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The results of R4- RA, the first biopsy- 
 driven, multicentre randomized 
controlled trial (RCT) in rheumatoid 
arthritis (RA), suggest that direct 
assessment of synovial tissue pathol-
ogy could be used to guide the choice 
of treatment for patients with RA. 
If replicated and validated in indepen-
dent cohorts, the findings could 
represent an important step forward 
in precision medicine for the disease.

“Precision medicine aims to 
tailor treatment to distinct features 
of an individual patient’s condition,” 
explains Laura Donlin, who was not 
involved in R4- RA. In oncology, 
for example, stratification of patients 
and tailoring of treatment according 
to tumour- specific molecular 
profiles is routine in clinical practice. 
“RA represents a promising test case 
for precision medicine amongst 
rheumatic diseases,” says Donlin, 
pointing out that the range of 
medi cations available for RA have 
shown differential efficacy among 
patients with the disease, and that 
the past few years have seen major 
gains in knowledge of the molecular 
and cellular features of RA- affected 

joints. “The challenge now is in 
identifying which of these molecular 
features relates to the responsivity of 
an individual to a given medication,” 
she adds.

The R4- RA investigators focused 
on the extent of B cell infiltration in 
the RA joint tissue (synovium) as a 
predictor of an individual patient’s 
responsiveness to a treatment that 
targets B cells. “In prior studies,  
we identified that approximately  
40% of patients have few B cells  
infiltrating the synovium while still  
displaying active arthritis,” says 
co- author Felice Rivellese. “On this 
basis, we hypothesized that, in these 
patients, joint inflammation is driven 
by alternative cell types and/or path-
ways and they would be less likely 
to respond to the B cell depleting 
biologic rituximab and more likely 
to respond to a different biologic, 
such as tocilizumab.” This hypothesis 
was supported by the results of a 
small pilot study of patients with 
established RA and an inadequate 
response to TNF inhibitor therapy, in 
which having few or no CD20+ B cells 
was an independent predictor of  
non- response to rituximab.

In the phase IV R4-RA RCT, 
the presence of B cells in a patient’s 
actively swollen joint was assessed 
by histological assessment of 

biopsy-obtained synovial tissue. 
The patients, who had all previ-
ously failed to respond to treat-
ment with TNF inhibitors, were  
then classified as ‘B cell rich’  
or ‘B cell poor’ and randomly 
assigned to receive either rituxi-

mab (n = 83) or tocilizumab (n = 81). 
Synovial tissue was also classified 
by B cell molecular signature using 

RNA sequencing.
Among patients histo-

logically classified as B cell 
poor, there was no statistically 

significant difference in the pro-
portion meeting the primary end 
point (improvement from baseline 
in clinical disease activity index 
score of 50% or more (CDAI50%) at 
week 16) between those treated with 
tocilizumab or rituximab (56% versus 
45%). However, more patients in the 
tocilizumab group achieved a major 
treatment response (CDAI- MTR; 
defi ed as CDAI50% plus CDAI 
score <10.1) than in the rituximab 
group (46% versus 24%; P = 0.035).

Notably, when joint tissue was 
assessed using RNA sequencing, 
the response rate was significantly 
higher in the tocilizumab group 
for both CDAI50% (63% versus 
36%; P = 0.035) and CDAI- MTR 
(50% versus 12%; P = 0.0012).

Rituximab seemed to be as 
effective as tocilizumab for patients 
classified as B cell rich, although the 
study was not powered to evaluate 
their comparative efficacy.

“The ability to target biological 
therapies to the right patients would 
significantly impact the health eco-
nomics of RA with reduced exposure 
of patients to expensive and poten-
tially toxic drugs, while reducing 
suffering and disability for patients 
and huge costs to society,” notes 
Costantino Pitzalis, co- author and 
chief investigator of R4- RA. Although 
the study has some limitations, the 
results suggest that assessing B cell 
expression signatures in synovial 
tissue could help identify patients 
who might not respond to treatment 
with rituximab. “This is an outstand-
ing first step towards implementing 
evidence- based precision medicine 
approaches for patients with  
rheumatic diseases,” notes Donlin.

Sarah Onuora

 C L I N I C A L  T R I A L S

Biopsy- driven trial a milestone towards 
precision medicine in RA

ORIgINAL ARTICLe Humby, F. et al. Rituximab 
versus tocilizumab in anti-TNF inadequate 
responder patients with rheumatoid arthritis 
(R4RA): 16-week outcomes of a stratified,  
biopsy-driven, multicentre, open-label, phase 4 
randomised controlled trial. Lancet 397, 305–317 
(2021)
ReLATed ARTICLe Pitzalis, C. et al. Transforming 
clinical trials in rheumatology: towards patient- 
centric precision medicine. Nat. Rev. Rheumatol. 
16, 590–599 (2020)
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Antidepressant identified as potential DMOAD
New findings implicate the G protein-coupled receptor 
kinase GRK2 as a promoter of chondrocyte hypertrophy 
and a potential disease-modifying osteoarthritis drug 
(DMOAD) target. In a surgical model of osteoarthritis (OA), 
chondrocyte-specific deletion of GRK2, or pharmacological 
inhibition with the repurposed FDA-approved antidepressant 
drug paroxetine, attenuated chondrocyte hypertrophy,  
matrix degradation and OA progression. Paroxetine-mediated 
GRK2 inhibition also mitigated chondrocyte hypertrophy  
and cartilage degradation in human OA cartilage ex vivo.
ORIgINAL ARTICLe Carlson, E. L. et al. Paroxetine-mediated GRK2 inhibition is a 
disease-modifying treatment for osteoarthritis. Sci. Transl Med. 13, eaau8491 (2021)

 R H e U M ATO I d  A RT H R I T I S

RA remission attainable during pregnancy
Low disease activity (LDA) and remission are feasible treatment 
goals during pregnancy in patients with rheumatoid arthritis 
(RA) and can be achieved through following a modern 
treatment approach that includes treat- to- target and TNF 
inhibitor therapy, according to an analysis of the PreCARA 
cohort. Of the patients in this cohort, 75.4% were in a state  
of LDA or remission before pregnancy, which increased to 
90.4% in the third trimester and remained stable post- partum. 
This proportion was higher than that of a historic reference 
cohort of pregnant patients with RA being treated according  
to standards of that time (2002–2010).
ORIgINAL ARTICLe Smeele, H. T. W. et al. Modern treatment approach results in low 
disease activity in 90% of pregnant rheumatoid arthritis patients: the PreCARA study. 
Ann. Rheum. Dis. https://doi.org/10.1136/annrheumdis-2020-219547 (2021)
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2019 EULAR–ACR classification criteria for SLE 
performs well in children
In a retrospective analysis of the performance of the 2019 
EULAR–ACR classification criteria for systemic lupus 
erythematosus (SLE) in paediatric patients (112 with juvenile 
SLE and 113 without SLE), the criteria had a high sensitivity 
(0.96, 95% CI 0.90–0.99) and high specificity (0.89, 95% CI 
0.82–0.94), which was comparable to (or slightly improved from) 
that of the SLICC criteria. Notably, the sensitivity of the criteria 
improved over time (ranging from 0.83 one year after the onset 
of symptoms to 0.96 after more than two years). However, the 
specificity was lower than that reported for adults (0.93).
ORIgINAL ARTICLe Levinsky, Y. et al. Performance of 2019 EULAR/ACR classification 
criteria for systemic lupus erythematosus in a pediatric population – a multicenter study. 
Rheumatology https://doi.org/10.1093/rheumatology/keab140 (2021)

 S Y S T e M I C  S C L e R O S I S

Tocilizumab prevents ILD progression in early SSc
In a post- hoc analysis of the phase III focuSSed trial, 
tocilizumab treatment preserved lung function in patients 
with early systemic sclerosis (SSc) and progressive skin disease. 
Tocilizumab stabilized forced vital capacity (FVC) over 48 weeks, 
resulting in a least squared mean change in % predicted FVC 
of -0.1% compared with -6.3% in the placebo group. This effect 
was independent of the extent of lung involvement or fibrosis 
severity at baseline (as assessed by well- established quantitative 
high resolution chest CT measurements).
ORIgINAL ARTICLe Roofeh, D. et al. Tocilizumab prevents progression of early systemic 
sclerosis associated interstitial lung disease. Arthritis Rheumatol. https://doi.org/10.1002/
art.41668 (2021)

Behçet syndrome is a heterogeneous 
condition, with diverse clinical 
manifestations and prognoses. Two 
papers published in Arthritis Research 
& Therapy have identified various 
phenotypes for Behçet syndrome, 
which could be a useful step in the 
road towards personalized medicine 
for this condition.

“In daily practice, we have  
noticed that major organ involve-
ment in patients with Behçet 
syndrome can vary,” states  
Jian- Long Guan, corresponding 
author on one paper. “For example, 
uveitis rarely overlaps with intestinal 
lesions in these patients and 
vice versa.”

To explore these different 
phenotypes, the researchers per-
formed a cross- sectional analysis 
of 860 patients with Behçet syn-
drome who had attended Huadong  
Hospital of Fudan University in 
China between September 2012  
and January 2020.

Guan and colleagues found 
differing patterns of organ involve-
ment between men and women, 
including a higher prevalence  
of papulopustular skin lesions,  
ocular disease, cardio vascular 
disease and central nervous  
system (CNS) involvement among  
male patients and a higher pre-
valence of genital ulcers among  
female patients.

Notably, a hierarchical cluster 
analysis revealed five subgroups 
of patients with differing organ 
involvement: a skin and mucosa 
subtype, an articular subtype,  
a gastrointestinal subtype, a  
uveitis subtype and a cardio-
vascular subtype with CNS 
involvement.

“Some patients with intestinal  
and vascular lesions have no  
obvious symptoms,” reports Guan. 
“This cluster pattern could help 
us avoid unnecessary endoscopy 
screening for patients with uveitis 
without abdominal symptoms. 
We might also screen for vessel 
involvement in patients with 
CNS lesions.”

A similar set of subgroups 
was identified by researchers in 
another study, investigating clinical 
clusters among patients with Behçet 
syndrome in Japan. “An important 
aspect of our paper is that we  
used two large registries for our 
analysis: about 600 patients with 
Behçet disease at Yokohama City 
University and about 6,000 patients 
at the Ministry of Health, Labor  
and Welfare in Japan,” explains  
Yohei Kirino, corresponding author 
on this study. “This approach  
allowed us to validate the clustering 
analysis in two independent 
registries.”

The five clinical clusters 
included a mucocutaneous subtype, 
a mucocutaneous with arthritis 
subtype, a gastrointestinal subtype, 
an eye subtype and a neurological 
subtype. Interestingly, Kirino and 
colleagues found that the proportion 
of each cluster varied over time, 
including an increase in frequency 
of patients with gastrointestinal 
involvement, in line with data from 
previous epidemiology studies in 
Japan and South Korean.

“Our study did not include 
important factors such as genetics 
and disease activity, so the ‘resolution’ 
of the clusters is blurry,” explains 
Kirino. “We are currently conducting 
a publicly funded nationwide Behçet 
disease registry study, which will 
include more than 1,000 patients  
and will incorporate details of 
phenotype, treatment, prospectively 
tracked disease activity scores, 
GWAS and various biomarkers 
of Behçet disease. Through this 
analysis, we aim to identify more 
detailed subtypes of Behçet disease, 
optimize medical care and predict 
prognosis, and improve patient care,” 
he concludes.

Jessica McHugh

 VA S C U L I T I S

Different phenotypes identified 
for Behçet syndrome

ORIgINAL ARTICLeS Zou, J. et al. Cluster 
analysis of phenotypes of patients with Behçet’s 
syndrome: a large cohort study from a referral 
center in China. Arthritis Res. Ther. 23, 45 (2021) | 
Soejima, Y. et al. Changes in the proportion of 
clinical clusters contribute to the phenotypic 
evolution of Behçet’s disease in Japan. Arthritis 
Res. Ther. 23, 49 (2021)
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new research using a novel xenotrans
plant model provides evidence that 
human plasmacytoid dendritic cells 
(pDCs) have an important and direct 
role in skin inflammation and fibrosis, 
and highlights that specifically target
ing these cells could be a viable  
therapeutic approach for systemic  
sclerosis (SSc).

Previous research over the past  
decade has implicated pDCs in  
interferon (Ifn)induced responses,  
skin infiltration and fibrosis in the  
context of immune mediated inflam
matory diseases (ImIDs), including SSc. 
“nevertheless, all the evidence so far 
has focused only on indirect models 
using ex vivo human samples or mouse 
models with mouse pDCs,” explains 
Rebecca Ross, cocorresponding author 
of the study published in Annals of the 
Rheumatic Diseases.

The novel in vivo model used in 
the latest study was devised by 
xenotransplantation of human pDCs 
into immunocompromised mice. 
“Xenotransplanted mice showed an 
increased Ifn response to topical 
Tolllike receptor (TlR) agonist 
application and a strongly enhanced 
fibrotic and immune response to 
bleomycin,” Ross notes. These effects 
were suppressed by administration of 
CbS004, a monoclonal antibody with 
high affinity for bDCA2, which is an 
inhibitory receptor expressed on pDCs 
and important for their function.

These in vivo findings were supported 
by experiments in organotypic skin 

rafts, which the researchers developed 
as a preclinical human skin model. 
In this in vitro model, expression of 
Ifninduced genes was increased in 
human skin cells including keratinocytes 
and fibroblasts following exposure 
to the supernatant of TlRactivated 
pDCs. notably, this Ifn gene signature 
was suppressed when the pDCs were 
cocultured with CbS004.

“Altogether our data offer the  
first direct evidence supporting  
the development of bDCA2targeting  
as a therapeutic application for pDC 
mediated skin inflammation and  
fibrosis,” highlights cocorresponding 
author francesco Del Galdo. “We plan 
to define the clinical contexts in  
which a direct pDC targeting may  
lead to a therapeutic benefit and  
consider testing the performance  
of this antibody in the context of  
dedicated clinical trials.”

Sarah Onuora

 S Y S T e M I C  S C L e R O S I S

targeting pDcs in ssc

Cigarette smoking is known to 
both increase the risk of developing 
rheumatoid arthritis (RA) and to 
exacerbate disease. Although some 
of the effects of cigarette smoke on 
RA have been discovered at a cellular 
level, the molecular mechanisms are 
largely unknown; a deficiency that a 
new study has aimed to address.

“We have previously shown 
that cigarette smoke can activate 
T helper 17 (TH17) cells, which 
are closely associated with RA,” 
explains first author Paula Donate. 
“In this new study, we therefore 
explored the molecular mechanism 
behind how cigarette smoke  
stimulates TH17 cells.”

Cigarette smoke contains several 
agonists for aryl hydrocarbon 
receptor (AhR), which is expressed 
by TH17 cells, so the authors began by 
mapping microRNA expression in 
TH17 cells upon stimulation with an 
AhR agonist. Of the microRNAs that 

were upregulated, miR-132 was taken 
forward for further study as the most 
promising candidate owing to its 
upregulation in TH17 cells in mice with 
experimental arthritis following expo-
sure to cigarette smoke and its high 
homology between mice and humans.

Interestingly, miR-132 was not 
only upregulated in TH17 cells in 
response to cigarette smoke, but was 
also released by them in the form of 
extra cellular vesicles. 
In vitro, these vesicles 
were able to induce 
osteoclastogenesis in 
pre- osteoclasts.

“Mechanistically, 
we found that the 
upregu lation of 
miR-132 induces 
osteoclastogenesis 
via the suppression of 
COX2, which catal-
yses the synthesis of 
pro staglandins,” states 

 R H e U M ATO I d  A RT H R I T I S

Cigarette smoke exacerbates  
joint damage via miR-132

co- corresponding author Fernando 
Cunha. Prostaglandins are known 
inhibitors of osteoclasto genesis, 
so suppressing COX2 with miR-132 
lifted this inhibition, leading to 
increased generation of osteoclasts.

In mice with experi mental 
arthritis, intra- articular injection  
of anti- miR-132 was sufficient 
to both block the expression of 
miR-132 in the synovium and 
to reduce arthritis. Furthermore, 
exposure to cigarette smoke 
increased osteoclastogenesis in these 
animals, which could be stopped 
by anti- miR-132.

“We also found that patients with 
RA express higher levels of miR-132 
than do healthy indivi duals, and 
this increase was further elevated 
by cigarette smoking, suggesting 
that miR-132 is a potential target 
for therapeutic intervention for 
inflammatory disease in general, 
and RA in particular,” adds 
co- corresponding author Foo Liew.

Joanna Clarke

ORIgINAL ARTICLe Donate, P. B. et al. Cigarette 
smoke induces miR-132 in Th17 cells that enhance 
osteoclastogenesis in inflammatory arthritis.  
Proc. Natl Acad. Sci. USA 118, e2017120118 (2021)
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ORIgINAL ARTICLe Ross, R. L. et al. Targeting 
human plasmacytoid dendritic cells through 
BDCA2 prevents skin inflammation and fibrosis  
in a novel xenotransplant mouse model of 
scleroderma. Ann. Rheum. Dis. https://doi.org/ 
10.1136/annrheumdis-2020-218439 (2021)
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Patients increasingly indicate that they prefer 
non- pharmacological management of gout1,  
and dietary management and weight reduc-
tion are cornerstones of behavioural non- 
pharmacological interventions for managing 
gout. However, data from controlled trials 
about the effect of these interventions on dis-
ease activity in gout are mostly lacking. The 
results of a new study by Juraschek et al. sug-
gest that adopting the Dietary Approaches to 
Stop Hypertension (DASH) diet could help 
to reduce serum urate levels in patients with 
gout, but also raises further questions about 
dietary interventions2.

The DASH diet pattern emphasizes eat-
ing fruits, vegetables, low- fat dairy products, 
nuts, legumes and whole grains and lowering 
the intake of sodium, red and processed meats 
and sweetened beverages. The current study 
by Juraschek et al.2 is a secondary analysis of 
the original DASH trial3, a parallel arm 8- week 
study in adults with elevated blood pressure 
or hypertension in which the DASH diet was 
compared with a diet rich in fruit and vegeta-
bles and a typical American diet. In their new 
analysis, Juraschek et al. embrace the concept 
of food synergy (the additive, or more than 
additive, effects of nutrients, food constituents 
and foods on health outcomes4) by evaluating 
the effect of the DASH food pattern on serum 
urate levels in participants from the original 
DASH study2. No statistically significant dif-
ference was found between the DASH diet 
and a diet high in fruits and vegetables in 
the effect on serum urate levels (−0.25 mg/dl  
versus −0.17 mg/dl reduction over the typical  

do not meet the definition of hypertension 
might be the most likely to benefit from the 
urate- lowering effects of the DASH diet.

Because of the frequent coexistence of 
hyperuricemia and gout with other compo-
nents of metabolic syndrome (such as cen-
tral obesity, hypertension, insulin resistance 
and dyslipidemia)6, and the beneficial effects  
of dietary interventions, it is not surprising that 
dietary interventions for metabolic syndrome  
(such as the DASH diet) have been postulated 
to have beneficial effects on hyperuricemia 
and gout. For example, insulin resistance is 
thought to modify the handling of urate by 
the kidney, thereby causing hyperuricemia, 
and hyperuricemia might exacerbate insulin 
resistance by impairing endothelial oxygen 
supply6. The DASH diet also lowers blood 
pressure and improves cardiovascular risk 
factors3 — a potential added benefit for peo-
ple with gout. However, with the exception 
of a few pilot trials7–9, critical evidence about 
dietary interventions in the field of gout from 
well- powered, placebo- controlled randomized 
trials is lacking.

The currently available evidence can only 
address the effect of a DASH diet as a pre-
ventive strategy to reduce high serum urate 
levels (a biomarker for incident gout and 
symptomatic gout) in adults in the general 
population. A prospective cohort study of 
44,444 men without a history of gout from 
the Health Professionals Follow- Up Study 
was carried out to investigate the rates of 
incident gout that met the preliminary ACR 
classification criteria for gout in individuals 
on a DASH dietary pattern compared with 
those on a Western dietary pattern (high in 
sweets, fried foods, red and processed meats 
and refined grains)10. In this study, a DASH 
dietary pattern score was assigned on the 
basis of data from food frequency question-
naires. During the 26 years of follow- up, those 
with higher DASH dietary pattern scores 
had a lower risk of incident gout than those 
who consumed a Western diet10. If empiric 
evidence or model- based analyses could be 

American diet, respectively). However, because 
the DASH diet has additional components  
besides increased fruit and vegetable intake 
(such as increased intake of low- fat dairy and  
whole grains), it could be postulated that 
syner gies with additional foods could confer 
addi tional benefits on hyperuricemia, and 
possibly on gout flares, that might be demon-
strated in a future trial. The dietary interven-
tions were carefully controlled by the use of 
isocaloric dietary patterns and meals that were 
either provided or consumed at the study site, 
assuring that dietary adherence was high3.  
Such a stringent design enabled the confound-
ing variable of weight change to be controlled. 
Presumably, future studies of dietary inter-
ventions, weight loss and/or other behavioral 
interventions in gout will be completed with a 
similarly high degree of rigour.

Interestingly, in this study, the DASH diet  
was associated with greater serum urate 
reductions in adults without baseline hyper-
tension, in those with higher baseline serum 
urate levels (above 6 mg/dl) and possibly in  
those without obesity (showed a trend towards 
statistical significance)2. These interesting and 
informative subgroup and stratified analyses 
are hypothesis generating and need to be con-
firmed with future studies. This finding of 
serum urate reduction was similar to another 
ancillary DASH diet study that showed greater 
lowering of serum urate in those with higher 
baseline serum urate levels than in those 
with lower levels5. Thus, adults in the general 
population with high serum urate levels who 
have borderline elevated blood pressure but 

 G o u t

How do dietary interventions 
affect serum urate and gout?
Sarah L. Morgan and Jasvinder A. Singh  

An important question for patients and providers is whether and to what 
extent dietary interventions, diet supplements or weight loss can help  
to prevent incident gout or manage existing gout. Evidence is emerging,  
but randomized trials are still needed to fill this important knowledge gap.

Refers to Juraschek, S. P. et al. Effects of dietary patterns on serum urate: results from the DASH randomized trial. 
Arthritis Rheumatol. https://doi.org/10.1002/art.41614 (2020).
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provided to show the reductions in the 5- year 
or 10- year risks of incident gout that occur 
with the magnitude of serum urate reduction 
produced by the DASH diet (as reported by 
Juraschek et al.2), it would provide patients 
and providers with usable information about 
the magnitude of this benefit. Such know ledge 
would be helpful for patients with gout as they 
embark on life- long dietary changes that can 
be challenging to sustain.

Several questions remain regarding the 
reduction in serum urate of the magnitude of 
0.25 with the DASH diet in the general popula-
tion reported by Juraschek et al.2. Is this serum 
urate reduction clinically meaningful? Can it 
be sustained in an individual long- term? Are 
other cardiovascular risk reduction benefits 
sustainable? Patients with which clinical or 
genetic phenotype would benefit the most 
from this intervention? What are the interac-
tions between medications used for the treat-
ment of hypertension and/or hyperuricemia 

with this dietary intervention? The last  
question could be answered with a 2×2 fac-
torial design trial, but additional trials or 
studies will be needed to answer the remaining 
questions.

If a future carefully controlled trial of the 
DASH diet in people with gout can demons-
trate a beneficial effect on flares and disease 
activity (function, quality of life and joint 
swelling), an equally important challenge will 
be the translation of the DASH dietary pat-
tern into everyday living. Given that patients 
with gout often prefer non- pharmacological 
approaches such as dietary management1,  
the adoption of a DASH diet in everyday 
life will be an important consideration. 
Adherence is challenging for all nutritional 
intervention therapies; the implementation 
of strategies to remove barriers and facil-
itate dietary interventions, similar to those 
used to overcome challenges in adherence to 
urate- lowering therapy, will be vital.

How does diet modification fit into the 
over all management of gout? Pharmacological 
treatment with urate- lowering drugs such 
as allopurinol, febuxostat, probenecid or 
pegloti case is important for lowering serum 
urate to target levels. However, behavioural 

Adherence is challenging 
for all nutritional intervention 
therapies

interventions that can be effective in low-
ering serum urate and improving gout out-
comes, including diet modification, exercise 
and weight loss, are important adjuncts to the 
pharmacological management of gout. Even if 
the magnitude of serum urate reduction from 
behavioural interventions is lower than that 
resulting from the use of urate- lowering drugs, 
additional potential benefits from behavioural 
interventions, such as improvements in func-
tion and quality of life, could be helpful to 
patients with gout. Future controlled trials on 
behavioural interventions for lowering urate, 
as well as the effect of these dietary interven-
tions on gout flares, will be an important 
 addition to the toolkit to manage gout.
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Systemic autoimmune diseases are hetero-
geneous conditions that have a wide range 
of clinical presentations and variable clinical 
courses. A hallmark of these conditions is their 
variable inflammatory responses and changes 
in disease activity over time. Although 
hetero geneity within particular systemic 
autoimmune diseases has been shown on 
a molecular level, comparisons among dis-
eases have been limited, and the variability 
and similarities across systemic autoimmune 
diseases remains poorly defined. Efforts to 
stratify patients with systemic autoimmune 
diseases on the basis of molecular patterns, as 
attempted in a new study by Barturen et al.1, 
could have important diagnostic and thera-
peutic implications in the movement towards 
precision medicine in rheumatology.

Genomic technologies have enabled sys-
tematic, data- driven approaches to improve 
our understanding of disease heterogene-
ity in a wide range of conditions. The most 
not able progress has been made in the field 
of cancer2, where genomic technologies  
have resulted in diagnostic tools for breast 
cancer such as the MammaPrint and Onco-
type DX gene expression tests, which are 
now widely used in the clinical setting3.  
In cancer, researchers have elucidated and 
characterized tumour heterogeneity using 
gene expression, epigenetics and genomic 
sequencing, and these successes culminated 
in efforts such as The Cancer Genome Atlas 
that catalogued multiple layers of genomic 
data, providing comprehensive views both 
across and within diseases. Similar studies 
of autoimmune diseases have not occurred, 
partially because of a lack of comprehensive 

genetic, genomic and epigenomic data from 
the same patients.

Barturen et al.1 have taken steps toward 
mitigating this deficit and have shown data- 
driven groupings for multiple systemic 
auto immune diseases using whole blood 
trans criptome, methylome and genetic cross- 
sectional data from 995 patients across seven 
diffe rent systemic autoimmune diseases 
and 267 healthy individuals. The diseases 
included were systemic lupus erythematosus 

(SLE), rheumatoid arthritis, systemic scle-
rosis (SSc), primary Sjögren syndrome, 
mixed connective tissue disease, primary 
antiphospholipid syndrome and undif-
ferentiated connective tissue disease. The 
researchers identified four groups of pheno-
types common across these diseases using 
data- driven analyses (Fig. 1). Three of these 
groups represented active pathogenic states 
and were referred to as ‘inflammatory’, ‘lym-
phoid’ and ‘interferon’ clusters. Patients with  
each of these seven diseases were found  
in each molecular group, suggesting com-
monality in the molecular processes across 
the spectrum of autoimmune disease.

One important finding from this study was 
the identification of a group of patients that  
had low disease activity and that grouped 
together with healthy individuals. This patient 
group seems similar to a ‘normal-like’ group 
identified elsewhere in analyses of patients 
with SSc, given the molecular similarity of the 
cohort to healthy individuals4. In the study by 
Barturen et al.1, 74% of healthy individuals 
were part of this group compared with 3%, 11%  
and 12% for the other subgroups. These data 
suggest that measurable changes in disease 
activity might be detectable in peripheral 
blood samples of patients.

Importantly, this study also demonstrated 
that patients could move between states in a 
‘relapse–remission’ pattern, using analysis of 
an independent cohort of patients that were 
followed over time. Intriguingly, although 
the researchers observed that some patients 

 A u to I M M u N I t Y

Moving towards a molecular 
categorization of autoimmune 
disease
Michael L. Whitfield  

The field of rheumatology is poised to categorize the phenotypes of sys-
temic autoimmune diseases on the basis of measurable and quantifiable 
molecular signatures. Emerging efforts to identify similarities across  
diseases, predict clinical outcomes and predict response to therapy  
using quantitative, data- driven approaches could considerably change 
treatment paradigms.

Refers to Barturen, G. et al. Integrative analysis reveals a molecular stratification of systemic autoimmune diseases. 
Arthritis Rheumatol. https://doi.org/10.1002/art.41610 (2020).
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Fig. 1 | Strategy for the molecular classification of systemic autoimmune diseases. Patients  
with systemic autoimmune diseases might be categorized on the basis of molecular patterns,  
as attemp ted by Barturen et al.1. In this study, peripheral blood samples were collected from 
patients with one of seven different systemic autoimmune diseases — rheumatoid arthritis (RA), 
systemic lupus erythe matosus (SLE), systemic sclerosis (SSc), primary Sjögren syndrome, mixed con-
nective tissue disease (MCTD), primary antiphospholipid syndrome (APS) and undifferentiated  
connective tissue disease (UCTD) — and analysed for changes in gene expression and methylation. 
Data-driven analyses identified three major pathological subgroups, as well as one that resembled 
healthy individuals and that might represent a quiescent disease state.
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switched between different pathogenic 
groups, the majority of patients tended to 
stick to a single pathogenic state, suggesting 
that most patients had a consistent molecular 
phenotype.

The work of Barturen et al.1 and others 
using genomic approaches has slowly been 
creating ‘molecular taxonomies’ of auto-
immune disease that complement, or poten-
tially even supersede, current classification 
systems. Developing quantitative models for 
patient stratification (that is, the data science 
of diagnoses) on the basis of measurable 
molecular signatures might fundamentally 
change how we view these diseases. One must 
now ask the question, are we ready to add  
data- driven molecular classifications to the 
toolkit that we use to identify the clinical 
course of patients? If the answer is yes, then 
several things must occur. First, molecular 
subsets within specific autoimmune diseases 
that are identified by different groups must be 
compared and reconciled. Quantitative com-
parison of the groups identified by Barturen 
et al.1 to those identified by others4–7 is key and 
might require large meta- analyses of existing 
datasets. Molecular subsets have often been 
denoted by different names, but in many 
cases might have similar underlying mole c-
ular signatures. Barturen and colleagues note 
similarities between the methylome clusters 
in their work with those found in studies of 
patients with SLE8. Therefore, it is imperative 
that all data be released in the public domain 
with subgroup annotations and meta- data, so 
that cohorts can be aggregated, analysed and 
compared.

In addition, for molecular stratification 
to be valuable to patients and physicians, the 
results must be actionable. If we can determine 
that a patient with a systemic autoim mune 
disease falls into a consistent, pathology- 
associated molecular category, can we identify 
therapeutics that might target that specific 
group? To answer this question, we should 
push for the collection and analy ses of molec-
ular biomarkers on a genomic scale in clinical 

trials. Unbiased assays of gene expression, 
epigenetic changes and DNA polymorphisms, 
rather than targeted assays measuring only a 
few genes, are imperative to interrogate molec-
ular phenotypes in diffe rent autoimmune dis-
eases. The systematic collection of genomic 
data makes possible the unbiased analysis of 
almost any pre viously identified molecular 
signature and enables retrospective analyses 
of newly discovered signatures. Therefore, 
the researchers’ conclu sion that these results 
could have implications for clinical trials and 
the explanation for why some patients are 
non- responsive to therapy is a hypothesis that 
is supported by the literature and that can be 
tested experimentally. For example, molec-
ular subsets in SSc, which are referred to by 
different names but might have analogous 
counterparts in the work of Barturen et al.1,  
have been shown to predict response to 
hemato poietic stem cell  transplantation9 and 
treatment with abatacept10.

The findings of Barturen et al.1 suggest 
that systemic autoimmune diseases can be 
consistently classified into distinct molecular 
subsets that reflect the biology of the ongoing 
disease. This study raises the intriguing pos-
sibility that there is a finite and measurable 
number of molecular subsets across dif-
ferent systemic autoimmune diseases with 
common molecular pathologies. If the 
groups observed here can be reconciled with 
the groups identi fied in studies of individual 
sys temic auto immune diseases, and linked 
to either existing or experimental therapies, 
it might increase the likelihood of demon-
strable patient responses, making precision 
medicine in rheumatology a reality. Finally, 
such insights might also identify therapeutic 
gaps, thus providing opportunities for novel 
therapeutic development.

The future of medicine and biology lies 
in the data. Embracing the data and the 
approaches embodied in the fields of com-
putational biology, artificial intelligence and 
statistical and network- based approaches, 
that enable us to fully mine these datasets to 

create molecular classifications for use in the 
clinical setting, is critical. We often stand on 
the shoulders of giants, but we could reach 
higher by standing on the vast amounts of 
data within our reach, allowing us to ration-
ally develop diagnostics and therapies that 
account for the molecular underpinnings of 
each individual’s disease.
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Tissue specialization is essential for life; however, the 
fundamental principles that mediate tissue-specific cell 
behaviour are not fully understood. For example, why 
are fibroblasts in the gut so different from those in the 
skin, and why do brain-resident macrophages behave 
differently to those in the liver? Technologies that can 
interrogate tissues at the single-cell level are being used 
to generate an encyclopaedic inventory of the different 
cell populations comprising each tissue of the body1, and 
are revealing extraordinary levels of cellular complex-
ity and phenotypic plasticity. Mapping the anatomical 
location, and the interaction networks, of these newly 
discovered cell subsets will be the next essential step 
towards understanding tissue structure and function. 
Moreover, cells do not exist in a vacuum. The tissue 
microenvironment is an important determinant of cell 
behaviour, enabling cells to perform distinct roles dic-
tated not only by their anatomical location, but also, 
more specifically, by their position within tissues. But 
what defines this microenvironment? Cells in tissues are 
surrounded and supported by an extracellular matrix 
(ECM). In each tissue, the ECM is made up of more 
than 1,000 different secreted molecules in a combina-
tion that is unique to that tissue, assembled into a com-
plex 3D network that provides external cues that govern 
cell behaviour. Understanding how tissues function in 

health and disease, therefore, requires knowing both 
the identity of resident cell populations and how com-
plex external microenvironments cohesively define cell 
phenotype in situ.

In this Review, we focus on the synovium and exam-
ine how changes in both the cellular and extracellular 
compartments of this tissue have a causal role in promot-
ing chronic inflammation in rheumatoid arthritis (RA). 
We review how single-cell transcriptional analyses have 
revealed extraordinary microanatomical complexity 
within the RA synovium, leading to the identification 
of at least 18 distinct cell phenotypes that exhibit strik-
ing positional and functional segregation. These studies 
provide compelling new insights into the cellular basis 
of inflammatory joint disease. We also discuss how 
ECM networks create anatomically distinct sub-synovial 
niches that dictate behaviours that are specific to cells 
at certain locations within a tissue (referred to in this 
Review as site-specific behaviour). These networks 
directly contribute to chronic inflammation in the 
inflamed joint; information that is changing the way 
we think about how inflammatory joint disease arises 
and progresses, offering new methods of patient strat-
ification, as well as novel classes of therapeutic drugs. 
We also highlight the main questions and challenges that 
remain related to the synovial tissue microenvironment.

Location, location, location: how 
the tissue microenvironment affects 
inflammation in RA
Christopher D. Buckley1,2, Caroline Ospelt  3, Steffen Gay  3 and Kim S. Midwood  1 ✉

Abstract | Current treatments for rheumatoid arthritis (RA) do not work well for a large proportion 
of patients, or at all in some individuals, and cannot cure or prevent this disease. One major 
obstacle to developing better drugs is a lack of complete understanding of how inflammatory 
joint disease arises and progresses. Emerging evidence indicates an important role for the tissue 
microenvironment in the pathogenesis of RA. Each tissue is made up of cells surrounded and 
supported by a unique extracellular matrix (ECM). These complex molecular networks define 
tissue architecture and provide environmental signals that programme site-specific cell behaviour. 
In the synovium, a main site of disease activity in RA, positional and disease stage-specific cellular 
diversity exist. Improved understanding of the architecture of the synovium from gross anatomy  
to the single-cell level, in parallel with evidence demonstrating how the synovial ECM is vital for 
synovial homeostasis and how dysregulated signals from the ECM promote chronic inflammation 
and tissue destruction in the RA joint, has opened up new ways of thinking about the pathogenesis 
of RA. These new ideas provide novel therapeutic approaches for patients with difficult-to-treat 
disease and could also be used in disease prevention.
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What is the tissue microenvironment?
All tissues consist of cells surrounded by an intricate 
ECM. This 3D network of secreted molecules provides 
structural support for cells and dictates their spatial 
organization within tissues. However, the ECM is not 
simply an inert scaffold, it is also an important determi-
nant of cell phenotype, providing environmental cues 
that enable cells to move relative to each other and to 
perform distinct roles determined by their anatomical 
location2,3. ECMs are made from a selection of more than 
1,000 molecules that are collectively known as the matri-
some. Genes in the matrisome encode all of the proteins 
that can be secreted by cells and encompass core ECM 
molecules (such as collagens, proteoglycans and glyco-
proteins, including fibronectin, laminins, tenascins and 
thrombospondins), as well as matrix-associated pro-
teins including: matrix-affiliated molecules (such as 
mucins, lectins, syndecans and galectins); matrix regu-
lators (for example, crosslinking enzymes such as lysyl 
oxidases and transglutaminases, modifying enzymes 
such as kinases and sulfatases, proteases such as matrix 
metalloproteinases (MMPs) and cathepsins, and pro-
tease inhibitors such as tissue inhibitors of MMPs and 
cystatins); and soluble factors (such as growth factors, 
Wnts, cytokines and chemokines)4,5.

The expression of site-specific combinations of 
matrisome molecules and their assembly into networks 
around cells creates unique tissue microenvironments, 
as well as local niches within tissues. Integrated mechan-
ical and biochemical cues from each type of ECM pro-
vide essential context for cell behaviour, wherein distinct 
combinations of extracellular molecules cohesively 
define cell differentiation and specialization. For exam-
ple, the components of a typical human synovial joint 
include tissues such as synovium, tendons, muscles, liga-
ments, bursae, menisci, articular cartilage and subchon-
dral bone. Each constituent tissue of the joint is made up 
of a unique combination of matrisome molecules that 
confer the distinctive physical properties that, together, 
are necessary for effective joint function (Box 1).

The ECM is as dynamic as it is complex, changing 
throughout development and ageing, as well as during 

inflammation and disease. However, for most human 
tissues (including the joint), a detailed understanding 
of the molecular and topological organization of the 
ECM networks surrounding cells is lacking. In addi-
tion, it is unclear how tissue architecture changes during 
inflammation and what the functional implications of 
these changes are. In the following sections, we review 
emerging data that highlight the importance of under-
standing the complex interactions between cells and their 
microenvironment for defining cell behaviour within the 
synovium and for controlling joint inflammation.

Synovial tissue architecture
The synovium is an intricate tissue that is made up of  
a number of cell types including tissue-resident macro-
phages, fibroblasts, nerves and endothelial cells. 
Even at the gross histological level, subcellular com-
partmentalization within the synovium is evident, 
with the tissue forming two distinct zones: the lin-
ing layer and the sub-lining layer6. In a healthy joint, 
the lining is only 1–3 cells thick and is composed of 
tissue-resident macrophages and fibroblasts supported 
by a porous basement-like membrane (Box 1). This 
zone of the synovium controls cellular and molecular 
ingress and egress between the synovium and the joint 
cavity and is important for maintaining joint integrity 
and the composition of synovial fluid, ensuring effective 
joint lubrication and nutrient exchange. The sub-lining, 
comprising fibroblasts and tissue-resident macrophages 
distributed throughout a looser collagenous ECM, con-
tains blood and lymphatic vessels and nerves, serving 
to vascularize and enervate the synovium and provide 
transport routes for cells, nutrients and lymph into and 
out of synovial tissue6.

The synovium becomes markedly expanded in RA, 
and the lining layer can increase to as much as 10–20 cells 
thick7. Infiltrating immune cells join tissue-resident 
macrophages and proliferating fibroblasts to cause syn-
ovial hyperplasia. This quantitative change in cellular 
populations is accompanied by qualitative changes in 
cell phenotype; lymphocytic, myeloid and fibroblast 
cellular subpopulations that promote inflammation and 
tissue destruction expand and are activated, whereas 
cell subsets that mediate the resolution of inflammation 
are suppressed, tipping the immune status of the joint 
towards chronic inflammation7,8.

Changes in the organization of the synovial archi-
tecture are also evident in RA. The cellular influx and 
expansion that takes place is not random; only spe-
cific cells enter the joint, a process that is controlled 
by the chemokine repertoire of the synovium. Moreover, 
the synovium is markedly reorganized to create new 
compartmentalized niches, within which pathogenic 
cell behaviour is confined7,8. For example, ~40% of 
patients with RA develop ectopic (or tertiary) lymphoid 
structures in the synovium, of which 10–25% exhibit a 
germinal centre-like structure9. These aggregates of lym-
phocytes resemble secondary lymphoid organs, albeit 
with varying degrees of organization, and are character-
ized by a T cell-rich zone enclosing a central B cell-rich 
zone served by a network of high endothelial venules 
that enhance the recruitment of naive lymphocytes to 

Key points

•	All tissues are made up of cells surrounded by an extracellular matrix (eCm),  
an intricate 3D molecular network that is an important determinant of tissue 
architecture and cell behaviour.

•	The synovium is a complex anatomical tissue comprising many cell (sub)populations 
that are located in distinct sub-synovial niches, each of which are specialized to 
perform unique roles in synovial homeostasis.

•	in rheumatoid arthritis (rA), infiltrating immune cells join tissue-resident cells, leading 
to qualitative changes in cell phenotype that promote inflammation and tissue 
destruction, and suppress the resolution of inflammation.

•	The eCm has an important role in dictating the organization of synovial cell networks 
and in programming synovial cell specialization.

•	Changes in the synovial microenvironment start to occur early in the development of 
rA, and these aberrant extracellular cues shape pathogenic cell behaviour during the 
onset and progression of disease.

•	Analysing localized changes in the synovium can improve disease classification and 
patient stratification, and targeting the eCm holds promise for the development of 
new strategies to treat and prevent rA.
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the synovium (reviewed elsewhere10). Studies of syn-
ovial tissue have shown the existence of gradients of 
CXC-chemokine ligand 13 (CXCL13), CC-chemokine 
ligand 19 (CCL19) and CCL21, which support cellular 
segregation, and revealed where B cells differentiate 
in situ into plasma cells, thereby supporting autoanti-
body production10. Individuals with lymphoid cell-rich 
synovitis, which is defined by a distinct transcriptomic 
profile and by a high serum CXCL13 concentration, 
form a histologically distinct subset of patients with RA 
who have highly active disease that is difficult to treat11. 
Indeed, deep phenotyping of subtypes of early RA led 
to the identification of three distinct pathotypes, each 
charac terized by distinct transcriptional signatures: those 
that lack substantial immune infiltrate (pauci-immune 
fibroid); those enriched for macrophages and monocytes 

but lacking B cells and which typically respond well to 
treatment (diffuse myeloid); and those with T cell and 
B cell aggregates accompanying a diverse immune cell 
infiltrate (lympho-myeloid)12. These data exemplify how 
disease pathotypes or endotypes can be categorized on 
the basis of synovial cell networks.

The pannus is also a well-described architectural fea-
ture of the inflamed synovium (Fig. 1a). Although used 
historically, the term pannus is likely to be replaced 
with the term ‘activated aggressive RA synovium’ in 
the future. This region of hypertrophic synovium, often 
called the aggressive front, is composed of macrophages 
and fibroblasts that release tissue-degrading enzymes 
that are responsible for the degradation of cartilage 
and bone8. Interestingly, RA synovial fibroblasts attach 
to the cartilage ECM and invade it progressively and 

Box 1 | Tissue-specific extracellular matrices in synovial joints

Tissues are made up of cells and extracellular matrix (eCm), with each tissue being formed by the assembly of a unique 
selection of eCm molecules into a complex extracellular network. These networks confer different physical properties 
to tissues and dictate both cellular organization and cellular behaviour within tissues. understanding tissue biology 
therefore requires understanding patterns of matrisomal gene expression, and how the resultant proteins are organized 
and modified to create distinct microenvironments. For example, in the human synovial joint, different extracellular 
networks contribute to the physical properties of bone, cartilage, tendons and synovium (see Figure). a | The subchondral 
bone consists of a layer of compact cortical bone and underlying cancellous bone. A hard, calcified, type i collagen-rich 
eCm enables bones to provide anatomical support to the body194. b | The articular surface of bone in synovial joints 
consists of a smooth layer of hyaline articular cartilage, which provides compressive resistance in the joint. An eCm rich 
in type ii collagen and proteoglycans confers the shock absorbing capabilities of cartilage194. c | Tendons are the main 
functional anatomical bridges between muscle and bone. Tendons focus the force of muscle into localized areas on the 
bone (known as the entheses) and, by splitting to form a number of insertions, distribute the force of muscle contraction 
to different bones. An eCm comprising tightly packed parallel bundles of type i collagen fibrils confer tensile strength to 
tendons195. d | The synovium is a thin mesenchymal membrane that encapsulates the joint space and provides boundary 
layer lubrication to ensure frictionless movement. A healthy synovium is composed of two distinct layers; a lining layer 
and a fibrous-areolar sub-lining layer. The lining has a discontinuous eCm made up of types iii, iv, v and vi collagen and 
laminin, which controls joint lubrication and nutrient exchange via the synovial fluid. The sub-lining has a looser, 
collagenous eCm6.
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destructively, a close relationship that has been observed 
in the MRL/lpr mouse model of arthritis13, as well as in  
models in which human synovial tissue or isolated 
synovial fibroblasts are engrafted together with human 
cartilage into immunodeficient mice14,15. Areas of inva-
sive pannus formation have been studied at a molecular 
level, revealing that this tissue niche is hypoxic16 and 
displays a discreet pattern of gene expression. This pat-
tern includes the upregulation of genes encoding pro-
teins such as MMPs17,18, Toll-like receptors (TLRs)19, the 
transcription factor p53 (reFs20,21) and the ubiquitin-like 
protein SUMO1 (reF.22), and the downregulation of the 
tumour suppressor PTEN23, which combine to create a 
destructive milieu in which aggressive pannus-resident 
cells are protected from apoptosis. Moreover, changes 
in epigenetic marks might also contribute to the aggres-
sive phenotype of synovial fibroblasts at the site of inva-
sion into cartilage24. The expression of tissue-degrading 
enzymes and apoptosis-inhibiting factors in RA synovial 
fibroblasts at the sites of cartilage destruction is associ-
ated with gene hypomethylation, which might explain 
why therapeutically targeting the progression of RA joint 
destruction is extremely difficult25.

The tissue microenvironment itself also changes 
within the pannus, with altered extracellular protein 

expression having consequences for localized tissue inva-
sion. For example, galectin 3, a secreted β-galactoside- 
binding protein that is present at increased concentrations 
at an early stage in RA pathogenesis, localizes almost 
exclusively to the pannus in the inflamed synovium26,27 
(Fig. 1b). In this regard, it is of interest that galectin 3 
is found at sites of invasion, because this molecule is 
induced by RA synovial fibroblasts after adhesion to 
cartilage oligomeric matrix protein28. Galectin 3 directly 
activates synovial fibroblasts, stimulating the secre-
tion of pro-inflammatory cytokines (such as IL‐6) and 
chemokines (such as IL‐8, CCL2, CCL3 and CCL5), as 
well as MMP3, via activation of mitogen-activated pro-
tein kinase and phosphatidylinositol 3‐kinase signalling 
pathways29. Moreover, galectin 3 expression by RA syno-
vial fibroblasts is required for IL-6 synthesis downstream 
of TLR2 (reF.30), a pattern recognition receptor that also 
localizes to the pannus in inflamed synovium19 (Fig. 1c). 
Together, these data imply that local interactions between 
galectin 3 and TLR2 serve to activate pannus-resident 
synovial fibroblasts in a cytokine-independent manner, 
and to recruit immune cells to reinforce inflammation 
specifically at this important pathogenic site.

Thus, it becomes apparent how localized changes in 
the synovial tissue that occur in RA can direct site-specific 
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Fig. 1 | The pannus as an architectural feature of the inflamed synovium. The region in the inflamed joint where the 
hypertrophic synovium invades the adjacent cartilage and bone is called the pannus. In this region, synovial cells and 
chondrocytes are closely juxtaposed. a | The left-hand panel shows the overall architecture of the inflamed synovium, 
and the white boxed area in the right-hand panel highlights the specific zone of synovial–cartilage interaction. In this 
relatively small anatomical zone, exquisitely site-specific patterns of gene expression are observed. b,c | Examples 
of pannus-restricted biology include galectin 3 (part b) and Toll-like receptor 2 (TLR2) (part c) expression, which are 
upregulated specifically at the site of invasion into underlying bone and mediate localized synovial fibroblast activation 
and matrix metalloproteinase synthesis, as well as localized chemokine synthesis that contributes to the recruitment of 
infiltrating immune cells to the area. Images show alkaline phosphatase staining to visualize anti-galectin 3 monoclonal 
antibodies, and staining with digoxigenin-labelled anti-sense probes specific for TLR2, evident as areas of dark staining 
in each panel. Part b adapted with permission from Ohshima et al.27, Wiley. Copyright © 2003 by the American College 
of Rheumatology. Part c adapted with permission from Seibl et al.19, Elsevier.
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aspects of pathology. Such changes might also explain 
the fact that targeting cytokines in RA is not enough 
to cure this disease. However, a systematic cellular atlas 
that describes the spatiotemporal organization of syno-
vial cells is missing, and little is known about how many 
different cell subsets make up this tissue or how they are 
organized into functional networks.

The synovium at single-cell resolution
A step change in the ability to perform a census of the cell 
types present in synovial joints has occurred as a result 
of advances over the past 5 years in minimally invasive 
ultrasonography-guided biopsy, coupled with tissue 
digestion and single-cell RNA sequencing techniques31–33. 
Using these precision molecular analysis techniques, 
multi-parameter imaging and state-of-the-art bioin-
formatics, studies of tissue from inflamed joints have 
provided further insights into the complexity of the 
synovium, showing the RA synovium to comprise at 
least 18 distinct types of T cells, B cells, macrophages 
and fibroblasts33, and enabling the first cellular map of 
the leukocyte and stromal cells in the synovium to be 
compiled for diseases such as RA33,34 (Fig. 2).

Such single-cell resolution studies have revealed an 
unprecedented level of detail about the anatomical and 
functional specialization of synovial cells. For example, it 
has long been known that not only the number of T cells 
but also the balance of T cell subsets is an important 
determinant of immune status35. A novel pathogenic 
T cell population (termed T peripheral helper cells) that 
expresses high levels of programmed cell death protein 1 
but not CXC-chemokine receptor 5 (CXCR5) was iden-
tified in the joints of patients with RA. These cells are 
not exhausted but, like T follicular helper cells, produce 
chemokines and cytokines that recruit B cells, including 
CXCL13 and IL-21, and aid plasma cell differentiation 

and IgG production. Unlike T follicular helper cells, 
T peripheral helper cells also possess the capacity to 
migrate into inflamed tissues such as the RA synovium36. 
This cell population was highly expanded in patients 
with seropositive RA but not in those with seronegative 
RA and might help to explain how ectopic lymphoid 
structures are formed36. These data indicate a complexity 
in the RA T cell compartment that has not been previ-
ously appreciated. Synovial fibroblasts also now clearly 
exhibit striking positional and phenotypic segregation 
(TaBle 1). Pro-inflammatory populations that are posi-
tive for the membrane glycoprotein THY1 predominate 
in the sub-lining layer and are substantially expanded in 
RA compared with osteoarthritis (OA), a process that is 
mediated by the cell surface receptor NOTCH3 (reF.34). 
By contrast, THY1-negative populations predominate 
in the lining layer and are responsible for cartilage and 
bone destruction during disease34. This degree of cel-
lular resolution and functional delegation has helped 
researchers to unravel disease progression at a cellular 
level. However, the relationship between observations 
from single-cell analyses and the three histological 
pathotypes of RA synovium that have been described12 
remains to be fully determined.

New details are also emerging about macrophage 
populations in the RA joint (TaBle 1). Evidence from 
one study suggests that tissue-resident macrophages in 
the lining layer have a barrier function that maintains 
immune privilege in the joint37. This barrier becomes 
compromised in RA, allowing unrestricted infiltration 
of monocyte-derived cells into the synovium, whereas 
the barrier remains intact in OA, thereby preventing 
inflammation. In contrast to lining layer macrophages, 
sub-lining macrophages are thought to comprise hetero-
geneous populations of monocyte-derived and tissue- 
resident cells, among which pro-inflammatory phenotypes  
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dominate in RA37. In a study of RA synovial macrophage 
heterogeneity with a focus on comparative analysis of 
disease remission and disease flare, four distinct sub-
populations were identified that comprised nine dis-
crete phenotypic states38. Two of these subpopulations 
(MerTK+TREM2hi macrophages and MerTK+LYVE1+ 
macrophages) were enriched in patients with RA 
whose disease was in remission compared with those 
with active disease. A reduction in these cell subpopu-
lations was associated with an increased risk of dis-
ease flare and, ex vivo, these macrophages produced 
inflammation-resolving lipid mediators, suggesting a 
role in synovial repair responses38. In addition, another 
study has revealed the existence of macrophages and 
fibroblasts in the RA synovium that are positive for the 
growth factor HBEGF and that induce fibroblast inva-
siveness, providing insight into functional, pathogenic 
cellular interaction networks across subpopulations from 
different lineages39.

Together, these studies demonstrate how our under-
standing of the architecture of the joint has progressed 
from gross anatomy, through to sub-synovial structures 
(including pannus tissue and tertiary lymphoid struc-
tures) to the single-cell level, and how this progression 
has enabled the emergence of a more complete cell atlas of 
the joint. These data have also shown how changes in the 
balance of synovial cell subpopulations underpin chronic 
inflammation during the onset and progression of RA, as 
compared with OA. Some of the underlying mediators 
of these changes are beginning to emerge; for example, 
a NOTCH3-dependent expansion of THY1-positive 
fibroblasts occurs in the sub-lining layer in active 

disease40, whereas the numbers of THY1-negative 
fibroblasts and MerTK-positive macrophages in the 
lining layer contract. Moreover, an increase in the ratio 
of MerTK-positive to MerTK-negative macrophages in 
the RA synovium in patients in remission suggests that 
lining layer macrophages can regulate remission in RA38.

These data could aid the development of therapeutic 
strategies that target pathogenic cell populations in RA. 
For example, functional subclasses of fibroblasts have 
proven difficult to define, characterize and study in 
health and disease. Consequently, there are no approved 
drugs that specifically target fibroblasts in human dis-
eases. The identification of so-called ‘pathogenic’ fibro-
blast subpopulations34 offers an attractive new target for 
therapies that would not suppress the immune system. 
However, as fibroblasts are a functionally heterogeneous 
group of cells that support discrete biological functions 
within the joint tissue, knowing which fibroblast subsets 
should be targeted and suppressed and which should be 
retained and augmented is challenging. A clear under-
standing of the biology and clinical relevance of fibro-
blast heterogeneity is therefore essential to provide a 
coherent rationale for their therapeutic targeting in the 
treatment of diseases such as RA. The selective target-
ing of pathogenic fibroblast subsets using anti-fibroblast 
monoclonal antibodies, analogous to B cell depletion 
using rituximab, could complement other targeted ther-
apies commonly used against leukocytes and their cell 
products41,42. Another strategy might be to target epige-
netically modified fibroblast subsets24,25, for example, by 
targeting the aggressive phenotype of synovial fibroblasts 
that is characterized by epigenetic modifications such as 

Table 1 | Conserved cell populations in rheumatoid arthritis joints

Cell subsets Marker genes (human) Marker genes (mouse) Activation marker or effector 
genes

Fibroblasts

Lining layer Negative (CD90); positive 
(CD55 and PGR4)

Negative (Cd90); 
 positive (Pgr4)

RANKL:OPG ratio, CCL9, CLIC5, 
MMP1, MMP2, MMP3, MMP9, 
MMP13, HAS1, HTRA4 and 
DNASE1L3

Sub-lining layer 
(immunomodulatory)

Positive (CD90 and CD34) Positive (Cd90 and Cd34) IL6, IL33, IL34, IFI30, LIF, CXCL9, 
CXCL12, CXCL13, CCL2, CCL19 
and CCL21Negative (CD34); positive 

(CD90 and DKK)

Sub-lining layer 
(perivascular)

Negative (CD34); positive 
(CD90 and HLA-DRA)

Negative (Cd34);  
positive (Cd90)

Macrophages

Lining layer Not reported Negative (Cfsr1);  
positive (Cx3cr1)

TREM2, VSIG4, AXL, MFGE8, JAM1, 
ZO1, CLDN5, FAT4 and VANGL2

Interstitial Negative (CD11C and CD38); 
positive (NURP1)

Negative (Cx3cr1); 
positive (Cfsr1, MHC  
class II genes and Aqp1)

MERTK, CTSK, HTRA1, GPNMB 
and ITGB5

Positive (C1QA, CD11C and 
CD38)

Negative (Cx3cr1); 
positive (Cfsr1 and Relma)

MRC1, CD163 and MARCO

Monocyte-derived 
(infiltrating)

Positive (SPP1, CD11C, CCR2 
and CD38) when activated by 
interferon

Negative (Ly6c2); positive 
(Ccr2 and Arg1)

ARG1, IFI6, IFI44L, LY6E and SPP1

Positive (IL1B, CD11C, CCR2 
and CD38)

Negative (Ly6c2); positive 
(Ccr2 and Il1b)

NR4A2, HBEGF, PLAUR, RGS2, 
IL1B, HTF3, CXCL2 and EREG

Data in table summarized from reFs31–34,37,39.
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acetylation and methylation43,44. Improved understand-
ing of RA synovial macrophage subsets is also offering 
the potential for additional methods of modulating 
pathogenic myeloid cell behaviour. MerTK-positive 
macrophage subsets, or the anti-inflammatory medi-
ators released by these cells during disease remission, 
could be tractable targets for boosting synovial repair 
processes38. However, despite a clearer picture of the cel-
lular networks inhabiting the RA synovium, uncertainty 
remains around what initiates and maintains pathogenic 
behaviour in different cell subsets in RA.

Immunological landscape of the ECM
Research from the past few years has clearly shown that 
synovial cell networks compartmentalize into distinct 
micro-domains within healthy joints and that distinct 
sub-synovial niches arise in the synovium in RA com-
pared with OA. However, synovial cells do not exist in 
a vacuum; thus, an understanding of the microenviron-
mental cues that shape their phenotype should provide 
insight into joint tissue homeostasis and disease. The 
ECM can affect cell behaviour via a diverse range of 

mechanisms45, all of which contribute to synovial tissue 
biology (TaBle 2 and Fig. 3).

Physical properties and mechanical cues. The ECM 
defines the physical properties of tissues. In the body, 
synovial fluid is the richest source of hyaluronic acid, 
a glycosaminoglycan comprising polymeric disaccha-
ride repeats, which protects cartilage from frictional 
damage46 (Fig. 3a). Similarly, a coating of lubricin (a 
mucinous glycoprotein also found in synovial fluid as 
well; also known as proteoglycan 4) on articular sur-
faces is the main method of effective joint lubrication47. 
ECM molecules also bind to other ECM molecules to 
form complex multicomponent structural networks. For 
example, the thin basement-like membrane of the syn-
ovial lining layer contains a mixture of collagens (types 
III, IV, V and VI) and laminin, and both support lin-
ing layer cells and act as a molecular sieve, controlling 
bidirectional solute transfer between the synovium and 
synovial fluid6,48 (Fig. 3b). The specific ECM architecture 
of the joint is therefore vital to allow controlled, bidirec-
tional flow of cells and molecules between the synovium 

Table 2 | How the tissue microenvironment can affect cell behaviour in synovial joints

Matrix molecule or network Effect and location Refs

Physical properties and mechanical cues

Hyaluronic acid High concentrations in synovial fluid prevent friction 46

Lubricin Distributed on the articular surface to lubricate the joint 47

Synovial lining membrane Maintains synovial integrity and immune privilege by regulating and 
restricting a molecular and cellular exchange that is lost in RA

6,37,49

Synovial sub-lining interstitial 
matrix

Controls ECM alignment, porosity and tissue micromechanics to regulate 
stromal cell adhesion and movement

51

Dictates tissue stiffness, which affects macrophage polarization and activation 52

Spatial positioning

Hyaluronic acid and lubricin High concentrations in synovial fluid prevent cell adhesion at the cartilage 
surface to facilitate unimpeded joint articulation

6

Fibronectin Within the synovial lining membrane, fibronectin promotes cell adhesion to 
create a cohesive barrier

55

Ectopic expression in the RA pannus stabilizes cell invasion machinery 58

Upregulation in the endothelial basement membrane in RA provides 
permissive tracks that support T cell infiltration

56,57

Soluble factor patterning and activity

Glycosaminoglycans High concentrations at the endothelial basement membrane in RA create 
chemokine gradients that enhance cell infiltration

60–64

HSPGs Serve as co-receptors at the cell surface for chemokines and growth factors, 
potentiating signalling

68–71

Direct signalling to cells

Tenascin C Upregulation in the RA synovial sub-lining activates TLR4-mediated 
inflammation

78,80,81

Hyaluronic acid fragments In RA synovial fluid, low-molecular-weight fragments activate TLR2-mediated 
pro-inflammatory signalling

106

Osteopontin fragments In RA synovial fluid, C-terminal fragments induce macrophage chemotaxis, 
and phosphorylated N-terminal fragments enhance macrophage 
spreading and activation

107–109

Damaged collagen In the pannus, degradation of cartilage collagen increases localized 
MT1-MMP expression by synovial fibroblasts

104

ECM, extracellular matrix; HSPG, heparan sulfate proteoglycan; MT1-MMP, membrane type 1-matrix metalloproteinase;  
RA, rheumatoid arthritis; TLR, Toll-like receptor.
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and the joint cavity, maintain tissue structure and integ-
rity, control synovial fluid content and volume, clear up 
debris and maintain immunological homeostasis49.

In addition to structural functionalization, the 
mechanical properties of the ECM also provide environ-
mental cues to tissue-resident cells. In this way, not only 
is the molecular content of the ECM involved in dictat-
ing cell behaviour but the physical structure of the ECM 
network itself also defines the mechanical cues derived 
from the tissue50 (Fig. 3c). Interstitial cell migration within 
the fibrous synovial microenvironment is regulated both 
by tissue microstructure (such as ECM alignment and 
porosity) and tissue micromechanics (such as tensile, 
compressive and shear moduli), which cells use to directly 
sense biophysical cues via integrin receptors51. Emerging 
data also show how changes in tissue mechanics control 
immune cell plasticity and polarization. For example, 

spatial confinement restricts late events in the activation 
of pro-inflammatory macrophages52, which might have 
implications for how immune responses are modulated 
as tissue stiffness changes during synovial hyperplasia 
and fibrosis. In a manner analogous to ECM stiffness 
within the tumour microenvironment emerging as 
an important determinant of cancer progression and 
treatment response53,54, so too should the influence of 
the mechanical properties of the synovium, derived 
from the ECM content and higher-order organization, 
be considered for disease progression in RA.

Tissue architecture and spatial positioning. The ECM 
controls the spatial positioning of cells within tissues in 
many ways. For example, both lubricin and hyaluronic 
acid exert anti-adhesive properties that prevent cell 
adhesion at smooth articulated surfaces within joints 
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that would otherwise be impeded by cell occupancy6. 
Conversely, deposition of the pro-adhesive ECM mole-
cule fibronectin within the synovial lining layer mem-
brane helps to maintain cellular interaction networks 
by anchoring synovial fibroblasts to their surrounding 
matrix55 (Fig. 3c). Expression of fibronectin at the basal 
lamina and at the endothelial surface in inflamed syn-
ovium has been proposed to serve as a permissive migra-
tion track for infiltrating lymphocytes, enabling T cells 
to cross the endothelial basement membrane in RA56,57 
(Fig. 3d). Ectopic expression of fibronectin in the RA joint 
also enables aberrant cell adhesion; for example, large 
amounts of fibronectin in the pannus enhances synovial 
fibroblast adhesion to cartilage, stabilizing invadopodia 
(actin-rich protrusions of the plasma membrane that 
are associated with tissue degradation) by promoting 
coherent points of anchorage that facilitate cartilage 
invasion58 (Fig. 3e). The matrix also has an important 
role in restricting cell migration, as the synovial mem-
brane serves as a barrier to maintain immune privilege 
in the synovium, which is disrupted in RA37.

Patterning of soluble factors. Soluble factors, such as 
cytokines, chemokines and growth factors, by virtue of 
their being secreted by cells, are part of the matrisome. 
The role of several of these pro-inflammatory media-
tors in RA is well documented and forms the basis for 
a number of the current biological therapies that are 
used to treat people with RA59. However, within tissues, 
these molecules often require interaction with other 
matrisomal components to signal, and their presenta-
tion, concentration and bio-availability throughout the 
synovium provides context for their function (Fig. 3d). 
Indeed, core matrisomal molecules control the localiza-
tion of soluble factors in tissues and can determine their 
activity. Chemokine immobilization by glycosamino-
glycans (particularly heparan sulfate proteoglycans 
(HSPGs)) at the luminal endothelial surface of blood 
vessels establishes chemokine gradients for migrating 
leukocytes60, as well as protecting these soluble factors 
from degradation61 and facilitating oligomerization 
required for optimal activity62. For example, in the RA 
synovium, increased expression of the HSPG syndecan 3 
tethers CXCL8 in the endothelial lumen, and this inter-
action promotes leukocyte trafficking into the inflamed 
tissue in mice with antigen-induced arthritis63,64.

The ECM is also an essential reservoir for other sol-
uble factors, including cytokines, bone morphogenetic 
proteins, Wnts and growth factors, the binding of which 
is both promiscuous and specific. The ECM molecules 
fibronectin, vitronectin, tenascin C, osteopontin, type I  
collagen and fibrinogen each bind to several soluble 
factors from among the vascular endothelial growth 
factor (VEGF), platelet-derived growth factor, fibro-
blast growth factor (FGF), transforming growth factor, 
insulin-like growth factor and bone morphogenetic 
protein families. However, each ECM molecule has a 
distinct set of soluble binding partners. Moreover, these 
molecules bind with different affinities across each fam-
ily of growth factors; for example, tenascin C binds to 
VEGFB but not to VEGFA, vitronectin binds to FGF18 
but tenascin C does not, and neither bind to FGF1 or  

FGF6 (reF.65). These interactions not only control 
the concentrations and locations of soluble factors 
within tissues, but are also essential for their func-
tion by serving as co-receptors. The binding of core 
matrix molecules to soluble factors can also be com-
plex and involve higher order interactions between 
multiple matrix-resident molecules to enable exact 
location-specific patterning. For example, the binding 
of vasculature-associated type V collagen to heparin 
sulfate66, which in turn controls growth factor networks, 
has an important role in creating a signalling-rich 
perivascular niche67. Proteoglycans are well docu-
mented accessory molecules68, and syndecans in parti-
cular have important roles in cartilage breakdown and 
synovial inflammation69. A good example of the use of 
ECM molecules as co-receptors is in FGF2 signalling. 
FGF2 is a growth factor that is upregulated in RA and 
contributes to promoting fibroblast activation during 
disease progression70. Optimal activity of FGF2 requires 
the formation of a ternary complex between the heparin 
sulfate chains of syndecan 4 and the FGF receptor, as 
well as signalling via the cytoplasmic domain of synde-
can 4 to strengthen the duration and intensity of down-
stream signalling upon ligand binding71. Clearly, the 
role of this, and many other, soluble factors might not be 
fully understood without examining how they interact 
with other extracellular tissue components. Moreover, 
simply targeting the activity of individual soluble fac-
tors in RA might not represent the most effective, or 
tissue-specific, means of modulating their activity.

Direct signalling to cells. ECM molecules provide impor-
tant biochemical signals directly to cells. By virtue of 
their ability to interact with a large repertoire of cell 
surface receptors, including integrins, ECM molecules 
can influence a range of cellular behaviours, including 
proliferation, survival, cell death and differentiation45. 
Small soluble effector molecules tend to evoke relatively 
simple signalling pathways; for example, at 17 kDa, TNF 
activates just two receptors, TNFR1 and TNFR2 (reF.72). 
By contrast, ECM molecules are large multi-modular 
molecules; thus, they have more complex interaction 
partners. Thrombospondin 1, for example, is a 450-kDa 
secreted glycoprotein with seven modular domains that 
is present at increased concentrations in RA serum and 
synovium73,74. This ECM molecule has at least 83 differ-
ent binding partners, including other ECM molecules 
and soluble factors, as well as a plethora of cell surface 
receptors75.

Direct cues from the tissue microenvironment have 
an important role in maintaining tissue homeostasis. 
Endogenous danger signals are immunologically silent 
in healthy tissues but can trigger pro-inflammatory 
responses upon cellular stress or tissue damage. These 
danger signals include alarmins (intracellular mol-
ecules that are released into the extracellular milieu 
during cell activation or death76) and ECM molecules 
that are upregulated or modulated upon tissue injury 
or that undergo post-translation modification77. These 
damage-associated molecular patterns are sensed by 
pattern recognition receptors such as TLRs and integ-
rins, triggering innate immune responses and shaping 
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adaptive immune responses designed to restore homeo-
stasis and activate tissue repair77. In the joints of people 
who do not have RA, these signals are essential in order 
for cells to detect and respond to injury and insult. 
However, dysregulation of these pathways is emerging 
as a major cause of chronic inflammation and tissue 
destruction in RA. For example, tenascin C is an ECM 
molecule that is not expressed in most healthy tissues, 
including the joint, but that is transiently upregu-
lated following tissue injury, upon which it activates 
TLR4-mediated inflammation78. Typically downregu-
lated and cleared from tissues following repair, tenas-
cin C accumulates in large amounts in the synovium of 
people with RA79. Expression of this pro-inflammatory 
ECM molecule is required for the persistence of joint 
inflammation and tissue destruction in several differ-
ent experimental models of arthritis78,80,81. These studies 
collectively exemplify how the ECM surrounding and 
supporting cells has a vital role in dictating site-specific 
behaviour via directly signalling to cells.

ECM in the pathogenesis of RA
Emerging data indicate that dysregulated signals from 
the ECM might promote chronic inflammation in the 
joint during the pathogenesis of RA, and that target-
ing these signals might provide an effective means of 
restoring immune control. Whole-exome sequencing 
has revealed new gene variants associated with RA 
susceptibility, among which variants in genes involved 
in ECM and ECM receptor signalling pathways (such 
as COL4A4, COL6A5, COL11A1, COL11A2, HSPG2, 
ITGB5, LAMC1, THBS1, RASGRF1, FLNB and MYL5) 
were highly enriched82. Microarray analysis comparing 
healthy synovium with RA synovium also revealed dif-
ferentially expressed genes involved in cell adhesion and 
organization of the ECM (such as PTPRC, SDC1, CD8A, 
CD2, HLA-DPA1, ITGA4, HLA-DMB, CD6, HLA-DOB, 
PDCD1LG2, COL3A1, SDC1, COL1A2 and INTGB2)83. 
Although the effects of sequence variation or upreg-
ulation of such genes in people with RA is unknown, 
these data implicate changes in the ECM and the tissue 
microenvironment in RA pathogenesis.

Altered tissue turnover has long been a pathological 
hallmark of RA7,8,84,85, and serum concentrations of ECM 
metabolites are commonly used as biomarkers of joint 
remodelling and bone degradation86,87. To assess bone turn-
over, the C-telopeptide fragment of type I collagen (which 
is generated by osteoclast-derived cathepsin K) is used as a 
biomarker of bone resorption88, whereas osteo calcin (which 
is produced by mature osteoblasts) and the N-terminal type 
I procollagen propeptide (which is released during collagen 
fibril synthesis) are used as biomarkers of bone formation89. 
Cartilage degradation is assayed by examining serum con-
centrations of cartilage oligomeric matrix protein90, the 
C-terminal telopeptide of type II collagen91 and C2M (a 
fragment of type II collagen)92. Similarly, synovial remod-
elling is reflected by high circulating concentrations of 
C1M, C3M and C4M (fragments of type I, type III and type 
IV collagen, respectively), which are generated by MMP 
cleavage93–96, or by high concentrations of proteases impli-
cated in tissue destruction, such as total MMP3 or activated 
MMP3 (reFs97,98). A reduction in serum concentrations of 

ECM metabolites accompanies positive responses to ther-
apies including tocilizumab, methotrexate, adalimumab 
and tofacitinib95,99–102. Analysis of such biomarkers at base-
line can also be used to predict who will respond well to 
tocilizumab99, and to predict a lack of efficacy of Syk inhi-
bition via fostamatinib on structural end points103. These 
serological markers therefore serve as reliable surrogates 
of tissue destruction in RA and might prove useful in  
stratifying the responses of patients to treatments.

Emerging data also show that ECM metabolites are 
not simply inert molecules that are released from joint 
tissue as collateral damage as disease progresses but are 
actively involved in RA pathogenesis. Expression of 
the tissue-degrading enzyme membrane type 1-matrix 
metalloproteinase (MT1-MMP) is increased in the 
joints of people with RA at sites of pannus invasion into 
cartilage18. Upregulation of MT1-MMP via activation of 
the cell surface receptor DDR2 on synovial fibroblasts 
is more pronounced when induced by collagen variants 
that are missing non-helical telopeptides than when 
induced by intact collagen fibrils, and is enhanced in 
response to damaged cartilage104, suggesting a positive 
feedback loop in which collagen degradation reinforces 
further tissue destruction. Fragments of hyaluronic 
acid are also detected in RA synovial fluid105. The size of 
hyaluronic acid fragments dictates the function of this 
glycan; for example, low-molecular-weight fragments 
activate TLR2-mediated inflammation in macrophages, 
whereas high-molecular-weight fragments do not106. 
These data suggest that increased amounts of ECM 
metabolites contribute to both tissue remodelling and 
inflammation in RA.

Fragments of osteopontin are also present at increased 
concentrations in synovial fluid from people with RA107. 
Cleavage of this ECM molecule by thrombin creates a 
C-terminal fragment that induces CD44-dependent 
macro phage chemotaxis, and an N-terminal fragment 
that promotes β3-integrin-mediated macrophage 
spreading and activation108,109. The pro-inflammatory 
activity of osteopontin fragments is further regulated 
by phosphorylation; whereas the chemotactic activity 
of the C-terminal fragment is independent of modifica-
tion, the N-terminal fragment requires phosphorylation 
to induce macrophage activation, leading to cytokine 
and MMP release108,109. Higher amounts of phospho-
rylated osteopontin and phosphorylated osteopontin 
fragments are found in synovial fluid from patients 
with RA than in synovial fluid from patients with OA, 
but there are no differences in total osteopontin con-
centrations between RA and OA110, suggesting that both 
proteolytic processing and post-translational modifica-
tion of ECM molecules contribute to disease activity. 
Indeed, autoantibodies that recognize citrullinated 
proteins (which are created by the post-translational 
conversion of arginine to citrulline via peptidylarginine 
deiminases) are gold-standard diagnostic markers for 
RA111. Anti-citrullinated protein antibodies recognize 
a number of modified ECM molecules112,113 including: 
citrullinated epitopes in type II collagen114, which are 
well-established pathogenic mediators of joint disease 
in vivo115,116; citrullinated fibrinogen117, increased con-
centrations of which are predictive of higher disease 
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activity scores118; citrullinated tenascin C119, which might 
have a role in delineating different disease aetiologies120; 
citrullinated aggrecan, concentrations of which corre-
late with frequencies of citrullinated-aggrecan-specific 
T  cells in people with RA121; and citrullinated 
fibronectin122. Intra-articular injection of citrullinated 
collagen or citrullinated fibrinogen enhances their 
arthritogenic potential compared with their unmodified 
forms123–125. Moreover, citrullination of fibrinogen, fibrin 
or fibronectin in vitro enhances their pro-inflammatory 
capabilities126–128, whereas citrullination of collagen 
or fibronectin alters their integrin binding repertoires 
and capacities to support synovial cell adhesion122,129. 
Citrullinated fibronectin effectively promotes cell sur-
vival, in contrast to unmodified fibronectin, which 
induces apoptosis55,126. Citrullinated fibronectin also 
exhibits increased affinity for VEGF but is less effective 
at binding to and inhibiting the aggrecanase ADAMTS4 
than unmodified fibronectin130,131. As such, ECM mol-
ecule modification can not only break tolerance (create 
novel antigen epitopes that lead to the generation of 
T cell and B cell responses against endogenous mole-
cules), it can also generate pathological protein variants 
that can exacerbate inflammation in the RA joint.

Diagnosis — the truth is in the tissue
One question that arises from the study of circulating 
ECM metabolites and antibodies that recognize modi-
fied ECM molecules is how well these biomarkers reflect 
tissue pathology in the joint. Examination of collagen, 
fibrinogen and fibronectin via immunohistochemistry 
in biopsy-obtained synovial tissue samples has been 
used to assess the degree of fibrosis in RA synovium132. 
This approach, although more invasive than serological 
analysis, takes into account the idea that synovial pathol-
ogy is compartmentalized and enables the examination 
of RA pathogenesis in the context of synovial anat-
omy. These details of tissue architecture are likely to be 
important in enabling a full understanding of synovial 
pathology. For example, microfibrillar-associated pro-
tein 4 (MFAP4), an ECM molecule that binds to elastin 
and collagen, is implicated in stromal hyperplasia and 
fibrosis in liver and lung diseases133. MFAP4 is found at 
similarly high concentrations in the serum and synovial 
fluid of patients with RA and patients with OA, com-
pared with the low concentrations that occur in healthy 
individuals129. In the synovium, MFAP4 is detected in 
synovial sub-lining arteriole vessel walls and in adventi-
tial tissue at sites of immune cell infiltration; however, it 
is absent from the internal elastic membrane of vessels 
in RA synovium, while present at high concentrations at 
this site in OA synovium134. The consequences of the dif-
ferential distribution of MFAP4 in OA and RA synovial 
tissues are not yet clear, but these data highlight the fact 
that alterations in local tissue architecture are not always 
reflected in ‘bulk’ serum or tissue analysis.

Although circulating biomarkers can correlate with 
tissue pathology, they are not always causal, and it is 
clear that changes to biomarkers in the serum do not 
mirror the totality of changes in the synovium. Work 
examining the distribution of tenascin C in the joint 
exemplifies how important mechanistic detail can be lost 

without the context of tissue anatomy. Concentrations of 
this pro-inflammatory ECM molecule are increased in 
the serum and synovial fluid of patients with RA135,136, 
correlating with the amount of bone erosion that occurs 
in these patients and predicting poor improvements in 
measures of pain in response to TNF inhibition136. In the  
RA synovium, tenascin C is found predominantly in 
the sub-lining layer, where it is restricted to two specific 
niches: a dense ECM surrounding CD34-negative fibro-
blast populations and close to CD34-positive perivascu-
lar fibroblasts that are located underneath blood vessels 
at sites of lymphocyte infiltration137. This detailed map-
ping reveals specific cellular targets for tenascin C in the 
RA joint, which might have remained obscured without 
anatomical analysis, and directs further mechanistic 
investigation into the potential role of tenascin C in 
promoting prolonged activation of pro-inflammatory 
signalling in fibroblasts78,138 or in modulating pericyte 
adhesion, migration139 or differentiation140 during RA.

Considering the advances that have taken place in 
our knowledge of the cellular and molecular basis of syn-
ovial inflammation, it is clear that analysis of cell sub-
set interaction networks in the tissue (for example, the 
presence of inflammatory versus destructive fibroblasts, 
or the numbers of T peripheral helper cells or HBEFG+ 
macrophages), together with the microenvironmental 
cues that instruct their behaviour, will probably be the 
most accurate way of assessing the events that under-
lie RA. Such analysis will enable more precise disease 
classification, leading to process-driven patient stratifi-
cation and improved targeted therapeutic interventions. 
However, although advances in synovial tissue biopsy 
methodology have enabled safer and more practicable 
tissue acquisition (sometimes involving two or more 
repeat samples)141, by design, such interrogation of tis-
sue micro-niches might be subject to sampling hetero-
geneity, and approaches designed to image the synovium 
in vivo could provide a useful complement to tissue har-
vest. PET scanning using targeted radiotracers to visu-
alize specific ECM components such as collagen142 or 
fibronectin143 is being developed as a viable method of 
imaging tissue fibrosis in vivo (reviewed elsewhere144,145). 
PET imaging of GPVI-Fc, a fusion protein comprising 
the soluble human IgG1 Fc domain and the extracellular 
domain of platelet glycoprotein VI (a trans-membrane 
platelet glycoprotein that binds with high affinity to 
ECM molecules including collagen, fibronectin and 
fibrinogen), is also emerging as a means of visualizing 
changes in the synovium in vivo. This chimeric mole-
cule has been used to image nascent exposure of ECM 
during tissue damage and synthesis of new fibrous tissue 
in anti-glucose-6-phosphate isomerase serum-induced 
experimental arthritis146. These approaches constitute 
the first steps towards detailed molecular analysis of the 
synovial ECM in real time in vivo.

Exploiting the tissue microenvironment
Understanding the cells of the synovium and the tissue 
microenvironment at unparalleled resolution has not 
only illuminated our understanding of the biology of 
the joint and provided insight into disease status and 
disease mechanisms, it is also paving the way for new 
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therapeutic strategies to be developed. The ECM is being 
used as a target in the development of a wide variety of 
new treatments147, which are being applied to RA in a 
number of different ways (TaBle 3).

Advances in drug delivery. Exploiting the tissue spec-
ificity of ECM molecule expression has led to new 
approaches in drug delivery. Linking established 
anti-inflammatory agents to antibodies that recognize 
ECM molecules that are not found in healthy tissue but 
which are upregulated at disease sites has created a new 
class of immunomodulatory agent that can home in on 
areas of disease and deliver localized, site-specific treat-
ment. This approach has been comprehensively reviewed 
elsewhere148 and is most recently exemplified by F8-IL10 
(also known as dekavil), a cytokine–antibody fusion 
protein comprising a single-chain variable domain frag-
ment of antibody F8 and the anti-inflammatory cytokine 
IL-10. F8 recognizes the extra domain A of fibronectin, 
a fetally restricted splice variant of this ECM molecule, 
which is re-expressed in adults at sites of inflamma-
tion and in cancer149. F8-IL10 exhibits targeted deliv-
ery of IL-10 to the inflamed synovium in murine models 
of arthritis, and to both clinically and sub-clinically 
inflamed joints in patients with RA150. Although PET–
CT imaging revealed the unexpected localization of 
F8-IL10 to the liver and spleen in patients with RA, no 
safety issues were reported in phase Ib clinical trials in 
RA151. This approach might effectively overcome the lack 

of efficacy of systemically administered IL-10 in patients 
with RA152. Indeed, F8-IL10 inhibited the progression 
of established disease in mice with collagen-induced 
arthritis when tested alone and in combination with 
methotrexate153, and showed early signs of therapeu-
tic benefit in over half of the participants in a phase Ib 
study151. F8-IL10, and other fusion proteins designed to 
deliver anti-inflammatory agents directly to inflamed 
sites, represent a novel class of therapeutic agents that 
selectively block antigens at the site of inflammation by 
targeting the ECM148.

Engineering the ECM-binding capabilities of anti- 
TNF antibodies also shows promise for improving the 
efficacy of targeting TNF using intra-articular injection 
as a delivery method. Systemic TNF blockade can induce 
generalized immunosuppression, whereas intra-articular 
administration of anti-TNF antibodies reduces the risk 
of systemic immunosuppression but is limited by rapid 
drug clearance from inflamed joints154,155. Chemical 
conjugation of the heparin-binding domain of placenta 
growth factor 2 (which binds with high affinity to many 
different ECM molecules) to rat monoclonal antibodies 
that recognize mouse TNF increased antibody retention 
times in the joint and substantially improved clinical 
scores in mice with collagen antibody-induced arthri-
tis, compared with unconjugated anti-TNF antibodies156. 
Similarly, conjugating anti-TNF antibodies to the 
collagen-binding domain of decorin improved anti-
body accumulation in inflamed paws during collagen 

Table 3 | ECM-targeting strategies in development for the treatment of RA

Approach Example Mode of action Development phase Refs

Drug delivery

Immunocytokine Cytokine–antibody fusion protein dekavil (F8-IL10) Mediates delivery of an anti-inflammatory 
cytokine to inflamed joints via recognition 
of an ECM molecule

Phase Ib 151

Chimeric 
antibodies

Anti-TNF antibodies fused to the heparin-binding 
domain of PlGF2, or to the collagen-binding 
domain of decorin

Antibodies are preferentially retained in 
the inflamed joint

Preclinical 156,157

Drug activity

Chimeric cytokine 
receptors

Soluble TNFR fused to an MMP-cleavable 
adiponectin-derived cap

Creates controllable receptor–cytokine 
binding that is activated at sites of high 
protease activity, acting as a sink for  
free cytokine

In vitro 158

Inhibition of pathological processes

Tissue destruction Therapeutic monoclonal antibodies that recognize 
MMPs

Blocks the tissue degrading activity of 
specific proteases

Phase Ib (anti-MMP9 
antibodies)

161

Preclinical (anti-MT1- 
MMP antibodies)

162

Leukocyte 
infiltration

Decoy chemokines, such as signalling-incompetent 
variants of CXCL8 with high heparin sulfate affinity, 
or peptides comprising the CXCL8 heparin-binding 
domain

Displaces endogenous chemokines from 
tissue glycosaminoglycans

Preclinical 163,164

Decoy glycosaminoglycans, such as soluble 
syndecan 3

Competes for chemokine binding to 
endogenous glycosaminoglycans

Preclinical 165

Synovial 
inflammation

Therapeutic monoclonal antibodies that block 
osteopontin–fibronectin interactions or that 
prevent the activation of TLR4 by the fibrinogen-like 
globe domain of tenascin C

Block interactions between ECM 
molecules or cell activation via 
ECM molecules

Preclinical 137,167

CXCL8, CXC-chemokine ligand 8; ECM, extracellular matrix; MMP, matrix metalloproteinase; MT1-MMP, membrane type 1-matrix metalloproteinase; PlGF2, placenta 
growth factor 2; RA, rheumatoid arthritis; TLR, Toll-like receptor; TNFR, TNF receptor.
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antibody-induced arthritis and suppressed disease pro-
gression more effectively that unmodified antibody157. 
This approach might make intra-articular drug admin-
istration feasible for monoarthritis and help to limit the 
off-target effects of systemic immune suppression.

TNF blockade has also been re-engineered using 
MMP-cleavable inhibitory peptides. The construction of  
a chimeric TNFR in which the trimerization domain 
of adiponectin is linked to the N-terminus of the extra-
cellular domain of TNFR2 via a substrate sequence 
for MMPs 2 and 9 creates a cap that blocks the access 
of TNF to the TNFR, which can be released by MMP 
cleavage158. In vitro, this approach successfully allowed 
controlled binding of the chimeric TNFR to TNF158. If 
these results can be recapitulated in vivo, then increased 
MMP activation at sites of inflammation could be used 
to enable TNF to bind to soluble chimeric receptors, 
thereby precluding the activation of cellular TNFRs 
and providing a powerful means of conferring inflamed 
tissue-selective TNF blockade.

Preventing ECM degradation. An altogether different 
strategy for treating RA is to directly target ECM deg-
radation to prevent excessive joint tissue destruction 
(reviewed eslewhere159,160). Although early approaches 
using broad-spectrum small molecule MMP inhibitors 
were fraught with unacceptable adverse effects, attempts 
with specific protease inhibitors show more promise. 
A phase Ib trial of anti-MMP9 monoclonal antibodies 
showed that this approach is safe and well tolerated161, 
and preclinical data have shown that combining 
TNF and MT1-MMP blockade confers long-term pro-
tection from inflammation and tissue damage in mice 
with collagen-induced arthritis162. These data highlight 
how inhibiting both inflammatory and tissue-destructive 
processes at the same time can exert synergistic effects in 
established disease. However, targeting these mediators 
affects comparatively late events in RA pathogenesis.

Manipulating the binding of soluble factors to the ECM. 
New data have begun to reveal the possibility of inter-
vening early on in the disease process, before dereg-
ulated cytokine networks and tissue destruction are 
evident. One elegant way of intervening at the point of 
leukocyte invasion into the inflamed synovium could be 
to use decoy chemokines. Engineered to have a higher 
affinity for glycosaminoglycan interaction sites, but to 
be incapable of competent signalling via chemokine 
receptors, these agents can effectively displace wild-type 
chemokines from essential ECM binding sites, thereby 
acting as powerful dominant negative chemokine 
inhibitors. For example, CXCL8 variants with enhanced 
HSPG binding and ablated CXCR1 or CXCR2 bind-
ing reduced peri-articular neutrophil infiltration and 
inhibited leukocyte adhesion to the venules at the site 
of joint inflammation in mice with methylated bovine 
serum albumin-induced experimental arthritis, result-
ing in inhibited leukocyte transmigration into the knee 
cavity163. Similarly, short-chain basic peptides, represent-
ing the glycosaminoglycan-binding region of chemok-
ines such as CXCL8, bind to HSPG with high affinity, 
reduce leukocyte migration through an endothelial cell 

layer in vitro, compete with intact CXCL8 for binding 
around the endothelium in synovial tissue from patients 
with RA and reduce inflammation and neutrophil 
infiltration in mice with antigen-induced arthritis164. 
Alternatively, administration of the soluble extracellu-
lar domain of syndecan 3 has been used to sequester 
unwanted chemokines in the joint. Soluble syndecan 3 
inhibited the migration of CCL7-activated leukocytes 
in vitro and ameliorated histological disease severity in 
experimental models of RA, concomitantly reducing the 
number of blood vessels that stained positive for CCL7 
in the inflamed synovium165.

Targeting chronic pro-inflammatory signals from the 
ECM. ECM molecules are more than just postcode pro-
teins that can be used to deliver existing drugs, place-
holders for chemokines or substrates for proteolytic 
degradation; they also have an important role in promot-
ing disease. By creating distinct niches within the RA 
joint, the ECM delivers aberrant pro-inflammatory sig-
nals to resident cell networks. Targeting these networks 
can be useful in modulating disease at an early stage. For 
example, the binding of thrombin-cleaved osteopontin 
to fibronectin at the cell surface of synovial fibroblasts 
aids B cell adhesion and stimulates the production of 
pro-inflammatory cytokines in vitro166. A single-chain 
variable fragment antibody that recog nizes osteopontin 
and blocks its interaction with fibronectin effectively 
reduced synovial fibroblast migration and adhesion 
to B cells in vitro and improved the clinical score, 
amount of synovial hyperplasia and cartilage damage, 
and cytokine concentrations when given at an early 
time point to mice with collagen antibody-induced 
arthritis167. These data show how targeting impor-
tant ECM molecule interactions during disease onset 
can be useful in preventing the formation of immune 
permissive environments.

Increasingly, it is becoming apparent that changes in 
the synovial microenvironment take place long before 
any overt clinical symptoms emerge. For example, 
serum concentrations of tenascin C and ficolin 1, both 
of which are secreted endogenous TLR4 agonists81, are 
raised in people with synovitis who go on to develop 
RA compared with in people with synovitis that spon-
taneously resolves168,169. Interestingly, baseline concen-
trations of ficolin 1 are predictive of disease remission 
in RA168. Moreover, therapeutic monoclonal antibodies 
that inhibit TLR4 activation by the fibrinogen-like globe 
of tenascin C prevent chronic inflammation and halt 
disease progression when given at an early time point 
during collagen-induced arthritis137. These data suggest 
that identifying and targeting events that precede disease 
development might pave the way for better outcomes 
via early intervention, and even raise the possibility of 
disease prevention in pre-symptomatic individuals. 
This new ECM-modifying class of drugs functions 
by blocking signals from the inflamed synovium, and 
therefore also offers the advantage of selective blockade 
of tissue-specific and disease-specific cues, rather than 
systemic immune suppression, by suppressing the true 
mediators of disease but leaving intact a patient’s ability 
to respond to infection.
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Challenges and future perspectives
Although the therapeutic approaches discussed in the 
previous section seem promising, with some already 
in early-phase clinical trials150 and others opening up 
potential windows for very early disease intervention or 
even prevention170, many questions remain. At the most 
fundamental level, we do not yet have a full picture of 
what combination of the >1,000 matrisomal genes are 
expressed in the synovium, or how the resultant proteins 
and proteoglycans are organized at the sub-synovial 
level. Advances in proteomic analysis techniques are 
providing a much greater depth of interrogation of ECM 
constituents in various tissues171,172; however, proteomic 
deconstruction is challenging for the synovium because 
large amounts of tissue are rarely available, particularly 
from healthy individuals or people with early RA.

RNA sequencing of single cells from RA joints 
has provided striking resolution of gene expression 
at the cellular subpopulation level. However, this 
approach alone does not capture the full complexity 
of the tissue microenvironment, which necessitates 
an understanding not only of gene expression but 
also of post-transcriptional processing and protein 
post-translational modification, all of which are impor-
tant factors in dictating ECM assembly and function. 
Furthermore, high-resolution cellular analysis at a single 
point in time makes it difficult to discern whether cell 
populations identified in this way represent distinct 
cell types (and lineages) or the same cell types at distinct 
points on a spectrum of phenotypic polarization.

An additional challenge lies in understanding pre-
cisely how target cells respond to the integrated biochem-
ical and mechanical signals provided by multi component 
3D tissue microenvironments. Many approaches to 
assessing cell phenotype require the isolation of cells 
from tissues; however, the process of cell isolation has a 
profound effect on the cell phenotype itself, accounting 
for as much as 40% of the transcriptome of processed 
cells173,174. This effect makes it difficult to differentiate 
cell behaviour instructed in situ from that caused by the 
stress of cell purification processes. Technologies such 
as NICHE-seq175 or spatial transcriptomics176 can now 

provide information about localized gene expression 
programmes, whereas matrix-assisted laser desorption/
ionization mass spectrometry imaging can enable the 
visualization of the spatial distribution of molecules, 
such as glycans, peptides or proteins, by their molecular 
masses177. Used in parallel with multiplex imaging and 
the improved capabilities in optical sectioning provided 
by light sheet microscopy, which enables imaging of 
intact tissues and organs at a good resolution178, these 
methods can now be applied to better resolve the con-
tent of the ECM of the joints and its organization at the 
single-cell level in situ. Such approaches could yield a 
potentially rich source of tractable new targets with 
which to diagnose and treat inflammatory joint diseases.

Another important consideration is how external 
cues contribute both to programming cell identity and 
to orchestrating the transient cellular activation states 
required to respond to dynamically fluctuating tissue 
conditions. In tissue-resident macrophages from dif-
ferent organs, the tissue environment is crucial in the 
creation and maintenance of organ-specific macrophage 
functions179, although the full extent of how integrated 
external signals programme this positional memory 
remains to be completely unravelled. Tissue-derived sig-
nals potentially also shape the phenotypes of fibroblasts 
from different organs; for example, differences exist in 
the epigenetic landscape, gene expression and response 
to stimuli of cultured synovial and dermal fibroblasts, 
suggesting a stable imprinting of organ-specific gene 
expression, even when cells are dissociated from tissue 
architecture180–182. In synovial183, dermal184 and intestinal 
fibroblasts185, the expression of homeobox genes (which 
govern positional cellular identities during embryonic 
development) differs between anatomical regions within 
tissues, showing that the anatomical site also shapes cel-
lular gene expression. This site-specific expression is 
illustrated nicely by the differences found between tissues 
in hip, knee and ankle joints183,186–190. Mechanical stimu-
lation of joint cells is another well-established mediator 
of cell identity during embryonic development191, as well 
as postnatally, and also influences the composition of 
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Fig. 4 | Shaping joint-specific cellular phenotypes. Positional memory in joint stromal cells can be modified at all stages 
of life. During embryonic development, joint-specific pathways and stimulatory signals such as fetal movement work in 
concert with joint-specific homeobox (HOX) gene expression to shape the different joint regions. In early childhood, the 
transition to walking upright is associated with substantial adaptation of motor and biomechanical processes that shape 
gene expression in the tissues involved. Later in life, non-physiological loading, trauma and other environmental factors 
such as infection and inflammation (for example, rheumatoid arthritis) can lead to joint-specific changes.
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the ECM192,193. Together, these data imply that, at dif-
ferent anatomical sites, differences in embryonic devel-
opment and environmental cues induce changes in the 
content and structure of the synovial microenvironment 
and define cell behaviour at transcriptomic and epige-
netic levels, which could, at least partially, explain the 
specific pattern of joint involvement seen in many joint 
diseases (Fig. 4).

Conclusions
The interrogation of synovial cell populations using 
single-cell transcriptomics and spatial mapping of 
the cell subsets identified by this approach within tis-
sues is revealing the detailed anatomical complexity 
of the synovium. Our understanding of the cellular 
basis of synovial health and disease has been acceler-
ated by examination of how specialized cell networks 
function within discreet synovial neighbourhoods. 
In parallel, analysis of the role of the tissue microen-
vironment in defining synovial tissue structure and 
function is starting to reveal how extracellular cues are 

essential in organizing cellular networks and in directing 
niche-specific cell behaviour. These data are also chang-
ing our thinking about how inflammatory joint disease 
arises and progresses, supporting more holistic consider-
ation of synovial cell networks, wherein communication 
between different cell types and their surrounding ECM 
within discreet but interconnected neighbourhoods 
in the synovium is essential for tissue homeostasis. 
Perturbations in any aspect of these symbiotic networks 
are deleterious to synovial tissue homeostasis and can 
be pathogenic. We are already starting to see how this 
new perspective has the potential to change clinical prac-
tice, both in terms of disease diagnosis and classification 
(for example, in efforts to use local changes in synovial 
tissue to better assess a patient’s disease status) and in 
offering new treatment options that can either improve 
the efficacy or specificity of drugs currently used to treat 
patients with RA, or offer completely novel approaches 
to ameliorating disease.
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Immunotherapy is now a standard approach to cancer 
treatment alongside surgery, radiation, chemotherapy 
and targeted therapies. Immune checkpoint inhibi-
tors (ICIs) are monoclonal antibodies that augment 
the pre- existing host antitumour response by blocking 
down- regulators of the immune system including cyto-
toxic T lymphocyte antigen 4 (CTLA4), programmed 
cell death 1 (PD1) and programmed cell death ligand 1  
(PDL1). However, in augmenting host immune res-
ponses, ICIs cause autoimmune adverse effects, termed 
immune- related adverse events (irAEs), in >80% of 
treated patients, including high- grade irAEs in ~60%  
of patients being treated with a combination of ICIs, 
~30% of patients being treated with a CTLA4 inhibitor 
and ~20% of patients being treated with an inhibitor of 
the PD1 pathway1–4. Almost any organ of the body can 
be affected by irAEs, but different ICIs tend to target dif-
ferent organs. For example, rash and colitis are common 
with anti- CTLA4, whereas arthritis and pneumonitis are 
more characteristic of anti- PDL1 and anti- PD1 therapy1.

Approximately 4% of patients with cancer under-
going ICI therapy develop inflammatory arthritis5, the 
majority of whom present with either a rheumatoid 
arthritis (RA) or a polymyalgia rheumatica phenotype5–7. 
Rheumatoid factor and anti- cyclic citrullinated peptide 
antibodies can be present in such patients but are less 
common than in patients with RA6,7. Guidelines for the 

management of ICI- induced inflammatory arthritis are 
based on expert consensus and borrow heavily from 
treatments that were developed for RA8. Most patients 
are initially treated with corticosteroids at doses deter-
mined by the severity of arthritis, and steroid- sparing 
agents including hydroxychloroquine, sulfasalazine and 
methotrexate. TNF inhibitors and occasionally IL-6R 
blockers are used in patients with steroid- refractory or 
persistently steroid- dependent arthritis9–12.

Data from various studies show that patients under-
going ICI therapy who develop irAEs have improved 
progression- free survival and overall survival13–15, sug-
gesting that ICIs augment shared immune pathways that 
promote both irAEs and antitumour activity. This find-
ing raises the logical question as to whether immuno-
suppressive agents used to treat irAEs also promote 
cancer progression, whether by interfering with the anti-
tumour activity of ICIs or via another route. Although 
studies have documented the oncological safety of using 
corticosteroids to control irAEs16, treatment of irAEs 
with high- dose corticosteroids, although life- saving 
for patients with severe irAEs such as myocarditis or 
colitis17,18, was noted to reduce the overall survival of 
patients with hypophysitis19. Survival was also reduced 
in those patients who were receiving corticosteroid 
treatment at the time of initiation of ICI therapy20. This 
finding implies a need to identify targeted therapies 
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ICI- induced inflammatory arthritis. ICI- induced inflammatory arthritis is distinguished from other 
irAEs by its persistence and requirement for long- term treatment. TNF inhibitors are commonly 
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that block pathways contributing to irAE pathogenesis 
but that spare those pathways contributing to cancer 
survival.

The question of whether a treatment for irAEs pro-
motes cancer progression is particularly relevant to 
rheumatologists because ICI- induced inflammatory 
arthritis often persists and can require long- term treat-
ment with DMARDs such as TNF inhibitors10. In this 
Review, we address this question for TNF inhibitors by 
drawing from literature on the link between TNF and 
cancer, the link between TNF inhibitors and cancer both 
within and outside the context of ICIs, and the role of 
TNF in the tumour microenvironment.

The multifaceted effects of TNF
When TNF was first isolated in 1975 by Carswell, Old 
and colleagues, it was identified as the factor respon-
sible for endotoxin- induced haemorrhagic necrosis of 
experimental tumours21. The line of research leading 
to the isolation of TNF can be traced back to William 
Coley’s use of bacterial extracts to treat patients with 
cancer starting in 1896 (ref.22). Although the validity of 
the clinical case series reported by Coley was contro-
versial, his work motivated subsequent preclinical stud-
ies in animal models. Further research in 1944 showed 
that lipopolysaccharide endotoxin was the active agent 
in bacterial extracts inducing haemorrhagic tumour 
necrosis in a mouse model of benzopyrene- induced skin 
tumours23. In 1962, researchers found that serum from 
endotoxin- treated animals also induced tumour necro-
sis, implying that bacterial endotoxin acts indirectly, 
inducing an intermediary ‘tumour necrosing factor’ that 
acted on tumours24. It was this factor that was isolated by 
Carswell et al. in 1975 (ref.21). The gene encoding human 
TNF was cloned in 1984 (ref.25), and the gene encoding 
mouse TNF was cloned in 1985 (ref.26). Ascertaining the 
sequence of TNF led to the discovery that this protein is 
the same protein molecule as cachectin27, a factor found 
to mediate acute shock and chronic cachexia during 
infection. Development of anti- TNF antibodies led to 
the discovery that TNF has an important role in RA syn-
ovial inflammation28, corroborated by studies showing 
that human TNF transgenically overexpressed in mice 
induces synovial inflammation29. Thus, TNF was found 
to have roles in the pathophysiology of cancer, sepsis and 
inflammatory disease.

In this Review, we discuss the role of TNF in can-
cer as is relevant to the safety of TNF inhibitors in the 
treatment of irAEs. We also discuss the role of TNF in 
inflammatory disease as is relevant to the efficacy of 
TNF inhibitors in the treatment of irAEs, with the caveat 
that irAEs are iatrogenic disease entities whose aetiology 
is not well understood and might be different from that 
of spontaneous inflammatory diseases. Although irAEs 
are known to be caused by ICIs, it is not yet known 
which of the cell types that are modulated by ICIs medi-
ate these autoimmune toxicities, or why TNF inhibition 
is an effective treatment, although previous work on the 
mechanism of action of TNF inhibitors will be a valua-
ble guide. The roles of TNF in cancer and inflammatory 
diseases are summarized in Box 1.

Role of TNF in cancer
Early optimism that TNF would be a useful anticancer 
therapy was tempered by the realization that it has a 
narrow therapeutic window. In clinical trials, system-
ically administered TNF caused acute shock but with-
out the antitumour responses originally reported by 
Coley30. The physiological serum concentration of TNF 
in humans is to the order of 10 pg/ml31, whereas the 
doses of TNF used in these clinical trials corresponded 
to TNF serum concentrations to the order of 10 ng/ml30. 
It is now thought that haemorrhagic tumour necrosis 
induced by high- dose TNF is largely mediated by the 
pro- coagulant effects of TNF that lead to thrombosis 
within the tumour vasculature32. TNF has been shown to 
induce endothelial cell apoptosis in vitro33. If this process 
occurs in vivo it could be another mechanism by which 
high- dose TNF induces haemorrhagic tumour necrosis. 
The current consensus is that soluble TNF alone, at lev-
els tolerated by patients, is not directly cytotoxic to can-
cer cells34. However, non- soluble membrane- bound TNF 
or TNF in conjunction with a second effector molecule 
can be directly cytotoxic. TNF does have direct cytotoxic 
effects on cancer cells when used together with small 
molecules that oppose inhibitor of apoptosis proteins 
(IAPs)35. In addition, membrane- bound TNF (which 
serves as a ligand to TNF receptors on adjacent cells) has 
been shown, in vitro, to have a direct cytotoxic effect on 
target cells, including the KYM-1D4 cancer cell line36,37.

In parallel with studies of TNF as a potential anti-
tumour therapy, evidence began to emerge in the late 
1980s that TNF could in fact be a tumour- promoting 
factor. Patient- derived juvenile chronic myelogenous 
leukaemia cells were found to produce TNF and use it as 
an autocrine growth factor38. Another study, in a rabbit  
cornea model, showed that low- dose TNF induces angio-
genesis, an unexpected finding given that high- dose 
TNF causes destruction of tumour vascular beds39. Later 
studies found that TNF stimulates tumour growth and 
does so in part by promoting angiogenesis40.

Work since the late 1990s has shown that TNF at 
physiological levels (as opposed to the supraphysio-
logical levels of TNF used in antitumour therapy) has 
a major role in tumorigenesis. In the 1990s, methods 
of generating gene knockout mice provided powerful 
tools to elucidate the role of specific genes in mamma-
lian biology. The development of TNF knockout mice 

Key points

•	Different arms of the immune response are important for autoimmune versus 
anticancer activities, and TNF inhibitors restrain some of these arms while promoting 
or having a neutral effect on others.

•	preclinical studies provide evidence that short courses of TNF inhibitors, despite their 
efficacy in ameliorating immune- related adverse events (irAes), do not restrain the 
anticancer effects of immune checkpoint inhibitors (iCis).

•	TNF inhibitor treatment of rheumatic diseases does not seem to increase the risk  
of cancer, except for non- melanoma skin cancer and possibly lymphoma.

•	Short courses of TNF inhibitors are likely to be safe in the treatment of iCi- associated 
irAes, but data on the safety of long- term TNF inhibitor use for irAes are lacking.

•	Clinical studies that directly assess the effect of TNF inhibitor treatment on iCi 
efficacy are required to draw conclusions regarding the safety of TNF inhibitor 
treatment for irAes.
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led to the discovery that lack of TNF had a protective 
effect against skin tumours induced by the carcinogen 
DMBA41. Similarly, TNF receptor knockout mice were 
also protected from UVB- induced skin tumours42. 
Administration of TNF inhibitors to mice had a protec-
tive effect in urethane- induced pulmonary tumours and  
colonic tumours associated with chemically induced 
colitis43,44.

Additional evidence for a pro- tumorigenic role for 
TNF came from studies of gastric cancer associated 
with Helicobacter pylori infection. Gastric mucosal tis-
sue samples from patients with chronic gastritis, gastric 
intestinal metaplasia, gastric dysplasia or gastric adeno-
carcinoma all showed higher expression levels of TNF 
than samples from healthy individuals. Moreover, in 
the same individuals, a higher expression of TNF was 
associated with positivity for H. pylori, suggesting that 
the association of gastric cancer with H. pylori infection 
might in part be mediated by the induction of host TNF 
production by H. pylori45. Indeed, H. pylori can pro-
duce Tip- α, a protein that induces host TNF production 
and functions as a pro- tumorigenic factor in a manner 
possibly mediated by TNF signalling46.

Another line of evidence indicating that TNF is 
pro- tumorigenic comes from genetic studies of human 
populations. The -308G/A polymorphism in the pro-
moter of TNF modulates TNF transcription47; the less 
common A variant is a stronger transcriptional activator 
of the gene47. As a result, individuals with the hetero-
zygous G/A genotype have a twofold increase in TNF 
production over individuals with the G/G genotype (as 
shown in a whole blood lipopolysaccharide stimulation 
assay48). Evidence from a number of case–control studies 
show that individuals with this promoter polymorphism 
are at an increased risk of cancer. For instance, a study 
of 9,986 patients with gastrointestinal cancer (colorectal, 

oesophageal, gastric, hepatocellular or pancreatic can-
cer) and 15,511 healthy individuals showed that the A/A 
and G/A genotypes taken together confer 1.2- fold odds 
of gastrointestinal cancer compared with the G/G geno-
type (95% CI 1.1–1.4)49. Another study of 5,757 patients 
with prostate cancer and 6,137 healthy individuals 
showed that the A/A and G/A genotypes taken together 
confer 1.5- fold odds of prostate cancer compared with 
the G/G genotype (95% CI 1.1–2.1)50.

Role of TNF in inflammatory disease
The first randomized double- blind trial of a TNF inhib-
itor for the treatment of inflammatory disease was a 
study in RA in which TNF inhibition showed consider-
able efficacy51. This study demonstrated the therapeutic 
potential of TNF inhibitors for inflammatory disease 
and spurred further studies that expanded clinical indi-
cations to psoriatic arthritis, psoriasis, ankylosing spon-
dylitis, juvenile idiopathic arthritis, Crohn’s disease and 
ulcerative colitis52.

The clinical promise of TNF inhibitors also moti-
vated studies into its mechanism of action and the role 
of TNF in inflammatory disease. TNF has a gatekeeping 
role in local tissue inflammation through its effects on 
vascular endothelial cells; it upregulates endothelial cell 
expression of surface adhesion molecules that recruit 
circulating leukocytes into the local tissue53. TNF also 
induces endothelial cell expression of cyclooxygenase 
2 and subsequent prostaglandin release, resulting in 
vasodilation53.

TNF is a cytokine that both promotes and restrains 
inflammatory processes through opposing functional 
consequences of signalling through its two surface 
receptors: TNF receptor 1 (TNFR1) and TNF receptor 2  
(TNFR2). TNFR1 is expressed on all cells, whereas 
TNFR2 is expressed on a restricted subset of cell types 
including immune cells, endothelial cells and neurons54. 
In general, TNF activates innate immune responses via 
TNFR1 signalling, while suppressing adaptive immune 
responses via TNFR2 signalling54. TNFR1 signalling 
in mesenchymal cells activates an innate immune 
response that promotes disease in RA, spondyloar-
thropathies (SpAs) and inflammatory bowel disease 
(IBD)55. By contrast, TNFR2 signalling seems sufficient 
to ameliorate T cell- driven experimental autoimmune 
encephalomyelitis55, although the T cell subsets that 
mediate this effect are unknown. The suppressive effect 
of TNFR2 signalling on the adaptive immune response is 
thought to explain the unexpected aggravation of disease 
by TNF inhibition in a trial in patients with multiple 
sclerosis, as well as the sporadic occurrence of demyeli-
nating disease in patients receiving a TNF inhibitor for 
other diseases54.

The duration, or chronicity, of TNF stimulation 
helps to determine its effect on inflammatory pathology. 
Administration of TNF three times a week in NZB/W 
F1 lupus- prone mice delayed the onset of renal disease 
and led to improved survival at 3 months56. Similarly, 
TNF administered recurrently over 3 months protected 
non- obese diabetic mice against the development of 
diabetes57. In mice with T cells expressing a transgenic 
T cell receptor (TCR) specifically for the influenza 

Box 1 | TNF in cancer and inflammatory disease

Pro- cancer effects
•	induces tumour angiogenesis40

•	promotes cancer cell survival and proliferation137

•	Helps cancer cells to evade immune surveillance146,148

Anticancer effects
•	induces haemorrhagic tumour necrosis via a pro-  

coagulant effect32, by inducing endothelial cell death33

•	membrane- bound TNF has direct cytotoxic activity 
against cancer cells37

Pro- inflammatory effects
•	upregulates endothelial cell expression of leukocyte 

adhesion molecules53

•	induces synovial fibroblast production of il-6, il-8 and 
prostaglandin61

•	induces a pro- inflammatory macrophage phenotype65

Anti- inflammatory effects
•	Ameliorates	T cell-	driven	experimental	autoimmune	

encephalomyelitis55

•	Promotes	regulatory	T cell	suppressive	function66

•	Chronic	TNF	attenuates	T cell	response	to	antigen	
stimulation58
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haemagglutinin antigen, repeated administration of 
TNF over 3 weeks yielded T cells that had attenu-
ated responses to TCR stimulation; such T cells had a 
reduced capacity to proliferate and produce cytokines 
after TCR stimulation with the specific antigen58. Thus, 
chronic TNF stimulation might ameliorate autoimmune 
inflammation in part by reducing T cell responsiveness 
to antigen stimulation.

How TNF modulates cells in inflammatory disease 
tissue has been most closely studied for RA and IBD. 
Synovial samples from patients with RA show robust 
immunohistochemistry staining for TNF59, and syno-
vial fibroblasts and macrophages from patients with RA 
express TNF receptors60. TNF signals through TNFR1 
on synovial fibroblasts to induce the production of IL-6, 
IL-8 and prostaglandin E2 (ref.61), all of which have 
pro- inflammatory properties. TNF has also been shown 
to signal through TNFR1 on CD4+ T cells to inhibit  
T helper 1 (TH1) and TH17 cell differentiation and expan-
sion in a mouse model of collagen- induced arthritis62. 
Correspondingly, TNF inhibitor treatment, which is 
expected to attenuate TNFR1 signalling, increased the 
numbers of lymph node TH1 and TH17 cells62. Although 
TH1 and TH17 cells are considered pathogenic, TNF 
inhibitor treatment also reduced the accumulation of 
these cells in the joint62. This finding concurs with the 
observation in patients with RA that TNF inhibition can 
increase numbers of peripheral blood pathogenic T cells 
while ameliorating arthritis62,63; TNF inhibitors have been 
shown to reduce inflammatory cell infiltration into the 
joint64. In studies of IBD, TNF inhibition induced macro-
phage differentiation to a regulatory pheno type that 
ameliorates intestinal inflammation65. TNF signalling 
through TNFR2 in various T cell subsets have different 
effects on experimental colitis. For example, TNFR2 sig-
nalling in regulatory T (Treg) cells and CD8+ T cells amel-
iorates colitis66,67, whereas in CD4+ effector T cells this  
signalling exacerbates colitis68.

ICI- induced inflammatory arthritis and ICI- induced 
colitis share molecular features with RA and IBD, 
respectively. Synovial biopsy samples from a patient 
with ICI- induced inflammatory arthritis showed robust 
staining for TNF69, similar to synovial samples from 
patients with RA59. Similarly, colonic biopsy samples 
from patients with ICI- induced colitis showed evidence 
of increased TNF signalling in myeloid cells compared 
with cells from healthy individuals70, which is in line with  
the finding that TNF signalling in macrophages helps to 
mediate IBD65. These shared molecular features provide 
support for borrowing TNF inhibitors from the RA and 
IBD armamentarium to treat ICI- induced inflammatory 
arthritis and ICI- induced colitis.

TNF inhibitor use and cancer risk
In this section, we review data from clinical studies 
investigating the link between TNF inhibitor use and 
the risk of cancer development and recurrence, and use 
this information to make inferences regarding the safety 
of TNF inhibitors during irAE treatment. Currently, lim-
ited data are available regarding the effect of TNF inhib-
itor treatment on the efficacy of ICI therapy (that is, the 
effect on cancer survival), but we can also draw from a 

large body of data on the link between TNF inhibition 
and risk of cancer development and recurrence accumu-
lated over many patient years of experience using TNF 
inhibitors for a wide range of indications.

Effects on ICI efficacy
In a study of 27 ICI- treated patients with melanoma 
who developed colitis and underwent TNF inhibitor 
treatment, the patients had a median progression- free 
survival of 3 months, which is comparable to that 
reported in previous studies of ICI- treated patients 
with melanoma who did not undergo TNF inhibitor 
treatment71. Similarly, a retrospective study of patients 
with ICI- induced colitis found no difference in over-
all survival in those patients treated with corticos-
teroids alone (n = 38) compared with those patients 
treated with corticosteroids plus a TNF inhibitor 
(n = 23) (P = 0.263)72. By contrast, in a study published 
in 2020, in which Verheijden and colleagues73 exam-
ined patients with grade ≥3 irAEs of various types (65 
of whom received a TNF inhibitor and 157 of whom 
received corticosteroids only), the median overall sur-
vival was lower in the TNF inhibitor- treated group than 
in the corticosteroid- only group (17 versus 27 months; 
adjusted HR 1.61; 95% CI 1.03–2.51). However, the use 
of overall survival as the end point might have intro-
duced confounders as some high- grade irAEs (such 
as colitis) have a higher mortality than others (such as  
high- grade endocrine toxicity, which can be treated 
with hormone replacement); 61 of the 65 patients in the 
TNF inhibitor group had ICI- induced colitis, whereas 
the breakdown of irAE subtypes was not reported  
for the corticosteroid- only group73. This study also failed 
to account for the time to irAE onset, which, as a rule, 
is shorter for colitis than for endocrinopathies74,75 and is  
shorter for more severe than for less severe irAEs74–76. 
This difference could have biased the results because of 
the different follow- up times and treatment exposures 
between patients who did versus patients who did not 
require a TNF inhibitor77. For example, patients who 
did not require a TNF inhibitor might also be the ones 
who developed later- onset irAEs; to be included in this 
group, patients had to have first survived long enough 
to acquire a later- onset irAE.

Empirically, it is notable that despite extensive 
efforts to identify tumour biomarkers to predict a clin-
ical response to ICI therapy, TNF has not emerged as 
one such biomarker78–80. This finding suggests that TNF 
signalling in the tumour microenvironment has a neu-
tral net effect on pathways that promote or inhibit the 
antitumour activity of ICI therapy, implying that TNF 
inhibition does not diminish this activity.

Effects on risk of cancer
Post- marketing surveillance of TNF inhibitor treatment 
in patients with RA, SpA, IBD and psoriasis provides 
data on the effects of decreasing levels of TNF on cancer 
risk. However, these studies might be biased by the fact 
that patients with autoimmune disease have a higher 
baseline risk of cancer than the general population, 
including a higher risk of lymphoma and lung cancer 
for patients with RA and a higher risk of non- melanoma 
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skin cancer for patients with psoriasis81–83. This ele-
vated risk is thought to be caused by the presence of 
chronic inflammation, but shared genetic and envi-
ronmental risk factors might also have a role81. Thus, 
disease severity (which is associated with the degree 
of inflammation) could confound the analysis of TNF 
inhibitor- associated cancer risk, at least in observational 
studies, if TNF inhibitor treatment is given preferen-
tially to patients with more active disease. Risk assess-
ment is also confounded by concomitant medications 
taken by patients on a TNF inhibitor, as some conven-
tional DMARDS are also associated with risk of cancer. 
Examples include an elevated risk of hepatosplenic T cell 
lymphoma in TNF inhibitor- treated patients with IBD 
taking concomitant thiopurines (for example, azathi-
oprine or 6- mercaptopurine)84 and an increased inci-
dence of non- melanoma skin cancer in patients taking 
methotrexate85. Other factors that bias some studies of 
cancer risk in TNF inhibitor- treated patients include 
the use of self- reported cancer diagnoses, a lack of an 
active comparator group (for example, patients being 
treated with other DMARDs), a lack of adjustment for 
other treatments and comorbidities and inconsistent 
definitions of the time of TNF inhibitor exposure86.

Solid tumour malignancies. The above methodological 
limitations could, if anything, introduce spurious asso-
ciations between TNF inhibition and cancer where there 
is none. It is therefore reassuring that most observational 
studies of patients with RA, SpA, IBD and psoriasis have 
failed to show any increased risk of cancer in patients 
being treated with a TNF inhibitor87–91. For example, a 
systematic literature review and meta- analysis of nine 
large RA registries (87,018 patient years in the TNF 
inhibitor treatment group and 50,734 patient years in 
the untreated control group) found no increased risk 
of solid tumours in patients undergoing TNF inhibi-
tor treatment (risk ratio 0.84; 95% CI 0.60–1.18)90. An 
early meta- analysis of clinical trials did show an ele-
vated risk of cancer in patients undergoing TNF inhib-
itor treatment (odds ratio 3.3; 95% CI, 1.2–9.1)92, but 
was criticized for not using individual level data and 
for using an average follow- up period, even though the 
patients being treated with a TNF inhibitor had a longer 
follow- up period86,93. Subsequent meta- analyses of clin-
ical trials have failed to show an increased cancer risk 
in patients being treated with a TNF inhibitor94–97, and 
studies using large administrative datasets have been 
similarly negative98,99. One exception is the Wegener’s 
Granulomatosis Etanercept Trial (WGET), which com-
pared cyclophosphamide alone with cyclophosphamide 
plus a TNF inhibitor (etanercept) for the treatment of 
granulomatosis with polyangiitis, and found a higher 
incidence of solid tumours in patients who received 
combination therapy100. This finding suggests that 
there might be synergistic toxicity when TNF inhib-
itors are used together with cytotoxic agents, similar 
to that observed when TNF inhibitors are combined 
with thiopurines84. Such synergistic effects might have 
relevance for patients with cancer receiving ICI therapy 
in combination with chemotherapy who require irAE 
management.

Lymphoma. A small number of studies have suggested 
that patients treated with a TNF inhibitor are at an 
increased risk of developing a lymphoma. One published 
series described 48 cases of malignancy reported to the 
FDA in children on a TNF inhibitor, half of which were 
lymphomas101. Even though this case series did not con-
trol for confounding factors such as the risk of cancer 
associated with the underlying condition or concomitant 
medications, the FDA issued a black box warning of can-
cer risk in children being treated with a TNF inhibitor 
and later warned of an excess risk of developing espe-
cially rare hepatosplenic T cell lymphomas for children 
with IBD being treated with a combination of a TNF 
inhibitor and thiopurine102. An analysis of TNF inhibitor- 
treated patients with IBD in the French National Health 
insurance database also showed a higher rate of lym-
phoma (HR 2.41, 95% CI 1.60–3.64)103 compared with 
patients with IBD who had no TNF inhibitor exposure; 
furthermore, a study of patients with juvenile idiopathic 
arthritis, IBD or psoriasis that used a Medicaid database 
hinted at a similar, albeit non- significant, increase in risk 
of lymphoma in those patients receiving TNF inhibi-
tor treatment (adjusted HR 2.64, 95% CI 0.93–7.51)98. 
However, administrative datasets lack important infor-
mation about confounders such as disease phenotype 
and severity, and many other prospective rheumatic 
disease registries have failed to show any increased risk 
of lymphoma in TNF inhibitor- treated patients87,104–107.

Skin cancer. One study of a Swedish RA registry found 
an increased risk of melanoma in TNF inhibitor- treated 
patients with RA108. By contrast, no increased risk was 
found in a larger study that combined 11 European RA 
registries109, in a Scandinavian SpA registry study110 or 
in a large meta- analysis of RA clinical trials111. However, 
patients with psoriasis or RA undergoing TNF inhib-
itor treatment might be at an increased risk of non- 
melanoma skin cancer112,113. With the possible exception 
of non- melanoma skin cancer114, studies have also failed 
to show an increased risk of cancer recurrence in patients 
with cancer being treated with a TNF inhibitor115,116.

In summary, although the assessment of TNF 
inhibitor- associated cancer risk is confounded by the 
excess background risk in patients with rheumatic dis-
eases, available evidence suggests that these inhibitors 
do not increase the risk of solid tumours. The risk might 
be increased for lymphoma, particularly in patients with 
IBD being treated with a TNF inhibitor plus thiopurines, 
or for non- melanoma skin cancer in patients with psori-
asis being treated with a TNF inhibitor. These data pro-
vide reassurance about the safety of TNF inhibition for 
the treatment of irAEs in the setting of ICI use, except 
perhaps in patients being treated for lymphoma.

irAE therapy: is TNF inhibition safe?
In this section, we review preclinical studies of the effects 
of TNF and TNF inhibition in the tumour microenviron-
ment, and synthesize this information to make support-
ing inferences regarding the safety of TNF inhibitors in 
the treatment of irAEs. We summarize the immune and 
non- immune cell types present in the tumour microen-
vironment (TaBle 1), and discuss studies that address the 
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effect of TNF, TNF inhibitors or ICIs on relevant cell 
types. We synthesize information from these studies 
into a model of interactions between cell types that also 
incorporates TNF inhibition and immune checkpoint 
inhibition (fig. 1). This model enables us to systemati-
cally analyse the different paths by which TNF inhibitors 
and ICIs regulate cancer cell proliferation, and to make a 
prediction regarding the net effect of TNF inhibitors on 
tumour growth. We also discuss two preclinical studies 
that test this prediction.

The general pattern that emerges from this model 
is that TNF inhibition promotes the activity of anti-
tumour immune cell types (such as CD8+ cytotoxic  
T lympho cytes (CTLs) and natural killer (NK) cells) 

while restraining the activity of immunosuppressive cell 
types (such as Treg cells and myeloid- derived suppressor 
cells (MDSCs)), with an expected net antitumour effect 
that augments the benefits of ICIs. The effect of TNF 
inhibition on dendritic cells and naive CD8+ T cells is 
an exception that might be pertinent in the setting of 
prolonged TNF inhibitor use. A further caveat is that 
although two preclinical studies have tested the net 
effect of TNF inhibition on tumour growth, studies in 
patients will be needed to validate this model in the 
clinical setting.

ICIs, TNF inhibitors and tumorigenesis
ICIs that target CTLA4, PD1, or PDL1 inhibit signalling 
through co- inhibitory117 pathways in tumour- infiltrating 
T cells118. Both inhibition of CTLA4 signalling and 
inhibition of PD1 signalling promote proliferation of 
exhausted PD1- positive CTLs, which subsequently 
become ‘reinvigorated’ to take on an effector- like pheno-
type associated with antitumour activity119. These CTLs 
continue to express PD1 but proliferate and express  
the activation surface markers HLA- DR and CD38 
(ref.120). ICIs have differing effects on different subtypes 
of TH cells119,121. Overall, ICIs promote the function of  
tumour- infiltrating T  cells with a net antitumour 
effect118,119. PD1 signalling in myeloid precursor cells 
promotes the development of MDSCs122, which are 
pro-tumorigenic123,124; thus, ICI might also exert 
their antitumour effect in part by inhibiting MDSC 
development122. The interactions between ICIs and 
tumour microenvironment immune cells, including 
Treg cells, tumour- associated macrophages and MDSCs, 
have been comprehensively reviewed elsewhere78.

Effect of TNF on CTLs and NKs. TNF signals through 
TNFR2 on CTLs to promote activation- induced cell 
death125,126, thereby depleting the pool of antitumori-
genic CTLs. TNF also signals through TNFR1 on CTLs 
to inhibit CTL infiltration into mouse B16K1 mela-
noma tumours, whereas TNF inhibition promotes CTL 
infiltration into tumours127. Moreover, TNF signalling 
in NK cells induces the expression of the co- inhibitory 
receptor TIM-3 (ref.128) and decreases the expression 
of the activating cytotoxicity receptor NKp46 (ref.129), 
thereby impairing NK cell antitumour activity. As TNF 
signalling restrains the function of these two antitumour 
immune cell types, it can be inferred that TNF inhibition 
would promote their function.

Effect of TNF on CD4+ T cells. TNF signals through 
TNFR2 on Treg cells to promote Treg cell proliferation130 
and thereby increases their suppressive function as 
a population130. TNF might also inhibit the suppres-
sive function of Treg cells in vitro131,132, but this effect 
seems to be outweighed in vivo by the effect of TNF 
on Treg cell population expansion130,133. TNFR2- positive 
Treg cells (defined as CD4+ CD25+ TNFR2+ cells) sup-
press the proliferation of non- Treg cells (defined as CD4+ 
CD25− cells)134 to a greater extent than TNFR2- negative 
Treg cells, and are found at a high density in Lewis lung 
carcinoma tumours134, as well as in human ovarian can-
cer ascites135. In a B16F10 mouse model of melanoma 

Table 1 | Activities of various cell types in tumours and their effects on tumours

Effect on tumour Cell type Mechanism Refs

Antitumour 
effects

CTLs Kill cancer cells that display 
tumour- associated antigens; 
produce IFNγ, which has 
antitumour effects

123,154

NK cells Kill cancer cells that over- express 
ligands recognized by NK cell 
receptors

155

TH cells Maintain adequate numbers 
of CTLs; promote CTL tumour 
infiltration

156

TH1 cells Promote the development 
of tumour antigen- specific 
CTLs; produce IFNγ, which has 
antitumour effects

154,157

Dendritic cells Present tumour antigens to naive 
antigen-specificT cellstoinduce
their effector differentiation, 
including into TH1 cells and CTLs

157

Mixed effects TH2 cells Can be pro- tumorigenic or 
antitumorigenic depending on 
the context

158

TH17 cells Can be pro- tumorigenic or 
antitumorigenic depending on 
the context

140–142, 

158

Endothelial cells Regulate immune cell infiltration 
into tumours via adhesion 
molecules

159

MSCs Regulate immune cell infiltration 
into tumours via chemokines

145

Pro- tumour 
effects

Follicular 
helper-likeT cells

Follicular helper- like CD4+ Foxp3− 
PD1hiT cellsarepro-tumorigenic

121

Treg cells Inhibit TH cellproliferation;inhibit
differentiation of naive CD4+T cells
into TH1 and TH2 cells; inhibit CTL 
cytotoxicity

160,161

MDSCs Decrease the numbers of CTLs, 
TH cellsandNKcells;increase
the numbersofTreg cells;inhibitthe 
activity of CTLs by inactivating 
TCRs

123,124

Tumour- associated 
macrophages

Produce CCL22, which recruits 
Treg cells;produceIL-10andTGFβ, 
which are immunosuppressive 
cytokines

162

CTLs, CD8+ cytotoxic T lymphocytes; MDSCs, myeloid- derived suppressor cells;  
MSCs, mesenchymal stromal cells; NK cells, natural killer cells; TH cells,CD4

+ T helper cells; 
Treg cells,CD4

+regulatoryT cells.
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lung metastasis, administering TNF promotes pul-
monary Treg cell proliferation and increases metastatic 
tumour growth136. A TNFR2 blocking antibody inhibits 
proliferation of Treg cells isolated from human periph-
eral blood, and kills Treg cells isolated from ascites of 
patients with ovarian cancer137, as well as from the 
blood of patients with cutaneous T cell lymphoma138. 
It can be inferred that TNF inhibition, by exerting the 
opposite effect to TNF, would restrain the function of 
immunosuppressive Treg cells.

TNF signals through TNFR2 on TH cells to pro-
mote TH cell proliferation and TH1 pro- inflammatory 
cytokine production68, and to promote their resist-
ance to suppression by Treg cell139. The effect of TNF 
inhibitors on TH1 cells might then be an exception to 
the general pattern seen for other immune cell types, 
in that TNF inhibition would restrain the function of 
these antitumour immune cells. Nevertheless, as TNF 
inhibitors restrain Treg cells, which suppress TH1 cells, 
TNF inhibitors might indirectly promote TH1 cell func-
tion. TNF also signals through TNFR1 on TH cells to 
increase the relative number of TH17 cells and TH17 

cytokine production140. Evidence suggests that TH17 cells 
can have both pro- tumour and antitumour effects: for 
example, TH17 cells recruit pro- tumour myeloid cells140 
and antitumour TH1 cells141, and promote activation of 
antitumour CTLs142.

Effect of TNF on MDSCs and MSCs. TNF signals 
through TNFR2 on MDSCs to promote MDSC sur-
vival143 and their suppressive activity123,144. TNF inhib-
ition impairs the growth of mouse FB61 fibrosarcoma 
tumours and simultaneously impairs peripheral accu-
mulation of MDSCs, suggesting a correlation between 
an increased number of MDSCs and tumour growth in 
this model143. TNF also promotes mesenchymal stromal 
cell (MSC) accumulation in tumours in a mouse lym-
phoma model and induces MSCs to produce high levels 
of chemokine ligands for the chemokine receptor CCR2 
(ref.145). These chemokines recruit CCR2- expressing 
tumour- associated macrophages into the tumour with 
overall pro- tumorigenic effect145. It can be inferred that 
TNF inhibition would then restrain the function of 
immunosuppressive MDSCs and MSCs.

Cancer cellCTL

Naive CD8+ T cell

Dendritic cell

TNF
inhibition

TNF
inhibition

TNF
inhibition*

TNF
inhibition*

TNF
inhibition

TNF
inhibition*

TNF
inhibition*

TNF
inhibition*

Immune
checkpoint
inhibition

Treg cell

MDSC

TH1 cell

Treg cell MSC

MDSC

MDSC Tumour-associated
macrophage

NK cell

TNF
inhibition*

TNF
inhibition

TNF
inhibition

TNF
inhibition

Antitumour InhibitoryeffectPro-tumour Enhancingeffect

Fig. 1 | Pro-tumour and antitumour effects of TNF inhibition and immune checkpoint inhibition. A model of immune 
interactions in the tumour microenvironment. CD8+ cytotoxic T lymphocytes (CTLs) have direct cytotoxic effects on  
cancer cells; moreover, they serve as a hub to integrate the indirect effects of other immune cell types, TNF inhibition and 
immune checkpoint inhibition. Naive CD8+T celldifferentiationreplenishestheCTLpool.Naturalkiller(NK)cells,CD4+  
T helper (TH1) cells and tumour- associated macrophages have direct effects on cancer cell proliferation, and integrate the 
indirect effects of other immune cell types and TNF inhibition. TNF inhibition has a direct inhibitory effect on cancer cell 
proliferation. This model maps the different paths by which TNF inhibition exerts pro- tumour or antitumour effects.  
Each path starts with TNF inhibition or immune checkpoint inhibition exerting a direct effect on a cell type. *Denotes that 
the effect of TNF inhibition is inferred from experimental data on TNF68,128,129,137,145,146,148–150,152. MDSC, myeloid- derived 
suppressor cell; MSC, mesenchymal stromal cell; Tregcell,regulatoryT cell.
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Effect of TNF on cancer cells. Finally, TNF signalling in 
cancer cells helps them to evade immune surveillance 
while promoting their survival and proliferation137, with 
an overall pro- tumorigenic effect. In several cancer cell 
lines, TNF signalling increases the surface expression of 
PDL1, an immune checkpoint ligand that helps cancer 
cells to evade T cell immune surveillance146. In human 
melanoma lesions, PDL1 gene expression correlates pos-
itively with TNF gene expression147. TNF signalling also 
promotes de- differentiation of melanoma cells accom-
panied by loss of immunogenicity, which helps cancer 
cells to evade T cell immune surveillance148. Hence, TNF 
inhibition is expected to exert a direct inhibitory effect 
on cancer cells.

Overall, the model of interactions depicted in fig. 1 
predicts that TNF inhibitors augment ICI antitumour 
activity by promoting CTL activity and that TNF inhib-
itors promote additional antitumour activity through 
ICI- independent pathways.

Prolonged use of TNF inhibitors
In contrast to short- term TNF inhibition, prolonged 
use of a TNF inhibitor might deplete the antitumour 
CTL pool via inhibition of naive CD8+ T cell differ-
entiation into CTLs, leading to decreased numbers of 
tumour antigen- specific CTLs relative to that of tumour 
antigen- specific naive CD8+ T cells. This depletion 
would occur because TNF signals through TNFR2 on 
naive CD8+ T cells to provide a co- stimulatory signal 
that promotes TCR- mediated proliferation, activation 
and differentiation into CTLs149,150. Moreover, TNF sig-
nalling supports the dendritic cells that promote naive 
CD8+ T cell differentiation151. TNF signalling through 
TNFR1 in immature dendritic cells induces their mat-
uration, whereas TNF signalling through both TNFR1 
and TNFR2 in dendritic cells promotes their survival152.

Although a CTL depletion effect has not been inves-
tigated in preclinical models or in patients, this effect 
is of particular concern with regard to chronic use of 
TNF inhibitors and has relevance to the management 
of ICI- induced inflammatory arthritis, which is often 
persistent. It would be worthwhile studying whether 
CTL depletion occurs in patients receiving ICI therapy 
plus prolonged TNF inhibitor therapy compared with 
patients receiving ICI therapy alone or ICI therapy plus 
prolonged therapy with corticosteroids. If CTL deple-
tion is observed, another important question would be 
whether this effect correlates with clinical outcomes such 
as progression- free survival.

Data from preclinical models
Predictions of our model (fig. 1) have been tested in 
mice engrafted with B16K1 melanoma and treated with 
an anti- PD1 therapy147. In this mouse model, treat-
ment with a TNF inhibitor augmented the antitumour 
activity of ICI therapy, as assessed by the proportion of 
tumours that completely regress and by overall survival. 
Moreover, this improved ICI efficacy was associated with 
an increased proportion of CTLs out of the total number 
of cells in the tumours, and a decreased amount of cell 
death of these CTLs, suggesting that the improved ICI 
efficacy was attributable to a TNF inhibitor- mediated 

increase in CTL activity. The researchers also found that 
TNF inhibitor treatment alone did not have antitumour 
activity in this tumour model, contradicting our predic-
tion that TNF inhibitors have ICI- independent antitu-
mour activity. Thus, additional factors might be present 
that affect the tumour response to TNF inhibition that 
are not accounted for in our model.

In another preclinical study, researchers created a 
mouse model of ICI- induced colitis, in which the mice 
were given a combination of anti- CTLA4 and anti- PD1 
therapy to treat engrafted MC38 tumours153 and were 
concomitantly given dextran sulfate sodium to induce 
colitis, which is exacerbated by the combination ICI 
treatment. In this model, TNF inhibitor treatment both 
ameliorated colitis and augmented ICI antitumour activ-
ity. The improved ICI efficacy was associated with an 
increased proportion of tumour antigen- specific CTLs 
out of the total number of cells in the tumours and 
decreased cell death of these CTLs. A limitation of both 
of the studies described in this section is that the dura-
tion of TNF inhibitor treatment was at most 10 days; 
thus, the studies did not address the effect of chronic 
TNF inhibitor treatment on CTL activity or ICI efficacy. 
Preclinical and clinical studies that look at an extended 
duration of TNF inhibitor treatment would be valuable.

Conclusion
TNF is a pleiotropic cytokine with pro-inflammatory and  
immunosuppressive effects in inflammatory disease 
and cancer. TNF inhibitors are an effective treatment 
for a number of inflammatory diseases, including RA, 
IBD and ICI- induced inflammatory arthritis. Multiple 
clinical studies of TNF inhibitors in patients with 
inflammatory disease support the hypothesis that TNF 
inhibition poses a relatively low risk of cancer, but limi-
ted clinical data are available regarding its risk profile 
in patients with cancer undergoing ICI therapy. TNF 
can promote or inhibit the activities of the immune 
cells and cancer cells within tumours. The net effect of 
TNF inhibition on tumorigenesis might be positive or 
negative depending on qualitative (that is, the presence 
of specific cell types) and quantitative (that is, the local 
concentration of TNF) factors. Moreover, acute versus 
chronic TNF inhibition might have opposing effects on 
tumour growth. Preclinical models can be extrapolated 
to the clinic only to the extent that the qualitative and 
quantitative details of the experimental model match 
those found in patients. Despite these caveats, most of 
the current data support two conclusions: TNF inhib-
itor treatment of rheumatic diseases does not seem to 
increase the risk of cancer, except for non- melanoma 
skin cancer and possibly lymphoma, and preclinical 
data suggest that short- term TNF inhibitor treatment 
of irAEs should not diminish the anticancer efficacy of  
ICI therapy. Thus, short courses of TNF inhibitors 
should be safe to use in the treatment of ICI- associated 
irAEs. Further studies in preclinical models are required 
to directly assess the safety of long- term TNF inhibi-
tor use in the context of ICI cancer treatment. Clinical 
studies that directly assess the effect of TNF inhibitor 
treatment on ICI efficacy are required to draw conclu-
sions regarding the short- term and long- term safety of 
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TNF inhibitor treatment for irAEs. Preclinical studies 
provide evidence that TNF inhibitors, despite their effi-
cacy in ameliorating irAEs, do not also restrain anti-
cancer immune activity. The data from these studies 
suggest that different arms of the immune response are 
important for anti- self versus anticancer activities, with 
TNF inhibition restraining some arms of the immune 
response while promoting or having a neutral effect on 

others. The cellular and molecular details of how the 
pleiotropic effects of TNF signalling interact with dif-
ferent arms of the immune response remain to be fully 
delineated. A more complete map of these interactions 
might reveal novel drug targets for the treatment of 
inflammatory disease and cancer.
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Rheumatoid arthritis (RA) is an autoimmune inflam-
matory disorder that primarily affects the joints1, yet 
several pieces of evidence from epidemiological and 
translational research suggest that interactions between 
mucosal sites and dysbiotic microbiota might have a 
causal role in the development of RA2–5. Such evidence 
supports the idea that the pathogenesis of RA might 
begin at mucosal sites and then transition to the syno-
vial joints5. However, the specific mucosal processes that 
influence arthritis development and disease evolution 
are not well understood.

Substantial data have been published in the past few 
years that demonstrate the presence of alterations in  
the composition of the microbial flora in individuals 
in the preclinical stages of RA6, suggesting a role for intes-
tinal dysbiosis in the development of RA and in main-
taining the chronicity of systemic inflammation7–14. The 
models proposed account for the fact that the intestine is 
populated by the largest number of innate and adaptive 
immune cells in the body, and therefore is often con-
sidered to be the body’s largest immunological organ15. 
The complex interactions that might occur between an 
altered intestinal bacterial flora and an immune system 
genetically predisposed to autoimmunity could poten-
tially provide the basis for the development of systemic 
inflammation that also involves the joints. At present, it is 
impossible to establish whether these alterations are the  

result of interactions between the environment and the 
innate immune system in patients who are genetically 
susceptible to RA, or whether they are a consequence of a 
systemic inflammatory process that specifically involves 
the intestine. However, data derived from mouse models  
of arthritis and studies conducted in patients with early- 
stage RA strongly suggest that these alterations could 
precede the onset of disease and in some way represent 
a hidden trigger of systemic inflammation.

In this Review, we discuss the evidence support-
ing intestinal dysbiosis in RA with a focus on mucosal 
immunology. In particular, we offer an overview of 
the mechanisms that could link intestinal dysbiosis  
to the development and perpetuation of RA and specu-
late that, at least in a subset of patients with RA, dysbiosis 
might contribute to subclinical gut inflammation and 
promote the activation of specific innate and adaptive 
immune responses (Fig. 1). To this end, we outline the 
evidence for subclinical gut inflammation and derange-
ment of the gut barrier in patients with RA and discuss 
the re-circulation of aberrantly activated immune cells 
from intestinal sites to secondary lymphoid organs and 
arthritic joints as a possible mechanistic link between 
mucosal alterations and arthritis development. Finally, 
we offer some thoughts on modulation of the intestinal 
microbiota and intestinal barrier function as possible 
new treatment approaches in RA.

The gut–joint axis in rheumatoid 
arthritis
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Abstract | Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disorder that 
primarily affects the joints. One hypothesis for the pathogenesis of RA is that disease begins 
at mucosal sites as a consequence of interactions between the mucosal immune system and an 
aberrant local microbiota, and then transitions to involve the synovial joints. Alterations in the 
composition of the microbial flora in the lungs, mouth and gut in individuals with preclinical 
and established RA suggest a role for mucosal dysbiosis in the development and perpetuation 
of RA, although establishing whether these alterations are the specific consequence of 
intestinal involvement in the setting of a systemic inflammatory process, or whether they 
represent a specific localization of disease, is an ongoing challenge. Data from mouse models  
of RA and investigations into the preclinical stages of disease also support the hypothesis  
that these alterations to the microbiota predate the onset of disease. In addition, several 
therapeutic options widely used for the treatment of RA are associated with alterations in 
intestinal microbiota, suggesting that modulation of intestinal microbiota and/or intestinal 
barrier function might be useful in preventing or treating RA.
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Microbial dysbiosis in RA
Dysbiosis refers to an alteration in the composition and 
function of the microbiota that is promoted by a set of 
environmental and host-related factors16. The presence 
of dysbiosis has been demonstrated in the lungs, oral 
cavity and intestines of patients with RA, providing evi-
dence in support of the hypothesis of a mucosal basis to 
the pathogenesis of this disease5. Because the mucous 
membranes are colonized by a specific microbial flora, 
dysbiosis at these sites could alter local, and possibly 
systemic, immune responses, thereby contributing  
to the pathogenesis of RA. However, it is important to 
underline that care is needed when judging the primary 
mechanisms involved in the generation and persistence 
of dysbiosis in RA; it is essential to distinguish the alter-
ations to the microbiota that are associated with early 
stages of the disease (preclinical or very early disease) 
from the modifications that occur in established disease, 
when systemic inflammatory processes and pharmaco-
logical treatments might influence the composition of 
the microbial flora.

Lungs and oral cavity
Although interesting, current data on changes to the 
composition of the lung microbiota in RA are limited, 
being confined to a single published study3. However, 
epidemiological data have shown an association between 
RA and lower airway conditions such as bronchiectasis 
and chronic obstructive pulmonary disease17,18. The hier-
archy in this link is still not established, but in both bron-
chiectasis and chronic obstructive pulmonary disease, 
patients’ lungs are prone to microbial colonization and 
become a site of peptide citrullination17,19. Bronchiectasis 
has also been proposed as a model for a chronic bacterial 
infection that induces autoimmunity; in one observa-
tional study, individuals affected by bronchiectasis had 
a higher frequency of positivity for rheumatoid factor 
or anti-citrullinated protein antibodies (ACPAs) than 
healthy individuals17.

By contrast, several studies have documented the 
presence of an association between periodontal disease 
and RA20. This association has also been justified from 
a functional point of view by the ability of the perio-
dontal pathogen Porphyromonas gingivalis to induce 
protein citrullination20. This post-translational modifi-
cation generates a set of autoantigens that lead to the 
production of ACPAs. Although the existence of this 
association is adequately supported, conflicting results 

exist as to its extent and effect; in particular, a 2020 ran-
domized nested study in the ESPOIR cohort of patients 
with established RA showed that good oral hygiene, 
together with regular dental scaling and polishing, can 
substantially reduce the load of periodontal pathogens 
without decreasing RA disease activity21.

Intestines
The intestine is the largest immune organ in the body, 
and includes a sophisticated integrated assembly of 
innate and adaptive immune cells that co-exist with spe-
cialized epithelial cells in a complex integrated system 
that maintains homeostasis between the microbiota and 
the host. Interesting data from studies conducted in dif-
ferent mouse models of RA support the presence of a 
specific intestinal dysbiosis that could potentially lead to 
arthritis, and the occurrence of intestinal dysbiosis has 
also been convincingly demonstrated in patients with 
RA and their relatives7,8,11,22,23 (Table 1).

Data from experimental models of arthritis. Collagen- 
induced arthritis (CIA) is an experimental model of 
RA, in which an inflammatory articular condition is 
induced in mice by injecting them with an emulsion 
of complete Freund’s adjuvant and type II collagen. 
Substantial changes in the gut microbial community 
are present in mice during the preclinical phase of 
CIA, mainly characterized by the reduced representa-
tion of the Bacteroidetes phylum and an increased 
representation of Firmicutes and Proteobacteria, 
such as Ruminococcaceae, Lachnospiraceae and 
Desulfovibrionaceae24,25. CIA also causes an imbal-
ance among 14 types of intestinal bacteria at the fam-
ily level and a considerable perturbation of metabolites 
involved in energy production and the metabolism of 
tryptophan, fatty acids and secondary bile acid26. The 
reduction in Bacteroides spp. seen in mice with CIA 
could potentially promote a local pro-inflammatory 
environment by reducing CD4+ T cell differentiation 
into regulatory T (Treg) cells. Colonization of germ-free 
mice with Bacteroides fragilis is followed by an expan-
sion of Treg cells and the induction of anti-inflammatory 
cytokine production in the intestine that seems to be 
caused by polysaccharide A, one of the immunomod-
ulatory molecules of B. fragilis, which induces the con-
version of CD4+ T cells into IL-10-producing FOXP3+ 
Treg cells during commensal colonization27.

In the initial stages of CIA, dysbiosis and intestinal 
inflammation develop before overt signs of arthritis and 
persist throughout the course of the disease25. Actively 
modifying the microbiota of the mice with antibiotic 
treatment before the induction of CIA led to a substantial 
reduction in the severity of disease and in serum concen-
trations of pro-inflammatory cytokines and antibodies 
that recognize type II collagen compared with mice with-
out antibiotic treatment25. Conversely, SKG mice, which  
spontaneously develop autoimmune arthritis, colo-
nized with faecal microbiota from patients with RA 
(dominated by Prevotella spp.) showed an increased 
susceptibility to arthritis10. Interestingly, a 2019 study 
showed that ES-62, a phosphorylcholine-containing  
glycoprotein secreted by the parasitic filarial nematode 

Key points

•	Alterations in the composition of the microbial flora occurs in individuals in the 
preclinical stages of rheumatoid arthritis (rA) and in those with established rA.

•	DmArDs modify the intestinal microbial composition in patients with rA.

•	Subclinical gut inflammation occurs in some patients with rA and is associated  
with altered intestinal permeability.

•	Zonulin family peptides are mediators of altered intestinal permeability in rA and 
their inhibition ameliorates the severity of arthritis in mouse models of disease.

•	Dysbiosis and altered intestinal permeability could induce chronic activation of 
innate immune cells.

•	recirculation of innate immune cells from the gut to the peripheral joints has the 
potential to support the chronic inflammatory process in at least some patients with rA.

NAture reviewS | RheuMATology

R e v i e w s

  volume 17 | April 2021 | 225



0123456789();: 

Acanthocheilonema viteae28, is capable of normalizing 
the intestinal dysbiosis associated with CIA, reducing 
mucosal inflammation, normalizing intestinal perme-
ability and blunting IL-17 responses in the mesenteric 
lymph nodes, leading to a reduction in the severity of 
joint inflammation29. These data suggest that reduc-
ing chronic gut inflammation could contribute to the 
amelioration of CIA25,29 and are in line with the idea 
that intestinal microbiota could modulate the immune 
response by exerting both pro-inflammatory and 
anti-inflammatory functions.

In K/B×N mice with serum transfer-induced arthri-
tis, the severity of arthritis is greatly reduced in the 
absence of intestinal bacteria and is accompanied by 
sharp reductions in serum concentrations of autoanti-
bodies, the number of autoantibody-secreting splenic 
cells, the number of splenic T helper 17 (TH17) cells and 
germinal centre formation30. In these mice, neutraliza-
tion of IL-17 prevented arthritis in germ-free condi-
tions, possibly as a result of the direct effect of IL-17 in 
inhibiting the formation of germinal centres. The intro-
duction of segmented filamentous bacteria (SFB) into 
germ-free K/B×N mice restored the TH17 cell population 
of the lamina propria and the production of autoanti-
bodies, thus causing arthritis30. In this inflammatory 
process, SFB increase the ileal production of amyloid A 
serum isoforms, which in turn stimulate intestinal den-
dritic cells to induce the differentiation of TH17 cells31. 
Commensal bacteria are also able to produce ATP, which 
activates a specific subset of CD70hiCD11clo intestinal 
dendritic cells that express molecules capable of support-
ing a TH17 cell response, such as IL-6, the p19 subunit of 
IL-23 and transforming growth factor-β32.

Another meaningful observation is the need for gut 
microbial colonization in the development of arthritis in 
IL-1 receptor antagonist (IL-1RA)-deficient mice, which 
spontaneously develop a T cell-mediated arthritis that is 
dependent on IL-1β33. Interestingly, the onset of arthri-
tis is abrogated in these mice in the absence of micro-
bial flora34. IL-1RA seems to regulate the composition 

of the gut microbiome in mice35; specifically, a lack of 
IL-1RA reduces intestinal diversity and microbial rich-
ness and induces specific taxonomic alterations charac-
terized by increased representation of Helicobacter spp.  
and reduced representation of Ruminococcus and  
Pre votella spp. The presence of this aberrant intesti-
nal microbiome specifically induces the expansion of 
TH17 cells in the lamina propria, an effect that can be 
transferred to wild-type mice through faecal microbiota  
transplantation35. Therefore, the gut microbiota has the 
potential to support the differentiation of TH17 cells, 
which are expanded in the blood of patients with RA36. 
Via the production of IL-17, IL-21, IL-22, granulocyte–
macrophage colony-stimulating factor and TNF, TH17 
cells have been implicated in different aspects of the 
pathogenesis of RA including pannus growth, osteo-
clastogenesis and synovial neo-angiogenesis37. Whether 
the expanded circulating TH17 cell population is entirely 
of intestinal origin, and, if not, what percentage of the 
population is of intestinal origin, remains to be clarified.

Data from patients with RA
A cohort study of the faecal microbiome of first-degree 
relatives of patients with RA showed that, compared 
with asymptomatic individuals without autoantibod-
ies, individuals with RA in the preclinical stages (posi-
tive for ACPAs or rheumatoid factor and/or displaying 
symptoms of RA) had a markedly modified microbi-
ome that was characterized by a statistically signifi-
cant over-representation of Prevotellaceae, particularly 
Prevotella spp.11. In a separate study, the amount of 
Prevotella copri was expanded in stool samples from 
patients with untreated new-onset RA (between 6 weeks 
and 6 months after diagnosis) and correlated with a 
reduction in Bacteroides spp. and a loss of reportedly ben-
eficial microorganisms4. An HLA-DR-presented peptide 
was subsequently identified from the 27-kDa protein of 
P. copri (Pc-p27) that was capable of stimulating a TH1 
cell response in 42% of patients with new-onset RA38. 
Patients with RA (both new-onset and chronic) either 
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Fig. 1 | The gut–joint axis in rheumatoid arthritis. In healthy gut tissue, intestinal epithelial cells form a barrier, mediated 
by a layer of mucus and by tight junctions between cells, which limits the translocation of microorganisms and their 
products. Microbial dysbiosis and subclinical inflammation of the underlying lamina propria can be detected in individuals 
at risk of rheumatoid arthritis (RA) before the first clinical signs of arthritis occur, causing a breach in gut barrier integrity. 
The translocation of microbial products has the potential to trigger clinical arthritis via a number of possible mechanisms, 
but the exact contribution of the gut to RA development is unknown. TH cell, T helper cell; Treg cell, regulatory T cell.
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had IgA-like antibody responses to Pc-p27 or P. copri that 
correlated with the production of TH17 cell cytokines and 
the occurrence of ACPAs, or presented anti-Prevotella 
IgG antibodies that were associated with the presence of 
Prevotella DNA in the synovial fluid, Prevotella-specific 
TH1 cell responses and a lower concentration of ACPAs. 
Unlike in RA, antibody responses to Prevotella have rarely 
been found in patients with other rheumatic diseases or 
in healthy individuals38. Although Prevotellaceae seem to 
be the main bacterial family associated with dysbiosis in 
patients with RA, an expansion of rare intestinal micro-
organisms could also be characteristic of RA. In a 2016 
study, patients with RA showed a reduction in intestinal 
microbial diversity compared with healthy individuals 
and first-degree relatives characterized by an increased 
abundance of Collinsella and Eggerthella8. The abundance 
of Collinsella also strongly correlated with serum con-
centrations of the metabolites α-aminoadipic acid and 
asparagine, and with the production of IL-17A8. In addi-
tion, in line with the existing links between ACPAs and 
microbial flora, a Chinese study demonstrated that dys-
biosis, expressed in terms of reduced microbial diversity, 
was stronger in ACPA-positive patients with RA than in 
ACPA-negative patients39.

Although it is currently challenging to disentangle 
whether intestinal dysbiosis is causally linked to the 
development of RA or is the consequence of systemic 
inflammation in treatment-naive patients, all of these 
studies at least demonstrate that dysbiosis is present 
in all stages of RA. However, the role of dysbiosis in 
the development of RA is somewhat supported by evi-
dence of early changes in the microbiota in preclinical 
disease. Notably, none of the studies discussed above 
was able to definitively show that the initial production 
of RA-associated antibodies occurs directly in the gut. 
Other studies have, however, demonstrated an abundance 
of secretory immunoglobulins (IgA and IgM) in RA that 
are normally produced at mucosal sites, and secretory 
rheumatoid factor, anti-carbamylated protein antibodies 

and ACPAs are frequently found in patients with RA40. 
In addition to the well-studied production of autoanti-
bodies that occurs in the periodontium and the lung, the 
intestinal mucosa should be considered as a potential site 
for autoantibody production given that Peyer’s patches 
are a major site for IgA plasmablast maturation, during 
which plasmablasts become resident or recirculate to 
other mucosal sites41. Indeed, some preliminary data have 
shown the presence of IgA ACPAs in the stool of patients 
with RA, which, when investigated in mice with CIA, was 
mediated by intestinal colonization by bacteria42.

In contrast to the data from animal models that are 
providing new insights into the involvement of the intes-
tines in the development of arthritis, data from humans 
are still unsatisfactory. Most of the studies performed in 
humans fail to offer a universal mechanistic explanation 
linking intestinal dysbiosis to autoantibody production 
and arthritis onset; however, they could be considered 
as pieces of a puzzle that is still in progress. Specifically 
designed prospective studies are still required to fully 
evaluate the role of intestinal dysbiosis in patients 
with RA.

Dysbiosis and sex bias in RA
The links that exist between dysbiosis and the sex bias 
that occurs in RA have so far been under-investigated, 
but data from experimental models of autoimmun-
ity have paved the way for some speculations. A link 
between sex-related microbiome alterations and auto-
immunity has been demonstrated in different mouse 
models of autoimmunity. For example, in the non-obese 
diabetic model of type 1 diabetes, sex-related microbi-
ota changes can promote hormone-dependent regulation 
of autoimmunity43. A 2020 study demonstrated that gut 
microbiota contribute to intestinal immune phenotype 
and systemic autoimmunity progression differently in 
female and male lupus-prone mice44. Notably, the com-
position of the gut microbiota in male and female litter-
mates significantly differed only in adulthood, and the 

Table 1 | Statistically significant changes in microbiota composition in patients with RA

Cohort Methodology Increased Decreased Ref.

At-risk FDRs (seropositive or 
arthralgia) versus asymptomatic 
seronegative FDRs

16S rRNA sequencing 
of faecal DNA

Prevotellaceae None 11

Early RA versus fibromyalgia 16S rRNA hybridization 
and flow cytometry

None Bifidobacteria and 
the Bacteroides–
Porphyromonas–
Prevotella group

174

New-onset RA versus  
chronic RA

16S rRNA sequencing 
of faecal DNA

Prevotella copri Bacteroides 4

RA versus FDRs 16S rRNA sequencing 
of faecal DNA

Collinsella and 
Eggerthella

Faecalibacterium 8

RA versus healthy individuals Shotgun sequencing  
on faecal DNA

Lactobacillus 
salivarius, enterococci 
and Bacteroides

Haemophilus, Klebsiella 
and Bifidobacteria

7

RA and SpA versus healthy 
individuals

16S rRNA sequencing 
of faecal DNA

Proteobacteria, 
Tenericutes and 
Synergistetes

Prevotellaceae and 
Bifidobacteriaceae

175

RA versus healthy controls Shotgun sequencing  
of faecal DNA

Prevotella None 176

The sequencing and analytic methods are different between each study, making the comparison of findings difficult. FDR, first-degree 
relative of a patient with RA; RA, rheumatoid arthritis; SpA, spondyloarthritis.
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absence of gut microorganisms reduced the progression 
of autoimmune disease only in female mice by reducing 
the pro-inflammatory cytokine response of the intesti-
nal mucosa. In male mice, orchidectomy changed the 
composition of the gut microbiota but also caused a 
modest acceleration of the progression of autoimmune 
disease44. Looking specifically at mouse models of RA, 
conflicting data seem to have emerged around the possi-
bility of sex-related alterations in the composition of the 
microbiome45,46. In the serum-transfer model of RA, male 
and female K/B×N mice similarly develop destructive 
arthritis and mechanical allodynia47. Conversely, trans-
genic mice carrying human HLA-DRB1*04:01, which is 
associated with susceptibility to RA, show a sex bias in 
the onset of arthritis (female to male ratio of 3:1) and 
in the production of rheumatoid factor and ACPAs48,49.

Although some of the evidence from mouse models 
might suggest a sex-related alteration of the microbi-
ome in RA, differences in the composition of the gut 
microbiome between men and women with RA have not 
been conclusively shown to influence the development 
of the disease. Given that RA occurs more frequently in 
women than in men, women with RA outnumber men 
with RA in studies evaluating intestinal dysbiosis, thus 
representing a potential bias in the interpretation of the 
results. However, an analysis of the gut microbiome com-
positions of a cohort of Chinese men and women with 
RA showed that Rikenellaceae, Porphyromonadaceae 
and Coriobacteriaceae were more abundant in 
women, whereas Pasteurellaceae, Butyricicoccus spp., 
Clostridiaceae 1, Clostridium sensu stricto 1 spp. and 
Allisonella spp. were more abundant in men50. Taken 
together, these observations in mice and humans seem 
rather weak. Therefore, the contribution, if any, of dys-
biosis to the sex bias that occurs in most autoimmune 
disease deserves a place in future research agendas.

Intestinal inflammation in RA
Despite the evidence that gut dysbiosis occurs both in 
individuals at risk of RA and in patients with RA4,11, it is  
unclear whether and how gut dysbiosis specifically 
promotes synovial inflammation. However, it is known 
that gut dysbiosis can initiate and perpetuate intestinal 
inflammation51,52, and transplantations of stool or faecal 
microbiota are able to control intestinal inflammation 
in recipient mice53–56. Similar experiments have been 
performed in the context of inflammatory arthritis. In 
DBA/1 mice, CIA can be stably induced in 80–100% of 
animals; however, in this model, up to 20% of DBA/1 
mice do not develop symptoms of arthritis57. Germ- 
free mice experience a greater increase in incidence and 
severity of arthritis when receiving faecal microbiota 
transplants from CIA-susceptible DBA/1 donor mice 
than when receiving transplants from CIA-resistant 
DBA/1 donor mice57. Taken together, these data seem 
to suggest a possible underlying mechanism linking the 
occurrence of intestinal inflammation with the develop-
ment of arthritis; however, this theory is still speculative 
as potential inflammation in the intestines of germ-free 
recipient mice has not been investigated57. Therefore, 
it will be critical to search for evidence of intestinal 
inflammation in patients with RA.

If one considers the considerable spatial separation 
of synovial joints and the intestines, it is remarkable 
that in the early 1990s physicians had already detected 
microscopic gut inflammations in patients with arthri-
tis, thereby discovering the well-known link between 
gastrointestinal inflammation and spondyloarthritis 
(SpA)58–60. The consolidated demonstration of a gut–
joint axis in patients with SpA presents an excellent 
cognitive model to consider when studying RA. In SpA, 
the existence of subclinical gut inflammation has been 
confirmed by multiple studies to occur in more than 
50% of patients regardless of their use of NSAIDs61–64. 
This gut inflammation was linked to the expansion of 
aberrantly activated intestinal innate immune cells that 
have the potential to reach extra-intestinal sites and 
promote inflammation64,65. The demonstration that  
the presence of intestinal dysbiosis can contribute to the 
onset of intestinal inflammation in SpA seems to sug-
gest that similar mechanisms might also be operative in 
RA. Reinforcing the idea that, in some individuals, an 
altered composition of the microbial flora can contribute 
to intestinal and joint inflammation, the authors of one 
16S rRNA study identified an expansion of pathogenic 
commensals such as Escherichia coli 2A in patients with  
SpA-associated Crohn’s disease, but not in patients  
with Crohn’s disease alone66. Moreover, isolates of E. coli 
2A from patients with SpA-associated Crohn’s disease 
induced strong TH17 cell-mediated mucosal immunity 
that promoted disease in mouse models of inflammatory 
bowel disease (IBD) and autoimmune arthritis66.

In comparison to SpA, evidence supporting the pres-
ence of subclinical inflammation in RA is limited. Early 
reports demonstrated increased amounts of IL10, CCR5 
and CCR4 mRNA in duodenal tissue from patients with 
RA, suggesting immune cell activation67. However, 
histological analysis of intestinal tissue from patients 
with established RA demonstrated the presence of clear 
pathological findings, such as partial or complete loss of 
superficial epithelium, an increased number of plasma 
cells and granulocytes and the presence of vasculitic 
lesions, in only around 15% of patients68,69. By contrast, 
a subsequent study in a small cohort of patients with 
early RA demonstrated the occurrence of subclinical gut 
inflammation in virtually all patients56. Gut inflamma-
tion in these patients was characterized by an increased 
number of infiltrating mononuclear cells, T cells, B cells 
and CD68+ macrophages, and by the presence of lym-
phoid follicles56. These histological findings suggest that 
a chronic inflammatory process occurs in the intestine 
of patients with early RA, in line with the concept that 
RA is a systemic disease. In support of this notion, a 
population-based study from South Korea highlighted  
a significant association between IBD and RA (OR 3.31)70. 
Interestingly, no associations were found between IBD 
and other inflammatory rheumatic diseases with the 
exception of the known link with ankylosing spondylitis 
(a type of SpA; OR 3.73)70. These data reinforce the idea 
of a potential common pathogenic mechanism between 
IBD and RA and underline the prospective role of the 
gut in the initiation of RA.

To date, clear histological alterations have not been 
observed in all patients with RA, but signs of altered 
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intestinal permeability do seem to occur in patients 
with established RA and in patients during the pre-RA 
phase56. In a large cohort of French women, a history of 
chronic diarrhoea in the absence of defined gastrointes-
tinal diseases was associated with an increased risk of 
developing RA (HR 1.70), suggesting that a perturba-
tion in intestinal homeostasis might exist for many years 
before the onset of RA71. A critical analysis of these data 
could suggest that smouldering chronic alteration might 
precede the onset of arthritis and be under-diagnosed 
in clinical settings. However, the limited data currently 
available do not fully support the presence of gut inflam-
mation and intestinal barrier disruption in patients 
with RA, and further studies are required specifically to 
define the exact prevalence of subclinical gut inflamma-
tion in RA and to establish whether patients with RA can 
be stratified into groups for personalized gut-targeting 
therapies. Further research is also warranted to define 
the disease phenotype of the patients who show signs 
of gut inflammation and the pathogenic factors that 
determine intestinal involvement, such as environment, 
genetic background, sex and age.

Altered gut barrier function in RA
The primary function of the small intestine is the absorp-
tion of nutrients and minerals from food. Although rep-
resenting a considerable surface area of the body that is 

exposed to the outside world, the epithelial cells of the 
intestine form a dynamic physical barrier to tightly con-
trol antigen trafficking via paracellular pathways. In the 
presence of inflammation, alterations to the intestinal 
barrier function and accompanying increases in gut per-
meability and bacterial translocation can promote IBD 
and autoimmunity in genetically predisposed hosts72–74. 
Similar to changes seen in patients with IBD, abnormal 
intestinal barrier permeability also occurs in patients 
with ankylosing spondylitis or RA75. The primary mecha-
nism by which barrier disruption in the gut seems to  
occur is via an increased production of zonulin, the pri-
mary regulator of the integrity of the tight junctions in 
the intestinal epithelium76 (Fig. 2). Epithelial intercellular 
tight junctions are critical structures in the regulation of 
paracellular trafficking at the intestinal barrier. Increased 
concentrations of zonulin have been linked to a mecha-
nism that could lead to immune-mediated diseases77. 
Zonulin secretion, which is dependent on the adaptor 
protein MYD88 (reF.78), decreases intestinal barrier func-
tion by causing the disassembly of the proteins ZO1 and 
occludin from the tight junction complex79,80. The trig-
gers for zonulin release from intestinal epithelial cells 
have mainly been described for gluten81 (the protein that 
causes coeliac disease) and for dysbiotic microbiota82,83.

In mice with CIA, intestinal barrier impairment 
has been observed during the preclinical autoimmune 
phase, as have increased concentrations of cytokines 
such as IL-17A, IL-22 and IL-23 (reF.25). Small intes-
tine immune activation characterized by an increase 
in pro-inflammatory cytokine-secreting lamina pro-
pria CD4+ T cells has also been proved in preclinical 
CIA84. Bacterial composition seems to influence gut 
permeability during arthritis. The transfer of human 
gut-derived Prevotella histicola to mice with CIA resulted 
in decreased arthritis severity, reduced intestinal perme-
ability and increased expression of ZO1 in the jejunum, 
ileum and colon9. Occludin was also upregulated in the 
intestines of mice with CIA following P. histicola transfer, 
as well as in CACO2 cell cultures in vitro9. In line with 
these findings, arthritis-susceptible HLADRB1*04:01 
and arthritis-resistant HLADRB1*04:02 transgenic 
mice differ in their microbiome composition, with the 
arthritis-susceptible strain also having a higher degree 
of intestinal permeability46. In another study, orally 
administered P. gingivalis worsened CIA, changed the 
gut microbiome, increased serum endotoxin concentra-
tions and impaired gut barrier function85. Consistently, 
P. gingivalis decreased the expression of tight junction 
molecules in the intestines of mice with CIA86–88. Similar 
effects on tight junction proteins have also been reported 
for Collinsella spp.8.

Peptides from the zonulin family could be good 
candidates to link gut dysbiosis with intestinal inflam-
mation and reduced barrier function in patients with 
RA. Interestingly, two studies investigating the effects 
of a gluten-free vegan diet (which is expected to reduce 
zonulin concentrations) compared with a vegan diet 
on RA found substantial improvements in markers of 
inflammation in those who received the gluten-free 
diet89,90. Indeed, previous reports showed that gliadin, 
a constituent of gluten, induces the release of zonulin, 

Dysbiosis
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Fig. 2 | Alteration of intestinal permeability in rheumatoid arthritis. Following the 
development of intestinal dysbiosis, gut barrier integrity can be breached via zonulin 
production, which causes the disassembly of tight junction proteins. Zonulin contains an 
epidermal growth factor-like motif and a proteinase-activated receptor 2 (PAR2)-activating 
peptide. Zonulin triggers PAR2-dependent transactivation of epidermal growth factor 
receptor (EGFR), leading to the disassembly of the tight junction by the displacement  
of ZO1 and occludin from the junction complex.
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which increases intestinal permeability by binding to 
the chemokine receptor CXCR3 and amplifying dam-
age in the small intestine81,91,92. Furthermore, the obser-
vation that the expression of zonulin family peptides 
is increased before the onset of RA and in the gut of 
patients with new-onset RA (who also have an accom-
panying downregulation of tight junction proteins)56, 
together with evidence that bacteria might influ-
ence zonulin expression83, supports a potential link 
between gut dysbiosis and an alteration of intestinal 
permeability in RA.

Abnormal intestinal permeability has been shown 
in patients with RA who have active disease compared 
with those who do not have active joint disease75,93–96. 
However, in some of these studies, the presence of 
altered intestinal permeability in patients with active 
RA was confounded by the intake of NSAIDs, which 
also influence intestinal permeability97. For example, 
in one study, altered gut permeability was described in 
patients with IBD, RA or SpA; however, whereas altered 
gut permeability was not linked to NSAID use in indi-
viduals with SpA or IBD, all of the patients with RA who 
participated in the study took NSAIDs, and therefore the 
effect of RA on gut permeability was difficult to judge98. 
Notably, the role of prostaglandin E2 in modulating 
intestinal permeability, and therefore of its inhibitors 
(NSAIDs), is still controversial, as some studies have 
found that prostaglandin E2 promotes the destruction of 
the epithelial barrier99. Overall, current data, especially 
data from individuals with preclinical and new-onset 
RA who did not take any NSAIDs, suggest that altera-
tions in intestinal permeability might be intrinsic to RA 
and potentially modulated by intestinal dysbiosis then 
worsened by the use of NSAIDs.

Mechanisms of the gut–joint axis
Taken together, the data presented above suggest that 
intestinal inflammation, along with reduced barrier func-
tion — both of which are observed in patients with RA 
— promotes the onset of clinical RA. The connections 
among disturbed barrier function, intestinal inflamma-
tion and arthritis could be mediated by two non-mutually 
exclusive pathways that are briefly discussed in this sec-
tion. First, autoantibodies could be generated within 
the inflamed intestine5 and second, pro-inflammatory 
immune cells primed in intestinal tissues could traffic to 
systemic sites and to the joints9,56,100.

Autoantibody production
In keeping with the mucosal origins hypothesis5, 
increased amounts of autoreactive IgA antibodies have 
been found in the serum years before the onset of clin-
ical RA101–103. Given that mucosal surfaces are the pri-
mary site for the development of IgA antibodies, these 
results suggest that autoantibodies associated with RA 
could initially be generated at mucosal surfaces such as 
the intestine5. Interestingly, increased serum concentra-
tions of rheumatoid factor are associated with mucosal 
inflammation in the lungs and periodontal disease even 
before the onset of clinical RA20,104–106. This finding fur-
ther highlights the early link between inflammation 
at mucosal sites and the generation of autoantibodies, 

which subsequently leads to autoimmunity and clin-
ical signs of RA107–109. A 2020 cohort study revealed 
that IgA rheumatoid factor concentrations substan-
tially differed from those in matched controls as early 
as 14 years before diagnosis of RA and several years 
prior to a detected increase in IgG rheumatoid factor110. 
Furthermore, the appearance of IgA ACPAs occurred 
6 years before the onset of clinical RA, suggesting 
mucosal processes in the preclinical phase of the dis-
ease that facilitate the transition to the onset of clinical 
RA110. Strikingly, intestinal tissue samples from patients 
with RA also show increased concentrations of IgA and 
IgM antibodies that recognize food antigens111. Overall, 
these data point towards mucosal surfaces, specifically 
the gut, as sites of antibody generation in response to 
external stimuli, including food-derived antigens and, 
in predisposed individuals, autoantigens.

Mucosa-derived immune cells
The presence of the alterations in gut barrier function 
and increased intestinal permeability has been linked 
with the possibility that inflammatory immune cells 
primed in intestinal tissues could traffic to the joints. 
Some studies in humans support the general idea of cell 
trafficking from the intestine to the joints. For exam-
ple, gut-activated B cells adhere efficiently to both gut 
and synovial high endothelial venules but not to high 
endothelial venules in peripheral lymph nodes, sug-
gesting that immune cells from the gut might enter 
the joints112. In addition, identical T cell clones have 
been identified in the joints and intestines of patients 
with SpA, and the synovium of patients with RA con-
tains T cells that express the gut homing receptor αEβ7 
integrin113,114. Several mucosa-derived innate immune 
cells are expanded and activated in patients with RA, 
supporting the idea of a gut–joint cellular axis (Fig. 3), 
and are discussed below.

Group 3 innate lymphoid cells. Group 3 innate lymphoid 
cells (ILC3s) are mainly tissue-resident cells that belong 
to a heterogeneous family of cells with a preferential tro-
pism for the epithelial barrier surfaces and have been 
well studied in the context of SpA and IBD (reviewed 
elsewhere115). The term ILC3 itself refers to a group of 
RORγt-dependent cells: lymphoid tissue inducer (LTi) 
cells, natural cytotoxicity receptor (NRC)-positive 
ILC3s and NRC-negative ILC3s116. Through strict 
interactions with the intestinal environment, ILC3s 
are a potential immunological bridge between intesti-
nal microbiota and local systemic immune responses, 
acting mainly via the secretion of IL-17 and IL-22 
(reF.115). In addition, LTi cells are fundamental to the 
formation of lymphoid structures117. The response of 
ILC3s to intestinal microbiota composition has been 
previously demonstrated in IBD and seems to partially 
depend on microorganism-sensing CX3CR1hiCD14+ 
macrophages118. Bacterial bioproducts such as aryl 
hydrocarbon receptor ligands and retinoids can also 
directly modulate ILC3 activity by stimulating LTi and 
ILC3 maturation119,120. Similarly, the bacteria-derived 
short-chain fatty acid (SCFA) butyrate suppresses ILC3 
activation121, and conversely the agonism of free fatty 
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acid receptor 2 (FFAR2), a microbial metabolite-sensing 
receptor, induces ILC3 activation and IL-22 secretion in 
colonic mucosa122.

The recirculation programme of ILC3s to extra- 
intestinal sites is not well known; however, ILC3s 
have been found circulating in peripheral blood and 
in human spinal entheses123,124. In the context of RA, 
ILC populations have been investigated in the ingui-
nal lymph nodes of healthy individuals, individuals at 

risk of RA (identified as rheumatoid factor-positive 
or ACPA-positive) and individuals with early RA125. 
Despite the fact that the overall number of ILCs did 
not differ among the groups, differences in the rela-
tive composition were observed. The percentage of 
ILC3s was increased in patients with early RA but not 
in healthy individuals or those at risk of RA. The LTi 
population was substantially decreased in patients with 
RA and declined progressively in parallel with disease 
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Fig. 3 | Interactions between microbiota, intestinal epithelium and 
immune cells in RA. Pathobionts contribute to the inflammatory profile of 
epithelial cells via the chemokine receptor CXCR3 and myeloid 
differentiation primary response 88 (MYD88)-mediated signalling, which 
increases the production of zonulin (1). Zonulin causes the derangement  
of epithelial tight junctions, thereby increasing the penetrance of 
microorganisms and microbial products such as ATP and free fatty acid 
receptor 2 (FFAR2) agonists in the submucosae (2). Dendritic cells respond 
to increased ATP production and prime T cells to become T helper 17 (TH17) 
cells, which produce IL-17. Bacteria-derived FFAR2 agonists and other 

bacterial products directly activate group 3 innate lymphoid cells (ILC3s), 
thereby inducing IL-22 secretion. Microorganisms also directly activate 
innate immune cells, such as macrophages, and innate-like cells, such as 
mucosa-associated invariant T (MAIT) cells, triggering an amplificatory 
cascade that leads to intestinal inflammation and local activation and 
differentiation of T cells, macrophages and ILC3s (3). TH17 cells, ILC3s 
and MAIT cells can migrate into the blood, raising the possibility that 
inflammation could be transferred to the joints by these cells (4). MR1, MHC 
class I-related gene protein; PAR2, proteinase-activated receptor 2;  
RA, rheumatoid arthritis; TCR, T cell receptor.
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duration125. Overall, these data could suggest a shift in 
the ILC profile in RA from a homeostatic phenotype to  
a pro-inflammatory phenotype126. ILC3s contribute  
to type 3 immune responses by secreting IL-17 and 
IL-22 and have high expression of the activation marker 
NKp44, further supporting the idea that ILC3s could 
participate in the pathogenesis of RA125. In mice with 
CIA, the number of CCR6+ ILC3s was significantly 
increased in arthritic joints compared with non-arthritic 
joints and produced IL-22 and IL-17A127. In patients 
with RA, although an intestinal origin has not yet been 
established, CCR6+ ILC3s were enriched in synovial 
fluid in two cohorts of individuals, and the frequency of 
these cells correlated with disease activity and the con-
centration of CCL20 in synovial fluid127,128. The relevance 
and importance of the contribution of ILC3s to RA is 
still unknown, as is how ILC3 blockade might affect the 
development and severity of RA. In the future, it will 
be worth investigating the presence and phenotype of 
ILC3s directly in RA synovial tissue.

Mucosa-associated invariant T cells. Mucosa-associated 
invariant T (MAIT) cells are a population of innate-like 
RORγt+CD3+CD4−CD8− T lymphocytes that typically 
reside at mucosal and epithelial barriers and in the liver. 
MAIT cells express an invariant T cell receptor that 
is restricted to recognizing antigens presented by the 
MHC class I-like molecule MR1. In line with the prin-
cipal localization of MAIT cells at mucosal surfaces, they 
respond to products of bacterial origin, thereby acting 
as a potential immunological bridge between the intes-
tinal microbiota and the immune system129. MAIT cell 
involvement has been observed in IBD and ankylosing 
spondylitis, in which they represent one of the principal 
sources of IL-17 (reFs130–132); however, this production 
of IL-17 has not been observed in RA, suggesting a 
disease-specific profile133. In treatment-naive individ-
uals with early RA, the frequency of total circulating 
MAIT cells did not differ from that seen in individu-
als with SpA or healthy individuals133. However, com-
pared with those from patients with SpA, MAIT cells 
from patients with RA were predominantly CD4+, had 
reduced expression of CD161 and were hyporespon-
sive to E. coli stimulation133. Notably, the chronic expo-
sure of MAIT cells to bacterial products could lead to 
exhaustion134, offering a possible interpretation of their 
hyporesponsiveness and the downregulation of CD161 
that occurs in RA. By contrast to early RA, data from 
patients with established RA show a reduction in cir-
culating MAIT cells135; high concentrations of TNF and 
IL-1β in the synovial fluid promote MAIT cell migration 
to the joints136. The inflammatory milieu in the joints 
also leads to the upregulation of the cell adhesion mole-
cules E selectin, ICAM1 and VCAM on endothelial cells, 
which facilitate the migration of MAIT cells (potentially 
of mucosal origin) into the joint136.

To date, it has not yet been established if the MAIT 
cells found in the joints have an intestinal origin. 
However, it is known that MAIT cells are rare in lymphoid  
tissues as they lack lymph node homing receptors; 
instead, MAIT cells express the gut-homing molecule 
α4β7 integrin137. Multiple studies characterizing the 

distribution of MAIT cells in humans have demon-
strated that these cells are preferentially enriched in 
the gastrointestinal system, where they represent a sub-
stantial proportion of the total CD4− T cells: 20–50% in 
the liver, 10% in the colon, 1.5% in the ileum, 2% in the 
rectum and around 60% in the jejunum137. Therefore, it 
is likely that MAIT cells, once activated in the mucosal 
environment, traffic to the inflamed joint as part of the 
hypothetical gut–joint axis.

Intestinal T follicular helper cells. The migration of  
T follicular helper (TFH) cells from the gut to the joints 
has been studied using photoconvertible transgenic 
mice that ubiquitously express the green-to-red photo-
convertible fluorescent protein KikGR in their cells138,139. 
By performing a surgical procedure to specifically 
photo convert Peyer’s patch cells with violet laser light, 
the migration of the photoconverted cells to other organs 
can be monitored using a variety of methods. In a study 
that used KikGR in mice with the K/B×N autoimmune 
arthritis background, SFB were shown to mediate the 
egress of TFH cells from Peyer’s patches into the spleen100. 
This egress is essential for SFB-induced arthritis because 
the production of autoantibodies predominantly occurs 
in the spleen and lymph nodes and not in the Peyer’s 
patches; the deletion of Peyer’s patches considerably 
reduced splenic TFH cell numbers and autoantibody titres 
in these mice100. The underlying pathogenesis of this dis-
ease is mediated by the gut-residing SFB, which induce 
the differentiation and egress of TFH cells to systemic sites 
and distally boost the systemic TFH cell and autoantibody 
responses that exacerbate arthritis. SFB induce TFH cell 
differentiation by enhancing the main TFH cell regulator, 
BCL-6, in a dendritic cell-dependent manner100.

Molecularly, it is interesting to understand the factors 
that regulate gut-derived TFH cell responses that trigger 
arthritis. The purinergic receptor P2RX7 has been iden-
tified as a potential therapeutic target for inflammatory 
arthritis140,141. Although initially identified for its essen-
tial role in innate immune responses142, P2RX7 also has 
important roles in the regulation of T cell-mediated adap-
tive immune responses. P2RX7 activation negatively con-
trols the number of intestinal TFH cells in C57BL/6 mice 
to support host–microbiota homeostasis140. Furthermore, 
P2RX7 deficiency enhances autoimmune arthritis in  
K/B×N mice by reducing apoptosis in TFH cells, thereby 
leading to an increase in autoantibody production141. 
Interestingly, some patients with systemic-onset juve-
nile idiopathic arthritis have loss-of-function mutations 
in P2RX7 (reF.143). This condition is an example of a 
‘human knock-out’, further confirming the involvement 
P2RX7 in modulating TFH cell function and preventing 
autoimmunity. TFH cells promote B cell differentiation 
and autoantibody production by producing IL-21; there-
fore, it is not surprising that the expansion of TFH cells 
occurs in RA, both in secondary lymphoid organs and in 
the periphery, including in synovial tissue and blood144. 
Although some clues exist as to the role of TFH cells in 
the pathogenesis of RA, their exact role has not been 
defined; however, data from 2020 suggest that the altered 
ratio between TFH cells and T follicular regulatory cells, 
which suppresses excessive TFH cell proliferation, might 
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be crucial in determining the autoantibody production 
associated with RA145. The intestinal microbiota also 
seems to be involved in maintaining this balance. In  
K/B×N mice, SFB-induced arthritis was linked to a 
reduction in CTLA4, an important regulatory molecule, 
on T follicular regulatory cells. SFB could also contribute 
to arthritis onset by perturbating the balance between 
TFH cells and T follicular regulatory cells, favouring 
autoimmunity146. This delicate balance deserves further 
study in humans and could be one of the targets of abat-
acept (which affects CTLA4 signalling) and of potential 
novel therapies.

Modulating the gut–joint axis
Anti-rheumatic drugs and the gut microbiota
The quantitative and qualitative alterations in the intes-
tinal microbiome that are associated with RA raise 
questions about the effects of current anti-rheumatic 
treatments on the gut microbiota of patients with RA. 
Chemical anti-rheumatic drugs can perturb microbial 
composition by modulating immune function and 
by acting directly as xenobiotics in the metabolism of 
microbial cells. Minocycline, a tetracycline-class anti-
biotic, has historically been used as a DMARD for the 
treatment of RA and in some countries is still used in a 
small number of patients147. The use of antibiotic ther-
apy in the treatment of RA stems from a theory about 
a potential infectious trigger for RA and was aimed at 
the eradication of mycoplasma147. However, the effi-
cacy of minocycline in RA was later explained by the 
inherent anti-inflammatory and immunomodulatory 
effects exerted by tetracyclines147,148. Currently, in light 
of advances in understanding the relevance of intestinal 
and extra-intestinal microbiota in inflammatory arthri-
tis, questions are being raised about the potential of  
tetracycline to influence RA manifestation by perturbing 
the gut microbiota. Although there is a lack of direct 
data on the effect of minocycline on gut microbiota, 
a single exposure to minocycline is known to cause a 
robust shift in faecal microbiota in healthy individuals149. 
Interestingly, minocycline treatment is associated with a 
reduction in the abundance of intestinal RA-associated 
microbial taxa8,13, such as Actinobacteria, including 
Collinsella spp., and some Firmicutes149. Conversely, 
Bacteroides spp., which have been preliminarily repor-
ted to be reduced in RA150, were increased in healthy  
individuals after minocycline administration149.

In a metagenome-wide association study of faecal, 
dental and salivary samples from a cohort of individu-
als with RA and healthy individuals, the RA-associated 
microbiome differed from that of healthy individuals, 
as has been shown in other studies, but after 3 months 
of methotrexate therapy, these differences were par-
tially lost7. Interestingly, a predictive model based on 
the expression of microbiome genes that were clustered 
into metagenomic linkage groups could be used to 
distinguish between patients with RA who responded 
well to DMARD therapy and those who did not7. 
Similarly, in a small cohort case–control 16S rRNA 
sequencing-based study of the faecal microbiome that 
included 42 patients with RA and 10 healthy individuals, 
methotrexate therapy was associated with a decrease in 

the relative abundance of the order Enterobacteriales151.  
One potential explanation for these findings is that 
methotrexate can affect the highly conserved enzyme 
dihydrofolate reductase, which is expressed by bac-
teria, so could have an off-target effect on bacterial 
survival and proliferation152,153. The link between metho-
trexate and gut microbiota is now more relevant than  
ever as evidence is emerging that points to the gut micro-
biota as an important determinant of methotrexate 
metab olism and pharmacokinetics, thereby contributing 
to the rate of treatment response in RA154.

Sulfasalazine has both antibacterial and anti- 
inflammatory properties and requires activation by 
the gut microbiota to be effective155; the inactive drug 
sulfasalazine is converted by the microbial-encoded 
enzyme azuroreductase in the distal gut into active 
5-aminosalicylic acid156. Nevertheless, the amount 
of data produced so far on the effects of sulfasalazine 
therapy on the gut microbiota in RA is limited. One 
study conducted before the advent of next-generation 
sequencing found a substantial fall in faecal Clostridium 
perfringens and E. coli during sulfasalazine therapy157. 
This reduction in E. coli was subsequently confirmed 
in another study, in which it was associated with a con-
comitant reduction in Bacteroides spp. and an increase 
in Bacillus spp.158. Treatment of patients with RA with 
the anti-rheumatic drug hydroxychloroquine was also 
associated with increases in intestinal bacterial richness 
and diversity in a 16S rRNA sequencing study, contrib-
uting to the restoration of a healthy-like microbiome8. 
Interestingly, hydroxychloroquine seemed to restore the 
abundance of Faecalibacterium spp., which are known 
producers of butyrate, a SCFA with anti-inflammatory 
and gut barrier regulatory functions8,151.

Although TNF blockade is a cornerstone of the 
treatment of RA, the number of studies investigating 
the effect of TNF inhibitors on the microbiome is lim-
ited. Increases in Cyanobacteria and Nostocophycideae 
and decreases in Clostridiaceae and Deltaproteobacteria 
occurred in the faecal microbiomes of patients with 
RA who had been treated with etanercept151. By con-
trast, in mice with CIA, etanercept treatment led to a 
reduction in intestinal microbial richness and diversity 
characterized by an increase in Escherichia and Shigella 
spp. and a decrease in Lactobacillus, Clostridium cluster 
XIVa and Tannerella spp.159. Further studies are war-
ranted to investigate the effect of cytokine inhibitors 
on the RA-associated intestinal microbiome. However, 
caution should be taken in translating data from other 
conditions, particularly IBD, to RA. Despite some com-
monalities suggestive of the existence of a common 
dysbiosis, distinct alterations in the microbiome have 
been observed among different immune-mediated 
inflammatory diseases23,160.

Dietary interventions
The possibility that current effective treatments for RA 
can additionally modify the intestinal bacterial flora 
raises the idea that modulation of gut microbiota could 
be used for therapeutic purposes in patients with RA. 
Going against this hypothesis are data from a French 
cohort showing that strict oral hygiene does not modify 
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disease activity in patients with established RA21; how-
ever, this approach has not yet been explored in patients 
with RA in the early phases. The interaction between 
dysbiosis and the intestinal innate immune system is 
likely to be important in the triggering phase of the 
inflammatory process which, once established, cannot be 
modified by interventions that target dysbiosis. Efforts to 
modify dysbiosis in the preclinical stages of diseases or 
in patients at high-risk of developing RA will be of great 
value to better understand how these changes can affect 
the onset of RA. Some randomized controlled trials 
have been conducted in RA to investigate the effects of 
probiotics on disease activity and the cytokine profile. 
A meta-analysis of four such trials did not demonstrate 
any efficacy of probiotics as adjunct therapy for RA161. 
However, considering the sample sizes and the design of 
the available studies, this result cannot yet be considered 
conclusive. Among the dietary interventions tested in 
RA to date, only the Mediterranean diet and a vegetar-
ian diet have been shown to contribute to a reduction in 
disease activity162,163.

SCFAs such as butyrate, which are produced by 
bacterial metabolism of dietary components, have 
a direct immunomodulatory function. The effect of 
SCFAs on immune cells seems to be largely mediated 
by direct binding to FFAR2 on colonic T cells and 
ILC3s122,164. In mice, a lack of FFAR2 is associated with 
a pro-inflammatory intestinal phenotype and increased 
susceptibility to colonic inflammation and infection122. 
SCFAs and FFAR2 agonists induce the expansion of 
ILC3s and the production of IL-22 in mice, which has 
a local protective effect on colonic inflammation122. In 
T cells, SCFAs and FFAR2 activation lead to the local 
and systemic expansion of Treg cells164. SCFA adminis-
tration has also been tested therapeutically in mice with 
CIA, in which it reduced the severity of arthritis via the 
modulation of IL-10 (reF.164).

The main substrate for the production of SCFAs by 
gut-resident microbiota is fibre. In light of the aforemen-
tioned data on the biological activity of bacterial metab-
olites such as SCFAs in modulating mucosal integrity, it 
seems reasonable to suggest that a diet rich in fibre could 
have a protective effect on the gut and reduce systemic 
inflammation in RA. Moreover, fibre could represent 
one of the main contributors to the benefit induced by 
vegetarian or Mediterranean diets, as both are high in 
fibre. Building on this theory, a feasibility study was per-
formed using a high-fibre diet supplement in 36 patients 
with RA for 28 days165. After the intervention, blood 
samples showed an increase in circulating Treg cells, ame-
lioration of the TH1 cell to TH17 cell ratio and a decrease 
in markers of bone erosion, and the intervention also led 
to improvement in patient-reported outcomes165.

Another fascinating hypothesis is that the mod-
ulatory effect of the natural flavonoid resveratrol on 
arthritis might function via a beneficial influence 
on intestinal microbiota. Resveratrol has demonstrated 
an anti-inflammatory effect and some signs of efficacy 
in reducing RA symptoms in rats and humans166,167. The 
results of a 2019 study suggest that resveratrol might 
also influence intestinal microbiota168, but whether this 
is one of the mechanisms of action in RA has yet to be 

demonstrated. Taken together, although many inter-
ventions are at an early stage of investigation, these data 
could pave the way for large double-blind randomized 
controlled trials investigating microbiota-targeted  
dietary interventions in RA.

Inhibiting immune cell trafficking
On the basis of the discussions on potential immune cell 
trafficking from the intestines to the joints, it is conceiva-
ble that interventions that affect the migration of T effec-
tor cells between systemic sites and the gut might be used 
for treating inflammatory arthritis. For example, the 
retinoic acid analogue AM80 increased the expression 
of the gut-homing molecule α4β7 integrin on TFH cells, 
diverting these cells away from inflamed sites in the 
intestine and reducing the severity of arthritis in K/B×N 
mice169. Conversely, blockade of β7 integrins worsened 
arthritis severity in these mice, but only when SFB were 
present169. The combination of β7 integrin blockade and 
SFB colonization negatively affected disease develop-
ment because the presence of SFB causes the expansion 
of α4β7+ TFH cells and α4β7+ TH17 cells30,100, which then 
become concentrated at sites of inflammation because β7 
integrin blockade prevents these cells from re-entering 
the intestine, thereby aggravating arthritis. Keeping in 
mind that altered intestinal barrier function is just one 
of the steps along the way to mucosal immune cell acti-
vation and recirculation, it is worth noting that resto-
ration of the intestinal barrier in the pre-clinical phase 
of arthritis using butyrate or a CB1 agonist attenuates 
the development of arthritis56. Moreover, it is intrigu-
ing to understand whether and how zonulin-mediated 
increased intestinal permeability could contribute to the 
transfer of inflammation to the joint. Short-term block-
ade of zonulin with larazotide acetate before the onset of 
arthritis in mice with CIA effectively reduced arthritis by 
50%56. Treatment improved intestinal barrier function in 
these mice and prevented the trafficking of primed intes-
tinal cells to systemic organs, as well as to the joints56. In 
line with these findings, CD11c+CD103+ dendritic cells, 
which are normally located within the intestinal lamina 
propria170, are present in the spleen of mice with CIA, 
suggesting that dendritic cells could have migrated from 
the gut to the spleen in these mice9. These experimental 
strategies suggest not only that a gut–joint axis exists in 
RA but also that it contributes to arthritis and that it can 
be a source of multiple novel therapeutic targets.

Conclusions
Although better understood in SpA, it is becoming clear 
that gut–joint interactions also constitute an important 
aspect in the pathogenesis of RA, which could open up 
new therapeutic opportunities. Considering the data 
coming from experimental models of arthritis and stud-
ies in humans with RA, it seems likely that dysbiosis 
already occurs before the clinical onset of disease and 
influences the development of arthritis. Studies from the 
past few years have clearly shown dysbiosis of the gut 
microbiota in patients with RA. The direct immuno-
logical consequences of that dysbiosis are now the  
focus of ongoing research, which has already provided 
some new treatment opportunities, such as maintaining 
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and restoring a functional gut barrier or preventing the 
migration of gut-primed immune cells out of the intes-
tines. These treatment avenues also present a potential 
window for interfering at an early point in the disease 
course to possibly reduce RA symptoms and the neces-
sity of lifelong pharmacological treatments. Future 
studies should go one step further and concentrate 
on the cause of the dysbiosis and how that is related 
to the known genetic risk factors for RA. Whatever 
might cause the dysbiosis and its immunological con-
sequences, it will be interesting to know if this is sim-
ply a trigger that reduces the immunological threshold 
needed to induce clinical disease onset in the joints.

As illustrated in this Review, similar to other dis-
eases, many microbiome studies in RA are association 
studies that attempt to correlate changes in the bacterial 
composition in the gastrointestinal tract with disease.  
Although these studies imply clinical relevance, mecha-
nistic studies are still required to harness these find-
ings for future diagnostic and therapeutic approaches. 
One possible avenue for such studies involves the use 
of a humanized microbiota mouse model, in which 
germ-free mice are colonized with human commensal 
bacteria171,172. Along this line, Bifidobacterium adoles-
centis and E. coli 2A isolated from patients with Crohn’s 
disease-associated SpA have been successfully colonized 
in antibiotic-treated K/B×N mice to demonstrate a caus-
ative effect in initiating disease66,172. Moreover, laboratory 
mice (unlike adult humans) lack effector-differentiated 
and mucosal memory T cells173. By contrast, these cell 
populations are present in mice from pet stores, which 
have robust and diverse microbial exposure. Therefore, 

in addition to the standard laboratory mice housed in 
specific pathogen-free conditions, ‘dirty’ pet store mice 
could offer a complementary angle for studying micro-
organism–host interactions in RA by providing a nor-
malizing microbial environment that recapitulates adult 
human immune traits.

Restoration of microbial homeostasis in the gut could 
potentially be reached via nutritional changes such as the 
ingestion of a fibre-rich diet, which influences the bac-
terial composition of the gut and skews the metabolome 
of intestinal microbiota towards an anti-inflammatory, 
SCFA-rich pattern. Dysbiosis seems to be an important 
step in influencing the epithelial barrier function of the 
gut by affecting tight junction turnover at the intestinal 
surface and thereby enabling immune cell activation as 
a result of increased bacterial migration. Tight junction 
restoration seems to be another important intervention 
step to consider for the prevention of RA, as the break-
down of barrier function occurs before arthritis onset 
in both mice and humans. The link between intestinal 
immune cell activation and arthritis is based on the pos-
sible migration of gut-derived immune cells to the joints. 
This process is the third important step in the onset of 
arthritis and constitutes another target for interventions 
that aim to prevent arthritis. All these steps might not 
only be important in the very early autoimmune phase 
of the disease, but might also have adjuvant functions 
in established disease, as data show that dysbiosis and 
impaired barrier function are also present in patients 
with established disease.

Published online 5 March 2021

1. Aletaha, D. & Smolen, J. S. Diagnosis and management 
of rheumatoid arthritis. JAMA 320, 1360–1372 
(2018).

2. Catrina, A. I., Deane, K. D. & Scher, J. U. Gene, 
environment, microbiome and mucosal immune 
tolerance in rheumatoid arthritis. Rheumatology 55, 
391–402 (2016).

3. Scher, J. U. et al. The lung microbiota in early 
rheumatoid arthritis and autoimmunity. Microbiome 
4, 60 (2016).

4. Scher, J. U. et al. Expansion of intestinal  
Prevotella copri correlates with enhanced 
susceptibility to arthritis. eLife 2, e01202 (2013).

5. Holers, V. M. et al. Rheumatoid arthritis and the mucosal 
origins hypothesis: protection turns to destruction.  
Nat. Rev. Rheumatol. 14, 542–557 (2018).

6. Wells, P. M. et al. Associations between gut  
microbiota and genetic risk for rheumatoid arthritis  
in the absence of disease: a cross-sectional study. 
Lancet Rheumatol. 2, e418–e427 (2020).

7. Zhang, X. et al. The oral and gut microbiomes are 
perturbed in rheumatoid arthritis and partly normalized 
after treatment. Nat. Med. 21, 895–905 (2015).

8. Chen, J. et al. An expansion of rare lineage  
intestinal microbes characterizes rheumatoid  
arthritis. Genome Med. 8, 43 (2016).

9. Marietta, E. V. et al. Suppression of inflammatory 
arthritis by human gut-derived Prevotella histicola  
in humanized mice. Arthritis Rheumatol. 68,  
2878–2888 (2016).

10. Maeda, Y. et al. Dysbiosis contributes to arthritis 
development via activation of autoreactive T cells in the 
intestine. Arthritis Rheumatol. 68, 2646–2661 (2016).

11. Alpizar-Rodriguez, D. et al. Prevotella copri  
in individuals at risk for rheumatoid arthritis.  
Ann. Rheum. Dis. 78, 590–593 (2019).

12. Inamo, J. Non-causal association of gut microbiome 
on the risk of rheumatoid arthritis: A Mendelian 
randomisation study. Ann. Rheum. Dis. https://doi.org/ 
10.1136/annrheumdis-2019-216565 (2019).

13. Alpizar Rodriguez, D., Lesker, T. R., Gilbert, B., Strowig, T. 
& Finckh, A. Intestinal dysbiosis in RA development: 

difficulty of establishing causality. Response to: 
‘Non-causal association of gut microbiome on the risk of 
rheumatoid arthritis: a Mendelian randomisation study’ 
by Inamo. Ann. Rheum. Dis. https://doi.org/10.1136/
annrheumdis-2019-216637 (2019).

14. Jeong, Y. et al. Gut microbial composition and function 
are altered in patients with early rheumatoid arthritis. 
J. Clin. Med. 8, 693 (2019).

15. [No authors listed]. News & highlights. Mucosal 
Immunol. 1, 246–247 (2008).

16. Levy, M., Kolodziejczyk, A. A., Thaiss, C. A. & Elinav, E. 
Dysbiosis and the immune system. Nat. Rev. Immunol. 
17, 219–232 (2017).

17. Quirke, A. M. et al. Bronchiectasis is a model for 
chronic bacterial infection inducing autoimmunity  
in rheumatoid arthritis. Arthritis Rheumatol. 67, 
2335–2342 (2015).

18. Bergot, A.-S., Giri, R. & Thomas, R. The microbiome 
and rheumatoid arthritis. Best Pract. Res. Clin. 
Rheumatol. 33, 101497 (2019).

19. Clarke, A. et al. Heightened autoantibody immune 
response to citrullinated calreticulin in bronchiectasis: 
implications for rheumatoid arthritis. Int. J. Biochem. 
Cell Biol. 89, 199–206 (2017).

20. Potempa, J., Mydel, P. & Koziel, J. The case for 
periodontitis in the pathogenesis of rheumatoid 
arthritis. Nat. Rev. Rheumatol. 13, 606–620  
(2017).

21. Mariette, X. et al. Role of good oral hygiene on  
clinical evolution of rheumatoid arthritis: a randomized 
study nested in the ESPOIR cohort. Rheumatology 
59, 988–996 (2020).

22. Horta-Baas, G. et al. Intestinal dysbiosis and 
rheumatoid arthritis: a link between gut microbiota 
and the pathogenesis of rheumatoid arthritis.  
J. Immunol. Res. 2017, 4835189 (2017).

23. Salem, F. et al. Gut microbiome in chronic rheumatic 
and inflammatory bowel diseases: similarities and 
differences. United European Gastroenterol. J. 7, 
1008–1032 (2019).

24. Rogier, R. et al. Alteration of the intestinal microbiome 
characterizes preclinical inflammatory arthritis in mice 

and its modulation attenuates established arthritis. 
Sci. Rep. 7, 15613 (2017).

25. Jubair, W. K. et al. Modulation of inflammatory 
arthritis in mice by gut microbiota through mucosal 
inflammation and autoantibody generation. Arthritis 
Rheumatol. 70, 1220–1233 (2018).

26. Aa, L.-X. et al. Rebalancing of the gut flora  
and microbial metabolism is responsible for the 
anti-arthritis effect of kaempferol. Acta Pharmacol. 
Sin. 41, 73–81 (2020).

27. Round, J. L. & Mazmanian, S. K. Inducible Foxp3+ 
regulatory T-cell development by a commensal 
bacterium of the intestinal microbiota. Proc. Natl 
Acad. Sci. USA 107, 12204–12209 (2010).

28. Eason, R. J. et al. The helminth product, ES-62 
modulates dendritic cell responses by inducing  
the selective autophagolysosomal degradation of 
TLR-transducers, as exemplified by PKCδ. Sci. Rep.  
6, 37276 (2016).

29. Doonan, J. et al. The parasitic worm product ES-62 
normalises the gut microbiota bone marrow axis  
in inflammatory arthritis. Nat. Commun. 10, 1554 
(2019).

30. Wu, H.-J. et al. Gut-residing segmented filamentous 
bacteria drive autoimmune arthritis via T helper 17 
cells. Immunity 32, 815–827 (2010).

31. Ivanov, I. I. et al. Induction of intestinal Th17 cells by 
segmented filamentous bacteria. Cell 139, 485–498 
(2009).

32. Atarashi, K. et al. ATP drives lamina propria T(H)17 
cell differentiation. Nature 455, 808–812 (2008).

33. Horai, R. et al. Development of chronic inflammatory 
arthropathy resembling rheumatoid arthritis in 
interleukin 1 receptor antagonist-deficient mice.  
J. Exp. Med. 191, 313–320 (2000).

34. Abdollahi-Roodsaz, S. et al. Stimulation of TLR2  
and TLR4 differentially skews the balance of T cells  
in a mouse model of arthritis. J. Clin. Invest. 118, 
205–216 (2008).

35. Rogier, R. et al. Aberrant intestinal microbiota due to 
IL-1 receptor antagonist deficiency promotes IL-17- and 
TLR4-dependent arthritis. Microbiome 5, 63 (2017).

NAture reviewS | RheuMATology

R e v i e w s

  volume 17 | April 2021 | 235

https://doi.org/10.1136/annrheumdis-2019-216565
https://doi.org/10.1136/annrheumdis-2019-216565
https://doi.org/10.1136/annrheumdis-2019-216637
https://doi.org/10.1136/annrheumdis-2019-216637


0123456789();: 

36. Zhang, Y., Li, Y., Lv, T.-T., Yin, Z.-J. & Wang, X.-B. 
Elevated circulating Th17 and follicular helper CD4+ 
T cells in patients with rheumatoid arthritis. APMIS 
123, 659–666 (2015).

37. Alunno, A. et al. Altered immunoregulation in 
rheumatoid arthritis: the role of regulatory T cells  
and proinflammatory Th17 cells and therapeutic 
implications. Mediators Inflamm. 2015, 751793 
(2015).

38. Pianta, A. et al. Evidence of the immune relevance  
of Prevotella copri, a gut microbe, in patients with 
rheumatoid arthritis. Arthritis Rheumatol. 69,  
964–975 (2017).

39. Chiang, H.-I. et al. An association of gut microbiota 
with different phenotypes in Chinese patients with 
rheumatoid arthritis. J. Clin. Med. 8, 1770 (2019).

40. Van Delft, M. A. M., Van Der Woude, D., Toes, R. E. M. 
& Trouw, L. A. Secretory form of rheumatoid arthritis- 
associated autoantibodies in serum are mainly of the 
IgM isotype, suggesting a continuous reactivation  
of autoantibody responses at mucosal surfaces.  
Ann. Rheum. Dis. 78, 146–148 (2019).

41. Rios, D. et al. Antigen sampling by intestinal M cells  
is the principal pathway initiating mucosal IgA 
production to commensal enteric bacteria.  
Mucosal Immunol. 9, 907–916 (2016).

42. Jubair, W. et al. Intestinal inflammation and netosis 
associate with the presence of stool IgA ACPA in 
subjects at-risk for RA [abstract]. Arthritis Rheumatol. 
70 (Suppl. 10), 67 (2018).

43. Yurkovetskiy, L. et al. Gender bias in autoimmunity  
is influenced by microbiota. Immunity 39, 400–412 
(2013).

44. Johnson, B. M. et al. Gut microbiota differently 
contributes to intestinal immune phenotype and 
systemic autoimmune progression in female and male 
lupus-prone mice. J. Autoimmun. 108, 102420 (2020).

45. Gomez, A., Luckey, D. & Taneja, V. The gut microbiome 
in autoimmunity: sex matters. Clin. Immunol. 159, 
154–162 (2015).

46. Gomez, A. et al. Loss of sex and age driven differences 
in the gut microbiome characterize arthritis-susceptible 
0401 mice but not arthritis-resistant 0402 mice.  
PLoS ONE 7, e36095 (2012).

47. Gonçalves dos Santos, G. et al. The neuropathic 
phenotype of the K/BxN transgenic mouse with 
spontaneous arthritis: pain, nerve sprouting and joint 
remodeling. Sci. Rep. 10, 15596 (2020).

48. Taneja, V. et al. New humanized HLA-DR4-transgenic 
mice that mimic the sex bias of rheumatoid arthritis. 
Arthritis Rheum. 56, 69–78 (2007).

49. Behrens, M. et al. Mechanism by which HLA-DR4 
regulates sex-bias of arthritis in humanized mice.  
J. Autoimmun. 35, 1–9 (2010).

50. Sun, Y. et al. Characteristics of gut microbiota in 
patients with rheumatoid arthritis in Shanghai,  
China. Front. Cell. Infect. Microbiol. 9, 369 (2019).

51. Lee, Y. K. & Mazmanian, S. K. Has the microbiota 
played a critical role in the evolution of the adaptive 
immune system? Science 330, 1768–1773 (2010).

52. Sommer, F. & Bäckhed, F. The gut microbiota — 
masters of host development and physiology.  
Nat. Rev. Microbiol. 11, 227–238 (2013).

53. Burrello, C. et al. Therapeutic faecal microbiota 
transplantation controls intestinal inflammation 
through IL10 secretion by immune cells. Nat. Commun. 
9, 5184 (2018).

54. Elinav, E. et al. NLRP6 inflammasome regulates 
colonic microbial ecology and risk for colitis. Cell  
145, 745–757 (2011).

55. Lleal, M. et al. A single faecal microbiota 
transplantation modulates the microbiome and 
improves clinical manifestations in a rat model of 
colitis. EBioMedicine 48, 630–641 (2019).

56. Tajik, N. et al. Targeting zonulin and intestinal 
epithelial barrier function to prevent onset of  
arthritis. Nat. Commun. 11, 1995 (2020).

57. Liu, X. et al. Role of the gut microbiome in modulating 
arthritis progression in mice. Sci. Rep. 6, 30594 (2016).

58. Cypers, H. et al. Elevated calprotectin levels  
reveal bowel inflammation in spondyloarthritis.  
Ann. Rheum. Dis. 75, 1357–1362 (2016).

59. Hindryckx, P. et al. Subclinical gut inflammation in 
spondyloarthritis is associated with a pro-angiogenic 
intestinal mucosal phenotype. Ann. Rheum. Dis. 70, 
2044–2048 (2011).

60. De Vos, M., Mielants, H., Cuvelier, C., Elewaut, A. & 
Veys, E. Long-term evolution of gut inflammation in 
patients with spondyloarthropathy. Gastroenterology 
110, 1696–1703 (1996).

61. Mielants, H., Veys, E. M., Cuvelier, C., De Vos, M. & 
Botelberghe, L. HLA-B27 related arthritis and bowel 

inflammation. Part 2. Ileocolonoscopy and bowel 
histology in patients with HLA-B27 related arthritis.  
J. Rheumatol. 12, 294–298 (1985).

62. Mielants, H. et al. The evolution of 
spondyloarthropathies in relation to gut histology. I. 
Clinical aspects. J. Rheumatol. 22, 2266–2272 
(1995).

63. Schatteman, L. et al. Gut inflammation in psoriatic 
arthritis: a prospective ileocolonoscopic study.  
J. Rheumatol. 22, 680–683 (1995).

64. Ciccia, F. et al. Type 3 innate lymphoid cells producing 
IL-17 and IL-22 are expanded in the gut, in the 
peripheral blood, synovial fluid and bone marrow of 
patients with ankylosing spondylitis. Ann. Rheum. Dis. 
74, 1739–1747 (2015).

65. Ciccia, F. et al. Proinflammatory CX3CR1+CD59+ 
tumor necrosis factor-like molecule 1A+interleukin-23+ 
monocytes are expanded in patients with ankylosing 
spondylitis and modulate innate lymphoid cell 3 
immune functions. Arthritis Rheumatol. 70,  
2003–2013 (2018).

66. Viladomiu, M. et al. IgA-coated E. coli enriched in 
Crohn’s disease spondyloarthritis promote TH17-
dependent inflammation. Sci. Transl Med. 9, 
eaaf9655 (2017).

67. Nissinen, R. et al. Immune activation in the  
small intestine in patients with rheumatoid arthritis. 
Ann. Rheum. Dis. 63, 1327–1330 (2004).

68. Marcolongo, R., Bayeli, P. F. & Montagnani, M. 
Gastrointestinal involvement in rheumatoid arthritis:  
a biopsy study. J. Rheumatol. 6, 163–173 (1979).

69. Porzio, V. et al. Intestinal histological and ultrastructural 
inflammatory changes in spondyloarthropathy and 
rheumatoid arthritis. Scand. J. Rheumatol. 26, 92–98 
(1997).

70. Bae, J. M., Choo, J. Y., Kim, K. J. & Park, K. S. 
Association of inflammatory bowel disease with 
ankylosing spondylitis and rheumatoid arthritis:  
a nationwide population-based study. Mod. Rheumatol. 
27, 435–440 (2017).

71. Nguyen, Y. et al. Chronic diarrhoea and risk of 
rheumatoid arthritis: findings from the French 
E3N-EPIC Cohort Study. Rheumatology 59,  
3767–3775 (2020).

72. Manfredo Vieira, S. et al. Translocation of a gut 
pathobiont drives autoimmunity in mice and humans. 
Science 359, 1156–1161 (2018).

73. Neurath, M. F. Host–microbiota interactions in 
inflammatory bowel disease. Nat. Rev. Gastroenterol. 
Hepatol. 17, 76–77 (2019).

74. Vrakas, S. et al. Intestinal bacteria composition and 
translocation of bacteria in inflammatory bowel 
disease. PLoS ONE 12, e0170034 (2017).

75. Smith, M. D., Gibson, R. A. & Brooks, P. M. Abnormal 
bowel permeability in ankylosing spondylitis and 
rheumatoid arthritis. J. Rheumatol. 12, 299–305 
(1985).

76. Fasano, A. All disease begins in the (leaky) gut:  
role of zonulin-mediated gut permeability in the 
pathogenesis of some chronic inflammatory diseases. 
F1000Research 9, 69 (2020).

77. Fasano, A. Intestinal permeability and its regulation 
by zonulin: diagnostic and therapeutic implications. 
Clin. Gastroenterol. Hepatol. 10, 1096–1100 (2012).

78. Thomas, K. E., Sapone, A., Fasano, A. & Vogel, S. N. 
Gliadin stimulation of murine macrophage inflammatory 
gene expression and intestinal permeability are 
MyD88-dependent: role of the innate immune response 
in celiac disease. J. Immunol. 176, 2512–2521 (2006).

79. Clemente, M. G. et al. Early effects of gliadin on 
enterocyte intracellular signalling involved in intestinal 
barrier function. Gut 52, 218–223 (2003).

80. Sturgeon, C. & Fasano, A. Zonulin, a regulator  
of epithelial and endothelial barrier functions, and  
its involvement in chronic inflammatory diseases. 
Tissue Barriers 4, e1251384 (2016).

81. Drago, S. et al. Gliadin, zonulin and gut permeability: 
effects on celiac and non-celiac intestinal mucosa  
and intestinal cell lines. Scand. J. Gastroenterol. 41, 
408–419 (2006).

82. Ciccia, F. et al. Dysbiosis and zonulin upregulation 
alter gut epithelial and vascular barriers in patients 
with ankylosing spondylitis. Ann. Rheum. Dis. 76, 
1123–1132 (2017).

83. El Asmar, R. et al. Host-dependent zonulin secretion 
causes the impairment of the small intestine barrier 
function after bacterial exposure. Gastroenterology 
123, 1607–1615 (2002).

84. Evans-Marin, H. et al. Microbiota-dependent 
involvement of Th17 cells in murine models of 
inflammatory arthritis. Arthritis Rheumatol. 70, 
1971–1983 (2018).

85. Sato, K. et al. Aggravation of collagen-induced 
arthritis by orally administered Porphyromonas 
gingivalis through modulation of the gut microbiota 
and gut immune system. Sci. Rep. 7, 6955 (2017).

86. Flak, M. B. et al. Inflammatory arthritis disrupts gut 
resolution mechanisms, promoting barrier breakdown 
by Porphyromonas gingivalis. JCI insight 4, e125191 
(2019).

87. Arimatsu, K. et al. Oral pathobiont induces systemic 
inflammation and metabolic changes associated with 
alteration of gut microbiota. Sci. Rep. 4, 4828 (2014).

88. Nakajima, M. et al. Oral administration of P. gingivalis 
induces dysbiosis of gut microbiota and impaired barrier 
function leading to dissemination of Enterobacteria to 
the liver. PLoS ONE 10, e0134234 (2015).

89. Elkan, A.-C. et al. Gluten-free vegan diet induces 
decreased LDL and oxidized LDL levels and raised 
atheroprotective natural antibodies against 
phosphorylcholine in patients with rheumatoid 
arthritis: a randomized study. Arthritis Res. Ther.  
10, R34 (2008).

90. Hafstrom, I. A vegan diet free of gluten improves the 
signs and symptoms of rheumatoid arthritis: the effects 
on arthritis correlate with a reduction in antibodies  
to food antigens. Rheumatology 40, 1175–1179 
(2001).

91. Lammers, K. M. et al. Gliadin induces an increase in 
intestinal permeability and zonulin release by binding 
to the chemokine receptor CXCR3. Gastroenterology 
135, 194–204.e3 (2008).

92. Shimada, S. et al. Involvement of gliadin, a component 
of wheat gluten, in increased intestinal permeability 
leading to non-steroidal anti-inflammatory drug- 
induced small-intestinal damage. PLoS ONE 14, 
e0211436 (2019).

93. Tagesson, C. & Bengtsson, A. Intestinal permeability 
to different-sized polyethyleneglycols in patients  
with rheumatoid arthritis. Scand. J. Rheumatol. 12, 
124–128 (1983).

94. Jenkins, R. T., Rooney, P. J., Jones, D. B., Bienenstock, J. 
& Goodacre, R. L. Increased intestinal permeability  
in patients with rheumatoid arthritis: a side-effect of 
oral nonsteroidal anti-inflammatory drug therapy? 
Rheumatology 26, 103–107 (1987).

95. Mielants, H. et al. Intestinal mucosal permeability  
in inflammatory rheumatic diseases. I. Role of 
antiinflammatory drugs. J. Rheumatol. 18, 389–393 
(1991).

96. Bjarnason, I. et al. Intestinal permeability and 
inflammation in rheumatoid arthritis: effects of 
non-steroidal anti-inflammatory drugs. Lancet 324, 
1171–1174 (1984).

97. Sigthorsson, G. et al. Intestinal permeability  
and inflammation in patients on NSAIDs. Gut 43, 
506–511 (1998).

98. Mielants, H. et al. Intestinal mucosal permeability in 
inflammatory rheumatic diseases. II. Role of disease.  
J. Rheumatol. 18, 394–400 (1991).

99. Rodríguez-Lagunas, M. J., Martín-Venegas, R., 
Moreno, J. J. & Ferrer, R. PGE2 promotes Ca2+-
mediated epithelial barrier disruption through  
EP1 and EP4 receptors in Caco-2 cell monolayers.  
Am. J. Physiol. Physiol. 299, C324–C334 (2010).

100. Teng, F. et al. Gut microbiota drive autoimmune 
arthritis by promoting differentiation and migration  
of Peyer’s patch T follicular helper cells. Immunity 44, 
875–888 (2016).

101. Nielen, M. M. J. et al. Specific autoantibodies precede 
the symptoms of rheumatoid arthritis: a study of serial 
measurements in blood donors. Arthritis Rheum. 50, 
380–386 (2004).

102. Rantapää-Dahlqvist, S. et al. Antibodies against  
cyclic citrullinated peptide and IgA rheumatoid factor 
predict the development of rheumatoid arthritis. 
Arthritis Rheum. 48, 2741–2749 (2003).

103. Shi, J. et al. Anti-carbamylated protein (anti-CarP) 
antibodies precede the onset of rheumatoid arthritis. 
Ann. Rheum. Dis. 73, 780–783 (2013).

104. Demoruelle, M. K. et al. Brief report: Airways 
abnormalities and rheumatoid arthritis–related 
autoantibodies in subjects without arthritis: early 
injury or initiating site of autoimmunity? Arthritis 
Rheum. 64, 1756–1761 (2011).

105. Gizinski, A. M. et al. Rheumatoid arthritis (RA)-specific 
autoantibodies in patients with interstitial lung 
disease and absence of clinically apparent articular 
RA. Clin. Rheumatol. 28, 611–613 (2009).

106. Klareskog, L. et al. A new model for an etiology of 
rheumatoid arthritis: smoking may trigger HLA–DR 
(shared epitope)-restricted immune reactions to 
autoantigens modified by citrullination. Arthritis 
Rheum. 54, 38–46 (2006).

www.nature.com/nrrheum

R e v i e w s

236 | April 2021 | volume 17 



0123456789();: 

107. Botton, E., Saraux, A., Laselve, H., Jousse, S. &  
Le Goff, P. Musculoskeletal manifestations in cystic 
fibrosis. Joint Bone Spine 70, 327–335 (2003).

108. Elkayam, O., Segal, R., Lidgi, M. & Caspi, D. Positive 
anti-cyclic citrullinated proteins and rheumatoid factor 
during active lung tuberculosis. Ann. Rheum. Dis. 65, 
1110–1112 (2006).

109. Thé, J. & Ebersole, J. L. Rheumatoid factor (RF) 
distribution in periodontal disease. J. Clin. Immunol. 
11, 132–142 (1991).

110. Kelmenson, L. B. et al. Timing of elevations of 
autoantibody isotypes prior to diagnosis of rheumatoid 
arthritis. Arthritis Rheumatol. 72, 251–261 (2020).

111. Hvatum, M., Kanerud, L., Hällgren, R. & Brandtzaeg, P. 
The gut-joint axis: cross reactive food antibodies in 
rheumatoid arthritis. Gut 55, 1240–1247 (2006).

112. Salmi, M., Andrew, D. P., Butcher, E. C. & Jalkanen, S. 
Dual binding capacity of mucosal immunoblasts  
to mucosal and synovial endothelium in humans: 
dissection of the molecular mechanisms. J. Exp. Med. 
181, 137–149 (1995).

113. May, E. et al. Identical T-cell expansions in the  
colon mucosa and the synovium of a patient with 
enterogenic spondyloarthropathy. Gastroenterology 
119, 1745–1755 (2000).

114. Trollmo, C., Verdrengh, M. & Tarkowski, A. Fasting 
enhances mucosal antigen specific B cell responses in 
rheumatoid arthritis. Ann. Rheum. Dis. 56, 130–134 
(1997).

115. Mauro, D., Macaluso, F., Fasano, S., Alessandro, R. & 
Ciccia, F. ILC3 in axial spondyloarthritis: the gut angle. 
Curr. Rheumatol. Rep. 21, 37 (2019).

116. Simoni, Y. et al. Human innate lymphoid cell subsets 
possess tissue-type based heterogeneity in phenotype 
and frequency. Immunity 46, 148–161 (2017).

117. Mebius, R. E., Rennert, P. & Weissman, I. L. Developing 
lymph nodes collect CD4+CD3− LTβ+ cells that can 
differentiate to APC, NK cells, and follicular cells but 
not T or B cells. Immunity 7, 493–504 (1997).

118. Longman, R. S. et al. CX3CR1+ mononuclear 
phagocytes support colitis-associated innate  
lymphoid cell production of IL-22. J. Exp. Med. 211, 
1571–1583 (2014).

119. Mauro, D. & Ciccia, F. Gut dysbiosis in spondyloarthritis: 
cause or effect? Best Pract. Res. Clin. Rheumatol. 33, 
101493 (2020).

120. Li, S., Bostick, J. W. & Zhou, L. Regulation of  
innate lymphoid cells by aryl hydrocarbon receptor. 
Front. Immunol. 8, 1909 (2017).

121. Kim, S.-H., Cho, B.-H., Kiyono, H. & Jang, Y.-S. 
Microbiota-derived butyrate suppresses group 3 
innate lymphoid cells in terminal ileal Peyer’s patches. 
Sci. Rep. 7, 3980 (2017).

122. Chun, E. et al. Metabolite-sensing receptor Ffar2 
regulates colonic group 3 innate lymphoid cells and 
gut immunity. Immunity 51, 871–884.e6 (2019).

123. Soare, A. et al. Cutting edge: Homeostasis of innate 
lymphoid cells is imbalanced in psoriatic arthritis.  
J. Immunol. 200, 1249–1254 (2018).

124. Cuthbert, R. J. et al. Brief report: Group 3 innate 
lymphoid cells in human enthesis. Arthritis Rheumatol. 
69, 1816–1822 (2017).

125. Rodríguez-Carrio, J. et al. Brief report: Altered innate 
lymphoid cell subsets in human lymph node biopsy 
specimens obtained during the at-risk and earliest 
phases of rheumatoid arthritis. Arthritis Rheumatol. 
69, 70–76 (2017).

126. Fang, W., Zhang, Y. & Chen, Z. Innate lymphoid cells 
in inflammatory arthritis. Arthritis Res. Ther. 22, 25 
(2020).

127. Takaki-Kuwahara, A. et al. CCR6+ group 3 innate 
lymphoid cells accumulate in inflamed joints in 
rheumatoid arthritis and produce Th17 cytokines. 
Arthritis Res. Ther. 21, 198 (2019).

128. Ren, J., Feng, Z., Lv, Z., Chen, X. & Li, J. Natural 
killer-22 cells in the synovial fluid of patients with 
rheumatoid arthritis are an innate source of 
interleukin 22 and tumor necrosis factor-α.  
J. Rheumatol. 38, 2112–2118 (2011).

129. Toubal, A., Nel, I., Lotersztajn, S. & Lehuen, A. 
Mucosal-associated invariant T cells and disease.  
Nat. Rev. Immunol. 19, 643–657 (2019).

130. Toussirot, E. & Saas, P. MAIT cells: potent major cellular 
players in the IL-17 pathway of spondyloarthritis?  
RMD Open 4, e000821 (2018).

131. Gracey, E. et al. IL-7 primes IL-17 in mucosal-associated 
invariant T (MAIT) cells, which contribute to the  
Th17-axis in ankylosing spondylitis. Ann. Rheum. Dis. 
75, 2124–2132 (2016).

132. Treiner, E. Mucosal-associated invariant T cells in 
inflammatory bowel diseases: bystanders, defenders, 
or offenders? Front. Immunol. 6, 27 (2015).

133. Koppejan, H. et al. Altered composition and phenotype 
of mucosal-associated invariant T cells in early untreated 
rheumatoid arthritis. Arthritis Res. Ther. 21, 3 (2019).

134. Leeansyah, E. et al. Activation, exhaustion, and 
persistent decline of the antimicrobial MR1-restricted 
MAIT-cell population in chronic HIV-1 infection.  
Blood 121, 1124–1135 (2013).

135. Cho, Y.-N. et al. Mucosal-associated invariant  
T cell deficiency in systemic lupus erythematosus.  
J. Immunol. 193, 3891–3901 (2014).

136. Kim, M. et al. TNFα and IL-1β in the synovial fluid 
facilitate mucosal-associated invariant T (MAIT) cell 
migration. Cytokine 99, 91–98 (2017).

137. Kurioka, A., Walker, L. J., Klenerman, P. &  
Willberg, C. B. MAIT cells: new guardians of the liver. 
Clin. Transl Immunol. 5, e98 (2016).

138. Nowotschin, S. & Hadjantonakis, A.-K. Use of KikGR a 
photoconvertible green-to-red fluorescent protein for 
cell labeling and lineage analysis in ES cells and mouse 
embryos. BMC Dev. Biol. 9, 49 (2009).

139. Tsutsui, H., Karasawa, S., Shimizu, H., Nukina, N.  
& Miyawaki, A. Semi-rational engineering of a coral 
fluorescent protein into an efficient highlighter.  
EMBO Rep. 6, 233–238 (2005).

140. Proietti, M. et al. ATP-gated ionotropic P2X7 receptor 
controls follicular T helper cell numbers in Peyer’s 
patches to promote host-microbiota mutualism. 
Immunity 41, 789–801 (2014).

141. Felix, K. M. et al. P2RX7 deletion in T cells promotes 
autoimmune arthritis by unleashing the Tfh cell 
response. Front. Immunol. 10, 411 (2019).

142. Di Virgilio, F., Dal Ben, D., Sarti, A. C., Giuliani, A. L.  
& Falzoni, S. The P2X7 receptor in infection and 
inflammation. Immunity 47, 15–31 (2017).

143. Gattorno, M. et al. The pattern of response to 
anti-interleukin-1 treatment distinguishes two subsets 
of patients with systemic-onset juvenile idiopathic 
arthritis. Arthritis Rheum. 58, 1505–1515 (2008).

144. Lucas, C., Perdriger, A. & Amé, P. Definition of B cell 
helper T cells in rheumatoid arthritis and their 
behavior during treatment. Semin. Arthritis Rheum. 
50, 867–872 (2020).

145. Cao, G. et al. An imbalance between blood 
CD4+CXCR5+Foxp3+ Tfr cells and CD4+CXCR5+ Tfh 
cells may contribute to the immunopathogenesis of 
rheumatoid arthritis. Mol. Immunol. 125, 1–8 (2020).

146. Bates, N. A. et al. Gut commensal segmented 
filamentous bacteria fine-tune T follicular regulatory 
cells to modify the severity of systemic autoimmune 
arthritis. J. Immunol. https://doi.org/10.4049/
jimmunol.2000663 (2021).

147. Stone, M., Fortin, P. R., Pacheco-Tena, C. & Inman, R. D. 
Should tetracycline treatment be used more 
extensively for rheumatoid arthritis? Metaanalysis 
demonstrates clinical benefit with reduction in disease 
activity. J. Rheumatol. 30, 2112–2122 (2003).

148. Amin, A. R. et al. A novel mechanism of action  
of tetracyclines: effects on nitric oxide synthases.  
Proc. Natl Acad. Sci. USA 93, 14014–14019 (1996).

149. Zaura, E. et al. Same exposure but two radically 
different responses to antibiotics: Resilience of the 
salivary microbiome versus long-term microbial shifts 
in feces. mBio 6, e01693-15 (2015).

150. Toivanen, P. et al. Intestinal anaerobic bacteria in early 
rheumatoid arthritis (RA) [abstract]. Arthritis Res. 4 
(Suppl. 1), 5 (2002).

151. Picchianti-Diamanti, A. et al. Analysis of gut 
microbiota in rheumatoid arthritis patients: 
disease-related dysbiosis and modifications induced 
by etanercept. Int. J. Mol. Sci. 19, 2938 (2018).

152. Maier, L. et al. Extensive impact of non-antibiotic drugs 
on human gut bacteria. Nature 555, 623–628 (2018).

153. Bolin, J. T., Filman, D. J., Matthews, D. A., Hamlin, R. C. 
& Kraut, J. Crystal structures of Escherichia coli and 
Lactobacillus casei dihydrofolate reductase refined at 
1.7 Aθ resolution. I. General features and binding of 
methotrexate. J. Biol. Chem. 257, 13650–13662 
(1982).

154. Scher, J. U., Nayak, R. R., Ubeda, C., Turnbaugh, P. J. 
& Abramson, S. B. Pharmacomicrobiomics in 
inflammatory arthritis: gut microbiome as modulator 
of therapeutic response. Nat. Rev. Rheumatol. 16, 
282–292 (2020).

155. Krook, A. Effect of metronidazole and sulfasalazine on 
the normal human faecal flora. Scand. J. Gastroenterol. 
16, 587–592 (1981).

156. Abdollahi-Roodsaz, S., Abramson, S. B. & Scher, J. U. 
The metabolic role of the gut microbiota in health and 
rheumatic disease: mechanisms and interventions. 
Nat. Rev. Rheumatol. 12, 446–455 (2016).

157. Neumann, V. C., Shinebaum, R., Cooke, E. M. & 
Wright, V. Effects of sulphasalazine on faecal flora in 

patients with rheumatoid arthritis: a comparison with 
penicillamine. Rheumatology 26, 334–337 (1987).

158. Kanerud, L., Scheynius, A., Nord, C. E. & Hafström, I. 
Effect of sulphasalazine on gastrointestinal microflora 
and on mucosal heat shock protein expression in 
patients with rheumatoid arthritis. Rheumatology 33, 
1039–1048 (1994).

159. Wang, B., He, Y., Tang, J., Ou, Q. & Lin, J. Alteration  
of the gut microbiota in tumor necrosis factor-α 
antagonist-treated collagen-induced arthritis mice.  
Int. J. Rheum. Dis. 23, 472–479 (2020).

160. Forbes, J. D. et al. A comparative study of the gut 
microbiota in immune-mediated inflammatory 
diseases – does a common dysbiosis exist? 
Microbiome 6, 221 (2018).

161. Aqaeinezhad Rudbane, S. M. et al. The efficacy of 
probiotic supplementation in rheumatoid arthritis:  
a meta-analysis of randomized, controlled trials. 
Inflammopharmacology 26, 67–76 (2018).

162. Sköldstam, L., Hagfors, L. & Johansson, G.  
An experimental study of a Mediterranean diet 
intervention for patients with rheumatoid arthritis. 
Ann. Rheum. Dis. 62, 208–214 (2003).

163. Kjeldsen-Kragh, J. et al. Controlled trial of fasting  
and one-year vegetarian diet in rheumatoid arthritis. 
Lancet 338, 899–902 (1991).

164. Smith, P. M. et al. The microbial metabolites, 
short-chain fatty acids, regulate colonic Treg cell 
homeostasis. Science 341, 569–573 (2013).

165. Häger, J. et al. The role of dietary fiber in rheumatoid 
arthritis patients: a feasibility study. Nutrients 11, 
2392 (2019).

166. Zhang, J. et al. Autophagy and mitochondrial 
dysfunction in adjuvant-arthritis rats treatment  
with resveratrol. Sci. Rep. 6, 32928 (2016).

167. Khojah, H. M., Ahmed, S., Abdel-Rahman, M. S. & 
Elhakeim, E. H. Resveratrol as an effective adjuvant 
therapy in the management of rheumatoid arthritis:  
a clinical study. Clin. Rheumatol. 37, 2035–2042 
(2018).

168. Alrafas, H. R., Busbee, P. B., Nagarkatti, M. & 
Nagarkatti, P. S. Resveratrol modulates the gut 
microbiota to prevent murine colitis development 
through induction of Tregs and suppression of Th17 
cells. J. Leukoc. Biol. 106, 467–480 (2019).

169. Naskar, D., Teng, F., Felix, K. M., Bradley, C. P. &  
Wu, H.-J. J. Synthetic retinoid AM80 ameliorates lung 
and arthritic autoimmune responses by inhibiting  
T follicular helper and Th17 cell responses. J. Immunol. 
198, 1855–1864 (2017).

170. Ruane, D. T. & Lavelle, E. C. The role of CD103+ 
dendritic cells in the intestinal mucosal immune 
system. Front. Immunol. 2, 25 (2011).

171. Collins, J., Auchtung, J. M., Schaefer, L., Eaton, K. A. & 
Britton, R. A. Humanized microbiota mice as a model 
of recurrent Clostridium difficile disease. Microbiome 
3, 35 (2015).

172. Tan, T. G. et al. Identifying species of symbiont bacteria 
from the human gut that, alone, can induce intestinal 
Th17 cells in mice. Proc. Natl Acad. Sci. USA 113, 
E8141–E8150 (2016).

173. Beura, L. K. et al. Normalizing the environment 
recapitulates adult human immune traits in laboratory 
mice. Nature 532, 512–516 (2016).

174. Vaahtovuo, J., Munukka, E., Korkeamäki, M., 
Luukkainen, R. & Toivanen, P. Fecal microbiota in early 
rheumatoid arthritis. J. Rheumatol. 35, 1500–1505 
(2008).

175. Breban, M. et al. Faecal microbiota study reveals 
specific dysbiosis in spondyloarthritis. Ann. Rheum. 
Dis. 76, 1614–1622 (2017).

176. Kishikawa, T. et al. Metagenome-wide association 
study of gut microbiome revealed novel aetiology  
of rheumatoid arthritis in the Japanese population. 
Ann. Rheum. Dis. 79, 103–111 (2020).

Author contributions
The authors contributed equally to all aspects of this article.

Competing interests
The authors declare no competing interests.

Peer review information
Nature Reviews Rheumatology thanks V. Taneja, A. Finckh 
and the other, anonymous, reviewer(s) for their contribution 
to the peer review of this work.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.
 
© Springer Nature Limited 2021

NAture reviewS | RheuMATology

R e v i e w s

  volume 17 | April 2021 | 237

https://doi.org/10.4049/jimmunol.2000663
https://doi.org/10.4049/jimmunol.2000663


0123456789();: 

Psoriatic arthritis (PsA) is a chronic, immune- mediated 
inflammatory disease, characterized by both skin and 
joint involvement. Synovio- entheseal involvement 
is present in up to 30% of those with psoriasis1,2, and 
individuals with psoriasis progress to PsA at a rate of 
up to 3% per year3. PsA can lead to joint erosions and 
deformities4, as well as to decreased quality of life5, 
high levels of psychosocial stress6 and increased rates 
of comorbidities, unemployment, absenteeism and pro-
ductivity loss7. Despite this burden, PsA remains both 
underdiagnosed and undertreated, even within derma-
tology practices8,9. The current challenges in diagnos-
ing and treating PsA produce a considerable gap in the 
care of patients with psoriatic disease, given that a delay 
in treatment of as little as 6 months can lead to worse  
disease outcomes10,11.

Highly effective treatment strategies are a major 
unmet need in PsA, and various interventions have 
been envisioned, including innovative therapeutic tar-
gets, combination therapies or potentially preventive 

measures. These last have become a focus in the field of 
PsA research and will be aimed at defining, predicting 
and, ultimately, preventing synovio- entheseal inflam-
mation. To this end, it will be necessary to identify 
individuals at increased risk of developing PsA and to 
characterize clinical and molecular features that are spe-
cific to preclinical stages of disease. Distinguishing these 
high- risk individuals will help to shape the development, 
design and implementation of PsA prevention trials.  
In addition, it will enable improved screening, earlier 
diagnosis, timely treatment initiation and, eventually, 
should improve overall disease outcomes.

The Psoriasis and Psoriatic Arthritis Clinics 
Multicenter Advancement Network (PPACMAN) is 
an international non- profit organization that aims to 
“optimize the clinical care of patients with psoriatic 
disease through multidisciplinary collaboration, educa-
tion and innovative research”12. Within PPACMAN, the 
Preventing Arthritis in a Multicenter Psoriasis At- Risk 
Population (PAMPA) study group was established to 

Consensus terminology for preclinical 
phases of psoriatic arthritis for use in 
research studies: results from a Delphi 
consensus study
Lourdes M. Perez- Chada1,12, Rebecca H. Haberman  2,12, Vinod Chandran3,4, 
Cheryl F. Rosen5, Christopher Ritchlin6, Lihi Eder7, Philip Mease  8,9, Soumya Reddy2, 
Alexis Ogdie10, Joseph F. Merola1,11,13 ✉ and Jose U. Scher2,13 ✉

Abstract | The concept of psoriatic arthritis (PsA) prevention is gaining increased interest owing to 
the physical limitation, poor quality of life and low remission rates that are achieved with current 
therapies for PsA. The psoriasis- to- PsA transition offers a unique opportunity to identify individuals 
at increased risk of developing PsA and to implement preventive strategies. However, identifying 
individuals at increased risk of developing PsA is challenging as there is no consensus on how this 
population should be defined. This Consensus Statement puts forward recommended terminology 
from the Psoriasis and Psoriatic Arthritis Clinics Multicenter Advancement Network (PPACMAN) for 
defining specific subgroups of individuals during the preclinical and early clinical phases of PsA to 
be used in research studies. Following a three- round Delphi process, consensus was reached for 
three terms and definitions: ‘increased risk for PsA’, ‘psoriasis with asymptomatic synovio- entheseal 
imaging abnormalities’ and ‘psoriasis with musculoskeletal symptoms not explained by other 
diagnosis’. These terms and their definitions will enable improved identification and standardization 
of study populations in clinical research. In the future, as increasing evidence emerges regarding 
the molecular and clinical features of the psoriasis- to- PsA continuum, these terms and definitions 
will be further refined and updated.
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understand the clinical, genetic, environmental and 
immune events that occur during the natural his-
tory of the psoriasis- to- PsA transition13. To facilitate 
research focused on the preclinical and early clinical 
phases of PsA, the PAMPA study group conducted a 
consensus- building exercise to agree on common ter-
minology related to the preclinical phases of PsA for 
use in clinical trials and translational research. The 
development of standardized nomenclature and com-
mon definitions to be used exclusively for research in 
this area should help in the recruitment of well- defined, 
homogeneous cohorts of patients and enable compar-
ison across future trials and experimental therapeutic 
studies. This exercise emulates the efforts taken to create 
the EULAR recommendations for terminology for those 
at risk of rheumatoid arthritis (RA)14. In this Consensus 
Statement, we describe the process and results of a 
consensus- building exercise to develop nomenclature 
for preclinical PsA that can be integrated into future 
research studies.

Methods
Scientific committee
The consensus exercise was led and designed by the 
PAMPA study group and the PPACMAN steering 
committee, composed of methodologists, as well as 
dermatologists and rheumatologists who are experts in 
psoriatic disease.

Overview of study design and methods
In this study, an online Delphi process was used that 
included international experts in psoriatic disease to 
achieve consensus on the terminology related to the 
preclinical phases of PsA for research purposes. The 
Delphi method is an iterative series of structured rounds 
that surveys experts until group consensus is reached. 
This method lends itself well to an online format, which 

enables a larger number of international experts to par-
ticipate in the survey and avoids any strong influences 
from a small number of individuals or from standards 
of practice in certain countries. The Delphi method is 
used widely in health- care- related research that relies 
on expert opinion15,16; however, some limitations must 
be acknowledged. The Delphi methodology has been 
criticized for a possible lack of sufficient details about 
the background information provided to participants, 
differing response rates for all rounds, lack of formal 
feedback between rounds and lack of ability to dis-
cuss disagreement directly17,18. This Delphi exercise 
was therefore carefully designed to provide sufficient 
background detail and feedback for each round and to 
provide intermittent opportunities for direct discussion. 
For this study, a pre- Delphi exercise and three rounds of 
Delphi surveys were used.

Pre- Delphi exercise. Prior to the Delphi development, 
experts in psoriasis and PsA (n = 28) were queried via 
e- mail regarding terms and definitions of the phases that 
individuals with psoriasis might go through prior to PsA 
development. This group of experts was recruited from 
PPACMAN and also included members of the Group 
for Research and Assessment of Psoriasis and Psoriatic 
Arthritis (GRAPPA), an international non- profit organ-
ization, and the National Psoriasis Foundation (NPF), 
a non- profit organization from the USA. On the basis 
of these results, preliminary terms and definitions were 
drafted and presented at the PPACMAN 2018 Annual 
Meeting19. After an introductory session, four break-
out workshop sessions took place in which attendees 
suggested changes and provided open- ended opinions 
about the terms and definitions proposed in the form 
of small group discussions. These workshop sessions 
were followed by a plenary session in which the out-
comes of each breakout workshop were summarized, 
and culminated with a voting exercise via an anonymous 
automated response system. This meeting included der-
matologists (n = 8), rheumatologists (n = 13), rheumatol-
ogist–dermatologists (n = 2) and industry representatives 
(n = 17). Notably, the industry representatives met in a 
separate breakout session and did not participate in the 
voting process to avoid the introduction of bias into  
the study findings. Further details on the pre- Delphi  
session can be found in the Supplementary Information. 
The collected input and results were used to inform the 
development of the subsequent Delphi survey.

Delphi process. The Delphi survey was designed using 
feedback from the pre- Delphi exercise. The survey was 
created and distributed using the New York University 
REDCap software20 to 45 international experts in 
psoriasis and PsA who were selected by the scientific 
committee. As with the pre- Delphi exercise, experts 
were recruited from PPACMAN and included mem-
bers of GRAPPA and the NPF, and all members who 
participated in the pre- Delphi exercise were invited to 
participate in the Delphi exercise. These experts had 
an average of over 18 years of experience in their fields 
(Table 1). No members of industry were invited to par-
ticipate. All answers were anonymous, and participants 
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were asked to vote on and rank their preferred terms 
and definitions for describing populations of individu-
als with preclinical PsA. Space for free- form comments 
was also provided for each question. In all rounds, par-
ticipants were provided with the results and discussion 
points generated in the previous rounds, as well as links 
to published literature to provide background informa-
tion related to the voting topics3,13. Results from the first 
Delphi round were discussed at the PPACMAN meet-
ing adjacent to the 2019 Annual Meeting of GRAPPA 
by multiple stakeholders. Consensus for multiple choice 
and ranking questions was defined a priori as ≥70%. For 
questions that use a visual analogue scale (VAS) rang-
ing from 0 mm (should not be considered) to 100 mm 
(should definitely be considered), items were retained 
if the median score was >70 mm. If consensus was not 
reached, the question was carried through to the next 
round; however, Delphi items rated on a VAS that had a 
median score of <60 mm were removed.

Data analysis. Descriptive statistics were used to report 
the voting results. Continuous data are presented as 
medians and interquartile range unless otherwise noted.

Results
Pre- Delphi exercise
At the 2018 PPACMAN Annual Meeting, stakeholders 
were presented with preliminary terms and definitions 
that were informed by the input collected from the initial 
survey distributed by e- mail. Expanded discussions and 
voting followed, but no consensus was reached. Further 
details of the pre- Delphi exercise are provided in the 
Supplementary Information.

Delphi exercise
Round 1 of the Delphi exercise received 29 responses 
(response rate 64.4%), round 2 received 33 respon-
ses (res ponse rate 73.3%) and round 3 received 35 
responses (response rate 77.7%). Although the invited 
participants varied with regard to demographics and 
experience, the respondents were rheumatologists, 
dermatologists and rheumatologist–dermatologists 
who were mostly academic clinicians and/or research-
ers (Table 1). The original terms and definitions pre-
sented for voting in the Delphi exercise are provided 
in the Supplementary Information. box 1 shows the 
final terms and definitions proposed after consensus 
was reached.

Terms and definitions
Individuals with psoriasis at increased risk for PsA. 
During round 1 of the Delphi exercise, 80% of the panel-
lists agreed on the term ‘increased risk for PsA’, and 86% 
voted that this term defines a meaningful subgroup for 
future research studies. Other terms proposed included 
‘at risk’, ‘high risk’, ‘higher risk’ and ‘elevated risk’. The 
term ‘at risk’ for PsA was not favoured by participants, 
who noted that any patient with psoriasis has the poten-
tial to develop PsA. During round 1, consensus for the 
definition was not reached.

In round 2 of the Delphi exercise, the definition 
of ‘any individual with psoriasis and one or more risk 
factors for progression to PsA’ reached consensus with 
84.4% agreement. The alternative definition proposed 
was ‘any individual with psoriasis and one or more risk 
factors for progression to synovio- entheseal disease’. 
Participants noted that the term synovio- entheseal 
disease might not be commonly used, particularly by 
dermatologists.

Regarding which risk factors for progression from 
psoriasis to PsA should be considered, obesity, the pres-
ence of arthralgia, severe psoriasis, a history of uveitis, 
nail psoriasis, scalp psoriasis and having a first- degree 
relative with PsA reached consensus in round 1 of the 
Delphi exercise (median >70 mm on a 100- mm VAS), 
whereas any associated gene (such as HLA- B*08, 
HLA- B*27, HLA- B*38 or HLA- B*39) reached consen-
sus in round 2 of the Delphi exercise (Supplementary 
Figure 1).

Individuals with psoriasis and asymptomatic synovio-  
entheseal imaging abnormalities. In round 1 of the 
Delphi exercise, the terms ‘subclinical PsA’, ‘potential 
PsA’, ‘psoriasis with imaging findings’, ‘psoriasis with 
asymptomatic synovio- entheseal imaging findings’ and 
‘psoriasis with imaging abnormalities’ were proposed 
(Supplementary Table 1). Subclinical PsA was gener-
ally disliked because the term implies that patients will 
definitely go on to develop PsA. As consensus was not 
reached, the three terms with the highest number of 
votes were moved to round 2 of the Delphi exercise. In 
round 2, the term ‘psoriasis with asymptomatic synovio- 
entheseal imaging abnormalities’ outstripped the other 
terms, gaining almost 60% of the votes. Consensus was 
finally reached for this term by 85.7% of participants 
in round 3 of the Delphi exercise. Overall, 86.2% of the 

Table 1 | Numbers and demographics of participants in each Delphi round

Demographic First round 
(n = 29)

Second round 
(n = 33)

Third round 
(n = 35)

Type of participant

Dermatologist 5 (17.2%) 6 (18.2%) 10 (28.6%)

Rheumatologist 20 (69.1%) 22 (66.7%) 22 (62.9%)

Rheumatologist–dermatologist 3 (10.3%) 3 (9.1%) 3 (8.6%)

Non- clinician researcher 1 (3.4%) 2 (6.1%) 0 (0.0%)

Location of participant

USA 18 (62.1%) 20 (60.6%) 24 (68.6%)

Europe 7 (24.1%) 9 (27.3%) 7 (20.0%)

Canada 4 (13.8%) 4 (12.1%) 4 (11.4%)

Gender of participant

Female 12 (41.4%) 15 (45.5%) 16 (45.7%)

Male 17 (58.6%) 18 (54.5%) 19 (54.3%)

Amount of experience of participants

Mean number of years (s.d.) 18.70 
(10.47)

17.36 (10.42) 18.86 (11.24)

Type of experience of participants

Academic clinicians 25 (86.2%) 26 (78.8%) 28 (80.0%)

Clinicians who work privately 1 (3.4%) 3 (9.1%) 3 (8.6%)

Both 3 (10.3%) 4 (12.1%) 4 (11.4%)
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participants agreed that this term defines a meaningful 
population for future research studies.

In round 1 of the Delphi exercise, two definitions 
were initially proposed for this term (Supplementary 
Table 2). Consensus was not reached, and panellists 
suggested two new definitions, which were included 
in rounds 2 and 3 of the Delphi exercise. Consensus 
was finally reached in round 3 for ‘any individual with 
psoriasis and imaging evidence of synovio- entheseal 
abnormalities that is not associated with clinical signs 
or symptoms’ (88.6% of the votes).

Imaging modalities that reached consensus for use 
to define ‘imaging abnormalities’ in round 1 of the 
Delphi exercise included MRI for axial disease (median 
on a 100-mm VAS = 97 mm), MRI for peripheral arthri-
tis (86 mm), ultrasonography for peripheral arthritis 
(90 mm), ultrasonography for enthesitis (90 mm) and 
plain radiography for peripheral arthritis (70 mm) 
(Supplementary Figure 2). Participants also voted on 
which specific MRI and ultrasonography signs should 
be considered for use in defining imaging abnormali-
ties. MRI signs that met consensus for inclusion were 
enthesitis (median on a 100- mm VAS = 90 mm), bone 
marrow oedema (90 mm), synovitis (95 mm), tendo-
nitis (70 mm), bone erosions (81 mm) and new bone 

formation (80 mm) (Supplementary Figure 3). For 
ultrasonography, enthesitis (median on a 100- mm 
VAS = 89 mm), synovitis (97 mm), tendonitis (77 mm) 
and bone erosions (87 mm) all met consensus in round 1  
of the Delphi exercise (Supplementary Figure 4).

Individuals with psoriasis and musculoskeletal symp-
toms not explained by other diagnosis. During round 1 
of the Delphi exercise, 93.1% of participants agreed on 
the term ‘psoriasis with musculoskeletal symptoms not 
explained by other diagnosis’ (box 1). In round 2 of the 
Delphi exercise, 87.9% voted that this term was mean-
ingful for future research studies. Previous iterations 
of this term included ‘prodromal PsA’, ‘psoriasis with 
arthralgia’, ‘psoriasis with musculoskeletal symptoms’ 
and ‘psoriasis with musculoskeletal symptoms without 
musculoskeletal signs’. Similar to the term ‘subclinical 
PsA’, participants argued that the term ‘prodromal PsA’ 
implied that all patients with psoriasis would progress to 
PsA and was therefore inappropriate.

To define which musculoskeletal symptoms should 
be considered, participants were provided with a list of 
symptoms that had previously been identified in the 
literature as predictors of PsA, along with their haz-
ard ratios and 95% confidence intervals21. Participants 
then scored the factors on a VAS, and a median score 
of ≥70 mm was defined as reaching consensus. Of these 
factors, heel pain, stiffness and arthralgia all reached 
consensus (median scores of 84 mm, 80.5 mm and 
75 mm, respectively), whereas fatigue and problems 
with physical function (median scores of 67.5 mm and 
51 mm, respectively) did not.

Terms and definitions that did not achieve consensus. 
Participants were also asked to comment on time points 
after the diagnosis of PsA, specifically looking at the  
6- month and 24- month time points. Although consensus 
was reached for 6 months from diagnosis being a mean-
ingful time point (90.9%), consensus was not reached 
on whether this population of individuals should be 
termed ‘early PsA’, ‘very early PsA’ or ‘new onset PsA’. 
Similarly, consensus was not reached on whether diag-
nosis should be defined by satisfying Classification for 
Psoriatic Arthritis (CASPAR) criteria22 and/or musculo-
skeletal symptom onset. There was a lack of consensus 
that 24 months was a meaningful time point.

Future research agenda
During the face- to- face PPACMAN meeting adjacent 
to the 2019 Annual Meeting of GRAPPA, the results of 
the consensus exercise were presented, and several areas 
were identified as priorities for investigation.

Imaging
Imaging studies (primarily ultrasonography or MRI 
modalities) have the potential to improve the definition 
of meaningful subclinical inflammatory states and their 
ability to predict PsA development. In particular, ultra-
sonography represents a feasible and adaptable modality 
that is already being applied in the clinical setting to iden-
tify patients with psoriasis who have subclinical enthesi-
tis and/or synovitis23–25. High- resolution peripheral 

Box 1 | PAMPA consensus terminology for preclinical phases of PsA

According to the proposed terminology, in prospective research studies, individuals 
would be described in the following ways:

Individuals with psoriasis at increased risk for PsA
Any individual with psoriasis and one or more risk factors for progression to psoriatic 
arthritis (psA).

•	risk factors include obesity, the presence of arthralgia, severe psoriasis, a history of 
uveitis, nail psoriasis, scalp psoriasis, having a first- degree relative with psA and any 
associated gene (such as HLA- B*08, HLA- B*27, HLA- B*38 or HLA- B*39).

•	Can be combined with either of the other two terms.

Individuals with psoriasis and asymptomatic synovio- entheseal imaging 
abnormalities
Any individual with psoriasis and imaging evidence of synovio- entheseal abnormalities 
that is not associated with clinical signs or symptoms.

•	imaging modalities include mri for axial disease, mri for peripheral arthritis, 
ultrasonography for peripheral arthritis, ultrasonography for enthesitis and plain 
radiography for peripheral arthritis. Specific mri findings used to define imaging 
abnormalities include enthesitis, bone marrow oedema, synovitis, tendonitis, bone 
erosions and new bone formation. Specific ultrasonography findings used to define 
imaging abnormalities include enthesitis, synovitis, tendonitis and bone erosions.

•	Can be combined with ‘individuals with psoriasis at increased risk for psA’; for 
example, an individual with psoriasis might have uveitis (a risk factor for psA) and have 
asymptomatic enthesitis defined by ultrasonography.

•	Cannot be combined with ‘individuals with psoriasis and musculoskeletal symptoms 
not explained by other diagnosis’.

Individuals with psoriasis and musculoskeletal symptoms not explained by 
other diagnosis
Any individual with psoriasis and heel pain, stiffness and/or arthralgia not explained by 
another diagnosis.

•	Can be combined with ‘individuals with psoriasis at increased risk for psA’; for example, 
an individual with psoriasis might have uveitis (a risk factor for psA) and have heel pain 
that is not explained by another diagnosis.

•	Cannot be combined with ‘individuals with psoriasis and asymptomatic synovio-  
entheseal imaging abnormalities’.
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quantitative computed tomography (HR- pQCT) also 
shows promise for use in assessing if the presence of 
structural entheseal lesions can predict future PsA 
among patients with psoriasis26. Whether sonographic 
findings (such as synovitis, enthesitis, tenosynovitis or 
peritonitis) or radiological findings (such as bone ero-
sions, tenosynovitis or bone proliferations) represent 
abnormal inflammatory features or are simply physio-
logical immune- mediated responses aimed at containing 
disease progression remains a subject of intense debate. 
However, reports that the treatment of psoriasis using 
IL-12–IL-23 blockade27,28 or IL-17 blockade29 in patients 
without overt joint symptoms resulted in suppression 
of these sonographic and radiological abnormalities 
are promising and will surely aid in the design of future 
preventive studies, particularly if paired with clinical 
and molecular risk factor enrichment strategies. These 
studies will likewise inform a future revision of the term 
‘psoriasis with musculoskeletal symptoms not explained 
by other diagnosis’.

Prodromal phase and non- specific pain
In an attempt to characterize a ‘preclinical’ phase of 
PsA, the term ‘psoriasis with musculoskeletal symp-
toms not explained by other diagnosis’ was selected by 
stakeholders over ‘prodromal’ and ‘preclinical’, as these 
terms might imply that the progression from psoriasis to 
PsA is definite. Indeed, the terms ‘preclinical’ or ‘prodro-
mal’ PsA can only be applied retrospectively at this time 
owing to a lack of ability to truly predict progression 
to PsA. Currently, limited data exist with which to con-
clusively define the non- specific musculoskeletal symp-
toms that should be considered as part of this phase for 
research purposes21. Further understanding of this stage 
is crucial to distinguish who might be at the highest risk 
of progression to PsA and, ultimately, to implement early 
treatment and prevention strategies for PsA. Information 
gathered from ongoing30 and future longitudinal studies 
of musculoskeletal symptoms will be needed to further 
inform and revise this definition.

Preventive trial design
A preventive medicine approach is not foreign to the 
field of rheumatology and chronic immune- mediated 
inflammatory diseases. Specifically, investigators have 
pioneered trials in preclinical or pre- damage stages of 
systemic lupus erythematosus and RA, resulting, in some 
cases, in improved outcomes and even prevention31–35. 
Several prevention trials supported by the US National 
Institutes of Health are currently underway, including 
the SMILE study35 and the StopRA study36, and many 
other studies are in progress in Europe37.

Although the field of psoriatic disease is rapidly 
moving forward in the design of preventive trials, 
several questions inevitably remain unanswered and 
will require a retrospective analytical understand-
ing of the psoriasis- to- PsA transition to be achieved 
before they can be answered and preventive trials can 
be initiated. Chief among those questions is how to 
ascertain the relative weight for each proposed risk 
factor (in other words, the risk enrichment). The 
clinical, demographic, genetic and molecular features 

currently associated with progression from psoriasis 
to PsA have been mostly derived from retrospective 
and cross- sectional studies. One strategy for identify-
ing relevant risk factors for progression in prospective 
studies consists of studying individuals with psoria-
sis at increased risk of developing PsA who have at 
least moderate skin disease and imaging evidence of 
entheseal abnormalities, plus one or more of the fol-
lowing features: scalp involvement, psoriatic nail dis-
ease or genetic factors linked to progression (such as a 
first- degree relative with PsA)38.

The specific therapeutic approach in prevention 
trials will also be challenging, as arguments exist for 
using medications with any of the available mecha-
nisms of action (such as TNF inhibitors, IL-17 inhibi-
tors, IL-23 inhibitors or phosphodiesterase 4 inhibitors). 
Importantly, the role of natural history registries (fol-
lowing patients on immunomodulatory therapies as well 
as those with psoriasis who elect not to be treated with 
systemic medications) will be of the utmost relevance, as 
the ultimate goal will be to create a risk- score that incor-
porates the relative predictive value of each of the pro-
posed risk factors alongside rigorous cut- off thresholds  
for sensitivity and specificity.

Conclusions
Given that psoriasis commonly precedes the develop-
ment of PsA39, a unique pre- disease window of oppor-
tunity exists in the psoriasis- to- PsA continuum for 
studies on the clinical and molecular features of tran-
sition. To capitalize on this window of opportunity, 
it is imperative that the preclinical stages of PsA are 
better understood. The terms and definitions devel-
oped by the PAMPA study group describe clinical and 
imaging features of pre- disease states that individuals 
might traverse prior to PsA development. The use of 
standardized nomenclature and common definitions 
for PsA research will help to facilitate communica-
tion and comparison across future studies, which will 
enable robust validation between efforts in this parti-
cularly complex and heterogeneous disease. Overall,  
it is hoped that the consensus definitions set out in this 
Consensus Statement will catalyse the development of 
preventive strategies and, ultimately, improve outcomes 
in PsA13.

Importantly, the overarching output derived from 
this consensus exercise is to be used exclusively for 
research purposes at this time. Although necessarily an 
evolving process, this work represents a much- needed 
starting point. Furthermore, this terminology should not 
be viewed as restrictive or unchangeable, nor should it 
be used for clinical care, given the preliminary nature of 
these terms and definitions. Adoption of terminology 
in the clinical sphere will require a natural refinement 
process and an iterative validation approach as research 
in this area progresses. Together, these efforts will char-
acterize novel clinical and molecular features associated 
with the transition of psoriasis to PsA, which in turn 
will oblige the field to revise the proposed definitions 
and risk factors.
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In their Review (Pisetsky, D. S. & Lipsky, P. E. 
New insights into the role of antinuclear anti-
bodies in systemic lupus erythematosus. Nat. 
Rev. Rheumatol. 16, 565–579 (2020))1, Pisetsky 
and Lipsky highlight the clinical role of anti-
nuclear antibody (ANA) testing in patients 
with systemic lupus erythematosus (SLE) 
and properly state that anti- double- stranded 
DNA (dsDNA) antibodies are highly specific 
for the diagnosis of SLE; however, they refer 
to two papers that do not take into account 
the widely and historically recognized pres-
ence of these autoantibodies in individuals 
with autoimmune hepatitis2,3. In this regard, 
we would like to point out that knowledge 
of anti- dsDNA antibody positivity in auto-
immune hepatitis dates back to 1956 when, 
because of the similarities to SLE, Mackay 
et al. proposed that this chronic liver disease 
be named ‘lupoid hepatitis’4.

The term lupoid hepatitis was first used to 
describe patients with chronic active hepati-
tis and positivity for the lupus erythematosus 
cell test, suggesting that these individuals have 
a specific form of liver disease that is often asso-
ciated with extrahepatic complaints that are 
typically seen in SLE, including arthralgia 
and a cutaneous rash. In our opinion, the link 
between the two autoimmune diseases is of 

For the detection of anti- dsDNA antibodies, 
solid- phase immunoassays that use a mixture 
of multiple nuclear antigenic sources have 
lower specificity than immuno fluorescence 
tests with Crithidia luciliae10, which contain 
high amounts of dsDNA in the kinetoplast 
and enable easy and simple interpretation of 
positive staining (Fig. 1b).

We agree with Pisetsky and Lipsky that 
whoever orders an ANA test must be aware 
of which test will be used and, ideally, of its 
specificity and sensitivity; however, we would 
like to emphasize that in view of the poten-
tial clinical and immunological similari-
ties between SLE and autoimmune hepatitis,  
a diagnosis of autoimmune hepatitis should 
always be considered in patients with ANA 
and anti- dsDNA antibody positivity.

There is a reply to this letter by Pisetsky, D. S.  
& Lipsky, P. E. Nat. Rev. Rheumatol. https://
doi.org/10.1038/s41584-021-00574-6 (2020).
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considerable clinical and immunological rel-
evance. Patients with autoimmune hepatitis 
often have anti- dsDNA antibodies and ANAs 
with a ‘homogeneous pattern’, a typical feature 
of SLE, whereas patients with SLE often have 
a mild hepatic involvement, known as ‘lupic 
hepatitis’ to distinguish it from lupoid hepa-
titis (renamed autoimmune hepatitis), which, 
in turn, includes ANAs in its diagnostic crite-
ria5. In addition, from a genetic perspective, 
both conditions share a strong association 
with HLA- DR3, suggesting a further parallel 
between the two diseases6.

Positivity for anti- dsDNA antibodies occurs 
in ~30% of patients with auto immune hepati-
tis, and concomitant positivity of anti- dsDNA 
and anti- mitochondrial antibodies occurs in 
up to 60% of patients with an autoimmune 
hepatitis–primary biliary cholangitis overlap 
syndrome7,8. ANA detection in autoimmune 
hepatitis should always be performed by indi-
rect immunofluorescence (IIF) using HEp-2 
cells as a substrate, as this method is the only 
way to ensure the correct identification of 
ANA IIF- patterns of diagnostic relevance9; 
for example, the homogeneous pattern can 
be distinguished with high confidence from 
the ‘speckled pattern’ on the basis of positive 
staining of chromatin in mitotic cells (Fig. 1a). 

Diagnostic role of anti- dsDNA  
antibodies: do not forget 
autoimmune hepatitis
Alessandro Granito, Luigi Muratori, Francesco Tovoli and Paolo Muratori

a b

Fig. 1 | Antinuclear and anti- dsDNA antibody immunofluorescence patterns in autoimmune 
hepatitis. a | A typical autoimmune hepatitis antinuclear antibody staining pattern by indirect 
immunofluorescence in HEp-2 cells. A homogeneous fluorescence staining of the cell nuclei using a 
1:40 dilution of serum from a patient with type 1 autoimmune hepatitis (serum titre 1:1,280). The 
condensed chromosomes of mitotic cells are positive, and the area surrounding the chromosomes is 
dark. b | Anti- double stranded DNA (dsDNA) antibody staining with serum from a patient with type 1 
autoimmune hepatitis (titre 1:1,280). The pattern of positivity on Crithidia luciliae shows a strong 
kinetoplast staining (magnification 40x).
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As Granito and colleagues correctly highlight in 
their correspondence (Granito, A., Muratori, L.,  
Tovoli, F. & Muratori, P. Diagnostic role 
of anti-dsDNA antibodies: do not forget 
autoimmune hepatitis. Nat. Rev. Rheumatol. 
https://doi.org/10.1038/s41584-021-00573-7  
(2020))1 on our Review (Pisetsky, D. S. & 
Lipsky, P. E. New insights into the role of 
antinuclear antibodies in systemic lupus 
erythematosus. Nat. Rev. Rheumatol. 16, 
565–579 (2020))2, anti-DNA antibodies, 
among other antinuclear antibodies (ANAs), 
occur prominently in autoimmune hepatitis. 
ANAs and other serological markers enable 
the division of autoimmune hepatitis into two 
types that differ in clinical course3–7. ANAs and 
anti-SMA antibodies are markers for type 1  
autoimmune hepatitis, whereas anti-LKM1 
antibodies are markers for type 2 autoimmune 
hepatitis8.

Patients with type 1 autoimmune hepatitis 
produce ANAs that recognize many nuclear 
antigens (including histones, centromeres 
and ribonucleoproteins), but the expression 
of anti-DNA antibodies is perhaps the 
most surprising. Anti-DNA antibodies are 
a serological criterion for classification for 
systemic lupus erythematosus (SLE) as well as 
a marker of disease activity, particularly renal 
disease9. In SLE, anti-DNA antibodies can 
form immune complexes that are deposited 
in the kidneys and induce nephritis; these 
complexes can also stimulate the production 
of cytokines, including type I interferons, that 
promote widespread immune abnormalities2. 

with increased anti-DNA antibody levels. 
Glomerulonephritis is also not a manifes-
tation of autoimmune hepatitis, raising the 
question of why anti-DNA antibodies can lead 
to nephritis in SLE but not in autoimmune 
hepatitis; perhaps a relevant source of DNA 
to form immune complexes is lacking in 
autoimmune hepatitis. On the basis of these 
interesting considerations, we appreciate the 
comments of Granito and colleagues1 because 
they suggest that comparative studies of 
anti-DNA antibodies in SLE and autoimmune 
hepatitis might provide novel insights into 
the origin of these antibodies and their role 
in pathogenesis.
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In autoimmune hepatitis, anti-DNA antibodies 
do not seem to have the same consequences8.

The expression of anti-DNA antibodies 
in both SLE and autoimmune hepatitis raises 
important questions about the putative role 
of anti-DNA antibodies in disease mani-
festations. Although characterizing the fine  
specificity of anti-DNA antibodies is compli-
cated because of the size and structural com-
plexity of DNA9, the anti-DNA antibodies 
in autoimmune hepatitis can be detected 
using the same assays as for those in SLE3–5. 
The behaviour of anti-DNA antibodies from 
patients with autoimmune hepatitis in these 
assays suggests that these antibodies are bona 
fide anti-DNA antibodies and have binding 
properties similar to those in SLE.

The expression of anti-DNA antibodies 
in autoimmune hepatitis and SLE provides 
an opportunity to consider the role of these 
antibodies in pathogenesis and the reasons 
for differing pathologies in these conditions. 
Unlike in SLE, the role of anti-DNA anti-
bodies, or other ANAs, in autoimmune 
hepatitis is unclear. Nevertheless, it is possible 
that these antibodies bind to hepatocytes in 
some way and cause cell death or injury: a 
mechanism that does not seem to pertain 
to SLE.

The absence of certain clinical and labo-
ratory features in autoimmune hepatitis 
is also notable. Activation of complement 
does not seem to be common in autoim-
mune hepatitis10, although disturbances in 
complement often occur in SLE concomitant 
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Author Correction: Raynaud phenomenon and digital ulcers  
in systemic sclerosis
Michael Hughes  , Yannick Allanore, Lorinda Chung, John D. Pauling  , Christopher P. Denton and Marco Matucci- Cerinic

Correction to: Nature Reviews Rheumatology (2020) https://doi.org/10.1038/s41584-020-0386-4, published online 25 February 2020.

In the originally published version of this article there was an error in the text. The sentence “For example, if the ulcer is ‘wet’ then appropriate 
dressings that contain hydrogels and hydrocolloids should be selected with the aims of reducing moisture and drying the wound” has been 
corrected to “For example, if the ulcer is ‘dry’ then appropriate dressings that contain hydrogels and hydrocolloids should be selected with the 
aims of promoting moisture and avoiding drying the wound.” This error has now been corrected in the HTML and PDF versions of the manuscript.
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Author Correction: Location, location, location: how the tissue 
microenvironment affects inflammation in RA
Christopher D. Buckley, Caroline Ospelt  , Steffen Gay   and Kim S. Midwood  

Correction to: Nature Reviews Rheumatology (2021) https://doi.org/10.1038/s41584-020-00570-2, published online 01 February 2021.

In the originally published version of this article there was an error in Table 1. The phenotypes for immunomodulatory sub- lining fibroblasts  
and perivascular sub- lining fibroblasts were mistakenly swapped. In the row entitled “Sub- lining layer (immunomodulatory)”, the cell for  
“Marker genes (human)” has been corrected from “Negative (CD34); positive (CD90 and HLA- DRA)” to “Positive (CD90 and CD34)” and the 
cell for “Marker genes (mouse)” has been corrected from “Negative (Cd34); positive (Cd90)” to “Positive (Cd90 and Cd34)”. In the row entitled 
“Sub- lining layer (perivascular)”, the cell for “Marker genes (human)” has been corrected from “Positive (CD90 and CD34)” to “Negative (CD34); 
positive (CD90 and HLA- DRA)” and the cell for “Marker genes (mouse)” has been corrected from “Positive (Cd90 and Cd34)” to “Negative  
(Cd34); positive (Cd90)”. This error has now been corrected in the HTML and PDF versions of the manuscript.
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