 
different health systems on a global 
level,” explains Peter Stoustrup, the 
corresponding author.

Initially, provisional evidence- 
informed recommendations were 
generated over two consensus meet-
ings, using information gained from 
online surveying and a systematic 
literature review. An external group 

 Pa e D I at R I c  R H e U M atO lO gY

New guide calls for interdisciplinary 
approach to TMJ arthritis symptoms

ORIgInal aRtIcle Stoustrup, P. et al. 
Management of orofacial manifestations of 
juvenile idiopathic arthritis: Interdisciplinary 
consensus-based recommendations. Arthritis 
Rheum. https://doi.org/10.1002/art.42338 (2022)
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ORIgInal aRtIcle Marangoni, R. G. et al. Thy-1 plays a 
pathogenic role and is a potential biomarker for skin fibrosis  
in scleroderma. JCI Insight https://doi.org/10.1172/jci.insight. 
149426 (2022)

 S Y S t e M I c  S c l e R O S I S

Thy-1 promotes 
skin fibrosis in SSc
New research suggests that the Thy-1 
membrane glycoprotein (CD90) is a biomarker 
with a pathogenic role in skin fibrosis in 
systemic sclerosis (SSc).

Thy-1 is expressed in several cell types, 
including fibroblasts, and its functions are 
thought to depend on the cell type and 
physiological context. In a new study, 
immunofluorescence staining of human 
biopsy-derived skin samples identified a 
higher proportion of cells in the reticular 
dermis that were positive for Thy-1 in patients 
with SSc than in healthy individuals. In SSc, 
Thy-1 positivity was also higher in patients 
with a disease duration of >3 years than in 
those with early disease.

THY1 expression in human skin was 
analysed in two microarray datasets, and 
found to be higher in patients with either 
limited SSc or diffuse cutaneous SSc than  
in healthy individuals, correlating with the 
severity of skin involvement.

In mice expressing a Thy-1–yellow fluores-
cent protein (YFP) fusion protein, induction  
of fibrosis by injection with bleomycin 
resulted in progressive elevation of Thy-1–YFP 
expression that correlated with the extent  
of fibrosis. Whole-animal fluorescence  
imaging with this mouse model could  
enable non-invasive assessment of fibrosis  
in longitudinal pharmacological studies.

Knockout of Thy1 expression in mice 
attenuated bleomycin-induced skin fibrosis, 
reducing numbers of infiltrating macro-
phages, expression of several genes asso-
ciated with inflammatory pathways,  
and numbers of myofibroblasts in the skin.

The involvement of Thy-1 in multiple 
fibrotic pathways was further investigated  
by rNA sequencing of skin tissue, to identify 
genes that were differentially expressed in 
mice treated with phosphate-buffered saline 
compared with those treated with bleomycin. 
Notably, many fewer such genes were 
identified in Thy1-knockout mice than in wild- 
type mice, consistent with the attenuation  
of fibrosis in this model. The expression of 
genes involved in several fibrotic pathways 
was upregulated in bleomycin-treated wild- 
type mice, but not in bleomycin-treated 
Thy1-knockout mice.

Robert Phillips

Extracellular sulfatase Sulf2, an enzyme that 
modulates the binding site of various growth 
factors and cytokines, has been identified as a 
therapeutic target in cancer but has remained 
largely uninvestigated in the context of 
inflammation and rheumatoid arthritis 
(RA). New evidence now implicates Sulf2 in 
TNF-mediated pro-inflammatory signalling 
in RA synovial fibroblasts (RASFs) and sug-
gests that targeting this enzyme could have 
therapeutic potential.

The researchers first determined that the 
expression of Sulf2 is increased in synovial 
tissue and sera from patients with RA 
compared with tissue and sera samples from 
healthy individuals; Sulf2 expression was also 
elevated in the inflamed joints of human TNF 
transgenic (hTNFtg) mice. In vitro, stimula-
tion of human RASFs with TNF transiently 
induced the expression of Sulf2.

RNA-sequencing analysis revealed that  
the induction of many pro-inflammatory 
genes in RASFs in response to TNF is 
dependent on Sulf2: knockdown of Sulf2 in 
RASFs with small interfering RNA (siRNA) 

altered the expression of ~2,500 genes, 
including a number of genes implicated  
in RA pathogenesis. Consistent with these 
findings, siRNA-mediated Sulf2 knock-
down or pre-treatment of RASFs with  
the Sulf2 inhibitor OKN-007 inhibited the 
TNF-induced expression of adhesion proteins 
and chemokines.

Silencing of Sulf2 abrogated TNF-induced 
activation of the PKCδ and JNK signalling 
pathways and the nuclear translocation and 
activity of the pro-inflammatory transcription 
factors AP-1 and NF-κB. In addition, Sulf2 
knockdown inhibited TNF-induced prolife-
ration of RASFs, suggesting that  inhibiting 
Sulf2 could limit synovial hyperplasia.

The researchers propose that further studies 
are warranted to test the therapeutic potential 
of Sulf2 inhibition for the treatment of RA.

Sarah Onuora

 R H e U M atO I D  a Rt H R I t I S

Sulf2 mediates the effects of TNF 
in RASFs

ORIgInal aRtIcle Siegel, R. J. et al. Extracellular 
sulfatase-2 is overexpressed in rheumatoid arthritis and 
mediates the TNF-α-induced inflammatory activation of 
synovial fibroblasts. Cell. Mol. Immunol. https://doi.org/ 
10.1038/s41423-022-00913-x (2022)

ORIgInal aRtIcle Skaria, T. G. et al. Withholding 
methotrexate after vaccination with ChAdOx1 nCov19 in 
patients with rheumatoid or psoriatic arthritis in India 
(MIVAC I and II): results of two, parallel, assessor-masked, 
randomised controlled trials. Lancet Rheumatol. https:// 
doi.org/10.1016/S2665-9913(22)00228-4 (2022)

methotrexate, an immunosuppressant  
commonly used for the treatment of auto-
immune inflammatory arthritis, reduces the 
immunogenicity of CovID-19 vaccination, 
necessitating an optimized strategy for  
maximizing the vaccine response while  
controlling disease activity in these patients. 
results from a new study published in Lancet 
Rheumatology suggest that withdrawal of metho-
trexate only after the second dose of a CovID  
vaccine is safe and effective in patients  
with rheumatoid arthritis (rA) or psoriatic  
arthritis (PsA).

The study presents the results of two parallel, 
assessor-masked randomized controlled trials: 
mIvAC I and mIvAC II. These trials assessed the 
effects of withholding methotrexate for 2 weeks 
after the first and second doses (mIvAC I) or after 
the second dose only (mIvAC II) of the ChAdox1 
nCoV-19 vaccine in patients with RA or PsA 
versus continuing treatment with methotrexate 
throughout.

In both trials, withholding methotrexate 
resulted in a higher anti-receptor binding domain 

(rbD) antibody titre 4 weeks after the second 
dose (the primary outcome) than continua-
tion of methotrexate. In MIVAC II, but not in  
mIvAC I, the proportion of patients with a  
flare did not differ between the methotrexate 
hold group and the methotrexate continuation 
group.

Post-hoc analysis found no difference in 
anti-rbD antibody titres between participants 
who withheld methotrexate twice and  
those who withheld methotrexate only after  
the second vaccine dose. overall, the results 
suggest that withholding methotrexate only 
after the second dose is as effective in improv-
ing the vaccine response as withholding metho-
trexate after both vaccine doses, and does not 
increase the risk of flare.

Jessica McHugh
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optimizing methotrexate withdrawal 
during CovID vaccination
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One of several transitions experienced by 
young people growing up is in health care 
when young people move from child-centred 
to adult- centred services. Transitional care 
can be defined as the process of preparing the 
young person and their caregivers for this tran-
sition and is particularly pertinent for young 
people with rheumatic conditions that per-
sist in adulthood. Carandang and colleagues 
present the results of their research1, which 
focused on what young people think about 
the implementation in rheumatology of the 
Six Core Elements of Healthcare Transition,  
a nationally funded model of health- care tran-
sition in the USA. The young people clearly 
approved of the content of this model and 
also provided useful insights and suggestions 
for how to better translate the model compo-
nents into practice. But should we start think-
ing about the rheumatological care of young 
people in a broader context rather than just 
focussing on the health transition?

The three key themes identified from 
the qualitative analysis of the focus group 
data — namely, implementation of a struc-
tured education care plan, empowerment 
of young people and consideration of the 
parental role1 — reflect the existing interna-
tional guidance2, with the latter two themes 
having been subsequently shown to be asso-
ciated with positive outcomes3. Why then are 
young people reporting the need for further 
attention to these issues to ensure imple-
mentation in actual practice? As Carandang 
and colleagues remind us1, transitional care 

The young people clearly desire the rheuma-
tology professionals to discuss the classic 
adolescent triad of sexual and reproductive 
health, substance use and mental health 
in rheumatology clinics, but the question 
remains as to whether the rheumatology pro-
fessionals are competent to discuss these top-
ics in both a developmentally appropriate as 
well as an effective way. Research has shown a 
discrepancy between what the health profes-
sional perceives has been discussed and what 
the young person actually takes in, particu-
larly with these more sensitive topics6. Results 
from a systematic review highlight how the 
communciation between health- care profes-
sionals and young people can influence health 
outcomes7 and the importance of confidential 
time for young people as well as the changing 
role of the parent as the young person gets 
older, which are the very issues raised by the 
young people in the latest study1. Finally, 
the need to motivate and engage young peo-
ple is referenced several times by Carandang 
et al.1, reflecting the need for developmen-
tally appropriate interviewing techniques 
(including motivational interviewing) as core 
training for all rheumatology professionals, 
particularly for this age group.

Carandang and colleagues advocate a struc-
tured education plan with which the young  
adults agreed but we would advise some cau-
tion here1. Although structured plans are  
easier to monitor and measure, adolescent  
and young adult development is a dynamic 
process. Young people change biologically, 
psychol ogically and/or socially as they grow 
up, even between clinic visits, so the need 
to adjust care as the young person grows up 
needs to be acknowledged. Developmental 
assessment in rheumatology clinics should 
be routine as the results of this assessment 
will determine how to communciate with 
the young person, how to involve them in 
decision- making and how to assess the effect 
of the rheumatic condition on the develop-
ment. This necessary adjustment as the young 
person grows up is one of the five dimensions 
within the conceptual framework of devel-
opmentally appropriate health care5 (Box 1) 
and is particularly important when consid-
ering the effect of relapsing, remitting rheu-
matic conditions on adolescent and young 
adult development. A useful resource sum-
marising how developmentally appropriate 
rheumatology care for young people can be  

in rheumatology has been discussed in the 
literature for over three decades4. We would 
propose that we actually need to stop talking 
about transition and rather listen to the young 
people who, as noted in this study1, want to 
“learn to live with a chronic illness” and “con-
textualize health- care transition within other 
life milestones”, that is, not just learn about  
transition per se.

Adolescence and young adulthood is 
characterized by multiple transitions —  
biological, educational, social, vocational as 
well as health- related transitions — all of  which  
are interdependent and need to be acknowl-
edged by rheumatology health professionals. 
Perhaps it is time to shift the mindset and first 
and foremost think of our patients as young 
people who are learning to manage their 
health as well as their rheumatic condition 
as they are growing up. Rather than think-
ing of health transition as a crisis that takes 
centre stage relative to other life transitions, 
we should start talking about this transition 
as another developmental milestone and con-
sider providing developmentally appropriate 
health care rather than just transitional care. 
The former, by definition5, would address the 
health implications of all the various life tran-
sitions as well as all the issues raised by the 
young people in this latest study1.

The need for developmentally appropriate 
communication is highlighted several times 
by the young people involved in this study and 
probably reflects, at least in part, unmet train-
ing needs of health professionals in this area6,7. 

 C L I N I C A L  P R AC T I C E

Transitional care: time for 
a rethink?
Janet E. McDonagh    and Albert Farre

Transitional care in rheumatology has been debated for over three 
 decades and yet unmet needs of young people are still being reported. 
Why the slow progress? Perhaps we need to stop talking about transitional 
care in rheumatology and talk more about developmentally appropriate 
health care for young people with rheumatic conditions.

Refers to Carandang K et al. Adolescents’ and young adults’ recommendations for implementing healthcare  
transition in rheumatology: a mixed methods study. Arthritis Care Res. https://doi.org/10.1002/acr.24977 (2022).

NeWs & VieWs

NAture revIews | RheumaTology

http://orcid.org/0000-0002-4555-7270
https://doi.org/10.1002/acr.24977
http://crossmark.crossref.org/dialog/?doi=10.1038/s41584-022-00836-x&domain=pdf


616 | November 2022 | volume 18 

0123456789();: 

Box 1 | The five dimensions of developmentally appropriate health care

The five dimensions of developmentally appropriate health care for young people5

•	biopsychosocial development and holistic care

•	Acknowledgement of young people as a distinct group

•	Adjustment of care as the young person develops

•	empowerment of the young person by embedding health education and health promotion

•	Interdisciplinary and interorganizational work

box 1 adapted with permission from ref.5, bmJ.

delivered in the UK was published online 
 earlier this year8.

Carandang and colleagues acknowledged 
some of the limitations of their work, namely 
that the population was primarily white and 
female and were primarily in the young adult 
rather than adolescent age range1. Transitional 
care should ideally start in early adolescence, 
but the perspective of a 13 year old in 2022 is 
very different from that of a 24 year old recall-
ing life as a 13 year old in 2011. Future research 
in this area should ideally include the perspec-
tive of young people in the early and middle 
stages of adolescent development and not  
just young adults. Another limitation was 
that the young people involved were recruited 
from patient organizations. Young people who 
are less keen than their peers to join such 
groups and/or with less voice such as those 
who do not engage in health care for whom 
gaps in care are frequent might have had dif-
ferent but equally valuable insights to report. 
Such young people should not to be forgotten 
in service developments as they potentially are 
at risk of worse health outcomes.

One of the strengths of this research was the 
involvement of young people as both research 

participants as well as co- researchers. There 
is increasing awareness of the importance of 
involving young people in both service devel-
opment as well as at all stages of research, and 
not just as research participants9. Another 
example of such involvement in research 
is the national youth advisory panel in UK 
rheumatology, recently described in a paper 
that had two young people as co- authors10. 
Meaningful and developmentally appropriate 
involvement of young people in both research 
and service developments will ensure that 
any results or outputs will resonate with their 
lives. They are, after all, young people first and  
foremost, learning to live with a long- term 
health condition. Let us listen to their voices 
and help ensure their lives are long and rich and  
fulfilling.

Janet E. McDonagh  1,2 ✉ and Albert Farre3
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Although joint destruction is a devastating 
consequence of increased TNF expression in 
rheumatoid arthritis (RA), TNF is an over-
all weak direct inducer of osteoclastogenesis 
and probably only has a minor or negligible 
role in physiological osteoclast formation1. 
By contrast, new findings suggest that in 
pathological conditions, TNF can strongly  
induce osteoclastogenesis directly, inde-
pendent of receptor activator of nuclear 
factor- κB ligand (RANKL), by a new mecha-
nism whereby TNF induces the formation  
of functional osteoclasts from transform-
ing growth factor- β (TGFβ)- primed macro-
phages2. Might combined use of inhibitors of 
TGFβ and TNF be a new strategy to prevent 
joint destruction in RA?

Increased osteoclast formation and activity 
cause bone loss and joint destruction in com-
mon pathological bone conditions, including 
RA. Osteoclast formation requires the expres-
sion of RANKL, a TNF superfamily member; 
RANKL binds to its receptor, RANK, which 
recruits TNF receptor- associated factors 
(TRAFs), resulting in activation of the nuclear 
factor- κB (NF- κB) transcription factors p50 
and p52 followed by c- Fos and NFATc1 (ref.1). 
Accordingly, the RANKL monoclonal anti-
body denosumab is being investigated for 
the treatment of RA3. However, denosumab 
does not suppress joint space narrowing, but 
instead causes sustained suppression of bone 
turnover and slightly improves joint erosion 
score in patients with RA3. Thus, factors other 
than RANKL, such as TNF, might enhance 
osteoclastogenesis in RA.

Previous reports have shown that TNF 
can induce osteoclastogenesis independent  
of RANKL1, including from TGFβ- primed 
macrophages lacking either RANKL, RANK or  
TRAF61. However, TNF alone does not induce 

enables TNF to induce the generation of many 
functional osteoclasts in RANK−/− mice or 
RANKL−/− (also known as Tnfsf11−/−) mice and 
accelerates TNF- induced erosive arthritis1, 
and recombining binding protein suppressor 
of hairless (RBPJ) and interferon- regulatory 
factor 8 (IRF8), which inhibit TNF- induced 
osteoclastogenesis in inflammatory settings1 
(fig. 1). IL-1β can also induce osteoclastogene-
sis from TNF- primed macrophages expressing 
c- Fos, independent of the NF- κB transcription 
factors p50 and p52 (ref.1). However, simulta-
neous inhibition of both IL-1β and TNF is no 
more effective than inhibition of TNF alone  
in the treatment of RA4.

Xia et al.2 have now reported that TNF 
can induce osteoclastogenesis from human 
peripheral blood monocyte (PBMC)- derived 
macrophages, but only when the macrophages 
are transiently pre- treated with TGFβ. The 
researchers found that TGFβ priming remod-
els the chromatin accessibility and histone 
modifications to suppress TNF- induced 
IRF1–IFNβ signalling2. In non- TGFβ- primed 
macrophages, TNF enhanced type I interferon 
signalling and pro- inflammatory chemokine 

osteoclast formation in RANK−/− (also known 
as Tnfrsf11a−/−) mice1, probably because TNF 
also induces inhibitory factors, which limit 
osteoclastogenesis1. These inhibitory factors 
include NF- κB p100, genetic deletion of which 
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TGFβ priming promotes 
TNF- induced bone erosion:  
a promising new target in RA?
Zhenqiang Yao    and Brendan F. Boyce

New research shows that TNF can directly induce osteoclastogenesis  
from transforming growth factor- β (TGFβ)- primed macrophages and that 
knockout of TGFβ signalling limits TNF- induced arthritic bone erosion in 
mice, suggesting that TGFβ inhibition could enhance the effect of anti- TNF 
therapy in rheumatoid arthritis.

Refers to Xia, Y. et al. TGFβ reprograms TNF stimulation of macrophages towards a non- canonical pathway driving 
inflammatory osteoclastogenesis. Nat. Commun. 13, 3920 (2022).
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Fig. 1 | Signalling pathways for TNF-induced osteoclast differentiation. In the absence  
of transforming growth factor- β (TGFβ) (solid lines), TNF induces limited osteoclastogenesis.  
TNF increases the expression levels of TRAF3, which negatively regulates nuclear factor- κB 
(NF- κB)-inducing kinase (NIK) processing of NF- κB p100 to p52, inhibiting osteoclastogenesis. 
Recombining binding protein suppressor of hairless (RBPJ) inhibits TNF- induced osteoclastogenesis 
by inhibiting NFATc1 through attenuating the expression of c- Fos, suppressing the expression of 
Blimp1 and promoting the expression of interferon regulatory factor 8 (IRF8); how TNF regulates 
RBPJ remains unknown. Following TGFβ priming (dotted lines), epigenetic changes (including chro-
matin and histone modifications) cause a shift in the TNF- mediated gene expression profile from 
pro- inflammatory genes involved in type I interferon signalling to genes involved in conventional 
osteoclast differentiation, and induce the expression of MYBL2, a transcription factor involved in 
TNF- induced osteoclastogenesis. TGFβ priming also causes IRF8 ubiquitination, resulting in IRF8 
degradation and enabling osteoclastogenesis.

http://orcid.org/0000-0002-4664-3648
http://crossmark.crossref.org/dialog/?doi=10.1038/s41584-022-00843-y&domain=pdf


618 | November 2022 | volume 18 

0123456789();: 

www.nature.com/nrrheum

N e w s  &  V i e w s

expression, which inhibited osteoclastogen-
esis. By contrast, transient TGFβ priming of 
macrophages switched TNF- induced type I 
interferon signalling to conventional pro- 
osteoclastogenic signalling (fig. 1), includ-
ing the expression of early osteoclast marker 
genes (FOS, NFATC1 and MITF) and 
later- stage osteoclast marker genes (ACP5, 
CTSK, ITGB3, OSCAR and CALCR). This 
switching is attributed to a TGFβ- induced 
reduction of chromatin accessibility and pro-
motion of histone H3 lysine 4 trimethylation 
(H3K4me3) and histone H3 lysine 27 acetyl-
ation (H3K27ac) at the IFNB1 promoter and  
in the 3′ downstream regulatory regions.

This report also identified MYBL2 (encod-
ing Myb- related protein B (B- Myb)) as a novel 
TNF- induced osteoclastogenic transcrip-
tion factor in TGFβ- primed macrophages2. 
MYBL2 levels were low in non- primed mac-
rophages, but were markedly increased by 
TNF in TGFβ- primed macrophages because 
TGFβ priming remodelled the chromatin 
and improved the chromatin accessibility at 
the MYBL2 promoter and enhancer regions 
(fig. 1). Conditional deletion of MYBL2 in mye-
loid cells markedly decreased TNF- induced 
osteoclast formation both in vitro and in vivo 
in mice. By contrast, RANKL did not induce 
MYBL2 expression, and knock out of MYBL2 
did not affect RANKL- induced osteoclas-
togenesis. Furthermore, TGFβ priming also 
caused IRF8 ubiquitination and enabled TNF 
to degrade IRF8 rapidly and strongly promote 
TNF- induced osteoclastogenesis.

To explore the clinical relevance of their 
novel findings, Xia et al.2 compared the gene 
profiles of PBMCs from patients with sys-
temic lupus erythematosus (SLE), whose 
arthropathy is typically non- erosive, with 
those from patients with RA. The PBMCs 
from patients with SLE expressed high lev-
els of type I interferon genes, whereas those 
from patients with RA expressed high levels 
of genes involved in TGFβ signalling and oste-
oclast differentiation. Moreover, the expres-
sion levels of TGFΒ1, FOXM1 and MYBL2, 
as well as TGFBR1 and TGFBR2, were consid-
erably higher, whereas those of IFNB1, IRF1  
and IRF8 were markedly lower, in PBMCs 
from patients with RA than in those from 

patients with SLE. Together, these findings 
suggest that PBMCs in RA, but not in SLE, 
have undergone TGFβ priming to favour 
osteoclastogenesis.

One limitation of this study is that it is 
unclear what changes take place in the joint 
and/or microenvironment to promote mono-
cyte priming by TGFβ or if these primed cells 
circulate to the inflamed joints to form oste-
oclasts in response to TNF2. In vitro, TGFβ 
priming only enhanced TNF- induced osteo-
clastogenesis when added to monocytes for 
3 days and then withdrawn, whereas simulta-
neous treatment with TNF and TGFβ induced 
very few osteoclasts, similar to the effects of 
TNF treatment alone. Although TGFβ levels 
are increased in the serum and joint fluids of 
patients with RA5, TGFβ is secreted in a latent 
inactive form. TGFβ is activated by acidic 
environments (for example, in osteoclastic 
resorption lacunae)6. However, resorption 
lacunae probably would not provide a micro-
environment for TGFβ priming alone, given 
that TNF levels are increased systemically in 
patients with RA.

Xia and colleagues also evaluated the role of 
TGFβ signalling in macrophages in the devel-
opment of inflammatory erosive arthritis2. 
Interestingly, conditional deletion of TGFβR2 
in macrophages protects mice from TNF- 
induced and K/BxN serum- induced osteoclast 
formation and peri- articular bone erosion. 
These findings suggest that a TGFβ inhibitor 
could enhance the anti- erosive effects of TNF 
inhibitors in patients with RA. However, TGFβ 
inhibition might also worsen inflammation in 
patients with RA, as indicated by the fact that 
TGFβ priming suppresses the TNF- induced 
inflammatory profiles of macrophages2. 
Furthermore, TGFβ has critical roles in the 
maintenance of T cell tolerance and immuno-
suppression by inhibiting TCR signalling and 
differentiation of specific T helper subsets7. 
Another concern is that inhibition of TGFβ 
signalling along with anti- TNF therapy might 
impair articular cartilage repair, as TGFβ 
signalling is required for the maintenance of 
articular cartilage8. By contrast, a TGFβ inhib-
itor could help to prevent systemic bone loss 
in patients with RA, as TGFβ strongly inhibits 
bone formation during ageing9.

TGFβ is a pleiotropic factor and has been 
implicated in the pathogenesis of many fibrotic, 
inflammatory and neoplastic diseases10.  
Many TGFβ inhibitors have been developed, 
but serious toxicities have hampered their 
progress in clinical trials10 and, so far, none 
has received US Food and Drug Administra-
tion (FDA) approval. Thus, targeting the 
downstream mediators of TGFβ recep-
tor signalling that enhance TNF- induced 
osteoclasto genesis might be a better approach 
for developing a new treatment that could be 
combined with TNF inhibitors in RA, and  
is a therapeutic avenue worth exploring in 
future.
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Gout is the most common form of inflam-
matory arthritis, leading to recurrent, 
excruciatingly painful flares. With its hyper-
uricaemic–metabolic origin, gout has also 
been associated with metabolic syndrome, 
cardiovascular risk and premature mortality1. 
A large- scale investigation by Cipoletta et al. 
now published in JAMA found that gout flare 
is associated with an increased risk of acute 
myocardial infarction and stroke2, with the 
risk being greatest during the first 60 days and 
particularly for flares treated with NSAIDs or 
glucocorticoids as opposed to colchicine.

In a 2013 study involving 706 patients 
with gout, the presence of tophi and high 
baseline levels of urate were associated with 
an increased risk of mortality3. Although a 
potential contribution of flares to the risk of 
cardiovascular events and mortality had been 
suspected — given the intense pain of flares, 
substantial distress, severe (although typi-
cally transient) gouty inflammation and the 
use of medications linked to cardiovascular 
risk (such as NSAIDs and glucocorticoids) —  
the study found no independent association 
of frequent gout flares ( ≥4 per year) with 
mortality3. In 2018, interest in the potential 
role of flares in excess cardiovascular risk was 
reignited by the controversy surrounding the 
cardiovascular safety of febuxostat, which was 
raised by the results of the Safety of Febuxostat 
or Allopurinol in Patients With Gout and 
Cardiovascular Comorbidities (CARES) trial4.

In their 2022 publication, Cipolletta et al. 
investigated this relationship using both 
nested case–control study and self- controlled 
case- series analyses of data from the UK 
Clinical Practice Research Datalink and 
reported that gout flare is associated with a 
transient increase in the risk of a cardiovascu-
lar event, lasting up to 180 days after the flare2 
(fig. 1a). The relative risk of a cardiovascular 
event peaked at 1.9 during the 60 days after 
flare and came down to its background level 

neutrophilic joint inflammation involving 
the NLRP3 inflammasome, IL-1β, IL-6 and 
other pro- inflammatory components2. Other 
suspected mechanisms include biomechan-
ical stress, vasoconstriction associated with 
excruciating flare pain, and a prothrombo-
genic environment created via platelet activa-
tion and endothelial dysfunction5. Persistently 
elevated serum urate levels are now consid-
ered unlikely to have a causal relationship 
with cardiovascular outcomes according to 
many Mendelian randomization studies as 
well as a few trials that have investigated the 
topic to date, as reviewed in this journal1. 
However, whether serum urate changes 
themselves affect the risk of cardiovascu-
lar events remains unknown. Alternatively, 
medications associated with cardiovascular 
risk that are used to treat gout flares might 
have a role. To that end, the treatment- specific 
findings reported by Cipoletta et al. showed 
only a 26% increase in risk during the first 
60 days after a gout flare treated with colchi-
cine, compared with 74% and 282% higher 
risks when treated with NSAIDs and gluco-
corticoids, respectively2 (fig. 1b). These data 
suggest a potentially favourable cardiovas-
cular profile of colchicine in this setting, as 
shown in patients with a history of myocar-
dial infarction8, compared with NSAIDs and 
glucocorticoids.

The reported findings seem to have sev-
eral practical implications for gout care. Even 
if the absolute difference in cardiovascular 
risk is small, these findings add to the harm-
ful consequences of flares — not just joint 
pain episodes, but also potentially leading to 
heart attacks, strokes and related deaths. This 
emphasizes the overall value of flare pre-
vention for avoiding excruciating pain and 
diminished quality of life, as well as reduc-
ing the risk of cardiovascular events, which 
can be achieved in the long- term by effective 
use of ULT and in the short- term by use of 
safe anti- inflammatory prophylactic medi-
cations. Another related question is whether 
the increased cardiovascular risk would 
apply to the flares paradoxically induced by 
the introduction of ULT9. These flares tend 
to be worse with more effective urate lower-
ing, which is the goal of standard gout care. 
Although the paper by Cipolletta et al. did not 
provide this subgroup data for patients initi-
ating ULT, a post hoc analysis of the CARES 
trial reported that, within the first year of 
ULT use (the active titration phase), the risk 
of gout flares was slightly higher among those 
who subsequently died from cardiovascular 
causes compared with those who did not10. 
Although a specific temporal investigation in  
this context would be critically important, this 
association, if true, would also add greatly to 

by 180 days, although the absolute difference 
in risk was relatively small (that is, 0.12 per 
100 person days between the first 60 days ver-
sus 180 days after flare). Overall, these find-
ings suggest that gout flares are associated 
with a transient excess cardiovascular risk 
that can last for months. The main strengths 
of the study included its large scale (62,574 
patients with gout) and two complementary 
study designs producing consistent findings, 
which helped to remove key potential biases2.

As it is not feasible to conduct randomized 
trials by ‘assigning’ gout flares as an expo-
sure for studying cardiovascular end points, 
this type of causal inference based on well- 
conceived observational studies is probably 
the best possible evidence on the topic. One 
might consider testing the effect of reduc-
ing the incidence of flares by implementing 
urate- lowering therapy (ULT); however, the 
results would reflect the combined effects of 
urate- lowering as well as flare reduction in the 
long- term, making it difficult to isolate the 
impact of flares alone. Nevertheless, as with 
any observational studies, the investigation 
by Cipoletta et al., despite adopting two study 
designs, seems potentially vulnerable to bias 
from residual or unmeasured confounders, 
particularly time- varying ones, including 
infection and certain environmental factors, 
that are not easily ascertained within medical 
records of routinely collected health data but 
can both trigger gout flares and contribute to 
the risk of cardiovascular events. For exam-
ple, influenza or pneumonia infection can 
lead to hypoxia and contribute to gout flares 
and cardio vascular events, alcohol intake can 
contribute to atrial fibrillation and eventu-
ally cardiovascular risk, and dehydration and 
intake of fatty foods of animal origin may con-
tribute to the risk of flares and cardiovascular 
disease5–7.

The findings reported by Cipoletta et al. 
could be related to flare- associated acute 

 G O U T

Beyond joint pain, could each 
gout flare lead to heart attack?
Hyon K. Choi    and Natalie McCormick 

Often viewed as merely an inconsequential episode of acute joint pain,  
gout flare has also been associated with an increased risk of acute myocardial 
infarction and stroke. New findings suggest the risk is highest within the  
first 60 days of gout flare, and could be influenced by flare treatment.

Refers to Cipolletta, E. et al. Association between gout flare and subsequent cardiovascular events among patients 
with gout. JAMA 328, 440–450 (2022).
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Fig. 1 | Risk of acute cardiovascular event for patients with a gout flare. This figure summarizes the findings of the self- controlled case series analy-
sis performed by Cipolletta et al.2. a | The risk of myocardial infarction or stroke was greatest during the first 60 days after gout flare (risk ratio (RR) 1.9, 
compared with the baseline period (31–180 before flare plus 181–540 days after flare)). The risk decreased after 60 days, but remained elevated for  
up to 180 days after flare. b | The risk of a cardiovascular event varied by the treatment prescribed for gout flare (colchicine, NSAIDs or glucocorticoids).

the importance of effective prevention of 
gout flares, particularly with agents without 
cardiovascular risk concerns (for example, 
colchicine as opposed to NSAIDs or glu-
cocorticoids). Furthermore, given the sub-
stantial proportion of patients who do not 
tolerate or have contraindications for colchi-
cine, additional safe options are called for, to 
help reduce the cardiovascular comorbidity 
 burden of gout1.

Removing monosodium urate crystals (the 
culprit responsible for gout flares) by effec-
tively lowering serum urate levels or blocking 
the inflammatory pathway would be expected 
to reduce gout flares and the associated 
cardio vascular risk. To that end, data related 
to cardiovascular outcomes directly resulting 
from these strategies would be valuable to 
the field. Furthermore, the highly pleiotropic 
cardio metabolic and urate- lowering benefits 
of sodium–glucose cotransporter 2 inhibitors 

as well as key lifestyle measures are expected 
to play an important role in cardiovascular 
risk care, combined with effective gout care 
 strategies, in patients with gout1.
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Rheumatic diseases comprise a group of autoimmune 
and/or inflammatory conditions characterized by a vast 
array of clinical manifestations affecting multiple organs 
(for example, the kidneys, skin, cardiovascular system 
and musculoskeletal system). The causes of these dis-
eases are largely unknown but are thought to involve 
various factors, including genetic predispositions, 
environmental factors, dysfunctions of the immune 
system, altered cell death, reactive oxygen species 
(ROS) and overproduction of self- reactive antibodies1,2. 
Advancements made since the 2010s, which are reviewed 
herein, point to a role for the mitochondria in rheumatic 
diseases.

The mitochondrion is a small sub- compartment of 
the cell with varying dimensions and a shape that ranges 
from round to elongated. The term ‘mitochondrion’,  
coined in the late nineteenth century by Carl Benda, 
derives from the Greek words mitos (meaning thread) 
and khondrion (meaning granule)3, in reference to the 
morphology of this organelle. The mitochondrion regu-
lates various biological pathways (for example, cellular 
energy production, apoptosis, calcium regulation and 
thermogenesis) and is also implicated in the biosyn-
thesis of various biomolecules such as steroid hor-
mones, vitamin D, haem molecules and cardiolipin4–7. 

Additionally, the mitochondrial metabolic pathways are 
supplied with biomolecules produced by various path-
ways occurring outside of the organelle (for example, 
the glutathione pathway and the pentose phosphate 
pathway). These biomolecules are transported to the 
mitochondrion, using a complex network of translo-
cases expressed at the outer and inner mitochondrial 
membranes to contribute to energy production8,9. 
Mitochondria are thought to derive from a bacterial 
ancestor10,11 (according to the endosymbiotic hypothesis); 
indeed, these organelles express biomolecules that 
resemble those expressed by prokaryotes, such as car-
diolipin, double- stranded- hypomethylated DNA and 
N- formylated peptides12,13.

Intriguingly, this organelle has its own circular gen-
ome, which is replicated by a polymerase machinery 
distinct from that used for nuclear DNA replication. 
Considering the fact that the mitochondrion contains 
its own genome, researchers have begun examining the 
possible contribution of mitochondrial genetics to rheu-
matic diseases. Given the importance of mitochondria 
in regulating cellular energy, cell death and ROS pro-
duction, and the bacteria- like contents of this organelle, 
research into the role of mitochondria in rheumatic 
diseases has intensified since the 2010s.

The role of mitochondria in rheumatic 
diseases
Yann L. C. Becker  1,2,3,6, Bhargavi Duvvuri  4,6, Paul R. Fortin  1,2,5, Christian Lood4 ✉
and Eric Boilard  1,2,3 ✉

Abstract | The mitochondrion is an intracellular organelle thought to originate from 
endosymbiosis between an ancestral eukaryotic cell and an α- proteobacterium. Mitochondria 
are the powerhouses of the cell, and can control several important processes within the cell,  
such as cell death. Conversely, dysregulation of mitochondria possibly contributes to the 
pathophysiology of several autoimmune diseases. Defects in mitochondria can be caused by 
mutations in the mitochondrial genome or by chronic exposure to pro- inflammatory cytokines, 
including type I interferons. Following the release of intact mitochondria or mitochondrial 
components into the cytosol or the extracellular space, the bacteria- like molecular motifs  
of mitochondria can elicit pro- inflammatory responses by the innate immune system. Moreover, 
antibodies can target mitochondria in autoimmune diseases, suggesting an interplay between 
the adaptive immune system and mitochondria. In this Review, we discuss the roles of 
mitochondria in rheumatic diseases such as systemic lupus erythematosus, antiphospholipid 
syndrome and rheumatoid arthritis. An understanding of the different contributions of 
mitochondria to distinct rheumatic diseases or manifestations could permit the development  
of novel therapeutic strategies and the use of mitochondria- derived biomarkers to inform 
pathogenesis.
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Although most studies have focused on the role of 
mitochondrial dysfunction in the context of systemic 
lupus erythematosus (SLE), antiphospholipid syn-
drome (APS) or rheumatoid arthritis (RA), mitochon-
drial defects are also linked to other rheumatic diseases. 
However, for a consistent narrative and because of the 
rapidly expanding literature linking mitochondria to 
SLE, APS and RA, this Review will mainly focus on these 
conditions. In this Review, we discuss various pathogenic 
mutations of the mitochondrial genome, how mitochon-
drial bioenergetics can affect immune cells, and the 
interplay between components of the mitochondria and 
innate and humoral immune systems, while considering 
the potential role of these processes in rheumatic disease.

Mitochondrial DNA
Mitochondria comprise two phospholipid bilayers (the 
outer and inner membranes) that delimit two distinct 
mitochondrial compartments: the inter- membrane space 
and the mitochondrial matrix. The mitochondrial outer 
membrane is a semi- permeable membrane that enables 
free diffusion of ions and small proteins; by contrast, larger 
biomolecules are imported and/or transition through a 
complex transporter system. The mitochondrial inner 
membrane has a higher protein content than the mito-
chondrial outer membrane14 and contains specific 
invaginations called cristae that are involved in oxidative 
phosphorylation and are necessary for the production 
of energy. The inter- membrane space predominantly 
contains proteins involved in electron transportation 
and cell death (such as cytochrome c), whereas the mito-
chondrial matrix contains the mitochondrial genome and 
RNA (that is, mitochondrial DNA (mtDNA) and mito-
chondrial RNA (mtRNA)), enzymes and metabolites  
pertaining to mitochondrial functions (Fig. 1a).

The mitochondrial matrix contains between two 
and ten copies of circular DNA (within which are hypo-
methylated CpG islets) and the relevant cofactors nec-
essary for mtDNA transcription and replication15,16. The 
double- stranded circular genome is composed of 16,569 
nucleotides and encodes 22 transfer RNAs (tRNAs), 
two ribosomal RNAs and 13 essential protein subunits 
of mitochondrial oxidative phosphorylation complexes 
(I, III, IV and V) that are in charge of the production 
of energy, including ATP synthase and its subunits17. 
The remaining portion of the mitochondrial proteome 
(99%), consisting of ~1500 proteins, are encoded by 

nuclear DNA targeted to mitochondria via specific trans-
port pathways17–21. Notably, although most mitochon-
drial proteins are encoded by nuclear DNA, up to 30% 
of the total mRNA present in metabolically active tissues 
is mitochondrial RNA, mainly mitochondrial tRNA22,23 
(Fig. 1b). The vast majority of the proteins involved in 
mitochondrial bioenergetics are nuclear- encoded; thus, 
energy production by the mitochondria is dependent on 
the production and transport of these nuclear- encoded 
proteins. Notably, the mammalian target of rapamycin 1  
(mTORC1) is a protein complex implicated in the regu-
lation of mRNA translation and can indirectly control 
mitochondrial bioenergetic processes by regulating the 
translation of nuclear- encoded mitochondrial proteins24.

MtDNA is highly polymorphic and has a mutation 
rate that is 5–10 times higher than nuclear DNA25. 
MtDNA is inherited maternally26,27, with little evidence 
of biparental recombination at the population level28. 
Hence, certain mtDNA mutations or single nucleotide 
polymorphisms (SNPs), called haplotypes, can form 
groups (called haplogroups) over time in individual 
populations owing to discrete maternal lineages and 
geographical or ethnical restrictions29–31.

MtDNA haplogroups with pathogenic SNPs can 
contribute to metabolic, late- onset neurodegenerative 
diseases and autoimmune diseases through various 
mechanisms32,33. For example, initial investigations of 
mitochondrial abnormalities in circulating lympho-
cytes from patients with SLE34 led to the identification 
of a disease- associated variant (nt9055, a G > A poly-
morphism of haplotype K*) and nine disease- associated 
mtDNA SNPs (nt1719, nt4216, nt4529, nt4917, nt9055, 
nt10398, nt13708, nt14798 and nt16391)35. In some 
European populations, individuals harbouring the mito-
chondrial haplogroups J and T have a decreased risk of 
developing osteoarthritis and psoriatic arthritis com-
pared with the rest of the population36,37. Disease- relevant 
mutations can also occur in the non- coding displacement 
loop (for example, the D- loop) of mtDNA, a region dedi-
cated to the initiation of mtDNA replication. Individuals 
with D- loop polymorphisms (namely, polycytidine 
(polyC) alterations) have lower mtDNA copy numbers 
than individuals with intact D- loops38,39. Some D- loop 
polyC variants are associated with susceptibility to SLE 
and disease severity, including alterations at nt16189  
(a T > C polymorphism) and in the D310 region38,40.

Consistent with the susceptibility of mtDNA to oxi-
dative damage, the joints of patients with RA have a 
higher frequency of mtDNA mutations, in addition to 
increased levels of synovial oxidative stress, inflamma-
tion and hypoxia, compared with the joints of healthy 
individuals41–43. For example, one study reported an 
increase in the frequency of mtDNA somatic muta-
tions in synoviocytes from patients with RA compared 
with synoviocytes from patients with OA44. Some of the 
non- synonymous changes within MT- ND1 generated 
predicted epitopes for RA- predisposing MHC class II 
alleles (HLA- DRβ1*0101 and HLA- DRβ1*0401), sug-
gesting a role for these mutations in RA pathogenesis44. 
MtDNA SNP data analysis has revealed enrichment 
of variants in the D- loop region and MT- ATP6 in RA. 
Specifically, the variant at the 513 position of D- loop 

Key points

•	mitochondrial DNA mutations can affect mitochondrial function and lead or contribute 
to diseases, including rheumatic diseases.

•	mitochondria are involved in the regulation of several important processes, including
cell death.

•	mitochondria contain numerous bacterial- like molecules that are able to trigger
inflammatory responses by the innate immune system.

•	Increased levels of extracellular mitochondria are observed in patients with rheumatic 
diseases and are thought to contribute to disease.

•	mitochondria are immunogenic, and anti- mitochondrial antibodies (for example, 
antibodies that target cardiolipin, mitofusin 1, mitochondrial DNA or mitochondrial
rNA) are commonly seen in patients with rheumatic diseases.

Endosymbiotic hypothesis
A hypothesis stating that 
mitochondria originate from 
the symbiosis between a 
primitive eukaryote and  
a bacterium.
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hypervariable region III is enriched in patients with 
RA compared with healthy individuals45. MT- ATP6 
variant enrichment is mainly driven by m.8830 C > A, 
m.8833 G > C and m.8843 T > A SNPs that are predicted 
to be pathogenic46. Haplogroup U, previously associated 
with severe progression of osteoarthritis47, is enriched in 
patients with RA compared with healthy individuals45, 
suggesting that some mtDNA haplogroups increase an 
individual’s susceptibility to joint disorders. Conversely, 
haplogroup F1 and its subhaplogroup F1a are negatively 
associated with the development of RA, and hence are 
considered protective factors46. Other candidate SNPs 
exist that are associated with SLE and RA, although 
whether these candidates directly affect disease onset or 
progression is unclear (TAble 1).

Overall, although most studies on genetic associa-
tions have focused on the nuclear genome, investigations 
of mtDNA SNPs and haplogroups in SLE and RA sug-
gest the potential utility of mtDNA alterations as early 
markers of diagnosis, disease activity and progression. 
Thus, mitochondrial genetics in autoimmune rheumatic 
diseases warrants further investigation in larger studies.

Mitochondrial dysfunction in diseases
Mitochondria have numerous functions in cell homeo-
stasis, the disruption of which might lead or contribute 
to disease. Although the most appreciated functions of 
mitochondria include the production of energy, regula-
tion of cell death and activation of immune responses, 
mitochondria can also sense and store calcium released 
from the endoplasmic reticulum, thus regulating its 
availability48,49. Notably, in ankylosing spondylitis, 
deposits of calcium hydroxyapatite are often found in 
close proximity to mitochondria, suggesting that cal-
cium regulation by the organelle might be involved in 
the disease50. In the following section, we will discuss 
dysfunctions of various mitochondrial pathways, for 
example, energy supply, dynamics of the mitochondrial 
mass, apoptosis and release of mitochondrial com-
ponents outside of the organelle, and their effect on 
immune responses or rheumatic conditions.

Defective mitochondrial energy supply. The best- 
characterized function of mitochondria is their involve-
ment in cell metabolism. NADH (the reduced form 
of NAD+) and FADH2 (the reduced form of FAD) are 
produced through both cytosolic and/or mitochondrial 
pathways (such as the tricarboxylic acid cycle (also 
known as Krebs cycle) and fatty acid oxidation) and are 
used by the mitochondria to provide energy51–53 (Fig. 1a). 
The electron transport chain uses NADH and FADH2 to 
pump protons into the inter- membrane space, forming 
an electrochemical gradient, which is harnessed by ATP 
synthase to synthesize ATP from adenosine diphosphate 
and inorganic phosphate during the energetically favour-
able flow of protons down a proton concentration gradi-
ent in the mitochondrial matrix54,55. Electrons might also 
leak out of the electron transport chain and directly react 
with dioxygen to form mitochondrial reactive oxygen 
species (mtROS)56, known to contribute to inflamma-
tory responses and antimicrobial activities57–59. However, 
these mtROS also contribute to oxidative stress through 

the oxidation of surrounding biomolecules, eventually 
culminating in uncontrolled inflammation, production 
of neoantigens, DNA damage and DNA mutations60–63.

MtROS are implicated in neutrophil degranulation, 
neutrophil extracellular trap (NeT) formation57 and the pro-
duction of cytokines59, and ex vivo studies indicate that 
mtROS can inhibit neutrophil apoptosis through the 
NF- ĸB pathway58. The production of ROS and oxidized 
proteins is increased in mesenchymal stem cells incu-
bated with sera from patients with ankylosing spondy-
larthritis compared with cells incubated with healthy 
sera. This finding suggests that circulating factors medi-
ate mitochondrial oxidative stress in the pathophysi-
ology of the disease64. Incidentally, in in vitro studies, 
methotrexate, a drug commonly used in rheumatology, 
can reduce the mitochondrial membrane potential and 
increase ROS production in synoviocytes, ultimately 
inducing mitochondria- dependent apoptosis of the cells, 
suggesting that under certain conditions and depending 
on the cellular lineages implicated or perhaps the source 
of ROS, the inhibition of ROS production might have 
pro- apoptotic or anti- apoptotic effects65. Mitochondrial 
ROS can oxidize mitochondrial nucleic acids, causing 
the expression of aberrant proteins, and/or directly 
induce post- translational oxidation of local proteins, 
lipid peroxidation and oxidative damage to nuclear 
DNA and/or mtDNA60,66,67. These events can lead to the 
generation of neoantigens that could be recognized as 
exogenous threats by the adaptive immune system68.

In various cell types, metabolic aberrations induced 
by mitochondrial abnormalities are linked to self- reactive 
and inflammatory phenotypes in autoimmune condi-
tions, including SLE and RA68,69, warranting therapies 
aimed at correcting these mitochondrial metabolic 
alterations (reviewed elsewhere70). To address the burst 
of energetic needs of a T cell following T cell activation, 
signalling pathways involving the T cell receptor (TCR), 
CD28 and the PI3K–Akt–mTOR axis upregulate the 
expression of glucose transporter 1 (GLUT1), increas-
ing the rate of aerobic glycolysis71,72. This dependency 
on aerobic glycolysis maintains the antioxidant state of 
a cell by providing substrates for the pentose phosphate 
pathway, which maintains the pools of antioxidant mole-
cules, NADPH and glutathione. However, in stark con-
trast to healthy T cells, T cells in SLE are characterized 
by chronic activation and a heavy reliance on oxidative 
phosphorylation for ATP production, thus increasing 
mtROS production. Data from in vivo studies indicate 
that this increased oxidative stress leads to exhaustion of 
the antioxidant capacity of the T cells34. Other abnormal-
ities in T cells in SLE include mitochondrial hyperpolari-
zation and ATP depletion, potentially caused by defective 
activity of the F0F1–ATP synthase34,73. Interestingly,  
a genetic variant of F0F1–ATP synthase is associated 
with the development of SLE35. Moreover, numerous 
metabolic pathways are downregulated in CD8+ T cells in 
patients with SLE; notably, these cells express higher lev-
els of interferon- stimulated genes compared with those 
of healthy individuals, and exposure of isolated healthy 
T cells to type I interferon leads to impaired mitochon-
drial respiration74, pointing to a role for type I interferon 
in mediating mitochondrial metabolic defects (Fig. 2).

Neutrophil extracellular 
trap (NET) formation
An immune mechanism in 
which activated neutrophils 
release a reticular structure 
comprising nucleic acids and 
proteins intended to trap 
pathogens.
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In the blood of patients with SLE, concomitant oxida-
tion of mtDNA and signalling through the Notch pathway  
induce the expansion of a unique population of CD4+ 
T cells (CXCR5−CXCR3+PD1hiCD4+ T cells, known as 
T helper 10 (TH10) cells)75,76. Accumulation of succinate 
in TH10 cells enables an altered type of electron trans-
port chain activity, ultimately leading to the production 
of IL-10 and mtROS, and acquisition of B cell helper 
functions75. These cells might contribute to SLE pathogen-
esis and end organ damage via supporting extrafollicular  
humoral responses75.

Emerging research also highlights the involvement of 
the complement system in the regulation of mitochon drial 
metabolism. The classical pathway of complement, and 
particularly C1q, is thought to have protective functions in 

SLE pathogenesis via the ‘waste disposal hypothesis’, given  
the role of C1q in clearing apoptotic debris77,78. However, the  
existence of redundant mechanisms in clearing apoptotic 
debris, including those mediated by C3 and complement 
activation independent of C1q79,80, suggest that C1q  
has an alternative function in maintaining self- tolerance 
in SLE. Investigations of C1q or C3 deficiency in a chronic 
graft- versus- host- disease model of SLE indicate that 
C1q, but not C3, could modulate mitochondrial metab-
olism in CD8+ T cells to limit self- reactive responses81. 
C1q- deficient mice have increased numbers of short- lived 
effector cells and decreased numbers of memory pre-
cursor effector cells compared with their wild type lit-
termates, suggesting that C1q promotes the survival of 
short- lived effector cells. This research also suggests that 

Waste disposal hypothesis
A hypothesis stating that 
complement- mediated 
elimination of apoptotic debris 
helps to prevent autoimmune 
response to self- antigens.
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short- lived effector cells, expanded in the absence of C1q, 
contribute to self- reactive responses and tissue inflam-
mation. The mitochondrial spare respiratory capacity and 
mitochondrial biogenesis were impaired in C1q- deficient 
memory precursor effector cells. An increase in spare res-
piratory capacity in CD8+ T cells is a marker of longevity, 
suggesting that C1q regulates the viability and turnover 
of memory precursor effector cells. The C1q binding pro-
tein (C1qBP, also known as p32 or gC1qR) is considered 
a modulator of mitochondrial activity through its abil-
ity to regulate protein translation within the organelle82. 
In mice, the expression of C1qBP is higher in effector 
CD8+ T cells than in naive cells. Furthermore, confo-
cal microscopy analyses indicate that C1q and C1qBP 
co- localized in mitochondria. Together, these elements 
suggest that C1q regulates mitochondrial activity in 
memory precursor effector cells and that an impairment 
of this regulation leads to an expansion of autoreactive 
and pro- inflammatory short- lived effector cells and the 
suppression of protective memory precursor effector 
cells81,83. Given the abundance of C1q in the circulation 
and the regulation it exerts on mitochondrial metabolism, 
it has been hypothesized that C1q contributes to deter-
mining the fate, activities and tropism of immune cells in  
SLE83 (Fig. 2).

Biomolecules provided by the diet are also able to 
modulate mitochondrial activity in various metabolic 
pathways, such as those involved in energy supply, 
mitochondrial dynamics and mtROS production84. 
Mitochondria in T cells from patients with SLE are 
hyper polarization, a feature that is associated with glu-
tathione depletion53. Dietary supplementation with 
N- acetylcysteine (a precursor of glutathione) inhibits the 
mTOR pathway, restores the mitochondrial membrane 

potential and increases the mitochondrial mass in lym-
phocytes from patients with SLE85,86. Both a rat model of 
adjuvant arthritis and murine models of spontaneous or  
diet- induced hypercholesterolaemia display features 
that reassemble osteoarthritic joint degeneration. This 
phenotype is associated with increased oxidative stress 
and apoptosis, a decreased mitochondrial membrane 
potential and decreased ATP production in chondro-
cytes and skeletal muscle87,88. Notably, mitochondrial 
dysfunction in rodent models of arthritis could be 
reduced via treatment with statins or antioxidants (for 
example, Coenzyme Q10 or omega-3)87,88. Additionally, 
in NZB/W F1 mice (a spontaneous model of SLE) fed 
a cholesterol- rich diet, supplementation with taurine 
inhibited mitochondrial- dependent apoptosis89. In this 
model, the investigators showed that fasting and dietary 
polyphenols activate sirtuins (SIRTs; a NAD- dependent 
family of histone deacetylases), which regulate mito-
chondrial bioenergetics and inflammatory pathways 
through epigenetic mechanisms90–92. Indeed, previous 
data have associated SIRT1- mediated mitochondrial 
dysfunctions with endothelial oxidative stress and myas-
thenia gravis93,94. In gout, diets rich in fructose and leucin 
are associated with hyperuricaemia and the development 
of monosodium urate crystals, which in turn elicit mito-
chondrial dysfunction, mtROS production and defective 
mitophagy95. Thus, tailored diets might constitute adju-
vant measures in mitigating mitochondrial dysfunction 
in rheumatic diseases.

Mitochondrial mass and dynamics. The number of mito-
chondria range from approximately 4 to 2,000 mitochon-
dria per cell, with the liver, kidneys, heart and brain being 
the richest organs in terms of mitochondrial number96. The  
mitochondrial mass is dynamic; individual organelles 
can fuse or shed from the network to address the meta-
bolic requirements of the cell97–99. Under conditions in 
which nutrients are scarce, the mitochondrial network 
tends to fuse to allow organelles to share biomolecules 
and prevent apoptosis98. During mitochondrial fusion, 
two mitochondria come into contact and initially fuse 
at their outer membranes and subsequently fuse at their 
inner membranes64, mediated primarily by mitofusin 1 
and mitofusin 2 (reF.100), and dynamin- like protein optic 
atrophy 1 (OPA1)101,102 (Fig. 2), respectively. Notably, the 
expression of mitofusin 2 is increased in chondrocytes 
from patients with OA compared with chondrocytes from 
healthy individuals and its expression in these cells is 
associated with a pro- inflammatory metabolic shift from 
oxidative phosphorylation to glycolysis103. By contrast, 
mitochondrial fission, the division of mitochondria in a pro-
cess mediated by dynamin- related protein 1 (DRP1)104–107, 
maintains the integrity of the mitochondrion and per-
mits segregation of mtDNA copies into smaller structures 
(Fig. 2). Furthermore, when the bioenergetic require-
ments of a cell decreases, the mitochondrial network 
fragments to enable the degradation of mitochondria. 
Supernumerary or defective mitochondria are cleared 
through mitophagy, a specific form of autophagy108–111, 
reviewed elsewhere112.

Altered Ca2+ signalling in T  cells isolated from 
patients with SLE is attributed to nitric oxide- induced 

Spare respiratory capacity
The quantity of extra ATP that 
might be produced by 
mitochondria, indicating the 
bioenergetic fitness of cells to 
withstand conditions of 
high- energy demand such as 
antigenic challenge or stress.

Mitophagy
A pathway derived from 
autophagy, dedicated to the 
degradation of damaged or 
supernumerary mitochondria.

Mitochondrial fusion
The merging of two organelles 
into one single mitochondrion.

Mitochondrial fission
The scission of one mother 
mitochondrion into two 
daughter mitochondria.

Fig. 1 | Mitochondrial morphology and organization of mitochondrial DNA. a | The 
mitochondrion is an organelle with a specific morphology that segregates biomolecules 
into the spatial organization necessary for numerous functions. Metabolic pathways, such 
as the tricarboxylic acid (TCA) cycle and fatty acid oxidation, provide the electron 
transport chain (ETC) with biomolecules necessary for maintaining the proton gradient 
across the mitochondrial matrix, which enables the production of ATP, thermogenesis 
(heat generation) and reactive oxygen species (ROS) generation. Proteins of the 
cytochrome P450 family (for example, P450scc and CYP proteins) contribute to the 
conversion of cholesterols into steroids and vitamin D. Although mitochondrial 
translocases (such as adenine nucleotide translocase (ANT)) enable the import of 
biomolecules from the cytosol to the mitochondrion, these proteins can also assemble 
into macropores that release mitochondrial components into the cytosol during intrinsic 
apoptosis. Various B cell lymphoma 2 (BCL-2) family members in the mitochondria have 
pro- apoptotic and anti- apoptotic functions. Mitochondria express various proteins 
involved in mitochondrial dynamics (such as mitochondrial phospholipase D (MitoPLD), 
mitofusin 1 and 2, cardiolipin (CL) and the long and short forms of OPA1), shown in detail 
in Fig. 2. The mitochondria also express proteins involved in mitophagy, as such as FUN14 
domain- containing protein 1 (FUNDC1), nuclear domain 10 protein 52 (NDP52) or 
NIP3- like protein X (NIX)), shown in detail in Fig. 3. Finally, mitochondria express 
molecules involved in immune regulation, such as mitochondrial antiviral- signalling 
protein (MAVS), and various mitochondrial proteins can also function as mitochondrial 
damage- associated patterns (DAMPs), shown in detail in Fig. 5. b | The mitochondrial 
DNA (mtDNA) is a 16,569 base- pair genome encoding 37 proteins, including transfer 
RNAs (tRNAs), ribosomal RNAs (rRNAs) and 13 protein subunits of mitochondrial 
oxidative phosphorylation complexes (I, III, IV and V). However, the vast majority  
of the 1,100–1,900 mitochondrial proteins are encoded by the nuclear DNA. MCU, 
mitochondrial calcium uniporter; TFAM, mitochondrial transcription factor A; TIMM, 
translocase of the inner mitochondrial membrane; TOMM, translocase of the outer 
mitochondrial membrane; TSPO, the translocator protein.

◀
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mitochondrial biogenesis and the formation of megamito-
chondria113, and potentially leads to defective IL-2 produc-
tion and inappropriate activation of T cells in SLE114,115. 
Fragmentation of the mitochondrial mass by fission is a 
prerequisite for mitophagy116,117, and requires the expres-
sion of adaptor molecules at the surface (Fig. 3) (for example,  
cardiolipin) and the recruitment of proteins such  
as polyubiquitinated FUNDC1, NDP52 (also known as 
CALCOCO2) and NIX (also known as BNIP3L). These 
proteins enable anchoring of the mitochondrion to the 
phagophore112. Variants of the gene encoding the small 
GTPase RAB4A (also known as HRES-1/RAB4) are 
associated with SLE and its expression is increased in 
CD4+ T cells from patients with SLE116. In homeostasis, 
RAB4A promotes lysosomal degradation of DRP1, subse-
quently inhibiting mitochondrial fission and mitophagy. 
However, overexpression of RAB4A in various models is 
associated with defective mitophagy, increased mitochon-
drial mass, the production of antinuclear autoantibodies 
and nephritis116,118. Mitochondria from CD8+ T cells of 
patients with SLE and a high interferon- stimulated gene 
signature are morphologically distinct from those of 
patients who do not have this gene signature, with the 
increased mitochondrial mass hindering mitochondrial 
metabolism in these cells74.

Mitochondria are normally absent in mature erythro-
cytes, owing to their elimination during erythropoiesis117;  
however, a study published in 2021 revealed that a  
proportion of erythrocytes contain mitochondria in SLE119  
(Fig. 3). Abnormal retention of mitochondria in mature 
erythrocytes in patients with SLE is caused by a defec-
tive hypoxia- inducible factor (HIF)- mediated meta-
bolic switch that leads to impaired activation of the 
ubiquitin- proteasome system, necessary for the execution 
of mitophagy during human erythroid cell maturation. 
Importantly, phagocytosis of opsonized mitochondria- 
 containing erythrocytes induces activation of the 

DNA- sensing cyclic GMP- AMP synthase–stimulator 
of interferon genes (cGAS–STING) pathway in macro-
phages and induces subsequent production of type I 
interferons119. Consistently, high interferon- stimulated 
gene signatures in patients with SLE are associated with 
the presence of mitochondria- containing erythrocytes 
and opsonizing antibodies119.

During angiogenesis, HIF1α activates SIRT1, which 
in turn regulates other processes, including inhibition 
of the Notch signalling pathway, ultimately promoting 
angiogenesis120. Conversely, Notch contributes to the 
assembly of the electron transport chain and subsequent 
ATP production through a non- canonical pathway 
involving Parkin and the PTEN- induced putative kinase 1  
(PINK1) and mTORC2 (reF.121). Notably, non- canonical 
crosstalk between Notch and the mitochondrial dynam-
ics pathways promotes cell survival in various patho-
physiological conditions122,123. The Notch signalling 
pathway regulates mitochondrial remodelling and effec-
tor function in regulatory T (Treg) cells; thus, impairments 
of the Notch pathway might result in inflammation124. 
Indeed, the Notch pathway is dysregulated in various 
murine models of SLE125,126 and in synovial fibroblasts 
from patients with RA41. Overall, these studies suggest 
that dysregulated mitochondrial dynamics has a role in 
rheumatic diseases.

Mitochondria and apoptosis. Another major mech-
anism involving the mitochondrion is programmed 
cell death by the intrinsic pathway of apoptosis127. Cell 
survival is mediated by the homeostatic balance of the 
pro- apoptotic and anti- apoptotic members of the B cell 
lymphoma 2 (BCL-2) family128. During early apopto-
sis, the formation of macropores by members of the 
BCL-2 family of proteins (for example, the formation of 
macropores by BAX and BAK) permeabilizes the mito-
chondrial outer membrane, collapsing the membrane 

Megamitochondria
An abnormally large 
mitochondrion, associated with 
oxidative stress and apoptosis.

Table 1 | Mitochondrial SNPs and their association with diseases

Nucleotide 
position

Locus Electron transport 
chain complex

Nucleotide change 
(amino acid change)

Disease 
(sample size)

Statistical test,  
P value

Ref.

nt9055 MT- ATP6 Complex V G > A (alanine 177 to 
threonine)

SLE (n = 93) P = 0.006a 35

nt4917 MT- ND2 Complex I A > G (asparagine 150 
to aspartic acid)

SLE (n = 93) P = 0.033a 35

nt16189 MT- HV1 
(D- loop 
region)

NA T > C (non- coding) SLE (n = 166)b OR 1.98 (95% CI 
1.04–3.78); P = 0.052c

36

nt13708 MT- ND5 Complex I G > A (alanine 458 to 
threonine)

SLEd(n~23) OR 3.46 (95% CI 
1.08–11.1); P = 0.08c

36

nt4216 MT- ND1 Complex I T > C (tyrosine 304 to 
histidine)

SLEd (n~23) OR 2.71 (95% CI 
0.98–7.55); P = 0.08c

36

nt10398 MT- ND8 Complex I A > G (threonine 114 
to alanine)

SLE with 
secondary 
APS (n = 37)

OR 8.2 (95% CI 
1.1–63); P = 0.017c

36

nt310 MT- HV2 
(D- loop 
region)

NA T > C (non- coding) SLE (n = 85) P = 0.079a 34

Other mtDNA SNPs were studied but with no statistically significant association with SLE: nt1719, nt4216, nt4529, nt10398, 
nt14798, nt16391, nt4917 , nt9055, nt16189, and nt16223 (reF.35). APS, antiphospholipid syndrome; OR, odds ratio; NA, not 
applicable; SLE, systemic lupus erythematosus. aP value calculated using the Chi- squared test. b87% of the patients included were 
females. cOdds ratio (95% confidence interval (95% CI)) and P value, calculated using Fisher’s exact test. dMale cohort.
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potential and releasing intramitochondrial compo-
nents (such as cytochrome c, mtDNA and calcium) 
into the cytosol129,130. The release of cytochrome c into 
the cytosol stimulates the assembly of the apoptosome, 
along with ATP and apoptosis protease activating fac-
tor 1 (APAF1)131. This complex then activates caspase 9,  
enabling the caspase cascade (composed of caspase 3,  
caspase 6 and caspase 7)132,133, ultimately leading to 
the cleavage of extranucleosomal DNA. Additionally, 

cardiolipin expressed at the surface of damaged mito-
chondria is needed to activate NLRP3 (reF.134), resulting 
in downstream caspase 1- mediated production of pro- 
inflammatory cytokines135. By contrast, the extrinsic 
pathways of apoptosis primarily unfold outside of the 
mitochondrion; stimulation of CD95 (also known as 
FAS) leads to caspase 8 activation of BH3 interacting- 
domain death agonist (Bid); however, the intrinsic and 
extrinsic pathways converge with mitochondrial outer 
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Fig. 2 | Mitochondrial dynamics and regulation of the mitochondrial network by fusion and fission. Rather than a 
series of isolated organelles, the mitochondrial mass of a cell is a dynamic network. Various biological pathways (for 
example, T cell receptor (TCR), mammalian target of rapamycin (mTOR), Notch and C1q–C1qBP signalling) can elicit 
changes in the morphology of the mitochondrial network; these processes are regulated by various factors (for example, 
ligand binding, bioavailability of nutrients and the metabolic status of the cell). During mitochondrial fusion, cardiolipin 
(CL) is exported from the inner membrane to the outer membrane of mitochondria and converted into phosphatidic acid 
(PA) by mitochondrial phospholipase D (MitoPLD); this process enables interactions between mitofusins 1 and/or 2 on 
distinct mitochondria and subsequent GTP hydrolysis, resulting in fusion of the outer membranes. Interactions between  
CL and optic atrophy 1 (OPA1), including the soluble short form (S- OPA1) and membrane- bound long form (OPA1) of OPA1, 
result in merging of the mitochondrial inner membranes. By contrast, mitochondrial fission occurs as a result of constriction 
of the mitochondrion via assembly of dynamin- related protein 1 (DRP1) on the surface, segregating the mitochondrion into 
two daughter mitochondria. These mitochondrial dynamics maintain the integrity of mitochondria by removing damaged 
or supernumerary organelles, and also enable immunometabolic regulation by controlling the mitochondrial mass of 
immune cells. This process can go awry and various defects in these pathways (as indicated by the red stars) are implicated 
in SLE; for example, in CD8+ T cells from patients with SLE, type I interferon- triggered mitochondrial hyperfission leads  
to a metabolic shift and a pro- inflammatory phenotype. mtROS, mitochondrial reactive oxygen species.
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membrane permeabilization136. In addition to apopto-
sis, research suggests that mitochondria also have some 
involvement in necroptosis, a programmed form of 
necrosis implicated in SLE pathophysiology137,138.

Emerging evidence suggests that apoptosis and its 
regulation by mitochondria have an important role in 
rheumatic diseases. In a simian model of RA, a com-
plex of RIPK1 and voltage- dependent anion channel 1  
(VDAC1; a major component of the mitochondrial 
outer membrane) triggers apoptosis in cardiomyocytes, 
which might explain various cardiovascular manifesta-
tions in this disease139. In the Jurkat T cell line, incu-
bation with serum from patients with SLE elicits both 
intrinsic and extrinsic apoptotic pathways; overexpres-
sion of BCL-2 inhibits apoptosis, pointing to a nota-
ble contribution of the intrinsic pathway in cell death 
mediated by SLE- related factors140. Mitochondria in 
T cells from patients with SLE have various defects of 
the electron transfer chain, which lead to hyperpolar-
ization of the mitochondria, the production of mtROS 
and downstream dysregulation of apoptosis34,141. These 
defects might hinder activation- induced cell death, 

while promoting necrotic cell death, thus resulting in 
the persistence of autoreactive lymphocytes and the 
generation of substrates for autoantibodies34,73. CD8+ 
T cells from patients with a high type I interferon gene 
signature are more prone to spontaneous cell death 
than cells from both healthy individuals and patients 
that do not express this signature74, suggesting that 
impaired metabolic fitness owing to prolonged type I 
interferon exposure decreases the survivability of cells. 
These CD8+ T cells have various mitochondrial defects 
such as an increased mitochondrial mass, mitochondrial 
hyperpolarization and impaired mitochondrial bioen-
ergetics, including a reduced spare respiratory capacity. 
Mechanistically, chronic exposure to high doses of IFNα 
and TCR stimulation, a combination probably unique 
to patients with SLE, leads to increased consumption of 
NAD+ and a decreased NAD+ to NADH ratio in these 
cells, resulting in mitochondrial dysfunction and cell 
death. Indeed, supplementation with an NAD+ pre-
cursor, nicotinamide mononucleotide, can reverse the 
SLE- like metabolic features of CD8+ T cells and improve 
their viability74 (Fig. 2). In terms of non- immune cells, 
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(such as FUN14 domain- containing protein 1 (FUNDC1), nuclear domain 
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uitination by the PINK1–Parkin system. As a result, the mitochondrion is 
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olamine (PE)–LC3- I (also known as lipidate microtubule- associated protein 

1 A/1B- light chain 3 (LC3- II)). The mitochondria- containing autophago-
phore is subsequently sent to the autophagy machinery for degradation 
(reviewed elsewhere76). Mature erythrocytes lack mitochondria owing to 
the occurrence of mitophagy during erythropoiesis. However, in systemic 
lupus erythematosus, defective proteasome degradation of various pro-
teins of the mitochondrial outer membrane impairs mitophagy in 
pro- erythrocytes, leading to the circulation of mature erythrocytes that 
contain mitochondria. This mechanism is associated with increased levels 
of interferons and TNF. OPTN, optineurin.

Necroptosis
A programmed form of  
cell death by necrosis that, 
unlike apoptosis, elicits 
pro- inflammatory reactions.

Necrosis
A form of cell death, associated 
with the pro- inflammatory 
release of cytosolic content 
into the extracellular space.
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hypoxia and reoxygenation of fibroblast- like synovio-
cytes (an important contributor to inflammatory joint 
diseases such as RA and osteoarthritis) promotes mito-
chondrial permeabilization and ROS release in these 
cells, which activates downstream pro- inflammatory 
pathways142. In summary, mitochondria are capable  
of regulating the fate of immune cells. Dysregulation of  
mitochondrial- dependent programmed cell death might 
thus contribute to inflammation in autoimmune and 
rheumatic conditions.

Cytosolic leakage of mitochondrial nucleic acids. In the 
absence of active caspases, mtDNA released following 
mitochondrial outer membrane permeabilization triggers 
type I interferon responses in a cGAS–STING- dependent 
manner143,144. Furthermore, mtDNA or mtRNA released 
into the cytosol via BAX–BAK macropores can activate 
nucleic acid sensors in the cytosol145 independently of 
cell death130,146,147, ultimately leading to the production 
of type I interferon.

Cytosolic release of mtDNA can occur in live cells  
(as opposed to apoptotic cells) via pores formed by 
VDAC oligomers independent of BAX–BAK macro-
pores and can activate the cGAS–STING pathway,  
as shown in mouse embryo fibroblasts deficient in 
Endog (a nuclear DNA- encoded mitochondrial endo-
nuclease)148. Consistently, splenocytes from lupus- prone 
mice have more VDAC pores and cytosolic mtDNA than 
splenocytes from wild- type mice; similarly, in peripheral 
blood mononuclear cells, the level of VDAC oligomers 
and cytosolic mtDNA is higher in patients with SLE 
than in healthy individuals. Notably, treatment with 
VBIT-4, a VDAC oligomerization inhibitor, can abro-
gate the SLE- like symptoms of lupus- prone mice, which 
is paralleled by a concomitant decrease in cytosolic  
mtDNA.

Although the pathophysiological implications of 
cytosolic leakage of mtRNA still need to be confirmed in 
autoimmune diseases, including SLE, a role for cytosolic 
leakage of mtRNA in triggering type I interferon responses 
is also emerging. Notably, mtDNA double- stranded 
breaks (mtDSBs) generated by mitochondria- targeted 
nucleases or irradiation can trigger cytosolic leakage 
of mtRNA and induce retinoic acid- inducible gene I 
(RIGI)- dependent interferon responses in human epithe-
lial cells149. The mtDSBs lead to herniation of the inner 
mitochondrial membrane owing to the formation of pores 
composed of the pro- apoptotic proteins BAX and BAK, 
suggesting the involvement of these pores in mtRNA 
leakage. Consistently, depletion of BAX and BAK pro-
teins or inhibition of BAX oligomerization in these cells 
leads to a considerable decrease in mtDSB- induced type I 
interferon response. This finding contrasts with previous 
work showing that mtDNA stress, induced by the haplo-
insufficiency of the mitochondrial transcription factor A 
(TFAM), can lead to robust cGAS–STING activation147, 
suggesting that different mitochondrial stressors engage 
unique nucleic acid sensors driven by the availability of the 
mitochondrial- derived nuclear component. Incidentally, 
although mtDNA transcription points towards the pro-
duction of single- stranded mtRNA, some evidence 
supports the existence of unstable double- stranded 

mtRNA during homeostasis150. However, the produc-
tion of double- stranded mRNA seems to be under tight 
regu lation by RNAses, as defective degradation leads to 
double- stranded mtRNA accumulation in the organelle, 
subsequent cytosolic leakage of double- stranded mtRNA 
and type I interferon production150.

Mitochondrial danger signals
The presence of N- formylated peptides and cardio-
lipin in mitochondria, and the genetic similarity of the 
genomes of the mitochondrion and Rickettsia prowazekii  
(a pathogen responsible for epidemic typhus) suggest 
that mitochondria originate from a symbiotic relation-
ship (endosymbiosis) between an α- proteobacterium 
and a primitive eukaryotic cell10. The potential bacte-
rial origin of mitochondria might provide features that 
are recognized by the innate immune system following 
the release of intact organelles or fragmented mito-
chondrial components into the extracellular milieu. 
Extracellular mitochondria can also lead to the expres-
sion of intracellular biomolecules (for example, ATP), 
indicative of cellular damage when detected in the 
extracellular space. The various mitochondrial features 
recognized by the innate immune system are referred 
to as mitochondrial damage- associated molecular 
patterns (mtDAMPs). The recognition of mtDAMPs 
elicits pro- inflammatory responses from the innate 
immune system. Mitochondria can exchange mole-
cules with other organelles within the cell by generating 
mitochondria- derived vesicles in the cytosol, a process 
under the control of PINK1 (reF.151). This well- controlled 
process, involving the selective packaging of mitochon-
drial proteins in these vesicles, prevents their release as 
mtDAMPs by cells145 (Fig. 4). In the following section, 
we will present various mitochondrial biomolecules 
whose features are recognized by the innate immune  
system and their potential involvement in rheumatic 
diseases.

Mitochondrial nucleic acids. Circulating mtDNA, 
which can stimulate TLR9 signalling, is present in 
various inflammatory conditions, including RA152,153, 
SLE154, Sjögren syndrome155, cancers156,157, neurodegen-
erative diseases158–161, cardiovascular disease162, type 2 
diabetes163,164, HIV165, liver injuries166, traumas167, corrosive 
injuries168, sepsis169, ageing170 and stress171,172. Interestingly, 
within the mitochondrion, mtDNA is transcribed into 
polycistronic RNAs and then processed into mature 
mtRNA22,23. Extracellular mtRNA might thus function as 
a ligand for TLR7 and TLR8 (reFs.173,174) and contribute  
to SLE.

Unlike other cell types, human neutrophils do not 
undergo mitophagy following mitochondrial damage but 
instead release mtDNA–TFAM complexes175. Oxidized 
mtDNA released from neutrophils of patients with SLE 
can induce type I interferon production by plasmacytoid 
dendritic cells175 (Figs. 4 and 5). Moreover, pDCs acti-
vated by oxidized mtDNA induce a unique population of 
CD4+ T cells, TH10 (CXCR5−CXCR3+PD1hiCD4+ T cell), 
that have altered metabolic features; these cells have 
accumulated levels of mtROS and succinate and produce 
large amounts of IL-10 and IFNγ but not IL-21 (reF.75).
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Extrusion of mtDNA can also occur through NET 
formation57. Mechanistically, in neutrophils activated by 
immune complexes containing U1 small nuclear ribo-
nucleoproteins (SnRNPs), mitochondria generate exces-
sive amounts of ROS, which supports the formation 
and extrusion of NETs (a web- like structure containing 
chromatin, cytosolic and mitochondrial components). 
The extruded mitochondrial components contain highly 
oxidized mtDNA that can provoke type I interferon  
production in a cGAS–STING- dependent manner,  
a process probably well conserved among all cell types 
given the ubiquity of these molecules. Notably, compared 
with neutrophils from healthy individuals, neutrophils 
from patients with SLE, particularly low- density granu-
locytes, have high baseline levels of mitochondrial ROS 
generation that promotes spontaneous NET formation 

and the extrusion of inflammatory oxidized mtDNA57. 
Blocking mtDNA extrusion, using a mitochondrial ROS 
scavenger, ameliorates SLE- like disease in lupus- prone 
mice, implicating oxidized mtDNA as a pathogenic 
driver in SLE57 (Figs. 4 and 5).

N- formylated peptides. The synthesis of mitochon-
drial protein is initiated by an N- formylmethionyl- 
tRNA, similar to that which occurs in prokaryotes176. 
Thus, mitochondria are the only cellular compartment 
to produce and sequester endogenous N- formylated 
(fMet) peptides. These specific peptides are ligands 
for formyl- peptide receptors (FPR), called G protein- 
coupled receptors. Although mainly expressed on the 
neutrophil surface, FPRs are also expressed by mono-
cytes, dendritic cells, hepatocytes and neurons177,178.  
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Fig. 4 | The various roles of the mitochondrion in inflammation. The mito-
chondrion has various roles in the innate immune response to bacteria and 
viruses (shown in blue), as well as humoral responses (shown in yellow)  
and pro- inflammatory responses (shown in red) during autoimmunity. 
Mitochondria contribute to normal antibacterial and antiviral immune 
responses via several biological signalling pathways. Mitochondrial 
antiviral- signalling proteins (MAVSs) are important for sensing cytosolic viral 
proteins and promoting pro- inflammatory antiviral responses. Mitochondrial 
DNA (mtDNA), oxidized mtDNA, mitochondrial reactive oxygen species 
(mtROS) and cardiolipin are danger signals that activate innate immune 

responses. However, mitochondrial proteins contain bacterial patterns that 
might be recognized as damage- associated molecular patterns (mtDAMPS) 
by the innate immune system, even in the absence of an infection, eliciting 
pro- inflammatory responses (also presented in Figs. 1 and 6), including acti-
vation of neutrophils and plasmacytoid dendritic cells (pDCs), and the produc-
tion of pro- inflammatory cytokines. Moreover, mitochondrial epitopes, either 
native (cryptic epitopes) or edited by metabolism (such as oxidative stress and 
apoptosis) are apparent targets of autoantibodies (anti- mitochondrial anti-
bodies (AMAs) in autoimmune conditions, including primary biliary cirrhosis, 
systemic lupus erythematosus and antiphospholipid syndrome.
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In human neutrophils, the binding of FPR1 and FPR2 to 
N- formylated peptides triggers the release of Ca2+ into 
the cytosol and ultimately leads to the migration and 
activation of neutrophils13 (Fig. 4).

Because of the pathophysiological importance of FPRs 
expressed by neutrophils in the initiation and progression 
of RA179, most of the studies pertaining to the role of FPR 
in rheumatic diseases have been performed in the context 
of RA. In this disease, neutrophils are primed to respond 
to fMet peptides, as shown by the high oxidative burst of 
neutrophils in response to fMLP, a prototypic bacterial 
fMet peptide, ex vivo180. Some of the factors involved in 
priming these neutrophils could include TNF and LPS, 
which are known to upregulate the expression of FPR1 
on neutrophils181–183. Notably, data from animal models of 
septic arthritis have shown that bacteria- derived fMet pep-
tides are virulence factors that contribute to joint damage  
via neutrophil- mediated inflammation in the joints184.

Mitochondrial fMet levels are elevated in patients 
with RA compared with healthy individuals and are 
associated with neutrophil- mediated inflammation 
and disease progression, including the development of  
rheumatoid nodules185. Specifically, increased levels  
of mitochondrial fMet peptides, as has been observed in 
three independent cohorts of patients with RA, correlate 
with circulating levels of neutrophil activation markers, 
including levels of NETs, calprotectin and peroxidase, as 
well as with markers of inflammation (such as C- reactive 
protein (CRP) level and erythrocyte sedimentation rate).  
More importantly, mitochondrial fMet levels can distin-
guish patients based on disease activity and are associated 
with current joint erosion and joint space narrowing at 
baseline. Incorporating measurements of mitochondrial 
fMet level can improve the prognostic capacity of ACPA 
positivity to predict erosive disease in RA. Furthermore, 
the mitochondrial fMet levels at baseline are predictive of 
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Fig. 5 | The role of extracellular mitochondria in SLE pathophysiology. 
The activation of various cell types can result in the release of intact mito-
chondria or mitochondrial components in the extracellular milieu that con-
tribute to the formation of mitochondrial antigen- containing immune 
complexes, thereby promoting disease activity and damage in systemic 
lupus erythematosus (SLE). Platelets are a major source of extracellular mito-
chondria. Platelet co- stimulation by immune complexes and fibrinogen 
(through the receptors FcɣRIIa and ɑ2bβ3, respectively) results in platelet 
recruitment to the kidney, the production of extracellular vesicles without 
mitochondria (extracellular vesicles), the release of encapsulated mitochon-
dria and/or the release of mitochondria devoid of membrane moieties 
(naked mitochondria). Naked mitochondria can be targeted by the secreted 
phospholipase A2 group IIA (sPLA2- IIA), resulting in the release of 
pro- inflammatory lipid mediators such as fatty acids and lysophospholipids 
(including lysocardiolipin), as well as mitochondrial DNA (mtDNA), mito-
chondrial RNA (mtRNA) and other mitochondrial damage- associated pat-
terns (mtDAMPs) including cardiolipin. Toll- like receptor 4 (TLR4)- activated 

monocytes can produce similar subsets of microparticles, with monocyte- 
 derived naked mitochondria eliciting the production of pro- inflammatory 
cytokines (such as type I interferons and TNF) by endothelial cells. Extra-
cellular vesicles can promote the production of antibodies by B cells, which 
can subsequently assemble into immune complexes that can activate vari-
ous cell lines such as platelets or neutrophils by binding FcɣRIIa. Activated 
neutrophils can trigger the production of type I interferon by plasmacytoid 
dendritic cells (pDCs) through the release of oxidized mtDNA (alone or in a 
complex with mitochondrial transcription factor A (TFAM)) during NETosis. 
In addition to activating innate immune responses, various mitochondrial 
proteins are potential autoantigens in SLE and might promote adaptive 
immune responses; indeed, autoantibodies to mitochondrial biomolecules 
(anti- mitochondrial antibodies (AMAs)) such as cardiolipin (anticardiolipin 
(aCL) antibodies), mtDNA or mitochondrial RNA are present in SLE. The gen-
eration of immune complexes that include mitochondrial antigens and 
AMAs can lead to organ damage and disease progression. EV, extracellular 
vesicle.
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extra- articular nodules development. Notably, mitochon-
drial fMet peptides circulating in the plasma of patients 
with RA can support neutrophil activation in vitro via 
FPR1 (as shown by FPR1 blockade experiments)185.

Overall, these findings suggest that mitochondrial 
fMet peptides might be useful novel clinical biomark-
ers for measuring disease activity and disease severity. 
Furthermore, mitochondrial fMet peptide- mediated sig-
nalling is a potential therapeutic target for ameliorating 
neutrophil- dominant inflammation in sterile inflam-
matory conditions such as RA185. Additional studies are 
needed to determine whether fMet peptides are involved 
in neutrophil- mediated inflammation and/or in other 
rheumatic inflammatory diseases, including SLE. 
Notably, various mtDNA variants are associated with 
levels of circulating fMet, and fMet levels are associated 
with increased risks of various diseases (for example, of 
the renal, pulmonary or cardiovascular systems). These 
associations suggest that assessing fMet levels and/or 
mtDNA haplogroups might be utilized as biomarkers to 
predict certain disease manifestations186.

Cardiolipin. In healthy human cells, cardiolipin is 
synthetized in the mitochondrion, and is only located 
within the inner membranes of functional mitochon-
dria (although other exogenous sources of cardiolipin 
exist such as the microbial flora)187,188. In acidic envi-
ronments, such as those created by the mitochondrial 
proton gradient, the glycerol backbone of the cardiolipin 
enables the formation of tubular structures resembling 
cristae187,189,190. Non- covalent interactions between car-
diolipin and various proteins are necessary for vari-
ous mitochondrial functions such as energy supply. 
Cardiolipin is also involved in the regulation of mito-
chondrial fusion and fission191–193. Furthermore, during 
early apoptosis, cytochrome c undergoes conformational 
changes owing to interactions with cardiolipin, contrib-
uting to the subsequent cytosolic release of cytochrome c  
and caspase activation194. Cardiolipin contains an abun-
dance of unsaturated moieties and is hence prone to 
spontaneous oxidation; notably, oxidized cardiolipin is 
detectable on the surface of apoptotic bodies63. Cardio-
lipin is of particular importance in SLE and APS, given 
its immunogenic nature; indeed, anticardiolipin (aCL) 
antibodies are prevalent in SLE and are associated with 
thrombotic events195. Thus, with its roles in mitochon-
drial integrity and functions, cardiolipin might also 
contribute to rheumatic diseases independently of its 
antigenicity.

Extracellular ATP. ATP concentrations are highly com-
partmentalized, with approximately a thousand- fold 
difference between the nanomolar concentrations found 
in the extracellular space and the micromolar concen-
trations found in the cytosol. Extracellular ATP can be 
released passively during tissue damage, leaked during 
programmed cell death, or released by activated cells, 
triggering signalling through P2X or P2Y purinergic 
receptors196. The P2X family comprises seven different 
cation- selective ion channels, with P2X7 being the most 
studied in immune responses197. Recognition of extra-
cellular ATP by P2X7 elicits the release of intracellular 

potassium and an increase in cytosolic calcium, result-
ing in activation of NLRP3 and downstream release of 
pro- inflammatory cytokines (for example, IL-1β, IL-6 
and IL-8 and MCP1)198–200. Various studies have linked 
circulating ATP with disease. For example, the levels  
of circulating ATP are increased in patients with RA 
compared with healthy individuals. Furthermore, extra-
cellular ATP can activate CD8+ T cells from patients with 
RA following ex vivo co- incubation201. The expression 
of P2X is dysregulated in PBMCs from patients with 
SLE and in B cells obtained from a spontaneous mouse 
model of SLE202,203 and is thought to be associated with 
disease pathogenesis and progression202. Finally, fibro-
blasts contribute to skin fibrosis in systemic sclerosis 
through P2Y- mediated inflammation204.

Extracellular cytochrome c. Consistent with the release 
of mitochondrial components during cell death (Fig. 5), 
circulating levels of cytochrome c are present in inflam-
matory conditions such as arthritis, psoriasis or SLE205. 
Even though the pathophysiological pathways involved 
in the stimulation of the immune system by extracellular 
cytochrome c are uncharacterized, reports suggest that 
cytochrome c can bind to leucine- rich α2 glycoprotein,  
a plasma protein that is elevated during inflammation206,207. 
Intra- articular injection of cytochrome c induces NF- ĸB-  
mediated arthritis in mice208. Interestingly, the circulat-
ing autoantibody repertoire in patients with SLE includes 
IgG antibodies that target cytochrome c209. Additionally, 
the presence of extracellular cytochrome c and mark-
ers of oxidative stress in joints and connective tissues of 
patients with psoriasis or psoriatic arthritis suggests that 
mitochondrial dysfunction has a role in inflammatory 
arthritis210.

Production of extracellular mitochondria
Necrosis represents an archetypal passive form of mito-
chondrial release into the extracellular space following 
trauma or tissue injury. Necrosis is characterized by 
cell and organelle swelling and uncontrolled rupture of 
the plasma membrane, resulting in spillage of cell con-
tents into the extracellular space. Interestingly, T cells of 
patients with SLE are characterized by a predisposition to 
necrosis, suggesting that necrotic cell death is one source 
of extracellular mitochondria in SLE. Moreover, pro-
grammed necrosis (known as necroptosis) and pyroptosis 
induce the active release of intact mitochondria into the 
extracellular milieu211.

Mitochondria are released from cells undergoing 
TNF- induced necroptosis via RIP1–RIP3 activation, 
as shown in Fas- associated protein with death domain 
(FADD)- deficient Jurkat T cells and L929 cells (a murine 
fibroblast cell line); this mitochondrial release occurs 
before plasma membrane disruption, suggesting that 
the mitochondria are actively released from necrop-
totic cells212. However, the mechanism of mitochon-
drial release during necroptosis remains to be explored. 
Importantly, the intact mitochondria released during 
necroptosis can trigger pro- inflammatory responses 
following engulfment by other immune cells212. Given 
the pro- inflammatory milieu of SLE and RA, this 
mechanism of necroptosis- induced active release of 

Pyroptosis
A pro- inflammatory type  
of programmed cell death.

www.nature.com/nrrheum

R e v i e w s

632 | November 2022 | volume 18 



0123456789();: 

pro- inflammatory mitochondria might also occur under 
these disease conditions.

Extracellular vesicles, also referred to microparticles, 
can also contain mitochondria and can associate with 
antibodies, forming large extracellular vesicle- containing 
immune complexes213. The plasma of patients with SLE 
contains elevated levels of extracellular vesicle- containing 
immune complexes compared with healthy individuals, the 
presence of which is associated with anti- dsDNA antibod-
ies, pro- inflammatory cytokines and disease activity213–217. 
Moreover, patients with higher disease acti vity have nota-
bly higher numbers of extracellular vesicle- containing 
immune complexes with exposed mitochon drial outer 
membrane markers, TOMM-20 and hexo kinase I218, than 
patients with lower disease activity, suggesting that pro-
teins of mitochondrial origin could be potential autoanti-
gens in SLE217. Notably, stimulated monocytes also release 
extracellular mitochondria capable of stimulating the pro-
duction of pro- inflammatory cytokines by endothelial  
cells219 (Fig. 5).

In a similar fashion, numerous stimuli, including 
immune complexes and their combination with TLR lig-
ands, are able to induce platelet activation and subsequent 
release of extracellular mitochondria214,215. These mito-
chondria can be ‘naked’ (that is, devoid of plasma mem-
brane moieties) or wrapped in a plasma membrane and 
encapsulated within extracellular vesicles. Because of their 
number, platelets are the main reservoir of mitochondria 
in the blood, and thus the principal source of extracellular 
mitochondria214. Intriguingly, most of the mtDNA present 
in the plasma of patients with SLE originates from naked 
mitochondria214. Data from transgenic animals and mice 
with fluorescently labelled mitochondria suggest that, in 
models of SLE, platelets are a notable source of mtDNA, 
most of which is contained in naked mitochondria214. 
Thus, although platelets are anucleated and hence cannot 
contribute to a load of extracellular genomic DNA in SLE, 
they do represent an important source of extracellular 
mtDNA and mitochondrial DAMPs (Fig. 5).

Naked mitochondria are endogenous substrates for 
secreted phospholipase A2 group IIA, a secreted enzyme 
that is highly potent at hydrolysing Gram- positive bac-
teria. The hydrolysis of mitochondrial membranes 
by secreted phospholipase A2 group IIA results in the 
release of pro- inflammatory lipid mediators and mtDNA, 
which promote neutrophil activation215. Interestingly, 
platelet- derived mitochondria are detectable in the 
synovial fluid of patients with RA and are present at 
higher levels than in the synovial fluid of patients with 
osteoarthritis215, suggesting that the detection of extra-
cellular mitochondria might constitute a new avenue for 
the development of biomarkers in rheumatic diseases.

Links to adaptive immune responses
Mitochondrial antigen presentation by MHC molecules. 
Given the prokaryotic origin of the mitochondrion, the 
innate immune system is mainly implicated in mediating 
the pro- inflammatory response to mitochondrial anti-
gens; however, a humoral response to mitochondrial 
antigens, comprising anti- mitochondrial antibodies tar-
geting various organelle epitopes, also occurs. Antigen 
presentation via MHC molecules is a prerequisite for the 

adaptive immune responses and various data points to 
the occurrence of mitochondrial antigen presentation. 
For example, either mitophagy or mitochondria- derived 
vesicles can supply mitochondrial antigens for process-
ing and presentation by MHC class I molecules220,221 
(Fig. 6). Furthermore, H2- M3, a MHC class Ib molecule, 
has an affinity for short N- formylated peptides such as 
those encoded by the mitochondrial genome222. Deletion 
of β2 microglobulin (an MHC class I molecule) or CD1d 
(a non- classical MHC protein) in an NZW/NZB F1 
murine model of spontaneous SLE results in a reduction 
of circulating aCL antibodies223,224. Although this finding 
suggests the involvement of β2 microglobulin and CD1d 
in the presentation of cardiolipin, deletion of these mole-
cules also increases the production of other SLE autoan-
tibodies and leads to kidney damage and mortality225, 
pointing to the involvement of multiple mechanisms 
in promoting the formation of autoantibodies in SLE. 
Mitochondrial antigens presented by MHC II molecules 
are detectable in tumour cells and in primary biliary 
cirrhosis (PBC, also called primary biliary cholangitis), 
suggesting that MHC class II molecules also contrib-
ute to pro- inflammatory responses to mitochondrial 
antigens226,227. The oxidation of mitochondrial epitopes 
during apoptosis might lead to formation of neoantigens 
that are recognized by anti- mitochondrial antibodies228. 
Molecular mimicry might also explain the antigenicity 
of some mitochondrial proteins and their presentation 
by MHC II molecules227 (Fig. 6).

Anti- mitochondrial antibodies. Various autoantibodies 
against mitochondrial antigens have been fully charac-
terized and/or reported in patients with specific inflam-
matory conditions. Nine of these anti- mitochondrial 
antibodies (AMA- M1 to AMA- M9) have been identified 
and named according to their specific characteristics 
(that is, the targets, pathological context of detection, 
appearance by indirect immunofluorescence (IIF), 
band labelling by western blot and ability to bind to 
complement)229–231.

The detection of the M2 type of anti- mitochondrial 
antibodies (that is, AMA- M2, often mistakenly referred 
to as ‘AMA’ by metonymy) is routinely performed in clin-
ical settings as AMA- M2 positivity is a serological crite-
rion for the diagnosis of PBC232. AMA- M2 have several 
targets; the E2 subunit of the pyruvate dehydrogenase 
complex- E2 (PDC- E2) being the immunodominant 
epitope233. Other AMA targets in PBC include sulphite 
oxidase (AMA- M4)234–236, glycogen phosphorylase 
(AMA- M9)237 and other unknown mitochondrial anti-
gens (AMA- M8)238. AMA profiling of patients with PBC 
has enabled researchers to improve both diagnosis and 
prognosis of the disease229,237. Notably, several studies 
have reported the presence of similar anti- mitochondrial 
antibodies in patients with Sjögren syndrome239,240, 
raising interest in the pathogenic involvement of 
anti- mitochondrial antibodies in diseases that affect the 
exocrine glands and epithelia241.

A limited number of reports refer to other types of 
anti- mitochondrial antibodies. Two other types of anti- 
 mitochondrial antibodies are produced as iatrogenic 
adverse effects: AMA- M3 antibodies can occur in 
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Venocuran- induced pseudo- lupus erythematosus242 
and AMA- M6 antibodies, targeting mitochondrial 
monoamine oxidase B, can develop in patients treated 
with Iproniazid, a monoamine oxidase inhibitor243. 
Both drugs have been withdrawn owing to their various 
adverse effects. Finally, antibodies to sarcosine dehy-
drogenase (AMA- M7 antibodies) have been detected in 
patients with heart conditions244–247.

AMA- M1 are a group of aCL antibodies that are 
directed solely towards cardiolipin229. They contrast 
with polyreactive aCL antibodies that require the 
presence of protein–phospholipid complexes such as 
those containing β2 glycoprotein I (β2GPI, also known 
as apolipoprotein H)248–250. Positivity for polyreactive 
aCL antibodies is a criterion in the classification of two 
autoimmune conditions: APS and SLE251,252. aCL anti-
body titres in these diseases are associated with throm-
bosis and pregnancy complications253. AMA- M5 are 
complement- fixing autoantibodies that target unknown 
mitochondrial antigens. Initially, AMA- M5 were 
thought to be redundant with aCL antibodies; however, 
later studies confirmed that AMA- M5 and antiphos-
pholipid antibodies (aPL; a group comprising lupus 
anticoagulant, anti- β2GPI antibodies and aCL antibod-
ies) are distinct autoantibodies254,255. AMA- M5 and aCL 
antibodies have similar associations with disease man-
ifestations (such as associations with thrombosis and  
fetal loss)256.

Oxidative stress and subsequent mTOR activation 
occurs in various rheumatic diseases257–259. Notably, 
inhibition of the mTOR pathway by rapamycin restores 
mitochondrial fission and mitophagy, and prevents 
aPL antibody production in an MRL/lpr murine model  
of SLE249. Additionally, mTOR blockade in patients with 
SLE treated with N- acetylcysteine or rapamycin reduces 

both pro- inflammatory T cells and disease activity85,260, 
suggesting that dietary supplementation or drugs that 
regulate mitochondrial dynamics might constitute 
novel therapeutic avenues for mitigating autoantibody 
production in SLE.

In addition to the canonical nine types of 
anti- mitochondrial antibodies, autoantibodies to 
other mitochondrial antigens are also present in vari-
ous pathophysiological conditions. Immunoreactivity 
to intact mitochondria (owing to the presence of 
anti- whole mitochondria antibodies) is increased in 
the sera of patients with SLE compared with that of 
healthy individuals and is associated with increased 
disease activity230,261,262. Antibodies to mitochondrial 
nucleic acids (mtDNA and mtRNA) are also present in 
patients with SLE or APS230,231,261,262. IgG antibodies that 
target mtDNA (anti- mtDNA antibodies) are increased 
in the sera of patients with SLE compared with healthy 
individuals and are associated with disease activity and 
the development of lupus nephritis230. Similarly, patients 
with APS have higher titres of anti- mtDNA IgM anti-
bodies than healthy individuals; however, in these 
patients, increased anti- mtDNA IgM antibodies titres 
was associated with a decreased likelihood of having a 
history of arterial thrombosis, although these findings 
need to be confirmed in more patients261. Both IgG and 
IgM antibodies that target mtRNA (anti- mtRNA anti-
bodies) are present at higher titres in patients with SLE 
or APS than in healthy individuals; in patients with SLE, 
higher titres of anti- mtRNA IgG antibodies are associ-
ated with a lower occurrence of carotid plaque and lupus 
nephritis231,261. These antibodies can also cross- react with 
other autoantigens, similar to how anti- Th/To autoanti-
bodies in systemic sclerosis can cross- react with ribo-
nucleoproteins of the mitochondrion263. In SLE, higher 
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Fig. 6 | Mitochondrial antigen presentation by MHC molecules in autoimmune diseases. Mitochondrial antigen 
presentation by MHC I might occur through pathways involving mitophagy or through pathways involving mitochondria- 
derived vesicles (MDVs) that are generated in the absence of PINK1 and Parkin. Cardiolipin (CL) could be presented by 
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derived from the cell or from extracellular sources. The presence of cross- reactive AMA- M2 antibodies in primary biliary 
cirrhosis and potentially other autoimmune diseases could be due to molecular mimicry between self- antigens and 
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titres of anti- mtRNA antibodies and anti- mtDNA anti-
bodies are associated with higher titres of anti- dsDNA 
antibodies, indicating that mitochondrial nucleic acids 
represent a possible source of autoantigens for antibod-
ies that cross- react with both nuclear and mitochon-
drial nucleic acids. However, the clinical associations 
between levels of anti- whole mitochondria antibod-
ies, anti- mtDNA antibodies and anti- mtRNA anti-
bodies in the literature have only been performed in 
cross- sectional studies and thus require confirmation 
in larger prospective cohorts.

Antibodies to mitochondrial 60 kDa heat- shock pro-
tein (HSP60), a mitochondrial protein, are increased 
in patients with SLE and are associated with throm-
botic events when concomitantly present with aPL 
antibodies264,265. Using mass spectrometry, researchers 
have attempted to identify the mitochondrial targets of 
these autoantibodies: in this study, 431 mitochondrial 
proteins (and hence potential targets) co- precipitated 
with autoantibodies from patients with SLE266. Among 
these targets, autoantibodies against mitofusin 1 and 
C1qBP were elevated in a cohort of patients with SLE266.

Interestingly, although autoantibodies to mito-
chondria often seem pathogenic, emerging evidence 
also points to the existence of naturally occurring 
mitochondrial antibodies. These natural antibodies 
(including IgG, IgM and IgA antibodies) are produced 
in the absence of any detectable disease and without any 
known immunization with mitochondrial epitopes267,268. 
Naturally occurring mitochondrial antibodies are 
thought to enhance the clearance of mitochondrial com-
ponents released during cell death and apoptosis63, as 
indicated by the various negative associations between 
levels of autoantibodies to mitochondria and clinical 
parameters of several diseases231,261,269.

Overall, anti- mitochondrial antibodies are produced 
in various conditions such as SLE, APS or systemic scle-
rosis, and preliminary cross- sectional studies indicate 
that anti- mitochondrial antibodies are associated with 
various disease manifestations. These data highlight 
the need for further studies, including measurements 
of other biomarkers in addition to anti- mitochondrial 
antibodies to delineate clusters of patients. These results 
might lead to improved diagnoses and/or prognoses of 
rheumatic diseases.

Conclusion
Although the mitochondrion was first regarded as simply 
the powerhouse of the cell, the discovery of the intrinsic 
apoptosis pathway has led to a greater appreciation for 
the role of this organelle in numerous biological path-
ways. The dysregulations of these interactions can lead 
to a loss of mitochondrial homeostasis and downstream 
cellular defects. The nucleus and the mitochondrion are 
the only genome- containing organelles in human cells; 
despite knowledge gained from genome- wide associa-
tion studies, further studies are warranted to identify 
genetic defects within the mitochondrial genome and 
their associations with the pathophysiologies of auto-
immune or rheumatic diseases, for instance, to con-
firm current hypotheses pertaining to the influence 
of maternal inheritance of mitochondria on pedigree 

inheritance of autoimmune diseases26,27,270. Additionally, 
specific mutations in the mitochondrial genome seem 
geographically or ethnically restricted and thus might be 
grouped (that is, into haplogroups) to reveal subgroups 
at increased risks of developing SLE271,272.

Accumulating findings point to a role for metabolism 
in various conditions, including rheumatic diseases. The 
balance between glycolysis and oxidative phosphoryl-
ation in providing energy for the cell not only defines 
the yield of ATP production but might also affect the 
levels of oxidation (for example, through the produc-
tion of mtROS) and the consumption of metabolites 
(such as glucose and fatty acids)273,274. Given the mount-
ing evidence that adipose tissue- resident immune cells 
and their interactions with adipocytes contribute to 
health and diseases275, whether mitochondrial defects 
in these cells, in particular, affect rheumatic disease is 
an appealing direction of research that could lead to 
potential therapeutic avenues for preventing oxida-
tive damage in ageing, rheumatic, cardiovascular and 
neurodegenerative diseases.

The link between type I interferon production and 
mitochondria is well established. Given the bacterial 
features of mitochondria, the detection of mitochondrial 
motives by cells of the innate and adaptive immunity 
might elicit potent pro- inflammatory responses147,276,277. 
Research into the active release of mitochondria into 
the extracellular milieu212,214,278 has led to the discovery 
of a new type of cell- to- cell communication, termed 
‘transmitophagy’, that contributes to both inflamma-
tion and tissue rejuvenation. Cells with mitochondrial 
defects might release the damaged mitochondria to be 
picked up by other cells, thereby facilitating their deg-
radation by recipient cells279. The release of extracellu-
lar mitochondria with preserved functions and their 
subsequent recapture by other cells might enable the 
restoration of mitochondrial functions in the recipient 
cells33,280–282. In addition to the release of mitochondria 
(as free organelle or encapsulated in extracellular ves-
icles) and their capture by recipient cells, the transfer 
of mitochondria between cells might occur via cellu-
lar fusion or tunnelling nanotubes283–285. Moreover, the 
in vitro transfer of healthy mitochondria to CD4+ T cells 
from patients with RA can restore aspartate metabolism 
and decrease the production of TNF, compared with 
untreated controls286–288. These discoveries are currently 
driving new research into mitochondrial transplantation. 
Although mitochondrial transfer seems a normal mech-
anism in homeostasis, whether this process is increased, 
and its potential pathophysiological function in diseases 
such as SLE, remains to be explored. Another important 
aspect to explore is whether transmitophagy contributes 
to tissue repair in rheumatic diseases, or whether the pro-
duction of ROS or anti- mitochondria antibodies disrupts 
this process, preventing efficient repair. The generation 
of anti- mitochondria antibodies might affect mitochon-
drial transfer between cells, thus skewing mitochondrial 
activity towards pathogenic functions.

The characterization of the anti- mitochondrial immune 
response could provide further insight into the pathophys-
iological roles of anti- mitochondrial antibodies in auto-
immune diseases. Studying the ‘mitochondrial spectrum’,  

Transmitophagy
Cell- to- cell transmission  
of mitochondria.
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comprising the various mitochondrial antigens and their 
anti- mitochondrial antibodies in autoimmunity, would 
permit a better understanding of the differences between 
naturally occurring mitochondrial antibodies and path-
ogenic anti- mitochondrial autoantibodies. The charac-
terization of mitochondrial antigen–anti- mitochondrial 
antibody interactions, prospective follow- up studies of 
anti- mitochondrial antibody titres during the course  
of various autoimmune conditions, and the association of 
anti- mitochondrial antibodies with disease outcomes is 
also of the utmost interest. Combining the newly acquired 
knowledge on mitochondrial functions, dysfunctions, 
and their antigenic role in autoimmune diseases and 
inflammation with what we already know of autoanti-
body and cytokine signatures in rheumatic diseases might 
lead to a reclassification of patients through their immune 
signatures rather than their clinical presentations. Such 

studies could potentially lead to the development of 
novel clinical assays dedicated to improving the diag-
noses and/or the prognoses of autoimmune diseases or 
better patient stratification leading to refined clinical  
care strategies.

In summary, growing evidence points to an impor-
tant role for mitochondria in rheumatic diseases, and 
suggests that mitochondria are more than simply ‘one 
more autoantigen’. Further research into the role of 
mitochondria in health and diseases, which probably 
varies depending on the cell type or tissue scrutinized 
or the age of the individual investigated and includes 
both protective and pro- inflammatory functions, could 
reveal new molecular pathways to be targeted in the 
development of treatments for diseases.
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Immune-checkpoint inhibitors (ICIs) are revolution-
izing therapy in oncology. Blocking natural immune 
checkpoints enhances antitumoural immunity, but can 
also lead to a break in self-tolerance, with the occur-
rence of immune-related adverse events (irAEs)1. This 
immune off-target toxicity mostly affects the skin, the 
gastrointestinal tract (resulting in colitis) and the thy-
roid gland (thyroiditis), but any organ can be involved. 
In response to treatment with ICIs, irAEs can occur in 
isolation, or they can present as de novo autoimmune or 
inflammatory disease, mimicking conventional autoim-
mune diseases. Paraneoplastic syndromes can also occur 
or be worsened2. Last, flares of pre-existing autoimmune 
disease can occur3. The types of immune manifestation 
that should be screened for before and during ICI ther-
apy are summarized in Box 1. Because of the potential 
for severe immune toxicity and disease flares, clinical 
trials have excluded patients with pre-existing autoim-
mune disease. However, the efficacy of ICIs towards 
metastatic cancers has prompted clinicians to propose  

that they should be used for treatment of a wider popu-
lation, including patients with chronic infectious diseases  
or autoimmune diseases, as well as those undergoing 
organ transplantation. Evidence is accumulating with 
regard to ICI use in patients with pre-existing auto-
immune disease, with reassuring safety data reported 
in numerous case reports and in several retrospective 
series. Nevertheless, the use of ICIs in this population 
remains challenging, with the need for further prospec-
tive, controlled studies. In this Review, we discuss the 
current evidence on this topic along with some pub-
lished, consensus-based guidelines, and propose some 
practical considerations for patients with pre-existing 
autoimmune disease in whom treatment with an ICI is 
being initiated, with respect to oncological indications.

Autoimmunity and malignancy are linked
Autoimmunity and malignancy are linked in many 
ways. Long-standing inflammation and chronic antigen 
stimulation can lead to cancer occurrence, as can some 

Immune-checkpoint inhibitor use in 
patients with cancer and pre-existing 
autoimmune diseases
Alice Tison1,2, Soizic Garaud2, Laurent Chiche3, Divi Cornec1,2 and Marie Kostine  4,5 ✉

Abstract | Immune-checkpoint inhibitors (ICIs) have dramatically changed the management of 
advanced cancers. Designed to enhance the antitumour immune response, they can also cause 
off-target immune-related adverse events (irAEs), which are sometimes severe. Although the 
efficacy of ICIs suggests that they could have wide-ranging benefits, clinical trials of the drugs 
have so far excluded patients with pre-existing autoimmune disease. However, evidence is 
accumulating with regard to the use of ICIs in this ‘at-risk’ population, with retrospective data 
suggesting that they have an acceptable safety profile, but that there is a risk of disease flare 
or other irAE occurrence. The management of immunosuppressive drugs at ICI initiation in 
patients with autoimmune disease (or later in instances of disease flare or irAE) remains a 
question of particular interest in clinical practice, in which there is always a search for the 
balance between protecting against autoimmunity and ensuring a good tumour response. 
Although temporary use of immunosuppressants seems safe, prolonged use or use at ICI 
initiation might hamper the antitumour immune response, prompting clinicians to use the 
minimal efficient immunosuppressive regimen. However, a new paradigm is emerging, in 
which inhibitors of TNF or IL-6 could have synergistic effects with ICIs on tumour response, 
while also preventing severe irAEs. If confirmed, this ‘decoupling’ effect on toxicity and 
efficacy could change therapeutic practice in this field. Knowledge of the current use of 
ICIs in patients with pre-existing autoimmune disease, particularly with regard to the use 
of immunosuppressive drugs and/or biologic DMARDs, can help to guide clinical practice.

1Department of 
Rheumatology, Brest  
University Hospital,  
Brest, France.
2B Lymphocytes, 
Autoimmunity and 
Immunotherapies, UMR 
1227, Brest, France.
3Department of Internal 
Medicine, Hôpital Européen, 
Marseille, France.
4Department of 
Rheumatology, Bordeaux 
University Hospital, 
Bordeaux, France.
5ImmunoConcEpt, CNRS, 
UMR 5164, University of 
Bordeaux, Bordeaux, France.

✉e-mail: marie.kostine@
chu-bordeaux.fr

https://doi.org/10.1038/ 
s41584-022-00841-0

NATure revIewS | RheuMAtology

R e v i e w s

  volume 18 | November 2022 | 641

http://orcid.org/0000-0002-6729-6200
mailto:marie.kostine@chu-bordeaux.fr
mailto:marie.kostine@chu-bordeaux.fr
https://doi.org/10.1038/s41584-022-00841-0
https://doi.org/10.1038/s41584-022-00841-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41584-022-00841-0&domain=pdf


0123456789();: 

medications that are used for treatment of autoimmune 
disease. Autoimmune manifestations can also occur in 
the setting of cancer. Notably, both autoimmunity and 
malignancy are managed with immunotherapeutic 
approaches.

Chronic inflammation can lead to cancer. Chronic sys-
temic inflammation is known to be associated with the 
risk of cancer. In the Canakinumab Anti-inflammatory 
Thrombosis Outcomes Study, involving more than 
10,000 patients with previous myocardial infarction, 
C-reactive protein (CRP) ≥2 mg/l and no history of 
cancer, who were treated with canakinumab (a mono-
clonal antibody targeting IL-1β) or with placebo, a pos-
itive association was reported between the incidence 
of lung cancer and the concentration of inflammatory 
biomarkers (CRP and IL-6)4. Lung-cancer occurrence 
and cancer-related death were lower in the canaki-
numab group than in the placebo group over a median 
follow-up of 3.7 years, with the highest benefit observed 
in smokers and in patients achieving the greatest reduc-
tion in CRP and IL-6 levels. This observation suggests 
that improvement of chronic inflammation can decrease 
cancer occurrence, and it is further supported by the fact 
that, in patients with rheumatoid arthritis (RA), systemic 
lupus erythematosus and (especially) primary Sjögren 
syndrome, the risk of lymphoma occurrence is higher 
than in the general population, and correlates with dis-
ease activity5. Other organ-specific autoimmune diseases 
are associated with an increase in focal malignancies, 
as in coeliac disease and inflammatory bowel disease 
(IBD), in which local chronic inflammation is associated 
with colorectal cancer6.

Immunosuppression can lead to cancer. With regard to 
the use of biologic DMARDs (bDMARDs), results from 
several studies based on national registries or prospec-
tive cohorts have not shown higher numbers of overall 
malignancies or lymphomas in patients treated with 
TNF inhibitors compared with conventional synthetic 
DMARDs (csDMARDs)7–12. Studies on other bDMARDs 
are scarce, but no elevation of the risk of malignancies 
has been reported, with the exception of a general associ-
ation between DMARDs and the risk of non-melanoma 
skin cancer11,13,14. With regard to the use of targeted 

synthetic DMARDs, results from the ORAL Surveillance 
study have demonstrated a higher risk of solid neo-
plasm (excluding non-melanoma skin cancer) for the 
Janus kinase (JAK) inhibitor tofacitinib than for TNF 
inhibitors, in patients ≥50 years old with at least one 
cardiovascular risk factor, with a median follow-up  
of 4 years (HR 1.48; 95% CI 1.04–2.09)15. The result of 
this post-authorization study motivated the FDA and 
EMA to formulate warnings in relation to the prescrip-
tion of JAK inhibitors, and further evaluations on this 
class of therapeutic agents are ongoing.

Cancer can lead to autoimmunity. Some types of cancer 
(such as thymoma, ovarian cancer and small-cell lung 
carcinoma) are associated with paraneoplastic syn-
dromes, consisting of manifestations arising in organs 
distant from the underlying malignancy, such as the cen-
tral and peripheral nervous systems or musculoskeletal 
system16. Those manifestations are usually related to host 
immune responses against tumour cells, rather than to 
properties of tumours themselves16. Along with the 
cancer course, those syndromes usually improve with 
antitumoural therapy and worsen with cancer progres-
sion. Rheumatological paraneoplastic syndromes are 
rare, occurring concurrently with, or 1–2 years prior 
to, the diagnosis of malignancy. They can present as 
hypertrophic osteoarthropathy, paraneoplastic polyar-
thritis or cancer-associated dermatomyositis (the latter 
in association with antibodies to transcription inter-
mediary factor 1 (TIF1) and nuclear matrix protein 2 
(NXP2))16. In systemic sclerosis, anti-RNA polymerase 
III anti bodies are associated with cancer, and pathophys-
iological data support a cross-reactivity between tumour 
antigens and autoantigens17,18.

Circulating autoantibodies in the setting of cancer 
are detectable at an early stage of the disease, identi-
fying them as possible biomarkers for the detection of 
neoplasms19. The exact mechanisms leading to autoan-
tibody generation are not known, but they are related 
to the host immune reaction to autologous proteins of 
tumour cells, which are known as ‘tumour-associated 
antigens’ (TAAs), along with immune dysregulation 
induced by the tumour. Overexpressed, mis-presented 
or misfolded TAAs, and those with post-translational 
modifications, can trigger the immune system in settings 
of defective apoptosis, similarity with a foreign antigen 
or abnormal expression or presentation of intracellular 
self-antigens by the tumour19.

The close relationship between autoimmunity and 
malignancy highlights the need to specifically assess the 
safety of ICI use in patients with pre-existing autoimmune 
disease.

ICI mechanisms of action and indications
Researchers have, for a long time, investigated meth-
ods of boosting antitumoural immunity, notably by the 
development of antigen-based cancer vaccines and adop-
tive T cell transfer20. The 2018 Nobel Prize in Physiology 
or Medicine was awarded to James P. Allison and Tasuku 
Honjo for their discovery of cancer immunotherapy by 
inhibition of natural immune checkpoints (CTLA-4 and 
PD-1). The role of immune checkpoints is to dampen 

Key points

•	Immune-checkpoint inhibitors (ICIs) should be offered to patients with pre-existing 
autoimmune disease who have advanced cancer, within the process of shared 
decision-making.

•	High risk of (generally mild) flare (up to 75%) is reported for patients with pre-existing 
rheumatoid arthritis, polymyalgia rheumatica and psoriatic arthritis following 
ICI initiation.

•	ICI-mediated immune toxicity is mostly manageable with glucocorticoids, and rarely 
requires DmArDs in patients with pre-existing autoimmune disease.

•	A minimal immunosuppressive regimen should be reached at ICI initiation, but 
selective therapies should be used for active and severe pre-existing autoimmune 
disease.

•	basic and clinical research are needed to better understand the pathophysiology 
underlying ICI-induced autoimmune disease flare compared with immune-related 
adverse events, and to identify predictive factors of immune toxicity.
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immune responses upon containment of an infection 
or injury. This role is particularly important in relation 
to chronic infection, because chronic and uncontrolled 
immune activation would lead to damage to the host. 
Cytotoxic T lymphocyte-associated protein 4 (CTLA-4), 
which is expressed on T cells, binds B7 family members 
CD80 and CD86 on antigen-presenting cells, repressing 
naive T cell activation in secondary lymphoid organs 
by dampening TCR signalling21 (Fig. 1). CTLA-4 is 
also expressed on regulatory T (Treg) lymphocytes, but 
the involvement of CTLA-4 in mediation of the sup-
pressive function of Treg cells is still under debate22,23. 
Programmed cell death protein 1 (PD-1), with its ligands 
PD-L1 and PD-L2, is responsible for T cell exhaustion 
in peripheral tissues. Expression of PD-L1 by tumour 
cells and tumour-infiltrating immune cells is one mech-
anism by which cancer can escape the immune system, 
along with the establishment of an immunosuppressive 
environment20,24. Lymphocyte activation gene 3 protein 
(LAG-3) is another immune checkpoint that is expressed 
on T cells, and it negatively regulates T cell proliferation 
and effector T cell function25.

In 2011, ipilimumab became the first agent approved 
by the FDA for the treatment of metastatic melanoma26. 
Ipilimumab is a fully human IgG1 that blocks CTLA-4 
at the lymphocyte surface, preventing its interaction 
with B7 ligands on antigen-presenting cells, result-
ing in activation of the antitumoural T cell response27. 
Subsequently, several antibodies targeting PD-1 and 
PD-L1 (nivolumab, pembrolizumab, atezolizumab, 
avelumab, durvalumab, cemiplimab and dostarlimab) 
became available for reactivation of exhausted periph-
eral T cells in multiple types of cancer28. Ipilimumab is 
now used in combination with nivolumab in patients 
with advanced melanoma, renal-cell carcinoma, 
hepatocellular carcinoma, colorectal cancer with 
mismatch-repair deficiency or microsatellite instability, 
non-small-cell lung cancer and malignant pleural mes-
othelioma. Long-term outcomes for patients with meta-
static melanoma have improved considerably, with rates  
of survival to 6.5 years of 25% for ipilimumab, 43% 
for nivolumab and 57% for the combination of both 

treatments29. Relatlimab, a human IgG4 targeting 
LAG-3, was approved by the FDA in March 2022 for use 
with nivolumab in patients with advanced melanoma25. 
Novel ICIs and effective combinations (including those 
with chemotherapy, radiotherapy or targeted therapies) 
are being actively researched23. Current approvals of  
ICIs are detailed in TaBle 1.

The efficacy of ICIs and the broad spectrum of ICI 
indications in advanced cancers indicate that there are a 
considerable number of patients with pre-existing auto-
immune disease and cancer who could potentially be 
offered ICI treatment.

The occurrence of ICI-related irAEs
ICIs are intended to release the immune-checkpoint 
pathways that dampen immune responses. Consequently, 
ICIs increase immune activity and can cause irAEs that 
affect various organs, presenting with a wide range of 
clinical manifestations, from mild to fatal forms1,30–32.

Types of irAE. The most common irAEs occur in the 
skin, gastrointestinal tract, liver and endocrine glands, 
although many other irAEs occur at much lower fre-
quencies, including ophthalmological, neurological, 
haematological, genito-urinary, respiratory, musculo-
skeletal and cardiac adverse events. These irAEs can 
mimic inflammatory or autoimmune diseases such as 
sarcoidosis, RA, polymyalgia rheumatica (PMR), vas-
culitis, Sjögren syndrome or myositis33–36. However, evi-
dence indicates that ICI-induced diseases are more acute 
and severe than classic autoimmune diseases, and patho-
physiologically distinct (for example, immune-related 
sicca syndrome differs from Sjögren syndrome, and 
immune-related colitis differs from Crohn’s disease)37–39. 
The severity of irAEs is usually reported through the 
Common Terminology Criteria for Adverse Events40. 
Results from clinical trials indicate an irAE incidence 
of 10–90% for any grade, with severe irAEs (grade 3 
or higher) occurring in 2.5–18% of patients with can-
cer undergoing ICI treatment31,36. In a study of 18,706 
patients who received anti-PD-1 or anti-PD-L1 ICIs 
for treatment of 26 tumour types, 20% had at least one 
irAE41. IrAEs usually develop within the first few weeks 
to months after treatment initiation, but they can occur 
at any time, including after treatment cessation. The 
therapy discontinuation rate for irAEs in ICI-treated 
patients is up to 19% in clinical trials of selected patients 
without pre-existing autoimmune disease42–46.

Mechanisms of irAEs. Although the exact pathophysi-
ology underlying irAEs is not yet known, several mech-
anisms are potentially involved, as illustrated in Fig. 2. 
First, activation of self-reactive T cells can contribute 
to the onset of irAEs. Enhanced expansion of the T cell 
repertoire, including CD4+ and CD8+ T cells, is associ-
ated with irAEs in both peripheral blood and tissues47–49. 
TCR sequencing has revealed that T cells react against 
antigens that are shared by cancers and organs affected 
by irAEs, suggesting a cross-reaction mechanism50–52. 
In addition, the breakdown of peripheral tolerance 
seems to be in part mediated by reduction in the fre-
quency of regulatory T cells, and their inflammatory 

Box 1 | Autoimmunity screening in the setting of immune-checkpoint inhibitors

New autoimmune-disease emergence:
•	Assess for familial and personal autoimmunity history, consider screening for markers 

of pre-autoimmune disease (antinuclear antibodies, antithyroid antibodies) before 
initiation of immune-checkpoint inhibitors (ICIs). Propose long-term follow-up after 
ICI discontinuation.

De novo immune-related adverse events (irAEs):
•	Perform regular clinical and biological screening for immune-related toxicities during 

and after ICI treatment, especially in high-risk patients (those with the combination 
of ICIs and pre-existing autoimmune disease).

Pre-existing autoimmune-disease:
•	Assess activity of the pre-existing autoimmune disease prior to ICI initiation and 

adapt ongoing immunosuppressive treatment to favour antitumoural response 
while avoiding risk of flare.

Paraneoplastic syndrome:
•	Prior to and during ICI treatment, assess for paraneoplastic syndrome, which can 

occur or which can increase in severity with ICI treatment, in association with poor 
oncological outcomes.
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reprogramming53,54. Results have also suggested an 
association between irAEs and the differentiation, acti-
vation and proliferation of T cells41,49,53,55–57. An accumu-
lation of highly cytotoxic CD8+ T cells was described in 
immune-related colitis, originating from tissue-resident 
populations, and explaining the early development of 
this toxicity58. Results from two studies with analyses 
of synovial fluid from patients experiencing de novo 
ICI-induced arthritis revealed a unique CD38hiCD127–

PD-1+CD8+ T cell population, an enrichment of Treg cells 
with enhanced suppressive function and a trafficking of 
CXCR3hiCXCR6hi/lo effector CD8+ T cells from periph-
eral blood to synovial fluid57,59. Synovial tissue analy-
sis from a patient with de novo ICI-induced arthritis 
revealed extensive macrophages and CD45RO+ memory 
T cell infiltration with PD-L1 expression. PD-1 was not 
detectable in ICI-induced arthritis, but it was expressed 
on the majority of synovial-tissue-infiltrating CD4+ and 
CD8+ cells in classic RA60.

Evidence indicates that B cells have a role in irAEs. 
Early changes, including a decline in numbers of cir-
culating B cells and an increase in numbers of CD21low 
atypic memory B cells and plasmablasts, correlate with 
both the frequency and timing of irAEs following ICI 
therapy in patients with melanomas61. Impairment of 

B cell self-tolerance could be part of the irAE mecha-
nism, as shown by pre-treatment quantitative and func-
tional defects in regulatory B cells (notably in IL-10 
production) in patients experiencing later irAEs, and by 
the development of autoantibodies post-treatment62,63. 
Anti-acetylcholine receptor (AChR) antibodies are 
indeed commonly found in immune-related myasthe-
nia gravis, albeit not as often as in classic myasthenia 
gravis (67% versus 85–87%)64. Rarely, irAEs can occur in 
patients with a pre-existing, asymptomatic autoimmune 
background. In a study of six patients who developed 
RA following ICI treatment, anti-cyclic citrullinated 
peptide antibodies were detected in pre-treatment 
serum samples from two out of three patients tested 
before ICI initiation34. Similarly, in a small, prospec-
tive cohort study, the prevalence of anti-thyroglobulin 
antibodies and/or anti-thyroid peroxidase antibodies 
prior to nivolumab treatment was higher in patients 
who subsequently developed destructive thyroiditis 
than in patients who did not65. An association between 
pre-existing anti-AChR autoantibodies and the devel-
opment of myositis also exists in patients with thymoma 
who are treated with avelumab66.

Inflammatory mediators might be involved in irAEs. 
Evidence indicates that concentrations of numerous 
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Fig. 1 | Mechanisms of action of immune-checkpoint inhibitors. a | T cell activation requires two signals to be 
transmitted by antigen-presenting cells. The first signal is the presentation of an antigen by the major histocompatibility 
complex (MHC). Each antigen is recognized by a specific T cell receptor (TCR). The second signal involves the binding 
of B7 molecules (B7.1 (CD80) and B7.2 (CD86)) to the CD28 receptor. Co-stimulation of CD28 induces the production of 
cytokines, such as IL-2, and expression of IL-2 receptor, which is critical for lymphocyte activation and cell survival via 
the increased expression of anti-apoptotic molecules. CTLA-4 is the counterpart of CD28; both are members of the 
immunoglobulin family, and they share B7 ligands, but CTLA-4 negatively regulates T cell functions. b | PD-1 also belongs 
to the immunoglobulin family and is upregulated on effector T cells following antigen recognition in peripheral tissues. 
PD-1 ligands (PD-L1 and PD-L2) exert an inhibitory effect on PD-1-expressing T cells. These ligands are constitutively 
expressed on immune cells and some tumour cells, and their expression can also be induced in response to inflammatory 
signals. LAG-3 is another immune checkpoint that is expressed on T cells, and it acts to negatively regulate T cell 
proliferation and effector T cell function. c | Currently available immune-checkpoint inhibitors are monoclonal antibodies 
(mAbs) that target CTLA-4, PD-1, PD-L1 or LAG-3.
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Table 1 | Current approval of immune-checkpoint inhibitors

ICI Mechanism 
of action

Indications EMA 
approval

FDA 
approval

Ipilimumab 
(Yervoy)

Anti-CTLA-4 Melanoma (unresectable or metastatic), monotherapy 07/2011 03/2011

Melanoma, (unresectable or metastatic)a 05/2016 10/2015

Renal-cell carcinomaa 01/2019 04/2018

Non-small-cell lung carcinomaa 11/2020 05/2020

Unresectable malignant pleural mesotheliomaa 06/2021 10/2020

dMMR/MSI-H colorectal cancera 06/2021 07/2018

Hepatocellular carcinomaa n/a 03/2020

Oesophageal squamous cell carcinomaa 03/2022 05/2022

Nivolumab 
(Opdivo)

Anti-PD-1 Advanced melanoma 06/2015 12/2014

Advanced melanoma (adjuvant) 07/2018 12/2017

Non-small-cell lung carcinoma 10/2015 03/2015

Renal-cell carcinoma 04/2016 11/2015

Classic Hodgkin lymphoma 11/2016 05/2016

Head and neck squamous-cell carcinoma 04/2017 11/2016

Urothelial cancer 06/2017 02/2017

Urothelial cancer (adjuvant) 02/2022 08/2021

Hepatocellular carcinoma n/a 09/2017

Squamous-cell carcinoma of oesophagus 11/2020 06/2020

dMMR/MSI-H colorectal cancer 06/2021 08/2017

Gastric, oesophageal and gastro-oesophageal junction 
cancer

10/2021 04/2021

Pembrolizumab 
(Keytruda)

Anti-PD-1 Advanced melanoma 07/2015 09/2014

Advanced melanoma (adjuvant) 12/2018 02/2019

Non-small-cell lung carcinoma 07/2016 10/2015

Classic Hodgkin lymphoma 05/2017 03/2017

Urothelial cancer 08/2017 05/2017

Head and neck squamous-cell carcinoma 09/2018 08/2016

Cervical cancer 04/2022 06/2018

Primary mediastinal large B cell lymphoma n/a 06/2018

Hepatocellular carcinoma n/a 11/2018

Merkel-cell carcinoma n/a 12/2018

Renal-cell carcinoma 08/2019 04/2019

Squamous-cell carcinoma of oesophagus n/a 07/2019

Advanced cutaneous squamous-cell carcinoma n/a 06/2020

MMR/MSI-H colorectal cancer 01/2021 06/2020

Gastric, oesophageal and oesophageal junction cancer 06/2021 09/2017

Triple-negative breast cancer 10/2021 11/2020

Endometrial carcinoma 11/2021 09/2019

Cemiplimab 
(Libtayo)

Anti-PD-1 Advanced cutaneous squamous-cell carcinoma 06/2019 09/2018

Locally advanced or metastatic basal-cell carcinoma 06/2021 02/2021

Non-small-cell lung carcinoma 06/2021 02/2021

Dostarlimab 
(Jemperli)

Anti-PD-1 Recurrent or advanced dMMR endometrial cancer 04/2021 04/2021

dMMR recurrent or advanced solid tumors n/a 08/2021

Avelumab 
(Bavencio)

Anti-PD-L1 Merkel-cell carcinoma 07/2017 03/2017

Urothelial cancer n/a 05/2017

Renal-cell carcinoma 09/2019 05/2019
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inflammatory cytokines and chemokines correlate with 
the development and severity of irAEs67–71. Evidence also 
indicates that ICIs might have direct toxicity. CTLA-4 is 
expressed in the pituitary gland, and injection of mice 
with anti-CTLA-4 antibody induces pituitary lym-
phocytic infiltration with complement deposition and 
production of anti-pituitary autoantibodies72. Another 
mechanism involves genetic factors as potential con-
tributors to the pathophysiology of irAEs. For instance, 
HLA alleles, such as DRB1*04:05 in ICI-induced arthri-
tis, and several genetic markers, including alterations 
of PRDM1 and CD274, are associated with the occur-
rence of irAEs73–75. Finally, results from several studies 
have reported an association between the microbiome 
and the development of irAEs. In a prospective study, 
pre-treatment faecal abundance of bacteria of the 
Bacteroidetes phylum was associated with resistance to 
the development of colitis following CTLA-4 blockade76. 
In another prospective study of patients with advanced 
melanoma who were treated with combination of ICIs, 
the pre-treatment faecal abundance of the sub-class 
Bacteroides intestinalis was greater in patients who 
developed severe irAE than in those who did not77. 
In murine models, a combination of ICIs facilitated 
the over-representation of B. intestinalis over the other 
Bacteroides species, and gavage with B. intestinalis was 
associated with IL-1β transcription.

To date, no pathophysiological data are available on 
flare occurrence in patients with pre-existing autoim-
mune disease who are treated with ICIs. Immunotherapy 
could exacerbate pre-existing autoimmunity, or it could 
act on distinct pathways, mimicking disease flare or 
leading to additional irAEs. Further research on affected 
tissues in this specific population would be useful as it 
could change our traditional therapeutic approaches.

ICI safety and pre-existing autoimmunity
Beyond clinical trials: real-world data. Owing to the the-
oretical risk of worsening autoimmune manifestations, 
patients with pre-existing autoimmune disease are largely 
excluded from clinical trials of ICIs in cancer. However, 

some data are available from observational retrospective 
series relating to safety and efficacy of ICIs in patients 
with pre-existing autoimmune disease, as shown in78–101 
TaBle 2. Four of the studies were prospective82,91,95,100, 
including a phase 3b single-arm trial of the anti-PD-L1 
atezolizumab91. As shown in TaBle 2, pre-existing auto-
immune disease flares were reported in 6–83% of study 
participants, with other irAEs occurring in 16–90%. The 
flares were mostly mild (<35% grade 3–4 for 11 out of 
13 studies with available information), as were the irAEs. 
ICI discontinuation for immune toxicity ranged from 
5% to 100%, but was below 25% in 13 out the 18 studies 
reporting on ICI discontinuation. In a prospective study 
comparing 45 patients with pre-existing autoimmune 
disease and 352 without, the risks of irAEs were 44% 
and 29%, respectively, and median irAE-free survival 
times were 5.4 months and 13 months, respectively82. 
However, in a large, prospective, Dutch melanoma 
registry, incidence of irAEs was similar in patients 
with and without pre-existing autoimmune disease in 
anti-CTLA-4, anti-PD-1 and combination treatment 
arms95,100. Furthermore, a selection bias was highlighted 
in another prospective study where risk of irAE was 
increased in patients with pre-existing autoimmune 
disease receiving ICI as standard of care, but not when 
treated through a clinical trial100. Conflicting results 
from other retrospective series87,89,94,97 include findings 
of no difference in grade 3–4 irAEs or in ICI discon-
tinuation rates in patients with or without pre-existing 
autoimmune disease87,97. A systematic review has iden-
tified (from 52 publications) 512 patients with cancer  
and with pre-existing autoimmune disease who were 
treated with ICIs102. Despite limitations inherent to the 
diversity of the studies, this review had important find-
ings. Most patients had metastatic melanoma or lung 
cancer, 44% experienced a flare of the pre-existing auto-
immune disease and 24% had de novo irAEs. Overall, 
6% of patients required DMARD initiation, and 18% of 
patients with pre-existing autoimmune disease perma-
nently discontinued ICI therapy because of immune tox-
icity. Flares of pre-existing autoimmune disease occurred 

ICI Mechanism 
of action

Indications EMA 
approval

FDA 
approval

Atezolizumab 
(Tecentriq)

Anti-PD-L1 Urothelial cancer 07/2017 05/2016

Non-small-cell lung carcinoma 07/2017 10/2016

Advanced bladder cancer n/a 04/2017

Triple-negative breast cancer 06/2019 n/a

Small-cell lung cancer n/a 03/2019

Hepatocellular carcinoma 11/2020 05/2020

Durvalumab 
(Imfinzi)

Anti-PD-L1 Non-small-cell lung carcinoma 09/2018 02/2018

Small-cell lung cancer n/a 03/2020

Relatlimab 
combined with 
nivolumab 
(Opdualag)

Anti-LAG-3 Melanoma (unresectable or metastatic) n/a 03/2022

aIn combination with nivolumab. CTLA-4, cytotoxic T lymphocyte associated protein 4; dMMR, mismatch repair deficient; 
EMA, European Medicines Agency; FDA, Food and Drug Administration; LAG-3, lymphocyte activation gene 3 protein; MSI-H, 
microsatellite instability-high; n/a, not approved; PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1.

Table 1 (cont.) | Current approval of immune-checkpoint inhibitors
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in 42% of those treated with anti-PD-1 or anti-PD-L1 
and 32% of those treated with anti-CTLA-4, whereas the 
rates for de novo irAE were 26% and 42%, respectively.

Currently, anti-CTLA-4 therapy is mostly used in 
combination with anti-PD-1, and in one study, among 
individuals with advanced melanoma and pre-existing 
autoimmune disease, combination therapy had a higher 
risk of toxicity than individual ICIs (incidence of grade 3  
or higher irAEs 44% for combination therapy, 30% for 
anti-CTLA-4 and 17% for anti-PD-1)95. Small retro-
spective studies have suggested a higher rate of flare in 
patients with active compared with inactive disease at 
ICI initiation80,85, whereas the risk of flare (identified as 
45%) was not found to differ according to the activity 
status at baseline in a recent meta-analysis102. Notably, 
the position of ICI within the therapeutic sequence 
(first-line or following other cancer treatment) does not 
affect the risk of pre-existing autoimmune disease flare 
or irAE incidence85.

Autoimmune disease type and ICI toxicity. The 
type of pre-existing autoimmune disease can affect 
ICI-mediated toxicity. In the Dutch melanoma cohort, 
the incidence of ICI-induced colitis in patients with 
IBD was 19% compared with 3% in patients with other 
pre-existing autoimmune diseases95. The available data 
on the anticipated risk of flare according to the type 
of pre-existing rheumatic disease are summarized in 
TaBle 3, and based on the EULAR points to consider for 
the diagnosis and management of rheumatic irAEs and 
on two literature reviews3,103,104. The risk of flare is high-
est for patients with psoriatic arthritis, followed by those 
with RA or PMR. Although the evidence suggests higher 
rates of flares for rheumatic and dermatological diseases 
than for other pre-existing autoimmune diseases such as 
IBD, neurological disease and thyroiditis, recruitment 
bias should be considered, as the majority of conditions 
included in these studies are rheumatic and dermato-
logical disorders78,80,85,86. This bias is illustrated by the 

a  Activation of self-reactive 
     T and B cells

b  Shared antigens c  Antibody mediated 
     toxicity

d  Impact on Treg cells f  Role of microbiome g  Genetic factors

T cell

Cytokines Pituitary glandB cell

FOXP3

FOXP3 STAT1
STAT3

Tissular antigensTumoural antigens

e  Role of cytokines and 
     tissue-resident populations

Chemokines

Fig. 2 | Factors potentially involved in the pathogenesis of immune-related adverse events. Several factors or 
mechanisms might be involved in the pathogenesis of immune-checkpoint inhibitor (ICI)-mediated toxicity, also known as 
immune-related adverse events (irAEs). a | Activation of self-reactive T cells can occur during diversification and expansion 
of lymphocytes as a result of ICI treatment, in addition to dysregulation of B cells, leading to enhanced production of 
(sometimes pre-existing) autoantibodies. Inflammatory mediators might be involved in subsequent irAEs. b | Cross-reaction 
can occur between antigens shared by tumours and organs affected by irAE when T cells are activated by ICI treatment. 
c | ICIs can have direct toxicity in organs that express checkpoint proteins. CTLA-4 is expressed in the pituitary gland, 
and anti-CTLA-4 can induce pituitary lymphocytic infiltration, complement deposition and production of anti-pituitary 
autoantibodies. d | ICI treatment can lead to a reduction in peripheral tolerance and in numbers of forkhead box P3 
(FOXP3)-expressing regulatory T (Treg) cells, along with inflammatory reprogramming resulting in enrichment of transcripts 
such as those that encode the signal transducer and activator of transcription proteins STAT1 and STAT3. e | ICI treatment 
can result in an increase in production of inflammatory cytokines and chemokines and numbers of CD8+ T cells originating 
from tissue-resident populations, thereby participating in the early development and severity of irAEs58. f | ICI treatment 
can affect the intestinal microbiome profile, leading to production of pro-inflammatory or anti-inflammatory cytokines. 
g | Some HLA alleles and other genetic markers are associated with the occurrence of irAEs.
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Table 2 | Studies assessing safety and efficacy of immune-checkpoint inhibitors in patients with pre-existing autoimmune disease

Study ICI N Main autoimmune 
disease

Flare irAE Management (non-ICI) Ref.

Johnson et al., 
2016

Anti-CTLA-4 30 RA, psoriasis, MS, IBD, SLE, 
thyroiditis, sarcoidosis

27% 33% GCs; IFX (n = 2); one death 
(colitis)

78

Lee et al., 2016 Anti-CTLA-4 8 RA 75% 50% (colitis) GCs; NSAIDs (n = 1); 
IFX (n = 1 for colitis);  
ICI discontinuation 62%

79

Menzies et al., 
2017

Anti-PD-1 52 RA, PMR, SLE, pSS, 
psoriasis, IBD

38% 29% ICI discontinuation 11% 80

Gutzmer et al., 
2017

Anti-PD-1 19 Arthritis, myositis, vasculitis, 
PMR, sarcoidosis, psoriasis,  
IBD, MS, GB, thyroiditis

42% 16% GCs; IgIV for myositis 81

Danlos et al., 
2018

Anti-PD-1 45 Vitiligo, psoriasis, 
thyroiditis, pSS, RA

24% 44% GCs; ICI discontinuation 25% 82

Mitchell et al., 
2018

Anti-PD-1 12 PMR, PsA, RA, SSc 83% n/d GCs; HCQ; MTX; ICI 
discontinuation 16%

83

Richter et al., 
2018

Anti-CTLA-4, 
anti-PD-1

16 RA, PMR, pSS, SLE, GCA 6% 38% GCs and ICI discontinuation 
100%

84

Leonardi et al., 
2018

Anti-PD-1; 
anti-PD-L1

56 RA, PMR, psoriasis, IBD, 
thyroiditis

23% 38% GCs; ICI discontinuation 14% 85

Kähler et al., 2018 Anti-CTLA-4 41 Thyroiditis, RA, psoriasis, 
IBD

29% 29% GCs; HCQ and SLZ (n = 1);  
IFX (n = 1 for colitis)

86

Cortellini et al., 
2019

Anti-PD-1 85 Thyroiditis, psoriasis, IBD, 
RA, PMR, SLE, vasculitis

47% (10% for 
rheumatic 
diseases)

66% ICI discontinuation 7% 87

Tison et al., 2019 All (anti-CTLA-4, 
anti-PD-1, 
anti-PD-L1 and 
combination)

112 Psoriasis, RA, IBD, SLE, PMR 47% 42% GCs; csDMARDs (MTX,  
AZA); TNF inhibitors (n = 4  
for colitis); IgIV (n = 2);  
ICI discontinuation 21%

88

Abu-Sbeih et al., 
2020

All 102 IBD 41% n/d GCs; IFX or vedolizumab 
29%; ICI discontinuation 23%

90

Efuni et al., 2021 All 22 RA 55% 32% GCs; ICI discontinuation 23% 
temporarily (permanent n = 1)

92

Martinez Chanza 
et al., 2020

All 106 RA, PMR, PsA, SLE, 
vasculitis, psoriasis, 
sarcoidosis, IBD,  
thyroiditis

36% 38% GCs (45% for flare, 55% 
for irAE); rituximab and 
MTX (n = 2); IFX (n = 1); ICI 
discontinuation 16% for flare 
and 20% for irAE

89

Loriot et al., 2020 Anti-PD-L1 35 Psoriasis, thyroiditis, RA 11% 46% GCs; MTX (n = 2);  
ICI discontinuation 9%

91

Hoa et al., 2021 Anti-PD-1 27 RA, psoriasis, PsA, IBD, 
spondyloarthritis, SLE

52% 52% GCs (57%); csDMARDs (50%, 
MTX, HCQ, SLZ and 1 MMF); 
ICI discontinuation 14% for 
flare and 57% for irAE

93

Tully et al., 2021 All 106 RA, type 1 diabetes mellitus, 
atrophic gastritis

n/d 58% n/d 94

van der Kooij 
et al., 2021

All 415 RA, SLE, SSc, 
vasculitis, sarcoidosis, 
hyperthyroidism or 
hypothyroidism, IBD

n/d Anti-CTLA-4, 30%; 
anti-PD-1, 17%; 
combination, 44%

ICI discontinuation 17% 95

Bhatlapenumarthi 
et al., 2021

Anti-PD-1 47 RA, psoriasis, PsA, IBD, 
sarcoidosis, SLE

26% n/d GCs; ICI discontinuation 11% 96

Yeung et al., 2021 Anti-PD-1; 
anti-PD-L1; 
combination

63 Hypothyroidism, psoriasis, 
RA

31% 62% GCs (50%); other 
immunosuppressants (17%); 
ICI discontinuation 32%

97

Gulati et al., 2021 Anti-CTLA-4; 
anti-PD-1; 
combination

74 Asthma, IBD, psoriasis, PsA, 
RA, PMR, SLE, scleroderma, 
sarcoidosis

n/d 50% mild and 37% 
severe

n/d 100
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comparison of one cohort, in which a relatively high 
proportion of patients had IBD, and in which the rate of 
IBD flare was 50%, with other series with fewer patients 
with IBD, and correspondingly lower rates of IBD 
flare78,80,85,86,88. Retrospective studies are, furthermore, 
limited by reporting bias, so prospective studies are 
needed. Another limitation to consider is confounding 
by indication, as in several relevant studies patients com-
monly had an inactive pre-existing autoimmune disease 
with no baseline immunosuppressive therapy, probably 
because these patients are better candidates for ICI treat-
ment than patients with active disease requiring immu-
nosuppressants, resulting in a risk of underestimation of 
the potential toxicity in this population.

A systematic review and meta-analysis of anti-PD-1 
trials have demonstrated that the incidence of anti-PD-1- 
related pneumonitis is higher in patients with lung 
cancer or renal-cell carcinoma than in those with mel-
anoma, suggesting that ICI safety also differs according 
to tumour site, and therefore possibly according to the 
type of pre-existing autoimmune disease105.

The role of baseline immunosuppression. Appropriate 
management of baseline immunosuppressive treat-
ment in patients with pre-existing autoimmune disease 
starting an ICI is still under debate. The challenge is to 
limit the risk of immune toxicity (flare or other irAE) 
under ICI treatment, while preserving an effective anti-
tumour response. The question is therefore whether 
to increase immunosuppressive therapy prior to ICI 
initiation, to limit flare, or to reduce baseline systemic 
therapies, to maximize the chance of tumour response. 
In a systematic review, 27% of patients were found to 
have received immunosuppressive treatment at ICI 
initiation, with 21% on glucocorticoids (<10 mg/day),  
14% on csDMARDs, 1% on bDMARDs and 4% on 
other immunosuppressants3. A trend towards fewer 
irAEs in patients receiving baseline immunosuppres-
sion than in those without such treatment (67% versus 
74%) was found, with the caveat that irAE observation 
might depend on follow-up duration. Conversely, a 
study of patients with non-small-cell lung cancer found 
higher rates of pre-existing autoimmune disease flare in 
patients with baseline immunosuppression (36%) than 
in those without (20%)85. A similar result was reported in  
55 patients with advanced melanoma and pre-existing 
autoimmune disease treated with combination ICIs 

(39% flare with baseline immunosuppression versus 26% 
without)101. These conflicting results could be explained 
by differences in the type of autoimmune disease receiv-
ing immunosuppression (for example, with less use of 
immunosuppression for endocrine than for digestive or 
rheumatic autoimmune diseases) and by higher activity 
status in patients receiving immunosuppression.

In a retrospective Canadian study of 27 patients 
with pre-existing autoimmune disease and ICI ther-
apy, 16 were receiving csDMARDs as monotherapy or 
combination therapy prior to ICI onset93. Among eight 
patients with RA, four experienced flare, despite con-
tinuation or resumption of methotrexate use in three of 
them, and preventative addition of hydroxychloroquine 
and sulfasalazine in one patient. Overall in this study, 
flares tended to occur in patients who required inten-
sive systemic therapies prior to ICI treatment, despite 
preventative addition of immunosuppressive drugs, 
suggesting that this approach is not successful, at least 
for csDMARDs, and that non-selective immunosup-
pressive treatments should possibly be replaced by the 
most appropriate targeted therapies in patients requiring 
intensive systemic therapy. However, data are currently 
scarce with regard to bDMARD use in this context. Two 
case reports on patients with RA receiving TNF inhib-
itors that were stopped at ICI initiation mentioned that 
both patients had a flare, one with good oncological 
outcomes and one with tumour progression106,107. In a 
series of 41 patients with various autoimmune diseases, 
only one patient with spondyloarthritis and psoriasis 
was receiving bDMARDs (etanercept and methotrex-
ate) at ICI initiation, without any flare occurrence, but 
with tumour progression86. One case report described 
a patient with melanoma who experienced a relapse of 
dermatomyositis when treated with anti-PD-1 antibody, 
despite recent rituximab administration108. In a cohort of 
47 patients, four were receiving bDMARDs at ICI initi-
ation (rituximab and methotrexate for one patient with 
RA and one with Sjögren syndrome, secukinumab for  
one patient with psoriatic arthritis, and belatacept  
for one patient with kidney transplant) and none expe-
rienced flare96. Oncologists are now evaluating combi-
nations of TNF inhibitors or IL-6 inhibitors with ICIs in 
clinical trials of patients without any autoimmune dis-
ease, because those bDMARDs could have the potential 
to uncouple efficacy and toxicity to ICI, preventing irAE 
occurrence while enhancing antitumour response109. 

Study ICI N Main autoimmune 
disease

Flare irAE Management (non-ICI) Ref.

Brown et al., 2021 Combination IBD, thyroiditis, RA psoriasis, 
MS, sarcoidosis, ITP

33% 67% GCs (n = 13); MTX (n = 2); LFN 
(n = 1); CIC (n = 1); SLZ (n = 2); 
IFX (n = 2)

101

Panhaleux et al., 
2022

Anti-PD-1; 
anti-PD-L1

17 SSc 24% 59% GCs (n = 2); CYC (n = 1);  
MTX (n = 1)

98

Ansel et al., 2022 Anti-PD-1 10 Psoriasis, RA, idiopathic 
pulmonary fibrosis

30% 90% ICI discontinuation 20% 99

AZA, azathioprine; CIC, ciclosporin; CYC, cyclophosphamide; GB, Guillain–Barré syndrome; GCs, glucocorticoids; GCA, giant-cell arteritis; HCQ, hydroxychloroquine; 
IBD, inflammatory bowel disease; ICI, immune-checkpoint inhibitor; IFX, infliximab; IgIV, intravenous immunoglobulins; ITP, immune thrombocytic purpura; LFN, 
leflunomide; MMF, mycophenolate mofetil; MS, multiple sclerosis; MTX, methotrexate; n/d, not determined; PMR, polymyalgia rheumatica; PsA, psoriatic arthritis; 
pSS, primary Sjögren syndrome; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SLZ, sulfasalazine; SSc, systemic sclerosis.

Table 2 (cont.) | Studies assessing safety and efficacy of immune-checkpoint inhibitors in patients with pre-existing autoimmune disease
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This new paradigm is elaborated upon hereafter. The 
resulting data should be informative for the manage-
ment of patients with pre-existing autoimmune disease 
requiring intensive immunosuppressive therapies.

Management of disease flare and irAEs. Pre-existing 
autoimmune disease flares and irAEs are mostly 
managed with glucocorticoids, with only 16% of 
patients requiring other immunosuppressive therapy 
(mainly csDMARDs, rarely bDMARDs), according 
to a meta-analysis3 (TaBle 2). For patients who receive 
baseline immunosuppressive therapy, pre-existing 
autoimmune disease flares are usually controlled by 
increasing ongoing immunosuppression or by add-
ing other csDMARDs. Although there is consensus 
on this general strategy for patients with pre-existing 
autoimmune disease who present with flare or irAEs, 
glucocorticoid dosage and choice of DMARDs remain 
heterogeneous. To date, no DMARD has proven its supe-
riority over the others. International collaborative efforts 
and clinical trials are needed to facilitate optimization 
of the management of immune toxicity, but such trials 
are challenging in the context of cancer. An ongoing, 
non-randomized trial (NCT04375228) is aimed at eval-
uating efficacy and safety of rituximab and tocilizumab 
for patients with glucocorticoid-dependent irAEs, and its 
results should help to guide the management of severe 
pre-existing autoimmune disease flare.

Paraneoplastic syndromes. Few data are available con-
cerning ICI use in patients with pre-existing paraneo-
plastic syndromes, which are rare and preferentially 
associated with certain types of cancer, but potentially 
severe, especially for neurological forms. Because ICI 
indications are expanding, for instance, to small-cell 

lung cancers, paraneoplastic syndromes should be 
encountered more and more. In a study that included 
16 patients with pre-existing paraneoplastic syndrome 
(including dermatomyositis, systemic sclerosis, PMR 
and hypertrophic osteoarthropathy), eight experienced 
a flare and discontinued ICI treatment2. Among patients 
with worsening of paraneoplastic symptoms, half had 
an objective tumour response. Poor outcomes or death 
occurred in patients with neurological paraneoplastic 
syndromes. In a French cohort of 112 patients with 
pre-existing autoimmune disease and ICI treatment, 
two patients had concomitant diagnoses of autoim-
mune disease and cancer, suggesting paraneoplastic syn-
dromes, and both experienced a flare88. Further research 
is needed to determine predictive factors of flares in 
such situations, independent of cancer progression, and 
to establish whether they result from cross-reactivity 
between tumour antigens and normal tissues or from 
an elevation of baseline overactive immunity.

Baseline autoimmunity and irAE risk. One question 
in the management of individuals with cancer is how 
to deal with the detection of autoantibodies in asymp-
tomatic patients prior to ICI initiation. The available 
data give mixed impressions of the effects of baseline 
autoantibodies on the risk of irAEs. Results from two 
studies indicated that the presence of antinuclear anti-
bodies, rheumatoid factor or anti-cyclic citrullinated 
peptide antibodies in serum collected prior to initia-
tion of ICI therapy does not predict irAE development, 
severity or timing110,111. By contrast, in a study focusing 
on non-small-cell lung cancer, baseline autoantibodies 
were independently associated with both irAE occur-
rence and clinical benefits112. According to the EULAR 
points to consider, systematic baseline screening of 
autoantibodies in the absence of specific symptoms is 
not recommended, with the exception of screening for 
the presence of anti-AChR and anti-striated-muscle 
antibodies in patients with thymoma to identify a high 
risk of ICI-induced myositis, as shown in a phase 1 trial 
of avelumab66,103. Indeed, in other situations, there is no 
interest in screening because it is unclear whether there 
is a higher risk of irAE in these patients, and detection 
would not preclude the initiation of ICIs. Therefore, such 
screening should be reserved for research purposes103.

Implications for ICI efficacy
Pre-existing autoimmune disease and ICI efficacy. 
In patients with pre-existing autoimmune disease, 
it is important to establish how effective ICIs are. 
Meta-analyses of studies of patients with lung cancer 
or with any solid malignancy have identified posi-
tive associations between antitumoural responses and 
irAE occurrence113,114. The association between vitiligo 
occurrence and survival in patients with melanoma 
treated with immunotherapies (including, but not lim-
ited to, ICI) qualified this irAE as a clinical marker for 
effective anti-melanoma immunotherapy115. In a case 
study, inflammatory lesions circumscribing pigmented 
areas of the skin developed in a patient with melanoma 
treated with adoptive transfer of CD8+ T cells spe-
cific for the protein melanoma antigen recognized by 

Table 3 | Anticipated risk of flare in pre-existing rheumatic diseases

Pre-existing 
rheumatic disease

Flarea References providing source data (n = patients 
per study)

Rheumatoid arthritis 55–56% 78(n = 6); 80(n = 13); 79(n = 8); 82(n = 2); 83(n = 1); 84(n = 5); 
85(n = 11); 86(n = 6); 87(n = 4); 88(n = 20); 92(n = 22); 
91(n = 4); 93(n = 8); 94(n = 28);89(n = 12); 96(n = 12); 
97(n = 5); 101(n = 7)

Polymyalgia 
rheumatica

57–64% 80(n = 3); 83(n = 7); 84(n = 5); 85(n = 5); 82(n = 1); 86(n = 2); 
88(n = 7); 93(n = 1); 89(n = 8); 96(n = 1); 101(n = 1)

Psoriatic arthritis 50–79% 80(n = 2); 82(n = 1); 83(n = 2); 85(n = 2); 93(n = 8); 89(n = 1); 
96(n = 10); 97(n = 2)

Spondyloarthritis 23–31% 86(n = 3); 81(n = 3); 84(n = 1); 82(n = 1); 93(n = 3); 88(n = 5); 
89(n = 2); 96(n = 1)

Sarcoidosis 19–20% 78(n = 2); 80(n = 3); 84(n = 1); 81(n = 2);82(n = 1); 88(n = 4); 
86(n = 2); 89(n = 2); 96(n = 4); 97(n = 1); 101(n = 2)

Systemic lupus 
erythematosus

27–31% 78(n = 2); 80(n = 2); 84(n = 2); 85(n = 1); 87(n = 2); 88(n = 7); 
93(n = 2); 89(n = 4); 96(n = 3)

Systemic sclerosis 11–25% 80(n = 2); 85(n = 2); 83(n = 1); 86(n = 1); 88(n = 3); 98(n = 17)

Sjögren syndrome 25–43% 80(n = 2); 84(n = 2); 85(n = 1); 82(n = 4); 88(n = 3); 96(n = 2); 
101(n = 1)

Myositis 33–50% 81(n = 1); 88(n = 1); 108(n = 1)

Vasculitis 17–46% 84(n = 2); 85(n = 1); 86(n = 1); 87(n = 1); 151(n = 1); 89(n = 2); 
152(n = 1); 153(n = 1); 96(n = 1)

aRange of the summary data from reFs.103,104
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T cells 1 (MART-1)116. These T cells were found in the 
skin lesions as well as in the tumour, suggesting that 
shared antigens in normal skin and melanoma were the 
origin of the immunotherapy-induced vitiligo. Based on 
this observation, we could hypothesize that pre-existing 
autoimmune diseases could enhance the antitumour 
efficacy of ICIs by contributing to activation of the 
immune system, which would also enhance the risk 
of immune toxicity. Conversely, ICIs might have lower 
efficacy in some autoimmune or inflammatory diseases, 
owing to lymphocyte dysfunction117.

Results from some, but not all, retrospective series 
(without control groups) have suggested a better anti-
tumoural response in patients with pre-existing auto-
immune disease compared with response outcomes in 
ICI clinical trials78,79,81,85,86,88. However, all but one retro-
spective and prospective study assessing this issue with a 
control group of patients not suffering from pre-existing 
autoimmune disease did not find better outcomes in 
patients with pre-existing autoimmune disease, with 
similar cancer outcomes in both groups82,87,89,95,100. In a 
prospective database, progression-free survival (PFS) 
and overall survival were both better in patients with 
pre-existing autoimmune disease, but in most cases 
this disease was asthma, a type 2 T helper cell-mediated 
disease that differs in pathophysiology from classic sys-
temic autoimmune diseases, which could explain the 
discrepancies with the other studies100. Some results 
have demonstrated similar tumour response rates 
between patients with pre-existing autoimmune dis-
ease who experience flare and those who do not80,85. 
Differences in the pathophysiology of irAEs and disease 
flare might explain the discrepancies in cancer out-
comes. Indeed, one suggested hypothesis is that corre-
lation with antitumour response might occur for irAEs 
because of cross-reaction, but not for disease flares, in 
which ICIs induce the release of pre-existing exhausted 
self-reactive T cells31.

Immunosuppression and ICI efficacy. Management 
of patients with cancer and pre-existing autoimmune 
disease requires consideration of immunosuppres-
sive treatment at ICI initiation, which might inhibit 
the antitumoural response80,88,101,118,119. Indeed, PFS 
was shorter in a retrospective study in patients with 
pre-existing autoimmune disease receiving immuno-
suppressive treatment at ICI initiation than in those 
without immunosuppression (median PFS 3.8 months 
versus 12 months, P = 0.006)88. In patients with advanced 
melanoma and pre-existing autoimmune disease, the 
response rate to ipilimumab was lower in patients 
treated with immunosuppressive drugs than in those 
without immunosuppression, after adjusting for prog-
nostic factors (15% versus 44%; P = 0.033)80. Although 
there was no difference in response rate, a study of  
55 patients with advanced melanoma and pre-existing 
autoimmune disease receiving combination ICIs reported  
shorter overall survival in association with baseline 
immunosuppression (OS 11 months versus 31 months, 
P = 0.005)101. Conversely, in smaller series, no nega-
tive effect of baseline immunosuppression on cancer  
outcomes was observed81,85.

Results suggest that glucocorticoid use >10 mg/day  
of prednisone equivalent at the time of ICI initiation 
has a negative influence on cancer outcomes118,120. 
These high doses of glucocorticoids were prescribed for 
various conditions, including dyspnoea, pain, fatigue, 
brain metastases and spinal-cord compression, but 
rarely for previous autoimmune conditions. Patients 
with high-dose glucocorticoid treatment probably had 
more aggressive cancer, explaining their worse out-
comes, and this bias could persist even after adjustment 
for cofounding variables118. Indeed, glucocorticoids are 
known to affect T cell response, along with transrep-
ression of expression of pro-inflammatory cytokines 
and transactivation of expression of anti-inflammatory 
proteins119. Results of an in vitro study confirmed that 
glucocorticoids markedly impair the antitumour activity 
of tumour-infiltrating lymphocytes, and that this activ-
ity can be restored after glucocorticoid withdrawal121. 
Whether baseline glucocorticoids have a similar nega-
tive influence in patients with pre-existing autoimmune 
disease is not yet known, and deserves further study. 
Until robust clinical data are available, caution should 
be advised for the use of glucocorticoids >10 mg/day 
at ICI initiation. csDMARDs, such as methotrexate, 
also alter T cell responses and could be deleterious122. 
In the absence of randomized trials assessing csDMARD 
discontinuation at ICI initiation, the optimal strategy 
cannot yet be determined.

Flare management and ICI efficacy. Temporary immuno-
suppressive therapy to treat immune toxicity and ICI 
interruption or discontinuation can both hamper the 
antitumoural response. Although data specifically  
relating to management of pre-existing autoimmune 
disease flares are scarce, studies have assessed the 
safety of immunosuppressant use to treat irAEs. Studies 
of the temporary use of immunosuppressive drugs to 
treat immune toxicity provide reassuring results, but 
have mainly focused on glucocorticoids, with few 
data on other immunosuppressive drugs, such as 
bDMARDs30,36,123. With regard to ICI interruption or 
discontinuation, results of a post hoc analysis of phase 2  
and 3 trials suggested that the efficacy of ICI combi-
nation therapy was similar in patients with treatment 
discontinuation during the induction phase for irAE 
and in those continuing treatment or discontinuing for 
another reason124. In clinical trials reported in 2021 and 
2022, approximately half of responders who discontin-
ued ICI combination therapy because of irAEs had a 
durable response125,126. Nevertheless, in the CheckMate 
153 trial, continuing nivolumab until progression 
or unacceptable toxicity in patients with complete or 
partial response was associated with a better outcome 
than stopping the treatment at 1 year with retreatment 
on progression127. Notably, in a multicentre, retrospec-
tive study, partial or complete tumour response at ICI 
discontinuation (after 18 months of well-conducted 
immunotherapy) was a good predictor of long-term 
disease control128. Assessment of the tumour response 
at the time of autoimmune disease flare or irAE can 
therefore help to inform treatment management 
decisions.

NATure revIewS | RheuMAtology

R e v i e w s

  volume 18 | November 2022 | 651



0123456789();: 

The new paradigm of bDMARDs and ICIs
A new paradigm is emerging regarding the use of 
bDMARDs in the context of ICIs, indicating a potential 
synergistic antitumour effect along with the preven-
tion of severe irAEs129,130. bDMARDs could modulate 
the cytokine environment and the lymphocyte infil-
trates within the tumour and the tissues exposed to 
immunotoxicity130–132. This property of decoupling 
efficacy from toxicity could also benefit patients with 
pre-existing autoimmune disease, who are considered 
to be at a high risk of immune toxicity. One mecha-
nism of antitumour enhancement with TNF inhibitors 
could be the expansion of CD8+ tumour-infiltrating 
lymphocytes. However, prolonged use might be dele-
terious, causing depletion of the antitumour cytotoxic 
T lymphocyte pool via inhibition of naive CD8+ T cell 
differentiation130,131. Results from preclinical studies 
suggested that TNF inhibitors in combination with 
ICIs could prevent immune-related colitis, but also 
improve antitumour efficacy in metastatic melanoma 
mouse models131,133. These preclinical data led to the 
TIMICEL phase 1b clinical trial, which evaluated TNF 
inhibitors (infliximab or certolizumab) with dual ICI 
(anti-CTLA-4 and anti-PD-1) therapy in patients with 
metastatic melanoma109. Both combinations were safe, 
and there were more adverse events but better outcomes 
(all patients were responders) in the certolizumab cohort 
than in the infliximab cohort. Retrospective data from 
clinical practice support the temporary use of TNF 
inhibitors to treat irAEs134,135. Nevertheless, the use of 
TNF inhibitors in the ICI setting is now under debate. In 
the Dutch Melanoma Treatment Registry, survival was 
longest in patients who experienced severe ICI toxicity, 
but within this group survival was shorter in patients 
who received TNF inhibitors and glucocorticoids than 
in those treated with glucocorticoids only130,136. Notably, 
glucocorticoid dosage and duration were not reported, 
and were possibly greater in the TNF inhibitors arm, 
resulting in a negative effect on survival130,136. Another 
limitation of this study was the lead-time bias, because 
severe irAEs requiring TNF inhibition might occur ear-
lier than irAEs that only require glucocorticoids. Finally, 
a 2021 report of a retrospective observational cohort 
study of 184 patients presenting with ICI-induced colitis 
refractory to glucocorticoids and treated with either ved-
olizumab (anti-integrin α4β7) or infliximab (anti-TNF) 
identified slightly better outcomes with vedolizumab137.

IL-6 is a pleiotropic cytokine that is involved in 
autoimmunity, mediating the differentiation of naive 
CD4+ T cells to type 17 T helper (TH17) cells. IL-6 also 
has a role in carcinogenesis, and a high baseline con-
centration of IL-6 is a negative predictive factor for 
outcomes in patients with melanoma treated with ICI 
combination therapy138. A systematic literature review 
published in 2021 assessed retrospective data on the 
safety of tocilizumab (anti-IL-6 receptor) for treat-
ment of irAEs139. Tocilizumab was effective in 85% of 
91 patients treated for various types of irAE, with no 
cancer progression, but with the limitation that data 
concerning tumour response were only available for 
14 patients. Five patients at a single centre who received 
tocilizumab for ICI-induced irAE were also followed 

for 3 years, demonstrating good efficacy, even for severe 
irAEs such as myocarditis and large-vessel vasculitis. 
In 2022, results demonstrated a decoupling effect of IL-6 
blockade on ICI response and toxicity132. Upregulation 
of IL-6 expression and TH17 cell gene signatures rela-
tive to IL-12 and TH1 gene signatures was identified in 
immune-mediated enterocolitis compared with normal 
intestinal tissue, whereas IL-12 and TH1 gene signatures 
were upregulated in responders’ tumour tissues com-
pared to immune-mediated enterocolitis. In mouse 
models, combined treatment with anti-CTLA-4 and IL-6 
blockade increased survival and reduced tumour bur-
den compared with anti-CTLA-4 monotherapy, without 
exacerbating autoimmune encephalomyelitis. Several 
clinical trials are ongoing to assess the combination of 
tocilizumab with ICIs. Among them, NCT03999749, 
a phase 2 trial of the combination of ipilimumab, 
nivolumab and tocilizumab for the treatment of mel-
anoma, has produced preliminary results showing an 
overall response rate of 58% in 29 patients with a median 
follow-up of 8.2 months, which is higher than the rate 
reported in the Checkmate 511 study of ipilimumab 
with nivolumab in patients with melanoma140,141. To date, 
although data remain scarce, they are prompting clini-
cians to consider the use of tocilizumab for the treatment 
of severe, steroid-refractory irAEs (particularly rheu-
matic irAEs)142. Phase 3 randomized, controlled studies 
in this area are now warranted.

Current management guidelines
In 2018, the initial European Society for Medical Oncology 
guideline only recommended assessment of the history of 
autoimmune disease or of ongoing immunosuppressive 
treatment in patients being considered for ICI initiation. 
A risk of worsening the pre-existing autoimmune disease 
was mentioned, but no specific recommendation was 
provided at that time143. An update will be published in 
2022. The National Comprehensive Cancer Network clin-
ical practice guidelines of 2019 noted that patients with 
pre-existing autoimmune disease were excluded from 
clinical trials leading to ICI approval, and those data were 
therefore lacking in this population144. Based on limited 
data from retrospective studies, ICIs were reported to be 
effective, with response rates of 20–40%, with most auto-
immune disease flares being managed with glucocorti-
coids and/or additional immunosuppressive therapy. ICI 
discontinuation rate for immune toxicity was reported 
to be comparable with the rate in patients without 
pre-existing autoimmune disease145. However, caution is 
advised for patients with neurological or life-threatening 
autoimmune diseases, and for patients receiving high 
levels of immunosuppression145. In 2021, the Society for 
Immunotherapy of Cancer clinical practice guidelines 
highlighted a 50% risk of pre-existing autoimmune dis-
ease flare under ICI therapy, indicating the need for a 
careful risk–benefit discussion between patient and care 
provider, with consideration of alternative therapies40.

In 2021, the American Society of Clinical Oncology 
updated its recommendations for irAE management 
and noted that patients with pre-existing autoim-
mune disease can be safely treated146. Replacement of 
non-selective immunosuppressive treatments with the 
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most appropriate selective therapies (B cell-depleting 
therapy or inhibition of IL-6, TNF, IL-17, IL-12–IL-23 
or integrin α4β7) could be considered prior to ICI 
initiation147. The EULAR points to consider included 
the suggestion of not contraindicating ICIs in patients 
with pre-existing autoimmune disease, while noting the 
risk of flare and suggesting that the baseline immuno-
suppressive regimen should be kept at the lowest dose 
possible103. All of these consensus-based guidelines 
are aimed at assisting clinical decision-making, but it 
should be recognized that additional research is needed 
to optimize ICI use and safety in this ‘at-risk’ population, 
with the aim of developing evidence-based guidelines 
in the future.

Multidisciplinary management of toxicity
In response to the initial experience of the diagnosis 
and management of irAEs, local and national multi-
disciplinary meetings including oncologists and vari-
ous organ specialists were established in a number of 
countries, to discuss the management of patients pre-
senting with severe, atypical and/or multiple irAEs148,149. 
Case-by-case discussions regarding ICI indication 
in challenging populations, including patients with 
pre-existing autoimmune disease, were included in these 
multidisciplinary meetings, and specific considerations 
are summarized in Box 2. Notably, few centres have pub-
lished details of the assessment activities of these multi-
disciplinary boards, but the limited available evidence 
suggests that around 10% of assessment requests relate 
to patients with pre-existing autoimmune disease, and 
that 88–100% of requests are considered suitable for ICI 
initiation148,149. These examples show that pre-existing 

autoimmune disease is rarely a formal contraindication 
for ICIs in real-life settings, and highlight the benefits of 
multidisciplinary discussions. ICIs were first approved 
for treatment of metastatic cancers, and are now pro-
posed for use in adjuvant settings, and the balance of 
benefit and risk in patients with autoimmune disease 
might differ according to cancer status and prognosis. 
Multidisciplinary boards, either in-person or meeting 
virtually, should continue to share their experiences in 
the management of patients with autoimmune disease 
and their suitability for ICI therapy, and future pub-
lished activities should include their recommendations 
regarding management of baseline immunosuppressive 
treatment. Owing to their familiarity with autoimmune 
disease and their expertise in managing immunosup-
pressive therapies, rheumatologists should actively 
participate in these multidisciplinary meetings150.

Conclusions
Use of ICIs in patients with pre-existing autoimmune 
disease is considered to be reasonably safe, despite the 
risk of flares and irAEs. Although data on patients with 
pre-existing autoimmune disease requiring intensive 
immunosuppressive therapy at ICI initiation remain 
scarce, the incidence of severe irAEs does not seem to 
be related to the presence of pre-existing autoimmune 
disease, and immune toxicity is mostly manageable with 
glucocorticoids, rarely requiring DMARDs. ICI initia-
tion in patients with pre-existing autoimmune disease 
should follow shared decision-making between oncolo-
gists and autoimmune-disease-treating physicians that 
should ideally be discussed in a multidisciplinary meet-
ing, leading to well-informed and closely monitored 

Box 2 | Considerations for initiation of immune-checkpoint inhibitors in patients with pre-existing autoimmune disease

Immune-checkpoint inhibitor (ICI) use in a metastatic or adjuvant 
setting:
•	ICIs should be offered to patients with pre-existing autoimmune disease 

who have metastatic cancer.

•	In an adjuvant setting, ICI use should be balanced with consideration 
of both cancer prognosis and autoimmune-disease characteristics 
(type, severity, activity).

•	Shared decision-making and informed consent is essential.

ICI use as monotherapy or combination therapy:
•	The best oncological treatment should always be considered.

•	risk of autoimmune-disease flare or other immune toxicity is higher 
with combination therapy.

•	Case-by-case discussion is advised, ideally within a multidisciplinary board.

Pre-existing autoimmune-disease type:
•	A higher rate of flares is reported in patients with psoriatic arthritis, 

polymyalgia rheumatica or rheumatoid arthritis than in those with other 
autoimmune conditions.

•	Caution is advised for patients with neurological or life-threatening 
autoimmune disease.

•	ICI introduction and its monitoring should be validated within a 
multidisciplinary board in instances of severe autoimmune disease.

Pre-existing autoimmune-disease activity and ongoing 
immunosuppressive treatment:
•	evidence is mixed in relation to the risk of immune toxicity in patients 

with active autoimmune disease at ICI onset.

•	Higher risk of immune toxicity is reported in patients with intensive 
immunosuppressive therapies than in those with less-intensive 
treatment.

•	Autoimmune disease activity should be assessed prior to ICI  
initiation.

•	monitoring should be adapted to baseline autoimmune-disease activity 
and severity of previous flare(s).

Management of immunosuppressive treatment:
•	baseline glucocorticoids should be kept at <10 mg/day of prednisone 

equivalent.

•	Increasing baseline csDmArDs does not prevent immune toxicity.

•	ongoing trials are evaluating combination of bDmArDs  
with ICIs.

•	minimal immunosuppressive regimen should be reached in patients 
with low autoimmune disease activity.

•	Selective therapies can be considered as a replacement for 
non-selective immunosuppressive treatment in patients requiring 
intensive immunosuppression.

Anticipated monitoring:
•	Patients should be educated with regard to symptoms requiring a rapid 

medical examination.

•	Close follow-up should involve autoimmune-disease specialists and 
oncologists.

•	Patients should be referred to a multidisciplinary board for toxicity 
management if needed.
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patients. Several issues persist in this area, notably 
in relation to the optimal management of immuno-
suppressive therapies at ICI initiation. Opinions differ 
on whether to recommend the lowest possible immuno-
suppressive regimen or preventative initiation of selec-
tive immunosuppressants. Importantly, data from the 
oncology field should shed light on the efficacy and 
safety of baseline bDMARD use in the ICI setting. 
Further collaborative efforts are needed, ideally with 
prospective, controlled studies with larger sample sizes, 
to confirm ICI safety data in patients with pre-existing 
autoimmune disease, to better assess the effects of var-
ious immunosuppressive therapies when prescribed at 

baseline or during follow-up for toxicity management, 
and to evaluate the effects of temporary or permanent 
discontinuation of ICIs in response to pre-existing 
autoimmune disease flare or irAEs. Basic and clinical 
research studies are also needed to better understand the 
pathophysiology underlying pre-existing autoimmune 
disease flare under ICI therapy, and to identify predictive 
factors for immune toxicity and antitumoural response, 
thereby enabling selection of patients with pre-existing 
autoimmune disease who are likely to benefit from ICI 
treatment.
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A fascinating interplay exists between sex, gender and 
disease. Sex and gender refer to different entities, yet often 
they are conflated in the care of patients and the study  
of disease1. The term sex is used to describe the physio-
logical differences between a male and female body.  
In addition to the X and Y chromosomes and levels of 
sex hormones, such as testosterone, oestrogen and pro-
gesterone, male and female bodies also differ in organ  
size and function, height and bodyweight, body com-
position and physiological processes, such as pain 
mechanisms2 and immune processes (Table 1). Gender 
refers to socially constructed characteristics of women 
and men that include norms, roles and relationships, 
which vary in different societies and which may be fluid3. 
Gender identity refers to the personal sense of one’s  
own gender and is reflected in a person’s pronouns, where 
gender expression reflects a person’s behaviour, manner-
isms, interests and appearance associated with feminin-
ity or masculinity4. A patient’s gender can influence how 
they cope with disease and how they are perceived by 
health- care providers5–7, and conversely, the gender of 
the doctor can also influence the patient–doctor inter-
action. However, in many studies the word ‘gender’ is 
also used to describe (biological) differences between 
men and women. These sex differences may influence 
the onset, diagnosis and progression of rheumatological 
diseases, such as axial spondyloarthritis (axSpA).

Why patients of one sex or gender have a particu-
lar disease susceptibility, and why genders within a 
single disease have different phenotypes, including 
manifestations, disease activity and severity, are not 
yet clear. Many rheumatological diseases have a sex 

predisposition. AxSpA is a chronic inflammatory arthri-
tis of the sacroiliac joints and spine that affects men and 
women equally. AxSpA defines a spectrum of disease, 
including the most commonly known form, ankylosing 
spondylitis (AS), with radiographic damage to the sacro-
iliac joints (also known as radiographic axSpA). AS with 
radiographic damage is more prevalent in men than in 
women8–10. With newer Assessment of SpondyloArthritis 
international Society (ASAS) classification criteria and 
advanced MRI, we are now able to more broadly define 
axSpA and classify the disease before significant dam-
age ensues, thus including non- radiographic axSpA 
(nr- axSpA)11. With the inclusion of nr- axSpa, the per-
centage of women in the axSpA group has increased, 
because (compared with men) radiographic changes 
occur less often in women12. This advance has resulted 
in a more gender- equal disease distribution, with more 
women presenting with nr- axSpA than previously, when 
fewer women were diagnosed based on the radiographic 
criteria. Men tend to have more radiographic damage 
and a higher serological inflammatory burden, whereas 
women tend to report more symptoms and more severe 
symptoms, especially at the peripheral joints, with a sim-
ilar overall burden of disease between the sexes (Table 2). 
As the spectrum of axSpA can be viewed as a single 
disease, in this Review AS and nr- AxSpA are not inter-
preted differently in the context of sex and gender except 
to highlight specific inflammatory and radiographic dif-
ferences that exist. Women with axSpA report different 
symptoms from affected men. Factors that might affect 
disease expression and phenotype can be genetic, ana-
tomical, psychological or societal in nature. Additionally, 
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women experience menses, pregnancy and menopause, 
which add complexity to this relationship. Interestingly, 
male and female patients with axSpA tend to differ in 
their responses to treatment. In this Review, we discuss 
sex and gender differences and how they might con-
tribute to differences in phenotypes and therapeutic 
responses in axSpA13–19.

Differences across sex and gender
Defining sex and gender
As we consider the influence of the biological varia-
ble (sex) and the social construct (gender) on disease 
phenotypes and outcomes, it is essential to understand 
how they differ from each other. An important point 
to recognize is that these variables are not binary, even 
though studies have largely assessed them in a binary 
manner. Sex is assigned at birth based on male and 
female attributes and chromosomal differences when 
known. Intersex is designated when these characteristics 
fall outside of the binary definitions. Typically, sex will 
also be associated with anatomical and physiological fea-
tures. Although hormonal metabolism is physiologically 
associated with sex, pharmacological hormone therapy 
might have a role regardless of sex.

Gender refers to an individual’s identity, one’s roles 
and expectations in society, and includes the pronouns 
that a person uses20. Like sex, gender is also not a binary 
term21, yet it has been interpreted that way in the majority 
of studies to date. How gender is determined in a study 
might also be important20,22,23. If a study participant fills 
out a case- report form, they might identify as a specific 
gender (or not). This identification is truly gender and 
sex should not replace this definition in most studies23, 
unless questions relating to biological sex are also asked, 
or genetic information is known. Researchers may inap-
propriately identify a patient’s gender by the patient’s 
feminine or masculine expression (resulting in identifi-
cation as a woman or man, respectively); this is not gen-
der identity and should be separately considered. As we 
discuss the literature throughout this Review, we use the 
terms that the authors of the studies used, recognizing 
that conflation of terms might have occurred and that 
these variables are not binary, despite their designation.

Physiological and anatomical features
Physical differences between men and women could 
explain variation in spinal loading. Men have a longer, 
narrower, heart- shaped sacrum, whereas women have 

a wider pelvic outlet and a broader, oval- shaped pubic 
arch (Fig. 1). In a biodynamic study of spinal loading 
of men and women, men had greater absolute spine 
compression24. However, when analysing these spi-
nal loads under whole- body free- dynamic conditions, 
women experienced greater spinal loads, implying  
that women were more likely to experience musculoskel-
etal injury from heavy lifting over time. In another study, 
trunk muscle size differed between sexes (men versus 
women) and within a sex (left side versus right side), 
with larger loading muscles, including erector spinae, 
internal and external obliques, psoas major and quadra-
tus lumborum, in men25. Latissimus dorsi tended to be 
larger on the right side than on the left for both men and 
women. Women had larger psoas major and quadratus 
lumborum musculature on the right than on the left, 
whereas men had similar measurements on each side. 
Although the implications of these findings for axSpA 
are not known, they demonstrate the anatomical and 
spinal loading differences that could set patients up for 
varying clinical presentations.

Drug effects
Sex influences the efficacy and adverse effects associated 
with medical treatments. Notably, in the case of general 
drug development, most studies were until recently per-
formed in male rodents and male volunteers, and there-
fore there is a lack of sufficient data on the effects in 
females26. As a result, some unexpected adverse effects 
have occurred (with drugs such as cardiovascular drugs, 
salicylates and anti- coagulants), along with increased 
risks of hospital admission related to adverse drug reac-
tions in women27–29. In general, women have lower liver 
and renal function than men, because of the smaller vol-
umes of these organs, which results in lower glomerular 
filtration rates and lower capacity for drug elimination 
in women. In addition, the gastrointestinal tract tran-
sit time is longer and the pH higher in women, which 
(among other effects) increases the resorption of weak 
acids, which influences drug resorption. Emerging data 
also show that there are sex differences in expression of 
cytochrome enzymes and drug- transporter proteins, 
which contribute to a potentially higher drug toxicity 
in women28.

Body composition
Sex differences are not limited to the gonads, breasts and 
concentrations of hormones, as men and women also 
differ in height, bodyweight and body composition. In 
general, males are taller and have greater bodyweight 
than females. In addition, there is a sex difference in 
body composition, as women have approximately 10% 
higher body fat than men for the same BMI19. In addi-
tion, women have greater deposits of subcutaneous 
adipose tissue (80–90% of total body fat)30, especially in 
the hips and thighs (which can result in the so- called 
‘pear shape’), whereas men have higher percentages of 
intra- abdominal visceral adipose tissue (6–20% of total 
body fat), which can lead to an ‘apple shape’. The fat dis-
tribution typically seen in women confers protection 
against metabolic diseases, but following menopause 
fat is redistributed to the central phenotype, which is 

Key points

•	Sex and gender have important roles in disease, with differential contributions to
axial spondyloarthritis (axSpA) phenotype, response to therapy and outcomes.

•	AxSpA has equal prevalence in women and men, contrary to evidence that initially
(and falsely) indicated that it is a disease that predominantly affects men.

•	Women and men with axSpA have different phenotypes, which is important to keep
in mind when assessing for this diagnosis in the clinical setting.

•	Anatomical, physiological and hormonal differences might account for axSpA
phenotypic heterogeneity.

•	more research is needed to better understand the contributions of sex and gender
to disease in axSpA.
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associated with the metabolic syndrome31. Interestingly, 
the adipose tissue also acts as an endocrine organ, secret-
ing not only adipokines (such as the anti- inflammatory 
adiponectin and the pro- inflammatory leptin) but also 
cytokines, such as TNF. Women generally have a higher 
percentage of body fat than men, with higher levels of cir-
culating leptin at all ages, even before puberty and after 
menopause. Women also have higher levels of circulating 
adiponectin, which are reduced in association with ele-
vation of BMI1,32. Results published in 2019 revealed 
an association between a high android- to- gynoid fat 
ratio and chronic low- back pain, as well a probable link 
between leptin levels and osteoarthritis33.

Pain processing
Several sex differences contribute to pain sensitization 
and transportation of pain signals. First, women have a 
higher density of pain receptors in the skin than men34. 
In addition, the results of studies in rodents demonstrate 
differences in expression of genes encoding prostaglan-
dins, which are mediators of pain signalling35. Mu opioid 
receptors have lower activation in women than in men, 
especially during the follicular phase of the menstrual 
cycle, and overall, women show less of a response to mu 

opioids (such as morphine)36. By contrast, kappa opioids, 
such as pentazocine and butorphanol, produce a greater 
analgesic response in women than in men37. Notably, the 
pain threshold is increased by testosterone, whereas con-
flicting evidence is associated with the effects of oestro-
gen and progesterone on pain tolerance. High oestrogen 
and low progesterone can be associated with high pain 
sensitivity, whereas low oestradiol concentrations result 
in low pain sensitivity38,39.

Hormones and life- cycle effects
Sex hormones have roles in immune modulation. 
Compared with men, women have stronger immune 
responses, especially in innate immunity (with higher 
Toll- like receptor expression and activity and greater 
efficiency of antigen- presenting cells to initiate a sec-
ondary response in primed lymphocytes)40, but also in 
adaptive immunity, which is modulated by oestrogen and 
progesterone concentrations, which both stimulate type 2  
T helper (TH2) cell responses and antibody production 
by B cells. Therefore, women have a lower burden of  
bacterial, viral and parasitic infections during their 
reproductive years and have higher immunoglobulin 
levels following infection or vaccination41. Men are more 

Table 1 | Differences between men and women in the context of axial spondyloarthritis

Category Comparison between the sexes Effects of differences 
between the sexesWomen Men

Genetics

Sex chromosomes XXa XYa Gene expression

Anatomy and physiology

Pelvic anatomy Wider pelvic outlet 
and broader pubic arch 
(oval- shaped)

Longer, narrower 
sacrum (heart- shaped)

Effects not determined

Kidneys Smaller size; lower 
glomerular filtration rate

Larger size; higher 
glomerular filtration 
rate

Lower renal function may result 
in greater drug adverse- event 
risk in women

Liver Smaller size; oestrogens 
influence the plasma 
concentrations of enzymes

Larger size Lower drug elimination 
may result in greater drug 
adverse- event risk in women

Gastrointestinal Longer gut transit time; 
higher pH

Shorter gut transit 
time; lower pH

Influence on drug metabolism 
may result in greater drug 
adverse- event risk in women

Body composition Higher fat mass Higher muscle mass Influence on drug metabolism

Hormones Higher oestrogen and 
progesterone levels; 
effects of pregnancy and 
menopause

Higher testosterone 
levels

Effects not determined

Immune response Oestrogen stimulates 
humoral response

Testosterone lowers 
humoral response

Men are more vulnerable to 
infections; women have a 
higher risk of autoimmune 
diseases

Pain processing

Cutaneous pain receptors More sensory pain receptors 
in the skin

Fewer sensory pain 
receptors in the skin

Women feel more pain

Opioid- receptor types Kappa pain receptors Mu pain receptors Different responses to different 
opioids

Hormonal effects No known effects on pain 
threshold

Testosterone increases 
pain threshold

Men feel less pain

aXX and XY are not the only possible sex- chromosome compositions.
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susceptible than women to sepsis and have higher mortal-
ity following sepsis. Testosterone downregulates TNF pro-
duction, but upregulates production of anti- inflammatory 
IL-10 (reF.42). By contrast, cell- mediated immunity and 
humoral immune responses are enhanced by oestrogen, 
as is the production of IL-1, IL-6 and TNF.

During the menstrual cycle, the balance between 
TH1 and TH2 pathways fluctuates43. During pregnancy, 
in which oestrogen concentrations increase (prior to a 
drastic decrease following delivery), there is a TH2 bias, 
with a reduction of the TH1 response and elevation of 
antibody responses44,45. In menopausal women, com-
pared with pre- menopausal women, concentrations of 
oestrogen are lower, concentrations of pro- inflammatory 
markers in the serum are higher, and numbers of B cells 
and TH1 cells are lower46. Autoimmune disease onset 
or activity might be influenced by menopause through 
alterations of gonadal hormone concentrations or the 
androgen- to- oestrogen ratio47. In addition, the reduc-
tion in oestrogen concentrations associated with meno-
pause can also affect comorbidity, with an increase in 
the occurrence of cardiovascular manifestations and 
osteoporosis. The post- menopausal incidence of chronic 
inflammatory disease approaches or even exceeds  
the incidence normally observed in men, whereas the 
post- menopausal incidence of autoimmune disease is 
lower than or equivalent to the observed rates in men 
of a similar age48.

The heightened immune responsiveness in pre- 
 menopausal women also results in a high prevalence of 
many autoimmune diseases, such as rheumatoid arthri-
tis (RA) and systemic lupus erythematosus. By contrast, 
AS is more common in men (with a 3:1 male:female 
ratio), whereas nr- axSpA and psoriatic arthritis both 
have an equal sex distribution.

The axSpA genotype and phenotype
Genetics and hormonal factors in axSpA
Studies of genetic variation to identify possible suscep-
tibility factors have not produced consistent results. In 
a North American cohort of white families affected by 
AS, different ANKH haplotype variants were associated 
with AS in men and in women49. ANKH and TNAP 

gene products interact in ossification, and evidence also 
exists for a specific association of a TNAP haplotype 
with AS in men, but not in women27,50. Sexual dimor-
phism also exists in immune responses, such as those 
involving inflammatory cytokines. In a study of 68 men 
and 19 women with AS, concentrations of TNF, vascular 
endothelial growth factor and IL-18 were higher in men 
than in women51. All patients were HLA- B27 positive, 
and age and C- reactive protein (CRP) concentrations 
were similar in both gender groups, but concentrations of  
other inflammatory cytokines were higher in men,  
suggesting that they had a higher inflammatory burden. 
Although 22% of the study cohort had used immuno-
modulatory drugs, no breakdown by sex was reported 
that might have explained the differences in cytokine 
concentrations.

In SpA, oestrogen might have an anti- inflammatory 
effect via inhibition of TNF production, although not 
all available evidence supports this hypothesis52. In an 
SpA mouse model oestrogen inhibited the onset of 
arthritis53. In a study of women with AS, among pre-
menopausal women, oestrogen concentrations were 
lower in those with active AS than in those with inac-
tive disease, or in healthy individuals54. Similarly, oes-
trogen concentrations in postmenopausal women with 
AS were lower than those in matched healthy indi-
viduals. Oral oestrogen therapy was associated with a 
reduction in arthritis and clinical activity. In this study, 
premenopausal women received norethindrone 1 mg 
plus ethynilestradiol 0.035 mg daily for 21 days of the 
monthly cycle and post- menopausal women received 
conjugated oestrogens 0.625 mg for 25 days, with the 
addition of 2 mg of chlormadinone beginning on day 16.  
By contrast, in a study of 571 women with AS, use of 
oestrogen- based oral contraception was not associated 
with any difference in onset or severity of the disease 
among pre- menopausal women with AS55. In the SKG 
mouse model of SpA, female mice treated with oestro-
gen have less- severe arthritis and SpA manifestations 
than either untreated or ovariectomized mice53, possibly 
as a result of the anti- inflammatory effect of oestrogen. 
Expression of TNF, IFNγ and IL-17A is also lower in 
oestrogen- treated mice. Notably, in a case–control study 

Table 2 | Comparison of clinical manifestations of axial spondyloarthritis in women and men

Manifestation Women with axial spondyloarthritis Men with axial 
spondyloarthritis

Presentation More widespread and peripheral pain More classic low- back pain

Median delay to diagnosis (years) 9–14 5–7

Burden of inflammation Normal C- reactive protein concentrations 
more common

Elevated C- reactive protein 
concentrations more common

Peripheral manifestations More common Less common

Extra- musculoskeletal manifestations Similar in men and women Similar in men and women

Radiographic damage Less common More common

Patient- reported outcomes Worse Better

Function Greater functional impairment Less functional impairment

Comorbidities Lower cardiovascular morbidity and 
mortality

Greater cardiovascular 
morbidity and mortality

Fibromyalgia More common Less common
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involving 50 men with AS, testosterone concentrations 
were not higher in serum extracts from patients than 
from matched individuals, and did not seem to influence 
disease progression56. However, dehydroepiandroster-
one, which is the precursor of testosterone and oestra-
diol, enhances the TH1 immune response and might be 
involved in AS onset and severity57. These results suggest 
that the factors that are important for disease susceptibil-
ity differ from those that are involved in disease activity 
in axSpA, as disease onset in almost all patients occurs 
well before menopause, and no difference in incidence 
is evident in nulliparous versus primiparous or multi-
parous women, in whom oestrogen concentrations  
might differ.

Musculoskeletal manifestations
The musculoskeletal manifestations of axSpA include 
axial inflammatory disease (sacroiliitis, spondylitis and 
hip arthritis) and peripheral musculoskeletal manifesta-
tions (synovitis, enthesitis and dactylitis). Among these 
manifestations, the percentage of patients affected by 
enthesitis and the severity of involvement of the enthe-
ses are greater in women than in men58–62. In addition, 
compared with men, a greater prevalence of peripheral 
arthritis occurs in women with AS in the course of the 
disease (68.9% versus 51.2%), whereas the prevalence 
of inflammatory back pain is lower (50.6% versus 
66.4%)63. The greater involvement of peripheral joints 
and entheses could be an explanation for the same or 
even greater disease burden in women than in men, 
despite lower radiological progression. However, in rela-
tion to the differences between the sexes in musculo-
skeletal manifestations of axSpA, conflicting results 
exist, and results from some studies suggest that there 
are no differences59,64,65. For instance, in a cohort in Iran, 
women were more likely to have enthesitis, but overall 
disease severity was comparable in men and women59. 
By contrast, in a cohort in Israel, although both men 
and women had low- back pain, men had more typical 
inflammatory back pain, whereas women had more 
widespread, pelvic and heel pain64. In a Turkish cohort, 

although hip involvement was more common in men, 
both men and women had similar measurements of spi-
nal mobility, as well as peripheral joint involvement and 
extra- musculoskeletal manifestations65.

Extra- musculoskeletal manifestations
Female sex is positively associated with several 
extra- musculoskeletal manifestations, such as inflam-
matory bowel disease (IBD)58,66,67 and psoriasis66,68. By 
contrast, results indicate that a higher percentage of 
men than women with axSpA experience acute anterior 
uveitis (AAU)68,69. However, other results suggest there 
are no sex differences relating to AAU50, and in one sys-
tematic review a higher prevalence of uveitis was iden-
tified in women (with a male:female prevalence ratio of 
28.5%:33.3%)70,71. However, in the systematic review, no 
distinction was made between different types of uveitis, 
even though intermediate and posterior uveitis are more 
often associated with other diseases, such as sarcoido-
sis. In addition to this association with prevalence, men 
with axSpA have a higher risk than women (multivar-
iate analysis, hazard ratio = 1.76) of a shorter interval 
between episodes of AAU72. Interestingly, AAU, which 
is associated with AS, might also be influenced by sex 
hormones. In an endotoxin- induced rat model of uveitis, 
males seemed to suffer from uveitis with greater sever-
ity and prevalence than females. Additionally, oestrogen 
downregulated expression of inflammatory genes and 
ameliorated disease manifestations73.

In around 50% of patients with uveitis, AAU is the 
cause. AAU is strongly associated with HLA- B27 in 
Western countries, which in general have a higher 
HLA- B27 prevalence than the southern parts of the 
world74,75. A higher prevalence of HLA- B27 is seen in 
North America and Europe, followed by Asia, whereas 
a lower prevalence is seen in Latin America, followed 
by Africa76. A strong association also exists between 
HLA- B27 and axSpA76. Approximately 10–40% of 
patients with AS develop the characteristic AAU that is 
associated with HLA- B27. AAU is often the first rea-
son for seeking medical care. Presentation with AAU is 

a  Female b  Male

R L R L

Fig. 1 | Anatomical differences in pelvic anatomy in men and women with axial spondyloarthritis. Radiographs of the 
anterior–posterior pelvis (frontal plane). a | The pelvis in a woman with axial spondyloarthritis (axSpA) without radiographic 
damage (non- radiographic axSpA). b | The pelvis in a man with axSpA with radiographic damage (ankylosing spondylitis). 
Dashed red lines indicate anatomical differences of the pelvis in women and men. ‘L’ and ‘R’ indicate the left- hand and 
right- hand sides of the patients, respectively.
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therefore a unique opportunity77,78 for the identification 
of undiagnosed axSpA. Evidence indicates that the risk of  
developing AAU associated with HLA- B27 is higher for 
men than for women79. Results also indicate that there 
is no sex difference in the risk of developing axSpA fol-
lowing the onset of uveitis, which suggests that AAU 
can be used for identification of both women and men 
with undiagnosed axSpA69. Notably, in patients with AS 
but without current AAU, treatment with specific TNF 
inhibitors, such as adalimumab, infliximab, golimumab 
and certolizumab, can decrease the rate of occurrence of 
AAU, as well as AS disease activity80.

Comorbidities
Several comorbidities commonly occur in axSpA, such 
as cardiovascular disease (CVD) and osteoporosis81. 
Some of these comorbidities have differential occur-
rences in relation to axSpA, such as obesity, with women 
having a higher prevalence than men82.

Osteoporosis. Osteoporosis and osteopenia in younger 
patients (<50 years old) occur frequently in axSpA83,84; 
they are especially prevalent in long- standing disease and  
may be related to more severe radiographic disease 
with ankylosis and immobilization85. The prevalence of 
osteoporosis in patients with AS is estimated as being 
between 19% and 50%86,87, compared with 13% in early  
axSpA. Among young men with SpA (mean age 37 years),  
an estimated 15% have at least one osteoporotic verte-
bral fracture88. Most of these fractures are located at the 
level of the thoracic spine. The thoracic spine is often 
not included in radiographic evaluation of spinal dis-
ease, which is mainly based on cervical and lumbar 
X- radiography. Interestingly, although treatment with 
TNF inhibitors improves bone mineral density (BMD) 
and reduces disease activity in patients with AS, over the 
treatment period an increase in the number and severity 
(according to Genant scoring) of vertebral fractures still 
occurs89,90. In a cohort of patients with a short AS disease 
duration, who were relatively young and predominantly 
men, 51–54% had decreased BMD (osteopenia or osteo-
porosis) and 13–16% had osteoporosis91, even though 
osteoporosis is generally known as a ‘female disease’, 
because its prevalence and the rate of fractures are much 
higher in postmenopausal women than in older men. 
The lifetime risk of fracture for a 60- year- old woman 
is approximately 44%, nearly double the risk of 25% 
for a man of the same age92. Men diagnosed with early 
axSpA, according to a multivariate regression model, are 
at four times the risk of having a low BMD compared 
with women93–95.

The pathophysiology of osteoporosis is complex. 
Apart from their contribution to inflammation, mono-
cytes from men with AS have a lower capacity to generate 
osteoclasts in vitro than cells from healthy individuals; 
osteoclastogenesis correlates negatively with disease 
duration96. Osteoclasts might therefore have a role in 
the pathophysiology of bone disease in patients with AS.

Cardiovascular disease. Many reports have demon-
strated increased CVD- associated morbidity and mor-
tality in patients with axSpA compared with the general 

population97. Reasons for this high proportion are the high  
presence of inflammation in axSpA, and also the pre-
ponderance of CVD risk factors compared with the 
general population98. Very few studies have focused on 
sex differences in CVD in the populations with axSpA. 
In the general population, women seem to be at a sim-
ilar risk of CVD to men with respect to traditional risk 
factors such as dyslipidaemia, hypertension, diabetes 
and smoking, and this risk is heightened after meno-
pause, possibly because of changes in vascular and lipid 
profiles99.

Globally, CVD is the leading cause of death in men 
and women, and the percentage of mortality that results 
from CVD is higher in women100. Research relating 
to sex differences in CVD in the general population 
indicates that CVD outcomes associated with elevated 
blood pressure, obesity and dyslipidaemia are similar in 
women and men. However, long- term smoking is more 
hazardous for women than for men101. Determination of 
the cardiovascular risk profile should take into account 
that there are differences in the effects of major cardio-
vascular risk factors, such as smoking and diabetes 
mellitus, that lead to worse outcomes in women102. The 
causes of the greater CVD mortality in women are multi-
factorial and include a delay in recognition of CVD risk 
factors, diagnosis and treatment; moreover, women tend 
to have more microvascular coronary disease, endothe-
lial dysfunction and heart failure with preserved ejection 
fraction102. Regarding female- specific risk factors, asso-
ciations exist between preeclampsia, preterm delivery, 
gestational diabetes, polycystic ovarian syndrome and 
menopause onset and the occurrence of CVD, but no 
absolute risk data are available102,103.

Obesity. Among patients with axSpA, overweight and  
obesity are more common than in the general population,  
and they are associated with worse clinical outcomes com-
pared with normal bodyweight and underweight82. Obese 
patients with axSpA have higher disease activity scores, 
worse physical function and worse quality of life than 
patients with a normal weight104. Evidence indicates that 
BMI correlates with serological inflammation (assessed 
by the concentration of CRP) in women with axSpA105. 
High disease activity scores (Ankylosing Spondylitis 
Disease Activity Score (ASDAS) and Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI)) in women 
with AS are associated with a high body- fat percentage 
and fat mass index, whereas men with high disease activ-
ity scores have a low body- fat percentage and fat mass 
index19. Results indicate that BMI is inversely associated 
with TNF- inhibitor treatment response in both women 
and men. Women generally have a higher body- fat per-
centage than men, which might partially explain the 
lesser TNF- inhibitor treatment response in women with 
axSpA106. Compared with normal bodyweight, obesity is 
associated with a five times higher likelihood of devel-
oping new spinal bone lesions, in both men and women 
with AS107. In addition, male sex is associated with an 
odds ratio of 2.32 (95% CI 1.14–4.72) compared with  
female sex for new spinal lesions over 5 years in indi-
viduals with AS107. Serum concentrations of leptin 
and high- molecular- weight adiponectin are inversely 
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associated with spinal radiographic progression in AS108.  
Women with AS, who generally have higher serum con-
centrations of leptin and high- molecular- weight adi-
ponectin than men, might therefore have a lower risk of 
structural damage of the spine.

Diagnosis of axSpA in women
Patients with axSpA commonly suffer from a delay in 
diagnosis, which tends to be longer for women than for 
men. In a meta- analysis, diagnostic delays of approxi-
mately 8.8 years for women and 6.5 years for men were 
identified109. Many pitfalls are associated with the diag-
nosis of axSpA in women compared with in men. First, 
there can be gender differences in the clinical presenta-
tion of axSpA, with women describing different patterns 
of pain to men. Whereas men are more likely to have 
low back and buttock pain, women commonly describe 
middle and upper back pain, peripheral joint pain and 
even widespread pain, which can be confused with 
fibromyalgia64,110. Second, even when men and women 
present with similar symptoms, health- care providers 
might not expect women to have axSpA, and there-
fore this diagnosis might be dismissed109. A contrib-
uting factor in this dismissal might be the lower levels 
of serological inflammation that are found in women. 
CRP concentrations tend to be lower or normal in 
women compared with men111. Last, the MRI findings 
in axSpA can vary by sex. The first studies describing 
MRI findings in patients with axSpA had majority male 
populations, and when these studies included women, 
they tended to have severe disease with imaging findings 
that mirrored those of men112,113.

Although imaging can be helpful to differentiate 
axSpA from other, diagnostically similar conditions 
in women, challenges remain. A woman could have 
chronic pelvic and/or buttock pain from pregnancy, the 
post- partum state, osteitis condensans ilii, pelvic stress 
reaction, pelvic fracture or degenerative sacroiliac joint 
disease, all of which have MRI features that can mimic 
axSpA. Radiographic features can distinguish some of 
these diagnoses, such as osteitis condensans ilii, which 
is associated with sclerotic bone lesions on the iliac 
side, and degenerative sacroiliac joint disease, which is 
associated with osteophytes, subchondral sclerosis and 
interosseous- space narrowing. Although degenerative 
sacroiliac joint disease is readily identified by radio-
graphy, it is an under- recognized entity114. More aware-
ness of this condition is needed to aid in its identification, 
especially because it is more commonly seen in women 
than in men. Other axSpA mimics require MRI for diag-
nosis, for example, to visualize a pelvic stress reaction or 
post- partum changes. Unfortunately, women with axSpA 
and those who are post- partum can report similar pain 
characteristics, have low levels of serological inflam-
mation and have identical patterns of bone- marrow 
oedema on MRI115,116. Although both conditions can 
show unilateral or bilateral bone- marrow oedema along 
the sacroiliac joints, only axSpA can show widespread 
fat lesions unilaterally or bilaterally. However, these fat 
lesions are not always present. Erosions, when present, 
are also suggestive of axSpA, although they can (rarely) 
occur unilaterally in post- partum women. For this 

reason, post- partum women are often recommended  
to wait 6–12 months after giving birth to undergo MRI to  
establish the correct diagnosis. Last, to separate out 
fibromyalgia from psoriatic arthritis, a subtype of spon-
dyloarthritis, studies with whole- body MRI and 18F- Na 
PET–CT have shown that patients with active disease will 
have inflammation in their axial and peripheral joints and 
entheses, whereas patients with fibromyalgia will not117.

Outcomes in axSpA
The majority of efficacy outcomes in axSpA are derived 
from subjective patient- reported data. Unlike other 
inflammatory arthritides such as RA and psoriatic 
arthritis, there are rarely obviously assessable objective 
findings of active joint inflammation on physical exam-
ination. Some end points, such as ASDAS, include CRP 
concentration or the erythrocyte sedimentation rate, 
and MRI was a secondary end point in several studies. 
The lack of easily measurable objective inflammation  
poses a particular challenge for axSpA assessment, parti-
cularly in women, who often have a lower serological 
burden of inflammation and less related damage than 
men. Patient- reported outcomes (PROs), therefore, need 
to be interpreted with caution, as symptoms of pain, 
stiffness and fatigue are associated with a wide range of 
possibilities, even in individuals with clear disease.

Patient- reported outcomes in axSpA
A number of PRO measures for individuals with axSpA 
have been developed over the past two decades118. 
These assessment tools are used in clinical settings to 
describe the disease, to quantify and capture data, and  
to understand treatment outcomes and effectiveness.

Reasons for sex and/or gender differences in PROs 
among individuals with axSpA are not well under-
stood, but several hypotheses exist. For sex- based or 
gender- based differences in symptoms such as pain per-
ception or pain amplification, central pain mechanisms 
might be more prevalent in women than in men119. This 
sex distribution in the pain conditions characterized by 
augmented central pain processing occurs in patients 
with fibromyalgia or RA120–122. With respect to sex differ-
ences measured by health- related quality of life (HRQoL), 
assessment tools that are currently used might be meas-
uring domains that do not adequately capture issues ger-
mane to inflammatory disease processes, or the questions 
used in the assessment of HRQoL might not be inter-
preted similarly in men and women. Other sex and/or 
gender differences observed in commonly used PROs 
might be associated with clinical manifestations, such as 
the involvement of peripheral arthritis, disease activity 
and/or burden of the disease in patients with axSpA60,63,123.

Here, we discuss findings for commonly used PRO 
measures including pain, function, disease activity 
and HRQoL in relation to sex- based or gender- based 
differences reported in clinical studies (Table 3).

Pain. A systematic review and meta- analysis found that 
baseline pain scores are generally associated with gen-
der in patients with inflammatory arthritis63. Although 
results have suggested that there is no difference in the  
reporting of pain using a visual analogue scale for patients 
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with AS124, other results indicate that women with AS 
report higher pain scores than men125–128. With further 
stratification of patients by sex and disease classifica-
tion of axSpA (radiographic versus non- radiographic), 
women with nr- axSpA report higher visual analogue 
scale scores on pain assessment than other groups123. 
With respect to the influence of gender on changes in 
PROs in response to treatment, results from a study using 
pooled data from published clinical trials suggest that 
women have smaller differences between baseline and 
week 12 of treatment (with etanercept or sulfasalazine) 
in efficacy and pain assessments127.

Function
The Bath Ankylosing Spondylitis Functionality 
Index (BASFI) is a validated measure of functional 
impairment129, which is recommended by the ASAS as 

the formal assessment tool to evaluate functional status 
in patients with axSpA. Studies examining whether sex  
and/or gender differences influence BASFI scores in the 
USA are scarce and results from other countries are incon-
clusive. Although results from studies with British, French 
and Brazilian cohorts indicate that women with axSpA 
report higher BASFI scores (greater functional impair-
ment) than men58,61,111, studies conducted elsewhere 
(such as South American countries, Sweden, Denmark, 
China and Iran) have identified no gender difference in  
functional status measured by the BASFI59,60,123,125,126.

Disease activity
To evaluate disease activity in clinical studies, the 
BASDAI130 has been developed. The BASDAI is vali-
dated in axSpA131,132, and endorsed by the ASAS133,134, 
although a preferred measure of disease activity is the 

Table 3 | Baseline gender effects on disease activity, function and quality- of- life scores in axial spondyloarthritis

Study AS or 
axSpA

Participants 
(male:female)

Study design Disease activity, function and quality- of- life scores 
(male:female)

Ref.

BASDAI ASDAS- CRP BASFI Quality of lifea

De Jong et al., 2020 axSpA 182:131 Cross- sectional 4.6:5.2b 2.7:2.8 NR NR 156

Lubrano et al., 2018 axSpA 236:104 Retrospective 
multicentre study

5.7:6.1 3.7:3.4 5.5:5.5 NR 157

van der Slik et al., 2019 AS 176:78 Prospective cohort 5.9:6.5b 3.66:3.93b 5.4:6.2b 9:12b 151

Hebeisen et al., 2018 AS 294:146 Prospective cohort 5.5:5.8 3.6:3.4 4.3:4.4 54.4:54.9 158

Haroon and Gheita, 2018 AS 21:19 Cross- sectional 5.7:6.5 NR 5.8:6.7 NR 159

Law et al., 2018 AS 121:89 Observational cohort 2.9:3.7 2.0:2.2 2.3:2.3 PCS, 43.6:41.8; 
MCS, 49.2:46.0

160

Ibáñez Vodnizza et al., 2017 AS 25:16 Prospective cohort 5.1: 5.2 NR NR NR 106

Lubrano et al., 2017 axSpA 228:93 Retrospective 5.7:6.1 3.7:3.4b 5.5:5.5 NR 62

Kilic et al., 2017 axSpA 221:139 Cross- sectional 
observational cohort

3.3:4.2b 2.6:2.7 2.5:2.8 7.1:8.9b 125

Landi et al., 2016 AS 817:1,072 Observational cohort 4.1:4.8b NR 4.6:4.8 6.9:8.3b 60

Rubio Vargas et al., 2016 axSpA 81:87 Observational cohort 3.6:4.3b 2.3:2.5 NR NR 105

Shahlaee et al., 2015 AS 253:67 Prospective cohort 4.6:5.0 NR 3.8:4.3 7.7:8.5 59

Webers et al., 2016 AS 154:62 Prospective 
observational cohort

3.2:3.9b 2.7:2.8 3.5:3.2 5.8:7.2 70

Gremese et al., 2014 axSpA 118:52 Retrospective 5.5:5.6 NR NR NR 161

Tournadre et al., 2013 axSpA 239:236 Prospective cohort 4.0:4.6b 2.9:3.0 2.7:3.3b 8.0:10.2b 58

van der Horst- Bruinsma 
et al., 2013

AS 957:326 Pooled data clinical 
controlled trials

58.6:62.7b 3.7:3.6 55.8:57.5 NR 127

de Carvalho et al., 2012 axSpA 1,090:415 Observational cohort 4.0:4.6b NR 4.5:4.8 7.5:8.3b 61

Ibn Yacoub et al., 2012 AS 87:43 Cross- sectional 43.1:48.8b NR 53:54.2 NR 137

Roussou and Sultana, 2011 axSpA 172:344 Prospective cohort 5.7:6.3 NR 4.9:5.2 NR 111

Cansu et al., 2011 AS 66:36 Prospective cohort NR NR NR NR 65

Bodur et al., 2012 AS 1,038:343 Prospective 
observational cohort

3.7:4.2b NR 3.3:3.2 6.8:7.3 162

Jung et al., 2010 AS 434:71 Registry 1:1 NR NR NR 163

Lee et al., 2007 AS 302:100 Cross- sectional NR NR 43.3:49.0b NR 164

Table adapted from Rusman et al. (2020)165. AS, ankylosing spondylitis; ASDAS, Ankylosing Spondylitis Disease Activity Score; ASQoL, Ankylosing Spondylitis 
Quality of Life; axSpA, axial spondyloarthritis; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spondylitis Functionality Index; 
CRP, C- reactive protein; EQ-5D, European Quality of Life Five Dimension; ESR, erythrocyte sedimentation rate; MCS, mental component summary; NR, not 
reported; PCS, physical component summary; SF-36, 36- item short form health survey. aQuality- of- life measures include both generic measures such as EQ-5D and 
SF-36 and disease- specific measures such as ASQoL. bSignificant difference by gender or sex.
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ASDAS135,136. Findings of differences in the BASDAI 
reporting according to sex and/or gender are gener-
ally consistent and demonstrate that women report 
worse disease activity scores than men60,61,70,111,125–127,137, 
although in studies conducted in Iran and Denmark, no 
sex or gender- based differences were observed in the 
reporting of the BASDAI59,123. In a longitudinal study, 
women with AS had higher BASDAI scores than men at 
baseline and 12 years of follow- up70. In addition to the 
BASDAI, the more recently developed ASDAS has been 
used in clinical settings138. The ASDAS excludes ques-
tions on fatigue (and both the BASDAI and the ASDAS 
exclude questions regarding pain on physical examina-
tion with palpation, which lack specificity), includes 
the patient global assessment of disease activity and 
an objective measure of inflammation (preferably CRP, 
or erythrocyte sedimentation rate) and is weighted, 
leading to a more robust measure of disease than the 
BASDAI. Data on the influence of sex and/or gender 
on ASDAS scores are limited, but suggest that there 
are no sex- or gender- related differences at baseline or 
over time70,127. The differences between the BASDAI 
and the ASDAS in this respect might result from the 
ASDAS being balanced by the presence of an objective 
measure of inflammation, which is typically greater 
in men with axSpA than in women. In addition, the 
ASDAS does not account for fatigue and entheseal- like 
pain that might be more commonly reported in women 
with axSpA.

Health- related quality of life
The Ankylosing Spondylitis Quality of Life (ASQoL) has 
been the most commonly used disease- specific measure 
of HRQoL in axSpA studies139. Although there is evi-
dence from use of the ASQoL that women with axSpA 
have a lower quality of life than men60,61,125, there are 
also results that show no differences in overall ASQoL 
scores by sex and/or gender at baseline59,70. In addition 
to disease- specific measures, studies often use generic 
measures (such as the 36- item short form health survey; 
SF-36) to assess quality of life in patients with axSpA140. 
Evidence from these studies indicates that there are no 
gender- based differences in reporting HRQoL using 
generic measures at baseline70,123. With regard to changes 
in quality of life over time, ASQoL scores (but not scores 
from the use of generic measures) are worse in women 
with axSpA than in men141.

Health status
The ASAS Health Index is a spondyloarthritis- specific 
PRO measure of health and functioning142 that has been 
validated in a global study in both axSpA and periph-
eral spondyloarthritis143. In a single- centre study of 307 
patients with AS (of whom 20% were women), who were 
assessed for gender differences using the ASAS Health 
Index, a cross- sectional analysis demonstrated that 
women reported higher ASAS Health Index scores than 
men, even though women had higher disease activity, as 
assessed by the ASDAS144.

Table 4 | Gender effects in TNF- inhibitor treatment response

Study AS or 
axSpA

Study design Participants 
(male:female)

Treatment response (male 
vs female)

TNF- naive 
population

Follow- up period Ref.

Rusman et al., 2021 AS Prospective cohort 
study

235:121 ASDAS: 64% vs 47% (RR 1.4, 
95% CI 1.1–1.9)a

Yes 6 months 17

Sieper et al., 2019 nr- axSpA Open- label 
prospective study

295:301 ASDAS partial remission: OR 
2.4, 95% CI 1.6–3.6a

Yes 12 weeks 166

Laganà et al., 2019 SpA Retrospective 123:122 No differences Yes No specification 167

Lubrano et al., 2018 axSpA Retrospective 
multicentre study

236:104 Partial remission: OR 3.0, 95% 
CI 1.4–3.5a; ASAS40: OR 3.16, 
95% CI 1.60–6.30a; ASDAS 
MI: OR 1.91, 95% CI 1.13–3.23

Yes No strict cut- off 
point. Only data on 
the inclusion period 
of 2004–2015

157

Hebeisen et al., 
2018

AS Prospective cohort 
study

294:146 ASAS20: OR 0.34, 95% CI 
0.16–0.71a; ASDAS <1.3: OR 
0.10, 95% CI 0.03–0.31a

Yes 1 year 158

Lubrano et al., 2017 axSpA Retrospective 228:93 ASAS40: greater response  
in men than in womena

Yes Every 3 months 62

Lorenzin et al., 2015 AS Retrospective 52:18 ASAS20: 82.9% vs 65.7% NR 60 months 169

Gremese et al., 2014 axSpA Retrospective 118:52 BASDAI 50: 67.8% vs 46.2%a Yes 12 months 161

van der 
Horst- Bruinsma 
et al., 2013

AS Pooled data clinical 
controlled trials

957:326 ASDAS: 89.4% vs 68.4%a Yes 12 weeks 127

Paccou et al., 2012 AS Retrospective 121:68 BASDAI 50: 78.5% vs 21.5%a Yes 3 months 168

Arends et al., 2011 AS Prospective 
longitudinal 
observational cohort

152:68 ASAS20 and ASAS40: greater 
response in men than in 
womena

Yes ASAS20: 3 months 
and 6 months; 
ASAS40: 6 months

170

Glintborg et al., 
2010

AS Observational 
cohort

364:239 Change in BASDAI: 27 vs 22 Yes 6 months 171

Table adapted from Rusman et al. (2018)141. AS, ankylosing spondylitis; axSpA, axial spondyloarthritis; ASAS20/40, ASAS 20%/40% improvement criteria;  
ASDAS, Ankylosing Spondylitis Disease Activity Score; ASDAS MI, ASDAS major improvement; BASDAI, Bath Ankylosing Spondylitis Disease Activity Score; 
BASDAI 50, BASDAI 50% improvement; NR, not reported; TNF naive, no prior use of TNF- inhibitor treatment. aSignificant difference by gender or sex.
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Sex effect on treatment response
At the present time, sex differences in treatment 
response are an unresolved issue. Despite evidence of 
lower treatment efficacy and drug adherence to bio-
logic DMARDs in women with axSpA than in men, 
few studies have considered sex differences in their 
analyses (Table 4 and 5). In most randomized, con-
trolled trials, the results have not demonstrated any 
sex effects or differences on efficacy, possibly because 
of the low numbers of women included in the trials, 
or because the trials were only powered to determine 
the efficacy of trial drugs, not to detect a difference in 
response by sex145–150. Notably, in a study on pooled 
data from four clinical trials following stratification 
for gender, a lower level of response (by ASDAS and 
BASDAI scores) and treatment adherence was iden-
tified in women than in men127. In women with AS, 
TNF- inhibitor adherence was half of that in men across 
multiple studies, and more women than men switched 
from TNF- inhibitor treatment to another16,151,152. These 
results suggest that sex differences exist in efficacy and 
treatment response. Further results have indicated that 
male sex is a predictor of functional improvement, 
which was seen in 69.9% of men with axSpA and 50.0% 
of women during TNF- inhibitor treatment2. In obser-
vational studies of patients with AS on TNF inhibitors, 
women were more likely than men to stop or switch 
therapy earlier, showed a lower response to treatment 
and had higher disease activity16,17. A re- analysis per-
formed for the anti- IL-17A biologic DMARD secuki-
numab, on the other hand, showed no sex differences 
in efficacy153.

The presence of HLA- B27, the absence of enthesitis, 
short symptom duration and TNF- inhibitor naive status 

are some of the predictors that are positively associated 
with treatment response62,152. These predictors correlate 
negatively with female sex, because, compared with men, 
women with AS are more often HLA- B27 negative, have 
a higher prevalence of enthesitis and have longer delays 
in diagnosis. These factors might contribute to the sex 
differences in TNF- inhibitor adherence and response. 
Differences in TNF- inhibitor response associated with 
sex and gender might be related to gene expression, 
gonadal hormones and body composition (especially 
higher body fat percentages in women)106. Men with 
axSpA have higher serum TNF concentrations than 
women154, which might explain the worse TNF- inhibitor 
treatment responses in women with axSpA. In the 
Swiss Clinical Quality Management Cohort, men and 
women with nr- axSpA initiating TNF- inhibitor therapy 
were compared for response to treatment155. Patients 
with fibromyalgia were excluded. Notably, women had  
a longer delay to diagnosis and were less likely than 
men to achieve a 40% improvement in ASAS criteria at  
1 year (17% versus 38%, adjusted odds ratio 0.19; 95% 
CI 0.05–0.62)155.

Conclusions
Sexual dimorphism exists in axSpA. Historically, axSpA 
was a disease predominantly seen in men, in the radio-
graphic form (AS). As the understanding of axSpA has 
evolved, it is now known that women carry about half 
of the disease burden. Men and women experience 
axSpA differently, which might be partly attributed 
to anatomical and hormonal variation. As male and 
female bodies have many differences in organ size, pain 
transmission and body composition, it is important to 
realize that these differences also influence PROs and 

Table 5 | Gender effects on TNF- inhibitor adherence

Study AS or 
axSpA

Study design Participants 
(male:female)

Treatment adherencea 
(male:female)

Study time period Ref.

Hebeisen et al., 
2018

AS Prospective cohort study 294:146 5.2:2.9 yearsb 12 years 158

Flouri et al., 2018 AS Prospective observational 
cohort

446:115 Hazard ratio for treatment 
discontinuation in men vs 
women: 0.73 (95% CI 0.51–1.04)

10 years 172

Al Arashi et al., 
2018

AS Prospective cohort 205:75 91.6:34.4 monthsb Mean 6.3 years 173

Yahya et al., 2018 axSpA Retrospective review of 
routinely recorded clinical data

386:115 No gender effects observed 1, 5 and 10 years 174

Iannone et al., 
2017

SpA Prospective observational 
cohort

72:75 23.0:19.6 monthsb 2 years 175

Rusman et al., 
2018

AS Prospective cohort 74:48 44.9:33.4 monthsb Mean 4.8 years 16

Arends et al., 2011 AS Prospective longitudinal 
observational cohort

152:68 Hazard ratio for treatment 
discontinuation in women vs 
men: 0.41 (95% CI 0.25–0.66)b

6 months 170

Glintborg et al., 
2010

AS Observational cohort 364:239 Hazard ratio for treatment 
discontinuation in women 1.46 
(95% CI 1.07–2.00)b

5 years 171

Kristensen et al., 
2010

AS Prospective observational 
cohort

182:61 Hazard ratio for treatment 
discontinuation in men 0.36 
(95% CI 0.19–0.68)b

2 years 176

Table adapted from Rusman et al. (2018)142. AS, ankylosing spondylitis; axSpA, axial spondyloarthritis. aTreatment adherence refers to time on TNF inhibitor, unless 
otherwise indicated. bSignificant difference by gender or sex.
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treatment efficacy. Fortunately, most drugs work well 
in both sexes, but there is still a paucity of data relat-
ing to efficacy and adverse effects in the context of sex 
and gender. Therefore, we would like to set a research 
agenda to encourage investigators to take sex and gen-
der into account when evaluating diagnostic procedures, 
disease manifestations and treatment efficacy. Existing 

data, such as those from large cohorts and from clinical 
trials could be re- examined to identify sex and/or gender 
effects. New data will emerge from this research and will 
provide useful tools for personalized treatment of men 
and women with axSpA.
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