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The global health emergency resulting from the 
COVID-19 pandemic is a special concern to rheumato-
logists and their patients, as most patients seen by 
rheumatologists have underlying immune dysfunction 
and are commonly treated with immunosuppressive 
therapies. Such therapies are often highly effective for 
rheumatic disease treatment but can increase the risk 
of serious infections1, which has raised concern that 
these individuals might be more vulnerable to severe 
COVID-19 than the general population.

SARS-CoV-2 is a highly pathogenic virus that causes 
COVID-19 and is overwhelming the health systems 
of well-resourced developed countries. According to 
the Johns Hopkins Coronavirus Resource Center, as 
of the 27th of March 2020, in Italy alone 80,589 patients 
had been diagnosed with COVID-19, and 8,215 fatali-
ties had occurred. Doctors in Italy have been forced to 
face excruciating decisions about which patients should 
receive access to limited resources such as mechanical 
ventilation2. The severe nature of the SARS-CoV-2 
infection also exacerbates resource limitations, 
as patients often need 15–20 days of ventilation2. Many 
patients are severely or critically ill, and fatality rates 
have been higher than for viruses such as influenza3. 
Within this context, rheumatologists are understandably 
worried that COVID-19 could pose a considerable risk 
to their patients.

At present, there is insufficient data as to whether 
patients with rheumatic diseases or those using immuno-
suppressive therapy who contract COVID-19 are at 
increased risk of worse outcomes, although researchers 
are beginning to report COVID-19 in patients with 
rheumatic diseases4. Existing literature suggests that 
there is a substantial increase in serious infections in 
those treated with commonly used anti- rheumatic 
agents such as biologic drugs, Janus kinase (JAK) inhibi-
tors and glucocorticoids1, and there is a particular risk 
of Herpes zoster infection in those patients receiving 
JAK inhibitors5. However, extrapolation of this data to 
SARS- CoV-2 infection is problematic given the hetero-
geneity in speci fic drug- associated adverse events and 

the potentially protective role of immunosuppressive 
drugs in abating a severe inflammatory response to 
infection. During previous coronavirus epidemics, 
such as the 2002–2003 SARS- CoV epidemic and the 
MERS- CoV that has caused sporadic infections globally 
since 2012, comorbid disease or diabetes portended a 
worse outcome in some reports6,7, but not in others8. 
However, only limited data on the disease course of 
those taking immuno suppressive therapies and who 
contracted SARS or MERS have been published to date, 
restricting inferences from these previous coronavirus 
outbreaks9.

Although the adverse effects of drugs used to treat 
rheumatic diseases is a major concern, discussions are 
also taking place about the potential positive effects 
of some common rheumatic disease treatments. 
Antimalarials, JAK inhibitors, IL-1 inhibitors, IL-6 
inhibitors, intravenous immunoglobulin and lefluno-
mide have all been put forward as potential treatments 
for COVID-19. Appropriate trials of these agents 
are a pre- requisite to their widespread use in treating 
COVID-19 and are progressing; a phase III trial of 
tocilizumab for COVID-19 is currently ongoing10.

In the midst of the pandemic, the need for accurate 
information is urgent. The rheumatology community has 
responded rapidly, with a group of over 300 rheumato-
logists, scientists and patients from around the world 
forming The COVID-19 Global Rheumatology Alliance 
over the course of a few days. Remarkably, the idea for 
the alliance was initially formed through conversations 
on social media, with Twitter facilitating a rapid infor-
mation exchange between researchers and clinicians. 
International collaborators from across six continents 
were recruited from personal and professional networks 
to provide complementary areas of expertise. Over a 
period of days, alliance members swiftly began work 
on four distinct projects that would address the overall 
goal of efficiently gathering data regarding patients with 
rheumatic diseases and immunosuppressive medications 
during the rapidly evolving pandemic: a registry for phy-
sicians around the world to report cases of COVID-19; 
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analyses of insurer health claims data; systematic litera-
ture reviews; and partnerships with researchers who 
were conducting patient- facing research. Over 100 
professional societies, institutions and organizations 
from around the world have joined the alliance and are 
supporting its mission, including this journal.

The rheumatology COVID-19 registry will enable 
the rapid collection of case information from physicians 
who treat those with rheumatic diseases and is designed 
to answer two questions: what are the COVID-19 out-
comes among patients with rheumatic diseases, parti-
cularly those treated with immunosuppressive therapies; 
and can we make any inferences regarding the potential 
harms or benefits of particular immunosuppressive and 
immunomodulatory therapies in COVID-19 infec-
tion? Given the need for global collaboration, data is 
being collected for the registry through a survey that 
is accessible to clinicians on the registry website. Data 
on patient demographics, rheumatic disease pheno-
types, comorbidities, immunosuppressive and other 
drug therapies and COVID-19 outcomes will be col-
lected. The registry has been determined ‘not human 
subjects research’ under US Federal Guidelines by the 
University of California, San Francisco Institutional 
Review Board (IRB): a category that covers activities 
such as quality improvement and surveillance. No 
patient identifiers such as name or date of birth will be 
collected. International partners in Europe and else-
where are working to address issues related to regional 
IRBs. Collected data will be rapidly analysed and shared 
with the rheumatology community.

Physician- derived data from the rheumatology 
COVID-19 registry will enable rheumatologists to 
accumulate a rapid, worldwide case series with which  
to compare trends in COVID-19 outcomes across 
diseases, therapies and geographical areas. Such data 
will help the rheumatology community to generate 
hypo theses regarding risk and therapy and to provide 
information to physicians and patients in the short- term. 
Longer term, the data might serve as preliminary infor-
mation for the design of larger, systematic studies that 
address outcomes in specific sub- groups of patients or 
on the management of immunosuppressive therapies 
during infection. Although the rapid accumulation and 
dissemination of information is critically important 
during this pandemic, the alliance also recognizes that 
the initial data will have limitations and will need to be 
interpreted conservatively. Issues such as the lack of a 
control group and a probable reporting bias of more 
severe cases will limit conclusions about epidemio-
logy and causal inference. The registry will hopefully 
enable the rapid global exchange of case information 
to inform the design of studies that can address these 
important issues in the future.

Although physician- derived data is important, the 
alliance is also partnering with a number of patient 
support groups that are administering questionnaires 
to patients with rheumatic diseases. Understanding 
the community burden of COVID-19 in those with 
rheumatic diseases, as well as the patient experience of 
both the pandemic itself and of infections in general, will 

be important and complementary to the data collected 
from physicians.

Of equal importance will be the analysis of rapidly 
emerging data from existing data sources and from the 
scientific literature. To this end, alliance members are 
working with health- care payers to analyse adminis-
trative data regarding COVID-19 in patients with 
rheumatic diseases. This type of data, although not as 
clinically detailed as physician- derived registry data, 
provides a population- level view of how people using 
immunosuppressive medications fare clinically with 
COVID-19. Similarly, rapidly and rigorously performed 
systematic literature reviews will enable the analysis of 
the risks and benefits of immunosuppressive medi-
cations. Such reviews will have an important role in the 
interpretation of research that is being performed at an 
unprecedented pace in the current environment.

In summary, the rheumatology community has 
created a global, coordinated and timely response 
to  the COVID-19 pandemic. The alliance aims to 
harness the breadth of expertise and knowledge in the 
rheumato logy physician and patient communities to 
advance knowledge about COVID-19 for the benefit of 
all patients with rheumatic diseases.
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of HIF1α- regulated proteins in 
T cell- rich areas of nephritic 
human kidneys by immunohisto-
chemistry. Chen and colleagues then 
tested if HIF1α blockade (using the 
selective inhibitor PX-478) could 
ameliorate kidney damage in 
B6.Sle1.Yaa mice.

“We found the drug slowed 
the infiltration of T cells into 
kidney tissue and reversed their 
ability to incite tissue damage,” says 
corresponding author Joe Craft. 
“These findings suggest this therapy 
might be beneficial for human 
lupus nephritis.”

“Since this drug and others that 
block HIF1α function have been 
used in humans with cancer, they 
potentially could be available for  
the treatment of patients with SLE,” 
adds Chen.

The researchers also studied 
lupus- prone mice that lacked HIF1α 
in their T cells to examine the 
effects of T cell- specific depletion 
of HIF1α on kidney damage. The 
T cell- specific loss of HIF1α did 
not affect glomerular injury and 
the development of proteinuria in 
B6.Sle1.Yaa mice, but did reduce 
tubulointerstitial inflammation, 
implicating T cells in only the latter 
stages of LN development.

“Unlike the current trend for  
therapeutics in SLE that suppress 
systemic immunity, our study 
suggests that targeting tissue- 
 infiltrating immune cells is feasible 
as a treatment for organ damage,” 
asserts Craft. “More detailed research 
on understanding how the local 
tissue environment modulates the 
effector function of tissue- infiltrating 
immune cells into the kidneys or 
other damaged organs in SLE could 
lead to more therapeutic options,”  
he concludes.

Joanna Clarke

 L U P U S  N E P H R I T I S

HIF1α blockade reduces kidney 
injury in lupus nephritis

ORIgINaL aRTIcLE Chen, P.- M. et al. Kidney 
tissue hypoxia dictates T cell–mediated injury  
in murine lupus nephritis. Sci. Transl Med. 12, 
eaay1620 (2020)
RELaTEd aRTIcLE Sharabi, A. & Tsokos, G. C. 
T cell metabolism: new insights in systemic  
lupus erythematosus pathogenesis and therapy. 
Nat. Rev. Rheumatol. 16, 100–112 (2020)

kidney-  
infiltrating 
T cells from 
these mice had  
gene sign atures 
suggestive of 
adaptations  
to hypoxia

from the kidneys of these mice 
were transcriptionally active and 
pathogenic, as determined by T cell 
depletion experiments.

Kidney- infiltrating T cells from 
these mice had gene signatures 
suggestive of adaptations to hypoxia 
mediated by the transcription 
factor HIF1α. Chen and colleagues 
determined that this transcriptional 
profile was the direct result of low 
oxygen concentrations by injecting 
the mice with pimonidazole, a 
substance that only binds to proteins 
in hypoxic conditions. Double 
staining of kidney- infiltrating T cells 
with pimonidazole and HIF1α 
confirmed that these cells had 
adapted to the hypoxic environment, 
and T cell depletion experiments 
partially reversed hypoxia in the 
renal cortex.

“T cells are known to infiltrate 
the kidney, and many labs have 
shown that these cells have a 
pro- inflammatory phenotype and 
that manipulations (therapeutic  
or genetic) that lead to decreased 
kidney damage are linked to the 
decreased presence of T cells,” 
explains George Tsokos, an expert  
on T cells and SLE who was not  
involved in this study. “The concep-
tual brilliance of this paper is the 
consideration that the extended 
hypoxia (which can easily be 
assumed given that the filtration 
in the glomeruli is compromised) 
accounts for and/or contributes to 
T cell- mediated kidney damage.”

Using human single- cell 
RNA sequencing data from the 
Accelerating Medicines Partnership 
SLE project, the researchers 
found similar HIF1α- regulated 
gene signatures to those they 
found in mouse models of lupus 
and confirmed the expression 

Many patients with systemic lupus 
erythematosus (SLE) develop 
lupus nephritis (LN), which is 
characterized by immune cell 
infiltration, glomerular injury and 
tubulointerstitial damage. Current 
therapies do not induce remission 
in all patients, and many individuals 
progress to end- stage renal disease, 
eventually requiring dialysis and 
organ transplantation. A new study 
published in Science Translational 
Medicine proposes a different 
strategy for therapeutically targeting 
the kidneys in SLE by looking for 
clues in how the infiltrating immune 
cells adapt to that particular organ.

“The kidney presents unique 
challenges for the environmental 
adaptation of infiltrating immune 
cells as a consequence of its relative 
cortico- medullary and medullary 
hypoxia and osmolality,” states 
Ping- Min Chen, first author of the 
new study. “We therefore began by 
asking how T cells that infiltrate the 
kidneys of mice with lupus adapt to 

this environment, and in turn, 
how tissue adaptation 

modulates their 
effector function.”

The researchers 
used two different 
mouse models 
of lupus to test 

their theories; 
MRL/lpr mice, which 

spontaneously develop 
lupus- like disease, 
and B6.Sle1.Yaa 
lupus- prone mice 
(the male mice 
bear a second 
copy of the Tlr7 
locus on their 
Y chromosome). 
Both CD4+ and 
CD8+ T cells 
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Tanezumab improves difficult-to-treat OA
In a phase III study of patients with moderate-to-severe 
osteoarthritis (OA) who had not responded to or could not 
tolerate standard-of-care analgesics, the nerve growth factor 
inhibitor tanezumab improved pain, physical function and 
Patient’s Global Assessment of OA (PGA-OA) at 24 weeks  
when administered subcutaneously at a dose of 5 mg every  
8 weeks (as compared with placebo). Tanezumab 2.5 mg  
every 8 weeks improved pain and function but not PGA-OA, 
compared with placebo. Rapidly progressive OA occurred more 
frequently in the tanezumab 5 mg group than in the tanezumab 
2.5 mg group (2.8% vs 1.4%).
ORIgINaL aRTIcLE Berenbaum, F. et al. Subcutaneous tanezumab for osteoarthritis  
of the hip or knee: efficacy and safety results from a 24-week randomised phase III study 
with a 24-week follow-up period. Ann. Rheum. Dis. https://doi.org/10.1136/annrheumdis- 
2019-216296 (2020)

 g O U T

Hospitalization for infection on the rise in gout
Serious infections were the reason for 14.5% of all hospitali zations 
among people with gout in the USA in 2015–2016, compared 
with 8.9% in 1998–2000, according to an analysis of data 
from the U.S. National Inpatient Sample. From 1998 to 2016, 
rates of hospitalization due to sepsis increased 19.3-fold, for 
opportunistic infections increased 2.6-fold and for pneumonia 
increased 2.2-fold. The overall rate of in-hospital mortality was 
10.1% for those with sepsis, 4% for opportunistic infections, 3.1% 
for pneumonia, 0.6% for skin and soft tissue infection and  
0.5% for urinary tract infections.
ORIgINaL aRTIcLE Singh, J. A. & Cleveland, J. D. Serious infections in people with gout in 
the United States: a national study of incidence, time-trends and outcomes. Arthritis Care Res. 
https://doi.org/10.1002/ACR.24201 (2020)

 O S T E Oa RT H R I T I S

Physical therapy better than steroids for knee OA
In a randomized trial (n = 156), patients with clinical and  
radiographic evidence of knee osteoarthritis (OA) who 
underwent physical therapy had less pain, stiffness and 
functional disability than patients who received an intra- 
articular glucocorticoid injection, as measured by total 
WOMAC score at 1 year (37.0 vs 55.8 points; mean between- 
group difference 18.8 points; 95% CI 5.0–32.6). Similar 
differences were seen in the secondary outcomes, which 
included the results of two functional tasks and the Global 
Rating of Change scale score, all assessed at 1 year.
ORIgINaL aRTIcLE Deyle, G. D. et al. Physical therapy versus glucocorticoid injection for 
osteoarthritis of the knee. N. Engl. J. Med. 382, 1420–1429 (2020)

 Va S c U L I T I S

GCA relapse common in ustekinumab trial
IL-12–IL-23 blockade therapy with ustekinumab, in combination 
with a 24-week prednisone taper, was associated with a high 
rate of treatment failure in patients with active new-onset or 
relapsing giant cell arteritis (GCA) in a prospective, open-label 
trial. The study enrolled 13 patients, all of whom achieved disease 
remission within 4 weeks of starting treatment but only three 
(23%) of whom achieved the primary end point of sustained, 
prednisone-free remission (defined as the absence of relapse 
through week 52). Enrolment in the trial was terminated early, 
after seven of the first ten patients recruited experienced 
GCA relapse.
ORIgINaL aRTIcLE Matza, M. A. et al. Ustekinumab for the treatment of giant cell 
arteritis. Arthritis Care Res. https://doi.org/10.1002/ACR.24200 (2020)

ORIgINaL aRTIcLE Medina, C. B. et al. 
Metabolites released from apoptotic cells act as 
tissue messengers. Nature 580, 130–135 (2020)

Apoptosis, a form of programmed 
cell death, can modulate various 
physiological processes including 
inflammation, the dysregulation of 
which can lead and/or contribute 
to various pathologies such as 
inflammatory arthritis. New findings 
show that during cell death, and 
while maintaining their membrane 
integrity, apoptotic cells can release 
metabolites that can influence the 
surrounding environment, including 
having anti-inflammatory effects.

“It has been a long standing 
observation in the field that apopto-
sis, unlike other forms of cell death, 
is anti-inflammatory, and can also 
have other beneficial effects such as 
inducing compensatory proliferation 
of cells in the tissue, as well as tissue 
repair,” explains corresponding 
author Kodi Ravichandran. “What 
has long been unknown is what 
makes the apoptotic process capable 
of these features.”

Although previous studies had 
identified a number of apoptotic cell- 
derived soluble factors that function as 
‘find-me’ signals to attract phagocytes, 
the full apoptotic secretome had yet 
to be characterized. In the new study, 
the researchers used a combi nation of 
metabolomics and trans criptomics 
to identify the factors released from 
apoptotic cells that might influence the 
surrounding tissue microenvironment. 
“We integrated data across different 
cell types and different modalities  
of cell death induction, using meta-
b olic flux analysis, as well as a 
com bination of in vitro and in vivo 
approaches and disease models, to 
comprehensively address the question 
of ‘how do apoptotic cells commu-
nicate with their neighbourhood’,” 
reports Ravichandran.

They identified a group of 
metabolites released from apoptotic 

cells that could induce specific gene 
expression programmes in healthy 
neighbouring phagocytic cells, 
including genes involved in cytoskel-
etal rearrangements, inflammation, 
wound healing or tissue repair, 
anti-apoptotic functions, metabolism 
and cell size regulation.

“By comparing the metabolites 
released from primary cells and 
cell lines with or without apoptotic 
stimuli, as well as characterizing the 
metabolites released via a specific 
membrane channel that gets acti-
vated during apoptosis (the pannexin 
1 channel), we could narrow the list 
of metabolites down to six or even 
three with beneficial properties,” adds 
Christopher Medina, the first author 
of this work.

A cocktail of these three or 
six metabolites (termed Memix-3 
or Memix-6, respectively) could 
alleviate inflammation and paw 
swelling in mice with K/BxN 
serum-induced arthritis. Notably, 
treatment with the Memix-3 cocktail 
could also protect the joints of the 
mice from inflammation, bone 
erosion and cartilage erosion.

“We hope these results advance 
the knowledge in the field in terms of 
considering metabolites, metabolism 
and cellular communication,” says 
Ravichandran. “Going forward, we 
are very interested in examining the 
mechanisms by which the apoptotic 
metabolites signal to the surrounding 
cells, as there is quite a bit we don’t 
know, such as what receptors are used  
by these metabolites, or whether the  
metabolites are passing through  
the membranes, and how they work 
jointly to produce their effects.”

Jessica McHugh

 I N F L a M M aT I O N

Metabolic messengers of cell death

Credit: Science Photo Library/Alamy Stock Photo
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ORIgINaL aRTIcLE Weber, A. E. et al. Kappa 
opioids modulate hedgehog signaling to 
attenuate osteoarthritis. Arthritis Rheumatol. 
https://doi.org/10.1002/art.41250 (2020)

intra-articular 
injection of 
JT09 reduced 
cartilage loss 
at 6 weeks 
compared  
with injection 
of saline

As one of the four main opioid recep-
tor subtypes, κ-opioid receptor (KOR) 
is involved in pain processing, con-
sciousness and addiction. However, 
unlike other opioid receptors, KOR is 
also expressed by pre-chondrocytes 
and seems to be involved in preven-
ting cartilage degeneration and 
osteoarthritis (OA).

“Our previous studies laid the 
foundation for establishing KOR 
signalling as a potential therapeutic 
target for not only pain relief, 
but also for prevention of joint 
cartilage degeneration. However, 
the precise molecular mechanisms 
involved in KOR regulation of 
joint development and health 
remained largely unsolved,” explains 
Denis Evseenko, corresponding 
author of a new study published 
in Arthritis & Rheumatology. “Our 
group was interested in finding 
a novel signalling mechanism of 
KOR modulation, as opioid receptor 

signalling could have therapeutic 
potential in treating degenerative 
joint disease.”

KOR is a G protein-coupled 
receptor that can signal through 
secondary messengers that are 
known to inhibit the Hedgehog 
signalling pathway, which also has 
a role in cartilage degeneration and 
OA development. Evseenko and 
colleagues used the selective KOR 
agonist JT09, which is analgesic 
but has reduced addictive qualities, 
to determine if KOR signalling 
pathways affected Hedgehog 
signalling pathways.

In vitro, JT09 inhibited 
Hedgehog signalling in healthy 
and osteoarthritic human 
chondrocytes. In rats with partial 
medial meniscectomy-induced OA, 
intra-articular injection of JT09 
reduced cartilage loss at 6 weeks 
compared with injection of saline and 
prevented degenerative changes to 

 O S T E Oa RT H R I T I S

Opioid and Hedgehog signalling 
pathways converge to modulate OA

the structure of the articular surface. 
These changes were accompanied 
by a reduction in components of the 
Hedgehog signalling pathway in  
the articular cartilage.

“Our study defines a novel 
molecular mechanism for the role 
of the KOR in articular cartilage 
homeostasis and disease, providing 
a unifying mechanistic basis for the 
overlap in processes and pathologies 
that involve opioid and Hedgehog 
signalling,” concludes first author 
Alexander Weber.

Joanna Clarke
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regulatory b (breg) cells are important 
for maintaining immunological toler
ance and for suppressing pathogenic 
responses in autoimmune diseases 
such as rheumatoid arthritis. New find
ings suggest that butyrate, a gut 
microbiotaderived shortchain fatty 
acid generated during fermentation  
of dietary fibres, can suppress arthritis 
by influencing the development and 
function of breg cells.

“There have been many studies 
investigating how microbiotaderived 
metabolites affect T cell and myeloid 

cell function but little work has been 
carried out to investigate how these 
metabolites modulate b cell function,” 
explains elizabeth rosser, first author  
on the new study.

in a mouse model of experimental 
arthritis, the researchers found that 
dietary supplementation with butyrate 
could reduce arthritis severity in a 
 manner dependent on il10producing 
B cells. Indeed, butyrate supplemen
tation skewed the b cell population 
in these mice towards a regulatory 
phenotype.

using knockout mice, adoptive 
transfer experiments and chimeric 
mouse models, rosser and colleagues 
pinpointed the involvement of the 
arylhydrocarbon receptor (Ahr) in 
butyratemediated suppression of 
arthritis, including in the promotion 
of breg cell function and suppression of 
germinal centre b cell and plasmablast 
differentiation.

further experiments showed that 
butyrate did not directly upregulate 
Ahr activity in b cells but instead 
increased the levels of the metabolite 
5hydroxyindole3acetic acid (5HiAA) 
in the gut, potentially through shifting 
the gut microbiota profile towards 
an increased abundance of particular 
bacteria genera. 5HiAA itself directly 
increased the activity of AhR in B cells. 
Notably, treatment with 5HiAA sup
pressed arthritis development in wild 
type mice, but not in mice with a bcell 
specific deletion of Ahr or in mice treated 
with a tryptophan hydroxylase inhibitor 
known to reduce 5HiAA synthesis.

“our data suggest that a high fibre 
diet and/or butyratesupplementation 
might be antiinflammatory in the 
context of arthritis,” says corresponding 
author Claudia mauri. “modulating the 
production of gutderived metabolites 
with dietary changes, prebiotics or 
probiotics could be immunesuppressive 
in the context of arthritis.”

Jessica McHugh
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Microbiota-derived metabolites help 
regulatory B cells suppress arthritis

ORIgINaL aRTIcLE Rosser, E. C. et al. Microbiota- 
derived metabolites suppress arthritis by amplifying 
aryl-hydrocarbon receptor activation in regulatory 
B cells. Cell Metab. 31, 837–851 (2020)
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Aberrant activation of adenosine- 
dependent signalling has been 
implicated in a number of fibrotic 
diseases, including systemic sclerosis 
(SSc). The results of a new study 
indicate that adenosine depletion 
with recombinant pegylated 
adenosine deaminase (PEG-ADA) 
improves the three cardinal features 
of SSc, namely fibrosis, inflammation 
and vasculopathy, in preclinical 
models of the disease.

PEG-ADA is currently used as 
enzyme replacement therapy for 
patients with adenosine deaminase 
severe combined immunodeficiency 
(ADA-SCID). “As PEG-ADA is 
already used for the treatment of 
ADA-SCID and is well tolerated 
even with long-term application, 
our findings could have clinical 
implications and stimulate clinical 
trials with PEG-ADA in SSc,” 
notes Yun Zhang, first author  
of the study.

Targeting adenosine signalling 
in SSc has been attempted before, 

primarily by inactivation of CD73 
(an ectonucleotidase important 
in adenosine production) or by 
targeting individual adenosine 
receptors. However, neither approach 
has yielded an effective treatment 
for SSc.

In the present study, Zhang 
and colleagues investigated the 
effects of PEG-ADA in two mouse 
models of SSc: Fra2-transgenic 
mice and the sclerodermatous 
chronic graft-versus-host disease 
(Scl-GVHD) mouse model. 
In both models, treatment with 
PEG-ADA inhibited myofibroblast 
differentiation and ameliorated 
fibrosis in the skin, lungs and 
intestines, organ systems commonly 
affected in SSc. “The antifibrotic 
effects in the mouse models were 
also translated to the human context 
using a full-thickness skin model,” 
notes Zhang.

Treatment with PEG-ADA also 
prevented vascular manifestations in 
Fra2-transgenic mice and dampened 

the inflammatory response in both the 
Scl-GVHD and Fra2-transgenic 
mouse models. RNA-Seq analysis 
demonstrated that PEG-ADA 
treatment normalized the expression 
of several genes related to fibrosis, 
vasculopathy and inflammation in 
Fra2-transgenic mice.

Sarah Onuora
ORIgINaL aRTIcLE Zhang, Y. et al. Recombinant 
adenosine deaminase ameliorates inflammation, 
vascular disease and fibrosis in preclinical models 
of systemic sclerosis. Arthritis Rheumatol. https://
doi.org/10.1002/art.41259 (2020)
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Targeting adenosine in SSc

conditional 
PDGF- BB 
transgenic 
mice spontan-
eously devel-
oped OA- like 
disease

Subchondral bone angiogenesis and 
neovascularization of the articular 
cartilage are features known to develop 
at an early stage during osteoarthritis 
(oA), but the exact mechanisms 
behind these processes have been 
unclear. A new study has uncovered 
a role for platelet derived growth 
factor (PDGf) bb in subchondral bone 

angiogenesis and in the development  
of oA in mice.

“our study provides the first evidence 
that PDGf bb derived from preosteo
clasts is a key promoter of pathological 
subchondral bone angiogenesis during 
oA development,” states corresponding 
author mei Wan.

To assess the role of PDGf bb in 
disease, Wan and colleagues used the 
destabilization of the medial meniscus 
(Dmm) model of oA. “in mice after 
joint destabilization, mononuclear 
preosteoclasts in the subchondral 
bone secreted excessive amounts 
of PDGf bb, which activated PDGf 
receptor β signalling in pericytes for 
neovessel formation,” explains Wan.

The researchers used conditional 
PDGf bb knockout and transgenic mice 
that either lacked or overexpressed Pdgfb 
in osteoclast lineage cells. In this way, 
they could specifically assess the role of 

PDGf bb production by preosteoclasts. 
“by using conditional PDGf bb knockout 
mice and conditional PDGF- BB trans
genic mice, we found that PDGF- BB 
derived from preosteoclasts is both suffi
cient and necessary for the development 
of subchondral bone angiogenesis  
and subsequent joint degeneration,” 
says Wan.

Conditional PDGf bb knockout 
mice had reduced subchondral bone 
angiogenesis compared with wild type  
mice following Dmm and developed 
less severe disease than sham operated 
mice. interestingly, the conditional 
PDGf bb transgenic mice sponta
neously developed oA like disease. 
“Our transgenic mice can serve as  
an ideal spontaneous oA model that 
should help investigators study  
the pathogenesis of joint degenera
tion and OA pain, develop early 
interventions and test the efficacy 
of new treatments for human oA,” 
suggests Wan.

Joanna Clarke

 O S T E Oa RT H R I T I S

PDGF- BB is the key to unlocking 
pathological angiogenesis in OA

ORIgINaL aRTIcLE Su, W. et al. Angiogenesis 
stimulated by elevated PDGF- BB in subchondral 
bone contributes to osteoarthritis development. 
JCI Insight https://doi.org/10.1172/jci.insight. 
135446 (2020)
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For more than 40 years, the 1975 Bohan and Peter  
criteria1,2 were used as diagnostic and classi-
fication criteria for the idiopathic inflam matory 
myopathies (IIMs). These criteria were created 
on the basis of expert opinion, but were later 
supported by a computer-assisted analysis of 
data from a single centre3 in an early example 
of the application of computational methods 
to clinical information in IIMs. Evidence-based 
approaches have since further refined IIM 
classi fication, culminating in the 2017 
EULAR–American College of Rheumatology 
(ACR) IIM classification criteria4, which are 
now standardly used in IIM research. These 
criteria use a points-based system that incor-
porates clinical, laboratory and pathology 
data, and enable patients to be classified as 
having ‘definite’, ‘probable’ or ‘possible’ IIM. 
Furthermore, they define the major clinical 
IIM subgroups of juvenile dermatomyositis 
(JDM), polymyositis, dermatomyositis and 
inclusion body myositis4.

However, the subgroups defined using the 
EULAR–ACR classification criteria remain 
heterogeneous. Being able to target a thera-
peutic approach to a specific disease pheno-
type and/or underlying mechanism could be 
more efficacious than a general therapeutic 
approach, which makes accurately dividing 
patients into homogeneous subgroups an 
important task. However, given the myriad of 
potential variables that could be used to clas-
sify and divide patients into homogeneous 
populations, the optimal approach is unclear. 
To address this challenge, unsupervised 
machine learning methods, such as those used 

applied SNF to clinical data (International 
Myositis Assessment and Clinical Studies 
group disease activity core set measures, 
including the manual muscle test subset of 
eight muscles (MMT8)) and biological data 
(autoantibody, cytokine and chemokine 
concentrations) from 168 patients with IIMs 
(64 patients with polymyositis, 65 patients 
with dermato myositis and 39 patients with 
JDM) originating from the pivotal Rituximab 
in Myositis (RIM) clinical trial10.

Using SNF, Eng et al.5 identified five distinct  
patient groups in a discovery cohort (n = 84). 
Statistical analysis was then undertaken 
to ascertain whether individual variables 
could be used to reliably predict groups 
from the available clinical characteristics. 
The analysis revealed a minimal set of 
autoanti bodies that could reliably distinguish 
the new patient groups from each other: 
anti-Mi2, anti-signal recognition peptide 
(SRP), anti-nuclear matrix protein 2 (NXP2) 
and antisynthetase antibodies (a group of 
anti-aminoacyl transfer ribo nucleic acid 
synthetases that included anti-Jo1), as well 
as depletion of immuno globulin M (IgM) 
(potentially a novel finding). One criticism of 
the current EULAR–ACR criteria4 is that they 
only include anti-Jo1 autoantibodies, despite 
more comprehensive serum autoantibody 
profiles (including those described by Eng 
et al.5) being in use in clinical practice to 
support diagnosis and to predict prognosis. 
Therefore, it was expected that autoantibodies 
would emerge as the most useful variable to 
predict the subgroups identified by SF.

Eng et al.5 found that distinct clinical and 
biological characteristics were associated with 
the new patient groups. For example, anti-Mi2 
antibody-positive individuals tended toward 
impairment of quadriceps, whereas anti-SRP 
antibody-positive individuals tended toward 
impairment of gluteal muscles, and anti-Mi2 
antibody-positive individuals had greater 
expression of the chemokine CXCL10 than 
anti-SRP antibody-positive individuals. 
Patients with depleted IgM had better out-
comes, including improved muscle function, 
less cutaneous disease activity and lower levels 

in a new study by Eng et al.5, are being trialled 
to help define more homogeneous subgroups 
of patients with IIMs (Fig. 1).

In tandem with the general increase in 
the use of modern computational techniques 
that involve the application of algorithms to 
complex datasets to identify patterns and 
make predictions, referred to here as machine 
learning, several publications have described 
such analyses for IIM datasets. For example, 
hierarchical clustering techniques have been 
used to attempt to define homogeneous clini-
cal subgroups within the IIM spectrum and to 
develop prognostic indicators6,7. As ever, the 
use of complex biostatistical methods requires 
careful and competent implementation, espe-
cially as apparent patterns can emerge even in 
randomly generated datasets8, and statistical 
safeguards should be implemented to avoid 
making erroneous inferences9.

In their present study, Eng et al.5 used 
another machine learning method called 
similarity network fusion (SNF) to create  
a new subclassification system for IIMs using 
clinical and biological data. SNF is a novel 
method that can integrate diverse sources 
of data (including clinical and genomic 
information) with the aim of identifying 
homogeneous disease entities. The authors 
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Can machine learning unravel 
the complex IIM spectrum?
James B. Lilleker and Hector Chinoy 

Idiopathic inflammatory myopathies (IIMs) are heterogeneous conditions, and 
the optimal way to classify patients and divide them into subgroups remains 
unclear. Could machine learning techniques be the answer to the problem  
of defining homogeneous disease phenotypes, enabling stratified treatment 
approaches and the formulation of future IIM classification criteria?

Refers to Eng, S. W. M. et al. A clinically and biologically based subclassification of the idiopathic inflammatory myopathies 
using machine learning. ACR Open Rheumatol. 2, 158–166 (2020).
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of disability than patients in the other groups. 
Antisynthetase antibody-positive patients had 
increased overall expression of the chemo-
kines CCL2 and CXCL9. These findings could 
potentially lead to concentrations of IgM or 
cytokine profiles being used as part of a  
stratified treatment approach.

Although the patient groups described by 
Eng et al.5 were largely already known, they 
have been confirmed in this study in an unbi-
ased manner, thereby affirming the diagnos-
tic value of autoantibody profiles (including 
IgM concentrations) that are already used in 
clinical practice as biomarkers of disease pat-
terns, organ involvement, treatment response 
and prognosis. Further analysis by Eng et al.5 
involved a comparison of the newly defined 
groups with the traditional IIM subclassifica-
tions of dermatomyositis, polymyositis and 
JDM. The anti-Mi2 and antisynthetase groups 
mostly corresponded to dermatomyositis, 
anti-SRP and low IgM groups mostly corre-
sponded to polymyositis and the anti-NXP2 
group corresponded to JDM.

An inherent bias of the study by Eng et al.5 
is that the patients included were those that 
had previously been enrolled in the RIM 
study10. Therefore, all patients met the inclu-
sion criteria for that study, including having 
refractory myositis despite usual treatment 
and characteristics such as a mean disease 
duration of over 5 years and moderate levels 
of disability and, as such, might not reflect a 
real-life inception IIM cohort. In addition, the 
RIM study (which was published several years 
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before the 2017 EULAR–ACR criteria4) did 
not include anti-3-hydroxy-3-methylglutaryl 
CoA reductase (HMGCR) or anti-melanoma 
differentiation associated protein 5 (MDA5) 
autoantibody testing, and therefore these 
markers, which are now in routine clinical 
diagnostic use, could not be added to the 
computational method used by Eng and 
colleagues. The association of the anti-SRP 
and low IgM groups with the IIM subgroup 
of polymyositis5 is also at odds with the 
changing landscape of IIMs, as ‘polymyositis’ 
is now less-frequently recognized as a dis-
crete clinical entity. These patients (particu-
larly those with anti-SRP antibodies) could 
potentially be better described as having 
immune-medicated necrotizing myopathy, 
a distinct clinicopathological entity within 
the IIMs, if the latest understanding of IIM  
subtyping were to be applied.

Considerable advances in our understand-
ing of IIM heterogeneity, including those 
derived from the use of evidence-based 
ap proaches, have enabled the development of 
increasingly robust classification criteria for 
IIMs (Fig. 1). The new study by Eng et al.5 joins 
others in highlighting the critical importance 
of autoantibody status and, potentially, IgM 
status, in helping to define homogeneous IIM 
subtypes and inform prognosis. The applica-
tion of unbiased methodology to additional 
datasets to incorporate a comprehensive 
antibody repertoire, histology and imaging 
will further refine IIM subtyping and assist in 
future IIM classification work.

www.nature.com/nrrheum
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1975 
Bohan & Peter criteria
• Clinical examination
• Muscle enzymes
• Muscle biopsy

 evidence

2017 
EULAR–ACR criteria
• Pattern of muscle weakness
• Anti-Jo1 antibodies
• Detailed histopathology

Future unbiased criteria 
constructed using machine 
learning
• Novel myositis-specific 

autoantibodies
• Transcriptomics
• Proteomics
• Genomics

Fig. 1 | The evolution of idiopathic inflammatory myopathy classification criteria. Classification 
criteria for the idiopathic inflammatory myopathies have evolved over time to include the most 
up-to-date clinical diagnostic biomarkers to better classify patients. Future criteria could incorporate 
a variety of omics approaches to continue to improve our ability to classify patients and divide the  
disease spectrum into homogeneous subgroups. ACR, American College of Rheumatology.
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Peptidylarginine deiminases (PADs) have been impli-
cated in the pathogenesis of seropositive rheumatoid 
arthritis (RA) owing to their ability to generate citrul-
linated proteins, the targets of anti- citrullinated pro-
tein antibodies (ACPAs). PAD enzymes catalyse the 
calcium- dependent deimination of arginine residues, 
thereby producing the non- classical amino acid cit-
rulline. Protein deiminase activity was first described 
in mammalian hair follicles in 1977 (ref.1), and the 
enzyme responsible for this deimination was partially 
isolated and named ‘peptidylarginine deiminase’ 4 years 
later2. Five isoforms of PAD have since been identified 
in humans, designated as PAD1–PAD4 and PAD6 
(Table 1). For historical reasons, human PAD4 was orig-
inally named PAD5 (ref.3), but was later renamed when 
it was determined to be the true orthologue of mouse 
PAD4 (ref.4). The PAD enzymes have been implicated in 
a variety of physiological processes, including epigenetic 
and transcriptional regulation, tissue differentiation and 
female fertility (Table 1). Although PAD enzymes are 
widely expressed throughout the body5, each isoform 
has specific functions, substrates and tissue expression 
(reviewed extensively elsewhere4,6).

Of the five PAD enzymes, PAD2 and PAD4 are 
most strongly implicated in the pathogenesis of RA7–11. 
Importantly, PAD2 and PAD4 are the only PAD enzymes 
expressed in immune cells; PAD2 is ubiquitously 

expressed throughout the body (including by leuko-
cytes)4, whereas PAD4 is primarily expressed in granu-
locytes and monocytes4,12. PAD4 is unique among PAD 
enzymes in its role in the formation of neutrophil extra-
cellular traps (NETs; extracellular meshes of chromatin 
and granule proteins with antimicrobial activities) and 
in its possession of a nuclear localization signal3,13–15. 
Depending on the cell type, activation status and detec-
tion method used, PAD4 can be found in a variety of 
subcellular compartments including the nucleus, cytosol 
and at the cell surface3,16. Several studies have shown that 
nuclear PAD4 can function as an epigenetic regulator 
via histone citrullination17 and as a transcriptional reg-
ulator through interactions with transcription factors, 
including p53, ING4 and NF- κB18–20, but its function in 
other subcellular compartments is unknown. Similarly, 
although PAD2 is predominantly expressed in the cyto-
sol and lacks a traditional nuclear localization signal, it 
can also translocate to the nucleus and can be sponta-
neously secreted by neutrophils16,21. Although the role 
of PAD enzymes in normal physiology is beginning to 
be understood, important questions remain about how 
this normal physiological process becomes dysregulated 
in RA, where pathogenic PAD enzyme activity occurs 
(intracellularly or extracellularly) and why synovial 
joints are the predominant anatomical target of the 
immune system in RA.

PAD enzymes in rheumatoid arthritis: 
pathogenic effectors and autoimmune 
targets
Ashley M. Curran  1, Pooja Naik1, Jon T. Giles2 and Erika Darrah  1 ✉

Abstract | Peptidylarginine deiminases (PADs) have an important role in the pathogenesis of 
rheumatoid arthritis (RA) owing to their ability to generate citrullinated proteins — the hallmark 
autoantigens of RA. Of the five PAD enzyme isoforms, PAD2 and PAD4 are the most strongly 
implicated in RA at both genetic and cellular levels, and PAD inhibitors have shown therapeutic 
efficacy in mouse models of inflammatory arthritis. PAD2 and PAD4 are additionally targeted by 
autoantibodies in distinct clinical subsets of patients with RA , suggesting anti- PAD antibodies as 
possible biomarkers for RA diagnosis and prognosis. This Review weighs the evidence that supports 
a pathogenic role for PAD enzymes in RA as both promoters and targets of the autoimmune 
response, as well as discussing the mechanistic and therapeutic implications of these findings  
in the wider context of RA pathogenesis. Understanding the origin and consequences of 
dysregulated PAD enzyme activity and immune responses against PAD enzymes will be  
important to fully comprehend the pathogenic mechanisms involved in this disease and for  
the development of novel strategies to treat and prevent RA.
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In this Review, we synthesize the current literature 
on the role of PAD enzymes in the pathogenesis of RA, 
discuss the clinical relevance of anti- PAD antibodies as 
possible biomarkers for RA diagnosis and prognosis 
and propose a model to integrate the contribution of 
PAD enzymes and anti- PAD immune responses in the 
initiation and propagation of RA.

PAD enzymes in RA
The first evidence of PAD enzyme involvement in RA 
came in 1998, with the discovery that citrulline is an 
essential component of autoantigens that are recog-
nized by antibodies in sera from patients with RA22. 
Detected by the anti- cyclic citrullinated peptide (CCP) 
assay and later termed ACPAs, these autoantibodies are 
hallmark serological findings in RA and are integral 
components of the current diagnostic criteria23. ACPAs 
can be detected several years before disease onset and 
correlate with preclinical inflammation, severe joint 
disease and increased radiographic progression24–27. As 
ACPAs became a prominent focus in the study of RA, so 
too did PAD enzymes as effectors of this autoimmune 
response. Convergent studies in mice and humans led 
to PAD2 and PAD4 being implicated as the main pro-
moters of pathogenic citrullination in RA. Shortly after 
the discovery of ACPAs, PAD2 and PAD4 were found to 
be expressed by infiltrating haematopoietic cells (such 
as granulocytes, monocytes and macrophages) in RA 
synovium, whereas the other PAD isoforms were nota-
bly absent8,12,28,29. Coupled with human genetic studies 
that identified the PADI locus as an independent risk 
factor for RA30,31, the importance of these two PADs in 
RA pathogenesis was underscored by the pronounced 
reduction in disease severity in mouse models of arthri-
tis upon the deletion or inhibition of PAD2 or PAD4 
(refs10,11,32–36).

Genetic associations. In 1998, two genetic linkage studies 
revealed a locus on chromosome 1 encoding the PAD 
enzymes (the PADI locus) to be an independent risk fac-
tor for the development of RA30,31 (fig. 1). Subsequently, 
using a directed case–control association study of 
Japanese participants, eight individual single nucleo-
tide polymorphisms (SNPs) in PADI4 (which encodes 

PAD4) were positively associated with the development 
of RA7. Of these eight SNPs, rs2240340 had the strong-
est disease association7. The results of this study7 con-
firmed that genetic variation in PADI4 was primarily 
responsible for the association of the PADI locus with 
RA. The same study also revealed a haplotype of three 
specific non- synonymous SNPs — rs11203366 (S55G), 
rs11203367 (A82V) and rs874881 (A112G) — along 
with one synonymous SNP (rs1748033; L117L) in the 
coding region of PADI4 that was associated with the risk 
of developing RA and was named the ‘susceptible hap-
lotype’7. Subsequent targeted studies of the susceptible 
haplotype had conflicting results and confirmed that this 
haplotype was most strongly associated with the risk of 
RA in Asian37,38, but not most European39–41, populations. 
Later independent genome- wide association studies 
found the SNPs rs2240335 and rs230188 in PADI4 to 
be in near- complete linkage disequilibrium with each 
other, as well as with the susceptible haplotype, and to 
be strongly associated with an increased risk of RA in 
European and Asian populations9,42–45. Genetic variants 
in PADI2 are also weakly associated with the risk of 
developing RA; rs2076596, an intronic SNP in PADI2, 
was identified by a genome- wide association study in 
a Korean population9. Several additional non- coding 
SNPs in PADI2 (rs2076616, rs2057094, rs2235926 and 
rs1005753) were associated with risk of RA in targeted 
studies of PADI polymorphisms in Asian populations46. 
Although linkage disequilibrium between the PADI2 
and PADI4 SNPs is not observed9,46, the strong link-
age among RA- associated SNPs within each gene sug-
gests that RA risk might be attributable to extended 
‘susceptible haplotypes’, rather than individual SNPs.

Citrullinated autoantigen production. PAD2 and PAD4 
are capable of generating citrullinated proteins that are 
autoantigenic in RA, such as citrullinated versions of 
fibrinogen, vimentin and α- enolase8,29,47–51. However, 
the relative contribution of each PAD enzyme to the 
RA citrullinome is unknown. PAD2 and PAD4 prefer-
entially citrullinate distinct, yet overlapping, groups of 
substrates, although neither seems to be capable of gen-
erating the complete set of citrullinated antigens found 
in RA52–54. Even when given the same substrate, PAD2 
and PAD4 have distinct patterns of citrullination52,54, 
potentially generating citrullinated autoantigens with 
different immunogenicities55. For example, at a low titre, 
ACPAs in sera from patients with RA bind similarly to 
fibrinogen citrullinated by PAD2 or by PAD4, whereas at 
a high titre, these antibodies preferentially bind to fibrin-
ogen citrullinated by PAD4 (refs50,55). This more robust 
binding at a high titre suggests that autoantibodies from 
patients with RA bind with higher affinity to fibrino-
gen that has been citrullinated by PAD4 than by PAD2. 
Differences in citrullinated protein generation also occur 
between PAD2 knockout mice and PAD4 knockout 
mice. Whereas PAD2 seems to be important for main-
taining gross citrullination levels in mouse models of 
inflammatory arthritis, mice lacking PAD4 have normal 
amounts of citrullinated proteins but decreased amounts 
of specific autoantibodies against native and citrullinated 
antigens11,35,36,56. This observation is consistent with the 

Key points

•	Peptidylarginine deiminase (PAD) enzymes catalyse the deimination of arginine 
residues, generating the citrullinated protein targets of anti- citrullinated protein 
antibodies (ACPAs).

•	PAD2 and PAD4 are the most strongly implicated PAD enzymes in rheumatoid 
arthritis (RA) pathogenesis on the basis of genetic, histological and animal studies.

•	Anti- PAD4 antibodies are associated with severe joint damage, and anti- PAD2 
antibodies are associated with less severe joint and lung disease in patients with RA.

•	A subset of patients with RA who have the most severe joint and lung disease have 
anti- PAD4 antibodies that cross- react with PAD3 and can activate PAD4 enzyme 
function.

•	ACPAs and anti- PAD4 antibodies can both develop preclinically, but development of 
ACPAs typically precedes that of anti- PAD4 antibodies.

•	Dysregulated PAD enzyme activity and the development of citrullination- associated 
autoantibodies can promote three important features of RA: citrullination, 
pro- inflammatory cytokine production and bone destruction.
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finding that PAD enzyme activity in synovial fluid cor-
relates with PAD2 concentrations57, which also correlate 
with ACPA positivity, disease activity and concentra-
tions of inflammatory mediators58. Overall, these results 
suggest that PAD2 and PAD4 might have different roles 
in the joint, with PAD4 having a more dominant role in  
autoantibody formation and PAD2 having a more 
inflammatory role. Further studies are needed to define 
the relative contribution of each PAD enzyme to the RA 
citrullinome, as well as to the generation of citrullinated 
autoantigens recognized by ACPAs.

ACPA- independent roles of PAD enzymes. Studies using 
PAD inhibitors and PAD knockout mice have high-
lighted the importance of PAD enzymes in the patho-
genesis of RA beyond the generation of citrullinated 
autoantigens. Unlike humans with RA who develop 
ACPAs (autoantibodies that bind exclusively to the cit-
rullinated forms of proteins), mice with inflammatory 
arthritis do not develop these classic humoral immune 
responses specific to citrullinated autoantigens59. Mice 
therefore provide an opportunity to study the ACPA- 
independent roles of PAD enzymes. Growing evidence 
from mouse models of inflammatory arthritis suggests 
that PAD2 and PAD4 are both important amplifiers of 
disease severity, but might do so using distinct mech-
anisms10,11,33,35,36. PAD4 seems to have a critical role 
in disease amplification by modulating the immune 
response. In various models of arthritis, mice that lack 
PAD4 activity have reductions in total antibody produc-
tion, complement deposition in the joint and systemic 
pro- inflammatory cytokine production10,33,35,36. Reduced 
myeloid cell survival and skewing of T helper cell sub-
sets towards an anti- inflammatory phenotype are also 
observed in these mice34,36. PAD4 is known to promote 
the expression of pro- inflammatory cytokines such as 
IL-1β and TNF, possibly through its role as a transcrip-
tional regulator18. PAD2 also has a role in immunomod-
ulation, as reductions in total antibody production and 
shifts in T cell polarization have also been observed in 
mice that lack PAD2 (refs11,34,60). Understanding the 
individual contributions made by PAD2 and PAD4 in 
inflammatory arthritis will be an important step towards 

clarifying the complex role of PAD enzymes in the 
pathogenesis of RA.

Anti- PAD immune responses in RA
The discovery of anti- PAD antibodies in 2003 added 
a new dimension to the role of PAD enzymes in RA61. 
At that time, ACPAs had only been described 5 years 
before22, and PAD2 and PAD4 had just been found in 
the synovial fluid of patients with RA62. As human PAD 
protein was not commercially available at the time and 
the independent roles of PAD2 and PAD4 were not yet 
appreciated in RA, rabbit type II PAD was used as a 
surrogate ‘PAD’ antigen61. Using this antigen, anti- PAD 
antibodies were more prevalent in patients with RA 
than in healthy individuals and probably represented 
anti- PAD2 antibodies owing to the 93% homology 
between rabbit type II PAD (XP_002723905.1) and 
human PAD2 (NP_031391.2)63. The subsequent dis-
covery of antibodies against human PAD4 and their 
correlation with severe joint disease shifted the focus to 
PAD4 as a target autoantigen in RA64–66. Several groups 
have since characterized the prevalence, specificity and 
clinical relevance of anti- PAD antibodies in RA (Table 2).

Anti- PAD4 antibodies. Anti- PAD4 antibodies have 
been found in 22–45% of patients with established 
RA, are highly specific for the disease and are strongly 
associated with ACPA positivity (Table 2). In a study of  
83 patients with RA for whom pre- diagnosis serum sam-
ples were available, anti- PAD4 antibodies were present 
in 18% of patients prior to diagnosis with RA, and their 
emergence often followed the development of ACPAs67. 
Despite their strong correlation with ACPAs, anti- PAD4 
antibodies are also detected in 2–19% of ACPA- negative 
patients with RA68–71. Combined testing for anti- PAD4 
antibodies and ACPAs (as measured by anti- CCP test) 
increased the diagnostic sensitivity for RA by 6.2% com-
pared with ACPA testing alone71. However, it is impor-
tant to note that the anti- CCP assays in current clinical 
use do not detect all possible fine ACPA specificities72. 
Although anti- CCP assays are more sensitive and spe-
cific for RA than assays that measure a limited number 
of specific ACPAs73–75, a multiplex assay that measures 

Table 1 | The expression, substrates and functions of human peptidylarginine deiminases

Isoform Location Substrates Physiological functions Disease associations

PAD1 Epidermis and uterus82; hair follicles131 Keratin and filaggrin134 Skin keratinization4 Psoriasis4

PAD2 Skeletal muscle, brain, spleen, 
secretory glands and pancreas4,6; 
spinal cord82; kidney135; Schwann 
cells136; uterus and ovaries6; 
macrophages8; neutrophils16,52; 
T cells60,137; oligodendrocytes138

Myelin basic protein4,139; 
vimentin4; β- actin and γ- actin52; 
fibrinogen and α- enolase50

Disassembly of vimentin 
filaments140; gene 
regulation6; immunity60,137

Rheumatoid arthritis and 
multiple sclerosis4; Alzheimer 
disease141; prion diseases142

PAD3 Epidermis and hair follicles82 Trichohyalin1; filaggrin6 Epidermal barrier function 
and regulation6

None

PAD4 Granulocytes (eosinophils and 
neutrophils)3,12; monocytes8; T cells137; 
oligodendrocytes138,143

Histones and nucleophosmin144; 
vimentin8; antithrombin131; 
ING420; NF- κB18; p5319; fibrinogen 
and α- enolase50

Epigenetic and 
transcriptional 
regulation17–20; NET 
formation13,14; immunity14,137

Rheumatoid arthritis, systemic 
lupus erythematosus and 
multiple sclerosis131; cancer145

PAD6 Egg, embryo and ovary146 No deimination activity147 Embryonic development148 None

ING4, inhibitor of growth protein 4; NET, neutrophil extracellular trap; PAD, peptidylarginine deiminase.
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an extended group of ACPA specificities increased the 
sensitivity for a diagnosis of RA by 3.2% compared 
with anti- CCP assays72. Together, these results suggest 
that anti- PAD4 antibodies might provide additional 
diagnostic value in RA to the current clinically available 
assays.

Anti- PAD4 antibodies have also been associated with 
extensive joint damage in multiple cohorts (Table 2). In 
most studies65,66,69,76–78, joint damage was quantified using 
the Sharp–van der Heijde method, in which erosion of the  
articular bone and narrowing of the joint space is eval-
uated on radiographs of multiple joints in the hands, 
wrists and feet, representing macroscopic changes that 
result from chronic synovitis. In one of these studies, 
patients with anti- PAD4 antibodies had substantially 
more radiographic evidence of joint damage at baseline 
than patients who were negative for anti- PAD4 antibod-
ies, even after adjustment for other covariates that con-
tribute to RA severity, such as disease duration, swollen 
joint count and current treatment66. Notably, given the 
strong association between anti- PAD4 antibodies and 
ACPAs, most researchers have not directly controlled 
for ACPA status in their models. Despite the strong 
association between anti- PAD4 antibodies and baseline 
joint damage, it remains unclear whether the presence 
of anti- PAD4 antibodies at baseline is associated with 
radiographic progression of joint damage over time. 
One longitudinal study found that patients with early 
RA (disease duration of <3 years) who had anti- PAD4 
antibodies at baseline had higher joint damage scores 
after 10 years than anti- PAD4 negative individuals65. 
A trend towards higher joint damage scores over time in 
ACPA- positive patients with anti- PAD4 antibodies was 
also observed compared with ACPA- positive patients 
who were negative for anti- PAD4 antibodies65. By con-
trast, in a study of African- American patients with early 

RA (disease duration of <2 years), anti- PAD4 antibodies 
did not predict the progression of joint disease at 5 years, 
even in an unadjusted model77. In addition to radio-
graphic joint damage, correlations between anti- PAD4 
antibody positivity and acute disease activity measures 
(such as C- reactive protein (CRP) concentrations, the 
28- Joint Disease Activity Score (DAS28) and the swollen 
joint count) have also been noted in some cohorts65,69,70,76. 
Although present in a subset of patients in the preclinical 
phase, anti- PAD4 antibodies were also associated with 
disease duration in multiple cohorts66,68,77–80, and sero-
conversion to anti- PAD4 antibody positivity can occur 
in patients with established disease76,77.

The association between anti- PAD4 antibodies and 
joint damage in observational cohort studies suggests 
that the presence of anti- PAD4 antibodies might affect 
an individual’s response to treatment. This idea has only 
been systematically evaluated in two treatment studies so 
far, which had differing results and study designs. In an 
open- label treatment study (n = 40), patients with RA with 
anti- PAD4 antibodies had increased radiographic pro-
gression and a persistently high DAS28 compared with 
anti- PAD4 antibody- negative patients in univariate mod-
els, despite 1 year on TNF inhibitor therapy76. However, 
statistical significance was lost after adjustment for CRP 
and ACPA status. In a double- blind non- inferiority trial 
of patients with RA in whom metho trexate monother-
apy failed (n = 282), patients with anti- PAD4 antibodies 
paradoxically demonstrated a more favourable response 
to treatment escalation (triple DMARD therapy or meth-
otrexate and a TNF inhibitor), as measured by greater 
reductions in DAS28 and less progression of erosive joint 
disease, compared with patients without anti- PAD4 anti-
bodies, despite having more baseline radiographic dam-
age78. This favourable response was maintained even after 
adjusting for covariates associated with severe disease, 

rs11203366
A163G
(S55G)

rs11203367
C245T
(A82V)

rs874881
C335G
(A112G)

rs2240340
C → T
(NC)

rs1748033
C349T
(L112L)

rs2301888
A → G
(NC)

PADI4
16

15
12752 14

13
1196 10

8
431

PADI2 16
3ʹ  UTR1512752 14131196 108431

rs2240335
A1149C
(R383R)

rs1005753
T → G
(NC)

rs2076616
G → A
(NC)

rs2057094
C → T
(NC)

rs2076596
T → C
(NC)

rs2235926
C → T
(NC)

Fig. 1 | Rheumatoid arthritis-associated single nucleotide polymorphisms in PADI4 and PADI2. Several specific single 
nucleotide polymorphisms (SNPs) in PADI2 (NM_007365.3) and PADI4 (NM_012387.3) are associated with an increased risk 
of developing rheumatoid arthritis (RA). PADI4 and PADI2 exons are labelled 1–16, and individual RA- associated SNPs are 
denoted as dots. Reference SNP cluster IDs are shown above the nucleotide change, and amino acid changes are given in 
parentheses. NC, non- coding; UTR , untranslated region.
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including ACPA status. The discrepancy between the two 
studies might be attributable to differences in the study  
design, sample sizes, the clinical characteristics of the 
study participants and the treatment regimes. The open-  
label study76 did not report inclusion criteria and had 
considerably fewer patients, all of whom began treat-
ment with TNF inhibitors as part of routine clinical care, 
whereas methotrexate monotherapy had previously failed 
in all patients in the non- inferiority trial78. Furthermore, 
the average disease duration and baseline radiographic 
erosion scores were much higher in the open- label study76 
than in the non- inferiority trial78, and it was unclear if 
TNF inhibitors were used as a monotherapy. Overall, 
anti- PAD4 antibodies have potential as diagnostic and 
prognostic biomarkers, but further study is needed to 
determine their effect on treatment response in RA.

Anti- PAD3/4 antibodies. During an attempt to discover 
whether other PAD isoforms were targeted by autoan-
tibodies in RA, a subset of anti- PAD4 antibodies was 
found that cross- reacted with the related enzyme PAD3 
(named anti- PAD3/4 antibodies)81. As PAD3 is domi-
nantly expressed in hair follicles and is notably absent 
from the RA joint, it is unlikely to be an independent 
antigenic target in RA8,82. However, this cross- reactivity 
enabled the discovery of a biochemically distinct sub-
set of anti- PAD4 antibodies. Anti- PAD3/4 antibodies 
enhance the citrullination activity of PAD4 by interact-
ing with a conformational calcium- binding epitope at 
the interface of the N- terminal and C- terminal domains 
of PAD4, thereby reducing the amount of calcium 
required for catalysis81,83. The ability of anti- PAD3/4 
antibodies to directly amplify citrullination suggests that 
they could have an active role in the pathogenesis of RA 
by promoting autoantigen generation.

Anti- PAD3/4 cross- reactive antibodies are present 
in 40–50% of patients with RA who have anti- PAD4 
antibodies and are found in 10–18% of patients with 
established RA (Table 2). The prevalence of anti- PAD3/4 
antibodies is lowest in patients with early RA (disease 
duration of <2 years), and they increase in both prev-
alence and titre over time71,77. Anti- PAD3/4 antibodies 
are also associated with severe, progressive joint dam-
age and with an increased prevalence of interstitial lung 
disease77,81,84. Although in most studies, patients with 
anti- PAD3/4 antibodies have more severe and progres-
sive joint damage than patients who have anti- PAD4 
antibodies that do not cross- react with PAD3, they 
respond similarly well to treatment escalation following 
the failure of methotrexate monotherapy78. The favour-
able response to treatment escalation is intriguing in 
light of the high burden of radiographic joint damage 
found in these patients, which suggests that erosions 
might accumulate in these individuals without the pain 
and inflammation typically associated with synovitis. 
Understanding this mechanism will be critical for identi-
fying a therapeutic window to prevent the accumulation 
of irreversible joint damage in this subset of patients.

Anti- PAD2 antibodies. Although anti- PAD antibod-
ies were first discovered in patients with RA in 2003 
using rabbit type II PAD61, antibodies against human 

PAD2 were first reported in 2018 (ref.85). Antibodies 
against rabbit type II PAD were increased particularly 
in patients with new- onset disease and in those who 
were treatment- naive, although results regarding their 
association with ACPAs and rheumatoid factor (RF) 
were discordant61,86. Antibodies to human PAD2 were 
not associated with RF or ACPAs and were present in 
23% of ACPA- negative individuals85. Unlike anti- PAD4 
antibodies, antibodies to human PAD2 were associated 
with less progressive joint damage, fewer swollen joints 
and a lower prevalence of interstitial lung disease85. 
Additionally, anti- PAD2 and anti- PAD3/4 antibodies 
rarely co- occurred in the same individuals (<2% of 
patients) and could be used to identify two subgroups 
of patients with marked differences in the progression of  
joint damage85. Although these findings85 suggest that 
anti- PAD2 antibodies might identify a distinct subset of 
patients with RA who have less progressive joint disease, 
it is important to remember that this association has only 
been evaluated in a single cohort so far. Additional inde-
pendent studies are needed to validate these findings 
and to fully understand the mechanistic and diagnostic  
relevance of anti- PAD2 antibodies in RA.

PAD- reactive T cells. Given the role that CD4+ T helper 
cells have in providing help to B cells to produce high 
affinity IgG antibodies, the presence of anti- PAD anti-
bodies in a subset of patients with RA suggests the exist-
ence of PAD- reactive CD4+ T cells. Such PAD4- specific 
CD4+ T cells have only been reported in one small study 
of patients with established RA87, and PAD2- specific 
T cells have not been described. In the one published 
study, T cell responses to whole PAD4 protein were 
found in 5 out of 11 (54%) patients with established RA. 
T cell responses to a panel of PAD4 peptides were high-
est in patients with HLA- DRB1*04 alleles and were asso-
ciated with high concentrations of CRP87. Importantly, 
high- resolution typing at the HLA- DRB1 locus was 
not performed in that study87; thus, it is unclear if 
PAD4- specific T cell responses are associated with 
HLA- DRB1*04 alleles that are known to be linked to 
RA88. Further study is needed to define the clinical and  
immunological relevance of PAD- specific T cells in RA.

Breach of tolerance against PADs
The mechanisms by which citrullinated proteins and 
PAD enzymes become targeted by the immune sys-
tem in RA are currently unknown. Whether the high 
concentrations of PAD enzymes and citrullinated pro-
teins in the joints of patients with RA are a cause or an 
effect of the arthritogenic process is also unclear. Several 
mechanisms of PAD dysregulation and aberrant citrul-
lination have been proposed that could lead to a breach 
of immune tolerance against citrullinated proteins and 
PAD enzymes themselves. However, further studies are 
needed to define precisely how such a tightly regulated 
physiological process can become pathogenic and the 
target of an autoimmune response.

Genetic and environmental factors. Although several 
genetic and environmental factors have been linked to 
the development of RA, those that could lead to PAD 
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Table 2 | Clinical features associated with anti- PAD antibodies

Study Assay RA stagea Sensitivity 
(%)c

Specificity 
(%)d

Number of 
participants

Association between anti- PAD antibodies  
and RA features

Ref.

ACPA RF Shared 
epitope

Disease 
activity 
markersh

SHS or 
bone 
erosions

Anti- PAD2 antibodies

Nissinen et al. 
(2003)

rPAD;
ELISA

Earlyb 88 77 57 Noe No No NR NR 61

Establishedb 70 57 Noe Posf No NR NR

Established 22 51 Noe No NR NR NR

Roth et al. (2006) rPAD;
ELISA

Early 31 97 184 Posf NR NR NR NR 86

Darrah et al. 
(2018)

hPAD2;
ELISA

Established 18 97 184 No No Negf Negg Negg 85

Anti- PAD4 antibodies

Takizawa et al. 
(2005)

hPAD4;
ELISA

Established 50 95 42 NR NR NR NR NR 64

Halvorsen et al. 
(2008)

hPAD4;
DELFIA

Early 22 86 237 Posf Posf No Posf Posf 65

Established 25 177 Posf Posf No Posg NR

Harris et al. (2008) hPAD4;
IVTT- IP

Established 36 99 129 Posf NR No NR Posg 66

Zhao et al. (2008) hPAD4;
ELISA

Established 45 93 109 Posf Posf NR Posf Posf 69

Halvorsen et al. 
(2009)

hPAD4;
DELFIA

Established 42-45 NR 40 No No NR Posf Posf 76

Kolfenbach et al. 
(2010)

hPAD4;
IVTT- IP

Pre- diagnosisb 18 99 83 Posf NR NR NR No 67

Establishedb 26 83

Ferucci et al. 
(2013)

hPAD4;
IVTT- IP

Established 29 99 82 Posf No No NR NR 79

FDR 1 147 NR NR NR NR NR

Reyes- Castillo 
et al. (2015)

hPAD4;
ELISA

Established 24 95 170 Posf No NR No NR 68

Early 18 80 NR NR NR NR NR

Established 29 90 NR NR NR NR NR

Navarro- Millan 
et al. (2016)

hPAD4;
IVTT- IP

Established 24 NR 192 Posf NR NR No Posi 77

Early 21 81 NR NR NR NR NR

Umeda et al. 
(2016)

hPAD4;
ELISA

Established 30 100 148 Posf NR No NR NR 90

Cappelli et al. 
(2018)

hPAD4; 
IVTT- IP

Established 25 NR 274 Posf NR Posg No Posf 80

Guderud et al. 
(2018)

hPAD4;
DELFIA

NR 26 NR 745 Posf Posf No Posi NR 70

Darrah et al. 
(2019)

hPAD4;
IVTT- IP

Established 26 NR 282 Posf No NR No Posf 78

Martinez- Prat 
et al. (2019)

hPAD4;
Quanta
Flash

Established 35 95 640 NR NR NR NR NR 71

Early 17 99 66 NR NR NR NR NR

Anti- PAD3/4 antibodies

Darrah et al. 
(2013)

hPAD3/4;
IVTT- IP

Established 12 100 194 No No Posf No Posg 81

Navarro- Millan 
et al. (2016)

hPAD3/4;
IVTT- IP

Established 10 NR 192 Posf NR NR No Posg 77

Early 7 81 NR NR NR NR NR

Cappelli et al. 
(2018)

hPAD3/4; 
IVTT- IP

Established 12 NR 274 Posf NR No Posf Posf 80
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dysregulation and the initiation of anti- PAD immune 
responses are less well defined. The RA- associated 
PADI4- susceptible haplotype enhances the stability of 
PADI4 mRNA7, but whether this increased mRNA sta-
bility affects the amount or activity of PAD4 is unclear. 
A 2017 study demonstrated that the protein product of 
the PADI4- susceptible haplotype binds the NF- κB sub-
unit p65 more efficiently than wild- type PAD4, thereby 
increasing NF- κB activity, which could promote pro- 
inflammatory cytokine production and inflammation in 
genetically predisposed individuals18. Furthermore, the 
PADI4- susceptible haplotype is associated with the pres-
ence of ACPAs or anti- PAD4 antibodies in some7,66,68, 
but not all68,70, studies, suggesting that it might promote 
the induction of immune responses to citrullination- 
associated antigens in certain individuals. Another 
RA- associated SNP in PADI4, rs2240335, is associated 
with reduced expression of PADI4 in neutrophils but 
increased expression in monocytes, as well as with 
reduced amounts of autoantibodies against native and 
citrullinated histones in patients with RA44,45. By con-
trast, the functional consequences of SNPs in PADI2 
have not yet been defined9,38,46.

Interestingly, the collection of HLA- DRB1 alleles 
that contain the so- called ‘shared epitope’ comprise the 
strongest genetic risk for ACPA- positive RA89, but are 
not independently associated with anti- PAD4 antibod-
ies65,66,70,79,90. Shared epitope- containing alleles are united 
by the presence of the conserved amino acid motif 
QKRAA at positions 70–74 of the DRB chain (reviewed 
extensively elsewhere88). This lack of association could, 
in part, be explained by the strong association between 
ACPAs and anti- PAD4 antibodies (Table 2). The enrich-
ment of PAD4- specific T cell responses in patients with 
HLA- DRB1*04 alleles87 suggests that a detailed analysis 
of the association of anti- PAD4 immune responses with 
specific HLA- DRB1 alleles is warranted to determine  
if specific HLA variants predispose to the development of  
anti- PAD4 responses. In contrast to anti- PAD4 antibod-
ies, anti- PAD2 antibodies are not associated with ACPAs 
and are inversely associated with shared epitope alleles85. 

Instead, anti- PAD2 antibodies are associated with a dis-
tinct group of HLA- DRB1 alleles that possess an ARAA 
or ERAA motif at positions 71–74 of the DRB chain in 
place of the shared epitope, and that are associated with 
less progressive joint disease91,92.

Smoking is the environmental factor that has the 
strongest links to seropositive RA93–95, implicating the lung  
as a site of disease initiation in RA. In addition, ACPAs 
and RF have been detected in induced sputum from 
the lung96–98, along with NET remnants99, both in indi-
viduals at risk of RA prior to the development of sys-
temic autoantibody responses and in patients with 
established RA. These observations are foundational  
to the ‘mucosal origins’ hypothesis, which postulates that 
the disease process in RA originates at distal mucosal 
sites, such as the lungs, and later spreads to the joints100. 
Although anti- PAD4 and anti- PAD3/4 antibodies can 
be found in sputum from patients with RA, they are 
only present in individuals with circulating anti- PAD4 
autoantibodies and are inversely associated with cigarette 
smoking98. This inverse association with smoking sug-
gests that additional environmental factors might par-
ticipate in the breach of immune tolerance to PAD4 and 
explain the presence of anti- PAD4 immune responses 
in the lung.

Another facet of the mucosal origins hypothesis 
that could contribute to the breach of tolerance is the 
association between seropositive RA and periodontal 
disease and the observation that periodontitis often 
precedes the development of RA in patients who have 
both diseases101,102. Chronic periodontitis is thought 
to contribute to the pathogenesis of RA through two 
important oral pathogens — Porphyromonas gingivalis 
and Aggregatibacter actinomycetemcomitans (reviewed 
extensively elsewhere103). P. gingivalis is unique among 
oral bacteria as it possesses its own peptidylarginine 
deiminase (called PPAD), which has led to the hypoth-
esis that PPAD- mediated citrullination of autoantigens 
might initiate ACPA development at periodontal sites 
and explain the association between RA and periodon-
tal disease101,104. However, PPAD is distinct from human 

Study Assay RA stagea Sensitivity 
(%)c

Specificity 
(%)d

Number of 
participants

Association between anti- PAD antibodies  
and RA features

Ref.

ACPA RF Shared 
epitope

Disease 
activity 
markersh

SHS or 
bone 
erosions

Anti- PAD3/4 antibodies (cont.)

Darrah et al. 
(2019)

hPAD3/4;
IVTT- IP

Established 11 NR 282 Posf No NR No Posf 78

Martinez- Prat 
et al. (2019)

hPAD3;
Quanta
Flash

Established 14 96 640 NR NR NR NR NR 71

Early 8 94 66 NR NR NR NR NR

ACPA , anti- citrullinated protein antibody; DELFIA , dissociation- enhanced lanthanide fluorescence immunoassay; ELISA , enzyme- linked immunosorbent assay; 
FDR , first- degree relative; hPAD, human PAD; IVTT- IP, in vitro transcription and translation immunoprecipitation; Neg, negative; NR , not reported; PAD, 
peptidylarginine deiminase; Pos, positive; RA , rheumatoid arthritis; RF, rheumatoid factor; rPAD, rabbit PAD; SHS, Sharp–van der Heijde score. aEarly indicates a 
duration of ≤2 years, and established indicates a duration of >2 years. bSame individuals at baseline and follow- up visit within the same cohort. cThe percentage of 
patients with RA who tested positive for the antibodies. dCalculated on the basis of autoantibody positivity in the control populations. eTested by anti- filaggrin 
antibody test. fStatistically significant in univariate analysis but not tested in multivariate analysis. gStatistically significant in both univariate and multivariate 
analysis. hSuch as the Modified Health Assessment Questionnaire, Clinical Disease Activity Index, C- reactive protein concentration, 20- Joint Disease Activity Score 
and swollen joint count. iTested in univariate and multivariate analyses but statistical significance reached only in univariate analysis.

Table 2 (cont.) | Clinical features associated with anti- PAD antibodies
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PAD enzymes in that it can citrullinate free arginine and 
can only citrullinate peptidylarginine residues present at 
the C- termini of substrates cleaved by gingipains103,104. 
Although PPAD can citrullinate the C- termini of 
known RA autoantigens following their cleavage with 
gingipains104, the finding that ACPAs primarily target 
sequences that have been endocitrullinated (citrulli-
nated within the protein sequence) suggest that host 
PAD enzymes are the primary generators of citrulli-
nated autoantigens in RA22. A. actinomycetemcomitans 
secretes a pore- forming toxin that can induce a process  
called leukotoxic hypercitrullination (LTH) in neutro-
phils, which is marked by the hyperactivation of host 
neutrophil PAD enzymes and the widespread citrul-
lination of intracellular proteins, many of which are 
autoantigens that are present in the joints of patients 
with RA102,105. This process can also be induced by 
other pore- forming bacterial toxins and host proteins, 
such as the complement membrane attack complex, 
or perforin105,106. Although it is currently unknown if 
periodontal disease is a risk factor for the development 
of anti- PAD immune responses, it is possible that a 
combination of genetic and environmental risk factors 
contributes to the initiation of citrullination- associated 
autoimmune responses by provoking PAD dysregula-
tion. Additional studies are needed to fully define the 
environmental factors and anatomical sites that partic-
ipate in the breach of immunological tolerance to PAD 
enzymes in RA.

Atypical exposure and modification of PADs. Increased 
amounts of PAD enzymes at sites of inflammation 
could promote anti- PAD immune responses by expos-
ing suprathreshold concentrations of these enzymes to 
autoreactive T cells and B cells. Although PADs are nor-
mally intracellular enzymes, increased amounts of sol-
uble PAD2 and PAD4 have been found in the synovial 
fluid of patients with RA57,107, suggesting that these PAD 
enzymes might be released from cells under certain con-
ditions16,90. The death of PAD- expressing cells by a vari-
ety of mechanisms, including LTH and NETosis (a form 
of cell death associated with the production of NETs), 
might be a source of enzymatically active extracellular 
PAD enzymes107. In addition, the expression of PAD4 
on the cell surface of monocytes and neutrophils and 
the constitutive secretion of PAD2 by neutro phils offers 
yet another mechanism by which PAD enzymes could 
be atypically exposed16,108. Pro- inflammatory stimuli 
such as TNF and Toll- like receptor (TLR) agonists 
can upregulate the cell surface expression of PAD4 on 
neutrophils16, which might augment the exposure of 
PAD4 to the extracellular environment during infection  
or injury.

The post- translational modification of PAD enzymes 
could also potentiate anti- PAD immune responses by 
inducing immune recognition of cryptic PAD epitopes 
during inflammation. Granzyme B and perforin, two 
components of granules that are present in cytotoxic 
T lymphocytes and natural killer (NK) cells, have the 
capacity to modify the structure of PAD4. Granzyme B 
is present in increased amounts in the joints of patients 
with RA who have erosive disease109, and is known to 

efficiently cleave many autoantigens across the spec-
trum of rheumatic diseases, including PAD4109,110. The 
proteolysis of PAD4 by granzyme B induces struc-
tural changes that enhance the presentation of PAD4 
epitopes by HLA- DR molecules, leading to more robust 
CD4+ T cell responses than occur with intact PAD4 
in patients with RA87. PADs also have the capacity to 
autocitrullinate, which can occur in conditions when 
PAD enzymes are active111–113. For example, autocitrul-
lination of PAD4 takes place in neutrophils and HL-60 
cells following their activation with a calcium ionophore 
known to induce LTH111,112. Although autocitrullination 
might be expected to enhance anti- PAD immunogenic-
ity, a study of 184 patients with RA revealed that sera 
from most patients bound equally well to native and 
citrullinated PAD variants, with only a minority of sera 
preferentially binding to citrullinated PAD2 or PAD4 
(ref.114). Although citrulline is not a major determinant 
of anti- PAD antibody binding, it is unknown if autocit-
rullination affects the recognition of PAD4 by autoreac-
tive T cells. Determining if T cells that are specific for 
citrullinated PAD4 peptides exist will have important 
implications for disease mechanisms.

Models of autoantibody development
Given the biochemical relationship between PAD 
enzymes and their citrullinated products, as well as the 
strong association between ACPAs and anti- PAD4 anti-
bodies, it has been hypothesized that the development 
of these immune responses is mechanistically linked. 
Following the discovery of anti- PAD antibodies, it was 
proposed that an immunogenic complex comprising 
the PAD enzyme stably bound to a citrullinated product 
could lead to the formation of both ACPAs and anti- PAD 
antibodies via epitope spreading61,86. Two mechanistic 
models could explain this phenomenon: the first being 
that responses against citrullinated proteins originate 
first and spread to PAD enzymes later, and the second, 
proposed by Auger et al.115 in 2010, is that responses to 
PAD enzymes develop first and lead to responses against 
citrullinated proteins. When the epitope spreading model 
was first proposed61,86, it was known that ACPAs could 
be found in the majority of patients with RA22 and that 
anti- PAD antibodies occurred in a smaller subset of 
patients61,64, but the temporal development of these speci-
ficities at various stages of disease had not yet been ana-
lysed. Studies in patients with RA and in mouse models 
of inflammatory arthritis have since provided important 
clues as to the mechanistic relationship between the 
development of immune responses against PAD enzymes 
and citrullinated proteins.

Evolution of the anti- PAD antibody response. Analysis 
of the prevalence of anti- PAD4 antibodies and ACPAs 
in patients at various stages of RA development has 
provided important insights into the evolution of these 
autoantibody responses during the transition from pre-
clinical to established RA (fig. 2a). In a study of first- 
degree relatives (FDRs) of patients with RA, anti- PAD4 
antibodies were found in 1.4% of FDRs who do not have 
arthritis, whereas ACPAs (as measured by anti- CCP 
ELISA) were found in 27.1% of FDRs who do not have 
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arthritis79. In a separate study of individuals who would 
go on to develop RA, during the preclinical phase, anti- 
PAD4 antibodies were present in 18.1% of individuals, 
which was still over threefold lower than the prevalence 
of anti- CCP antibodies in this population67. Analysis of  
preclinical antibody development over time in the 
13 patients who tested positive for both ACPAs and anti- 
PAD4 antibodies revealed that ACPAs developed before 
anti- PAD4 antibodies in 9 individuals (69%), whereas 
3 individuals (23%) were positive for both ACPAs and 
anti- PAD4 antibodies in the first available specimen, 
and only a single patient (8%) developed anti- PAD4 
antibodies prior to acquiring ACPA positivity67. Together 
with the high prevalence of ACPAs in the preclinical and 

early phases of RA86, these data67,79 support the model 
that ACPAs precede the development of anti- PAD4 anti-
bodies in most patients. These data67,79 also highlight the 
fact that anti- PAD4 antibodies are not required for RA 
development or for the development of ACPAs.

Data from multiple cohorts support the concept that 
anti- PAD4 immune responses continue to evolve over 
time, even in patients with established RA. The presence 
of anti- PAD4 antibodies is associated with disease dura-
tion71,77,79,81; however, anti- PAD3/4 antibody positivity is 
associated with the longest disease duration71,77,78,81. In 
addition, seroconversion to anti- PAD4 antibody posi-
tivity and subsequent anti- PAD3/4 antibody positivity 
has been noted in longitudinal studies of patients with 
established RA, suggesting that the antibody repertoire 
continues to evolve as a result of ongoing exposure to 
PAD476,77. This antibody repertoire evolution is further 
supported by the finding that the ability of anti- PAD3/4 
antibodies to activate PAD4 is dependent on affinity 
maturation83, suggesting that the pathogenic capacity 
of anti- PAD4 antibodies might also evolve over time. 
Interestingly, in one study, the presence of anti- PAD4 
antibodies during the preclinical phase of disease was 
associated with a twofold increase in the time from 
ACPA development to the onset of clinical symptoms67. 
This observation suggests the possibility that anti- PAD4 
antibodies present in the preclinical phase might inhibit 
PAD4 activity, which is in line with the finding that a 
subset of anti- PAD4 antibodies can inhibit PAD4 activ-
ity in vitro115. Given the known polyclonality of the 
anti- PAD4 response66,115, a shift in the composition of 
the anti- PAD4 antibody pool from a largely inhibitory 
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Fig. 2 | Evolution of anti-PAD antibodies and epitope 
spreading in rheumatoid arthritis. a | Evolution of the 
autoantibody response in rheumatoid arthritis (RA). 
Anti- citrullinated protein antibodies (ACPAs) develop 
earliest in the course of disease, are present in the largest 
percentage of patients and are followed by the 
development of anti- peptidylarginine deiminase 4 (PAD4) 
antibodies in some patients. Both types of autoantibodies 
can occur preclinically, and their prevalence increases over 
time. Antibodies that are cross- reactive for PAD3 and PAD4 
(anti- PAD3/4 antibodies) are present in a small subset of 
anti- PAD4 antibody- positive patients and are associated 
with an increased disease duration. This graph was based 
on data taken from Table 2. Diagonal overlays in the 
anti- PAD3/4 antibody plot indicate extrapolated data.  
b | A model for the development of ACPAs and anti- PAD 
immune responses over time. Functioning as an antigen- 
presenting cell, an ACPA- expressing B cell undergoes  
B cell receptor- mediated endocytosis of a PAD enzyme–
citrullinated protein intermediate complex and presents 
peptides from both proteins on MHC class II molecules  
to autoreactive T cells. Stimulation of a PAD4- reactive 
T cell or a citrullinated protein- reactive T cell by the  
ACPA- expressing B cell initiates intermolecular epitope 
spreading, thereby shifting the immune response from the 
citrullinated protein products to PAD enzymes themselves. 
The activated autoreactive T cell then stimulates a PAD4- 
reactive B cell, which produces anti- PAD4 antibodies.  
The PAD4- reactive B cell can then undergo somatic 
hypermutation (SHM) to generate PAD3/4 cross- reactive  
B cells. FDR , first- degree relative; TCR , T cell receptor.
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to an activatory repertoire could hypothetically occur 
over time. Longitudinal studies of the development and 
evolution of anti- PAD2 antibodies have not yet been 
performed; thus, the temporal relationships between 
anti- PAD2 antibody development and RA onset or 
ACPA development remain undefined.

Epitope spreading. The detection of ACPAs prior to anti- 
PAD4 antibodies in the majority of patients with RA and 
the evolution of the anti- PAD4 antibody response over 
time is suggestive of epitope spreading from the citrul-
linated product to the PAD enzyme (fig. 2b). Epitope 
spreading from the product to the enzyme occurs in coe-
liac disease, in which transglutaminase becomes a sec-
ondary target of autoantibodies via its association with its 
substrate gliadin, the component of gluten that elicits the 
initial immune response116. Although this phenomenon 
parallels the development of citrullination- associated 
immune responses86,117, an important element of this 
mechanism remains to be demonstrated. Whereas trans-
glutaminase is known to form a covalent intermediate 
with its gliadin substrate, no such stable PAD–substrate  
intermediate has been defined. As PAD enzymes have 
the capacity to autocitrullinate, autocitrullinated PAD 
could be the citrullinated antigen that promotes epitope 
spreading to the PAD enzyme. However, the finding that 
citrullination is not a major determinant for the recog-
nition of PAD4 or PAD2 by autoantibodies in patients 
with established RA114 suggests that studies in individu-
als with pre- RA and early RA are needed to fully address 
this hypothesis. Potentially, conditions in the RA joint 
could promote the stabilization of PAD–citrullinated 
protein complexes, which might then be engulfed by 
antigen- presenting cells such as ACPA- specific B cells 
(fig. 2b). These antigen- presenting cells could then pres-
ent peptides derived from PAD–substrate complexes to 
either PAD4- specific or citrullinated antigen- reactive 
CD4+ T cells, which have been detected in patients with 
RA87,118,119. These CD4+ T cells could then provide help 
to pre- existing PAD4- reactive B cell precursors, which 
are present in a subset of patients with RA83. In support 
of this epitope- spreading model, analysis of monoclo-
nal anti- PAD4 antibodies cloned from patients with RA 
suggests that PAD4- reactive B cells do not cross- react 
with citrullinated proteins and can be PAD4- restricted 
at germline83.

An important caveat of this epitope- spreading model 
is the lack of longitudinal data on the development of 
PAD4- specific T cell responses relative to the develop-
ment of immune responses to citrullinated proteins. 
As CD4+ T cell help is required for the development 
of high- titre IgGs such as ACPAs and anti- PAD4 anti-
bodies, the longitudinal development of T cells might 
be expected to parallel autoantibody development, 
with citrullinated peptide- specific T cells arising before 
PAD- specific T cells. However, this theory has not yet 
been addressed in patients with RA. In the absence of 
longitudinal data in humans, the possibility cannot be 
excluded that PAD4- specific T cells promote the initial 
production of ACPAs, and that later epitope spreading 
leads to the development of anti- PAD antibodies. This 
scenario has been modelled in C3H mice, in which 

PAD- specific T cells were elicited following repeated 
immunization with murine PAD2, human PAD2 or 
human PAD4 in adjuvant120. Although these mice did 
not develop arthritis or T cells specific to citrullinated 
antigens, 21% of the mice immunized with these three 
PAD enzymes developed antibodies specific to citrul-
linated fibrinogen epitopes120. However, the reciprocal 
experiment has not been done to evaluate whether 
immunization with citrullinated proteins would result 
in an anti- PAD immune response. Further studies 
are therefore needed to fully define the mechanisms 
of epitope spreading and autoantibody generation in 
patients with RA.

Pathogenic mechanisms
The aetiology of RA, although incompletely understood, 
is a complex combination of genetic factors, environ-
mental cues and individual stochastic events. The ini-
tial insult that prompts a breach of immune tolerance 
against citrullinated antigens and PAD enzymes poten-
tially arises from the presence of a pro- inflammatory 
environment that promotes PAD dysregulation, aberrant 
citrullination and atypical PAD exposure in a genetically 
susceptible individual. A model emerges in which ACPA 
and anti- PAD immune responses promote a feedforward 
loop that propagates three hallmark features of RA: the 
generation of citrullinated autoantigens; the production 
of pro- inflammatory cytokines; and the development of  
destructive joint damage (fig. 3). The mechanisms by 
which PAD enzymes and anti- PAD immune responses 
contribute to the pathophysiology of RA are inextrica-
bly coupled; the dysregulation of citrullination might 
contribute both to PAD enzymes promoting inflamma-
tion and to the development of an anti- PAD immune 
response. PAD enzymes could initially contribute to the 
propagation of inflammation and joint damage through 
the direct pathogenic effects of citrullinated proteins. 
However, once tolerance to citrullination- associated 
antigens is broken, the targeting of citrullinated proteins 
and PAD enzymes by autoantibodies and T cells could 
promote a feedforward cycle of antigen generation and 
inflammation in the RA synovium (fig. 3).

Citrullinated fibrinogen is itself a potent stimulator 
of TNF production by macrophages via TLR4 engage-
ment, an effect that is considerably enhanced by the dual 
engagement of both TLR4 and the Fcγ receptor by cit-
rullinated fibrinogen- containing immune complexes121. 
ACPAs also possess arthritogenic effector functions, 
such as inducing cytokine production and osteoclast for-
mation122–126. Affinity- purified ACPAs from the serum 
of patients with RA can induce IL-8 production and 
augment the differentiation of monocytes or dendritic 
cells (DCs) into bone- resorbing osteoclasts in vitro122–124 
and in vivo122,124. Furthermore, these same effects can be 
induced by murine anti- mutated citrullinated vimentin 
antibodies in a mouse model of arthritis127. Notably, such 
effects have also been reported using monoclonal anti-
bodies cloned from patients with RA that were initially 
believed to be specific for citrullinated proteins, but 
were later shown to lack that specificity123,124. Although 
the antigen specificity of these antibodies is currently 
unknown, their ability to induce many of these effector 
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Fig. 3 | Citrullination-associated immune response mechanisms in rheumatoid arthritis. Genetic and environmental factors 
predispose certain individuals to the development of rheumatoid arthritis (RA). Peptidylarginine deiminase (PAD) dysregulation 
and atypical exposure via inflammatory cell death or surface expression on monocytes or neutrophils in the preclinical phase 
of RA function as the initial triggers for breach of tolerance against citrullination- associated self- antigens. Anti- citrullinated 
protein antibody (ACPA) responses develop in the preclinical phase of RA and lead to three hallmark features: increased protein 
citrullination, pro- inflammatory cytokine production and the development of destructive joint disease through osteoclast 
formation. The binding of ACPAs to citrullinated proteins on the cell surface could promote membrane attack complex  
(MAC) formation or perforin- mediated killing by natural killer cell antibody- dependent cellular cytotoxicity (ADCC),  
leading to hypercitrullination and extracellular release of PAD enzymes and citrullinated proteins. This release of PADs and 
citrullinated proteins could also occur as a result of cytotoxic T lymphocyte (CTL) killing. Toll- like receptor 4 (TLR4) and Fcγ 
receptor (FcγR) engagement by ACPA- immune complexes or by ACPAs binding to the cell surface of monocytes can promote 
pro- inflammatory cytokine production. These cytokines can then stimulate osteoclastogenesis and bone destruction.  
Anti- PAD immune responses further induce the three hallmark features of RA by activating PAD4, MAC, CTL and natural killer 
cell killing, as well as pro- inflammatory cytokine production. Anti- PAD antibodies propagate the autoimmune response by 
promoting a feedforward loop of dysregulated citrullination and inflammation. NET, neutrophil extracellular trap.
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functions was dependent on enzymatically active PAD 
enzyme being present throughout osteoclast develop-
ment128. As has been observed for ACPAs, a preliminary 
study has shown that anti- PAD4 monoclonal antibod-
ies might also induce the production of RA- associated 
pro- inflammatory cytokines by monocytes and their dif-
ferentiation into osteoclast- like cells108. The mechanism 
for these autoantibody- mediated effects is unknown. 
However, the presence of PAD4 on the surface of mono-
cytes16,108 and binding of monoclonal ACPAs to the sur-
face of immature DC- derived osteoclasts123 suggests that 
ACPAs and anti- PAD4 antibodies might bind to cell 
surface antigens and trigger downstream pathological 
effects. The binding of ACPAs and anti- PAD4 antibodies 
to the cell surface could also trigger antibody- dependent 
cellular cytotoxicity by NK cells via perforin and gran-
zyme release or the formation of the complement mem-
brane attack complex126, stimuli known to induce LTH 
and the production of citrullinated RA autoantigens by 
neutrophils106 (fig. 3). Granzyme B cleavage of PAD487,  
which occurs in the setting of NK cell and cytotoxic 
T  cell killing, could further propagate anti- PAD4 
immune responses by enhancing the presentation of 
immunogenic epitopes to PAD4- specific CD4+ T cells.

Several studies have demonstrated that extracellular 
mediators, such as antibodies and components of sera 
from patients with RA, can modulate PAD enzyme 
activity and thus have the potential to contribute to 
PAD dysregulation81,115,129,130. The effect of anti- PAD4 
antibodies on PAD4 enzyme activity is complex owing 
to the identification of distinct subsets of patients whose 
antibodies either have no effect, inhibit or activate PAD4 
(refs81,115,129). In particular, anti- PAD3/4 antibodies 
enhance PAD4 activity by decreasing the amount of 
calcium required for catalysis81. In addition, sera from 
patients with RA can activate PAD4 and promote the 
citrullination of protein substrates through an unknown 
mechanism130. Autoantibodies and, potentially, other 
undefined factors in RA serum might have the capacity 
to augment the activity of soluble PAD enzymes in the 
synovial milieu81,130, thereby introducing another mech-
anism that could increase the extracellular production of 
citrullinated antigens and beginning the inflammatory 
cycle anew.

Therapeutic implications
The growing appreciation for the role for PAD enzymes 
in the pathogenesis of RA has led to the exploration of 
small molecule PAD inhibitors as a potential treatment 
for RA and other diseases131. Studies in mouse models 
of inflammatory arthritis have shown that knockout or 
inhibition of PAD enzymes substantially reduces disease 
severity, causing decreases in inflammation, protein cit-
rullination, autoantibody production and skewing of 
T helper cell subsets from a T helper 1 (TH1) cell and 
TH17 cell response to a TH2 cell response32–34. However, 
as PAD enzymes are known to carry out important 
physiological functions, including roles in gene regu-
lation17–20, cellular differentiation17,34,36 and protective 
immunity14,35, more work is needed to understand the 
potential adverse effects of PAD inhibition. For example, 
PAD- deficient mice have an increased susceptibility to 

bacterial infections, suggesting that PAD inhibitor ther-
apies might have unintended effects that will be impor-
tant to define14. Such work will be critical to determine 
if it would be possible to achieve a reduction in the 
disease- promoting effects of PAD enzymes without 
the undesirable adverse effects that often occur with 
immunosuppressive therapies.

Understanding the development and pathogenic 
effects of immune responses to citrullinated proteins and 
PAD enzymes might also inform the future development 
of novel antigen- specific therapies that could uncouple 
these pathogenic effects from the physiological functions 
of PAD enzymes. Antibody- targeted immunotherapies 
such as chimeric autoantibody receptor T cell vaccines 
have been proposed for the treatment of autoimmune 
diseases132. Chimeric autoantibody receptor T cells 
that target pathogenic B cell clones have been used to 
treat pemphigus vulgaris in mouse models132 and could 
potentially be adapted to selectively deplete B cell clones 
that produce ACPAs or anti- PAD4 antibodies. In addi-
tion, Rheumavax, an autologous DC vaccine designed 
to tolerize autoreactive T cells to specific citrullinated 
peptides, has demonstrated immunomodulatory and 
anti- inflammatory effects in patients with RA in a 
first- in- human safety study133. Precise understanding 
of the immunogenic epitopes underlying the auto-
immune response to PAD enzymes and citrullinated 
proteins in RA could lead to the future development 
of antigen- specific immunotherapies, such as those 
described above, which could downregulate or even 
eliminate autoreactive T cell and B cell clones while 
leaving the physiological function of the PAD enzymes 
intact.

Conclusions
PAD enzymes are important promoters of aberrant cit-
rullination in RA that can initiate and propagate auto-
immunity to citrullination- associated antigens, thereby 
having a unique role as both effectors and targets of 
the autoimmune response. The discovery of distinct 
subsets of patients with RA who have autoantibodies 
against PAD4, PAD2 or that are cross- reactive to PAD3 
and PAD4 and who have distinct clinical outcomes sug-
gests that anti- PAD antibodies might serve as prognos-
tic biomarkers in the future. Together with ACPAs, RF 
and other autoantibodies, anti- PAD antibodies could 
be added to the growing list of serological markers that 
can be used to divide patients with RA into smaller and 
more homogeneous groups. Dysregulation of citrullina-
tion and associated anti- PAD immune responses might 
contribute to the pathophysiology of RA by promoting 
a feedforward loop that propagates three hallmark fea-
tures of RA: the generation of citrullinated autoantigens; 
the production of pro- inflammatory cytokines; and the 
development of destructive joint damage. Generating 
more precise knowledge about the origin and immu-
nological consequences of PAD enzyme activity during 
inflammation will be critical for understanding the early 
events in the pathogenesis of RA and for developing 
novel mechanism- based therapeutic strategies.
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Rheumatoid arthritis (RA) is an immune- mediated syno-
vial disease caused by a complex interaction between  
genetic and environmental factors1. Although systemic 
immune dysregulation and autoimmunity occur in 
RA, the clinical manifestations are primarily synovial 
inflammation and joint damage2. Considerable advances 
in targeted therapy have improved outcomes, but a 
notable percentage of affected individuals still experi-
ence persistent inflammation and progressive disabil-
ity3. Abnormal adaptive immunity, including mucosal 
immune responses that begin years before the onset 
of classifiable disease, is now recognized as a driving 
force in the evolution of RA from preclinical disease to 
overt synovitis4. However, the role of stromal elements, 
most notably fibroblast- like synoviocytes (FLS), in RA 
pathogenesis, has also gained attention, and targeting 
FLS is emerging as an attractive therapeutic approach  
in RA5–7.

FLS are highly specialized mesenchymal cells found 
in the synovium of diarthrodial joints. The synovium 
consists of two layers, the intimal lining layer and the 
sublining layer, with FLS primarily residing in the for-
mer compartment. In the healthy joint, the intimal lining 
forms a thin porous barrier at the interface between the  
sublining and the synovial fluid space8. FLS control  
the composition of the extracellular matrix (ECM) and 
of the synovial fluid, thereby lubricating and nourishing 

cartilage surfaces. In RA, however, FLS have unique 
aggressive behaviours that have an active role in disease 
pathogenesis and progression5,9.

Although cytokines and growth factors are important 
stromal cell regulators, FLS in RA are not simply ‘passive 
responders’ that react to the inflammatory milieu9–11. 
These cells are epigenetically imprinted with an activated 
and aggressive phenotype that operates independently of 
the inflammatory stimuli. Cultured FLS from patients 
with RA have autonomous pathogenic features that are 
maintained after many months in tissue culture or after 
implantation into mice9,12.

The mechanisms that imprint FLS are only partially 
understood, but high- throughput omics technologies are 
creating new ways to dissect these processes. Data from 
studies using new genomic methodology show that epi-
genetic mechanisms have a critical function in orches-
trating the aggressive phenotype of RA FLS. Epigenetic 
patterns in FLS also change as disease evolves from 
early to established RA and suggest that, like adaptive 
immunity, FLS abnormalities in RA are not fixed but are 
influenced by the local environment13.

In this Review, we summarize the functional charac-
teristics of FLS in health and in disease and subse-
quently focus on new data showing how epigenetic 
imprinting modifies the phenotype of FLS during RA. 
Understanding the unique genomic abnormalities and 
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integrating diverse datasets should help to define the 
pathogenesis of RA and identify novel non- obvious 
targets for the treatment of this disease.

FLS physiology in the healthy joint
The synovial intimal lining is composed of two main 
types of synoviocytes: FLS (also known as type B synovio-
cytes) and macrophage- like synoviocytes (also known  
as type A synoviocytes). This thin and delicate structure 
sits on a bed of connective tissue known as the sublining 
layer, which also contains fibroblasts in addition to fat 
cells, macrophages and blood vessels14.

The synovial intimal lining has long been considered 
a loose association of cells serving as an ineffective bar-
rier owing to a lack of classical adhesion structures such 
as tight junctions, desmosomes and a true basement 
membrane8,15–17. However, this paradigm has been chal-
lenged, with some evidence suggesting a more organ-
ized structure18. In 2019, a report identified a layer of 
macrophages adjacent to the FLS of the intimal lining. 
These macrophages arise from interstitial macrophages 
residing in the sublining layer, express proteins associ-
ated with tight junctions and are thus proposed to be 
‘barrier forming’19, which is not a typical macrophage 
function. Additional studies are needed to validate these 
very interesting results.

FLS contribute directly to the synovial fluid composi-
tion by producing hyaluronic acid and other joint lubri-
cants such as lubricin (also known as proteoglycan 4)20. 
The synovial fluid provides nourishment to the under-
lying articular cartilage and decreases the adherence of 
cells and proteins21,22. The synovial fluid also contains 
proteins and constituents of blood plasma, as well as lim-
ited numbers of leukocytes. As the cartilage lacks its own 
blood supply, these leukocytes are thought to pass into 
the synovial fluid through the synovial intimal lining23. 
FLS also help to shape and maintain the synovial ECM 
by producing matrix components (such as fibronectin, 
collagens, tenascin, proteoglycans and laminin) and 
ECM- degrading enzymes (such as proteases, matrix 
metalloproteinases (MMPs) and cathepsins).

FLS physiology in RA
The destruction of cartilage and non- osseous support 
structures of the joint in RA can be largely ascribed to 
effects mediated by FLS24–27. In the rheumatoid joint, the 
number of FLS increases considerably and contributes 

to the transformation of the synovial lining from a del-
icate structure into an invasive hyperplastic tissue mass 
known as a pannus9 (Fig. 1). RA FLS proliferate in culture 
when exposed to platelet- derived growth factor, trans-
forming growth factor- β, TNF, or IL-1β, each of which is 
produced by immune cells present in the inflamed joint. 
RA FLS can proliferate in an anchorage- independent 
manner and have impaired contact inhibition, which is 
reminiscent of transformed cells28. However, RA FLS in 
the joint have a limited capacity to proliferate in situ and 
their expansion is, in part, a result of a low rate of apo-
ptosis due to increased expression of pro- survival factors 
(reviewed elsewhere29). Compared with other cell types, 
RA FLS are also resistant to endoplasmic reticulum 
stress- induced apoptosis, probably because of increased 
autophagy and proteasomal activity30,31.

Some evidence suggests that FLS in RA can arise from 
local epithelial to mesenchymal transition, an essential 
developmental process in the formation of complex tis-
sues that is thought to occur in adult tissues after epithelial 
stress32. Another source of FLS expansion is pluripotent 
mesenchymal stem cells that migrate from the bone mar-
row and into the synovium where they differentiate into 
FLS. An influx of such blood- borne mesenchymal pre-
cursors precedes inflammation in the mouse model of  
collagen- induced arthritis, suggesting that this influx  
of cells contributes to the initiation of joint inflamma-
tion33. Healthy and mature FLS are often regarded as res-
ident cells that remain in their local environment bound 
to the ECM34. Interestingly, studies in mice suggest that 
FLS also have migratory potential and can ‘metastasize’ to 
distant joints in vivo, potentially spreading disease from 
joint to joint35. However, migration of FLS from one joint 
to another has not been shown in humans.

At the pannus–cartilage interface of the rheumatoid 
joint, FLS- mediated overproduction of MMPs, such 
as MMP1, MMP3 and MMP13, damage the collagen- 
 rich structures of the joint tissues and enable FLS inva-
sion24–27,36,37. In synovial tissue samples from patients 
with new- onset RA (that is, <1 week since onset of symp-
toms), the expression of MMPs is already high in the  
synovial intimal lining38. The expansion of FLS in RA 
correlates with the duration of the disease, the amount 
of macrophage infiltration into the synovium and the  
severity of the cartilage erosions39,40. Studies in mice 
also show that activation of FLS is sufficient and in 
some models, such as human TNF transgenic mice and 
mice with collagen antibody- induced arthritis, FLS are 
indispensable for triggering arthritis41,42.

Metabolic regulation
An emerging characteristic of FLS in RA is their ability 
to reprogram their own cellular metabolism. Metabolic 
profiling using mass spectrometry detected alterations 
in glycolysis, the pentose phosphate pathway and amino 
acid metabolism in FLS during RA compared with FLS 
during osteoarthritis (OA)43. Increased glycolysis in 
RA FLS is of particular interest. Although glycolysis is 
less efficient than oxidative phosphorylation, it is the 
preferred source of ATP under hypoxic conditions44. 
Hypoxia- inducible factor 1α (HIF1α) is an inducer of gly-
colysis and its expression in RA FLS is linked to aggressive 

Key points

•	Rheumatoid arthritis (RA) is a complex immune- mediated disease with clinical
manifestations primarily involving synovial inflammation and joint damage.

•	Fibroblast- like synoviocytes (FlS) contribute to the pathogenesis of RA and are
epigenetically imprinted with an aggressive phenotype in RA.

•	Synovial fibroblasts, including FlS, can have distinct phenotypes with different
functional characteristics.

•	epigenetic mechanisms associated with FlS imprinting in RA include alterations 
in DnA methylation, histone modifications and microRnA expression.

•	Integration of data from multi- omics analyses is needed to improve the characterization
of FlS in RA.

•	Therapies that target FlS are emerging as promising therapeutic tools, raising hope
for future applications in RA.
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features such as migration and invasion45. Furthermore, 
several genes transcriptionally regulated by HIF1α and 
genes involved in glycolysis are upregulated in RA FLS, 
such as HK2 and SLC1A1 (reFs46,47). The contribution 
of dysregulated FLS metabolism to RA pathogenesis  
has been reviewed extensively elsewhere48,49.

Immune regulation
Although FLS in the healthy joints have modest immune- 
 regulatory functions, FLS in RA have emerged as impor-
tant immune modulators in pathogenesis through 
secreting factors such as IL-6 and through direct cell–cell 
interactions (reviewed elsewhere50). These cells actively 
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Fig. 1 | The synovial joint in health and in RA. a | In the healthy joint, the synovial intimal lining is loosely organized and 
only one or two cell layers deep. Fibroblast- like synoviocytes (FLS) in the synovial intimal lining produce joint lubricants 
such as hyaluronic acid and lubricin. FLS also help to shape the extracellular matrix (ECM) by producing various matrix 
components, such as type IV collagen. b | In rheumatoid arthritis (RA), the synovial intimal lining of the joint greatly 
expands and is transformed into an invasive hyperplastic pannus. The FLS express matrix metalloproteinases (MMPs)  
and are important contributors to the destruction of cartilage and non- osseous support structures. These cells help  
to promote and maintain joint inflammation by producing a repertoire of cytokines (such as IL-6), chemokines (such as 
CXC- chemokine ligand 10) and pro- angiogenic factors (such as VEGF). FLS in RA also contribute to bone erosion  
by facilitating osteoclastogenesis and by inhibiting bone repair.
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facilitate the influx, proliferation and survival of immune 
cells as well as joint angiogenesis by producing a rep-
ertoire of cytokines, chemokines and pro- angiogenic 
factors5,25,51. Recruitment of macrophages, mast cells, 
T cells, B cells and dendritic cells expands the sublin-
ing layer of the synovium and helps to maintain and 
promote joint inflammation6,52. RA FLS also delay the 
resolution of inflammation by inhibiting apoptosis of 
pathogenic cells. For example, RA FLS prolong T cell 
survival by expressing type I interferons and support  
neutrophil survival by secreting granulocyte–macrophage 
colony- stimulating factor53,54.

Crosstalk with B cells. FLS in RA can extend the lifespan 
of B cells through the production of IL-6, vascular cell 
adhesion molecule 1 (VCAM1), CXC- chemokine 
ligand 12 (CXCL12), B cell activating factor (BAFF, 
also known as TNFSF13B) and a proliferation- inducing 
ligand (APRIL, also known as TNFSF13)55–57. RA FLS 
also contribute to the differentiation and activation of 
B cells, which can then produce a variety of autoanti-
bodies58,59. For example, BAFF and APRIL production 
by FLS is induced by Toll- like receptor 3 ligands, and 
Toll- like receptor 3 stimulation enhances the capacity 
of RA FLS to promote B cell differentiation57. Signalling 
between FLS and B cells in the RA joint is bidirectional. 
FLS express a modified 75- kD isoform of osteopontin 
(OPN) that supports FLS–B cell interactions. In FLS– 
B cell co- cultures, the 75- kD OPN- positive FLS pro-
duce a higher amount of IL-6 than 75- kD OPN- negative 
FLS or 75- kD OPN- positive FLS cultured alone60. FLS 
therefore participate in complex networks that support 
B cell differentiation and activation, which can, in turn, 
enhance adaptive immune responses in the joint.

Crosstalk with T cells. FLS in RA also serve as antigen- 
presenting cells to T cells and can internalize neutro phil 
extracellular traps containing citrullinated peptides. 
Those peptides can then be presented to adaptive immune 
cells to amplify the local inflammatory response61,62. 
Similar to B cells, T cells can influence the function of  
RA FLS. Co- culture of FLS with resting T cells can induce 
IL-6, IL-8 and prostaglandin expression by RA FLS63.  
This effector function is further enhanced in the presence 
of IL-17 (reF.64). Furthermore, cytokine- activated T cells, 
such as T cells that have been stimulated with TNF, IL-6 
or IL-2, can activate FLS via membrane- bound TNF65.

Crosstalk with monocytes and macrophages. FLS in RA 
can attract monocytes from the vasculature by secret-
ing chemotactic factors such as CC- chemokine ligand 2 
(CCL2; also known as MCP1), CCL5, CCL8, CXCL5 and 
CXCL10 (reF.5). The recruited cells, particularly following 
differentiation into macrophages, are the most prominent 
source of TNF and IL-1β in the rheumatoid synovium, 
which in turn activate FLS to produce pro- inflammatory 
cytokines, chemokines and tissue- destructive factors 
such as IL-6, IL-8 and MMPs66–70. A genome- wide 
RNA analysis even detected a biphasic gene expression 
programme induced by TNF in RA FLS71. This pro-
gramme consisted of an initial primarily unstable tran-
scriptome that progressively switched to a very stable 

transcriptome comprising a number of genes, includ-
ing IL6, CXCL8 and PTGS2 (encoding prostaglandin  
G/H synthase 2).

Soluble factors from RA FLS induced by TNF suppress  
TNF- induced expression of type I interferon regulated 
genes in macrophages by suppressing activation of Janus 
kinase (JAK)–signal transducer and activator of tran-
scription (STAT) signalling72. Prostaglandins produced 
by RA FLS work in concert with pro- inflammatory fac-
tors to shift macrophages towards a state characterized 
by high expression of pro- heparin- binding EGF- like 
growth factor (HBEGF) and pro- inflammatory genes 
such as IL1B and CXCL2. These HBEGF+ macro-
phages induce FLS invasiveness73. RANKL expressed  
by RA FLS can also stimulate osteoclastogenesis by  
macrophages and osteoclast activation74. Furthermore, 
RA FLS interfere with the repair of bone erosions by sup-
pressing the activation of osteoblasts through secretion 
of Dicckopf-1, a regulatory molecule in the Wnt pathway 
that inhibits osteoblast function75.

Crosstalk with endothelial cells. FLS in RA also regu-
late the influx of the inflammatory infiltrate by engag-
ing in crosstalk with neighbouring vascular endothelial 
cells. Following activation (for example, in response 
to inflammation in the rheumatoid joint), the expres-
sion of cell adhesion molecules on endothelial cells is 
increased, which facilitates the capture, rolling and arrest  
of immune cells from the vasculature and the trans-
migration of immune cells into tissue76. When co- cultured 
with endothelial cells, FLS from the inflamed joints of  
patients with advanced RA increase the expression  
of adhesion molecules on endothelial cells, promoting  
adhesion of lymphocytes to the endothelial cells77.  
By contrast, the effect of FLS from the inflamed joints 
of patients with resolving RA or very early RA on the 
ability of co- cultured endothelial cells to interact with 
lymphocytes was similar to the effect of FLS from non- 
inflamed tissue. Importantly, when adding inflamma-
tory cytokines such as IL-6 to this model, FLS from 
non- inflamed or resolving tissue inhibit lymphocyte 
adhesion, whereas FLS from very early RA or advanced 
RA support lymphocyte adhesion77.

Thus, as RA evolves, the FLS lose their immunopro-
tective capability and acquire a stimulatory phenotype 
in the later stages of the disease. These findings suggest 
that FLS in RA have transitional and immunomodula-
tory properties, but that these properties are outcome 
specific and stage specific and that FLS from different 
disease stages are functionally distinct77. Interestingly, as 
discussed in the “FLS phenotypes” section below, emerg-
ing data suggest that FLS isolated from the same synovial 
tissue also have functional heterogeneity.

Transcriptome patterns. An analysis that combined 
rNA sequencing (RNA- seq) data with histopathology 
data identified at least three possible synovial patterns 
in patients with treatment- naive RA: a fibroblastic  
pattern that included a lack of an immune cell infil-
trate; a macrophage- rich myeloid pattern characterized 
by enrichment of macrophages or monocytes; and a 
lympho- myeloid pattern characterized by aggregates of 

RNA sequencing
(rNA- seq). A technique that 
measures the quantity and 
sequences of rNA in a 
biological sample, using 
next- generation sequencing.
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B and T cells78,79. Individual joints can also have varying  
patterns, and whether the pattern is consistent from 
one joint to another in a particular patient, or whether 
the pattern changes at different stages of the disease, is 
unclear. Ongoing studies are investigating whether the 
histo logical pattern correlates with clinical features or 
response to therapy.

FLS phenotypes
The development of therapeutic interventions directed 
at immune cells has been greatly facilitated by the dis-
covery of cell- specific and lineage- specific markers6. 
Considerable effort has been expended to identify such 
markers for RA FLS, which have an extensive repertoire 
of surface receptors and markers. Some of these mark-
ers are general fibroblast markers such as type IV and 
type V collagens, and some are differentially expres-
sed between different anatomical compartments in the 
synovium5,80.

The FLS surface marker that has garnered the most 
attention is cadherin 11 (CDH11). CDH11 is critical for 
homotypic aggregation of FLS from the synovial lining 
in vitro and in vivo. In laminin- containing micromass 
cultures, FLS migrate to the surface of the micromass and  
form a lining- like cellular organization81. These cells also 
recruit macrophages from the interior of the micromass 
to the ‘lining’8,81. CDH11- deficient mice have a hypo-
plastic synovium, and FLS isolated from these mice 
fail to form a lining layer at the micromass surface82,83. 
CDH11 extracellular domains can also be shed from 
the surface of FLS and can modulate the signalling and 
activation of neighbouring cells84. The importance of 
CDH11+ FLS in the destructive processes of RA was 
shown in the K/BxN serum transfer mouse model of 
arthritis, in which the deletion of CDH11 reduced carti-
lage erosion and joint inflammation82. CDH11 is a rela-
tively specific marker for FLS of the synovial lining but 
is also expressed by osteoblasts and by some fibroblasts 
in the synovial sublining9. Furthermore, CDH11 has also 
been detected in other tissues such as in fibroblasts in the 
lung during idiopathic lung disease85.

Other markers found on FLS are less specific to FLS, 
are expressed by other cell lineages and are increased in 
RA. For example, podoplanin (PDPN) is a transmem-
brane glycoprotein that is expressed in several human 
cancers86,87. PDPN is also highly expressed in FLS of the 
invading synovial tissue in RA, whereas FLS in the OA 
synovium are predominantly PDPN- negative80. This 
observation has proved useful when using novel transcrip-
tomic and cellular profiling technologies to investigate  
FLS from RA synovium.

Heterogeneity in FLS surface marker expression as 
well as in FLS morphology, transcriptome and functions 
have been reported88–92. On the basis of these traits, dif-
ferent FLS or fibroblast subsets have been proposed by 
several groups (see TAble 1). For example, a single- cell 
RNA- seq analysis of the RA synovium identified two 
main fibroblast phenotypes: a CD55+ population in  
the lining and a CD90+ population in the sublining90. The  
CD55+ fibroblasts were enriched for HAS1 (encoding a 
hyaluronan synthase), as well as genes associated with 
endothelial cell proliferation and regulation of reactive 

oxygen species responses. The CD90+ fibroblasts were 
enriched for genes related to MMP expression and 
organization of the ECM90. Another analysis that incor-
porated immunohistochemistry data on the expression 
of CD248 (also known as endosialin), PDPN, CD90 
(also known as THY1) and VCAM1 in the RA synovium 
identified potential RA FLS subsets with functional dif-
ferences, namely a PDPN+ subset in the lining layer 
and a CD248+ subset in the sublining92. Interestingly, in 
the severe combined immunodeficiency mouse model 
of cartilage destruction, the PDPN+ fibroblasts were 
the subset of fibroblasts that attached to, invaded and 
degraded cartilage92.

Other groups have reported great diversity of FLS, 
especially in the sublining compartment, with var-
iable results depending on whether bulk transcrip-
tomics or single- cell RNA- seq was used. For example, 
CD34−CD90− cells were identified primarily in the syno-
vial lining, CD34−CD90+ cells were found exclusively in 
the sublining and CD34+ cells were localized to both the 
lining and sublining in one study89. In patients with OA, 
the CD34−CD90+ cells were located surrounding larger 
blood vessels in the synovium, whereas these cells were 
markedly expanded in the synovium in patients with RA 
and were located in the perivascular zone surrounding 
capillaries. The proportion of the CD34−CD90+ cells cor-
related positively with the proportion of leukocytes and 
the extent of synovitis in the RA synovium. Furthermore, 
this cell phenotype was associated with increased 
osteoclastogenesis, invasion and migration in vitro89. 
Another study characterized four different fibroblast 
phenotypes, including one CD55+ lining population-
and three sublining populations91. One of the sublining 
populations had high expression of the MHC class II  
HLA- DR and is of particular interest, as these cells are 
expanded over 15- fold in RA and are a major source of 
the pro- inflammatory cytokine IL-6 (reF.91).

Different fibroblast phenotypes can be identified 
from the same datasets depending on the questions 
asked. This idea is exemplified by a study from 2019 
(reF.93). In this study, the investigators found that the 
expression of fibroblast activation protein- α (FAPα),  
a cell- membrane dipeptidyl peptidase, is higher in both 
synovial tissue and FLS from patients with active RA 
than in patients with RA in whom the joint inflamma-
tion has resolved93. This finding led the researchers to 
suspect that FAPα expression could be associated with 
a pathogenic FLS phenotype, and further investigation 
identified two different pathogenic FAPα+ subsets in RA 
synovium. Interestingly, these pathogenic cells could be 
identified in part by reanalysing previous data91. The 
FAPα+CD90+ subset is located in the sublining and 
has an immune- effector profile characterized by high 
expression of a number of cytokines and chemokines, 
including IL-6, IL-33 and IL-34. The FAPα+CD90− sub-
set is located in the lining and has a bone effector profile 
that includes high expression of inducers of osteoclast 
activity (CCL9 and TNFS11) and MMPs involved in car-
tilage degradation (MMP3, MMP9 and MMP13)93, indi-
cating that the cells mediate bone and cartilage damage.

It is unclear whether these different populations are 
true subsets that have a fixed phenotype or whether the 
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phenotype of FLS can be plastic and influenced by the 
microenvironment, resulting in variation in the relative 
abundance of the different putative phenotypes. Similar 
plasticity is well- known for macrophages, which align 
their function with signals in their tissue microenvi-
ronment, assuming a wide spectrum of phenotypes19. 
Single- cell transcriptomics and mass cytometry data 
do suggest that the FLS ‘subsets’ are a continuum  
and that some groups of cells, such as PDPN+ cells and 
CD34−CD90+ cells, might actually be extreme pheno-
types with transcriptomes that simply reflect the local 
environment88. That possibility, which is favoured by 
some, would also help to explain why many groups 
identify different types of ‘subsets’ depending on the 
methodology employed.

Genetic modification of FLS in RA
Somatic mutations in a variety of genes could contrib-
ute to the altered phenotype of FLS in RA. Transition 
mutations, in particular, could be caused by reactive oxy-
gen species and reactive nitrogen species in the highly 
inflamed joint94 (Fig. 2a). For example, several groups 
have identified mutations in TP53, which encodes cel-
lular tumour antigen p53, in RA95–97. p53, also known as 
‘the guardian of the genome’, maintains genome integ-
rity and prevents proliferation of cells with damaged 
DNA95. In normal cells, the expression and activity of 
p53 are carefully restrained, but in response to DNA 
damage or other toxic stimuli, p53 is quickly stabilized 
and activated98. The expression of p53 is increased in 
the synovium in RA94, as well as in cancer99, owing to a 
prolonged half- life of mutated p53. Dominant- negative 
mutations in p53 could protect FLS from apoptosis and 
contribute to FLS invasiveness96,100,101. Gain- of- function 
mutations, such as V600R, in the proto- oncogene RAF1 
also occur in FLS in RA102. This oncogene encodes the  
serine/threonine- protein kinase BRAF and the V600R 
mutation causes constitutive activation of the mitogen-  
activated protein kinase (MAPK) pathway. Antibodies 
directed against a mutated isoform of citrullinated 
vimentin have also been reported in individuals with RA, 
which could be explained by missense mutations in RA 
FLS increasing vimentin antigenicity103. Mitochondrial 
DNA mutations are also well documented in RA 
FLS104,105. For example, FLS in RA have approximately 
twice the number of mutations in MT- ND1, encoding 
mitochondrial NADH dehydrogenase 1, than FLS in 
OA104. Some of these mutations result in changes that 
could potentially be recognized by the cell as non- self 
when presented by MHC molecules104.

Epigenetic imprinting of FLS in RA
Genomics studies have defined a strong genetic com-
ponent to RA that accounts for ~50–60% of the disease 
risk variance106,107. In addition to the most prominent 
genetic risk loci, the HLA- DR region, over 100 single 
nucleotide polymorphisms (SNPs) are associated with 
RA106,108. A number of genes associated with these SNPs 
have biological relevance in RA FLS, such as PTPN11 
(encoding tyrosine- protein phosphatase non- receptor 
type 11 (PTPN11)) and LBH (encoding protein LBH 
(LBH))109,110. Despite the strong genetic component of 

RA, the disease concordance rate for RA for identical 
twins is only 12–15%111,112, suggesting that the environ-
ment and other stochastic influences have an important 
role in disease risk and severity113.

Epigenetic modifications can function as a bridge 
between the environment and the genome through 
chemical modification of chromatin or other mecha-
nisms that can influence gene activity and expression 
without changing the DNA sequence114,115 (Fig. 2b). 
Epigenomic profiling in autoimmunity is still nascent, 
but intriguing data from candidate gene and unbiased 
approaches show that an altered epigenomic landscape 
contributes to the biology of FLS in RA116,117.

DNA methylation
One of the most frequently studied epigenetic mech-
anisms in RA FLS is DNA methylation, which occurs 
through the addition of a methyl group from S- adenosyl 
methionine to a cytosine base in DNA sites where the 
cytosine is followed by a guanine base (known as CpG 
sites). This process is mediated by DNA methyltrans-
ferases. Methylation patterns can be vertically trans-
mitted from the mother cell to the daughter cell, or 
DNA methylation can occur de novo in response to 
cellular stress118. DNA methylation occurs throughout 
the genome, but its functional effects are best under-
stood in promoter regions where high amounts of  
DNA methyl ation are associated with a closed chroma-
tin structure and transcriptional repression. Conversely, 
low levels of methylation in a promoter region favour 
an open chromatin structure, enabling the formation 
of transcriptional complexes and gene transcription119.  
Methylation of CpG sites in the protein- coding region of 
the gene, in enhancers or in introns commonly occurs, 
but its effects on gene transcription are variable120. 
DNA methylation has an important part in silencing  
transposable elements (or ‘jumping genes’), which account 
for approximately 40% of the human genome. Loss of 
methylation at these elements is common in cancer and 
contributes to genomic instability and disturbance of  
DNA repair121.

Initial studies of the FLS methylome in RA quanti-
fied the overall methylation state of the cells and the data 
suggested that FLS are globally hypomethylated in RA. 
Indeed, suppression of methylation using the DNA meth-
ylation inhibitor 5- azacytidine in vitro directly affects 
the phenotype of normal FLS, resulting in an aggressive 
phenotype that mimics FLS in RA122. Furthermore, can-
didate gene approaches identified several genes that are 
differentially methylated in RA, such as DR3, which has 
a hypermethylated promoter region in RA123.

Subsequent larger unbiased genome- wide stud-
ies have revealed the presence of a distinct methyla-
tion pattern in RA FLS. A genome- wide study found 
no overall difference in levels of methylation in FLS 
in RA compared with FLS in OA, although 1,859 
CpG sites were differentially methylated (732 hypo-
methylated and 1,127 hypermethylated)124. These 
differentially methylated regions corresponded to 
pathways related to FLS–ECM interactions, inflam-
mation, proliferation and differentiation125 (Fig. 2b). 
Additional unbiased independent datasets confirmed 

Transposable elements
DNA sequences that can move 
(transpose) to a new position  
in the genome, which can affect 
the activity of nearby genes.
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Table 1 | Examples of potential fibroblast- like synoviocyte and fibroblast phenotypes

Subset Location Characteristics Publication

CD34−CD90− Lining Low expression of TNFRSF11B (a gene that inhibits 
osteoclastogenesis)

Mizoguchi et al. 
(2018)89

Increased osteoclastogenesis in vitro

High expression of MMP1, MMP3, PRG4, HAS1 and CD55

This subset is less abundant in RA than in OA

Most of the cells are positive for CDH11

CD34+ Lining and 
sublining

Increased expression of genes involved in fibroblast migratory 
responses (CTHRC1, TWIST1, POSTN, LOXL2, PDGFRB and MMP14)

Increased invasive and migratory properties in vitro

High secretion of IL-6, CXCL12 and CCL2 in vitro after stimulation 
with TNF

Increased ability to recruit peripheral blood monocytes in vitro

Most of the cells are positive for CDH11

CD34−CD90+ Sublining, 
surrounding 
blood 
vessels 
(in OA) or 
capillary 
structures 
(in RA)

Enrichment in the expression of mitotic and proliferative genes

Increased expression of genes involved in fibroblast migratory 
response (CTHRC1, TWIST1, POSTN, LOXL2, PDGFRB and MMP14)

Increased expression of RANKL (a gene involved in 
osteoclastogenesis)

Low expression of TNFRSF11B (a gene that inhibits 
osteoclastogenesis)

Increased osteoclastogenesis in vitro

Increased invasive and migratory properties in vitro

Expanded 3- fold in the synovium in RA compared with in OA

In RA , most of the cells are positive for CDH11

The proportion of this subset correlates positively with the 
proportion of leukocytes, synovitis and synovial hypertrophy

CD55+ Lining Enrichment in expression of HAS1 Stephenson et al. 
(2018)90

Enrichment in the expression of genes involved in pathways 
associated with endothelial cell proliferation and regulation  
of reactive oxygen species responses

CD90+ Sublining, 
surrounding 
large vessels

Enrichment in the expression of genes involved in pathways 
associated with MMP activity and organization of the extracellular 
matrix

PDPN+ RA lining Attach to, invade and degrade cartilage in the severe combined 
immunodeficiency mouse model of cartilage degradation

Croft et al. 
(2016)92

Increased expression of PDPN after TNF and IL-1 stimulation in vitro

CD248+ RA sublining Increased expression of CD248 after TGFβ1 stimulation in vitro

CD34+ Sublining Express genes related to the extracellular matrix Zhang et al. 
(2019)91

HLA- DRhi Sublining Expanded by >15- fold in RA in synovial tissue containing high 
levels of leukocyte infiltration compared with synovial tissue in OA

Express genes related to the extracellular matrix

Express genes related to MHC class II presentation and the 
IFNγ- mediated signalling pathway (such as IFI30)

High expression of CXCL12 and CXCL9

IL6 expression is restricted to this subset

DKK3+ Sublining Express genes related to the extracellular matrix

High expression of DKK3, CADM1 and COL8A2

CD55+ Lining Less abundant in RA in synovial tissue containing high levels  
of leukocyte infiltration than in synovial tissue in OA

High expression of lubricin (encoded by PRG4)

High expression of DNASE1L3, a gene whose loss of function  
is associated with RA
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Subset Location Characteristics Publication

FAPα+THY+ Sublining Immune- effector profile Croft et al. 
(2019)93

High expression of genes encoding cytokines and chemokines 
(including IL6, LIF, IL33 and IL34)

Transfer of these cells into mice with serum transfer- induced 
arthritis exacerbates disease

Transfer of these cells into mice with collagen- induced arthritis 
increases CD4+ T cell, neutrophil and macrophage infiltration and 
reduces FOXP3+ regulatory T cells

FAPα+THY− Lining Bone- effector profile

High expression of CCL9 and TNFSF11, potent inducers of 
osteoclast activity

High expression of MMP3, MMP9 and MMP13

Surface expression of RANKL

Secrete high levels of RANKL

Have an increased RANKL:osteoprotegerin ratio

Stimulate osteoclast differentiation and activation in vitro

Mediate bone and cartilage damage and promote osteoclast 
activity when transferred into the joints of mice with serum 
transfer- induced arthritis

CCL , CC- chemokine ligand; CXCL , CXC- chemokine ligand; MMP, matrix metalloproteinase; OA , osteoarthritis; RA , rheumatoid 
arthritis; TGF, transforming growth factor.

Table 1 (cont.) | Examples of potential fibroblast- like synoviocyte and fibroblast phenotypes

and extended the DNA methylation signature126,127. 
Interestingly, the pattern of differential methylation 
in RA FLS overlapped with the differential methyl-
ation pattern in peripheral blood CD4+ naïve T cells  
in RA. These data suggest that disease- associated methy-
lome signatures occur in cells that are more accessible 
than FLS128. In 2018, whole genome bisulfite sequenc-
ing was used to compare patterns of methylated loci in 
RA FLS and non- RA FLS and further confirmed the 
presence of a DNA methylation signature in RA FLS 
(as discussed in the section on “Integrating epigenomic 
datasets”)129.

The methylation profile of FLS in RA is quite stable in 
tissue culture and is consistent with functional observa-
tions showing that the abnormal RA FLS phenotype per-
sists in vitro and in vivo when implanted into mice for 
many months126. Cytokines such as IL-1 and TNF could 
contribute to the RA pattern of differential methylation, 
as this pattern is reproduced in non- RA FLS following 
treatment with these cytokines in vitro125. However, the 
effects of these cytokines are transient and the pattern 
reverts back to ‘normal’ when the cytokines are removed, 
suggesting that other factors are required to imprint cells 
permanently.

Given that FLS from patients in the early stages of RA 
are not readily available, most studies of DNA methyl-
ation in RA FLS have been performed on cells derived 
from patients with longstanding RA. Thus, much of the 
kinetics of epigenetic remodelling during the evolution 
of the disease remains uncertain. However, the few meth-
ylation studies published13, which include some studies 
of FLS from patients with early RA, strongly suggest 
that differential methylation of RA FLS occurs early in 
the disease course and evolves as the disease progresses. 
One study compared differentially methylated loci in 

FLS from patients with different forms of arthritis13. 
Interestingly, the principal component analysis showed 
that DNA methylation patterns in FLS from patients 
with early or late RA formed clusters that were near, but 
distinct, from each other and from that of other forms 
of inflammatory arthritis, and were clearly segregated 
from the DNA methylation patterns of FLS from patients 
with OA. The total genomic methylation level in FLS 
from patients with longstanding RA was slightly lower 
than that in FLS from patients with early RA. A total of 
5,469 genes were differentially methylated, and several 
pathways were enriched for hypomethylated genes in 
FLS from patients with longstanding RA. These path-
ways included integrin signalling, retinoic acid receptor 
activation and Wnt/β- catenin signalling13.

A more recent study has focused on DNA promoter 
methylation in FLS from healthy individuals and from 
patients with very early, resolving or established RA130. 
Differentially methylated promoter sites were present in 
FLS from patients with RA, even in the very early stages 
of disease, compared with FLS from healthy individuals, 
and occurred in promoters of genes involved in path-
ways related to the actin cytoskeleton, CDH, integrin 
and Wnt signalling, as well as antigen presentation130. 
Taken together with the observations that the DNA 
methylation pattern in FLS in early RA can be distin-
guished from the DNA methylation pattern in late RA, 
these results could help to explain the more aggressive 
phenotype observed in FLS from patients with estab-
lished RA and suggest that epigenomic modifications 
can be plastic under some circumstances rather than 
fixed13,131. Altered DNA methylation in RA FLS is prob-
ably not only a consequence of the inflammatory milieu 
in the joint but might also function to promote initiation 
and progression of the disease130.
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Fig. 2 | Genetic and epigenetic mechanisms involved in FLS imprinting 
in RA. Genetic and epigenetic modifications in fibroblast- like synoviocytes 
(FLS) in rheumatoid arthritis (RA) can be inherited or influenced by 
environmental factors, such as diet, inflammation, pollution and smoking.  
a | The inflammatory milieu in the rheumatic joint can lead to increased 
production of reactive oxygen species (ROS) and reactive nitrogen species 
(RNS), which can alter the expression of proteins involved in DNA repair and 
might result in genetic imprinting of the FLS through somatic mutations in 
DNA and mutations in the mitochondrial DNA (as indicated by red crosses). 
b | Histone modifications regulate the accessibility of the transcriptional 
machinery to gene promoters. Certain histone marks are associated with 
active transcription, whereas others are associated with transcriptional 
repression. In RA , changes in histone modifications (as indicated by the 
arrows or parentheses) strongly bias FLS towards increased transcription of 

pathogenic genes. DNA methylation occurs by the addition of a methyl 
group to a cytosine base where cytosine is followed by guanine (CpG sites). 
Methylation of the DNA in promoter regions is associated with a closed 
chromatin structure and transcriptional repression, whereas low levels of 
methylation in the promoter region favour an open chromatin structure and 
gene transcription. RA FLS have a distinct methylation pattern that is linked 
to their aggressive phenotype. RA FLS also have alterations in microRNA 
(miRNA) expression. miRNAs can cleave or inhibit target mRNA , and 
abnormal miRNA expression in RA FLS has been linked to increased 
resistance to apoptosis and increased production of IL-6 and matrix 
metalloproteinases (MMPs). ACPAs, anti- citrullinated protein/peptide 
antibodies; DNMT, DNA- methyltransferase; SAM, S- adenosylmethionine; 
SAH, S- adenosylhomocysteine; RAF1, RAF proto- oncogene serine/
threonine- protein kinase; XIAP, X- linked inhibitor of apoptosis protein.
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MicroRNAs
MicroRNAs (miRNAs) are non- coding RNAs that exert 
epigenetic control of gene expression through cleaving 
or inhibiting the target mRNA132. miRNAs could have an 
important role in the genomic risk of RA, particularly as 
genome- wide association data indicate that the major-
ity of RA risk loci are located in non- coding regions of 
DNA133,134. Several miRNAs are associated with RA and 
can modify FLS function. For example, miR-34a targets 
the anti- apoptotic protein X- linked inhibitor of apo-
ptosis protein (XIAP) and is downregulated in RA owing 
to DNA methylation of the miRNA promoter135. XIAP 
expression, in turn, contributes to RA by promoting 
resistance of FLS to apoptosis135. Other miRNAs, such 
as miR-203, are overexpressed in RA FLS compared 
with in OA FLS and have a pro- inflammatory func-
tion. miR-203 expression is linked with the aggressive 
phenotype of RA FLS, including the increased produc-
tion of MMP1 and IL-6 by these cells, and treatment 
of FLS with the methylation inhibitor 5- azacytidine 
increases the expression of miR-203, providing a link 
between DNA methylation, miRNA expression and RA 
pathogenesis136.

The expression of some miRNAs is directly influenced 
by cytokines produced in the rheumatoid synovium. For 
example, miR-155 is overexpressed in RA FLS and the 
expression of this miRNA is induced in these cells after 
exposure to TNF, IL-1, lipopolysaccharides, polyino-
sinic:polycytidylic acid or bacterial lipoprotein137. miR-
155- deficient mice are resistant to collagen- induced  
arthritis and these mice have no signs of inflamma-
tory cell infiltrates in the synovium138. In K/BxN serum 
transfer- induced arthritis, the generation of osteoclasts 
is reduced in miR-155- deficient mice, which results in  
decreased local bone destruction; however, the severity 
of joint inflammation in miR-155- deficient mice and 
wild type mice is similar139. More complete descriptions 
of individual miRNAs in RA FLS and their functional 
effects are discussed elsewhere114,127,140,141.

Histone modifications
Various post- translational modifications of the 
N- terminal tail residues of histone proteins serve as epi-
genetic marks that regulate the accessibility of the tran-
scriptional machinery to gene promoters. For example, 
trimethylation of histone 3 (H3) at lysine 4 (H3K4me3) is 
associated with an open chromatin and active transcrip-
tion, whereas trimethylation of lysine 27 (H3K27me3) 
is associated with a closed chromatin conformation 
and transcriptional repression. A study investigating 
histone marks at the promoters of MMP- encoding 
genes in FLS from patients with RA or OA found that 
levels of H3Kme3 in the promoters of MMP1, MMP3, 
MMP9 and MMP13 were increased in RA FLS com-
pared with in OA FLS, whereas levels of H3K27me3 in 
the promoters of MMP1 and MMP9 were decreased142. 
Furthermore, in a genome- wide analysis of the histone 
landscape in FLS in RA, histone marks associated with 
an open chromatin structure and gene expression, such 
as acetylation of H3 at lysine 27 (H3K27ac), H3K4me3 
and monomethylation of H3 at lysine 4 (H3K4me1), 
were increased in RA FLS compared with in OA FLS129.  

Notably, the genome- wide expression of histone marks 
associated with gene repression, such as H3K27me3 and 
trimethylation of H3 at lysine 9 (H3K9me3), was simi-
lar in OA FLS and in RA FLS. These latter results suggest 
that the highly active transcriptional apparatus in RA in 
FLS is primarily caused by changes in histone modifica-
tions that promote transcription rather than changes in 
histone modifications that repress transcription (Fig. 2b).

Of the various forms of histone modification impli-
cated in RA, the involvement and function of histone 
acetylation and its related enzymatic machinery are 
most frequently studied. Acetylation of lysine residues 
on histones neutralizes the positive charge of the amino 
acid residue, which weakens the binding between the 
histone and the negatively charged DNA, favouring an 
open chromatin structure and promoting transcrip-
tion143. Histone acetylation is a reversible process: the 
addition of an acetyl group (acetylation) is mediated by 
histone acetyl transferases, whereas the removal of this 
group (deacetylation) is mediated by a family of histone 
deacetylates (HDACs). BET proteins can recognize 
acetylated lysine residues and couple these markers to 
the transcriptional machinery144.

There are four different classes of HDACs: class I 
(HDAC1-3 and HDAC8), class II (HDAC4-7, HDAC9 
and HDAC10), class III sirtuins (SIRT1–7) and class IV 
(HDAC11)145. An analysis of the various class I, class II  
and class IV HDACs found that the expression of 
HDAC1 was increased in RA FLS compared with in  
OA FLS, whereas the expression of the other HDACs was  
unchanged. The increased expression of HDAC1  
was associated with increased proliferation and sur-
vival of RA FLS146 but decreased MMP1 production146.  
By contrast, the expression of the class III HDAC SIRT1 
is lower in RA FLS than in OA FLS147. The expression 
of SIRT1 is also downregulated in the joints of mice 
with collagen- induced arthritis compared with healthy 
mice148. Given that SIRT1 can regulate metalloproteinase 
production, this change could result in increased MMP1 
and MMP3 expression.

Histone acetylation is modulated by pro- inflammatory 
cytokines present in the joint in RA. For example,  
TNF stimulation increases histone 4 acetylation in 
FLS, which is accompanied by increased chromatin 
accessibility and a prolonged inflammatory response67.  
Histone acetylation caused by chronic exposure of  
TNF primes FLS for activation and leads to enhanced 
inflammatory response to a second hit, such as expo-
sure to IFNγ149. In RA synovial tissue, the expression 
of HDAC1, HDAC2 and HDAC3 correlates with the 
expression of TNF, whereas the expression of HDAC5 
correlates negatively with both disease activity and 
IL-6 expression150,151. Interestingly, IL-1 and TNF selec-
tively suppress the expression of HDAC5 in FLS from 
patients with RA, promoting nuclear localization of  
the transcription factor interferon regulatory factor 1 and  
transcription of a number of type 1 interferon response 
genes151. Thus, HDAC regulation is a dynamic process 
and is linked to pathogenic mechanisms in RA; block-
ing cytokines with therapeutics could have complex 
effects on transcription owing to modification of the 
epigenome.
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Integrating epigenomic datasets
The studies described in the previous sections focused 
largely on candidate gene approaches or assessment of 
individual epigenomic marks. However, these marks do 
not function independently and can function in con-
cert as part of the broader epigenomic landscape. Initial 
integrative analyses of combined epigenomic datasets of 
RA FLS were relatively simple and relied on identify-
ing overlap between these datasets, such as overlap in 
DNA methylation patterns, gene expression and RA risk 
alleles. For example, datasets containing differentially 
expressed genes, differentially methylated loci and RA 
genome- wide association study risk alleles were com-
pared to define a group of ‘triple evidence’ genes that 
were abnormal in all three datasets152.

The triple evidence group included not only genes 
already implicated in RA, such as CSF2 and HLA- DQA1, 
but also genes that had an unknown function in RA, 
such as ELMO1 and LBH. Subsequent analysis found 
that ELMO1 was highly expressed in RA FLS compared 
with in OA FLS, and was involved in FLS migration and 
invasion152. The methylation study was expanded with 
methylation data from enhancer regions, which again 
implicated LBH as well as PTPN11 as ‘multi- evidence’ 
genes109,153. Follow- up studies found that knockdown of 
LBH in FLS in vitro blocks cell cycle progression and 
promotes accumulation of DNA damage, whereas dele-
tion of LBH exacerbates disease in mice with K/BxN 
serum transfer- induced arthritis154,155. PTPN11 is highly 
expressed in FLS from patients with RA and promotes 
FLS invasiveness156. Hypermethylation of two CpGs 
in an intronic enhancer region in PTPN11 promotes 
PTPN11 transcription by increasing enhancer activation 
by endogenous glucocorticoids109. Analyses such as these 
can, therefore, identify possible pathogenic genes in RA 
that can be prioritized and studied.

More recently, the global epigenomic landscape of 
FLS in RA was mapped by integrating diverse multi-
plexed epigenomic data into a single analysis using a 
novel algorithm129. This method was the first to integrate 
whole- genome bisulfite s eq ue nc ing, a ss ay for transposase- 
accessible chromatin using sequencing (ATAC- seq), 
RNA- seq and chromatin immunoprecipitation sequencing 
data. Regions with similar epigenomic profiles could be 
grouped, revealing 125 distinct clusters (out of >350,000 
possible combinations) in FLS. 13 of these clusters were 
enriched for epigenomic regions that were differentially 
modified in FLS from patients with RA compared with 
FLS from individuals with OA. The differentially marked 
regions predominantly corresponded to enhancers and 
promoters.

Further analysis revealed differentially modified path-
ways in 8 of the 13 enriched clusters, largely involving 
inflammation, the immune response, ECM regulation 
and cell migration. However, a number of unexpected 
pathways also emerged, such as the ‘Huntington’s 
Disease Signalling’ pathway, which includes a variety  
of genes implicated in the regulation and processing of  
the protein Huntingtin. siRNA- mediated knockdown  
of HIP1 (encoding HIP1, a particularly prominent pro-
tein in this pathway) in RA FLS decreased their invasion 
in an in vitro invasion model (a model that correlates 

with in vivo cartilage and joint damage157,158), provid-
ing biological validation of this differentially modified 
pathway129. Interestingly, a SNP in LBH was one of  
10 unique RA- associated SNPs that overlapped with the 
differentially modified epigenomic regions, providing 
further evidence that this unbiased method has biolog-
ical relevance129. In addition, HIP1 was independently 
validated as a potential therapeutic target in RA by a 
classical unbiased genetics approach159.

Joint- specific FLS features
Traditional views of RA suggest that the pathogenesis, 
histology and gene expression patterns are similar in 
affected joints at different locations160. This view was 
challenged when studies investigating methylation pat-
terns in FLS found differences in the methylome sig-
natures and transcriptome on the basis of the joint of 
origin161,162. The researchers noted two general types  
of joint- specific differences. The first difference involved 
genes related to cell differentiation and development, 
such as HOX family genes and genes involved in Wnt 
signalling (Fig. 3). These differences were not disease 
specific and occurred in both patients with OA and in 
patients with RA. Epigenetic imprinting probably occurs 
in cells in the joint to support the unique biomechanical 
features of each joint location. Whether this imprint-
ing occurs in the bone marrow as mesenchymal stem 
cells migrate to the correct joint or whether imprinting 
occurs after these cells arrive at a joint is unclear. The lat-
ter scenario seems more likely because mechanical stim-
uli can downregulate the expression of genes, such as 
MMP1 and PTG2S, and the production of prostaglandin  
E2 in FLS163.

The second group of joint- specific marks were spe-
cific to RA and persisted even when the cell differen-
tiation and proliferation pathways were filtered out of 
the analysis (Fig. 3). These disease- specific differences 
involved cytokine signalling pathways such as the JAK–
STAT pathway131,161. STAT3 phosphorylation after stim-
ulation with IL-6 in vitro is higher in FLS of the knee 
than FLS of the hip and correlates with levels of JAK1 
in the FLS from the two locations164. Knee FLS are also 
less sensitive to the JAK inhibitor tofacitinib compared 
with hip FLS164. Hence, differences in JAK–STAT signal-
ling and sensitivity to JAK inhibitors could contribute 
to the variable responses at different joint locations in 
patients with RA being treated with this class of drugs. 
Other groups have also shown that FLS from different 
locations are functionally distinct, including having dif-
ferential responses to TNF and having distinct adhesive,  
proliferative and matrix- degrading characteristics162.

Most studies of joint- specific differences in FLS 
have focused mainly on FLS derived from the knee and 
hip joints, but other joints also have location- specific 
biology. An unsupervised hierarchical cluster analysis 
of RNA- seq data on FLS from the knees, hands and 
shoulders found that the cells segregate according to 
anatomical joint location. In addition to confirming 
distinct patterns of HOX and WNT gene expression, 
the data suggested that the non- coding transcrip-
tome differed the most between the various joints162. 
The lncRNAs HOTAIR and HOTTIP were the most 

Enhancer
short sequences of regulatory 
DNA elements that, when 
bound by transcription factors, 
can promote transcription of a 
particular gene by enhancing 
the activity of the gene 
promoter through physical 
interactions in cis.

Whole- genome bisulfite 
sequencing
A technique for assessing 
genome- wide DNA 
methylation, using  
sodium bisulfite treatment  
and DNA sequencing.

Assay for 
transposase- accessible 
chromatin using sequencing
A technique that identifies 
areas of open chromatin in  
the genome that are accessible 
to transcription factors, using  
a transposase and DNA 
sequencing.

Chromatin 
immunoprecipitation 
sequencing
A technique that identifies  
the DNA binding sites in the 
genome for a particular protein 
of interest, using antibodies 
and DNA sequencing.
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differentially expressed transcripts between the upper 
versus lower extremity FLS and between the distal ver-
sus proximal FLS, respectively. The HOX gene signature 
shared similar features to the embryonic positional HOX 
gene expression pattern along the proximal–distal and  
anterior–posterior developmental axes165–167.

Targeting FLS to treat RA
Despite great advances in RA therapy, many patients 
with RA have persistent disease. The current treatment 
approaches primarily focus on altering adaptive or 
innate immune responses by targeting pro- inflammatory 
cytokines, B cells or T cells3. Some of these drugs can 
affect the aggressive RA FLS phenotype, most nota-
bly cytokine or signal transduction inhibitors that can 
decrease the activation state of RA FLS. RA FLS have 
some imprinted or autonomous phenotypes that can 

persist even when removed from the cytokine- rich envi-
ronment of the joint. This aggressive phenotype, together 
with the effects that RA FLS have on their microenviron-
ment, can be summarized into hallmarks that distinguish 
RA FLS from healthy FLS (Fig. 4). As seen for cancer, 
we propose that these features can provide organizing 
principles for understanding how to target these cells in 
RA168,169. In this section, we discuss some potential ther-
apeutic strategies, including approaches that target FLS 
metabolism, FLS surface markers, signalling pathways 
that contribute to the invasive and migratory potential of 
FLS or FLS apoptosis and the epigenetic signature of FLS.

Strategies that directly target FLS
An advantage of FLS- targeted therapies is that they 
could potentially be used in combination with immune 
suppression with limited added effect on host defence170. 

?

c  Joint-specific FLS differences

c  Disease stage-specific RA FLS differences

a  Differences between healthy FLS and RA FLS b  Differences in fibroblast phenotypes within the synovium

• ↑ Proliferation 
(versus knee and hand FLS)

• ↑ Cell adhesion
(versus hand FLS) Support lymphocyte adhesion 

Transition mutations

DNA methylation and epigenetic imprinting

Early RA Late RA 

RA-independent differences
Expression of genes involved
in joint development

RA-dependent differences
Expression of genes involved
in JAK–STAT signalling

• ↑ MMP13 (versus knee 
FLS after TNF)

• ↑ Chemotaxis 
(versus shoulder FLS)

• ↑ MMP1 (versus upper
extremity FLS after 
TNF stimulation)

• ↑ Sensitivity to tofacitinib 
(versus knee FLS)

• ↑ P-STAT3 (versus hip FLS 
after IL-6 stimulation)

Healthy FLS FLS in RA

Supportive role Destructive role

Bone

Cartilage

Joint capsule

Sublining fibroblasts

Lining FLS

Synovial membrane

Hyperplastic
synovial lining

Multiple
fibroblast
and FLS
phenotypes

Healthy
joint

RA joint

Fig. 3 | Diversity of FLS in RA. a | Fibroblast- like synoviocytes (FLS) in 
healthy joints and FLS in joints affected by rheumatoid arthritis (RA) are 
very different. For example, healthy FLS mainly have a supportive role  
in the synovium and support structures. RA FLS, on the other hand,  
have an aggressive, imprinted phenotype and have a destructive role.  
b | Fibroblasts, including FLS, within the same joint have a variety of 
phenotypes, especially in RA. These phenotypes might represent true 
subsets and/or these phenotypes might reflect the local environment in 
which they reside. c | FLS show spatial heterogeneity with biological 
differences between various joints. These differences can include 
RA- independent differences in the expression of genes involved in cell 
differentiation such as HOX and WNT genes (blue boxes; examples from 

Frank- Bertoncelj et al.162) or RA- dependent differences in the expression 
of genes, including genes involved in cytokine signalling through Janus 
kinase (JAK)–signal transducer and activator of transcription (STAT)  
(red boxes; examples from Hammaker et al.164). Arrows indicate changes 
in levels of transcripts or functions for the indicated joint compared with 
other joints. d | The function of RA FLS varies depending on the stage  
of disease. FLS in the late stage of RA promote lymphocyte adhesion to 
endothelial cells and can have genetic alterations. Differential methyl-
ation of DNA in RA FLS occurs early in disease but evolves as the disease 
progresses. Additional studies on FLS in very early RA are needed to 
dissect some initial pathogenic pathways (shown by the question mark); 
future omics analyses will hopefully shed light on these processes.

  volume 16 | June 2020 | 327



www.nature.com/nrrheum

R e v i e w s

A variety of FLS- directed strategies have been evaluated, 
although none has been validated in the clinic to date. 
A discussion of all potential RA FLS targets is beyond 
the scope of this Review; instead, we describe some  
representative examples in this section.

Metabolism. Resetting the dysregulated metabolic pro-
file of RA FLS offers opportunities for disease modu-
lation and the restoration of homeostasis171. Compared 
with FLS in OA, the balance between oxidative phos-
phorylation and glycolysis is altered in FLS in RA and 
is shifted towards glycolysis47. Interestingly, some cur-
rent RA therapies, such as methotrexate and lefluno-
mide, already target metabolic pathways such as purine 
or pyrimidine metabolism171. Furthermore, the JAK 
inhibitor tofacitinib modulates RA FLS metabolism 
by inducing oxidative phosphorylation while reducing 
the expression of the glycolysis inducer HIF1α and the 
glycolytic enzyme hexokinase 2 (HK2)172. HK2 is over-
expressed in FLS from patients with RA compared with 
in FLS from patients with OA and silencing of HK2 in 
these cells inhibits FLS invasion and migration in vitro; 
furthermore, deletion of HK2 reduces bone and cartilage 
damage in mice with K/BxN serum transfer- induced 
arthritis46. FLS from patients with RA also express higher 
amounts of the glucose transporter, GLUT1, compared 
with FLS from patients with OA47. In vitro, glucose dep-
rivation or incubation with glycolytic inhibitors reduces 
cytokine production, proliferation and migration of 

RA FLS; furthermore, in vivo, the glycolysis inhibitor  
3- bromopyruvate reduces arthritis severity in the K/BxN 
serum- induced mouse model of arthritis47,48.

Surface markers and FLS phenotypes. The potential 
exis tence of pathogenic FLS phenotypes could con-
tribute to disease stratification and enable a more 
selective approach to targeting synovial mesenchymal 
cells in RA. Strategies for targeting FLS- specific surface  
receptors, such as CDH11, are already under evalu-
ation. Indeed, CDH11- deficient mice are resistant to 
inflammatory arthritis82. A phase I trial of a monoclo-
nal antibody directed at CDH11 (RG6125) was com-
pleted, but a phase II trial and subsequent development 
in RA were discontinued in 2018 owing to a lack of 
efficacy173. In addition, the data discussed above sug-
gesting the existence of certain fibroblast or FLS pheno-
types that contribute to synovitis creates opportunities  
for targeting cells on the basis of their cell surface pheno-
type (see TAble 1). One concern with this approach is 
that the markers that distinguish these subsets, such as 
CD90, CD34 and PDPN, can be expressed on many cell 
lineages. Future studies will potentially identify surface 
proteins that are more specific to the pathogenic cells 
and could be therapeutically targeted.

Intracellular proteins and signal transduction. Several 
members of the protein tyrosine phosphatase family 
(PTPs) are expressed in FLS and some, including PTPσ, 
PTPκ and PTPα, contribute to the aggressive phenotype 
of RA FLS, such as their migratory and invasive proper-
ties174–176. Interestingly, the expression of PTPs is induced 
in FLS in preclinical models of arthritis and blocking 
PTPs, such as PTPσ, can ameliorate arthritis in the  
K/BxN serum transfer model174. Hence, PTPs in FLS are 
a promising therapeutic target in RA. Historically, target-
ing the PTP family has been challenging because of the 
difficulty in designing selective inhibitors. Initial efforts 
mainly focused on developing inhibitors that target the 
PTP active site, a largely unsuccessful strategy hindered 
by the high charge and high level of active- site conser-
vation among PTP family members. However, recent 
developments have enabled the design of compounds 
that achieve a high degree of selectivity for individual  
PTPs (reviewed elsewhere177).

MAPKs are highly activated in RA FLS, but target-
ing the downstream effector MAPKs, such as p38, has 
had limited success in human clinical trials. The lack  
of efficacy of this approach could be owing to the involve-
ment of these kinases in feedback regulatory mecha-
nisms that decrease pro- inflammatory signalling178–180. 
Members that are upstream in the kinase cascade of the 
MAPK family, such as MKK3, MKK6 and MAP3K5, 
are alternative targets that have been explored in pre-
clinical models181. MAP3K5 is hypomethylated in RA 
FLS compared with in OA FLS and pro- inflammatory 
cytokines induce the expression of MAP3K5 in these 
cells through the activation of RelA124,182. Treatment 
with a small- molecule inhibitor of MAP3K5 (GS-627) 
reduces invasion, migration and proliferation of RA FLS 
in vitro182. Furthermore, Map3k5−/− mice are protected 
from K/BxN serum- induced arthritis183, and treatment 
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with GS-627 also protects against joint damage and 
inflammation in rats with collagen- induced arthritis182.

Gene therapy approaches can also be used to specifi-
cally target or induce intracellular signalling in RA FLS. 
For example, genes can be delivered that induce apo-
ptosis in RA FLS, such as with the intra- articular delivery  
of vectors containing PUMA, a down- stream effector of 
p53 and an effective inducer of apoptosis184,185. Because 
FLS do not express the adenovirus receptor, gene trans-
fer approaches have been challenging. However, the 
development of a novel adenovirus–baculovirus con-
struct enabled more efficient transfection than previous 
attempts, and the use of this vector to deliver PUMA 
directly into the joints led to improved arthritis in 
rats with adjuvant- induced arthritis185. Gene therapy 
approaches that involve the injection of FLS trans-
duced in culture to express cytokine inhibitors such as 
IL-1RA have also been explored186. However, developing 
drugs that are locally delivered to target FLS (such as by 
intra- articular injection) is complicated in RA because 
treating an individual joint might not improve the large 
number of joints affected in this disease.

Targeting the imprinted FLS signature
The abnormal epigenetic landscape of RA FLS suggests 
that targeting differentially regulated genes or pathways 
could have therapeutic potential. Individual epigenetic 
marks and integrative analyses can identify and prior-
itize previously under- appreciated genes and pathways 
that might be amenable to drug development. None of 
these potential targets has progressed to clinical trials 
yet, although several targets, such as HIP1, ELMO1 and 
LBH, have shown preclinical efficacy. The DNA meth-
ylation profile of patients with early RA also suggests 
that disease mechanisms vary according to the stage of 
disease owing to an evolving epigenetic pattern. Thus, 
distinct therapeutic targets could be identified based on 
the stage of disease. miRNAs that are dysregulated and 
implicated in RA can also be targeted. Findings from 
animal models suggest that promoting the expression 
of protective miRNAs that are downregulated in RA FLS 
could decrease disease severity187.

A more intriguing approach is to remodel the RA 
epigenome to return it to a ‘normal’ state. Although epi-
genetic changes are long- lived, targeting the epigenetic 
machinery, such as histone- modifying enzymes, could 
alter the epigenome landscape. One challenge is the ubiq-
uitous expression of histone- modifying enzymes and 
the lack of specificity of these enzymes for RA- related 
genes. In addition, some of these enzymes also mod-
ify non- histone proteins and multiple enzymes can  
modify the same histone residue143. Even so, some small 
molecule inhibitors of HDACs have proven effective 
in animal models of arthritis188; furthermore, an oral 
inhibitor of class I and class II HDACs (ITF2357, or 
Givinostat) has been tested in a phase II trial for the 
treatment of systemic- onset juvenile idiopathic arthritis, 
showing some clinical efficacy189–194. HDAC inhibitors 
seem to work by modulating the acetylation status of 
histones, although their precise mechanism of action 
remains largely unknown195. For example, ITF2357 has 
anti- inflammatory effects on RA FLS, which are mediated  

by suppressing transcription of cytokines195. This inhib-
itor also accelerates the decay of mRNA transcripts 
encoding pro- inflammatory mediators, such as IL-6, 
IL-8 and PTGS2 (reFs195,196).

A report in 2019 noted that RA FLS have a set of 280 
TNF- inducible genes expressed with prolonged kinetics 
that escape repression owing to persistent H3K27 acetyl-
ation and increased chromatin accessibility of their reg-
ulatory elements197. The regulatory elements for these 
‘fibroblast sustained genes’ are enriched for binding 
motifs for nuclear factor- κB, interferon regulatory factors 
and AP1, transcription factors that have a known role in 
RA synovitis. Hence, targeting TNF or targeting histone 
acetylation ‘reader’ proteins such as the BET proteins 
could potentially modulate persistent FLS activation  
by modifying the effects of these histone marks.

BET inhibitors have promising effects in animal 
mod els of arthritis and in RA FLS. For example, the BET  
inhibitor I- BET151 suppresses the production of cyto-
kines and MMPs by RA FLS following in vitro stimula-
tion with TNF or IL-1β and also reduces the proliferation 
and chemo- attractant potential of these cells198. Another 
BET inhibitor, JQ1, decreases RA FLS proliferation and 
production of pro- inflammatory cytokines (such as 
TNF, IL-1β, IL-6 and IL-8) and MMPs (such as MMP1, 
MMP3 and MMP13) in vitro199. JQ1 also downregulates 
TNF- induced nuclear factor- κB- dependent transcrip-
tion in RA FLS and protects mice from collagen- induced 
arthritis199,200.

In contrast to histone modifiers, the number of 
enzymes controlling DNA methylation is quite limited 
and offers fewer opportunities to target FLS in RA selec-
tively (reviewed elsewhere201). However, DNA methyl-
transferase inhibitors are being studied in oncology202. 
These compounds could be evaluated in RA if the safety 
profile is acceptable for non- oncological indications.

Future perspectives
New unbiased efforts that integrate large datasets and 
clinical phenotypes will be important for disease stratifi-
cation, for the identification of cell subsets and for high-
lighting potential therapeutic targets203. Understanding 
how and when the epigenetic imprinting of FLS in RA 
occurs could also define how and when the epigenomic 
landscape is remodelled and how to individualize 
therapy204.

The alteration of causative risk alleles that are impor-
tant for pathogenic FLS biology through genetic mani-
pulation is theoretically possible using gene editing. 
Newly developed CRISPR–Cas9 genome editing tech-
nologies that enable the conversion of C–G base pairs 
to T–A base pairs are promising tools for in vivo base 
correction205–207. For example, CRISPR–Cas- based 
genome editing was used in combination with highly 
specific guide RNAs to rescue the disease phenotype in 
a mice model of the autosomal recessive liver disease 
phenylketonuria by changing a single base208.

Another exciting development in the past few years 
is the newly launched Human Biomolecular Atlas 
Program, a NIH- sponsored consortium that intends to 
use multi- omic information to develop a widely accessi-
ble framework for comprehensively mapping the human 
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and between rheumatoid and non- rheumatoid joints, 
between early- stage and late- stage disease, and poten-
tially between different FLS subsets. Prior research on 
FLS in RA focused mainly on candidate gene appro-
aches, but broader unbiased datasets are now being 
probed for new and unanticipated promoters of disease. 
These large- scale approaches for studying FLS from  
different joints and from patients at various disease 
stages, including single cell transcriptomics analyses, 
should identify new therapeutic targets and help to  
facilitate individualized approaches to treating RA.
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body at single- cell resolution209. Ultimately, the goal is 
to provide 3D tissue maps that reveal the organization  
of tissues. If successful, this effort should have an invalu-
able effect on the advancement of human biology and 
precision medicine, and could help to fully elucidate the 
multiple functions of FLS in healthy and RA joints.

Conclusion
FLS are important contributors to the pathogenesis of 
RA and have a disease- specific imprinted phenotype 
that evolves as the disease progress. FLS in RA also have 
temporal and spatial heterogeneity; this heterogeneity 
leads to biological differences between different joints 
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Cytokine inhibitors have transformed the 
outcome of many chronic inflammatory 
diseases. A decade has passed since the 
approval of anti- IL-6 receptor (anti- IL-6R) 
therapy, which is now used worldwide 
in various rheumatic diseases, such 
as rheumatoid arthritis (RA), juvenile 
idiopathic arthritis (JIA), adult- onset Still’s 
disease (AOSD), giant cell arteritis (GCA) 
and Takayasu arteritis, as well as other 
conditions such as Castleman disease and 
cytokine release syndrome (CRS). To mark 
this anniversary, we discuss the 40- year 
history of translational research into IL-6 
biology and the subsequent development 
of therapies targeting this pivotal cytokine 
pathway, which helps to inform future 
biological and clinical research.

From signalling to drug discovery
The journey from the discovery of 
IL-6 biology to the development of an IL-6 
pathway inhibitor as a potential treatment 
for various diseases started coincidentally 
with the meeting of two research groups 
in Japan. In 1973, researchers at Osaka 
University led by Tadamitsu Kishimoto 
first reported that a soluble factor secreted 

of IL-6, IL-6R and glycoprotein 130 
(gp130) (Fig. 2a). Moreover, both soluble 
IL-6R (sIL-6R) and membrane- bound IL-6R 
(mIL-6R) can be part of the hexameric 
complex; hence, the binding region of 
IL-6–IL-6R–gp130 was considered too 
complex and broad for a small- molecule 
compound to inhibit the IL-6 signal 
pathway6,7. The aforementioned mIL-6R and 
sIL-6R forms are associated with so- called 
classical signalling and trans- signalling 
pathways, respectively, the details of 
which and corresponding avenues for 
drug development have been reviewed 
extensively elsewhere4. Both signalling 
routes involve phosphorylation of Janus 
kinase 1 (JAK1), JAK2 and tyrosine kinase 2  
(TYK2), which can also be targeted 
therapeutically with different molecules 
but are not the focus of this article4. The 
decision to target IL-6R rather than IL-6 
itself was made, taking into consideration 
that concentrations of the receptor have less 
interpatient variability than concentrations 
of IL-6, potentially simplifying dose and 
regimen selection8,9. With concurrent 
advances in biotechnology, the two 
groups decided to develop a humanized 
monoclonal antibody targeting IL-6R10–12. 
The resulting humanized antibody to 
IL-6R, tocilizumab, binds to mIL-6R and 
sIL-6R and inhibits IL-6 signalling by 
preventing IL-6 from binding to IL-6R11,12. 
The therapeutic benefit of this antibody 
to IL-6R led to the development of several 
antibodies to IL-6 (sirukumab, olokizumab 
and clazakizumab).

Initial therapeutic applications
As IL-6 is well known to have various 
physiological roles, in considering IL-6 
as a therapeutic target, its homeostatic 
role versus its pathogenic role in various 
autoimmune diseases was extensively 
debated3,4. However, utilizing cell- based 
assays, animal models and ex vivo serum 
and tissue analyses, scientists identified 
several candidate diseases that might benefit 
from the use of IL-6 inhibition (Table 1).

A 1988 publication reported that IL-6 
is an important growth factor in myeloma 
cells13. Oncologists in France conducted an 
open- label clinical trial of a mouse anti- IL-6 
in patients with multiple myeloma, the 
second most common type of blood cancer 

by T cells was important for antibody 
production by B cells (Fig. 1); subsequently, 
this soluble factor was cloned as IL-6, which 
turned out to have various roles in several 
autoimmune diseases1,2. At the same time, 
researchers at Chugai Pharmaceutical 
were exploring new avenues for drug 
development for autoimmune diseases. 
In the late 1980s, the two groups started 
to collaborate to further advance the 
understanding of the biological role of IL-6 
in various autoimmune diseases and the 
development of IL-6 inhibitors as treatment 
options. To increase their collaborative 
potential, the two research groups even 
moved to adjoining laboratories at Osaka 
University. The university researchers 
led efforts to identify IL-6 signalling 
mechanisms and the biological effects 
of IL-6, whereas the company focused 
on developing and characterizing IL-6 
inhibitors as potential new treatments for 
autoimmune diseases3–5.

The traditional approach of searching 
for small- molecule inhibitors proved 
challenging when the research team found 
that IL-6 signal transduction occurred 
through a hexameric high- affinity complex 

Translating IL-6 biology into effective 
treatments
Ernest H. Choy  , Fabrizio De Benedetti, Tsutomu Takeuchi  , Misato Hashizume, 
Markus R. John and Tadamitsu Kishimoto

Abstract | In 1973, IL-6 was identified as a soluble factor that is secreted by T cells 
and is important for antibody production by B cells. Since its discovery more than 
40 years ago, the IL-6 pathway has emerged as a pivotal pathway involved in 
immune regulation in health and dysregulation in many diseases. Targeting of the 
IL-6 pathway has led to innovative therapeutic approaches for various rheumatic 
diseases, such as rheumatoid arthritis, juvenile idiopathic arthritis, adult- onset 
Still’s disease, giant cell arteritis and Takayasu arteritis, as well as other conditions 
such as Castleman disease and cytokine release syndrome. Targeting this pathway 
has also identified avenues for potential expansion into several other indications, 
such as uveitis, neuromyelitis optica and, most recently , COVID-19 pneumonia. To 
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history of research into IL-6 biology and the development of therapies that target 
IL-6 signalling, including the successes and challenges and with an emphasis on 
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after leukaemia14. Although none of the 
patients treated had an improved outcome 
or achieved remission in the initial report 
of the trial, post- hoc analysis revealed that 
treatment with the anti- IL-6 showed some 

efficacy in those patients who produced 
low concentrations of IL-6 (reF.15). More 
than 20 years later, a clinical trial evaluated 
whether the addition of a different chimeric 
monoclonal antibody to IL-6, siltuximab, 

to the bortezomib–melphalan–prednisone 
regimen would be beneficial to patients 
with newly diagnosed multiple myeloma; 
however, this IL-6 inhibitor also failed to 
improve outcomes16.

Tocilizumab trial in 
COVID-19 pneumonia

Tocilizumab approved for 
CRS and AOSD (Japan)

Experimental findings
Phase II clinical trial
Phase III clinical trial
Regulatory approval
Trial failed to meet
primary end point

Anti-IL-6R (mouse) generated
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1989

1992

1993
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IL-6 cloned

gp130 cloned
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Tocilizumab trial for Crohn’s disease

Il6 transgenic mouse generated

Tocilizumab pivotal trials in RA (2007–2010)

Tocilizumab approved for RA (EU)

Tocilizumab approved for sJIA 
(EU and USA)

Siltuximab 
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multiple 
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Sirukumab trial in SLE Sarilumab pivotal trial in RA

Tocilizumab 
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2020

Tocilizumab 
trial in AOSD

Tocilizumab approved 
for CRS (EU)

Siltuximab 
trial in 
Castleman 
disease

Siltuximab approved  
for Castleman  
disease (EU and USA) 

Soluble factor for stimulating 
B cells discovered

IL-6R cloned

Il6-knockout mouse generated 

Tocilizumab trial 
in Castleman 
disease

Tocilizumab 
approved for 
Castleman 
disease (Japan)

Tocilizumab trial in SLE

Tocilizumab approved for pJIA (EU and USA)

Sarilumab trial in AS

Tocilizumab approved for RA (USA)

Tocilizumab pivotal 
trials in sJIA and pJIA 
(2008–2012)

Sirukumab 
trial in RA

Tocilizumab 
trial in 
Takayasu 
arteritis
Tocilizumab
trial in GCA
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Fig. 1 | Timeline of the discovery of IL-6 and IL-6-targeted therapies. The timeline shows progress in the field of IL-6 pathway inhibition following the 
initial identification of a B cell stimulation factor in 1973, and the more definitive biochemical and molecular studies carried out in the 1980s and 1990s, 
to clinical trials and approvals in various diseases in the 2000s and up to the present day. AOSD, adult- onset Still’s disease; AS, ankylosing spondylitis; CRS, 
cytokine release syndrome; GCA , giant cell arteritis; gp130, glycoprotein 130; IL-6R , IL-6 receptor; pJIA , polyarticular course juvenile idiopathic arthritis; 
RA , rheumatoid arthritis; sJIA , systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus; SSc, systemic sclerosis.
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In 1989, a publication described 
constitutive overproduction of IL-6 from 
the germinal centres of hyperplastic lymph 
nodes in patients with Castleman disease, 
a lymphoproliferative disorder, and a 
correlation of serum IL-6 concentrations 
with clinical abnormalities17. Consistent with 
these observations, transgenic mice 
carrying the human Il6 gene, under the 
control of an immunoglobulin promoter, 
developed clinical features of Castleman 
disease including splenomegaly, lymph 
node enlargement and high concentrations 
of IL-6 and IgG18,19. In a 1994 case report, 
administration of a mouse neutralizing 
antibody to IL-6 to a patient with Castleman 
disease seemed to be therapeutically 
effective20. Tocilizumab also had positive 
effects in a small case series of seven patients 
in 2000 and in a multicentre, prospective, 
open- label study in 2005 that included 
28 patients with Castleman disease21,22. 
In the prospective study, bi- weekly treatment 
with tocilizumab consistently alleviated 
lymphadenopathy and improved all 
inflammatory parameters over 60 weeks22. 
A double- blind, placebo- controlled trial 
of siltuximab also showed efficacy in this 
indication23. Subsequently, tocilizumab was 
approved for the treatment of Castleman 
disease in Japan and siltuximab was 
approved for this indication in various 
countries.

A 1995 study reported that serum 
concentrations of IL-6 and sIL-6R were 
elevated in patients with Crohn’s disease, 
a type of inflammatory bowel disease, and 
correlated with C- reactive protein levels24. 
On the basis of these observations, 
tocilizumab was evaluated in a 
placebo- controlled phase II randomized 
controlled trial (RCT) with patients 
with active Crohn’s disease (defined as a 
Crohn’s Disease Activity Index score of 
≥150 (reF.25)). The primary end point, a 
reduction of the Crohn’s Disease Activity 
Index score of ≥70 points, was met by 80% 
of the patients who received bi- weekly 
tocilizumab, compared with 31% of the 
placebo- treated patients, demonstrating 
the substantial efficacy of tocilizumab. 
However, the development of tocilizumab 
for Crohn’s disease did not proceed owing to 
rare reports of gastrointestinal perforations 
observed in concurrent clinical trials 
in arthritis and because of an increased 
understanding of the homeostatic role of 
IL-6 in the intestinal epithelium26. Together, 
these findings suggested that patients with 
Crohn’s disease might be at increased risk 
of potential detrimental effects of IL-6 
inhibition.

IL-6 inhibition in RA
The development path for an IL-6 inhibitor 
for the treatment of RA, the most common 
chronic autoimmune disorder that primarily 
affects joints, began in the early 1990s, 
when cell- based experiments revealed that 
IL-6 might be involved in osteoporosis, 
cartilage destruction and synovial 
inflammation associated with RA27–30. 
In mouse models of collagen- induced and 
antigen- induced arthritis, IL-6 inhibition 
prevented the development of arthritis 
but did not ameliorate arthritis once the 
disease was established31–33. In a 1993 study, 
the administration of a mouse monoclonal 
antibody to IL-6 to patients with RA resulted 
in improvements of disease symptoms and 
laboratory measures of disease activity, 
although the effects were transient34. 
In 2000, the efficacy and tolerability of 
tocilizumab was investigated in a case 
series of 11 patients with refractory RA; the 
treatment was well tolerated and led to both 
clinical and biochemical improvements35. 
On the basis of these results, larger and 
confirmatory double- blind RCTs of 
tocilizumab were conducted in patients 
with refractory RA36–40. Tocilizumab 
improved clinical signs and symptoms of 
RA, laboratory parameters and radiological 
manifestations and also ameliorated the 
effects of RA on patient- reported outcomes, 
activities of daily living and quality of life, 
when administered as monotherapy or in 
combination with conventional synthetic 
DMARDs (csDMARDs)41–45. These and 
other studies led to tocilizumab receiving 
marketing authorization (Fig. 1) for patients 
with early RA who were not previously 
treated with methotrexate and those with 
established RA and an inadequate response 
to previous treatment with DMARDs 
or TNF antagonists; in these patients, 
tocilizumab is administered in combination 
with methotrexate or as monotherapy if 
methotrexate is not tolerated or continued 
treatment with methotrexate is not 
appropriate.

A notable finding of further clinical 
investigation in several RCTs and real- world 
data was that, unlike TNF inhibitors, 
tocilizumab monotherapy was superior 
to methotrexate or other csDMARDs 
for reducing the signs, symptoms and 
radiographic progression of RA39,40,46–59.  
In particular, a head- to- head, double- blind, 
double- dummy RCT found that, when 
used as monotherapy, tocilizumab was 
superior to the TNF inhibitor adalimumab 
in measures of disease activity and several 
other outcomes46. On the basis of these 
results, EULAR recommendations for the 

management of RA named IL-6 pathway 
inhibitors as one of the preferred treatment 
options for patients for whom methotrexate 
is inappropriate60. Interestingly, the clinical 
benefits of IL-6 inhibition might be 
attributable, in part, to the beneficial effects 
of IL-6 inhibition on bone and cartilage 
turnover, which are supported by data from 
prospective cohort studies showing that 
tocilizumab monotherapy achieves better 
repair of focal bone erosions than TNF 
inhibition in patients with RA60–70. Besides 
promoting joint inflammation and damage 
through effects on chondrocytes, osteoclasts, 
macrophages and fibroblasts, IL-6 mediates 
systemic inflammation in RA. IL-6 affects 
T cell and B cell differentiation and is the key 
driver of the acute- phase response in RA. 
Key symptoms and comorbidities such as 
pain, fatigue, anxiety, depression, anaemia 
and cardiovascular disease can be mediated 
by IL-6 (reFs71,72), as shown in Fig. 2c.

Since tocilizumab was approved for RA,  
sarilumab, an alternative monoclonal 
antibody to IL-6R, has also demonstrated 
efficacy and safety and has been approved 
for the treatment of RA73–75. Three other 
monoclonal antibodies to IL-6, sirukumab, 
olokizumab and clazakizumab, have 
also been tested in clinical trials in RA. In 
phase III RCTs that included patients with RA 
refractory to treatment with csDMARDs and 
biologic DMARDs, sirukumab was superior 
to placebo in improving disease activity, 
physical function and health- related quality of 
life, as well as inhibiting radiographic disease 
progression76,77. However, monotherapy with 
sirukumab was similar but not superior to 
adalimumab and efforts to obtain regulatory 
approval in RA were terminated78. Phase II 
trials of olokizumab demonstrated therapeutic 
benefit, and phase III trials are ongoing79. 
However, the development of clazakizumab as 
a treatment for RA has also been terminated.

IL-6 inhibition in JIA and AOSD
JIA is a term encompassing all forms 
of chronic arthritis affecting children 
younger than 16 years of age80. JIA exists 
as several different subtypes: oligoarticular 
JIA, polyarticular JIA, juvenile psoriatic 
arthritis (PsA), enthesitis- related arthritis 
and systemic JIA (sJIA). In sJIA, arthritis 
is associated with prominent systemic 
features, including high spiking fever, 
rash, serositis and inflammatory signs. 
This disease is further characterized by 
high morbidity and mortality rates, joint 
destruction, functional disability and growth 
retardation80. Concentrations of IL-6 are 
markedly elevated in the serum and synovial 
fluid of patients with sJIA, and a vast body 
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of evidence from cell- based experiments 
and animal models demonstrates that IL-6 
overproduction seems to explain most, 
if not all, of the clinical and laboratory 
features of the disease including fever spikes, 
acute- phase response, anaemia, growth 
retardation and systemic osteoporosis81–85. 
In 2005, clinical trials of tocilizumab 
in patients with sJIA conducted in the 
UK and Japan provided proof of principle of 
the efficacy of IL-6 inhibition in this severe 
paediatric condition86,87. Two subsequent 
trials of tocilizumab in >150 children with 
sJIA confirmed extensive improvements 
in the signs and symptoms of disease 
following treatment with tocilizumab 
and demonstrated the clinically relevant 
glucocorticoid- sparing potential of IL-6 
inhibition88–92. The efficacy and safety 
of IL-6 inhibition in sJIA have also been 
confirmed in real- world studies93. Reversal 
of sJIA- associated growth retardation has 
also been demonstrated with IL-6 inhibition, 
with patients experiencing catch- up growth 
during treatment with tocilizumab92.

AOSD and sJIA are increasingly 
considered to be the same disease, with 
AOSD occurring in adulthood and sJIA 
in childhood. In a double- blind RCT 
of 27 patients with AOSD refractory to 
treatment with glucocorticoids, an ACR50 
response (reflecting 50% improvement) at 
week 4 was achieved in ~61% of patients 
treated with tocilizumab, compared 
with ~31% of placebo- treated patients, 
although the difference was not statistically 
significant94. Patients in the tocilizumab 
group also had improvements in systemic 
symptoms and a decreased dose of 
glucocorticoids compared with the placebo 
group. On the basis of data from this trial, 
tocilizumab was approved for the treatment 
of AOSD in Japan in 2019.

Polyarticular JIA is characterized by 
a potentially destructive disease course. 

Trials of tocilizumab were undertaken in 
polyarticular JIA from 2009 on the basis 
of results obtained in RA. In a small trial 
in 19 patients, 100% of patients met the 
criteria for a good response after 48 weeks 
of treatment with tocilizumab95. In a pivotal 
phase III trial and its subsequent long- term 
extension study in 188 patients, inhibition 
of IL-6 led to sustained and clinically 
meaningful improvements after 2 years, 
and skeletal growth was also improved by 
treatment with tocilizumab96,97. Another 
antibody to IL-6R, sarilumab, is in phase II 
trials for polyarticular JIA98 and sJIA99.

IL-6 inhibition in SpA
Seronegative spondyloarthritis (SpA) 
is a group of inflammatory rheumatic 
diseases, including ankylosing spondylitis 
(AS) and PsA, with common clinical and 
aetiological features, such as axial and 
peripheral inflammatory arthritis, enthesitis 
and extra- articular manifestations100. 
The absence of the serological markers 
rheumatoid factor and antibodies to cyclic 
citrullinated peptides differentiates SpA 
from RA. AS is a chronic, debilitating 
and gradually progressive inflammatory 
rheumatic disease that primarily affects 
the axial skeleton and sacroiliac joints, 
but can also affect the peripheral joints101. 
Serum IL-6 concentrations are elevated 
in patients with AS and correlate with 
disease activity102. However, tocilizumab 
failed to show therapeutic benefit in AS 
in two double- blind RCTs in 2014 (reF.103). 
Sarilumab was also ineffective as a treatment 
for AS in a 2015 RCT104. The conclusion 
from these RCTs is that IL-6 is not a 
therapeutic target in AS.

PsA is a chronic immune- mediated 
disease characterized by widespread 
musculoskeletal inflammation and is 
the major comorbidity associated with 
psoriasis105. The rationale for inhibiting 

IL-6 in PsA was based on a small number 
of studies that demonstrated elevated 
concentrations of IL-6 in both the serum 
and the synovial fluid of patients with 
PsA106,107. In a placebo- controlled phase II 
RCT, clazakizumab improved arthritis, 
enthesitis and dactylitis in patients with 
PsA, but with minimal improvements in 
skin disease108. Currently, development of 
clazakizumab for this indication seems to 
have been terminated.

IL-6 inhibition in SLE and SSc
In 1990, a study in NZB/W F1 mice, 
an animal model of systemic lupus 
erythematosus (SLE), suggested that IL-6 
could have a role in the pathogenesis 
of immune complex- mediated 
glomerulonephritis109. Moreover, IL-6 
concentrations are elevated in serum and 
urine samples from patients with SLE or 
lupus nephritis and correlate with disease 
activity110,111. In an open- label phase I study 
in 16 patients with SLE, treatment with 
tocilizumab improved disease activity; 
notably, arthritis improved in all seven 
patients who had arthritis at baseline 
and resolved in four of them112,113. Levels 
of antibodies to double- stranded DNA 
decreased even after adjustment for the 
decrease in total IgG titres following 
tocilizumab treatment112. These changes, 
together with a decrease in the frequency 
of circulating plasma cells, suggested 
a specific effect of IL-6 inhibition on 
autoantibody- producing B cells. However, 
further studies with sirukumab did not 
demonstrate a clinically meaningful benefit 
of IL-6 pathway inhibition in patients 
with lupus nephritis or SLE114,115. These 
conflicting results in SLE have tempered 
further clinical development. Whether 
IL-6 inhibition might be effective for some 
manifestations of SLE and not others 
requires further studies.

IL-6 is also implicated in the  
pathogenesis of systemic sclerosis (SSc).  
In the bleomycin- induced mouse model of 
SSc, IL-6 blockade reduced skin fibrosis, 
α- smooth- muscle actin protein expression, 
hydroxyproline content and myofibroblast 
counts116. Dermal fibroblasts from patients 
with SSc constitutively express more IL-6 
than those from healthy controls, and 
serum IL-6 concentrations are elevated in 
patients with early SSc117,118. In a 2010 report, 
softening of skin sclerosis was observed 
in two patients with diffuse cutaneous SSc 
who received tocilizumab treatment119. In 
a double- blind phase II RCT in 87 patients 
with active diffuse SSc, fewer patients in the 
tocilizumab group had a decline in forced 

Fig. 2 | Cell signalling pathways and the physiological role of IL-6 in diseases. IL-6 participates in 
a broad spectrum of biological events, such as synovial inflammation, immune responses, haemato-
poiesis and acute- phase reactions. a | IL-6 binds to IL-6 receptor (IL-6R) and glycoprotein 130 (gp130) 
to form a hexameric complex. Both membrane- bound IL-6R and soluble IL-6R can be part of the hex-
americ complex and are associated with the classical signalling and trans- signalling pathways, respec-
tively. Intracellular signalling pathways involve the Janus kinase (JAK) and signal transducer and 
activator of transcription (STAT) pathway. Pharmacological inhibitors of IL-6 signalling prevent IL-6 
from binding to IL-6R by targeting either the cytokine itself or the receptor. b | In the context of disease, 
IL-6 can have both local inflammatory and systemic effects. Some of the manifestations of the diseases for  
which IL-6 inhibitors are approved could be explained by the effects of IL-6, on the basis of both  
preclinical and clinical data. IL-6 has been implicated in the pathogenesis of diseases, including rheu-
matoid arthritis, systemic juvenile idiopathic arthritis (sJIA), Castleman disease, giant cell arteritis, 
Takayasu arteritis and cytokine release syndrome, among others. c | As IL-6 has multiple roles in the 
dysfunction of the immune and inflammatory systems, anti- IL-6R therapy could relieve various symp-
toms such as fever, fatigue, pain, joint destruction, anaemia and others. CRP, C- reactive protein; MMP, 
matrix metalloprotease; RANKL , receptor activator of NF- κB ligand; SAA , serum amyloid A; Teff cell, 
effector T cell; Treg cell, regulatory T cell; VEGF, vascular endothelial growth factor.
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Table 1 | Evidence for the effects of IL-6 inhibition on diseases

Disease Cell- based assays Animal models Biomarkers Clinical trials Drugs 
indicated

Multiple 
myeloma

IL-6 promotes myeloma 
cell proliferation13

In the KPMM2 xenograft 
model, growth is IL-6 
dependent176

Serum concentrations 
of IL-6 correlate with 
disease severity in 
plasma cell leukaemia177

No improvement in clinical 
outcomes14,16

None

Crohn’s disease IL-6 activates mucosal 
T cells178

IL-6R blockade promotes 
T cell apoptosis, which 
contributes to chronic 
intestinal inflammation in 
the CD4 adoptive transfer 
colitis model178

Serum concentrations 
of sIL-6R are increased 
in active disease24; 
concentrations of IL-6 
and sIL-6R are increased 
in colonic organ cultures 
using specimens from 
patients with active 
disease179

Tocilizumab had a clinical 
effect in a pilot study25

None

Castleman 
disease

IL-6 is produced by 
affected germinal 
centres17

Il6 transgenic mice 
develop clinical features 
of Castleman disease19

Increased serum 
concentrations of IL-6 
in active disease17

Tocilizumab and siltuximab 
showed efficacy in clinical 
studies22,23

Tocilizumab, 
siltuximab

RA IL-6 is involved in 
osteoporosis, cartilage 
destruction and synovial 
inflammation associated 
with RA27–29

IL-6 inhibition prevented 
development of arthritis in 
collagen- induced arthritis31,32 
and antibody- induced 
arthritis33

Serum concentrations 
of IL-6 are elevated in 
active RA

IL-6 pathway inhibition is 
effective in many clinical 
trials36–52,54–57,62

Tocilizumab, 
sarilumab

Systemic JIA Increased production of 
IL-6 by PBMCs180

Il6 transgenic mice develop 
a skeletal phenotype 
resembling abnormalities 
observed in children with 
chronic inflammatory 
diseases84

Serum concentrations 
of IL-6 are increased in 
patients with JIA and 
correlate with disease 
activity81,181

Tocilizumab improved 
disease activity and 
reversed growth 
retardation86–91,93,95,182

Tocilizumab

Adult- onset 
Still’s disease

NA NA Serum concentrations of 
IL-6 are increased183

Tocilizumab showed 
some clinical benefit and 
steroid- sparing effects94

Tocilizumab

Ankylosing 
spondylitis

NA NA Serum concentrations 
of IL-6 are increased and 
correlate with disease 
activity102

Tocilizumab and sarilumab 
failed to show therapeutic 
benefit in randomized 
controlled trials103,104

None

Psoriatic 
arthritis

NA NA Serum and synovial fluid 
concentrations of IL-6 
are increased106,107

Clazakizumab improved 
arthritis, enthesitis and 
dactylitis but not skin 
disease108

None

Systemic lupus 
erythematosus

Increased production of 
IL-6 by B cells184

IL-6 implicated in 
autoimmune disease 
pathogenesis in NZB/W F1 
mice109

IL-6 concentrations 
increased in 
cerebrospinal fluid110

IL-6 pathway 
inhibition affected 
autoantibody- producing 
cells, but no clinically 
meaningful benefit 
demonstrated112,113

None

Systemic 
sclerosis

Increased production of 
IL-6 by PBMCs185

IL-6 blockade improved 
disease in the bleomycin 
mouse model116

Production of IL-6 
increased in dermal 
fibroblasts and serum 
concentrations of IL-6 
increased117,118

Tocilizumab had a 
potentially clinically 
important effect on the 
preservation of lung 
function120,121

None

Giant cell 
arteritis

NA NA Serum concentrations of 
IL-6 increased in active 
disease124

Tocilizumab was 
superior to placebo 
with regard to sustained 
glucocorticoid- free 
remission126,127

Tocilizumab

Takayasu 
arteritis

NA NA Serum concentrations of 
IL-6 increased in active 
disease125

Tocilizumab had some 
effect on time to relapse, 
but the primary end point 
was not met129

Tocilizumab

CRS NA NA Serum concentrations of 
IL-6 increased136

Tocilizumab was used to 
successfully treat CRS 
occurring in trials of CAR 
T cell therapy136,137

Tocilizumab

CAR , chimeric antigen receptor; CRS, cytokine release syndrome; JIA , juvenile idiopathic arthritis; NA , not available; PBMC, peripheral blood mononuclear cell;  
RA , rheumatoid arthritis; sIL-6R , soluble IL-6 receptor.
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vital capacity compared with the placebo 
group, but improvements in skin thickening 
(measured by the modified Rodnan skin 
score) with tocilizumab were not statistically 
significant120. Results of a follow- up 
phase III double- blind, placebo- controlled 
trial in 212 patients with progressive SSc 
again showed a numerical reduction in 
skin score with tocilizumab at week 48, 
but the difference did not reach statistical 
significance121. Regarding the mean change 
in forced vital capacity from baseline to 
week 48, tocilizumab performed better than 
placebo, suggesting a potentially clinically 
important effect of tocilizumab on the 
preservation of lung function121.

IL-6 inhibition in vasculitis and PMR
Takayasu arteritis and GCA are chronic, 
potentially life- threatening, primary 
systemic large- vessel vasculitides122,123. 
Takayasu arteritis affects the aorta and its 
major branches in adolescents and young 
adults, whereas GCA affects large and 
medium- sized arteries and usually affects 
individuals above the age of 50 years.

IL-6 was implicated as an important 
factor in the pathogenesis of both GCA  
and Takayasu arteritis in the 1990s. First,  
the serum level of IL-6 correlated with 
disease activity in both diseases124,125.  
Second, tocilizumab improved disease signs 
and symptoms in patients with refractory 
GCA or refractory Takayasu arteritis in 
case series. Subsequently, a single- centre 
phase II RCT and a phase III multicentre, 
double- blind RCT investigated whether 
tocilizumab could sustain remission and 
enable glucocorticoid tapering126,127. In the 
phase III RCT, sustained glucocorticoid- free 
remission at 52 weeks was achieved in  
more patients treated with tocilizumab 
weekly (56%) or every other week (53%)  
(in combination with a prednisone taper 
over 26 weeks) than in patients who received 
placebo plus a prednisone taper over 26 weeks 
(14%) or placebo plus a prednisone taper 
over 52 weeks (18%)127. Consequently, 
tocilizumab was approved for the treatment 
of patients with GCA by the FDA and EMA 
in 2017, making this the first drug approved 
for the treatment of GCA other than 
glucocorticoids. A phase III trial evaluating 
the efficacy and safety of sarilumab in 
patients with GCA is ongoing128.

In Takayasu arteritis, a double- blind 
RCT in Japan showed that, compared with 
placebo, tocilizumab treatment prolonged 
the time to relapse during glucocorticoid 
tapering129. Although the primary end point 
of the study was not met, tocilizumab has 
been approved in Japan for the treatment 

of Takayasu arteritis that is refractory to 
existing therapies.

Polymyalgia rheumatica (PMR) is a 
disease closely related to GCA, with stiffness 
and muscle pain being the predominant 
symptoms. Several case reports and a small, 
prospective, open- label phase II trial of 
tocilizumab in patients with PMR suggested 
that this drug might have a steroid- sparing 
effect130,131. Another prospective, open- label 
study found tocilizumab monotherapy to be 
effective in new- onset PMR132. Additional 
trials of IL-6 pathway inhibition in PMR 
are ongoing, including phase III trials of 
tocilizumab and sarilumab133,134.

IL-6 inhibition in CRS
Tocilizumab was approved by the FDA 
(in 2017) and the EMA (in 2018) for the 
treatment of severe or life- threatening 
chimeric antigen receptor (CAR) 
T cell- induced CRS in adults and children. 
CAR T cells are ex vivo- modified T cells 
from patients with cancer that are 
reprogrammed to lyse tumour cells when 
bound to a specific cancer cell surface 
protein. However, ~70% of patients 
treated with a CD19 CAR T cell therapy 
develop CRS135. CRS leads to headache, 
fever, chills, severe nausea, vomiting, 
diarrhoea, musculoskeletal pain, dyspnoea, 
hypotension and tachycardia and in 
severe cases can be fatal. The approval 
of tocilizumab for the treatment of CAR 
T cell- induced CRS was based on a 
retrospective analysis of data showing the 
efficacy of tocilizumab treatment in patients 
who developed CRS after CAR T cell therapy 
in prospective clinical trials136–138.

Other potential indications
Unravelling the therapeutic potential of 
IL-6 pathway inhibition for indications 
other than those discussed above is a matter 
of ongoing basic and clinical research 
spanning various therapeutic areas4,5. 
Several investigator- initiated studies are 
either planned or ongoing or have already 
been published as proof- of- concept studies. 
A detailed representation of all of these 
studies is beyond the scope of this article, 
but briefly, they encompass conditions such 
as uveitis, thyroid eye disease, neuromyelitis 
optica, graft- versus- host disease, erosive 
hand osteoarthritis, various oncological 
indications, depression, schizophrenia, 
Schnitzler syndrome, myocardial 
infarction, familial Mediterranean fever 
and COVID-19 pneumonia (caused by 
the novel coronavirus SARS- CoV-2)5,139,140. 
The potential of IL-6 pathway inhibition 
in COVID-19 pneumonia is supported by 

studies in which elevated concentrations 
of IL-6 have been reported, together with 
several laboratory abnormalities suggestive 
of hyperinflammation, especially in patients 
admitted to intensive care units141. A phase II 
trial is ongoing in Italy142 and, in March 2020, 
a phase III trial was approved by the FDA143 
to assess the effect of tocilizumab for severe 
COVID-19 pneumonia. It is hoped that 
findings from some of these studies will 
expand the application and medical value 
of IL-6 pathway inhibition to additional 
diseases in the future.

Safety of IL-6 inhibition
The safety profile of IL-6R inhibition 
is derived mainly from clinical trials of 
tocilizumab and sarilumab, as well as data 
from real- world registries of more than  
1 million patients worldwide who have been 
treated with tocilizumab, including patients 
with RA, JIA and GCA26,53,144–167.

Consistent with expectations for a 
biologic DMARD for RA, serious infections, 
including serious bacterial infections, 
are among the most common serious 
adverse events reported in clinical trials, 
post- marketing surveillance studies, 
short- term studies and open- label extension 
studies. The overall rate of serious infections 
in patients with long- term exposure to 
IL-6 pathway inhibitors is in line with rates 
seen in studies with a short duration of 
exposure58,145,159,161,164–169.

Treatment with IL-6 pathway inhibitors 
has been associated with elevations in 
serum concentrations of transaminases. 
These elevations did not seem to result in 
permanent or clinically evident hepatic injury 
in clinical trials. An increased frequency 
and magnitude of transaminase elevations 
was observed when potentially hepatotoxic 
drugs (for example, methotrexate) were 
used in combination with IL-6 pathway 
inhibitors164–167.

Pancreatitis is among the adverse 
reactions identified during post- approval 
use of tocilizumab and sarilumab164,166. 
Gastrointestinal perforations have also 
been associated with use of these drugs; 
most such events occurred in patients with 
pre- existing risk factors (such as pre- existing 
diverticulitis or use of oral glucocorticoids); 
thus, IL-6 pathway inhibitors should be 
used with caution in patients with a history 
of gastrointestinal perforation, intestinal 
ulcers or diverticulitis. The overall rate of 
gastrointestinal perforations in populations 
with long- term exposure was in line with 
rates seen in short- duration studies26,164–167.

Monitoring of lipid profiles and 
treatment of hyperlipidaemia according 
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to clinical practice guidelines is 
recommended during treatment with 
IL-6 inhibitors, as IL-6 pathway inhibition 
is associated with increased serum lipid 
concentrations (LDL and triglycerides)154,156. 
Interestingly, IL-6 inhibition modifies HDL 
lipoproteins towards an anti- inflammatory 
composition; thus, the atherogenic index 
is unchanged170–172. In the ENTRACTE 
study, a head- to- head RCT comparing the 
cardiovascular safety of tocilizumab and 
the TNF inhibitor etanercept in RA, the rate 
of major adverse cardiovascular events was 
similar with both treatments (HR 1.05, 95% 
CI 0.77–1.43)173.

One safety concern of biologic therapies 
is the development of anti- drug antibodies, 
which can lead to loss of efficacy and/or 
immune- mediated adverse reactions174.  
A study evaluating the immunogenicity of 
tocilizumab in patients with RA found that 
the incidence of antibodies to tocilizumab 
was low, regardless of the route of 
administration of tocilizumab or whether it 
was used as monotherapy or in combination 
with csDMARDs; moreover, antibodies 
to tocilizumab were mostly transient, and 
their development did not correlate with 
pharmacokinetics, safety events or loss  
of efficacy174.

For sirukumab, the FDA declined to 
approve the drug for use in RA owing 
to concerns regarding an imbalance in 
all- cause mortality between the sirukumab 
and placebo groups in phase III studies, 
although whether this imbalance was a true 
safety signal or a result of study design is 
unclear175. Additional studies are needed to 
further define the safety profile of sirukumab.

In general, monitoring for adverse events 
should always follow local labels, which are 
continuously updated with the latest safety 
information164–167.

Conclusions
Substantial advances have been made 
in translating the biology of IL-6 to the 
treatment of patients with autoimmune 
diseases. Accumulating safety data on 
IL-6 pathway inhibitors have provided 
clinicians with the necessary knowledge 
for assessing the risk of using them. IL-6 
pathway inhibitors have shown benefit 
in patients with RA, JIA, AOSD, GCA, 
Castleman disease and CRS and might 
also be beneficial in patients with other 
autoimmune diseases and even beyond. 
However, the limitations of preclinical 
studies for predicting clinical success in 
patients is a major barrier and necessitates 
early human proof- of- concept studies. Case 
reports or series have proved useful in some 

conditions such as GCA, Takayasu arteritis, 
AOSD and CRS. In the future, trials to assess 
the efficacy and safety of a specific treatment 
within a biomarker- positive subgroup in 
heterogeneous patient populations (for 
example, a basket trial) to confirm and 
generate hypotheses might be an option. 
However, a reliable biomarker for predicting 
treatment response in many rheumatic 
diseases has not been identified.

Several questions relating to IL-6 
biology remain unanswered. For example, 
why does IL-6 over- production occur 
and why does IL-6 signal inhibition lead to 
clinically meaningful benefits for patients 
with some diseases associated with IL-6 
over- production (such as RA), but not all 
(such as AS)? Answering these questions 
would help to further progress our 
understanding of how various autoimmune 
diseases are regulated in the context of 
IL-6 pathway biology and would help 
in developing additional, personalized 
treatment options for individual patients  
or patient subgroups. It seems that the 
journey of realizing the therapeutic  
potential of IL-6 pathway inhibition is 
far from over.
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