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Fibroblasts are important in the 
pathogenesis of immune-mediated 
inflammatory diseases (IMIDs) 
such as rheumatoid arthritis (RA). 
In a new study published in Nature, 
researchers have for the first time 
described two functionally and 
anatomically distinct populations 
of fibroblasts that affect different 
aspects of arthritis, namely 
inflammation and damage.

“Fibroblast subsets have been 
proposed for some time on the basis of 
site and disease-specific differences in 
surface markers as well as epigenetic 
differences in fibroblasts taken from 
different anatomical sites,” explains 
corresponding author Christopher 
Buckley. “However, it was unknown 
whether the processes of inflammation 
and tissue damage, mediated by 
fibroblasts, are always coupled 
(reflecting cellular plasticity residing 
within a single fibroblast population) 
or instead are uncoupled and mediated 
by different subsets of fibroblasts.”

On the basis of preliminary 
findings, the researchers began by 
characterizing the expression of 
fibroblast activation protein-α (FAPα) 
during K/BxN serum transfer-induced 
arthritis (STIA) in mice. FAPα was 
expressed in fibroblasts in both the 
synovial lining and sub-lining layers 
and its expression increased during  
the course of arthritis, correlating 
with the severity of ankle joint swelling. 
Selective depletion of FAPα-expressing 
cells attenuated synovial inflammation 
and reduced joint destruction in both 

a resolving and a persistent model 
of STIA.

Buckley and colleagues found 
that thymus cell antigen 1 (THY1) 
expression could distinguish 
between FAPα-expressing fibro-
blasts in the synovial sub-lining 
(FAPα+THY1+ cells) and lining layers 
(FAPα+THY1−cells). Interestingly,  
the number of FAPα+THY1+ cells 
in the synovium correlated with 
the severity of joint inflammation, 
whereas the number of FAPα+THY1− 
cells correlated with cartilage damage.

To investigate functional 
differences between these two 
anatomically distinct subsets, the 
researchers performed single-cell 
sequencing on non-immune synovial 
cells isolated from the inflamed joints 
of these mice. They identified five 
distinct subgroups of fibroblasts: 
four in the sub-lining and one in 
the lining layer. Similar analysis of 
synovial fibroblasts from patients 
with RA also revealed five subgroups, 
three of which were homologous 
with the mouse subgroups.

As before, THY1 expression could 
discriminate between the mouse 
subsets by anatomical location. 
The FAPα+THY1+ subsets had 
an immune effector phenotype, 
expressing genes encoding cytokines 
and chemokines, whereas the 
FAPα+THY1−subsets had a bone 
effector phenotype, expressing genes 
associated with cartilage and bone 
degradation, supporting the idea of 
distinct non-overlapping functions.

To ascertain the 
in vivo contri bution 
of these subsets, 
the researchers 

adoptively transferred 
FAPα+THY1+ cells or 

FAPα+THY1−cells into 
the inflamed joints 
of mice during STIA. 

Injection of FAPα+THY1+ cells 
exacerbated joint swelling and 
increased synovial infiltration, but 
had little effect on destruction of bone 
or cartilage. By contrast, injection 
of FAPα+THY1−cells increased 
osteoclast activity and structural joint 
damage, but had no effect on joint 
inflammation.

Hence, the findings indicate 
that FAPα+THY1+ cells, 
residing in the sub-lining layer, 
promote inflammation, whereas 
FAPα+THY1−cells, residing in the 
lining layer, promote bone and 
cartilage damage in arthritis. Buckley 
proposes that these different subsets 
could be responsible for different 
forms of arthritis. Interestingly, the 
investigators found that patients with 
RA had an expanded population of 
synovial FAPα+THY1+ fibroblasts 
compared with patients with 
osteoarthritis (OA), which correlated 
with markers of inflammation.

“The importance of this work 
cannot be overstated,” explains 
Peter Paul Tak, an expert in the 
pathogenesis and development of 
new therapeutics for IMIDs who was 
not involved in this study. “It opens 
up a new field of research on the role 
of these distinct fibroblast subsets 
during different stages of chronic 
inflammatory diseases, including 
IMIDs other than RA, and research 
on the effects of therapeutic targeting 
of distinct fibroblast subsets in 
relationship to stage of the disease.”

“Current treatments for RA and 
other IMIDs target immune cells 
either directly or by trying to disrupt 
the signals that attract the cells to the 
joint. No treatments directly target 
fibroblasts,” explains Adam Croft, 
first author of the study. “These 
findings mean that we now have a 
clear rationale for developing drugs 
that can target joint fibroblasts 
directly and provide more effective 
treatment for persistent disease.”

Jessica McHugh
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Functionally distinct fibroblast 
subsets in RA

ORIgInAl ARTIclE Croft, A. P. et al. Distinct 
fibroblast subsets drive inflammation and damage 
in arthritis. Nature. 570, 246–251 (2019)

patients with 
RA had an 
expanded 
population 
of synovial 
FAPα+THY1+ 
fibroblasts
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 O S T E O P O R O S I S

Biosimilar for teriparatide safe and effective
The biosimilar RGB-10 had a similar safety and efficacy profile 
to reference teriparatide in a phase III head-to-head study in 
a Japanese cohort of patients with osteoporosis at high risk of 
fracture. 250 patients were randomly allocated on a 1:1 basis to 
receive daily subcutaneous injections of either 20 μg RGB-10 
or 20 μg teriparatide for 52 weeks. The change in lumbar spine 
bone mineral density from baseline to week 52 was equivalent 
between the two treatment groups and no major differences in 
adverse events were reported. RGB-10 is currently approved for 
use in the same indications as teriparatide in the EU.
ORIgInAl ARTIclE Hagino, H. et al. A multicenter, randomized, rater-blinded,  
parallel-group, phase 3 study to compare the efficacy, safety, and immunogenicity of 
biosimilar RGB-10 and reference once-daily teriparatide in patients with osteoporosis. 
Osteoporos. Int. https://doi.org/10.1007/s00198-019-05038-y (2019)
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Mother–daughter inheritance patterns in OA
The results of a risk estimation study suggest that the 
inheritance of osteoarthritis (OA) potentially occurs through 
the maternal line. The risk of OA was assessed in relation to 
family history of OA in participants from the Norwegian MUST 
and Nor-Twin OA studies (n = 630 and n = 7,175, respectively). 
Having a mother with OA consistently increased the risk of 
OA of any type in daughters (relative risk (RR)MUST 1.13, 95% 
CI 1.02–1.25; RRNor-Twin 1.44, 95% CI 1.05–1.97) and to a lesser 
degree in sons (RRMUST 1.16, 95% CI 0.95–1.43; RRNor-Twin 1.31, 
95% CI 0.71–2.41). By contrast, having a father with OA did not 
increase the risk of OA of any type in either daughters or sons.
ORIgInAl ARTIclE Weldingh, E. et al. The maternal and paternal effects on clinical and 
surgical definitions of osteoarthritis. Arthritis Rheumatol. https://doi.org/10.1002/art.41023 
(2019)
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Epstein–Barr virus reactivation linked to SLE
In a cohort of 436 relatives of patients with systemic lupus 
erythematosus (SLE), reactivation of Epstein–Barr virus (EBV) 
and polymorphisms in EBV-related genes were associated  
with the eventual development of SLE (average follow-up  
of 6.3 years). In the 56 individuals who developed SLE, titres of 
antibodies against EBV antigens (indicative of EBV reactivation) 
were increased compared with titres in those who did not 
develop SLE. Polymorphisms in CD40 and IL10 were also 
associated with increased titres of antibodies against EBV 
antigens in individuals who developed SLE.
ORIgInAl ARTIclE Jog, N. R. et al. Association of Epstein-Barr virus serological 
reactivation with transitioning to systemic lupus erythematosus in at-risk individuals.  
Ann. Rheum. Dis. https://doi.org/10.1136/annrheumdis-2019-215361 (2019)

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

Anti- NGF therapy improves osteoarthritis pain
The anti- nerve growth factor (NGF) antibody fasinumab 
improved pain and function in patients with osteoarthritis 
(OA) in a phase III study in the USA. 342 patients with knee or 
hip OA were randomly allocated on a 1:1:1:1:1 basis to receive 
either placebo, or fasinumab at 1 mg, 3 mg, 6 mg or 9 mg doses, 
every 4 weeks for 16 weeks. All doses of fasinumab produced 
statistically significant and clinically important reductions in 
pain compared with placebo at 16 weeks. One patient receiving 
6 mg fasinumab developed destructive arthropathy.
ORIgInAl ARTIclE Dakin, P. et al. The efficacy, tolerability and joint safety of fasinumab 
in osteoarthritis pain: a phase IIb/III double- blind, placebo- controlled, randomized clinical 
trial. Arthritis Rheumatol. https://doi.org/10.1002/art.41012 (2019)

ORIgInAl ARTIclES Wang, L. et al. Neuronal 
FcγRI mediates acute and chronic joint pain.  
J. Clin. Invest. https://doi.org/10.1172/JCI128010 
(2019) | Bersellini Farinotti, A. et al. Cartilage- 
binding antibodies induce pain through immune 
complex-mediated activation of neurons. J. Exp. Med. 
https://doi.org/10.1084/jem.20181657 (2019)

Autoantibodies contribute to joint 
pain by binding to Fcγ receptors 
(FcγRs) expressed on sensory 
neurons, even in the absence of 
inflammation, according to evidence 
from two new studies.

In one study, Lintao Qu and 
colleagues showed that IgG  
immune complexes (IgG-ICs) 
activate joint sensory neurons  
in an FcγRI-dependent manner. In 
wild-type mice, local administration 
of IgG-ICs induced acute joint  
pain without obvious inflammation. 
Notably, this pronociceptive effect  
was diminished in Fcgr1–/– mice and 
in mice with conditional knockout 
of Fcgr1 in sensory neurons. “These 
conditional knockout mice allow 
us to unambiguously dissect the 
contributions of neuronal versus 
non-neuronal FcγRI to arthritis  
pain and define the neuronal 
subtypes involved,” explains Qu.

Next, using a model of 
antigen-induced arthritis (AIA), 
Qu and colleagues demonstrated 
that FcγRI signalling is upregulated 
in sensory neurons in mice with 
AIA. Pain-related behaviour was 
attenuated in Fcgr1–/– as compared 
with wild-type mice over the course 
of AIA, but with no differences 
between the two genotypes in the 
occurrence of joint inflammation. 
Furthermore, in wild-type mice 
with AIA, pharmacological 
blockade of FcγRI by local injection 
of anti-CD64 antibody reduced 
established arthritis pain but not 
joint inflammation. Together, 
the results provide evidence 
of the contributions of peripheral 
IgG-IC–FcγRI signalling to joint 
pain, independent of inflammation, 
in both naive and arthritic states. 
“These findings could define a 
promising candidate therapeutic 
target for patients with pain arising 
from rheumatoid arthritis or other 
autoimmune-related diseases in 
whom anti-inflammatory therapies 
are inadequate, unaffordable or 
poorly tolerated,” says Qu.

In a separate study, Rikard 
Holmdahl, Camilla Svensson and 

their collaborators explored the 
mechanisms by which antibodies 
with reactivity to cartilage induce 
pain in the collagen-antibody-
induced arthritis (CAIA) model. 
They observed that injection of 
antibodies against type II collagen 
(CII) or to cartilage oligomeric 
matrix protein (COMP) induced 
a pain response in mice before the 
onset of signs of joint inflammation, 
independently of the complement 
cascade or changes in cartilage 
structure. Notably, intra-articular 
injection of CII immune complexes 
(CII-ICs) induced pain-like 
behaviour in wild-type mice,  
but not in FcRγ-chain deficient mice. 
The researchers also established 
that the pronociceptive effect of 
anti-CII antibodies requires both 
epitope recognition and interaction 
between immune complexes and 
FcγRs on neurons. Through a 
series of further experiments, the 
researchers determined that the 
critical FcR for the development 
of immune-complex-mediated 
pain-like behaviour was neuronal 
FcγRI, consistent with the results of 
the study by Qu et al.

“From a medical viewpoint, 
this study explains why arthralgia 
develops before the onset of clinical 
arthritis during the onset of RA. 
From the physiological viewpoint, 
it gives us an explanation for how 
antibodies aggregating in a specific 
tissue could activate peripheral 
nociceptors,” says Svensson.

“We want to expand our work 
to examine if local formation of 
immune complexes is a general 
mechanism of pain in rheumatic  
and autoimmune diseases. Such 
insights would give us a new angle 
on how to prohibit the development 
of pain that is caused by antibodies,” 
adds Holmdahl.

Sarah Onuora

 PA I n

Neuronal Fcγ receptors mediate 
joint pain in arthritis
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synovial macrophages (sms) are one  
of the two main cell types that make  
up the synovial membrane. Although 
the origins of tissue-resident 
macrophages are known for some 
organs, the exact origin of sms has 
been a mystery.

“Previous sm-related studies implied 
that sms have two major origins: 
resident cells and circulating cells,” 
explains corresponding author Wei 
Wei. “However, owing to the limited 
number and inaccessibility of sms, 
no systematic analysis of sm 
ontogeny in either physiological 
or pathological conditions has 
been performed until now.”

in their new study,  
Wei and colleagues used 
CX3Cr1+/gfP mice, which 
express green fluorescent 
protein in CX3Cr1+ cells, to 
track the emergence of sms 
through several embryonic 

stages, and bone marrow chimeras 
to track these cells in adult mice. two 
types of sm were found: embryonic sms 
(esms), which were f4/80+CD11b− and 
appeared at a mid-embryonic stage; and 
bone marrow-derived sms (bmsms), 
which were f4/80−CD11b+ and 
appeared at a late-embryonic stage.

both esms and bmsms were present 
in adult mice, but esms predominated 
owing to a post-natal burst in 
proliferation. the two types of cells  

also had different phenotypes: 

esms expressed anti-inflammatory 
cytokines such as il-4 and il-10, and 
bmsms expressed pro-inflammatory 
cytokines such as il-1β and tnf.

in mice with collagen-induced 
arthritis, the number of esms 
decreased during disease  
development and then increased 
during resolution, whereas bmsms  
did the opposite, suggesting a 
pathologic role for bmsms. both  
types of sm (defined by expression  
of CD11b and emr1, the human 
homolog of f4/80) were also present  
in synovium from patients with 
rheumatoid arthritis (rA) and had  
similar anti-inflammatory and 
pro-inflammatory phenotypes to the 
equivalent cells in mice.

“macrophage-targeted therapy  
for rA has not had promising results  
so far; however, the identification of 
the different origins and functions 
of sms may provide novel ideas and 
direction in this field,” concludes Wei.

Joanna Collison
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origins of synovial macrophages 
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strong, or stronger, than the classical 
HLA associations.

Notably, in patients with anti-TIF1 
autoantibodies, associations with 
HLA-DQB1 alleles differed between 
those with adult-onset IIM and those 
with pediatric-onset IIM. “The 
presence of anti-TIF1 autoantibodies 
is strongly associated with cancer in 
adult-onset IIM but not in juvenile-
onset IIM,” Rothwell highlights. 
“The identification of independent 
genetic risk factors suggests distinct 
aetiologies and disease mechanisms 
in these patients.”

The analysis provides new 
insights into the functional 
importance of genetic risk factors 
for IIM. “As autoantibodies in IIM 
correlate with clinical features of 
disease, understanding genetic 
risk underlying the development 
of certain autoantibody profiles 
has implications for understanding 
disease progression and prognosis,” 
concludes Rothwell.

Sarah Onuora
ORIgInAl ARTIclE Rothwell, S. et al. Focused 
HLA analysis in Caucasians with myositis identifies 
significant associations with autoantibody 
subgroups. Ann. Rheum. Dis. 78, 996–1002 (2019)
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with HLA- 
DQB1 alleles 
differed 
between 
those with 
adult-onset 
IIM and those 
with pediatric- 
onset IIM
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A large international study 
investigating genetic risk factors in 
autoantibody-defined subgroups 
of patients with idiopathic 
inflammatory myopathy (IIM; also 
known as myositis) has revealed 
novel strong associations with 
amino acid positions within HLA 
molecules. The research also 
revealed genetic differences between 
juvenile-onset and adult-onset 
disease in patients with the same 
autoantibody specificity.

“Traditionally, the strongest 
genetic risk factors for IIM 
autoantibodies have been described 
with classical HLA alleles,” explains 
corresponding author Simon 

Rothwell. “In this study, we have 
refined these associations by 
identifying specific amino acid 
positions within HLA molecules 
that may confer risk, providing 
mechanistic insights into IIM.”

Rothwell and colleagues  
analysed genetic data from 
2,582 patients enrolled in the  
Myogen Genetics Consortium,  
who were divided into 12 subgroups 
according to the presence of 
myositis-relevant antibodies.  
As expected, strong associations with 
HLA alleles were found within the 
autoantibody-defined subgroups.  
For some autoantibodies, associations 
with amino acid positions were as 

 M YO S I T I S

New insights into myositis 
genetics

ORIgInAl ARTIclE Tu, J. et al. Ontogeny of 
synovial macrophages and the roles of synovial 
macrophages from different origins in arthritis. 
Front. Immunol. 10, 1146 (2019)

ESMs 
expressed anti- 
inflammatory 
cytokines … 
and BMSMs 
expressed pro- 
inflammatory 
cytokines

Where do
I come
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β2-glycoprotein i (β2gPi) is a major 
autoantigen in antiphospholipid 
syndrome (APs). new findings implicate 
the human gut commensal Roseburia 
intestinalis in the development and 
maintenance of chronic autoimmune 
responses to this antigen in APs via 
cross-reactivity.

“to our knowledge, the human  
gut microbiome has not previously 
been linked with APs,” says 
corresponding author martin Kriegel. 
“our study highlights the gut as a 

potential chronic trigger in patients 
with APs.”

Kriegel and colleagues found that 
R. intestinalis contains amino acid 
sequences that are highly homologous 
to sequences found in B cell and T cell 
epitopes within β2gPi. Although the 
prevalence of this commensal was 
similar in individuals with anti-β2gPi 
antibodies (including individuals 
with APs) and healthy individuals, 
anti-β2gPi antibody-positive 
individuals had signs of chronic 
subclinical intestinal inflammation and 
systemic adaptive immune responses 
to R. intestinalis.

furthermore, compared with 
healthy individuals, patients with APs 
had higher levels of antibodies that 
were cross-reactive with a bacterial 
DnA methyltransferase expressed 
by R. intestinalis, and levels of these 
antibodies correlated with levels of 
anti-β2gPi antibodies in patients  
with APs.

mice immunized with R. intestinalis 
lysates had higher levels of serum 
antibodies that could cross-react 
with human β2gPi compared with 
sham-immunized mice. importantly, 
oral administration of R. intestinalis 
in a mouse model of spontaneous 
APs triggered the development of 
anti-human-β2gPi antibodies, as well as 
APs-related morbidity and mortality.

“An important finding was that an 
otherwise harmless bug, that is often 
considered beneficial, can be dangerous 
in patients who are genetically or 
otherwise prone to over-react to 
particular pieces of this gut microbe,” 
explains Kriegel. “selecting those 
patients who show reactivity to the 
bacterium and who have predisposing 
genes will be essential to identify who 
could possibly benefit in the future from 
attempts to remove this and similar 
cross-reactive triggers from the gut.”

Jessica McHugh

 A n T I P H O S P H O l I P I D  S Y n D R O M E

Gut commensal implicated in APS

choroid plexus as a site of leukocyte 
migration in some patients.

“Although we were able to 
demonstrate a temporal association 
between the development  
of TLSs and the appearance of 
neuropsychiatric deficits in the 
mouse model, it will be important 
in future studies to conclusively 
establish the pathogenic contribution 
of these lymphoid structures to 
NPSLE,” states corresponding author 
Chaim Putterman.

Jessica McHugh

ORIgInAl ARTIclE Stock, A. D. et al. Tertiary 
lymphoid structures in the choroid plexus in 
neuropsychiatric lupus. JCI. Insight. https://doi.org/ 
10.1172/jci.insight.124203 (2019)
FURTHER READIng Schwartz, N., Stock, A. D.  
& Putterman, C. Neuropsychiatric lupus:  
new mechanistic insights and future treatment 
directions. Nat. Rev. Rheum. 15, 137–152 (2019)

the 
investigators… 
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of lymphocyte 
transepithelial 
migration in 
the choroid 
plexus

C
re

di
t:

 S
pr

in
ge

r N
at

ur
e 

Li
m

it
ed

The pathogenesis of neuropsychiatric 
systemic lupus erythematosus 
(NPSLE) is incompletely understood. 
In a new study, detailed phenotypic 
analysis has revealed the presence of 
tertiary lymphoid structures (TLSs) 
in the choroid plexus of lupus-prone 
mice and provides evidence that the 
choroid plexus can serve as a site for 
lymphocyte migration into the brain.

“The prevailing understanding of 
the pathogenesis of NPSLE implicates 
dysfunction of brain barriers, 
consequently exposing the brain to 
systemic neurotoxic agents,” explains 
Ayal Ben-Zvi, co-author on the new 
study. “Most of the focus to date had 
been on the blood brain barrier; 
however, the blood-cerebrospinal fluid 
barrier, at the choroid plexus, has long 
been implicated in human NPSLE.”

Previous studies had identified 
extensive cellular infiltrates in the 
choroid plexus of lupus-prone MRL/lpr  
mice. “Reports of the presence of 

TLSs in tissues affected by chronic 
inflammation in autoimmune 
diseases led us to hypothesize that  
the marked cellular infiltration may 
in fact be consistent with a TLS,”  
says lead author Ariel Stock.

Immunofluorescence and 
transcriptomic analysis of these 
infiltrates revealed important features 
of TLSs, including follicular helper 
T cells, germinal centre B cells and 
IgG-producing plasma cells, as 
well as cytokine and chemokine 
signatures associated with lymphoid 
organization and aggregation.

Using transmission electron 
microscopy, the investigators also 
found evidence of lymphocyte 
transepithelial migration in the 
choroid plexus, suggesting a possible 
alternative route into the brain than 
through the parenchymal blood 
brain barrier. Histological evaluation 
of brain autopsy samples from 
patients with SLE also revealed the 
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The choroid plexus: a cellular site 
of entry into the brain in NPSLE?

administration 
of R. intestinalis 
… triggered 
the develop-
ment of anti-
human-β2GPI 
antibodies

ORIgInAl ARTIclE Ruff, W. E. et al. Pathogenic 
autoreactive T and B cells cross-react with 
mimotopes expressed by a common human gut 
commensal to trigger autoimmunity. Cell Host 
Microbe. https://doi.org/10.1016/j.chom. 
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One of the main goals of applying ‘human 
immunology’ approaches to autoimmune 
diseases is to identify the pathological cell 
types or pathways that characterize differ-
ent diseases1. High-dimensional single-cell 
analyses such as mass cytometry (also known 
as CyTOF) and single-cell RNA sequencing 
(scRNA-seq) have improved our ability to 
study patient tissue samples in detail, ena-
bling remarkable visualization of the pheno-
types and possible functions of immune cells 
that infiltrate target tissues. Such analyses 
have the potential to reveal unique immune 
cell characteristics that distinguish one auto-
immune disease from another, but can also 
bring to light common immune cell subsets 
that activate similar immune pathways across 
clinically distinct diseases, as has now been 
shown for coeliac disease, systemic lupus ery-
thematosus (SLE) and systemic sclerosis (SSc) 
in a new study by Christophersen et al.2.

Given the important functions of CD4+ 
T cells in mediating autoimmune pathol-
ogy, substantial effort has been focused on 
identifying culprit T cell subsets in different 
diseases using a variety of methods. Mass 
cytometry measures 35–45 parameters on 
large numbers of cells in patient samples 
and can reveal unanticipated cell phenotypes 
that are enriched within target tissues3–5. 
Alternatively, scRNA-seq uses transcripto-
mes to distinguish cell populations and can  
also detect unique gene signatures or effec-
tor molecules expressed by these cells6,7. One  
limitation of these approaches is that they 

are typically unable to distinguish between 
T cells that specifically recognize disease- 
associated autoantigens and T cells that are 
recruited nonspecifically to the inflamed site. 
However, Christophersen and colleagues2 
have overcome this limitation by combining 
mass cytometry with the use of peptide–MHC 
tetramers to study antigen-specific T cells in 
patients with coeliac disease.

Coeliac disease provides a compelling sce-
nario in which to study autoreactive T cells: 
it is an immune-mediated disease that is 
induced by a defined antigen (gluten); lym-
phocytes can be obtained from the target 
tissue (gut); and antigen-specific lympho-
cytes can be identified using gluten-derived 
peptide-loaded MHC tetramers. Using a mass 
cytometry panel that includes five peptide–
MHC tetramers, Christophersen et al.2 show 
that gluten-specific CD4+ T cells from the guts 
of patients with coeliac disease have a remark-
ably consistent phenotype and have high 
expression of programmed cell death 1 (PD1), 
CD161, CD38, CXC-chemokine receptor 3 
(CXCR3) and HLA-DR. Thus, the authors 
define a distinct T cell phenotype that encom-
passes most of the antigen-specific T cells in 
the guts of patients with coeliac disease.

Using bulk RNA-seq, Christophersen et al.2  
found that these antigen-specific T cells had 
increased expression of genes associated  
with B cell help functions, including IL21, 
which encodes a cytokine important for B cell 
differentiation, and CXCL13, which encodes 
a potent B cell chemoattractant. These factors 

 A U TO I M M U N I T Y

The rise of peripheral T helper 
cells in autoimmune disease
Deepak A. Rao   

Studies across multiple autoimmune diseases, including rheumatoid 
arthritis and coeliac disease, have identified a pathologically expanded 
PD1hiCXCR5−CD4+ T cell population that accumulates in inflamed tissues. 
Can this peripheral T helper cell population be harnessed as a predictive 
biomarker or targeted therapeutically in these diseases?

Refers to Christophersen, A. et al. Distinct phenotype of CD4+ T cells driving celiac disease identified in multiple 
autoimmune conditions. Nat. Med. 25, 734–737 (2019).
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are highly expressed by T follicular helper 
(TFH) cells, which are considered to be the 
principal T cell subset capable of providing 
help to B cells8. However, Christophersen 
et al.2 found that gluten-specific T cells in 
the gut lacked CXCR5, a lineage-defining 
feature of TFH cells, meaning that these cells 
express features of B cell help but are not  
typical TFH cells.

Remarkably, both the surface pheno-
type and the transcriptomic features of 
gluten-specific T cells from patients with 
coeliac disease strongly resemble a population 
of PD1hiCXCR5−CD4+ T cells that we discov-
ered in the joints of patients with seroposi-
tive rheumatoid arthritis (RA)4. Using mass 
cytometry on synovium from patients with 
RA, we identified an abundant population 
of PD1hiICOS+CXCR5− T cells that expressed 
large amounts of IL-21 and CXC-chemokine 
ligand 13 (CXCL13) and could induce B cell 
differentiation into plasmablasts in vitro4. Like 
gluten-specific T cells in coeliac disease, the 
PD1hi T cells in RA synovium lacked CXCR5, 
and these cells instead expressed receptors, 
such as CC-chemokine receptor 2 (CCR2), 
that enable the homing of cells to inflamed 
peripheral tissues. Therefore, we proposed 
that these cells could be considered to be 
peripheral, rather than follicular, T helper 
cells, which we referred to as T peripheral  
helper (TPH) cells9.

The compelling similarities between 
antigen-specific gut T cells in coeliac disease 
and synovial TPH cells in RA suggest that these 
cells might promote a common mechanism of 
T cell–B cell interactions in the target tissues 
of both diseases. Interestingly, an expanded 
PD1+CXCR3+CXCR5− T  cell population 
that promotes B cell responses through the 
release of IL-10 and succinate has also been 
described in paediatric patients with SLE10, 
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further expanding the range of known 
CXCR5− non-follicular T cell populations 
that can provide help to B cells. Although 
large efforts are underway to target TFH cells 
to treat autoimmune diseases, the results of 
these studies2,4,10 suggest that therapies will 
need to target TPH cell populations as well as 
TFH cells to effectively suppress pathological 
autoimmune responses.

TPH  cells and similar cell populations 
might also serve as biomarkers of patho-
logical T  cell–B cell activity in patients 
with autoimmune diseases. In RA, TPH cell 
populations were expanded in the circu-
lation of patients with active disease, and 
decreased as patients responded to effective 
treatment4. Christophersen and colleagues2 
found that gluten-specific T cell populations 
were expanded in the circulation of patients 
with coeliac disease after gluten challenge, 
and that these cells upregulated many of the 
same markers that are typically expressed by 
gut-resident T cells, including PD1, induci-
ble T cell co-stimulator (ICOS), CD161 and 
CD38, which are also characteristic markers 
of TPH cells in RA. The authors also found 
increased numbers of these cells in patients 
with SLE or SSc. Although the observations 
in SLE and SSc are preliminary, being based 
on only ten patients in each group, a pattern 
emerges that TPH cell populations seem to 
be expanded across four diseases that are 
associated with autoantibody production 
(RA, SLE, SSc and coeliac disease)2,4, but 
not in two diseases that lack autoantibodies 
(seronegative RA and spondyloarthritis)4. 
This association fits mechanistically with the 
idea that TPH cells augment B cell activation 
and autoantibody production, and supports 
the possibility that, across autoimmune dis-
eases, TPH cell abundance might reflect the 
degree of T cell–B cell interaction taking 
place in patients. It will be of interest to eval-
uate whether numbers of TPH cells are asso-
ciated with clinical characteristics in larger 
cohorts of patients with SLE or SSc, and to 
establish in which rheumatic diseases TPH cell  
populations are expanded.

The new study by Christophersen and 
colleagues2, together with the previous 
description of synovial TPH cells4, highlights 
the ability of high-dimensional cytometry to 
reveal potentially pathological T cell popu-
lations with unexpected phenotypes that do 
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Rheumatoid arthritis (RA) is a common and 
debilitating autoimmune disease that worsens 
over time. Many alleles are associated with an 
increased risk of RA, but alone these genetic 
associations are insufficient for disease 
development, which probably requires an 
additional environmental trigger. Crosstalk 
between the gut microbiome and the immune 
system has long been postulated to be such a 
trigger, and our ability to investigate the pro-
posed gut–joint axis in RA has been greatly 
facilitated by the development of advanced 
sequencing and computational approaches 
for investigating the complexity of the gut 
microbiome. Researchers using these technol-
ogies to study patients with RA have reported 
a link between altered gut microbiota (dys-
biosis) and disease severity, dysbiosis being 

present during the early stages of disease1 
and being partly normalized by RA ther-
apy2. Much excitement now surrounds the 
possible development of microbiota-related 
interventions for RA, as exemplified in a new 
study by Doonan et al.3, in which the abil-
ity of the helminth-derived product ES-62 
to prevent inflammatory arthritis in mice 
was accompanied by a normalization of the  
gut microbiota.

A current limitation of most high-through-
put microbiota studies is the use of healthy 
individuals and patients with a variety of 
diseases who live in ‘Westernized’ societies, 
as Westernization is associated with reduced 
microbial diversity4. Helminths are particu-
larly successful parasites in that they establish 
chronic and widespread infections in endemic 
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Changes in the gut microbiome are thought to be important 
environmental triggers for inflammatory forms of arthritis, including 
rheumatoid arthritis. Could interactions between gut parasites, such as 
helminths, and gut microbiota be the key to normalizing an unbalanced 
microbiome and preventing arthritis?
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further expanding the range of known 
CXCR5− non-follicular T cell populations 
that can provide help to B cells. Although 
large efforts are underway to target TFH cells 
to treat autoimmune diseases, the results of 
these studies2,4,10 suggest that therapies will 
need to target TPH cell populations as well as 
TFH cells to effectively suppress pathological 
autoimmune responses.

TPH  cells and similar cell populations 
might also serve as biomarkers of patho-
logical T  cell–B cell activity in patients 
with autoimmune diseases. In RA, TPH cell 
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lation of patients with active disease, and 
decreased as patients responded to effective 
treatment4. Christophersen and colleagues2 
found that gluten-specific T cell populations 
were expanded in the circulation of patients 
with coeliac disease after gluten challenge, 
and that these cells upregulated many of the 
same markers that are typically expressed by 
gut-resident T cells, including PD1, induci-
ble T cell co-stimulator (ICOS), CD161 and 
CD38, which are also characteristic markers 
of TPH cells in RA. The authors also found 
increased numbers of these cells in patients 
with SLE or SSc. Although the observations 
in SLE and SSc are preliminary, being based 
on only ten patients in each group, a pattern 
emerges that TPH cell populations seem to 
be expanded across four diseases that are 
associated with autoantibody production 
(RA, SLE, SSc and coeliac disease)2,4, but 
not in two diseases that lack autoantibodies 
(seronegative RA and spondyloarthritis)4. 
This association fits mechanistically with the 
idea that TPH cells augment B cell activation 
and autoantibody production, and supports 
the possibility that, across autoimmune dis-
eases, TPH cell abundance might reflect the 
degree of T cell–B cell interaction taking 
place in patients. It will be of interest to eval-
uate whether numbers of TPH cells are asso-
ciated with clinical characteristics in larger 
cohorts of patients with SLE or SSc, and to 
establish in which rheumatic diseases TPH cell  
populations are expanded.

The new study by Christophersen and 
colleagues2, together with the previous 
description of synovial TPH cells4, highlights 
the ability of high-dimensional cytometry to 
reveal potentially pathological T cell popu-
lations with unexpected phenotypes that do 
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Rheumatoid arthritis (RA) is a common and 
debilitating autoimmune disease that worsens 
over time. Many alleles are associated with an 
increased risk of RA, but alone these genetic 
associations are insufficient for disease 
development, which probably requires an 
additional environmental trigger. Crosstalk 
between the gut microbiome and the immune 
system has long been postulated to be such a 
trigger, and our ability to investigate the pro-
posed gut–joint axis in RA has been greatly 
facilitated by the development of advanced 
sequencing and computational approaches 
for investigating the complexity of the gut 
microbiome. Researchers using these technol-
ogies to study patients with RA have reported 
a link between altered gut microbiota (dys-
biosis) and disease severity, dysbiosis being 

present during the early stages of disease1 
and being partly normalized by RA ther-
apy2. Much excitement now surrounds the 
possible development of microbiota-related 
interventions for RA, as exemplified in a new 
study by Doonan et al.3, in which the abil-
ity of the helminth-derived product ES-62 
to prevent inflammatory arthritis in mice 
was accompanied by a normalization of the  
gut microbiota.

A current limitation of most high-through-
put microbiota studies is the use of healthy 
individuals and patients with a variety of 
diseases who live in ‘Westernized’ societies, 
as Westernization is associated with reduced 
microbial diversity4. Helminths are particu-
larly successful parasites in that they establish 
chronic and widespread infections in endemic 
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Future studies aimed at generating an in-depth 
view of associations between helminths, 
the gut microbiome and disease (poten-
tially in humans) could enable the develop-
ment of novel and effective microbe-based  
and/or metabolite-based treatments for 
patients with RA.
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populations living in underdeveloped regions; 
these same populations typically have a low 
prevalence of immune-mediated diseases5. 
Gut microbiota that is altered by helminth 
infection potentially represents the state of the 
‘natural’ or ‘ancient’ microbiota with which 
humans evolved, and experimental evidence 
supports a role for helminth-altered micro-
biota in preventing the development of aller-
gic airway inflammation and inflammatory  
bowel disease6.

In their new study, Doonan et al.3 show 
that depletion of the gut microbiota using 
broad-spectrum antibiotics reduces the abi-
lity of ES-62 treatment to protect mice against 
developing collagen-induced arthritis (CIA) 
and that the anti-inflammatory effects of 
ES-62 correlate with a normalization of the 
gut microbiome. ES-62 is a well-defined 
immunomodulator that is secreted by the 
tissue-dwelling nematode Acanthocheilo-
nema viteae and has been previously shown 
to prevent mice from developing CIA7. 
Doonan et al.3 provide convincing evidence  
that the ability of ES-62 to normalize the gut 
microbiome precedes disease development;  
however, it is unclear whether ES-62 treat-
ment prevents CIA by altering the gut micro-
biome directly, or whether it just prevents 
inflammation-induced dysbiosis. With regard 
to the latter possibility, researchers from 
the same group have previously found that  
ES-62 interferes with signalling via myeloid 
differentiation primary response protein 
MYD88 (REF.8), an adaptor protein involved 
in microbiota sensing and immune cell activ-
ation, thereby highlighting this pathway as 
a plausible meanjs by which ES-62 could 
alter the host response to its microbiota and  
prevent microbial dysbiosis.

But how does the gut microbiota affect 
the development of inflammatory arthritis? 
Possible mechanisms include crossreactiv-
ity of autoantigens with antigens expressed 
by gut bacteria, or bacteria-mediated post- 
translational modification of autoantigens. 
For example, microbial dysbiosis, perhaps 
triggered by an unrelated inflammatory 
event, could potentially lead to the outgrowth 
of gut bacteria that promote the activation of  
autoreactive T cell and B cell responses9. 
Alternatively, bacterial dysbiosis could lead 
to a breach of the gut barrier resulting in the 
translocation of bacteria to non-gut organs 

and the triggering of systemic inflammation9. 
Doonan et al.3 favour the latter hypothesis, 
reporting the presence of gut pathology in 
mice with CIA alongside evidence that ES-62 
treatment can prevent gut pathology in a 
microbiota-dependent manner. However, 
the authors only present a histological assess-
ment of the gut tissue3, and further evidence 
of altered epithelial permeability, bacterial 
translocation into non-gut organs or local 
immune dysregulation would be required 
to substantiate their claims that a loss of gut  
barrier integrity occurs in CIA.

Doonan et al.3 also show that ES-62 treat-
ment can modulate osteoclast function in a 
microbiota-dependent manner. This find-
ing is of particular interest as ES-62 helped 
to maintain the presence of members of 
the Clostridiales order in the guts of mice 
with CIA, including bacteria belonging to 
the butyrate-producing generas Dorea and 
Roseburia3. Increased butyrate availability has 
previously been linked to helminth-mediated 
alterations to the gut microbiota5, and buty-
rate can stimulate bone formation and pre-
vent bone loss and osteoclastogenesis induced 
by ovariectomy or CIA10. Taken together, 
these studies highlight butyrate, one of the 
most abundant short-chain fatty acids pro-
duced by the gut microbiota, as a modulator 
of inflammatory disease. Notably, butyrate is 
a well-known modulator of gut barrier func-
tion and inflammation10, providing a possi-
ble mechanism by which ES-62–microbiota 
interactions could additionally influence  
gut pathology.

Overall, the study by Doonan et al.3 pro-
vides fresh insight into the importance of 
the gut–joint axis in inflammatory arthritis 
and highlights the value of using helminth- 
informed approaches to investigate this axis. 

ES-62 treatment can 
modulate osteoclast function  
in a microbiota-dependent 
manner
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The measurable phenome for patients with 
systemic sclerosis (SSc) is complex, consist-
ing of clinical, histological, cytological and 
high-throughput molecular components, each 
capturing a part of the disease heterogeneity 
(Fig. 1). The classification of SSc described by 
LeRoy et al.1, which divides patients into limi-
ted cutaneous (lc) and diffuse cutaneous (dc) 
SSc subsets, is the most widely used system; 
however, the clinical course in either group is 
variable, reducing the utility of this classifica-
tion1. The 2013 ACR/EULAR classification 
augmented the LeRoy classification to increase 
the sensitivity and specificity of SSc diagnosis, 
but this classification is not useful for predicting 
outcomes2. To address this issue, the European 
Scleroderma Trials and Research (EUSTAR) 
group have captured data for 24 clinical vari-
ables from patients with SSc and applied clini-
cal informatics approaches to identify a novel, 
data-driven SSc classification scheme3.

Two dominant clusters were identified, 
with the extent of skin disease largely respon-
sible for cluster membership; however, 39% of 
patients with lcSSc and 19% of patients with 
dcSSc clustered discordantly, highlighting the 
need for a different strategy that goes beyond 
a dichotomous classification. Importantly, the 
investigators performed multiple sensitivity 
analyses to ensure that the top-level classi-
fication is robust and that discordance with 
the LeRoy classification is a real phenomenon 
worthy of further exploration. The investiga-
tors subsequently showed that a finer-grained 
clustering into six subgroups might capture 
further variation in patient survival3. This 
study represents an important step towards a 
more comprehensive SSc classification.

This study is noteworthy for four inter- 
related reasons. First, EUSTAR has broad com-
munity support (11,318 patients at 137 referral  
centres in Europe, the USA and Asia), providing 

Furthermore, only 6,927 (61%) of the patients in 
the EUSTAR cohort had data for all 24 variables 
necessary for study inclusion, and even fewer 
had available survival data3. Appropriately, 
missing data were not imputed because ‘miss-
ingness’ could not be assumed to be random, 
an important technical limitation that causes an 
unfortunate loss of other wise ‘good’ data. The 
value inherent in the breadth of the EUSTAR 
cohort demonstrates that the SSc community 
at large needs to find novel ways to ensure that 
patients with SSc are included and maintained 
in registries, and that data on patients lost to 
follow-up are captured. Implementation of 
strategies to improve EUSTAR data quality con-
tinues, including biannual data entry training 
sessions, data auditing through chart reviews 
and inclusion of variable definitions within 
the database. Partnering with patients’ groups, 
industry and philanthropic organizations to 
promote the identification of an integrated  
SSc classification could markedly improve 
registry retention5, particularly through sal-
ary support for research staff and/or patient 
 compensation for study participation.

The second noteworthy feature of this 
study is that the two-group and exploratory 
six-group EUSTAR classifications were iden-
tified using methods outside the classical 

unparalleled breadth of data for clinical infor-
matics3. As with any registry, missing data are 
problematic. Fifty-two per cent of patients in the 
EUSTAR cohort were lost to follow-up, which 
is an unfortunately high number. Retention in 
another SSc patient registry, the Scleroderma 
Patient-centred Intervention Network (SPIN), 
is 79–87%, probably because data are cap-
tured via electronic patient questionnaires4. 
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Towards a new classification  
of systemic sclerosis
Monique Hinchcliff    and J. Matthew Mahoney

Analysis of data from the European Scleroderma Trials and Research 
(EUSTAR) cohort has initially identified six subsets of systemic sclerosis 
(SSc), as opposed to the binary classification of limited and diffuse 
cutaneous SSc. We now move closer to a more actionable SSc 
classification for improved clinical care and trial design.

Refers to Sobanski, V. et al. Phenotypes determined by cluster analysis and their survival in the prospective EUSTAR 
cohort of patients with systemic sclerosis. Arthritis Rheumatol. https://doi.org/10.1002/art.40906 (2019).
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biostatistics curriculum and published without 
confirmation of findings in an independent, 
external validation cohort. In this instance, 
early publication (before comprehensive exter-
nal validation) in a journal with wide clini-
cian readership is hugely beneficial because 
it enables data dissemination, increases clini-
cian awareness regarding the expanding scope  
of informatics approaches (clinical and bio-
informatics) and facilitates useful discussions 
throughout the research community regard-
ing the potential for integrated classification 
criteria (Fig. 1). In particular, publication of 
this classification allows other researchers to 
perform principled subgroup analyses, for 
example, post hoc analyses of clinical trial 
data to assess differential treatment response. 
Although such results would necessarily be 
provisional, they might identify novel clini-
cal correlations and, conversely, assess the 
clinical validity of the EUSTAR classification.

Thirdly, this study demonstrates the impor-
tant and increasing role of machine learning in 
clinical data analysis. Many physician readers 
and reviewers are comfortable with papers 
that use standard regression approaches 
learnt in medical school; however, many of us 
are uncomfortable when asked to review or 
implement findings based upon new machine 
learning and statistical approaches (for exam-
ple, unsupervised clustering, dimension 
reduction, bootstrapping and cross valida-
tion, among others). In the EUSTAR study, 
hierarchical clustering was paired with a 
cluster quality metric called the Jaccard index 
to systematically assess the validity of the 
observed subgroups3. Although seemingly 
exotic in the clinical literature, these meth-
ods are long-standing approaches that have 
been applied successfully in both medical and 
non-medical realms6. Going forward, the avail-
ability and requirements of analytical methods 
for high-dimensional data should inform the 
design of large-scale collaborative studies. For 
example, a particular organ data point might 
not provide clinically actionable information 
on its own but can be invaluable for machine 
learning efforts. The input of data scientists is 
thus essential during all study phases, from 
 feasibility studies to post hoc analyses.

Finally, it is noteworthy what the EUSTAR 
study does not include, namely high-throughput 
molecular data. The debate is ongoing between 
supporters of rheumatic disease classifications 
that are solely driven by data readily availa-
ble to the clinician versus those who favour 
inclusion of high-throughput ‘omics’ data 
(which continue to expand at an unprece-
dented rate)7. Such data can be exploited to 
define meaningful patient subsets that might 
not cleanly stratify along clinical axes8. In our 
opinion, inclusion of high-dimensional data 
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will lead to improved classification and risk 
stratification. Indeed, the proposed EUSTAR 
SSc classification uses organ damage data to 
inform, potentially, the risk of more organ 
damage and death. However, this approach 
misses leading indicators that can, in fact, be 
captured at the molecular level: for example, 
skin gene expression predicts SSc skin disease 
trajectory9. Looking forwards, what if we were 
able to identify meaningful patient subsets 
during the ‘puffy hand phase’ of SSc before 
the development of lung or cardiac disease 
and adjust our screening and treatment algo-
rithms accordingly? Such a classification 
would require detailed insight into molecular 
and cellular mechanisms of pathogenesis. The 
optimal SSc classification will integrate the full 
SSc patient phenome with machine-learning 
strategies. This approach will require a shared 
and serious commitment by funding agencies, 
health insurance providers and rheumatol-
ogists, and communication between the SSc 
and the clinical bioinformatics communities.
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Cardiovascular disease is one of the leading 
causes of morbidity and mortality in patients 
with inflammatory rheumatic diseases. Risk 
of cardiovascular events and mortality is 
especially high for patients with rheumatoid 
arthritis (RA), the prototype of inflammatory 

arthritis1. Emerging evidence suggests that 
vascular smooth muscle cells (VSMCs) dif-
ferentiate into osteoblast-like cells in response 
to specific stimuli, such as oxidized choles-
terol and inflammation, among others2. Such 
a process could be of high relevance to the 
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New data highlight the contribution of IL-6 to vascular calcification in 
chronic inflammation. Given that increased vascular calcification and 
accelerated atherosclerosis occur in patients with chronic inflammatory 
diseases, new therapies that block the IL-6 pathway might reduce the risk 
of cardiovascular events in these patients.
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of cardiovascular events and an increased 
rate of cardiovascular mortality in patients 
with RA6. Consequently, IL-6 measurements 
are unlikely to replace measurements of 
C-reactive protein in routine clinical practice.

In regard to disease mechanisms, in their 
study, Kurozumi et al.5 reveal that the IL-6–
soluble IL-6 receptor pathway can induce the 
transformation of hVSMCs into an osteo-
blast phenotype by increasing the expression 
of RUNX2 (the gene encoding runt-related 
transcription factor 2), potentially unveiling a 
link between chronic inflammation and vas-
cular calcification in conditions such as RA.  
Interestingly, they found that this process is 
dependent on activation of signal transducer 
and activator of transcription 3 (STAT3) and 
also requires the involvement of the histone 
demethylase lysine-specific demethylase 4B 
(KDM4B)5. These findings are in line with 
previous studies reporting that calcifica-
tion in tissues undergoing chronic inflam-
mation might be mediated by IL-6 (REF.9). 
For example, in one study investigating the 
effects of various inflammatory cytokines 
(including IL-6, TNF and ILβ) on human 
adipose-tissue-derived mesenchymal stem 
cells, IL-6 promoted calcification to the 
greatest degree and the use of IL-6 inhibi-
tors was proposed as an effective strategy for 
treating vascular calcification in patients with 
inflammatory diseases9.

Treatment of inflammatory diseases 
has changed considerably over the past few 
decades, including the advent of biologic 
agents and tighter control of disease activ-
ity. Conventional synthetic DMARDs and 
biologic therapies currently in use to treat 
patients with these pathologies can attenu-
ate atherosclerosis by reducing the systemic 
inflammatory burden6. The pathogenic func-
tion of the IL-6 pathway in the vascular cal-
cification in chronic inflammation described 
by Kurozumi et al.5 might yield new insights 
into the mechanisms associated with acceler-
ated atherosclerosis in chronic inflammatory 
diseases. The findings raise the question of 
whether inhibitors of the IL-6 pathway, such 
the IL-6 receptor antagonists tocilizumab and 
sarilumab, or new small-molecule inhibitors 

management of cardiovascular disease in 
patients with immune-mediated diseases 
characterized by chronic inflammation, as 
it might increase the risk of vascular calcifi-
cation3 and contribute to the increased risk 
of cardiovascular events in these patients. 
In vitro findings have revealed that IL-6, a 
pivotal pro-inflammatory cytokine in RA, 
induces osteogenic transition and miner-
alization of VSMCs4. However, to date, the 
molecular mechanisms by which this mol-
ecule exerts this effect are unknown. In a new 
study, Kurozumi et al.5 performed an unprece-
dented evaluation of the mechanism by which 
pro-inflammatory cytokines, in particular 
IL-6, regulate the transformation of human 
VSMCs (hVSMCs) into osteoblast-like cells, 
which could have cardiovascular conse-
quences for conditions associated with high 
IL-6 concentrations.

Cumulative knowledge reveals that the 
increased cardiovascular risk observed in 
patients with RA develops as a result of 
accelerated atherosclerosis1. Endothelial 
dysfunction occurs in the early stages of ath-
erosclerosis6, and persistent alterations in 
endothelial cells predispose individuals to 
an increased risk of damage to the vascular 
wall1. A number of non-invasive surrogate 
markers of atherosclerosis are available, such 
as an abnormally increased carotid intima–
media wall thickness and/or the presence 

of carotid plaques on carotid ultrasono-
graphy1. Notably, coronary artery calcifica-
tion correlates with coronary artery disease 
and is a well-established predictor of cardiac 
events. The coronary artery calcification 
score (CACS), as assessed by multi-detector  
computed tomography (MDCT), is poten-
tially useful for evaluating the extension 
and severity of atherosclerosis7. The use of 
the CACS has enabled the identification 
of patients with RA at high risk of cardio-
vascular events, including patients who were 
initially considered to have a low or moder-
ate cardiovascular risk on the basis of scores  
from risk charts, such as the Systematic 
Coronary Risk Evaluation (SCORE), although 
CACS had a lower sensitivity than carotid 
ultrasonography in this study7.

Most patients with established seropositive 
RA have coronary artery calcification and an 
abnormally high CACS (Agatston score >10), 
which is associated with high concentrations 
of serum markers of inflammation8. Notably, 
coronary artery calcification is associated 
with high serum concentrations of IL-6 in 
these patients, linking IL-6 and atherosclero-
sis in this context and highlighting IL-6 as a 
potential surrogate marker of atherosclerosis. 
However, IL-6 measurements are not easy to 
perform in routine clinical practice, unlike 
the serological marker C-reactive protein, 
which is a sensitive marker of inflammation 
measured in most laboratories. C-reactive 
protein increases following IL-6 secretion, 
and persistently high concentrations of 
C-reactive protein are associated with the 
development of subclinical atherosclerosis 
(as assessed by increased carotid intima–
media wall thickness), an increased incidence 
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of the JAK–STAT pathway, which is acti-
vated downstream of IL-6, inhibit vascular 
athero sclerotic calcification and thereby help 
decrease the risk of cardiovascular events 
and cardiovascular mortality in patients with 
these conditions.

It should be noted, however, that abnor-
mally high levels of IL-6 by themselves are not  
sufficient to explain the development of athero-
sclerotic disease in patients with inflammatory 
arthritis as atherosclerosis is a complex entity. 
In this regard, a genetic component1,10, tradi-
tional cardiovascular risk factors, serum con-
centrations of pro-inflammatory adipokines, 
endothelial cell activation and the presence  
of metabolic syndrome1 also have a crucial 
function in this process.

In summary, the results reported by 
Kurozumi et al.5 shed light on the link between 
the IL-6 pathway and vascular calcification. 
Further studies are needed to determine 
whether therapies that block this pathway pre-
vent vascular atherosclerotic calcification in 
patients with chronic inflammatory diseases.
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Individuals with rheumatoid arthritis (RA) or psoriatic 
arthritis (PsA) have an increased risk of cardiometabolic 
comorbidities compared with the general population1,2. 
The strong association between RA and cardiovascu-
lar disease (CVD) has been well studied and is likely 
related to the underlying state of chronic inflammation 
in RA and the accompanying increase in several pro- 
inflammatory cytokines that are also involved in the 
pathogenesis of atherosclerosis3.

By contrast, psoriatic disease, a term that encom-
passes both psoriasis and PsA, is considered a more 
metabolically driven phenotype than RA and is asso-
ciated with moderately increased CVD risk compared 
with the general population1. Emerging evidence from 
genetics studies suggest a causal relationship between 
BMI and psoriasis4. Furthermore, weight- loss interven-
tions can increase the proportion of individuals with 
PsA achieving minimal disease activity5,6. Metabolic 
comorbidities, including type 2 diabetes mellitus, dys-
lipidaemia and hypertension, are more prominent in 
patients with PsA than in the general population, even 
after adjustment for BMI7. The presence of these comor-
bidities, in addition to underlying chronic inflamma-
tion, might contribute to the apparent increased CVD 
risk in patients with PsA.

Chronic inflammation is a major pathogenic process 
in PsA, RA and, potentially, in primary atherosclerosis. 
Pro- inflammatory cytokines such as TNF, IL-1 and 
IL-17 contribute to atherosclerotic plaque formation 
and stability8. Moreover, a number of pro- inflammatory 
cytokines that contribute to PsA and RA pathogenesis, 
including TNF and IL-6, function systemically and effect 
numerous extra- articular tissues, including skeletal 
muscle, adipose tissue, the liver and the endothelium9. 
As such, mediators of articular and cutaneous inflam-
mation could also potentially contribute to metabolic 
and atherosclerotic pathology and could thus drive 
comorbidities.

In this Review, we focus on RA and PsA, two com-
mon inflammatory arthropathies that have a notable 
cardiometabolic burden; although the risk of cardio-
metabolic comorbidities is also an important consider-
ation for a number of other inflammatory arthropathies, 
including ankylosing spondylitis, such discussions are 
outside the scope of this Review. We discuss evidence 
supporting the burden of CVD in patients with RA or 
PsA and outline the important function of underlying 
systemic inflammation. Furthermore, we discuss met-
abolic comorbidities, including obesity, type 2 diabetes 
mellitus, dyslipidaemia, non- alcoholic fatty liver disease 
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(NAFLD) and hypertension, that occur in RA and PsA 
(Table 1). Finally, we briefly review the effects of anti- 
rheumatic therapies on cardiometabolic comorbidities 
and suggest directions for future research.

Burden of CVD in RA and PsA
RA is associated with increased cardiovascular morbid-
ity and mortality relative to the general population1. By 
comparison, evidence supporting increased CVD risk 
in PsA is less well established. The following section 
outlines available epidemiological data describing the 
occurrence of CVD in patients with RA or PsA, often 
reported as major adverse cardiovascular events (MACE; 
a composite measure that includes non- fatal myocardial 
infarction, non- fatal stroke and cardiovascular death), 
coronary heart disease (CHD) and cardiovascular events 
in different papers. Although data from observational 
studies cannot prove causality, these data highlight the 
risks associated with these conditions.

Rheumatoid arthritis
In 2012, a meta- analysis of 14 observational studies 
reported that individuals with RA had a 48% higher 
risk of incident CVD compared with the general popu-
lation10. In particular, the findings suggested that those 
with RA had a 68% higher risk of myocardial infarc-
tion and a 41% higher risk of stroke compared with the 
general population. This latter finding was confirmed 
in a more recent meta- analyses in 2017, which reported 
a 69% higher risk of incident myocardial infarction 
in patients with RA after adjusting for age and sex11. 
Although traditional CVD risk factors (for example, 
smoking, obesity, physical inactivity, hyperlipidaemia, 
type 2 diabetes mellitus and hypertension) were more 
prevalent in patients with RA (as well as other forms 
of arthritis, including PsA), the relative risk of incident 
myocardial infarction remained considerable even after 
adjusting for at least one of these risk factors11.

Increased RA disease severity is thought to be 
associated with greater risk of CVD, supporting the 
involvement of inflammation in cardiovascular risk. 
For example, in a large population- based longitudi-
nal cohort study, patients with RA who had received 
DMARD therapy (a surrogate of severe disease) had a 
58% higher risk of a MACE, whereas those not receiv-
ing DMARD therapy had a 39% higher risk, compared 
with the general population1. Although there are limita-
tions to this definition of disease severity, cardiovascular 
mortality was 43% to 66% higher in patients with RA 
compared with the general population, irrespective of 
DMARD use1.

Several algorithms, such as the Framingham risk 
score12 and the Systematic Coronary Risk Evaluation 
algorithm13, can be used to predict an individual’s risk 
of cardiovascular events through the incorporation of 
traditional CVD risk factors, including age, sex, sys-
tolic blood pressure and cholesterol levels. However, 
such algorithms can underestimate the risk of CVD in 
certain groups of individuals, including patients with 
RA14,15. In an attempt to address this issue, the EULAR 
taskforce recommend the use of a 1.5 multiplication fac-
tor when estimating the risk of CVD in patients with 
RA using CVD risk prediction algorithms (except when 
using the QRISK3 prediction algorithm, which already 
incorporates a multiplication factor for individuals with 
a diagnosis of RA)16. The validity of this multiplication 
factor has been questioned by some17,18; however, this 
approach remains one of the best options available for 
estimating the risk of CVD in patients with RA owing 
to the lack of validated RA- specific CVD risk prediction 
models. Such models will be difficult to generate given 
the requirement for large cohort numbers and a long 
length of follow- up to generate sufficient power in CVD 
outcome studies, including model validation studies.

Some researchers have suggested that the increased 
risk of CVD in RA is similar to that reported for type 2 
diabetes mellitus19. However, when these two diseases 
were considered concurrently with full adjustment for 
other risk factors during the development of the QRISK3 
risk prediction algorithm, the risk of CVD was much 
greater for patients with type 2 diabetes mellitus than 
for patients with RA, with adjusted hazard ratios (HRs) 

Key points

•	Cardiometabolic comorbidities represent a notable morbidity and mortality burden 
in patients	with	rheumatoid	arthritis	(RA)	or	psoriatic	arthritis	(PsA).

•	Patients	with	RA	have	a	higher	risk	of	cardiovascular	disease	than	individuals	 
of	the	general	population;	however,	some	of	this	increased	risk	might	be	driven	by	
steroid	use.

•	PsA	is	more	strongly	linked	to	metabolic	comorbidities,	including	obesity,	non-	
alcoholic	fatty	liver	disease	and	type	2	diabetes	mellitus.

•	Dampening	inflammation	with	methotrexate	or	TNF	inhibitors	might	lower	the	
cardiovascular	risk	of	patients	with	RA,	but	formal	randomized	controlled	trials	are	
currently	sparse.

•	In	PsA,	weight	loss	might	reduce	disease	severity	and/or	risk	of	PsA	development,	but	
future	prospective	studies	are	needed	to	assess	the	effects	of	lifestyle	interventions	
and/or	pharmacologically	induced	weight	loss.

•	Clinical	trials	assessing	the	long-	term	effects	of	new	drugs	for	the	treatment	of	RA	or	
PsA	on	cardiovascular	outcomes	are	warranted,	including	the	safety	and	benefits	
of	 these	treatments.

Table 1 | Cardiometabolic comorbidities in RA and PsA

Cardiometabolic  
comorbidities

Rheumatoid 
arthritis

Psoriatic 
arthritis

Refs

Cardiometabolic outcomesa

Risk of CVD ++ + 1,10,11,21

Obesity +/− ++ 4,73,74,79,84

Type 2 diabetes +/− ++ 92–95

Hypertension + + 23,102,103,105

NAFLD +/− ++ 98–100

Lipid profiles in patients with active diseaseb

Total cholesterol ↓ ↓ 57,58

LDL- C ↓ ↓ 57,61

HDL- C ↓ ↓ 58,66

++ markedly increased; + increased; +/– mixed evidence;  
↑ increased; ↓ decreased; CVD, cardiovascular disease; 
HDL-C, HDL cholesterol; LDL- C, LDL cholesterol; NAFLD, 
non- alcoholic fatty liver disease; PsA , psoriatic arthritis;  
RA , rheumatoid arthritis. aCompared with individuals of the 
general population. bCompared with individuals in remission 
or without disease.
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of 2.91 and 1.24, respectively, for type 2 diabetes mellitus 
and RA in women (with similar differences in men)20. 
Intriguingly, this adjusted HR for RA was less than in 
previous estimates, which might relate to the inclusion 
of glucocorticoid use as a separate entity. The adjusted 
HRs for CVD in women and men taking glucocorti-
coids were 1.81 (95% CI 1.74–1.89) and 1.58 (95% CI 
1.5–1.66), respectively, emphasizing the adverse cardio-
vascular effects of long- term steroid use. The QRISK 
algorithm is perhaps one of the most comprehensive 
CVD risk algorithms and QRISK2 was one of the first 
algorithms to include RA as an independent risk factor, 
adding ~40–50% additional risk for patients with RA. 
However, notably, this excess risk was reduced to 1.24 
in the later and more extensive version (QRISK3). This 
reduction might imply a lower excess risk than previous 
estimates because of the availability of earlier and better 
treatments for RA and/or because some of the excess risk 
in previous estimates was caused by steroid use.

In summary, although CVD risk remains greater in 
patients with RA than in the general population, par-
ticularly the risk of myocardial infarction, the degree of 
excess risk might be less than previously estimated. This 
reduced risk might be because of improved disease con-
trol as well as general improvements in the management 
of CVD risk in patients with autoimmune disease.

Psoriatic arthritis
Compared with RA, data available on the risk of CVD in 
patients with PsA is less well established and more varia-
ble. A large cohort study of the entire adult Danish popu-
lation reported a higher rate of MACE among patients 
with PsA (adjusted rate ratio 1.79, 95% CI 1.31–2.45)21. 
However, in a UK population- based long itudinal cohort 
study of patients in primary care, the risk of MACE in 
patients with PsA was only moderately increased com-
pared with the general population (adjusted HR 1.24, 
95% CI 1.03–1.49 for patients with PsA not receiving 
DMARD therapy)1. In analyses of individual MACE 
components, PsA was associated with an increased risk 
of myocardial infarction1,22. However, whether PsA is also 
associated with an increased risk of stroke is inconsist-
ent across different studies. Several studies have reported 
no statistically significant association between PsA and 
risk of stroke23,24, whereas another study reported a 33% 
higher risk of stroke in patients with PsA not receiving 
DMARD therapy1 and a meta- analysis suggested an 
overall 22% higher risk of stroke in patients with PsA22.

Traditional cardiovascular risk factors contribute to 
overall CVD risk in PsA. For example, in one analysis 
of 1,091 patients with PsA and a >35-year follow- up, 
hypertension (relative risk 1.81; P = 0.015) and type 2 
diabetes mellitus (relative risk 2.72; P < 0.001) were 
independent predictors of major cardiovascular events 
(defined as a composite of myocardial infarction, ischae-
mic stroke, revascularization or cardiovascular death)25; 
the extent of disease activity and systemic inflamma-
tion (in women) were also independent predictors. In 
a subsequent study of patients with either psoriasis or 
PsA, almost 88% of patients had at least one modifiable 
cardiovascular risk factor: 17% were current smokers, 
13% had type 2 diabetes mellitus, 45% had hypertension, 

almost 50% had dyslipidaemia and >75% were over-
weight or obese26. Notably, a lapse in time between the 
diagnosis and treatment of comorbidities in patients 
with PsA was also identified, with 59% of patients with 
hypertension and almost 66% of patients with dyslip-
idaemia undertreated for these conditions. Such gaps 
between diagnosis and treatment of CVD risk factors 
have also been reported in RA27.

In the Nord- Trøndelag Health study, although the 
prevalence of CVD risk factors (including hypertension 
and obesity) were higher in patients with PsA than in 
the general population24, this increased prevalence did 
not translate into a higher 10-year risk of a fatal cardio-
vascular event, as estimated by the Systematic Coronary 
Risk Evaluation algorithm24. Furthermore, in a sepa-
rate analy sis of the UK population, CVD mortality in 
patients with PsA was no different from that in the gen-
eral population (adjusted HR 1.07, 95% CI 0.79–1.44), 
although notably the confidence interval was wide1.

Overall, although the prevalence of traditional CVD 
risk factors and the risk of myocardial infarction seem to 
be higher in patients with PsA than in the general popu-
lation, whether these patients also have an increased 
risk of stroke is unclear. Conflicting results might,  
in part, relate to the small number of events recorded in 
some studies (and therefore insufficient power to detect 
significant differences) or a weak association between 
PsA and stroke. The apparent discrepancy between risk 
of CVD events and risk of cardiovascular mortality in 
PsA is also intriguing but might again be caused by  
underpowered findings.

Inflammation and risk of CVD
Inflammation has an important function in atheroscle-
rotic plaque formation. An increased serum concen-
tration of C- reactive protein (CRP) is associated with 
an increased risk of CVD in the general population28, 
suggestive of a potential link between low- grade inflam-
mation and risk of CVD. The heightened inflammatory 
state in RA, and to a lesser extent in PsA, might contri-
bute to an increased risk of CVD in these conditions. 
Hence, targeting inflammation might reduce the risk of 
CVD in these patients.

CRP and CVD
As plasma concentrations of the acute phase reactant 
CRP might predict future risk of CVD29, several clinical 
trials have investigated the effect of reducing inflamma-
tion, as assessed by reductions in CRP concentration, 
on CVD outcomes, both in the general population and 
in individuals with pre- existing CVD. For example, the 
Justification for the Use of Statins in Prevention: An 
Intervention Trial Evaluating Rosuvastatin (JUPITER) 
trial sought to ascertain whether individuals with 
increased CRP serum concentration but without hyper-
lipidaemia could benefit from statin treatment30. In 
this study, treatment with rosuvastatin reduced both 
CRP concentration and the incidence of MACE, leading  
the investigators to suggest that these findings support the  
hypothesis that lowering CRP concentration also lowers 
the risk of CVD (known as the ‘inflammatory hypothe-
sis’). However, the concentrations of LDL cholesterol 
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(LDL- C) were also reduced with statin treatment, and 
other research suggests a near perfect linear link between 
LDL- C reduction and the cardiovascular benefits of stat-
ins31. Furthermore, in another primary prevention trial 
of statin treatment, once changes in LDL- C level were 
accounted for, there was no link between statin- induced 
changes in CRP and cardiovascular benefits32. Hence, 
data from the JUPITER trial cannot be used to support 
the inflammatory hypothesis.

Since the JUPITER trial, two landmark trials 
assessing the inflammatory hypothesis of athero-
thrombosis have been published, with mixed results. 
The Canakinumab Anti- inflammatory Thrombosis 
Outcome Study (CANTOS) was the first randomized 
controlled proof- of-concept trial to show that directly 
reducing inflammation, through treatment with 
a mono clonal antibody against IL-1β (canakinumab; 
150 mg every 3 months), reduced the incidence of 
recurrent vascular events (HR 0.85, 95% CI 0.74–0.98; 
P = 0.021) independent of lipid- level lowering capacity33. 
However, in the related Cardiovascular Inflammation 
Reduction Trial (CIRT), treatment with low- dose meth-
otrexate to reduce inflammation did not result in any 
significant difference from placebo in reducing CVD 
events in individuals with a previous myocardial infarc-
tion or multi- vessel coronary disease and who also had 
either type 2 diabetes mellitus or metabolic syndrome 
(HR 0.96, 95% CI 0.79–1.16)34. The investigators argued 
that this discrepancy might be explained by the failure of 
methotrexate to lower concentrations of CRP, IL-1β or 
IL-6; furthermore, median concentrations of CRP were 
also much lower at baseline in CIRT than in CANTOS, 
such that those enrolled in CANTOS had higher levels 
of residual inflammation and might therefore have been 
more likely to benefit from treatment. Nevertheless, the 
results in CANTOS are the first to confirm the cardio-
vascular benefits of directly targeting inflammatory 
pathways. However, the benefit- to-risk ratio and cost- 
effectiveness of canakinumab is not sufficient for this 
treatment to be considered in routine clinical practice 
for secondary prevention of CVD.

RA, inflammation and atherosclerosis
RA and atherosclerosis share similar underlying inflam-
matory pathways, including T cell and mast cell acti-
vation, pro- inflammatory cytokine production and 
increased expression of leukocyte adhesion molecules35. 
Immune complexes and pro- inflammatory cytokines, 
such as TNF, IL-1β and IL-6, arise primarily from 
inflamed target tissues, including the synovium, but 
also potentially from secondary lymphoid tissues such 
as the spleen, lymph nodes and adipose tissue. These 
pro- inflammatory mediators are released into the sys-
temic circulation and have potential effects on numer-
ous distal tissues, including the skeletal muscle, adipose 
tissue (with reciprocal autoinflammatory effects), the 
liver and blood vessel endothelium, which can result 
in cardiovascular risk factor modulation involving vas-
cular dysfunction, a compositionally and quantitatively 
altered lipid profile, prothrombotic effects and a putative 
increase in insulin resistance. Such effects could promote 
atherogenesis9,36 (Fig. 1).

Numerous studies have reported an association 
between RA and atherosclerotic burden, with patients 
with RA having an increased carotid intima- media 
thickness and carotid plaque burden compared with 
age- matched and sex- matched individuals without a 
history of CVD37. Furthermore, coronary plaques were 
more prevalent in patients with RA (71%) than in age- 
matched and sex- matched individuals without an auto-
immune disease (45%), as was multi- vessel disease38. 
Notably, in patients with RA, a higher disease activity 
was associated with a higher risk of non- calcified and 
mixed plaques (composed of both calcified and non- 
calcified components), which seem more vulnerable and 
prone to rupture than fully calcified plaques38,39.

Imaging using combined positron emission tomog-
raphy (PET) and CT scanners and the tracer fluoro-
deoxyglucose (FDG- PET/CT imaging) can be used to 
directly visualize arterial wall inflammation and meas-
ure atherosclerotic plaque activity40. In a small study that 
compared 17 patients with RA with 34 patients with sta-
ble CVD, patients with RA had a higher aortic uptake 
of FDG, reflecting higher vascular wall inflammation, 
which was lowered with anti- TNF therapy41. In a larger 
study of 91 patients with RA, aortic inflammation 
(assessed by FDG- PET/CT imaging) in RA was associ-
ated with a higher BMI, hypertension and the presence 
of rheumatoid nodules; surprisingly, aortic inflamma-
tion negatively correlated with anti- cyclic citrullinated 
peptide antibody positivity42. However, this study was 
cross- sectional and observational in design, mean-
ing that causality could not be assessed. Nevertheless, 
increasing evidence supports the association between 
RA and the presence of more (perhaps unstable)  
coronary plaques38.

The current evidence base linking RA to athero-
sclerosis mostly comes from small studies and should 
be interpreted with caution owing to publication bias 
(that is, a skewing of the literature towards studies with 
positive results, which are more easily published than 
negative results). Future work should include larger 
studies that adjust for existing cardiovascular risk fac-
tors and include a fuller representation of the range of 
RA, including differing severities, treatment states and 
disease duration. These studies are important in the 
modern era given the improvements in disease outcomes 
in patients over the years, potentially because of better 
management of systemic inflammation.

PsA, inflammation and atherosclerosis
Several cytokines implicated in psoriatic disease might 
contribute to atherosclerosis through shared chronic 
inflammatory pathways, including T helper 1 (TH1) and 
TH17 cell activation, pro- inflammatory cytokine release, 
and local and systemic adhesion molecule expression. 
For example, the concentration of TH1-associated cyto-
kines (TNF, IFNγ and IL-2) and TH17-associated 
cytokines (IL-17A, IL-17F, IL-22, IL-26 and TNF) is 
increased in the circulation and lesional skin of individ-
uals with psoriasis or PsA compared with individuals 
without these conditions43. These pro- inflammatory 
cytokines might have effects on distant organs, 
including adipose tissue, the liver, skeletal muscle and 

www.nature.com/nrrheum

R e v i e w s

464 | AuGuST 2019 | volume 15 



endothelium, leading to chronic systemic inflammation 
and a proatherogenic profile (Fig. 1).

In particular, circulating levels of TNF, either alone 
or in combination with IL-17, have been associated 
with endothelial dysfunction8. Several adhesion and 
pro- inflammatory molecules associated with CVD 
are produced by monocytes after exposure to IL-17 
(reF44). Indeed, IL-17-driven inflammation is a poten-
tial immunological link between psoriatic disease and 
increased CVD risk44. Similar to patients with RA, high 
levels of IL-6 in patients with PsA could promote syn-
ovitis and bone erosion45. Finally, in agreement with a 

potential function of IL-6 in CVD, some polymorphisms 
in the gene encoding IL-6 are associated with CVD 
outcomes46,47.

To explain the link between systemic inflammation 
and CVD in PsA, investigators have proposed the con-
cept of the ‘psoriatic march’, whereby systemic inflam-
mation in psoriasis causes insulin resistance, which then 
leads to endothelial dysfunction, atherosclerosis and 
eventual CVD48. A similar pathway possibly also occurs 
in RA. Obesity might contribute to a state of chronic 
inflammation in PsA through the release of adipokines, 
including leptin and a variety of pro- inflammatory 

Release of 
• Proinflammatory cytokines
• Immune complexes
• Complement components

• Arterial wall inflammation
• Endothelial dysfunction
• ↑ Blood vessel stiffness
• Atherosclerosis
• ↑ Unstable coronary

plaques

• Hypercoagulable state

Vascular tissue

Cardiovascular
disease

• ↑ CRP production

• ↑ Synthesis of
procoagulants
(such as fibrinogen)

Liver

Altered body
composition 

• ↑ Central fat
deposition 

• ↓ Lean mass

Adipose tissue

• ↓ Functional
capacity of muscle

• Insulin resistance

Skeletal muscle

Altered lipid levels
(↓ LDL-C and ↓ HDL-C)
and lipid particle
composition in active
diseasea

Reticuloendothelial
system

TNF IL-1β IL-6

Fig. 1 | Potential relationship between systemic inflammation in RA and PsA and cardiovascular risk. Several  
pro- inflammatory cytokines, including TNF, IL-1β and IL-6, chemokines and immune complexes are released into the 
circulation from the synovial tissue, bone marrow of inflamed joints or associated lymph nodes. These molecules affect 
a number of distant tissues. Damage to the vascular tissue can result in arterial wall inflammation, endothelial dysfunction 
and arterial stiffness, which are, collectively , markers of subclinical damage and precursors to atherosclerosis and, 
ultimately , coronary heart disease. Increased systemic cytokines can directly impede insulin- mediated glucose uptake 
in skeletal muscle and cause skeletal muscle atrophy , impairing the functional capacity of the muscles and potentially 
leading to insulin resistance. Systemic inflammation might contribute to altered body composition, including increased 
central fat deposition and reduced lean mass. IL-6 production in rheumatoid arthritis (RA) can increase the synthesis of 
fibrinogen and other procoagulants in the liver, contributing to a hypercoagulable state. Finally , although high- grade 
systemic inflammation results in a meaningful decline in circulating LDL cholesterol (LDL- C) and HDL cholesterol (HDL- C) 
concentrations, some evidence suggests that these changes are caused by increased peripheral catabolism of lipids, 
presumably by cells of the activated reticuloendothelial system. There are also multiple qualitative changes in lipids.  
The relevance of such inflammation- associated lipid changes to cardiovascular risk in these conditions is not well 
established. aSome drugs influence lipid levels, but the impact this influence has on cardiovascular disease risk is 
uncertain. CRP, C- reactive protein; PsA , psoriatic arthritis.
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cytokines (such as IL-6 and TNF), from adipose tissue48. 
Although this idea is interesting, at the population level, 
obesity is thought to contribute to CVD risk mainly by 
affecting lipid concentrations, blood pressure and the 
occurrence of type 2 diabetes mellitus49.

Several small studies have reported an association 
between PsA and subclinical atherosclerosis. Flow- 
mediated dilatation, a potential marker of endothelial 
function, was impaired in patients with PsA compared 
with age- matched and sex- matched individuals without 
PsA, and carotid artery intima- media thickness was also 
greater in patients with PsA than in controls50,51. In 2018, 
a study assessed the relationship between PsA, metabolic 
syndrome and coronary plaque burden using coronary 
CT angiography52. Coronary plaques were present in 
76% of patients with PsA compared with 44% of age- 
matched and sex- matched individuals without PsA, 
with greater total plaque volume and higher prevalence 
of mixed plaques in PsA. This latter finding is clinically 
relevant as mixed plaques contain a thin cap fibroath-
eroma, which is associated with myocardial ischaemia 
and a poorer prognosis53. Furthermore, the presence of 
metabolic syndrome in PsA was not associated with a 
quantitative measure of plaque burden (including seg-
ment involvement score, segment stenosis score and 
total plaque volume) and plaque composition, whereas 
markers of PsA disease severity, including maximum 
tender joint count, erythrocyte sedimentation rate and 
CRP concentration, were associated with plaque burden 
(segment involvement score and segment stenosis score). 
However, caution is advised in interpreting these find-
ings as the study sample size was small (25 patients with 

PsA and metabolic syndrome and 25 patients with PsA 
without metabolic syndrome) and had a cross- sectional 
design. A combination of traditional risk factors and dis-
ease activity probably contribute to an increased CVD 
burden in PsA.

Metabolic comorbidities in RA and PsA
Metabolic comorbidities represent a considerable bur-
den in PsA and, perhaps to a lesser degree, in RA (Fig. 2). 
These comorbidities include dyslipidaemia (pathogenic 
changes in lipid levels), obesity, impaired glucose toler-
ance and subsequent type 2 diabetes mellitus, NAFLD 
and hypertension (Table 1). Many studies exploring the 
association between RA or PsA and comorbidities are 
largely observational in design and, therefore, resid-
ual confounding and reverse causality cannot be fully 
excluded.

Dyslipidaemia
In the general population, a classic dyslipidaemic profile, 
consisting of abnormally high serum concentrations of 
total cholesterol and LDL- C as well as serum triglyc-
erides and abnormally low serum concentrations of 
HDL cholesterol (HDL- C), is firmly associated with an 
increased risk of CHD54. Indeed, a 1 mmol/l reduction 
in LDL- C with statin therapy is associated with a ~20% 
reduction in MACE55, with more intensive reductions in 
LDL- C resulting in further reductions in risk of CVD, 
even in individuals who had low serum concentrations 
of LDL- C before treatment56.

However, in some patients with RA, a ‘lipid paradox’ 
exists in which active disease seems to be associated 
with lower serum concentrations of total cholesterol 
and LDL- C, despite RA being an independent risk fac-
tor of CVD57. Similar changes in total cholesterol and 
LDL- C also occur in patients with active PsA, but these 
patients have additional features indicative of metabolic 
disturbances such as obesity or insulin resistance, low 
concentrations of HDL- C and high concentrations of 
triglycerides58.

Rheumatoid arthritis. The mechanism by which sys-
temic inflammation in RA leads to lipid alterations is 
incompletely understood. One hypothesis is that the 
inflammatory response in active RA leads to activa-
tion of the mononuclear phagocyte system that ‘scav-
enges’ LDL particles, hence lowering serum LDL- C 
concentrations.

Supporting this hypothesis, treatment to reduce 
inflammation in general leads to a rise in serum LDL- C 
concentrations59; in particular, treatment with the IL-6 
receptor antagonist tocilizumab is associated with nota-
ble increases in total cholesterol, LDL- C and triglyceride 
concentrations60. The reasons for this finding seem to be 
linked to a reversal of IL-6-induced LDL- C clearance from 
the circulation61. Similar patterns of lipid changes have 
been observed across studies of Janus kinase inhibitors, 
which inhibit signalling downstream of IL-6 (reFs57,62,63). 
For example, treatment of patients with RA with tofac-
itinib, a Janus kinase inhibitor, results in reduced clear-
ance of LDL- C particles from the circulation and an 
increase in circulating cholesterol concentrations64.

Metabolic phenotype
• Obesity
• ↑ Blood pressure
• NAFLD
• Dyslipidaemia

Metabolic phenotype
• Sarcopenic obesity
• Insulin resistance

Inflammation

Rheumatoid arthritis Psoriatic arthritis

?

Cardiovascular disease

Fig. 2 | Potential relationship between cardiovascular and metabolic comorbidities in 
RA and PsA. Both rheumatoid arthritis (RA) and psoriatic arthritis (PsA) are characterized 
by systemic inflammation, which can contribute to an increased risk of cardiovascular 
disease (CVD) and metabolic disturbances. RA is associated with a high risk of CVD, 
probably owing more to chronic systemic inflammation than metabolic disturbances 
per se, but the impact of changes in body composition or insulin resistance on CVD risk 
is uncertain. By contrast, PsA is strongly associated with a dysfunctional metabolic profile 
(such as obesity and increased risk of type 2 diabetes mellitus), particularly in patients 
who develop the disease in later life, which might indirectly increase the risk of CVD in 
these patients. However, individuals who develop PsA at a younger age might have a 
larger inflammatory drive and a less obvious metabolic phenotype than patients with an 
older age of disease onset, and so inflammation might be relatively more important to 
CVD risk in these patients. NAFLD, non- alcoholic fatty liver disease.
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Aside from quantitative changes in some lipid parti-
cles, inflammation is also associated with changes in the 
composition of lipid particles and, despite much research 
having been done in this area, the implications of these 
changes remain uncertain65,66.

Psoriatic arthritis. Total cholesterol, HDL- C and LDL-C 
levels are often lower and triglyceride levels higher in 
patients with PsA relative to those without PsA2. For 
example, one study reported that patients with active 
PsA had lower mean total cholesterol concentrations than 
age- matched and sex- matched individuals from the local 
popu lation (4.99 mmol/l versus 6.08 mmol/l, respectively) 
as well as lower mean LDL- C concentrations (3.3 mmol/l 
versus 4.12 mmol/l, respectively) and HDL- C concentra-
tions (1.12 mmol/l versus 1.29 mmol/l, respectively)67. 
Such findings were also observed in another study, with 
patients with PsA having lower total cholesterol and 
LDL- C concentrations68. A reduction in total choles-
terol and LDL- C concentrations is in keeping with active  
inflammation but, notably, the pattern of reduced HDL- C 
and increased triglyceride concentrations is more prev-
alent in patients with PsA than in patients with RA58. As 
this profile is often associated with obesity and type 2 
diabetes mellitus, this finding is in keeping with PsA 
having a more metabolic phenotype than RA.

Adiposity
Increased adiposity is associated with CVD mortality 
and morbidity, which is thought to be caused largely 
via the effect of obesity on lipids, blood pressure and 
diabetes risk. For every 5-unit increase in BMI in indi-
viduals with a BMI >25 kg/m2, the risk of dying from 
CVD increases by 49%69. Obesity is strongly associated 
with increased risk of metabolic comorbidities, which 
occur more commonly in psoriasis and PsA than in 
RA, and include hypertension, type 2 diabetes mellitus, 
dyslipidaemia and NAFLD. Notably, central adiposity, 
as assessed by waist circumference, is potentially a bet-
ter marker of future risk of type 2 diabetes, especially in 
women70, and is also more linearly associated with risk 
of incident CVD, than BMI71.

Rheumatoid arthritis. Evidence supporting a con-
tribution of adiposity to RA pathology is mixed. In a 
small case–control study that compared 165 individuals 
with RA from the Norfolk Arthritis Register with age- 
matched and sex- matched healthy individuals, obesity  
(a BMI >30 kg/m2) was associated with a threefold 
higher risk of RA72. However, a later larger study of 
the UK General Practice Research Database that com-
pared 579 individuals with incident RA with 4,234 
age- matched and sex- matched individuals without RA, 
found no association between obesity and risk of RA73. 
More recent findings from a large population- based 
cohort study that analysed data from >500,000 individ-
uals (the UK Biobank) suggest that an increased waist 
circumference is associated with greater odds of RA even 
after adjustment for BMI74.

Unlike in the general population, patients with RA 
who are overweight (BMI 25.0–29.9 kg/m2) or obese 
(BMI >30.0 kg/m2) have a lower relative risk of all- cause 

and CVD mortality than patients with a normal BMI 
(18.5–24.9 kg/m2), a phenomenon known as the ‘obe-
sity paradox’75. Being underweight (BMI <18.5 kg/m2)  
is also associated with a higher all- cause mortality and 
CVD mortality in patients with RA76. Notably, this 
inverse association between BMI and mortality dis-
appears after adjustment for comorbidities and RA sever-
ity77. Therefore, the obesity paradox of RA could relate 
to residual confounding and reverse causality, whereby 
active inflammatory disease leads to unintentional 
weight loss75. This hypothesis is supported by the finding 
that weight loss, rather than current BMI, is a strong pre-
dictor of mortality in RA, with a fall in BMI of ≥1 kg/m2  
associated with almost twice the risk of death78.

Although BMI is often used to define obesity, this 
index cannot provide any detail on body composition. 
Consideration of body composition might be important as 
individuals with an apparently ‘normal’ BMI (<25 kg/m2)  
can have different proportions of fat and lean mass, 
which might have cardiovascular effects. For example, 
women with RA have a lower lean mass but also an 
increased body fat mass compared with women without 
RA (termed at its extreme as ‘sarcopenic obesity’), which 
is most apparent in women with a BMI in the normal 
range. Although data suggest a similar trend in men with 
RA, including greater odds of sarcopenia, high body fat 
and a sarcopenic obesity phenotype compared with men 
without RA, this trend was not statistically significant or 
as pronounced as in women. This sex difference might 
relate to a higher prevalence of key predictors of sarco-
penia (such as joint deformity and physical inactivity) 
in women than in men, as well as the possible influence 
of hormonal factors; however, the difference might also 
relate to the low statistical power of the findings79.

Knowledge of the distribution of body fat might also 
be useful, as an increased amount of ectopic adipose 
tissue is associated with a higher risk of CVD and meta-
bolic diseases (in particular, type 2 diabetes)80, and some 
evidence suggest that men with RA have a higher visceral 
adipose tissue area than men without RA, despite having a 
similar waist circumference and BMI81. Further research 
is needed to assess the true clinical implications of an 
altered body composition in RA. Notably, in clinical prac-
tice, BMI measurements dominate and few, if any, doctors 
regularly measure body composition of patients, pro bably 
because BMI is often considered along with other clin-
ical information to help place the results into context. 
Furthermore, compared with weight measurements, 
measurements of body composition are less accurate and 
precise, meaning that changes are harder to assess.

Psoriatic arthritis. Obesity is more prevalent in patients 
with PsA than in the general population82, which might 
contribute to an increased CVD risk in these patients. 
Obesity is strongly associated with an increased pro-
bability of developing PsA83. For example, in a study 
of the UK general population, individuals with pso-
riasis and a BMI ≥35 kg/m2 had a 48% higher risk of 
developing PsA than individuals with psoriasis and 
a BMI <25 kg/m2, after adjustment for conventional 
risk factors84. In a secondary analysis of all individuals, 
regardless of psoriasis status, having a BMI ≥35 kg/m2 
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almost doubled the chance of an individual having PsA 
compared with individuals with a BMI <25 kg/m2. The 
associations between BMI and PsA are even more pro-
nounced in other studies, including a reported sixfold 
higher risk of developing PsA for women with a BMI 
>35 kg/m2 (reF.85).

Obesity seems to have a greater association with late- 
onset PsA or psoriasis and in individuals who are HLA- 
B27 haplotype negative86. Notably, psoriasis has two 
peaks of onset: type I psoriasis (onset <40 years old) and 
type II psoriasis (onset >40 years old)87,88. Comparing the 
pathogenesis of the two subtypes, type I psoriasis seems 
to have a stronger genetic and autoimmune component 
(similar to type 1 diabetes mellitus), whereas type II pso-
riasis seems to have a stronger involvement of obesity 
(similar to type 2 diabetes mellitus89). Additional studies 
are needed to examine these associations further.

Such associations do not prove causality and whether 
BMI is causally linked to PsA or psoriasis development 
cannot be ascertained from observational data alone. 
In 2019, researchers used genotyping (as a proxy for 
BMI measurements) of samples from the UK Biobank 
or Nord- Trøndelag Health studies and a mende-
lian randomization approach to test for such a causal 
relationship; the data suggested that a higher BMI 
increased the risk of psoriasis (OR 1.09 per 1 kg/m2), 
with little evidence for causality in the opposite direc-
tion4. This directional association is supported by find-
ings of improved disease activity in patients who had 
lost weight through dietary interventions5,6. Indeed, a 
≥5% loss in body weight in patients starting treatment 
with TNF inhibitors, irrespective of the type of die-
tary intervention, predicted achievement of minimal 
disease activity5. In another study, the introduction of 
a very low energy diet (640 kcal/day) for 12–16 weeks 
in 41 patients with PsA and a BMI ≥33 kg/m2,  
which led to a median weight loss of 18.7 kg (18.6% of 
initial weight), resulted in 54% of patients achieving 
minimal disease activity6. Interestingly, gastric bypass 
surgery is associated with a lower incidence of PsA 
(adjusted HR 0.29, 95% CI 0.12–0.71)90. Further prospec-
tive trials are needed to fully assess the effect of weight 
loss interventions on PsA outcomes.

Type 2 diabetes
The association between type 2 diabetes mellitus and 
CVD is well established. Type 2 diabetes mellitus is 
associated with an almost 200% higher risk of peripheral 
arterial disease, a 72% higher risk of ischaemic stroke 
and a 54% higher risk of non- fatal myocardial infarction 
than the general population91. Emerging evidence sug-
gests that the incidence and prevalence of type 2 diabetes 
mellitus is higher in individuals with psoriatic disease 
than in the general population92, which contributes to a 
metabolic phenotype and increased risk of CVD in these 
patients. By contrast, whether type 2 diabetes mellitus is 
more common in RA is less clear.

Rheumatoid arthritis. The data on RA and type 2 diabe-
tes mellitus are conflicting. In one report, the incidence 
of diabetes was higher in a cohort of 48,718 individuals 
with RA (incidence rate (IR) 8.6 per 1,000 person- years, 

95% CI 8.5–8.7) than in a cohort of 442,033 individuals 
without any known rheumatic disease (IR 5.8 per 1,000 
person- years, 95% CI 5.8–5.8), suggesting that indi-
viduals with RA have a ~50% higher risk of diabetes93. 
However, the researchers of this study did not adjust 
for BMI. In a later study by Dubreuil et al.92, assessing 
the incidence of diabetes among individuals with PsA, 
psoriasis or RA, the risk of incident diabetes among 
the 11,158 individuals with RA was higher than in 
age- matched and sex- matched individuals without RA 
(unadjusted HR 1.12, 95% CI 1.01–1.25); however, this 
increased risk was lost after adjusting for BMI, smoking 
and alcohol use (HR 0.94, 95% CI 0.84–1.06)92. Overall, 
as obesity is less common in patients with RA than in 
patients with PsA, links to metabolic dysfunction per se 
are less apparent.

Psoriatic arthritis. PsA is associated with a higher inci-
dence of type 2 diabetes. In the study by Dubreuil et al.92, 
the risk of new onset diabetes was 72% higher in the 
4,196 individuals with PsA than in the age- matched 
and sex- matched individuals without psoriatic disease 
(HR 1.72, 95% CI 1.46–2.02). Notably, adjustment for 
BMI, smoking, alcohol, baseline steroid use and comor-
bidities attenuated this association (adjusted HR 1.33, 
95% Cl 1.09–1.61), highlighting the important contri-
bution of obesity and lifestyle factors to diabetes risk 
in patients with PsA. A higher disease activity is also 
associated with a higher risk of developing diabetes in 
patients with PsA94. Such work suggests PsA is a risk 
factor for type 2 diabetes.

Similar to in the general population, several tradi-
tional risk factors, including hypertension, dyslipidae-
mia and obesity, are associated with an increased risk 
of type 2 diabetes in patients with PsA; interestingly, in 
one study, a later age of onset of psoriasis (>40 years) was 
more strongly linked to diabetes than a younger age of 
disease onset, implying the existence of potentially diffe-
rent disease phenotypes and supporting the argument 
that screening for diabetes is more informative in those 
individuals who develop psoriasis later in life95.

Data from mouse models of psoriasis- like skin dis-
ease suggest a pathophysiological link between dysgly-
caemia and psoriatic disease. For example, in two such 
mouse models, inhibition of glucose uptake in kerati-
nocytes through genetic or chemical inhibition of the 
glucose transporter 1 (GLUT1) reduced skin inflamma-
tion and epidermal hyperproliferation96, highlighting a 
potential future treatment strategy for psoriasis96.

Non- alcoholic fatty liver disease
NAFLD includes a spectrum of liver diseases ranging 
from non- alcoholic fatty liver to non- alcoholic steato-
hepatitis, and can include complications such as hepatic 
steatosis (accumulation of fat in the liver) and fibrosis 
(scarring of the liver) that eventually lead to cirrhosis 
and, potentially, carcinoma in a small number of indi-
viduals. NAFLD affects >20% of the general population 
and is associated with obesity and the development of 
type 2 diabetes mellitus97.

Psoriatic disease is associated with an increased 
prevalence of NAFLD98. In a cohort of 142 patients with 
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psoriasis attending a health- care centre in Italy, 84 (59%) 
had evidence of NAFLD99. NAFLD in these patients cor-
related with metabolic syndrome, obesity, hypertriglyc-
eridemia, hypercholesterolaemia and PsA, providing 
further support for a strong metabolic phenotype in PsA. 
An increased risk of NAFLD in individuals with psori-
asis was also reported in a meta- analysis of seven case–
control studies (OR 2.15, 95% CI 1.57–2.94), even when 
only the high- quality studies were analysed98. The risk 
of NAFLD was higher in individuals with PsA than in 
individuals with psoriasis (OR 2.25, 95% CI 1.37–3.71), 
and was also higher in individuals with moderate to 
severe psoriasis than in individuals with mild psoriasis 
(OR 2.07, 95% CI 1.59–2.71).

Whether the occurrence of NAFLD in some individ-
uals with PsA or RA is treatment related or influenced by 
the severity of disease itself is unclear. In a comprehen-
sive analysis of UK primary care data analysing the risk 
of liver disease in patients prescribed or not prescribed 
a systemic therapy, compared with the general popu-
lation, the risk of NAFLD was higher in patients with 
psoriasis, regardless of whether they were being treated 
with a systemic therapy (HR 1.18 and 2.23 for untreated 
and treated patients, respectively). NAFLD risk was also 
higher for treated patients with PsA (HR 2.11), with a 
trend towards greater risk in untreated patients with RA 
(HR 1.20)100. Moreover, risks of cirrhosis were highest in 
treated patients with psoriasis and in untreated patients 
with PsA. These findings concur with a higher average 
BMI and more pronounced metabolic perturbations (for 
example, excess liver fat) in patients with psoriasis or 
PsA than in patients with RA or the general population, 
and also suggest that such patients should be warned of 
their increased risk of liver disease and the need to keep 
alcohol intake to a minimum. The data should also help 
doctors encourage their patients to consider making 
even small but sustainable lifestyle changes to improve 
weight trajectories.

Blood pressure
Increased blood pressure is a causal risk factor of CVD, 
with a 10-mmHg reduction in systolic blood pressure 
associated with a 20% reduction in CVD events, a 17% 
reduction in CHD, a 27% reduction in stroke and a 28% 
reduction in heart failure risk101. Hence, hypertension, 
defined as a blood pressure of >140/90 mmHg, poten-
tially contributes to the risk of CVD in patients with RA 
or PsA.

Rheumatoid arthritis. Hypertension is a well- known 
cardiovascular risk factor in RA. In a large international 
cross- sectional study (the Comorbidities in Rheumatoid 
Arthritis study) that included 4,586 patients with RA in 
17 countries, the prevalence of hypertension in RA was 
estimated at 40.4%102. Data from UK Biobank suggested 
that individuals with self- reported RA have a 41% higher 
risk of hypertension compared with individuals without 
RA103, which was attenuated to 19% after adjustment for 
conventional risk factors.

Overall, such evidence suggests that patients with 
RA have higher blood pressure than the general popu-
lation, which could be because of the chronic effects 

of excess systemic cytokines on the structure of blood 
vessels and/or the effects of some therapies used to 
treat RA. For example, an observational study of over 
21,000 patients with RA reported that, compared with 
commencing methotrexate, commencing leflunomide 
was more strongly associated with a notable increase in 
blood pressure (systolic blood pressure >20 mmHg or 
diastolic blood pressure >10 mmHg; OR 1.37, 95% CI 
1.24–1.451) and an increased risk of developing hyper-
tension (HR 1.52, 95% CI 1.21–1.91)104. By contrast, 
those patients starting methotrexate were 9% more likely 
to achieve an optimal blood pressure (<130/90 mmHg) 
after 6 months of treatment.

Psoriatic arthritis. Similar to RA, hypertension is more 
prevalent in patients with PsA than in the general popu-
lation. In a prospective study of 648 patients with PsA 
(using data from the Canadian Community Health 
Survey), the prevalence of hypertension was higher than 
in the general population (standardized prevalence ratio 
1.90, 95% CI 1.59–2.27)23. In a separate meta- analysis, 
individuals with PsA were more than twice as likely to 
have hypertension as individuals without PsA (OR 2.07, 
95% CI 1.41–3.04)105. However, interpretation of these 
findings is limited because of the substantial heteroge-
neity in the studies analysed, including differences in 
study population, outcome assessments and varying use 
of adjustments for confounders.

The exact mechanisms linking psoriatic disease and 
hypertension are unknown. Both conditions share sev-
eral risk factors, including high BMI and smoking, but 
the association seems to remain even after adjustment 
for these factors. Higher quality studies, including the 
longitudinal measurement of blood pressure in patients 
with psoriasis or PsA, are needed to further investigate 
this relationship.

The effects of anti- rheumatic therapies
Systemic inflammation is central to RA, PsA and ath-
erosclerosis pathogenesis. Therefore, minimizing dis-
ease activity with effective anti- rheumatic therapies, 
which is recommended by current EULAR guidelines16, 
should lower the risk of cardiometabolic comorbidi-
ties (box 1). The following section outlines the effect of 
current anti- rheumatic therapies on cardiometabolic 
outcomes (box 2). Most evidence comes from observa-
tional pharmaco- epidemiology studies, principally of 
patients with RA, as evidence for patients with PsA is 
more limited. Caution should always be applied when 
interpreting pharmaco- epidemiology studies because 
of the potential for residual confounding and allocation 
bias, which is impossible to fully adjust for.

NSAIDs
Non- selective NSAIDs inhibit two recognized forms 
of cyclooxygenase (COX, also known as prostaglandin 
G/H synthase) — COX1 and COX2 — and include ibu-
profen, naproxen and diclofenac. These non- selective 
NSAIDs have anti- inflammatory effects, probably 
mediated by inhibition of COX2, and gastrointestinal 
adverse effects mediated by inhibition of COX1. To 
avoid these adverse effects, selective COX2 inhibitors 
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have also been developed, including etoricoxib and 
celecoxib106.

NSAID therapy is associated with increased blood 
pressure, although this association might be specific to 
individual NSAIDs. For example, in one trial of patients 
with arthritis, treatment with ibuprofen increased the 
mean 24-hour systolic blood pressure of the patients 
by 3.7 mmHg, whereas celecoxib and naproxen had 
no effect107.

NSAIDs, notably diclofenac (a non- selective COX 
inhibitor) and the selective COX2 inhibitors rofecoxib 
and celecoxib, are associated with increased cardio-
vascular risk (such as myocardial infarction and CHD 
death), particularly at higher doses108,109. Rofecoxib was 
withdrawn in 2004 because of safety concerns; in one 
randomized trial, treatment with this COX2 inhibitor 
was associated with almost twice the risk of cardio-
vascular thrombotic events compared with placebo 
treatment110. This increased risk could be caused by sev-
eral effects mediated by COX2 inhibition, including a 
reduction in prostacyclin concentration, an increase in 
blood pressure, a decrease in angiogenesis and athero-
sclerotic plaque destabilization110. By contrast, a large, 
well- conducted meta- analysis of trial data found that 
treatment with high- dose naproxen resulted in no excess 
risk of major cardiovascular events (relative risk 0.93, 
95% CI 0.69–1.27)109.

In a separate meta- analysis that included obser-
vational data, NSAID use was associated with an 18% 
higher risk of all cardiovascular events (CVEs) in 
patients with RA. The investigators concluded that 
COX2 inhibitors probably drove this effect, as the risk of 
CVEs was not increased in a subgroup analysis of non- 
selective NSAIDs alone. In line with this supposition, in 
a study of over 17,000 patients with RA, treatment with 
rofecoxib or diclofenac was associated with a notable 
increase in risk of CVD (HR 1.57, 95% CI 1.16–2.12 and 
HR 1.35, 95% CI 1.11–1.64, respectively), whereas other 
NSAIDs, including naproxen, ketoprofen and nabu-
metone, were not111. Compared with studies in patients 
with RA, less is known about the effects of NSAIDs on 
CVD risk in patients with PsA.

Corticosteroids
Although corticosteroids are very effective at treating 
inflammation in patients with RA, these drugs have 
notable long- term effects on morbidity and mortality. 
Notably, long- term use of oral steroids for any individual 
(whether or not they have RA) was associated with an 
82% and 58% higher cardiovascular risk in women and 
men, respectively20, which was likely in part related to 
the detrimental effects of these drugs on cardiometa-
bolic factors. For example, corticosteroid use increases 
the risk of type 2 diabetes, hypertension, thrombotic 
stroke or myocardial infarction and death in patients 
with RA112,113.

However, some of the reported effects of steroid use 
on cardiovascular outcomes could potentially be caused 
by confounding by indication and hence might disap-
pear after correcting for disease activity114. Furthermore, 
in patients with active disease, some of these effects 
might be counteracted by the anti- inflammatory benefits 
of these drugs such as a treatment- mediated reduction in 
underlying inflammation and improvement of mobility. 
To help address this question, a trial is underway (the 
Glucocorticoid Low- dose Outcome in Rheumatoid 
Arthritis Study (GLORIS) trial) to assess the safety pro-
file of low doses of the corticosteroid prednisolone in 
patients with RA115. Notably though, in a previous study, 
high doses of prednisolone (≥8 mg daily) increased the 
cardiovascular mortality of patients with RA (HR 2.27, 
95% CI 1.36–3.79), even after adjusting for propensity to 
receive glucocorticoids116.

Conventional synthetic DMARDs
Methotrexate use is associated with a 60% reduction in 
risk of all- cause mortality in patients with RA, including 
a notable reduction in risk of CVD mortality117. In one 
meta- analysis of observational studies of patients with 
RA, psoriasis or polyarthritis, methotrexate use was 
associated with a 21% lower risk of total CVD and an 
18% lower risk of myocardial infarction118. This poten-
tial impact of methotrexate use was apparently greater 
after adjustment for disease severity (relative risk 0.64, 
95% CI 0.43–0.96) and other concomitant medications 
(relative risk 0.73, 95% CI 0.63–0.84). Similarly, in a sys-
tematic review, methotrexate use was associated with 
a 28% lower risk of all CVEs and a 19% lower risk of 
myocardial infarction in patients with RA119.

Taken at face value, these observational findings sug-
gest that methotrexate use might reduce cardiovascular 
risk through the dampening of inflammation. However, 
in the CIRT trial, treatment with low- dose methotrex-
ate did not reduce the rate of cardiovascular events in 
patients with established CVD, leading some to ques-
tion whether methotrexate is cardioprotective. It should 
be noted though that the serum concentrations of CRP 
were substantially lower in the participants of CIRT than 
that reported for patients with RA or PsA34.

Conventional synthetic DMARDs (csDMARDs) 
might also have metabolic effects, including altering 
body weight and risk of diabetes. For example, treatment 
with either methotrexate, prednisone or a TNF inhibi-
tor is associated with weight gain, whereas leflunomide 
treatment is associated with modest weight loss in RA120.  

Box 1 | Treatment strategies for cardiometabolic comorbidities in RA and PsA

Rheumatoid arthritis (RA)
•	Treat	systemic	inflammation	with	conventional	synthetic	DMARDs	and	biologic	
drugs.

•	Assess	cardiovascular	risk	factors,	including	non-	fasting	lipid	levels	and	blood	
pressure,	and	manage	modifiable	risk	factors	when	absolute	cardiovascular	disease	
(CVD)	risk,	as	assessed	by	an	appropriate	risk	prediction	algorithm,	is	above	target	
thresholds,	or	single	risk	factors	are	sufficiently	high	to	merit	treatment.

Psoriatic arthritis (PsA)
•	Treat	underlying	systemic	inflammation	with	conventional	synthetic	DMARDs	and	
biologic	drugs.

•	Consider	the	use	of	weight	loss	interventions,	particularly	in	those	patients	who	are	
overweight	or	obese.

•	Consider	screening	for	diabetes	if	the	patient	is	not	known	to	have	diabetes	and	has	
not	been	recently	tested.

•	Continue	to	address	traditional	CVD	risk	factors	and	treat	when	the	absolute	CVD	
risk	is	above	the	target	threshold.
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In observational studies of patients with RA, those 
patients taking hydroxychloroquine or abatacept were 
less likely to develop diabetes, and those patients taking 
glucocorticoids were more likely to develop diabetes, 
than patients taking methotrexate monotherapy121,122.

Small- molecule and biologic therapies
Anti- TNF therapy is effective at lowering inflammation 
and improving disease activity in patients with RA or 
PsA123,124. As systemic inflammation drives cardiovascu-
lar risk in both conditions, TNF inhibition should also 
lower this risk.

In one observational study of patients with RA, the 
rate of myocardial infarction was similar in patients tak-
ing a TNF inhibitor to that in patients taking csDMARDs 
(after adjustment for baseline risk factors)125. However, 
the rate of myocardial infarction was 64% lower in the 
patients who clinically responded to anti- TNF therapy 
within 6 months than in patients who did not respond, 
consistent with the notion that suppressing inflamma-
tion might lower cardiovascular risk. Unfortunately, the 
investigators did not assess DAS28 scores at 6 months 
in the patients undergoing csDMARD therapy, pre-
venting the assessment of whether lowering RA dis-
ease activity per se was associated with a decreased 
incidence of myocardial infarction, or whether this effect 
was specific to anti- TNF therapy.

In a meta- analysis, anti- TNF therapy was associ-
ated with a 54% lower risk of all CVEs, a 19% lower 
risk of myocardial infarction and a 31% lower risk of 

stroke compared with csDMARD therapy in patients 
with RA126. This meta- analysis had a few limitations 
(including analysis of a small number of studies, many 
of which were observational in design, and high clinical 
and methodological heterogeneity); however, similar 
findings were reported in a larger meta- analysis, with 
anti- TNF inhibitor use being associated with a lower risk 
of all CVEs, myocardial infarction, strokes and major 
adverse cardiac events in patients with RA119.

In addition to TNF inhibitors, other biologic drugs 
are also effective at targeting inflammation in RA, 
including abatacept (a co- stimulation inhibitor) and 
tocilizumab (an IL-6 receptor blocker). In one compari-
son of the cardiovascular effects of various biologic drugs 
in older patients with RA (mean age 64 years), the risk of 
acute myocardial infarction was higher among patients 
initiating treatment with an anti- TNF inhibitor, in par-
ticular etanercept or infliximab, compared with patients 
initiating treatment with abatacept127. By contrast, the 
risk of CHD was similar for patients being treated with 
tocilizumab compared with patients  being treated 
with abatacept. However, these findings should be inter-
preted with caution owing to the retrospective design of 
the study, the small event numbers in some of the groups 
and the lack of RA disease severity markers. Such lim-
itations might have confounded the results for certain 
biologics; for example, preferential use of anti- TNF ther-
apy for patients with severe disease might have resulted  
in an overall higher disease activity in this group than in  
the other groups. The lipid profiles of patients were 
also not reported in the study, which is important as a 
risk- associated lipid profile might have influenced the 
decision to prescribe tocilizumab and might potentially 
have caused selection bias (that is, clinicians might have 
been less likely to prescribe this therapy in patients with 
existing hyperlipidaemia and/or increased CVD risk).

Some therapies for RA can also have metabolic 
effects. For example, treatment with tocilizumab or 
tofacitinib in patients with RA is associated with an 
increase in total cholesterol and LDL- C concentrations 
towards that of individuals without RA, probably owing 
to IL-6 inhibition60,64. Whether this effect is part of a 
compensatory response to dampened inflammation 
or has long- term cardiovascular sequelae remains to 
be fully determined. However, in a short observational 
study (mean follow up <1 year), the cardiovascular risk 
of patients undergoing treatment with a TNF inhibi-
tor was similar to that of patients who had switched to 
tocilizumab128. Furthermore, in a prospective phase IV 
cardiovascular outcome trial (ENTRACTE), the risk of 
incident MACE was the same for patients undergoing 
tocilizumab treatment and those undergoing etanercept 
treatment (HR 1.05, 95% CI 0.77–1.43)129. TNF inhibi-
tion is also potentially associated with a lower risk of 
new onset diabetes mellitus than csDMARD therapy in 
patients with RA or psoriasis130. For patients with RA or 
ankylosing spondylitis, some evidence suggest that TNF 
inhibition might result in weight gain, with a shift to 
the visceral region131. However, this study included only 
20 patients with no control group. Hence, further studies 
in this area, including the potential CVD consequences 
of TNF inhibition, are needed.

Box 2 | Effect of anti- rheumatic therapies on cardiometabolic outcomes

NSAIDs

•	NSAID	use	can	increase	systolic	blood	pressure	(SBP)	and	overall	cardiovascular	risk;	
however,	this	effect	depends	on	the	NSAID	used107.

•	Ibuprofen	use	is	associated	with	increased	SBP	in	patients	with	rheumatoid	arthritis	
(RA)	or	osteoarthritis107.

•	Treatment	with	diclofenac	or	rofecoxib	(now	withdrawn)	is	associated	with	an	
increased	risk	of	cardiovascular	disease	(CVD)	in	patients	with	RA108.

•	Treatment	with	naproxen	was	not	associated	with	an	increased	risk	of	CVD	in	RA	
or the	general	population111.

Corticosteroids
•	In	the	general	population,	corticosteroid	use	is	associated	with	increased	SBP,	weight,	
insulin	resistance,	cardiovascular	risk	and	all-	cause	mortality112,113.

Conventional synthetic DMARDs (csDMARDs)
•	Methotrexate	use	has	been	associated	with	a	lower	cardiovascular	risk	and	lower	
all-cause	mortality	in	observational	studies	of	patients	with	RA117.

•	Treatment	with	leflunomide	or	apremilast	is	associated	with	modest	weight	loss	in	
individuals	with	RA	or	psoriatic	arthritis,	respectively,	compared	with	treatment	with	
other	csDMARDs120,132,134.

•	The	risk	of	developing	diabetes	seems	lower	with	hydroxychloroquine	use	than	with	
methotrexate	use	in	patients	with	RA121,122.	Ongoing	trials	are	testing	the	effects	of	
hydroxychloroquine	on	cardiovascular	outcomes137.

Biologic drugs and small- molecule inhibitors
•	The	risk	of	CVD	in	patients	with	RA	seems	to	be	lower	for	patients	undergoing	TNF	
inhibitor	therapy	than	for	patients	undergoing	csDMARD	therapy126.

•	Treatment	with	either	tocilizumab	or	tofacitinib	is	associated	with	increased	
concentrations	of	LDL-	cholesterol60,64;	larger	clinical	trials	are	needed	to	determine	
the	long-	term	cardiovascular	effects	of	such	lipid	changes.
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Unlike therapies for RA, evidence of the effect of 
novel therapies for PsA on cardiometabolic outcomes 
are limited. Treatment with apremilast (an oral phos-
phodiesterase 4 inhibitor) is associated with modest 
weight loss132,133. The Immune Metabolic Associations 
in Psoriatic Arthritis (IMAPA) study is currently under-
way to investigate the cardiometabolic and immune 
effects of apremilast in patients with PsA134. In terms 
of IL-17 inhibition, 52 weeks of secukinumab treat-
ment improved flow- mediated dilation in patients with 
psoriasis135. However, flow- mediated dilation is only a 
weak surrogate marker of future risk of CVD, and is not 
accepted as such by licensing authorities; formal trials 
of cardiovascular outcome with these newer agents are 
currently lacking.

Conclusions
The notion that patients with RA have an excess risk 
of CVD, even after accounting for traditional risk fac-
tors, is now well established. Overwhelming evidence 
supports the idea that systemic inflammation drives 
this excess risk both directly and by affecting several 
other risk factors. With the decline of steroid use and 
emergence of better treatment options in RA, CVD risk 
should fall over time. However, the relevance of the rise 
in LDL- C concentration following treatment with some 
anti- rheumatic drugs remains uncertain. Clinically, 
CVD risk scoring should now be a regular part of RA 
management, taking advantage of the RA multiplier in 
risk scores. Modifiable CVD risk factors, including dys-
lipidaemia and blood pressure, should be managed as 
aggressively in patients with RA as in the general popu-
lation. Notably, blood pressure targets in individuals 
with an increased cardiovascular risk are now even lower 
than before136.

In PsA, evidence supporting excess cardiovascular 
risk in patients is limited, though some evidence suggests 
that, for patients with severe disease, CVD risk might 
reach the same extent as in RA. Clinical judgement is 
needed for deciding when to use a CVD risk multiplier. 
Obesity and associated metabolic outcomes (such as dia-
betes and NAFLD) are more common in patients with 
PsA than in the general population. Multiple strands 
of evidence also support the contribution of obesity to 
the pathophysiological process in some patients with 
PsA, particularly in late- onset disease, with weight loss 
being associated with lower disease activity. Accordingly, 
more work is needed to investigate the clinical benefits 
of different weight loss strategies in this condition.

In terms of the effect of anti- rheumatic therapies, 
the majority of evidence, albeit predominantly obser-
vational in nature, suggests that treatment with a TNF 
inhibitor or methotrexate lowers the risk of CVD, 
whereas treatment with corticosteroids or some NSAIDs 
increases the risk of CVD in patients with RA. Some 
evidence suggests that CVD risk varies depending on 
the biologic used, but this notion requires further study. 
Targeting inflammation with biologics or methotrexate 
might therefore have positive cardiovascular effects in 
RA, supporting the idea that the systemic inflammatory 
response might be causally linked to CVD. However, the 
effect of targeting inflammation in PsA on cardiometabolic 
outcomes requires further study.

Overall, these findings highlight the importance of a 
holistic, multisystem approach to the management of 
RA and PsA, not only to lessen clinically evident joint 
and/or skin- associated disease but also to improve life 
expectancy and quality of life.

Published online 10 July 2019

1. Ogdie, A. et al. Risk of major cardiovascular events 
in patients with psoriatic arthritis, psoriasis and 
rheumatoid arthritis: a population- based cohort study. 
Ann. Rheum. Dis. 74, 326–332 (2014).

2. Jamnitski, A. et al. Cardiovascular comorbidities in 
patients with psoriatic arthritis: a systematic review. 
Ann. Rheum. Dis. 72, 211–216 (2013).

3. Mahmoudi, M., Aslani, S., Fadaei, R. & Jamshidi, A. R. 
New insights to the mechanisms underlying 
atherosclerosis in rheumatoid arthritis. Int. J. Rheum. 
Dis. 20, 287–297 (2017).

4. Budu- Aggrey, A. et al. Evidence of a causal 
relationship between body mass index and psoriasis: 
a mendelian randomization study. PLOS Med. 16, 
e1002739 (2019).

5. Di Minno, M. N. D. et al. Weight loss and achievement 
of minimal disease activity in patients with psoriatic 
arthritis starting treatment with tumour necrosis 
factor α blockers. Ann. Rheum. Dis. 73, 1157–1162 
(2014).

6. Klingberg, E. et al. Weight loss improves disease 
activity in patients with psoriatic arthritis and obesity: 
an interventional study. Arthritis Res. Ther. 21, 17 
(2019).

7. Jafri, K., Bartels, C. M., Shin, D., Gelfand, J. M. 
& Ogdie, A. Incidence and management of 
cardiovascular risk factors in psoriatic arthritis and 
rheumatoid arthritis: a population- based study. 
Arthritis Care Res. 69, 51–57 (2017).

8. Hot, A., Lenief, V. & Miossec, P. Combination of IL-17 
and TNFα induces a pro- inflammatory, pro- coagulant 
and pro- thrombotic phenotype in human endothelial 
cells. Ann. Rheum. Dis. 71, 768–776 (2012).

9. Sattar, N. Explaining how “high- grade” systemic 
inflammation accelerates vascular risk in rheumatoid 
arthritis. Circulation 108, 2957–2963 (2003).

10. Avina- Zubieta, J. A., Thomas, J., Sadatsafavi, M., 
Lehman, A. J. & Lacaille, D. Risk of incident 

cardiovascular events in patients with rheumatoid 
arthritis: a meta- analysis of observational studies. 
Ann. Rheum. Dis. 71, 1524–1529 (2012).

11. Schieir, O., Tosevski, C., Glazier, R. H., Hogg- Johnson, S. 
& Badley, E. M. Incident myocardial infarction 
associated with major types of arthritis in the general 
population: a systematic review and meta- analysis. 
Ann. Rheum. Dis. 76, 1396–1404 (2017).

12. D’Agostino, R. B. et al. General cardiovascular risk 
profile for use in primary care. Circulation 117, 
743–753 (2008).

13. Conroy, R. et al. Estimation of ten- year risk of fatal 
cardiovascular disease in Europe: the SCORE project. 
Eur. Heart J. 24, 987–1003 (2003).

14. Arts, E. E. A. et al. Performance of four current risk 
algorithms in predicting cardiovascular events in 
patients with early rheumatoid arthritis. Ann. Rheum. 
Dis. 74, 668–674 (2015).

15. Crowson, C. S., Matteson, E. L., Roger, V. L., 
Therneau, T. M. & Gabriel, S. E. Usefulness of risk 
scores to estimate the risk of cardiovascular disease in 
patients with rheumatoid arthritis. Am. J. Cardiol. 
110, 420–424 (2012).

16. Agca, R. et al. EULAR recommendations for 
cardiovascular disease risk management in patients 
with rheumatoid arthritis and other forms of 
inflammatory joint disorders: 2015/2016 update.  
Ann. Rheum. Dis. 76, 17–28 (2017).

17. Gómez- Vaquero, C. et al. SCORE and REGICOR 
function charts underestimate the cardiovascular risk 
in Spanish patients with rheumatoid arthritis. Arthritis 
Res. Ther. 15, R91 (2013).

18. Crowson, C. S. & Gabriel, S. E. Towards improving 
cardiovascular risk management in patients with 
rheumatoid arthritis: the need for accurate risk 
assessment. Ann. Rheum. Dis. 70, 719–721 (2011).

19. Lindhardsen, J. et al. The risk of myocardial infarction 
in rheumatoid arthritis and diabetes mellitus:  

a Danish nationwide cohort study. Ann. Rheum. Dis. 
70, 929–934 (2011).

20. Hippisley- Cox, J., Coupland, C. & Brindle, P. 
Development and validation of QRISK3 risk prediction 
algorithms to estimate future risk of cardiovascular 
disease: prospective cohort study. BMJ 357, j2099 
(2017).

21. Ahlehoff, O. et al. Psoriasis is associated with clinically 
significant cardiovascular risk: a Danish nationwide 
cohort study. J. Intern. Med. 270, 147–157 (2011).

22. Polachek, A., Touma, Z., Anderson, M. & Eder, L. Risk 
of cardiovascular morbidity in patients with psoriatic 
arthritis: a meta- analysis of observational studies. 
Arthritis Care Res. 69, 67–74 (2017).

23. Gladman, D. D. et al. Cardiovascular morbidity in 
psoriatic arthritis. Ann. Rheum. Dis. 68, 1131–1135 
(2009).

24. Gulati, A. M. et al. On the HUNT for cardiovascular 
risk factors and disease in patients with psoriatic 
arthritis: population- based data from the Nord- 
Trøndelag Health Study. Ann. Rheum. Dis. 75, 
819–824 (2016).

25. Eder, L., Wu, Y., Chandran, V., Cook, R. & Gladman, D. D. 
Incidence and predictors for cardiovascular events in 
patients with psoriatic arthritis. Ann. Rheum. Dis. 75, 
1680–1686 (2016).

26. Eder, L. et al. Gaps in diagnosis and treatment of 
cardiovascular risk factors in patients with psoriatic 
disease: an international multicenter study. 
J. Rheumatol. 45, 378–384 (2018).

27. van Breukelen- van der Stoep, D. F. et al. Marked 
underdiagnosis and undertreatment of hypertension 
and hypercholesterolaemia in rheumatoid arthritis. 
Rheumatology 55, 1210–1216 (2016).

28. Emerging Risk Factors Collaboration. C- reactive 
protein concentration and risk of coronary heart 
disease, stroke, and mortality: an individual participant 
meta- analysis. Lancet 375, 132–140 (2010).

www.nature.com/nrrheum

R e v i e w s

472 | AuGuST 2019 | volume 15 



29. Ridker, P. M., Cushman, M., Stampfer, M. J., Tracy, R. P. 
& Hennekens, C. H. Inflammation, aspirin, and the risk 
of cardiovascular disease in apparently healthy men. 
N. Engl. J. Med. 336, 973–979 (1997).

30. Ridker, P. M. et al. Rosuvastatin to prevent vascular 
events in men and women with elevated C- reactive 
protein. N. Engl. J. Med. 359, 2195–2207 (2008).

31. Opie, L. H. & Dalby, A. J. Cardiovascular prevention: 
lifestyle and statins — competitors or companions? 
S. Afr. Med. J. 104, 168–173 (2014).

32. Sever, P. S. et al. Evaluation of C- reactive protein 
before and on- treatment as a predictor of benefit 
of atorvastatin: a cohort analysis from the Anglo- 
Scandinavian Cardiac Outcomes Trial lipid- lowering 
arm. J. Am. Coll. Cardiol. 62, 717–729 (2013).

33. Ridker, P. M. et al. Antiinflammatory therapy with 
canakinumab for atherosclerotic disease. N. Engl. 
J. Med. 377, 1119–1131 (2017).

34. Ridker, P. M. et al. Low- dose methotrexate for the 
prevention of atherosclerotic events. N. Engl. J. Med. 
380, 752–762 (2019).

35. Libby, P. Role of inflammation in atherosclerosis 
associated with rheumatoid arthritis. Am. J. Med. 
121, S21–S31 (2008).

36. Skeoch, S. & Bruce, I. N. Atherosclerosis in 
rheumatoid arthritis: is it all about inflammation?  
Nat. Rev. Rheumatol. 11, 390–400 (2015).

37. Gonzalez- Juanatey, C. et al. Increased prevalence of 
severe subclinical atherosclerotic findings in long- term 
treated rheumatoid arthritis patients without clinically 
evident atherosclerotic disease. Medicine (Baltimore) 
82, 407–413 (2003).

38. Karpouzas, G. A. et al. Prevalence, extent and 
composition of coronary plaque in patients with 
rheumatoid arthritis without symptoms or prior 
diagnosis of coronary artery disease. Ann. Rheum. Dis. 
73, 1797–1804 (2014).

39. Pundziute, G. et al. Evaluation of plaque 
characteristics in acute coronary syndromes:  
non- invasive assessment with multi- slice computed 
tomography and invasive evaluation with intravascular 
ultrasound radiofrequency data analysis. Eur. Heart J. 
29, 2373–2381 (2008).

40. Mehta, N. N., Torigian, D. A., Gelfand, J. M., Saboury, B. 
& Alavi, A. Quantification of atherosclerotic plaque 
activity and vascular inflammation using [18-F] 
fluorodeoxyglucose positron emission tomography/
computed tomography (FDG- PET/CT). J. Vis. Exp. 
https://doi.org/10.3791/3777 (2012).

41. Maki- Petaja, K. M. et al. Anti- tumor necrosis factor- 
therapy reduces aortic inflammation and stiffness in 
patients with rheumatoid arthritis. Circulation 126, 
2473–2480 (2012).

42. Geraldino- Pardilla, L. et al. Arterial inflammation 
detected with 18F- fluorodeoxyglucose-positron 
emission tomography in rheumatoid arthritis. Arthritis 
Rheumatol. 70, 30–39 (2018).

43. Michalak- Stoma, A. et al. Cytokine network in 
psoriasis revisited. Eur. Cytokine Netw. 22, 160–168 
(2011).

44. Armstrong, E. J. & Krueger, J. G. Lipoprotein 
metabolism and inflammation in patients with 
psoriasis. Am. J. Cardiol. 118, 603–609 (2016).

45. Alenius, G.-M., Eriksson, C. & Rantapää Dahlqvist, S. 
Interleukin-6 and soluble interleukin-2 receptor alpha- 
markers of inflammation in patients with psoriatic 
arthritis? Clin. Exp. Rheumatol. 27, 120–123 (2009).

46. The Interleukin-6 Receptor Mendelian Randomisation 
Analysis (IL6R MR) Consortium. The interleukin-6 
receptor as a target for prevention of coronary heart 
disease: a mendelian randomisation analysis. Lancet 
379, 1214–1224 (2012).

47. IL6R Genetics Consortium Emerging Risk Factors 
Collaboration. Interleukin-6 receptor pathways in 
coronary heart disease: a collaborative meta- analysis 
of 82 studies. Lancet 379, 1205–1213 (2012).

48. Boehncke, W.-H., Boehncke, S., Tobin, A.-M. & Kirby, B. 
The ‘psoriatic march’: a concept of how severe 
psoriasis may drive cardiovascular comorbidity. 
Exp. Dermatol. 20, 303–307 (2011).

49. The Global Burden of Metabolic Risk Factors for 
Chronic Diseases Collaboration. Metabolic mediators 
of the effects of body- mass index, overweight, and 
obesity on coronary heart disease and stroke:  
a pooled analysis of 97 prospective cohorts with 
1.8 million participants. Lancet 383, 970–983 (2014).

50. Gonzalez- Juanatey, C. et al. Endothelial dysfunction 
in psoriatic arthritis patients without clinically evident 
cardiovascular disease or classic atherosclerosis risk 
factors. Arthritis Rheum. 57, 287–293 (2007).

51. Gonzalez- Juanatey, C. et al. High prevalence of 
subclinical atherosclerosis in psoriatic arthritis 

patients without clinically evident cardiovascular 
disease or classic atherosclerosis risk factors. Arthritis 
Rheum. 57, 1074–1080 (2007).

52. Szentpetery, A. et al. Higher coronary plaque burden 
in psoriatic arthritis is independent of metabolic 
syndrome and associated with underlying disease 
severity. Arthritis Rheumatol. 70, 396–407 (2018).

53. Min, J. K. et al. Relationship of coronary artery plaque 
composition to coronary artery stenosis severity: 
results from the prospective multicenter ACCURACY 
trial. Atherosclerosis 219, 573–578 (2011).

54. The Emerging Risk Factors Collaboration. Major lipids, 
apolipoproteins, and risk of vascular disease. JAMA 
302, 1993–2000 (2009).

55. Baigent, C. et al. Efficacy and safety of cholesterol- 
lowering treatment: prospective meta- analysis of data 
from 90,056 participants in 14 randomised trials of 
statins. Lancet 366, 1267–1278 (2005).

56. Cholesterol Treatment Trialists’ (CTT) Collaboration. 
Efficacy and safety of more intensive lowering of LDL 
cholesterol: a meta- analysis of data from 170,000 
participants in 26 randomised trials. Lancet 376, 
1670–1681 (2010).

57. Robertson, J., Peters, M. J., McInnes, I. B. & Sattar, N. 
Changes in lipid levels with inflammation and therapy 
in RA: a maturing paradigm. Nat. Rev. Rheumatol. 9, 
513–523 (2013).

58. Mok, C. C. et al. Prevalence of atherosclerotic risk 
factors and the metabolic syndrome in patients with 
chronic inflammatory arthritis. Arthritis Care Res. 63, 
195–202 (2011).

59. van Sijl, A. M. et al. The effect of TNF- alpha blocking 
therapy on lipid levels in rheumatoid arthritis: a meta- 
analysis. Semin. Arthritis Rheum. 41, 393–400 
(2011).

60. McInnes, I. B. et al. Effect of interleukin-6 receptor 
blockade on surrogates of vascular risk in rheumatoid 
arthritis: MEASURE, a randomised, placebo- 
controlled study. Ann. Rheum. Dis. 74, 694–702 
(2015).

61. Robertson, J. et al. Interleukin-6 blockade raises 
LDL via reduced catabolism rather than via increased 
synthesis: a cytokine- specific mechanism for 
cholesterol changes in rheumatoid arthritis. 
Ann. Rheum. Dis. 76, 1949–1952 (2017).

62. Taylor, P. C. et al. Lipid profile and effect of statin 
treatment in pooled phase II and phase III baricitinib 
studies. Ann. Rheum. Dis. 77, 988–995 (2018).

63. McInnes, I. B. et al. Open- label tofacitinib and double- 
blind atorvastatin in rheumatoid arthritis patients:  
a randomised study. Ann. Rheum. Dis. 73, 124–131 
(2014).

64. Charles- Schoeman, C. et al. Potential mechanisms 
leading to the abnormal lipid profile in patients with 
rheumatoid arthritis versus healthy volunteers and 
reversal by tofacitinib. Arthritis Rheumatol. 67, 
616–625 (2015).

65. Rizzo, M. et al. Atherogenic lipoprotein phenotype 
and LDL size and subclasses in drug- naïve patients 
with early rheumatoid arthritis. Atherosclerosis 207, 
502–506 (2009).

66. Chung, C. P. et al. Lipoprotein subclasses determined 
by nuclear magnetic resonance spectroscopy and 
coronary atherosclerosis in patients with rheumatoid 
arthritis. J. Rheumatol. 37, 1633–1638 (2010).

67. Jones, S. M. et al. Lipoproteins and their subfractions 
in psoriatic arthritis: identification of an atherogenic 
profile with active joint disease. Ann. Rheum. Dis. 59, 
904–909 (2000).

68. Tam, L.-S. et al. Cardiovascular risk profile of patients 
with psoriatic arthritis compared to controls—the role 
of inflammation. Rheumatology 47, 718–723 (2008).

69. The Global BMI Mortality Collaboration. Body- mass 
index and all- cause mortality: individual- participant-
data meta- analysis of 239 prospective studies in four 
continents. Lancet 388, 776–786 (2016).

70. Wannamethee, S. G. et al. Assessing prediction of 
diabetes in older adults using different adiposity 
measures: a 7 year prospective study in 6,923 older 
men and women. Diabetologia 53, 890–898 (2010).

71. Iliodromiti, S. et al. The impact of confounding on the 
associations of different adiposity measures with the 
incidence of cardiovascular disease: a cohort study of 
296 535 adults of white European descent. Eur. Heart 
J. 39, 1514–1520 (2018).

72. Symmons, D. P. M. et al. Blood transfusion, smoking, 
and obesity as risk factors for the development of 
rheumatoid arthritis. Results from a primary care- 
based incident case- control study in Norfolk, England. 
Arthritis Rheum. 40, 1955–1961 (1997).

73. García Rodríguez, L. A., Tolosa, L. B., Ruigómez, A., 
Johansson, S. & Wallander, M. Rheumatoid arthritis 

in UK primary care: incidence and prior morbidity. 
Scand. J. Rheumatol. 38, 173–177 (2009).

74. Ferguson, L. D. et al. Association of central adiposity 
with psoriasis, psoriatic arthritis and rheumatoid 
arthritis: a cross- sectional study of the UK Biobank. 
Rheumatology https://doi.org/10.1093/rheumatology/
kez192 (2019)

75. Sattar, N. & McInnes, I. B. Debunking the obesity–
mortality paradox in RA. Nat. Rev. Rheumatol. 11, 
445–446 (2015).

76. Wolfe, F. & Michaud, K. Effect of body mass index on 
mortality and clinical status in rheumatoid arthritis. 
Arthritis Care Res. 64, 1471–1479 (2012).

77. Escalante, A., Haas, R. W. & del Rincón, I. Paradoxical 
effect of body mass index on survival in rheumatoid 
arthritis. Arch. Intern. Med. 165, 1624 (2005).

78. Baker, J. F. et al. Weight loss, the obesity paradox, 
and the risk of death in rheumatoid arthritis. Arthritis 
Rheumatol. 67, 1711–1717 (2015).

79. Giles, J. T. et al. Abnormal body composition 
phenotypes in older rheumatoid arthritis patients: 
association with disease characteristics and 
pharmacotherapies. Arthritis Rheum. 59, 807–815 
(2008).

80. Mahabadi, A. A. et al. Association of pericardial fat, 
intrathoracic fat, and visceral abdominal fat with 
cardiovascular disease burden: the Framingham Heart 
Study. Eur. Heart J. 30, 850–856 (2009).

81. Giles, J. T. et al. Abdominal adiposity in rheumatoid 
arthritis: association with cardiometabolic risk factors 
and disease characteristics. Arthritis Rheum. 62, 
3173–3182 (2010).

82. Johnsson, H., McInnes, I. B. & Sattar, N. 
Cardiovascular and metabolic risks in psoriasis and 
psoriatic arthritis: pragmatic clinical management 
based on available evidence. Ann. Rheum. Dis. 71, 
480–483 (2012).

83. Soltani- Arabshahi, R. et al. Obesity in early adulthood 
as a risk factor for psoriatic arthritis. Arch. Dermatol. 
146, 721–726 (2010).

84. Love, T. J. et al. Obesity and the risk of psoriatic 
arthritis: a population- based study. Ann. Rheum. Dis. 
71, 1273–1277 (2012).

85. Li, W., Han, J. & Qureshi, A. A. Obesity and risk of 
incident psoriatic arthritis in US women. Ann. Rheum. 
Dis. 71, 1267–1272 (2012).

86. Eder, L., Abji, F., Rosen, C. F., Chandran, V. & 
Gladman, D. D. The association between obesity and 
clinical features of psoriatic arthritis: a case- control 
study. J. Rheumatol. 44, 437–443 (2017).

87. Langley, R. G. B., Krueger, G. G. & Griffiths, C. E. M. 
Psoriasis: epidemiology, clinical features, and quality 
of life. Ann. Rheum. Dis. 64 (Suppl. 2), ii18–ii23 
(2005).

88. Queiro, R., Tejón, P., Alonso, S. & Coto, P. Age at 
disease onset: a key factor for understanding psoriatic 
disease. Rheumatology 53, 1178–1185 (2014).

89. Sattar, N. & Gill, J. M. R. Type 2 diabetes as a disease 
of ectopic fat? BMC Med. 12, 123 (2014).

90. Egeberg, A. et al. Incidence and prognosis of psoriasis 
and psoriatic arthritis in patients undergoing bariatric 
surgery. JAMA Surg. 152, 344 (2017).

91. Shah, A. D. et al. Type 2 diabetes and incidence of 
cardiovascular diseases: a cohort study in 1.9 million 
people. Lancet Diabetes Endocrinol. 3, 105–113 
(2015).

92. Dubreuil, M. et al. Diabetes incidence in psoriatic 
arthritis, psoriasis and rheumatoid arthritis: a UK 
population- based cohort study. Rheumatology 53, 
346–352 (2014).

93. Solomon, D. H., Love, T. J., Canning, C. & 
Schneeweiss, S. Risk of diabetes among patients with 
rheumatoid arthritis, psoriatic arthritis and psoriasis. 
Ann. Rheum. Dis. 69, 2114–2117 (2010).

94. Eder, L., Chandran, V., Cook, R. & Gladman, D. D.  
The risk of developing diabetes mellitus in patients 
with psoriatic arthritis: a cohort study. J. Rheumatol. 
44, 286–291 (2017).

95. Queiro, R. et al. Prevalence and type II diabetes- 
associated factors in psoriatic arthritis. Clin. 
Rheumatol. 37, 1059–1064 (2018).

96. Hiebert, P. & Werner, S. Targeting metabolism to treat 
psoriasis. Nat. Med. 24, 537–539 (2018).

97. Sattar, N., Forrest, E. & Preiss, D. Non- alcoholic fatty 
liver disease. BMJ 349, g4596 (2014).

98. Candia, R. et al. Risk of non- alcoholic fatty liver 
disease in patients with psoriasis: a systematic review 
and meta- analysis. J. Eur. Acad. Dermatol. Venereol. 
29, 656–662 (2015).

99. Miele, L. et al. Prevalence, characteristics and severity of 
non- alcoholic fatty liver disease in patients with chronic 
plaque psoriasis. J. Hepatol. 51, 778–786 (2009).

NATure reviewS | RhEuMATology

R e v i e w s

  volume 15 | AuGuST 2019 | 473

https://doi.org/10.3791/3777
https://doi.org/10.1093/rheumatology/kez192
https://doi.org/10.1093/rheumatology/kez192


100. Ogdie, A. et al. Risk of incident liver disease in 
patients with psoriasis, psoriatic arthritis, and 
rheumatoid arthritis: a population- based study. 
J. Invest. Dermatol. 138, 760–767 (2018).

101. Ettehad, D. et al. Blood pressure lowering for 
prevention of cardiovascular disease and death: 
a systematic review and meta- analysis. Lancet 387, 
957–967 (2016).

102. Dougados, M. et al. Prevalence of comorbidities in 
rheumatoid arthritis and evaluation of their monitoring: 
results of an international, cross- sectional study 
(COMORA). Ann. Rheum. Dis. 73, 62–68 (2014).

103. Siebert, S. et al. Characteristics of rheumatoid 
arthritis and its association with major comorbid 
conditions: cross- sectional study of 502 649 UK 
Biobank participants. RMD Open 2, e000267 
(2016).

104. Baker, J. F. et al. Initiation of disease- modifying 
therapies in rheumatoid arthritis is associated with 
changes in blood pressure. J. Clin. Rheumatol. 24, 
203–209 (2018).

105. Armstrong, A. W., Harskamp, C. T. & Armstrong, E. J. 
The association between psoriasis and hypertension. 
J. Hypertens. 31, 433–443 (2013).

106. Kearney, P. M. et al. Do selective cyclo- oxygenase-2 
inhibitors and traditional non- steroidal anti- 
inflammatory drugs increase the risk of 
atherothrombosis? Meta- analysis of randomised 
trials. BMJ 332, 1302–1308 (2006).

107. Ruschitzka, F. et al. Differential blood pressure effects 
of ibuprofen, naproxen, and celecoxib in patients with 
arthritis: the PRECISION- ABPM (prospective 
randomized evaluation of celecoxib integrated safety 
versus ibuprofen or naproxen ambulatory blood 
pressure measurement) trial. Eur. Heart J. 38, 
3282–3292 (2017).

108. Fosbøl, E. et al. Risk of myocardial infarction and 
death associated with the use of nonsteroidal  
anti- inflammatory drugs (NSAIDs) among healthy 
individuals: a nationwide cohort study. 
Clin. Pharmacol. Ther. 85, 190–197 (2009).

109. Coxib and Traditional NSAID Trialists’ (CNT) 
Collaboration. Vascular and upper gastrointestinal 
effects of non- steroidal anti- inflammatory drugs: 
meta-analyses of individual participant data from 
randomised trials. Lancet 382, 769–779 (2013).

110. Bresalier, R. S. et al. Cardiovascular events associated 
with rofecoxib in a colorectal adenoma chemoprevention 
trial. N. Engl. J. Med. 352, 1092–1102 (2005).

111. Lindhardsen, J. et al. Non- steroidal anti- inflammatory 
drugs and risk of cardiovascular disease in patients 
with rheumatoid arthritis: a nationwide cohort study. 
Ann. Rheum. Dis. 73, 1515–1521 (2014).

112. Wilson, J. C. et al. Incidence and risk of glucocorticoid- 
associated adverse effects in patients with rheumatoid 
arthritis. Arthritis Care Res. 71, 498–511 (2019).

113. Panoulas, V. F. et al. Prevalence and associations of 
hypertension and its control in patients with rheumatoid 
arthritis. Rheumatology 46, 1477–1482 (2007).

114. van Sijl, A. M., Boers, M., Voskuyl, A. E. & 
Nurmohamed, M. T. Confounding by indication 
probably distorts the relationship between steroid 
use and cardiovascular disease in rheumatoid 
arthritis: results from a prospective cohort study. 
PLOS ONE 9, e87965 (2014).

115. Hartman, L. et al. Harm, benefit and costs associated 
with low- dose glucocorticoids added to the treatment 
strategies for rheumatoid arthritis in elderly patients 

(GLORIA trial): study protocol for a randomised 
controlled trial. Trials 19, 67 (2018).

116. del Rincón, I., Battafarano, D. F., Restrepo, J. F., 
Erikson, J. M. & Escalante, A. Glucocorticoid dose 
thresholds associated with all- cause and 
cardiovascular mortality in rheumatoid arthritis. 
Arthritis Rheumatol. 66, 264–272 (2014).

117. Choi, H. K., Hernán, M. A., Seeger, J. D., Robins, J. M. 
& Wolfe, F. Methotrexate and mortality in patients 
with rheumatoid arthritis: a prospective study. Lancet 
359, 1173–1177 (2002).

118. Micha, R. et al. Systematic review and meta- analysis 
of methotrexate use and risk of cardiovascular 
disease. Am. J. Cardiol. 108, 1362–1370 (2011).

119. Roubille, C. et al. The effects of tumour necrosis factor 
inhibitors, methotrexate, non- steroidal anti- 
inflammatory drugs and corticosteroids on 
cardiovascular events in rheumatoid arthritis, psoriasis 
and psoriatic arthritis: a systematic review and meta- 
analysis. Ann. Rheum. Dis. 74, 480–489 (2015).

120. Baker, J. F. et al. Changes in body mass related to the 
initiation of disease- modifying therapies in rheumatoid 
arthritis. Arthritis Rheumatol. 68, 1818–1827 (2016).

121. Ozen, G. et al. Risk of diabetes mellitus associated 
with disease- modifying antirheumatic drugs and 
statins in rheumatoid arthritis. Ann. Rheum. Dis. 76, 
848–854 (2017).

122. Wasko, M. C. M. et al. Hydroxychloroquine and risk of 
diabetes in patients with rheumatoid arthritis. JAMA 
298, 187 (2007).

123. Nam, J. L. et al. Current evidence for the management 
of rheumatoid arthritis with biological disease- 
modifying antirheumatic drugs: a systematic literature 
review informing the EULAR recommendations for the 
management of RA. Ann. Rheum. Dis. 69, 976–986 
(2010).

124. Glintborg, B. et al. Treatment response, drug survival, 
and predictors thereof in 764 patients with psoriatic 
arthritis treated with anti- tumor necrosis factor 
α therapy: results from the nationwide Danish DANBIO 
registry. Arthritis Rheum. 63, 382–390 (2011).

125. Dixon, W. G. et al. Reduction in the incidence of 
myocardial infarction in patients with rheumatoid 
arthritis who respond to anti- tumor necrosis factor 
α therapy: results from the British Society for 
Rheumatology Biologics Register. Arthritis Rheum. 56, 
2905–2912 (2007).

126. Barnabe, C., Martin, B.-J. & Ghali, W. A. Systematic 
review and meta- analysis: anti- tumor necrosis factor 
α therapy and cardiovascular events in rheumatoid 
arthritis. Arthritis Care Res. 63, 522–529 (2011).

127. Zhang, J. et al. Comparative effects of biologics on 
cardiovascular risk among older patients with 
rheumatoid arthritis. Ann. Rheum. Dis. 75, 
1813–1818 (2016).

128. Kim, S. C. et al. Cardiovascular safety of tocilizumab 
versus tumor necrosis factor inhibitors in patients with 
rheumatoid arthritis: a multi- database cohort study. 
Arthritis Rheumatol. 69, 1154–1164 (2017).

129. Giles, J. T. et al. Comparative cardiovascular safety 
of tocilizumab vs etanercept in rheumatoid arthritis: 
results of a randomized, parallel- group, multicenter, 
noninferiority, phase 4 clinical trial [abstract]. Arthritis 
Rheumatol. 68 (Suppl. 10), 3L (2016).

130. Solomon, D. H. et al. Association between disease- 
modifying antirheumatic drugs and diabetes risk 
in patients with rheumatoid arthritis and psoriasis. 
JAMA 305, 2525–2531 (2011).

131. Toussirot, É. et al. TNFα blockade for inflammatory 
rheumatic diseases is associated with a significant 
gain in android fat mass and has varying effects on 
adipokines: a 2-year prospective study. Eur. J. Nutr. 
53, 951–961 (2014).

132. Edwards, C. J. et al. Apremilast, an oral 
phosphodiesterase 4 inhibitor, in patients with 
psoriatic arthritis and current skin involvement:  
a phase III, randomised, controlled trial (PALACE 3). 
Ann. Rheum. Dis. 75, 1065–1073 (2016).

133. Paul, C. et al. Efficacy and safety of apremilast,  
an oral phosphodiesterase 4 inhibitor, in patients  
with moderate- to-severe plaque psoriasis over 
52 weeks: a phase III, randomized controlled trial 
(ESTEEM 2). Br. J. Dermatol. 173, 1387–1399 
(2015).

134. Ferguson, L. D. et al. FRI0431 Effect of 
phosphodiesterase 4 inhibition with apremilast 
on body weight and vascular function in psoriatic 
arthritis - initial results from the Immune Metabolic 
Associations in Psoriatic Arthritis (IMAPA) study. 
Ann. Rheum. Dis. 78, 905–906 (2019).

135. von Stebut, E. et al. Impact of secukinumab on 
endothelial dysfunction and other cardiovascular 
disease parameters in psoriasis patients over 52 
weeks. J. Invest. Dermatol. 139, 1054–1062 
(2018).

136. The SPRINT Research Group. A randomized trial 
of intensive versus standard blood- pressure control. 
N. Engl. J. Med. 373, 2103–2116 (2015).

137. Hartman, O., Kovanen, P. T., Lehtonen, J., Eklund, K. K. 
& Sinisalo, J. Hydroxychloroquine for the prevention 
of recurrent cardiovascular events in myocardial 
infarction patients: rationale and design of the OXI 
trial. Eur. Heart J. Cardiovasc. Pharmacother. 3, 
92–97 (2017).

Acknowledgements
The work by L.D.F. is supported by a clinical research fellow-
ship fund from the British Heart Foundation (BHF) Centre of 
Research Excellence (grant number, RE/13/5/30177).

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

Competing interests
The authors declare no competing interests.

Peer review information
Nature Reviews Rheumatology  thanks A. Ogdie, 
M. Nurmohamed and the other, anonymous, reviewer for 
their contribution to the peer review of this work.

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

Review criteria
A search for studies published up to January 2019 and focus-
ing on cardiometabolic comorbidities in rheumatoid and pso-
riatic arthritis was performed in PubMed. The search terms 
used were “rheumatoid arthritis” or “psoriatic arthritis”, with 
either “cardiometabolic”, “cardiovascular”, “dyslipidaemia”, 
“adiposity”, “diabetes”, “NAFLD”, “blood pressure”, “hyper-
tension”, “DMARDs”, “TNF inhibitors”, “corticosteroids”, or 
“NSAIDs”. All articles identified were English language, full- 
text papers. We also searched the reference lists of identified 
articles for further relevant papers.

www.nature.com/nrrheum

R e v i e w s

474 | AuGuST 2019 | volume 15 



The relationship between autoimmune rheumatic dis-
eases and autoantibody production is well-established. 
Indeed, autoantibodies were among the first biomarkers 
to be used to diagnose rheumatic diseases such as sys-
temic lupus erythematosus (SLE), rheumatoid arthritis 
(RA) and primary Sjögren syndrome (pSS). However, 
over the past decade, a revolution has occurred in our 
understanding of the cellular and molecular mechanisms 
that regulate antibody and autoantibody production.

In the dichotomous paradigm of T helper 1 (TH1) cells 
and TH2 cells, all activated T helper cells were thought 
to provide ‘help’ to B cells, with different subsets able to 
induce distinct patterns of antibody isotype switching1,2. 
In 2000, this concept was challenged by the discovery that 
T helper cells that express CXC-chemokine receptor 5 
(CXCR5), the chemokine receptor that facilitates homing 
to the B cell follicle3, possess superior ‘helper’ abilities4–6. 
Given the unique ability of these CXCR5-positive cells 
to access the B cell follicle and provide help to B cells, 
they were named T follicular helper (TFH) cells. A series 
of studies subsequently revealed that TFH cells undergo 
a specific developmental pathway to acquire their ability 
to interact with B cells within the follicle and to promote 
the initiation of a germinal centre (GC) reaction7–9. GCs 
are the structures within B cell follicles in secondary lym-
phoid organs where antigen-specific B cell clones undergo 
expansion, somatic hypermutation and affinity-based 
selection10 after receiving help from TFH cells, resulting 
in antibody affinity maturation and humoral memory 
formation11,12. Consequently, defects in TFH cell function 

cause primary immunodeficiencies characterized by 
impaired T cell-dependent humoral immunity13.

The existence of dominant mechanisms that prevent 
the emergence of autoantibodies was suggested by the 
presence of high titres of a broad repertoire of autoanti-
bodies in patients with autoimmune polyendocrinopathy 
with candidiasis and ectodermal dysplasia (APECED)14,15, 
a monogenic disease caused by defects in the protein auto-
immune regulator (AIRE)16,17. AIRE mediates the expres-
sion of tissue-specific self-antigens in the thymus, which 
are required to induce T cell tolerance by shap ing the  
negative selection of thymocytes and by promoting  
the development of FOXP3+ regulatory T (Treg) cells18,19. 
In 2011, several research groups independently reported 
that thymic Treg cells can undergo functional specializa-
tion that enables them to access the B cell follicle and sup-
press antibody responses20–22. This specialized population 
of Treg cells was named T follicular regulatory (TFR) cells.

Investigations into the function of TFH cells and 
TFR cells in regulating GC responses and antibody pro-
duction have been accompanied by the discovery of 
roles for these cells in the pathogenesis of human dis-
eases, particularly rheumatic diseases, which are char-
acterized by autoantibody production and, frequently, 
by ectopic lymphoid structure (ELS) formation23. In this 
Review, we summarize the phenotypes of canonical 
TFH cells and TFR cells in secondary lymphoid organs, cir-
culating TFH and TFR (cTFH and cTFR) cells in the blood 
and TFH-like cell populations in non-lymphoid tissues. We 
also discuss how increased numbers of TFH cells can lead 

Ectopic lymphoid structure
Ectopic lymphoid structures 
are lymphoid aggregates that 
range from clusters of B cells 
and T cells to highly organized 
structures that resemble 
functional germinal centres, 
and often develop in inflamed 
tissues.

T follicular helper cells and T follicular 
regulatory cells in rheumatic diseases
Jun Deng1,2,3, Yunbo Wei4, Válter R. Fonseca5,6, Luis Graca  5,7* and Di Yu  1,2,3,4*

Abstract | As a hallmark of autoimmune rheumatic diseases, autoantibodies have been used in 
diagnosis for decades. However, the immunological mechanism underlying their generation has 
only become clear following the identification of T follicular helper (TFH) cells and T follicular 
regulatory (TFR) cells. TFH cells are instrumental in supporting antibody affinity maturation 
in germinal centre reactions and humoral memory formation, whereas TFR cells suppress 
TFH cell-mediated antibody responses. Evidence indicates that patients with autoimmune 
rheumatic diseases have increased numbers of TFH cells that can be hyperactive, and also 
potentially have altered numbers of TFR cells with reduced function, suggesting a conceivable 
dysregulation in the balance between TFH cells and TFR cells in these diseases. Therefore, by 
identifying the molecular mechanisms underlying the development and function of these cell 
populations, new opportunities have emerged to develop novel therapeutic targets. An increased 
knowledge of TFH cells and TFR cells has inspired, and hopefully will inspire more, approaches to 
reinstate the balance of these cells in the prevention and treatment of rheumatic diseases.

*e-mail: lgraca 
@medicina.ulisboa.pt;  
di.yu@anu.edu.au

https://doi.org/10.1038/ 
s41584-019-0254-2

NATuRe RevIewS | RHeumATology

R e v i e w s

  volume 15 | AuGuST 2019 | 475

http://orcid.org/0000-0001-6935-8500
http://orcid.org/0000-0003-1721-8922
mailto:lgraca
@medicina.ulisboa.pt
mailto:lgraca
@medicina.ulisboa.pt
mailto:di.yu@anu.edu.au
https://doi.org/10.1038/s41584-019-0254-2
https://doi.org/10.1038/s41584-019-0254-2


to autoantibody production not only in secondary lym-
phoid organs but also in ELSs in inflamed joints, kidneys 
and skin in mouse models of autoimmune diseases and 
in tissue from patients with rheumatic diseases. Emerging 
evidence from mouse models of rheumatic disease also 
suggests that impaired TFR cell function contributes to sys-
temic autoantibody production. We finish by presenting 
therapeutic strategies for treating RA, SLE and other rheu-
matic diseases by targeting important molecules involved 
in TFH cell and TFR cell generation and function.

Phenotype of TFH cells and TFR cells
TFH cells are a heterogeneous cell population that cannot 
be defined by a single marker, although several func-
tional markers are important, including the follicular 
homing chemokine receptor CXCR5, the transcrip-
tion factor BCL6 and the B cell helper cytokine IL-21 
(rEf.24). The differing phenotypes of TFH cells are deter-
mined by the current stage of an immune response and 
by their distinct localization in tissues11,12, and a similar 
prin cipal also applies for TFR cells. fig. 1 introduces the 
markers that are commonly used to identify TFH cell  
and TFR cell subsets in the circulation and in lymphoid and  
non-lymphoid tissues.

TFH cells in secondary lymphoid organs. CD4+ T helper 
cells reside in GCs through the coordinated downregu-
lation of CC-chemokine receptor 7 (CCR7) and upreg-
ulation of CXCR5, as well as the facilitation of signals 
from other chemotactic receptors25. These cells are gen-
erally referred to as canonical TFH cells or GC TFH cells. 
Importantly, BCL6, the master transcription factor  
for TFH cell differentiation7–9, is selectively expressed in 
TFH cells, and is detected at the highest concentrations 

in CXCR5hiCCR7− GC TFH  cells in both mice and 
humans7–9,26–28.

The CD28 co-receptor family members pro-
grammed cell death protein 1 (PD1) and inducible 
T cell co-stimulator (ICOS) are widely used markers for 
identifying GC TFH cells. The strong positive staining of 
PD1 seen by immunohistochemistry in the spleen and 
Peyer’s patches of mice immunized with sheep red blood 
cells is largely confined to CD4+ T cells within GCs29. 
This localization was validated by experiments in which 
photoconversion-based or photoactivation-based cell 
labelling revealed that GC TFH cells express more PD1 
than TFH cells in the mantle zone (the outer ring of  
B cells that surrounds a GC)30,31. In human tonsils, high 
expression of ICOS is used as a marker for CXCR5hi GC 
TFH cells27. However, ICOS expression was comparable in 
antigen-specific GC TFH cells and mantle zone-resident 
TFH cells in immunized mice30, and was indistinguishable 
between antigen-specific TFH cells and non-TFH cells in 
mice with chronic viral infection32, indicating that ICOS 
might not be a reliable marker for mouse GC TFH cells.

Expression of the B cell-helper cytokines IL-4 and 
IL-21 has also been used to assist the characterization 
of GC TFH cells. After protein immunization, mice defi-
cient in both IL-4 and IL-21 receptor had profound 
defects in the production of IgG and IgA compared with 
single-knockout mice33,34, suggesting that a synergy might 
occur between IL-4 and IL-21 that shapes T cell-dependent 
antibody responses. Notably, IL-4 and IL-21 are not pro-
duced by all GC TFH cells; <50% of CXCR5hi GC TFH cells 
in human tonsils can produce IL-21, and 5–20% can pro-
duce IL-4 (rEfs9,35). As IL-4 is also produced by TH2 cells 
and IL-21 is also produced by TH17 cells, the definition 
of TFH cells or GC TFH cells should not be based on the 
expression of IL-4 and/or IL-21 alone12,24.

Overall, canonical GC TFH cells are usually charac-
terized as being CD4+CXCR5hiCCR7−PD1hiBCL6+ (and 
ICOShi in human cells) (fig. 1). Additionally, the expres-
sion of IL-4, IL-21 and the co-stimulatory proteins CD40 
ligand (CD40L) and OX40 (also known as TNFRSF4) 
can be used to evaluate the function of GC TFH cells.

TFH cells in the circulation. Unlike knowledge about the 
immunobiology of TFH cells, which has mainly been 
gained through the study of TFH cells from the second-
ary lymphoid organs of mice in experimental conditions, 
information about the dysregulated functions of TFH cells 
in autoimmune rheumatic diseases has been gained by 
the characterization of cTFH cells in the peripheral blood 
of patients with these conditions. Human cTFH cells have 
been comprehensively reviewed elsewhere36; therefore, 
we only briefly introduce the phenotypes of the main 
cTFH cell subsets here.

CXCR5+ cTFH cells predominantly originate from 
pre-TFH cells in draining lymph nodes37. Newly generated 
cTFH cells have a CXCR5+CCR7loPD1+ICOS+ phenotype 
similar to that of pre-TFH cells (fig. 1). However, cTFH cells 
do not express BCL637, presumably owing to the fact 
that persistent antigen stimulation is required for BCL6 
expression to be maintained in TFH cells38. Newly gener-
ated cTFH cells express low amounts of CCR7; thus, they 
have an effector memory phenotype, and can be called 

Key points

•	T follicular helper (TFH) cells promote autoantibody production and are present at 
increased amounts in mouse models of autoimmune diseases and in patients with 
autoimmune rheumatic diseases.

•	T follicular regulatory (TFR)	cells	have	different	T cell	receptor	repertoires	than	TFH cells	
and suppress the production of autoantibodies.

•	TFH cells	and	TFR cells	in	secondary	lymphoid	organs	and	their	related	populations	in	
the circulation or non-lymphoid tissues have different characteristic phenotypes.

•	Immunotherapies targeting co-stimulatory molecules or cytokine signalling pathways 
tilt the balance of TFH cells	and	TFR cells	towards	inhibiting	autoantibody	production	
in rheumatic	diseases.
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Peyer’s patches
Peyer’s patches are organized 
lymphoid follicles located 
primarily in the submucosa 
layer of the ileum that have 
important immune sensing 
functions for the intestines.
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cTFH-EM cells39. Kinetic studies in protein-immunized mice 
have revealed that antigen-specific cTFH-EM cells gradu-
ally convert to central memory cTFH (cTFH-CM) cells that 
have a CXCR5+CCR7hiPD1−ICOS− phenotype after 
1–2 weeks in the absence of antigen stimulation37 (fig. 1). 
In healthy individuals, ~80% of CXCR5+ cTFH cells have 

a CXCR5+CCR7hiPD1−ICOS− cTFH-CM phenotype4,5,40, 
reflecting the low degree of active TFH cell differentiation 
that occurs in a homeostatic state.

TFH cells share common precursors with other effec-
tor T helper cell subsets, including TH1 cells35,41–44 and 
TH2 cells43,45,46. Therefore, the pre-TFH cell origin of cTFH 

b TFR cells

Secondary lymphoid organs

Immature TFR cells

Core markers

CXCR5 BCL6 ICOS PD1 FOXP3 CD25

GC TFR cells CXCR5 BCL6 ICOS PD1 FOXP3 CD25

Circulation

cTFR cells CXCR5 BCL6 ICOS PD1 FOXP3 CD25 CD127

a TFH cells

Secondary lymphoid organs

Pre-TFH cells

Core markers

CXCR5 BCL6 CCR7 PD1 ICOS

Circulation

GC TFH cells CXCR5 BCL6 CCR7 PD1 ICOS

Memory TFH cells CXCR5 BCL6 CCR7 PD1 ICOS

cTFH1 cells CXCR5 BCL6 CCR7 PD1 ICOS CXCR3 CCR6

Non-lymphoid tissue

cTFH-CM cells CXCR5 BCL6 CCR7 PD1 ICOS

cTFH-EM cells CXCR5 BCL6 CCR7 PD1 ICOS

TFH-like cells CXCR5 BCL6 CCR7 PD1 ICOS IL-21

cTFH2 cells CXCR5 BCL6 CCR7 PD1 ICOS CXCR3 CCR6

cTFH17 cells CXCR5 BCL6 CCR7 PD1 ICOS CXCR3 CCR6

High expression Medium expression Low expression

No expression Unknown expression

Fig. 1 | Phenotypes of TFH cell and TFR cell subsets. a | Canonical T follicular helper (TFH) cells, including pre-TFH cell, 
germinal centre (GC) TFH cell and memory TFH cell subsets are generated in secondary lymphoid organs and have distinct 
phenotypes. Circulating TFH (cTFH) cells in the blood can be classified into effector memory (cTFH-EM) cell or central memory 
(cTFH-CM) cell subsets on the basis of expression of programmed cell death protein 1 (PD1) and CC-chemokine receptor 7 
(CCR7), or into cTFH1 cell, cTFH2 cell and cTFH17 cell subsets on the basis of expression of CXC-chemokine receptor 3 
(CXCR3) and CCR6. All TFH cell subsets in secondary lymphoid organs and blood express CXCR5, but express different 
amounts of other markers, including the transcription factor BCL6 and inducible T cell co-stimulator (ICOS). Most TFH-like 
cells in non-lymphoid organs do not express CXCR5. b | T follicular regulatory (TFR) cells are also generated in secondary 
lymphoid organs. Notably , most TFR cells lose CD25 expression as they mature. Circulating TFR (cTFR) cells in the blood have 
a similar phenotype to immature TFR cells, but do not express BCL6.
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cells results in the presence of other effector T helper cell 
features in cTFH cells. On the basis of the expression of 
chemokine receptors, human cTFH cells can be divided 
into three subsets: CXCR3+CCR6−CXCR5+ type 1  
cTFH (cTFH1) cells, CXCR3−CCR6−CXCR5+ type 2 cTFH 
(cTFH2) cells and CXCR3−CCR6+CXCR5+ type 17 cTFH 
(cTFH17) cells47 (fig. 1). These cell subsets highly express 
the signature transcription factors and cytokines of their 
equivalent T helper cell subsets: T-bet and IFNγ for TH1 
cells and cTFH1 cells; GATA3, IL-4, IL-5 and IL-13 for 
TH2 cells and cTFH2 cells; and RORγt, IL-17 and IL-22  
for TH17 cells and cTFH17 cells47. In co-culture with 
B cells, cTFH2 cells and cTFH17 cells surpassed cTFH1 cells 
in supporting antibody production47.

The different stratification methods for human cTFH 
cells highlight two distinctive features of TFH cell func-
tion: the large proportion of CXCR5+CCR7loPD1+ICOS+ 
cTFH-EM cells indicates that TFH cell differentiation is 
actively occurring, whereas the distribution of cTFH1 
cells, cTFH2 cells and cTFH17 cells reflects the polarization 
of TFH cell differentiation36,48.

TFH-like cells in non-lymphoid tissue. Tissues that con-
tain antigens targeted by chronic immune responses 
are often infiltrated by T cells, macrophages, B cells 
and plasma cells. These cellular elements can organize 
themselves anatomically and functionally in a manner 
similar to secondary lymphoid organs, leading to the 
de novo formation of ELSs. These structures range from 
simple aggregates of B cells and T cells, to highly ordered 
structures containing B cell follicles and T cell areas49,50. 
Cells similar to TFH cells, referred to as TFH-like cells, have 
been identified in ELSs. TFH-like cells have been detected 
in the synovium of patients with RA51,52, the kidneys of 
patients with SLE53, labial salivary glands from patients 
with pSS54 and in skin from patients with systemic scle-
rosis (SSc)55. Although these TFH-like cells do not usually 
express CXCR5, they can express other tissue-specific 
chemokine receptors, such as CCR2, CX3C-chemokine 
receptor 1 (CX3CR1) and CCR5 on TFH-like cells in syn-
ovial tissue52 and CXCR4 and CRTH2 (also known as 
prostaglandin D2 receptor 2) on TFH-like cells in skin55.  
Most TFH-like cells express low or undetectable amounts 
of CXCR5 and BCL6, suggesting that they might be pheno-
typically distinct from TFH cells in secondary lymphoid 
organs. By contrast, TFH-like cells can express comparable 
or even higher amounts of PD1, ICOS, IL-21 and CD40L 
than TFH cells in secondary lymphoid organs56 (fig. 1).

TFR cells. TFR cells were first described as being a popu-
lation of FOXP3-expressing Treg cells derived from 
thymic Treg cells that had co-opted the TFH cell differ-
entiation programme during their development to 
produce a specialized population in B cell follicles that 
controls humoral responses20–22. TFR cells co-express 
markers of both Treg  cells and TFH  cells57,58 (fig.  1). 
Although initial studies described TFR cells as being 
CXCR5+PD1+ICOS+BCL6+CD25+FOXP3+ T cells20,22, 
subsequent studies have challenged this definition59–63. 
Indeed, TFR cells at different stages of maturation can 
be found in distinct anatomical compartments, with 
different phenotypic characteristics.

Studies in human and mouse cells have established 
that cTFR cells in the peripheral blood (identified as 
CXCR5+FOXP3+ T cells) have a reduced suppressive 
capacity to regulate humoral responses compared with 
tissue-resident TFR cells and circulating Treg cells60,62,64. 
Interestingly, whereas cTFR cells in mice have mem-
ory features, most human TFR cells express CD45RA, 
suggesting that TFR cell recirculation might have dif-
ferent characteristics in experimentally induced pri-
mary responses in mice and in physiological immune 
responses in humans60,64. The immature state of cTFR cells  
in humans, together with their existence in B cell-deficient  
patients, supports a model of TFR cell recirculation 
before their interaction with B cells and full differen-
tiation into mature tissue-resident TFR cells60,62,64. This 
model provides an explanation for the absence of BCL6 
in this population and suggests that the quantification 
of human cTFR cells in pathological conditions might 
not directly relate to ‘humoral regulatory potential’ 
in tissues60,65. However, human cTFR cells retain their 
capacity to migrate towards CXC-chemokine ligand 13 
(CXCL13)-enriched tissues, such as the B cell follicles 
in lymph nodes, suggesting that these cells constitute 
a pool of TFR cells that are ready to be recruited into 
GCs in peripheral tissues, as has been shown for mouse 
cTFR cells60,64. By contrast, in humans and in mice, tis-
sue-resident TFR cells have a fully differentiated pheno-
type, expressing CD45RO (in humans), ICOS, PD1 and 
BCL6. Additionally, TFR cells in lymphoid organs express 
cytotoxic T lymphocyte-associated protein 4 (CTLA4), 
an important effector molecule for TFR cell-mediated 
suppression of humoral responses57,58,66,67. Accordingly, 
preliminary data suggest that TFR cells sorted from 
human tonsils might demonstrate a stronger in vitro 
suppressive function for humoral responses than 
tissue-derived Treg cells (unpublished observations, V.F. 
and L.G.).

Another distinctive feature of TFR cells in differ-
ent immune compartments is their CD25 expression. 
Indeed, TFR cells respond to IL-2 in a different way to 
Treg cells59; Treg cells rely on IL-2 for their induction and 
maintenance, whereas TFR cell differentiation is sup-
pressed in the presence of IL-2 (rEf.59). Furthermore, 
compelling evidence suggests that TFR cells downregu-
late CD25 and upregulate BCL6 (and, presumably, ICOS 
and PD1) throughout their differentiation towards fully 
mature GC TFR cells59. Although GCs are mostly popu-
lated by CD25− TFR cells in mice61,62, conflicting results 
have been reported in humans62,63. One study claimed 
that TFR cells (defined as PD1+CXCR5+FOXP3+) are 
mainly CD25-negative in tonsil GCs62. By contrast, 
when a histocytometry-based approach was used to inte-
grate flow cytometry and microscopy data from human 
lymph nodes, the majority of TFR cells were located in 
the follicular mantle zone surrounding GCs, and almost 
all expressed CD25 (rEf.63). A similar localization of 
TFR cells in the follicular mantle zone has been previ-
ously described for mouse TFR cells in primary immune 
responses68. It remains to be seen whether distinct 
inflammatory milieus underlie the stages of TFR cell dif-
ferentiation (as marked by CD25 and BCL6 expression) 
and, consequently, their anatomical positioning.
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Taken together, these studies highlight the hetero-
geneity of TFR cells and show that different anatomical 
sites have different proportions of TFR cells at specific 
states of maturation.

Function in autoimmunity
Self-reactive TFH cells and TFR cells. The differentiation 
of TFH cells and TFR cells is sophisticatedly controlled by 
intracellular signalling pathways and downstream tran-
scriptional and post-transcriptional regulatory mech-
anisms that involve dozens of transcription factors, 
RNA-binding proteins and microRNAs, and has been 
comprehensively reviewed elsewhere12. In this section, 
we focus on the generation of self-reactive TFH cells in 
autoimmune rheumatic diseases and on what is known 
about the T cell receptor (TCR) repertoire of TFH cells 
and TFR cells in autoimmunity.

Although the differentiation of all effector T helper 
cell subsets is initiated by the presentation of antigen 
by professional antigen-presenting cells (APCs), such 
as dendritic cells (DCs), additional antigen presenta-
tion by B cells is specifically required for the generation 
and maintenance of GC TFH cells38. Thus, important 
questions are raised around which antigens promote 
the generation of self-reactive TFH cells in autoim-
mune rheumatic diseases and the precise mechanisms 
by which they do so. During T cell development, the 
deletion of αβ T cells that are specific for self-antigens 
is efficient, but not complete69,70. The number of T cells 
that recognize self-antigen epitopes is estimated to range 
from 1 to 10 cells per million CD4+ T cells in blood from 
healthy individuals70. Upon activation by self-antigens, 
rare self-reactive T cells produce IL-2, which augments 
the suppressive function of Treg cells, thereby forming a 
feedback loop that inhibits the expansion and effector 
differentiation of self-reactive T cells71. IL-2 signalling 
strongly inhibits TFH cell differentiation72,73, suggesting 
that autocrine IL-2 production and Treg cell-mediated 
suppression might create an unfavourable environment 
in lymph nodes for self-reactive CD4+ T cells to commit 
to TFH cell differentiation.

However, CD4+ T cells with self-reactive TCRs can 
differentiate into TFH cells. For example, CD4+ T cells 
from KRN mice carry transgenic TCRs that recognize 
the self-antigen glucose-6-phosphate isomerase (GPI) 
presented by the MHC class II molecule I-A(g7)74. 
Several studies have demonstrated that the presence 
of KRN CD4+ T cells in mice with an H2g7 allele led 
to spontaneous TFH cell differentiation, GC formation 
and the production of anti-GPI autoantibodies, and that 
such mice developed a disease with many of the charac-
teristics of RA75–77. Intriguingly, tracking the generation 
of TFH cells from KRN CD4+ T cells in mice indicated 
that the process was initiated in Peyer’s patches and was 
facilitated by gut commensal segmented filamentous 
bacteria (SFB), which stimulated the activation of DCs 
(which can sequester IL-2) and, therefore, limited the 
access of CD4+ T cells to IL-2 to promote the differ-
entiation of TFH cells75–77. This study also revealed that 
TFH cells primed in the gut subsequently migrated to 
the periphery and supported the production of auto-
antibodies that predominantly occurred in secondary 

lymphoid organs75–77. In another study of lupus-prone 
NZW × BXSB F1 mice, a compromised gut barrier led to  
the translocation and growth of the gut microorganism 
Enterococcus gallinarum in veins, mesenteric lymph 
nodes and liver, which was associated with induced 
TFH cell and TH17 cell differentiation in the mesenteric 
lymph nodes of these mice78. Similar to lupus-prone 
mice, the translocation of E. gallinarum to the liver 
was also detected in patients with SLE or autoimmune 
hepatitis78. Importantly, antibiotic treatment or vacci-
nation against E. gallinarum suppressed autoantibody 
production and prolonged the survival of NZW × BXSB 
F1 mice78.

The gut being a favourable environment for the dif-
ferentiation of TFH cells is also supported by the fact that 
FOXP3-expressing or IL-17-expressing CD4+ T cells can 
acquire the phenotype of TFH cells in the gut, but not 
in the spleen or peripheral lymph nodes79,80. TFH cells 
are not only passively regulated by certain gut micro-
organisms, but also, together with TFR cells, actively 
affect gut microbiota by controlling the quantity and 
quality of IgA production81–86. For example, deletion 
of the inhibitory receptor PD1 (rEf.81), the ATP-gated 
receptor P2X7 (rEfs84,87) or the signalling adaptor pro-
tein MYD88 (rEf.85) in T cells disrupts the differentia-
tion of TFH cells in Peyer’s patches in mice, resulting in 
aberrant IgA production and selection. The subsequent 
altered diversity and affinity of IgA molecules changes 
their ability to bind to commensal bacteria. Similarly 
dysregulated TFH cell and TFR cell programmes in auto-
immune rheumatic diseases might impair beneficial 
host–microbiota mutualism and start a vicious cycle 
that, in turn, enhances the generation of self-reactive 
TFH cells through mechanisms including molecular 
mimicry and dual TCR specificities (Box 1).

Compared with TFH  cells, much less is known 
about the exact specificity of the TCRs of TFR cells in 
immune responses. Studies from the past few years 
seem to support the idea that TFR cells predominantly 
recognize self-antigens instead of foreign antigens. By 
tracking TFR cells in peptide-immunized mice using 
a transgenic TCR or a peptide–MHC tetramer stain, 
one study showed that TFR cells were not specific for 
the immunizing antigen88. The non-responsiveness 
of TFR cells to immunizing antigen was confirmed by 
in vitro experiments showing that TFR cells isolated 
from immunized mice did not proliferate after stim-
ulation by the immunizing antigen, whereas TFH cells 
did88. These results raise the question of which anti-
gens are recognized by TFR cells? Distinct TCR reper-
toires of TFR cells and TFH cells have been reported for 
immunized wild-type mice88,89. In one study89, 1D2β 
mice, which express a fixed TCRβ chain and a variable 
TCRα chain, were immunized and the TCR repertoire of 
their TFR cells was analysed by sequencing TCRA genes 
from thousands of clones. Overall, the TCR repertoire 
of the TFR cells resembled that of Treg cells, but differed 
from that of TFH cells88. Numerous lines of evidence sup-
port the conclusion that the majority of thymic-derived 
Treg cells recognize self-antigens69,90. The similarity  
of TCR repertoires in TFR cells and Treg cells indicates 
that TFR cells are mostly responsive to self-antigens. 
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This theory was experimentally validated by data show-
ing that the number of TFR cells in mice increased more 
upon immunization with the self-antigen insulin than 
with the foreign antigen ovalbumin89. Further study 
is required to investigate how Treg cells are induced to 
generate TFR cells during autoimmune responses.

TFH cells in autoantibody production. The important 
function of TFH cells in initiating and maintaining GC 
responses, as well as in mediating the positive selection 
of specific GC B cell clones for terminal differentia-
tion, has been comprehensively reviewed elsewhere11,12. 
Briefly, GC TFH cells recognize cognate antigens pre-
sented by primed B cells or GC B cells and form stable 
interactions with these cells via co-stimulatory mol-
ecules such as CD40L, ICOS and OX40. During such 
interactions, GC TFH cells and GC B cells are reciprocally 
dependent on each other. Furthermore, GC TFH cells 
secrete effector cytokines such as IL-21, IL-4, IL-9 and 
IL-10, which not only sustain GC responses but also 
guide the terminal differentiation of GC B cells into 
plasma cells or memory B cells91–95 (fig. 2). The genera-
tion of TFH cells with a normal TCR repertoire and helper 
function is controlled by multiple checkpoints, includ-
ing the deletion of self-reactive TFH cells, restraints on  
the number of TFH cells and appropriate helper cytokine 
production by TFH cells96. The aberrant accumulation of  
TFH cells, a common feature in mouse models of auto-
immunity and in patients with rheumatic diseases12,96, sug-
gests that the breach of one or more of these checkpoints 
could lie at the root of the development of autoimmune 
rheumatic diseases.

ELSs in inflamed tissues have the necessary cellular 
machinery to support in situ antibody diversification 
within ectopic GC reactions49,50. Microdissection of 
ectopic GCs from synovia of patients with RA, from 
kidneys of patients with SLE and from salivary glands 
of patients with pSS revealed that ELSs are populated 
by B cell clones with a high degree of somatic hyper-
mutation97–99. Indeed, single-stranded DNA cytosine 
deaminase-dependent clonal diversification and dif-
ferentiation into self-reactive plasma cells have been 
reported in ectopic GCs in non-lymphoid organs100–102. 
Evidence supports a facilitating role for TFH-like cells 
in the development of ELSs and ectopic GC formation. 
Similar to TFH cells, the co-stimulatory receptors ICOS, 
CD40L and OX40, as well as the B cell helper cytokine 
IL-21, are important effector molecules underlying the 
function of TFH-like cells in supporting local (auto)anti-
body production in ELSs in patients with RA or SSc52,55. 
However, TFH-like cells in ELSs usually do not express 
CXCR5 (rEfs51,52). Whether TFH-like cells are derived 
from TFH cells and lose CXCR5 expression in ELSs, or 
are derived from non-TFH cells and gain B cell helper 
functions in non-lymphoid tissues, is still unknown.

TFR cells in autoantibody production. Following the 
identification of TFR cells, many groups have investi-
gated whether dysregulated TFR cell function could 
lead to the emergence of autoantibody-mediated dis-
eases. The results of several experiments in mice have 
suggested that dysfunctional TFR  cells can indeed 
trigger autoimmunity. Specific ablation of TFR cells 
through the conditional knockout of BCL6 in FOXP3-
expressing cells (Bcl6fl/flFoxp3-Cre) resulted in autoan-
tibody production and enhanced inflammation in the 
salivary glands of mice, which had disease that resem-
bled human pSS103,104. Upon infection with influenza 
virus, Bcl6fl/flFoxp3-Cre mice produced 2–3-fold higher 
amounts of antibody secreting cells than did wild-type 
mice, owing to the lack of TFR cells59. Importantly, the 
large amounts of antibodies being produced were not 
directed against influenza virus, but rather showed 
abnormal reactivity to self-antigens59, again supporting 
the idea that TFR cells are required to specifically suppress 
autoantibody production59. The transcription factor 
NFAT2 specifically transactivated Cxcr5 expression in 
TFR cells105. Therefore, T cell-specific NFAT2 deficiency 
(Nfat2fl/flCd4-Cre) in mice resulted in reduced numbers  
of TFR cells and enhanced TFH cell and/or GC responses, 
which were accompanied by a susceptibility to chromatin  
immunization-induced lupus-like disease105.

Studies using mouse models of immunization and 
infection suggest that TFR cells might be able to modulate 
TFH cell proliferation and cytokine secretion, as well as  
B cell metabolism (fig. 2), but the molecular mechanisms 
underpinning TFR cell-mediated regulation are still being 
elucidated57,106,107. CTLA4, widely known for its function 
in mediating the suppressive ability of Treg cells108,109, is 
also important for TFR cell-dependent suppression of GC 
reactions66,67. Indeed, the induced deletion of CTLA4 in 
TFR cells decreased their suppressive capacity and led to 
increased proliferation of TFH cells and IgG1 secretion by  
B cells in mice after immunization66. Furthermore, CTLA4 

Box 1 | Molecular mimicry and dual T cell receptor specificities

In addition to the contribution of microorganisms to gut dysbiosis in many  
autoimmune rheumatic diseases171,172,229,230, infections have long been thought to  
trigger autoimmune responses231. A prevailing explanation is ‘molecular mimicry’, 
whereby	the	occurrence	of	common	B	cell-reactive	or	T cell-reactive	epitopes	between	
pathogens and the host results in autoimmunity as a consequence of crossreactivity232. 
The classic example is the molecular resemblance between the m-protein of 
Streptococcus pyogenes and the human light chain of myosin; upon infection with  
S. pyogenes, autoimmune reactions can lead to the development of acute rheumatic 
fever and rheumatic heart disease233. In this setting, chronic infection might skew the 
differentiation	of	T cells	towards	T	follicular	helper	(TFH) cells234, but it remains to be 
determined	whether	pathogen-derived	antigens	can	cause	crossreactive	T cell	clones	
to differentiate into TFH cells	that	recognize	self-antigens.
The	ability	of	T cells	to	distinguish	between	self-antigens	and	foreign	antigens	 

can	become	difficult	in	T cells	that	have	dual	reactivity	to	both	foreign	antigens	and	
self-antigens.	Dual	T cell	receptor	(TCR)-expressing	cells	have	been	found	in	mice	 
and humans235,236, but the numbers of these cells have yet to be fully determined. 
Sequencing revealed that ~30% of αβ	T cells	contain	two	in-frame	TCRα genes, and that 
TCRα–TCRβ	pairing	constraints	and	other	mechanisms	limit	the	number	of	T cells	with	
surface expression of dual TCRs to <10%235,236. Direct evidence has yet to be produced 
to demonstrate that dual TCRs can directly enhance the generation of TFH cells,	but	
related studies of T helper 17 (TH17) cells and regulatory T (Treg) cells provide support  
for this theory. In K/BxN mice, the gut microorganism segmented filamentous bacteria 
(SFB) caused the selective expansion of dual TCR-expressing TH17 cells that recognized 
both an SFB epitope and a self-antigen, thereby augmenting autoimmune lung 
pathology237. Similarly, in non-obese diabetic mice, dual TCR expression promoted 
autoimmunity by limiting agonist selection of self-reactive thymocytes into the Treg cell	
lineage238. Taken together, it is conceivable that gut dysbiosis and/or the presence  
of	pathogens	can	synergize	with	the	self-reactive	T cell	repertoire	to	initiate	an	
autoreactive TFH cell	programme	in	autoimmune	rheumatic	diseases.
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expression by TFR cells is required to control IL-4 secre-
tion by TFH cells and to limit antigen-specific humoral 
responses by blocking CD80–CD86 co-stimulatory 
signals on B cells67. In addition, complementary regula-
tory mechanisms, such as the secretion of transforming 
growth factor-β (TGFβ), IL-10 or granzyme B, are also 
expected to have important functions in TFR cell-mediated 
immune regulation21,64,110. Finally, the presence of TFR cells 
in co-cultures of mouse TFH cells and B cells induced 
reversible epigenetic changes on effector molecule genes, 
such as Pou2af1, Xbp1 and Aicda, which are expressed by 
B cells during humoral immune responses111.

Little is known regarding the regulation of ELSs, but 
many of the regulatory mechanisms that ensure tolerance 
during GC reactions in secondary lymphoid organs have 
not been found in ELSs in autoimmune settings23,49. One 
study reported the presence of CXCR5+FOXP3+ TFR cells 
in ELSs in salivary gland tissue from patients with pSS, 
but the function of these cells in regulating autoanti-
body production and ELS responses remains specula-
tive65. Notably, before the identification of TFR cells as a 
specific lineage, FOXP3-deficient mice (devoid of both 
Treg cells and TFR cells) were found to have an increased 

susceptibility to ectopic lymphoid neogenesis112. 
Therefore, a FOXP3+ regulatory T cell population (con-
sisting of Treg cells, TFR cells or both), might have a role in 
suppressing the generation of ELSs. Conceivably, during 
a chronic humoral immune response, transient increases 
in the number of TFR cells could become a continuous 
event, as previously noted in a subgroup of patients with 
pSS who had ELSs and high titres of autoantibodies65. 
It is tempting to hypothesize that TFR cell populations 
expand — or at least increase proportionally in periph-
eral blood — as an (inadequate) feedback mechanism to 
attempt to restore immune tolerance.

Involvement in rheumatic diseases
Phenotypic characterization of TFH cells and GC TFH cells 
in spleen and lymph nodes has been conducted in vari-
ous mouse models of autoimmune rheumatic diseases. 
In contrast to the characterization of TFH cells in second-
ary lymphoid organs in mice, it was cTFH cells in blood 
from patients with rheumatic diseases that revealed 
the aberrant activation and/or distorted polarization of 
TFH cells in these diseases, as detailed below. Despite an 
indispensable role for TFR cells in inhibiting autoimmun-
ity in mice, very few studies have addressed the function 
of TFR cells in human autoimmune rheumatic diseases, 
and the results of such studies have sometimes been 
inconsistent. Given the multiple mechanisms involved 
in the pathogenesis of human autoimmune diseases, it is 
possible that changes in TFR cells do not follow the same 
trend in all autoimmune rheumatic diseases.

Systemic lupus erythematosus. SLE is a prototypic 
systemic autoimmune disease. Several mouse mod-
els of lupus-like disease exist, and studies using these 
models have provided important insights into the cen-
tral pathogenic role of TFH cells in autoimmune rheu-
matic diseases. Rc3h1san/san (sanroque) mice, which are 
homozygous for the san allele of Roquin 1, a regulator 
of mRNA stability, develop systemic autoimmunity that 
has features of human SLE113. The generation of large 
numbers of GC TFH cells and associated spontaneous 
GC formation in these mice is promoted by the abnor-
mally high expression of ICOS, OX40 and IFNγ114–116. 
Dysregulated GC TFH cells and the spontaneous for-
mation of GCs are also common in other lupus-prone 
mouse strains, but the causes of these features probably 
differ from strain to strain. In NZB/W F1 mice, blocking 
ICOS signalling effectively ameliorates GC TFH cell gen-
eration and autoimmune phenotypes117, whereas IL-21 
seems to be important in the pathogenesis of BXSB- 
Yaa and B6.Sle1.Yaa mice118,119. In BXD2 mice, both 
IL-21 and IL-17 contribute to the phenotype of increased 
numbers of GC TFH cells and GC B cells120–122. In addition 
to these spontaneous mouse models of SLE, TFH cells are 
rapidly induced from allografted cells in the induced 
graft-versus-host disease model of SLE123.

As summarized elsewhere124,125, independent studies 
have reported increased numbers of CXCR5+PD1+(ICOS+)  
cTFH-EM cells in the blood of patients with SLE compared 
with that of healthy individuals, which correlated posi-
tively with percentages of plasmablasts, titres of autoanti-
bodies (antinuclear antibodies and anti-double stranded 
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Fig. 2 | Function of TFH cells and TFR cells in germinal centres. T follicular helper (TFH) 
cells and T follicular regulatory (TFR) cells have opposite functions when interacting with 
germinal centre (GC) B cells. TFH cells secrete B cell helper cytokines such as IL-4, IL-21, 
IL-9 and IL-10 and provide co-stimulation via CD40 ligand (CD40L) to promote the 
proliferation, survival and differentiation of GC B cells. By contrast, TFR cells inhibit 
interactions between GC B cells and TFH cells through several mechanisms: cytotoxic T 
lymphocyte antigen 4 on TFR cells inhibits co-stimulation; TFR cells physically inhibit 
TFH cell–B cell interactions; TFR cells cause metabolic interference by reducing glycolysis 
in B cells; and TFH cells and GC B cells can be suppressed by inhibitory cytokines, such as 
IL-10 and transforming growth factor-β, or granzyme B produced by TFR cells.
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DNA (dsDNA) antibodies) and disease activity, as meas-
ured by the SLE Disease Activity Index (SLEDAI)37,126–128. 
Similarly, serum concentrations of IL-21 and circulat-
ing numbers of IL-21+CD4+ T cells were increased in 
patients with SLE compared with healthy individuals129. 
A general trend towards increased proportions of cTFH2 
cells and cTFH17 cells and decreased proportions of 
cTFH1 cells have also been reported130,131. A 2018 study 
using Ets1−/− mice revealed that the differentiation of 
type 2 TFH cells and IL-4 production are negatively regu-
lated by the transcription factor ETS1; single-nucleotide 
polymorphisms in ETS1 are associated with SLE131. The 
results of these studies37,126–131 suggest that hyperactive 
TFH cell differentiation might occur in patients with 
SLE, in agreement with evidence from mouse models 
of lupus.

An initial report described a reduced number of 
CXCR5+CD25+CD127− cTFR cells and a decreased cTFR 
cell–cTFH cell ratio in the peripheral blood of patients with 
SLE compared with healthy individuals, although FOXP3 
was not used to identify these cells as TFR cells132. In this 
cohort of 58 patients from China, the number of cTFR cells 
correlated negatively with the titres of anti-dsDNA anti-
bodies, disease activity and serum IL-21 concentrations, 
but not with the total amount of IgG or the number of 
plasmablasts in blood132. The same study also reported 
that patients with relapsing SLE had an increase in 
TFR cells after treatment132. Although the results of this 
study suggest that numbers of TFR cells might be decreased 
in patients with SLE, it is noteworthy that baseline treat-
ment regimens were not considered as variables in the 
data analysis. It remains unclear whether the observed 
reduction in cTFR cells was caused by the disease or by 
the treatment with immunomodulatory drugs. In another 
study, CXCR5+FOXP3+ cTFR cells were increased in a 
cohort of treatment-naive patients with SLE, as was the 
cTFR cell–cTFH cell ratio133. In contrast to the previous 
study132, numbers of cTFR cells correlated positively with 
the presence of serum autoantibodies (anti-SSA antibod-
ies and anti-RNP antibodies) and with disease activity 
as assessed by the SLEDAI133. Functionally, cTFR cells  
sorted from the blood of patients with SLE and healthy 
individuals had a similar in vitro suppressive capacity133. 
Together, these results suggest that cTFR cells might be 
altered in patients with SLE, and might be affected by 
treatment regimens.

Primary Sjögren syndrome. pSS is a systemic autoim-
mune disease that is characterized by severe inflamma-
tion of the exocrine glands and the development of sicca 
symptoms134. In addition to GCs, ELSs in exocrine glands 
also support local autoantibody production134. TFH cells 
have a critical role in the development of experimental 
Sjögren syndrome (ESS) in mice, which is induced by 
repeated immunizations with salivary gland proteins. 
In mice with a specific deletion of BCL6 in CD4+ T cells 
(Bcl6fl/flCd4-Cre mice), TFH cells and GC B cells were not 
formed in the draining cervical lymph nodes after the 
induction of ESS, whereas no histological changes or 
IgG deposition were observed in the salivary glands, 
suggesting that TFH cells might be necessary to induce 
ESS103. The ESS model is also dependent on TH17 cells135 

and, intriguingly, increased numbers of cTFH17 cells have  
been detected in patients with pSS136,137. The expression of 
effector cell markers and molecules such as PD1, CD40L 
and IL-21 was higher in cTFH17 cells than in cTFH1 cells and  
cTFH2 cells136, suggesting a potentially prominent role for 
cTFH17 cells in promoting B cell function and autoanti-
body production. This idea was also supported by the 
positive correlations between cTFH17 cell percentages 
within total cTFH cell numbers, and either the titres of 
autoantibodies (anti-Ro/SSA antibodies and anti-La/SSB 
antibodies) or disease activity as measured by the EULAR 
Sjögren’s Syndrome Disease Activity Index (ESSDAI)136. 
Notably, one study reported that high numbers of 
CXCR5+PD1+ICOS+ cTFH-EM cells were only detected in 
patients with pSS who had extraglandular manifestations, 
such as non-erosive polyarthritis, vasculitis or myosi-
tis, suggesting a role for TFH cell activation in systemic 
autoimmunity beyond glandular symptoms138. A central 
function for IL-21 in orchestrating the complex immune 
responses that occur in pSS is supported by the facts 
that serum IL-21 concentrations correlate positively with 
serum IgG concentrations, especially IgG1, and that the 
expression of IL-21 in labial salivary glands is associated 
with lymphocyte infiltration in patients with pSS139,140.

The number of CXCR5+FOXP3+ cTFR cells and the 
TFR cell–TFH cell ratio are increased in patients with pSS 
not receiving immunosuppressive treatment60,65,141. The 
TFR cell–TFH cell ratio correlated with serum anti-SSA 
antibody titres and with the degree of salivary gland infil-
tration by T cells and B cells, as measured by flow cytom-
etry analysis of minor salivary gland tissue65. Indeed, the 
blood TFR cell–TFH cell ratio might constitute a putative 
biomarker for focal sialoadenitis, as the ratio was able to 
accurately identify patients with these pSS-specific histo-
logical lesions65. Together, these data suggest that, before 
immunomodulatory treatment, numbers of cTFR cells 
are increased in rheumatic diseases with an established 
systemic component, such as SLE and pSS.

Vasculitis. Vasculitis comprises a group of disorders that 
are characterized by severe inflammation of the blood 
vessels142. The importance of GC reactions in the devel-
opment of vasculitis has yet to be carefully examined143. 
A study in patients with granulomatosis with polyangi-
itis (GPA) showed that the number of CXCR5+PD1+ 
cTFH cells was increased regardless of whether disease 
was inactive or active and was reduced after B cell deple-
tion therapy with rituximab144. In children with IgA 
vasculitis (also known as Henoch–Schönlein purpura), 
increased numbers of CXCR5+PD1+ICOS+ cTFH-EM cells 
or CXCR5+IL-21+ cTFH cells have been detected in the 
peripheral blood145–147. Two studies found that the per-
centages of CXCR5+PD1+ICOS+ cTFH-EM cells correlated 
positively with serum IgA and plasma IL-21 concentra-
tions145,146, and another study found that the percentages 
of cTFH2 cells correlated positively with serum IgA and 
plasma IL-4 concentrations147. Most mechanistic studies 
using mouse models of vasculitis have focused on the  
regulation of IgG autoantibodies by TFH cells, and 
the role of TFH cells in regulating IgA autoantibody pro-
duction remains to be elucidated. To date, little is known 
about the role of TFR cells in vasculitis.
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Rheumatoid arthritis. RA is a prototypic autoimmune 
disease that primarily affects the joints. In mouse mod-
els of RA, GC responses and the production of autoan-
tibodies are either caused by self-reactive GC-TFH cells 
derived from mature CD4+ T cells with self-reactive rep-
ertoires (as in the K/BxN serum transfer model74,76,77,148) 
or induced by repeated immunization with self-antigens 
(as in collagen-induced arthritis (CIA)149,150). Increased 
numbers of CXCR5+PD1+(ICOS+) cTFH-EM cells have been 
found in the peripheral blood of patients with RA37,151–154, 
but the magnitude of these increases seems to be modest 
compared with those seen in patients with SLE37. In one 
study, the percentages of TFH-EM cells showed a strong 
correlation with the phosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3), which 
was probably a result of IL-6 signalling154.

The participation of TFR cells in RA is controversial. 
Although increases in CXCR5+FOXP3+ cTFR cells in 
patients with RA have been described155,156, decreased 
numbers of cTFR cells have also been reported157,158. The 
divergence in results gathered from cohorts of patients 
with RA might result from heterogeneity in the treat-
ment regimens used. Indeed, methotrexate, which is 
commonly prescribed for RA, substantially affects the 
proportion of CXCR5+CD127lo cTFR cells detected in 
the blood of patients with RA156. Well-established mouse 
models of RA should be used to further elucidate the role 
of TFR cells in the development of RA.

Ankylosing spondylitis. Ankylosing spondylitis (AS) is 
an inflammatory arthritis of the axial skeleton that pre-
dominantly affects young men. Little evidence exists 
to support a major role for humoral immunity in the 
pathogenesis of AS159. Nevertheless, TFH cell signatures 
have been examined in patients with AS, albeit with 
inconsistent results. One study showed increased num-
bers of CXCR5+PD1+ICOS+ or CXCR5+IL-21+ cTFH cells 
and increased serum IL-21 concentrations in patients 
with AS160. In this cohort of 26 patients from China, 
the percentages of CXCR5+IL-21+ cTFH cells correlated 
positively with disease activity as measured by the Bath 
AS Disease Activity Index (BASDAI)160. By contrast, 
decreased numbers of CXCR5+PD1+ICOS TFH-EM cells 
were reported in a cohort of 50 patients with AS from 
Spain161. In these patients, TFH cells had reduced B cell 
helper functions compared with those from healthy indi-
viduals161. The reason for the discrepancy between the 
two studies remains unknown. An increased number 
of CXCR5+FOXP3+ cTFR cells has also been reported in 
blood from patients with AS, which increased further 
after treatment with etanercept162. Future studies are 
required to dissect how TFH cells and TFR cells might be 
involved in inflammatory responses in AS.

Systemic sclerosis. Progressive fibrosis, which dis-
torts tissue architecture and results in progressive loss 
of organ function, is now recognized to be one of the 
major causes of morbidity and mortality in SSc163. In one 
study, CXCR5+PD1+ICOS+ TFH-like cells were found in 
inflammatory infiltrates in the skin of patients with SSc 
and correlated with dermal fibrosis and clinical dis-
ease status55. Using a mouse model of graft-versus-host 

disease-induced SSc, the same authors showed that neu-
tralization of IL-21 blocked skin disease by reducing skin 
fibrosis55. Future studies need to also examine the poten-
tially profibrotic function of TFH cells in other tissues, 
such as the lung and kidney, and whether TFR cells could 
suppress TFH cell function in SSc.

Myositis. The idiopathic inflammatory myopathies 
(also known as myositis) are a heterogeneous group 
of disorders that share a common feature of chronic 
inflammation in skeletal muscle, which leads to mus-
cle weakness164. The infiltration of T cells and B cells in 
the skin and muscle of patients with myositis, as well 
as the presence of autoantibodies, suggest that GCs or 
ELSs might contribute to disease development164. In 
the blood of patients with juvenile dermatomyositis, 
a profound skewing towards cTFH2 cells and cTFH17 
cells occurs compared with either patients with psori-
atic arthritis or healthy individuals47. Importantly, the 
polarization towards cTFH2 cells and cTFH17 cells was 
associated with the presence of severe disease mani-
festations such as skin rash and muscular weakness, as 
well as with increased numbers of blood plasmablasts47. 
In adult patients with myositis, an increase in CXCR5+ 
cTFH cells was again shown to be dependent on increased 
numbers of cTFH2 cells and cTFH17 cells165. The function 
of TFR cells in myositis has yet to be reported.

Targeting TFH cells and TFR cells
As a common feature of autoimmune diseases, ampli-
fied TFH cell function and insufficient counteraction from 
TFR cells distorts the magnitude and affinity selection of 
antibody responses, resulting in autoantibody produc-
tion. In this section, we discuss whether therapeutic 
intervention can reinstate balance between TFH cells and 
TFR cells in autoimmune rheumatic diseases.

Modulating antigen presentation. At least four main 
strategies could be considered to suppress patho-
genic TFH cells while strengthening protective TFR cell 
responses in autoimmune rheumatic diseases by target-
ing antigens or antigen presentation (fig. 3a). The first 
approach would be to deplete the B cells that continu-
ously present antigen to TFH cells, thereby maintaining 
the pool of TFH cells. Treatment with the anti-CD20 
antibody rituximab reduced the number of PD1+ 
(or ICOS+) CXCR5+ cTFH-EM cells in peripheral blood by 
approximately half in patients with type I diabetes166 or 
GPA144. The relatively mild reduction in cell numbers 
might not be unexpected, as cTFH-EM cells can also be 
generated without the need for antigen presentation 
from B cells37. By examining splenic TFH cells in patients 
with immune thrombocytopenia following rituximab 
therapy, the deletion of all CD19+ B cells was associ-
ated with a complete elimination of mature TFH cells in 
this organ, suggesting that B cells might be required for 
TFH cell maintenance in secondary lymphoid organs167. 
Notably, a partial deletion of B cells, including GC 
B cells, by low-dose rituximab in patients following 
kidney transplantation was insufficient to reduce the 
numbers of TFH cells in lymph nodes168, suggesting 
that the dissolution of GCs resulted in the conversion 
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Fig. 3 | Targeting TFH cells and TFR cells in autoimmune rheumatic 
diseases. a | The generation of T follicular helper (TFH) cells and T follicular 
regulatory (TFR) cells can be affected by targeting antigen presentation. 
Self-reactive TFH cells can be generated from T cells that first recognize 
foreign antigens, but then gain self-reactivity through molecular mimicry 
or dual T cell receptor (TCR) specificity. Gut dysbiosis can also promote 
self-reactive T cells to differentiate into TFH cells, which can subsequently 
migrate to the peripheral lymphoid organs and support self-reactive 
autoantibody responses. Strategies to enhance gut eubiosis or to prevent 
T cells from encountering certain pathogens by vaccination have been 
proposed to inhibit the generation of self-reactive TFH cells. Depletion of  
B cells, including germinal centre (GC) B cells by rituximab, or the interruption  
of T cell help for B cells by blocking CD40–CD40 ligand (CD40L) interactions 
with VIB4920 and BI 655064, can also suppress the maintenance of TFH cells. 
TFR cells have TCR repertoires similar to those of thymic regulatory T (Treg) 
cells, suggesting that TFR cells might be able to recognize self-antigens. 

Approaches such as tolerogenic dendritic cells (DCs) or chimeric antigen 
receptor Treg (CAR-Treg) cells can enhance the function of Treg cells and 
possibly also strengthen TFR cell function. b | The function of TFH cells  
and TFR cells can be effectively targeted by blocking the signalling pathways 
downstream of co-stimulatory and cytokine receptors that support TFH cell 
differentiation. Immunotherapies targeting co-stimulatory signalling (such 
as abatacept, belatacept and prezalumab) or cytokine signalling (such as 
tocilizumab, tofacitinib, baricitinib and low-dose IL-2) can inhibit the 
differentiation of TFH cells and suppress autoantibody production. These 
immunotherapies antagonize important signalling pathways for the 
expression of CXC-chemokine receptor 5 (CXCR5), BCL6 and IL-21, which 
are required for TFH cell differentiation. APC, antigen presenting cell; 
FOXO1, Forkhead box O1; ICOS, inducible T cell co-stimulator ; ICOSL , 
ICOS ligand; IL-2R , IL-2 receptor ; IL-6R , IL-6 receptor ; PI3K , phosphatidy-
linositide 3-kinase; JAK , Janus kinase; KLF2, Krüppel-like factor 2; sIgA , 
secreted IgA ; STAT, signal transducer and activator.
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of GC TFH cells into memory TFH cells, as shown in 
mouse studies31,169.

A second approach to rebalancing ratios of TFH cells 
and TFR  cells involves developing vaccines against 
disease-inducing pathogens. Proof-of-concept for 
vaccine-based prevention of rheumatic disease has 
been achieved by the treatment of NZW × BXSB F1 
mice with an intramuscular vaccination strategy using 
heat-killed E. gallinarum78. Vaccination at 4 weeks or  
8 weeks of age reduced concentrations of serum auto-
antibodies and increased survival rates at 30 weeks 
from <20% to 70–90% in mice78. Human clinical trials 
for vaccine-based prevention of certain rheumatic dis-
eases are currently underway. For example, efforts have 
been made to develop a vaccine that targets Streptococcus 
pyogenes to prevent rheumatic heart disease170.

A third approach involves breaking the vicious 
cycle of gut dysbiosis171. To achieve eubiosis, several 
approaches to modulate gut microbiota are currently 
being tested, including prebiotic diets, antimicrobial 
interventions, faecal microbiota transplants and selec-
tive probiotics172–174. As discussed above, certain gut 
microorganisms can induce the generation of path-
ogenic TFH cells, such as SFB in the mouse model for 
RA74,76,77,148. Gut eubiosis might reduce the number of 
pathogenic microorganisms and the associated differ-
entiation of self-reactive TFH cells in the gut to suppress 
the development of autoimmune rheumatic diseases. 
Alternatively, normal, rather than dysregulated, TFH cell 
function can support the production of high-affinity 
IgA81,84,85,87, which in turn strengthens gut eubiosis and 
protects intestinal integrity.

The fourth approach involves stimulating TFR cells 
using autoantigens. Antigen-specific immunotherapy 
for autoimmune disease aims to promote tolerance to 
specific autoantigens, and has predominantly been tested 
in type I diabetes owing to the presence of well-defined 
autoantigens175. To date, no studies have reported how 
such therapies modulate TFR cells. Intriguingly, allergen 
immunotherapy, a common practice in treating aller-
gic rhinitis and allergic asthma176, increased the num-
bers and enhanced the function of cTFR cells in patients 
with allergic rhinitis, which was positively associated 
with disease remission177. To target all types of regula-
tory T cells, new methods such as autoantigen-derived 
peptide-pulsed tolerogenic DCs and chimeric antigen 
receptor-engineered Treg cells have been developed and 
tested in clinical trials for rheumatic diseases such as 
RA178,179. Such approaches will potentially also benefit 
TFR cell function, but the responses of these cells need to 
be evaluated in clinical trials.

Modulating co-receptor signalling. After being activated 
through antigen stimulation, each CD4+ T cell enters a 
phase of fate decision in which it is polarized to a par-
ticular effector subset. Differentiation into TFH cells is pri-
marily promoted by signals received from co-stimulatory 
molecules and cytokine receptors12; CD28, CD40L, ICOS 
and OX40 are required for the generation of TFH cells and 
their B cell helper functions12. Such surface co-receptors 
have been successfully targeted for the treatment of  
autoimmune rheumatic diseases.

Recombinant extracellular domains of CTLA4 fused 
with an immunoglobulin Fc domain (abatacept and belat-
acept) have shown clinical benefits. To date, abatacept has 
gained approval from the FDA for the treatment of RA 
and psoriatic arthritis, and belatacept has been approved 
for kidney transplantation180. CTLA4 fusion proteins 
bind to CD80 and CD86 (rEf.180), thereby inhibiting the 
generation of TFH cells by blocking CD28 co-stimulatory 
signals (fig. 3b). As CTLA4 is an important mediator of 
the suppressive function of TFR cells66,67, it is conceivable 
that such fusion proteins can mimic the role of TFR cells 
in inhibiting antibody responses. Treatment with abat-
acept has reduced the numbers of CXCR5+ cTFH cells 
in patients with RA181 and of CXCR5+PD1+ cTFH-EM in 
patients with pSS182. The latter study also revealed that 
abatacept therapy selectively attenuated the TFH cell popu-
lation, affecting PD1+CXCR5− effector cells to a lesser 
degree182. Importantly, the expression of ICOS on cTFH 
cells and TFH-like cells in salivary glands was substan-
tially reduced by treatment with abatacept, suggesting 
that therapy might have suppressed both the generation 
and function of TFH cells. As a consequence, patients with 
pSS had a gradual decrease in circulating plasmablasts 
after treatment182. Neither study measured how abatacept 
therapy altered TFR cells, but the total number of circulat-
ing Treg cells declined after therapy182. Similarly, belatacept 
therapy reduced numbers of cTFH-EM cells in kidney trans-
plant recipients and reduced circulating plasmablasts183. 
The results of these studies181–183 indicate that CTLA4 
fusion proteins are effective for attenuating TFH cell func-
tion and ameliorating the hyperactivation of effector  
B cell differentiation in autoimmune rheumatic diseases.

Considering the important function of ICOS signal-
ling in sustaining TFH cell generation and function, there 
has been a great deal of interest in developing therapies 
that block ICOS–ICOS ligand (ICOSL) interactions in the 
treatment of autoimmune diseases (fig. 3b). ICOS block-
ade might have an advantage over CTLA4 fusion proteins 
owing to its specificity for TFH cells. CTLA4 fusion pro-
teins are thought to broadly impair the function of CD4+ 
and CD8+ T cells, which might explain the increased risk 
of infections following abatacept therapy in patients with 
RA that was reported in two clinical trials184,185, although 
other clinical trials found no statistically significant 
increases in infection rates in treatment groups compared 
with placebo groups186. Many proof-of- concept studies 
in various mouse models of autoimmunity, including 
models of SLE and RA, showed that therapeutic block-
ade of ICOS signalling effectively inhibits TFH cell func-
tion and ameliorates autoimmune responses187. The 
anti-ICOSL fully human IgG2a antibody prezalumab 
(formerly known as AMG 557) has been tested in clinical 
trials. In the phase Ia trial188, patients with SLE received 
prezalumab treatment after being immunized with the 
T cell-dependent neoantigen keyhole limpet haemo-
cyanin (KLH) to assess the drug pharmacodynamics. 
Results indicated that prezalumab reduced anti-KLH 
IgG concentrations without affecting anti-KLH IgM or 
total IgG concentrations188. In the subsequent phase Ib 
trial, prezalumab was safe and showed potential efficacy 
in patients with SLE with arthritis189. 7 out of 10 patients 
receiving prezalumab achieved a ≥4-point improvement 
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in the SLEDAI score compared with 2 out of 10 patients 
receiving placebo (P = 0.07)189. Preliminary immuno-
logical analysis showed no difference in the number of 
cTFH cells between those receiving prezalumab and those  
receiving placebo, presumably owing to the small group 
size189. Notably, the development of prezalumab for rheu-
matic diseases has been discontinued by co-developers 
Amgen and AstraZeneca following the failure of a phase II  
trial of prezalumab for pSS190.

TNF superfamily receptors, in particular CD40L, 
have also attracted substantial interest for drug 
development in autoimmune rheumatic diseases, as 
reviewed elsewhere191. Although blockade of CD40–
CD40L interactions potently inhibits the development  
of SLE and RA in mouse models192, the development of  
anti-CD40L blocking antibodies was halted when clini-
cal trials revealed that thromboembolism was unexpect-
edly induced, presumably by the crosslinking of CD40L 
expressed on platelets191. A new generation of CD40–
CD40L antagonists, including VIB4920 (a CD40L 
binding protein lacking an Fc domain)193 and BI 655064  
(a humanized anti-CD40 mAb with a mutant Fc 
region to prevent Fc-mediated antibody-dependent or 
complement-mediated cellular cytotoxicity and platelet 
activation)194, have now been developed and tested in 
clinical trials. In a phase Ia study, VIB4920 suppressed 
antigen-specific IgG production in healthy volunteers 
after priming and boosting with the neoantigen KLH 
and, in a phase Ib study, substantially decreased dis-
ease activity in more than 50% of patients with RA 
(n = 24) when used at a high dose (>1,000 mg)193. In a 
small phase IIa study, BI 655064 reduced clinical and 
biological parameters of disease in patients with RA, 
including reductions in activated B cells, autoantibody 
production and inflammation, but did not meet the 
primary end point (a 20% improvement in ACR cri-
teria between treatment and placebo, 68.2% versus 
45.5%, P = 0.064)194. These results suggest that thera-
peutic blockade of CD40–CD40L interactions could 
be efficient in suppressing humoral responses (fig. 3a). 
Given the promising results of early-phase clinical trials 
of VIB4920 and BI 655064, the results of large-cohort 
phase II clinical trials to evaluate the therapeutic effi-
cacy of these compounds in RA and other rheumatic 
diseases are eagerly awaited.

In light of the discovery that circulating OX40 ligand 
(OX40L)-expressing myeloid APCs correlated positively 
with an increased number of ICOS+ cTFH cells and dis-
ease activity in SLE195, OX40 could be another good TNF 
superfamily candidate to target to inhibit TFH function. 
However, there are no recorded trials of drugs that tar-
get OX40–OX40L interactions in rheumatic diseases, 
despite the fact that clinical-grade drugs that neutralize 
OX40L or OX40 are available191.

Modulating cytokines and cytokine signalling. Targeting 
cytokines has undoubtedly been the most successful 
therapeutic strategy for the treatment of autoimmune 
rheumatic diseases. TFH cell and TFR cell functions can 
be modulated by cytokine-related immunotherapies 
such as inhibition of IL-6 or Janus kinases (JAKs), or 
the administration of low-dose IL-2 (fig. 3b).

The JAK–STAT pathway is an important mecha-
nism by which T cells receive cues from cytokines and 
interpret these signals to regulate their growth and dif-
ferentiation196. Cytokine signals mediated by STAT3 
are particularly important for TFH  cell differentia-
tion and function12. For example, TFH cell differentiation 
and function are compromised in mice with a CD4+ 
T cell-specific deletion of STAT3 following immunization 
or infection197,198, and in humans with loss-of-function 
mutations in STAT3 (rEf.199). STAT3 is also required for 
TFR cell generation; generation of TFR cells was reduced 
post-immunization in mice with CD4+ T cell-specific 
STAT3 deficiency or Treg cell-specific STAT3 deficiency198. 
Mechanistically, STAT3 binds to the promoters for BCL6 
(rEfs.44,200) and IL21 (rEf.201) and activates transcription of 
these genes. Several groups independently reported con-
stitutive activation of STAT3, as measured by the amount 
of phosphorylated STAT3 (pSTAT3), in circulating CD4+ 
T cells but not in B cells in patients with RA154,157,202–204. 
The amount of pSTAT3 in CD4+ T cells from patients 
with RA correlated positively with serum concentra-
tions of IL-6 and with the number of cTFH cells154,157,202,204. 
As IL-6 induces the differentiation of both mouse and 
human TFH cells205–211, these results suggest an important 
role for the IL-6–pSTAT3 axis in supporting the aber-
rant generation of TFH cells in RA. Accordingly, treatment 
with the anti-IL-6 receptor antibody tocilizumab inhib-
ited pSTAT3 production in CD4+ T cells204 and reduced 
TFH cell differentiation in patients with RA211. The 
STAT3-inducing cytokines IL-6 and IL-21 are thought 
to suppress the generation of TFR cells157,212, although 
this suppression might affect all Treg cells213 rather than 
being specific for TFR cells. In addition to the IL-6–STAT3 
and IL-21–STAT3 axes, STAT4-mediated IL-12 and 
TGFβ signalling can also promote TFH cell differenti-
ation35,41,214,215. Although aberrant TFH cell generation is 
a common feature of many autoimmune rheumatic dis-
eases, the contribution of individual cytokine signals to 
TFH cell generation in diseases other than RA remains  
to be characterized. A number of JAK inhibitors have 
been developed, tofacitinib being the first to be approved 
by the FDA for treating RA216. JAK inhibitors therefore 
make good candidate therapies to use to reinstate the 
balance of TFH cells and TFR cells in rheumatic diseases.

In contrast to the stimulatory cytokines IL-6 and IL-21, 
IL-2, a cytokine initially described as a T cell growth fac-
tor, potently inhibits the differentiation of TFH cells72,217,218. 
IL-2 signalling is mostly mediated by STAT5, which not 
only suppresses the transcription of BCL6 but also shares 
genomic binding sites with BCL6, thereby antagonizing 
its transcriptional activity219,220. Recombinant human 
IL-2 (rhIL-2), which is used at a high dose to promote 
the expansion of and boost the anti-tumour activities 
of cytotoxic T cells and natural killer cells, was initially 
used as a cancer immunotherapy221. However, in the past 
few years, rhIL-2 has been repurposed to treat autoim-
mune diseases, in which it is used at 0.3–3 million IU 
per dose, ~10–100 times lower than the dose range used 
in cancer immunotherapy222–226. The main mechanism 
of action for low-dose IL-2 is thought to be the expan-
sion of Treg cells221,225, which express a large amount of 
CD25, the high-affinity receptor subunit for IL-2, and 
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thus undergo expansion following IL-2 treatment221. 
Low-dose IL-2 therapy has also been shown to substan-
tially inhibit the generation of TFH cells and TH17 cells 
in patients with SLE226. The suppression of TFH cells by 
low-dose IL-2 therapy probably happens at an early stage 
in TFH cell differentiation. Elegant mouse experiments 
have shown that primed CD4+ T cells migrate towards 
the outer T cell zone of lymph nodes where activated DCs 
produce membrane-bound and soluble forms of CD25 to 
quench T cell-derived IL-2 and augment TFH cell differen-
tiation73. IL-2 also inhibits the differentiation of Treg cells 
into TFR cells, probably by inhibiting BCL6 expression 
and function. In a mouse model of influenza infection, 
treatment with IL-2 inhibited the generation of TFR cells 
and increased antibody titres for both influenza nucleo-
protein and the self-antigen histone59. However, these 
results might be model-specific. According to prelim-
inary data in a mouse model of systemic autoimmun-
ity, IL-2 treatment increased the TFR cell–TFH cell ratio, 
despite both populations being reduced in numbers, and 
was accompanied by a reduction in systemic antibody 
production (unpublished observations, J.D. and D.Y.). 
In patients with SLE, low-dose IL-2 treatment substan-
tially reduced the concentrations of total IgG and several 
autoantibodies226,227.

Using the therapeutics discussed above, the suppres-
sion of pathogenic TFH cell differentiation and function 
in rheumatic diseases has proven to be feasible. By con-
trast, presumably owing to the fact that TFR cells were 
discovered much later, strategies to promote TFR cell 
function to ameliorate autoimmunity remain largely 
speculative and should be tested in the near future.

Conclusions
Through the examination of experimental models and 
tissue from patients with rheumatic diseases, the hyper-
activation of TFH cells seems to be a common feature of 
autoimmune rheumatic diseases. By contrast, changes in 

the number of TFR cells are not consistent across diseases.  
In our opinion, owing to their recognition of self-antigens, 
TFR cells are probably also induced and expanded by 
self-antigen exposure in autoimmune rheumatic dis-
eases. However, impaired function of TFR cells, or a lower 
magnitude of expansion compared with TFH cells, might 
tip the balance towards TFH cell function, resulting in 
self-reactive GC responses and autoantibody production.

In this Review, we have discussed TFH cell and TFR cell 
populations in secondary lymphoid organs, blood and 
ELSs. Notably, even GC TFH cells in secondary lym-
phoid organs are not a homogeneous population. For 
example, one study showed that GC TFH cells dynam-
ically change their phenotype during the progress of 
an antibody response on the basis of expression of IL-4 
or IL-21(rEf.91). Such heterogeneity might also apply 
to TFR cells. Further studies are required to dissect the 
heterogeneity within TFH cell and TFR cell populations 
using cutting-edge single-cell technology, so that we 
can better understand what kind of TFH cells are the 
most pathogenic and what kind of TFR cells are the most 
protective in autoimmune rheumatic diseases. Future 
studies should also investigate the relationship between 
TFH cells or TFR cells and other types of cells found in  
B cell follicles, such as follicular DCs, tingible body 
macro phages and the newly characterized follicu-
lar cytotoxic T cells228. From a clinical perspective, it 
remains to be seen whether targeting TFR cells or the 
overall Treg cell population is more effective at sup-
pressing autoantibody responses in rheumatic diseases. 
Further study is also needed to better understand how 
to use TFH cell or TFR cell signatures to stratify patients 
and guide the design of treatment schemes for tar-
geted immunotherapies. Such application will only be 
achieved by the inclusion of TFH cells and TFR cells as part 
of biomarker discovery in future clinical trials.
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Joint inflammation is found in several diseases, the most 
common being rheumatoid arthritis (RA), ankylosing 
spondylitis (AS) and psoriatic arthritis (PsA). Although 
the clinical presentation of these diseases differs, they 
share systemic inflammatory consequences that affect 
vital organs. Any type of inflammatory arthritis is 
therefore commonly associated with systemic mani-
festations that are generally linked to a poor prognosis. 
For example, an increased risk of cardiovascular events 
is an important cause of morbidity and mortality in all 
patients with inflammatory arthritis1,2. In patients with 
inflammatory diseases that do not involve arthritis, 
such as psoriasis, concentrations of biomarkers of sys-
temic inflammation such as C- reactive protein (CRP) 
are linked to an increased risk of cardiovascular events, 
indicating that inflammation rather than arthritis itself 
is the important factor3.

IL-17 is a pro- inflammatory cytokine that functions 
within a complex network of cytokines and contributes 
to the pathogenesis of various inflammatory diseases. 
Three IL-17 inhibitors have already been approved  
for the treatment of psoriasis, PsA and AS, and more 
indications are under consideration4. The sustained  
activation of the IL-17 axis is therefore important in 
these diseases. In inflammatory arthritis, high concen-
trations of pro- inflammatory cytokines, including IL-17, 
participate in the local inflammatory state in joints5.

In addition to local effects, uncontrolled inflamma-
tion can lead to the release of inflammatory cytokines 
into the circulation. These increased concentrations of 
cytokines and cytokine- secreting cells in the blood can 
trigger systemic immune responses by affecting various 
cell types in perfused tissues and organs. Given that 
IL-17 receptors can be expressed by any cell type, circu-
lating IL-17 regulates pleiotropic effects throughout the 
body6. In addition, IL-17 acts in cooperation with other 
mediators such as TNF or IL-1β to mediate additive or 
synergistic effects7,8. This cooperative effect is impor-
tant to consider when it comes to quantifying IL-17 
concentrations, either through protein determination 
or the estimation of IL-17 function in association with 
other cytokines. The combination of the tissue- specific 
cytokine environment, tissue cell composition and cell 
interactions promotes a site- specific IL-17 response.

This Review outlines the local and systemic effects 
of IL-17 in inflammatory arthritis. The first part of the 
Review summarizes the biology of IL-17 and its effects 
on joint- related targets. The second part of the Review 
focuses on the effects of IL-17 on blood vessels, liver and 
muscle. The effects of IL-17 on these organ systems are 
common to all forms of inflammatory arthritis. On the 
basis of these discussions, targeting of IL-17 could be 
proposed for the treatment of a wider range of arthritic 
and non- arthritic conditions.
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IL-17 biology
IL-17 (commonly referred to as IL-17A) is the most fre-
quently studied member of the IL-17 cytokine family, 
which includes six members, named from IL-17A to 
IL-17F (Table 1). IL-17E (also known as IL-25) has the 
least homology with IL-17 and is an inhibitor of IL-17 
function9,10. IL-17 is known as the signature cytokine of 
T helper 17 (TH17) cells, but other innate and adaptive 
immune cells can also produce IL-17 including CD8+ 
T cells, γδ T cells, innate lymphoid cells and natural 
killer (NK) T cells11–13.

The IL-17 receptor (IL-17R) family comprises 
five subtypes, named IL-17RA to IL-17RE (Table 1). 
Because the IL-17RA and IL-17RC multi- chain recep-
tors are expressed on most cell types, IL-17 mediates its 
multiple and broad effects at local and systemic levels 
(Fig. 1). Activation of IL-17RA and/or IL-17RC signal-
ling upregulates many inflammatory genes, including 
pro- inflammatory cytokines or neutrophil- specific 
chemokines12. IL-17 has an important function in host 
defence against extracellular pathogens, including fungi 
and bacteria, but also in the development and chronicity 
of inflammatory diseases12.

Although IL-17 is often only poorly active alone, 
IL-17 cooperates with other mediators including TNF, 
IL-1β, IFNγ or granulocyte–macrophage colony- 
stimulating factor (GM- CSF) to mediate additive or 
synergistic effects7,8. The seemingly multiple molecu-
lar mechanisms of these synergistic interactions with 
IL-17 vary according to the cell target14–17. The cytokine 
microenvironment might therefore have an important 
function in IL-17-mediated effects.

Effects of IL-17 on joints
IL-17 in synovitis
IL-17-secreting cells were first identified in synovial 
tissue from patients with RA18. An enrichment of IL-17-
producing CD4+ cells was found in the synovial fluid 
of patients with RA and patients with PsA19,20. IL-17 is 
also present at higher concentrations in supernatants  
from RA synovium than in synovium supernatants from 
patients with osteoarthritis (OA) or from healthy indi-
viduals18. IL-17RA is also expressed at a higher amount 
in synoviocytes from patients with RA or PsA compared 
with those from patients with OA20, suggesting that the 

articular effects of IL-17 might be amplified in RA and 
PsA. IL-17 is important in the initiation of inflamma-
tion through the induction of neutrophil- attracting 
chemokines, including IL-821. In addition, IL-17 causes 
the recruitment of T cells and other immune cells by 
upregulating CC- chemokine ligand 20 (CCL20), CCL2 
(also known as MCP1) and CCL7 expression21. The 
recruitment of these immune cells to the synovium 
enables interactions with local cells that exacerbate 
inflammation and induce a specific pro-inflammatory 
cytokine environment; in turn, this pro-inflammatory 
environment promotes the inflammatory synergistic 
cooperation of IL-17 with other cytokines, such as TNF, 
GM- CSF or IL-1. Moreover, IL-17 promotes synoviocyte 
proliferation and survival by inducing the expression of 
anti-apoptotic molecules such as synoviolin and amigo 2,  
thereby contributing to synovial hyperplasia22–24. Thus, 
IL-17 contributes to the chronicity of arthritis through 
multiple pathways.

IL-17 in joint damage
In addition to its pathogenic role in synovitis, IL-17 also 
mediates joint damage. IL-17 enhances the activity and 
release of matrix metalloproteinases (MMPs) by synovio-
cytes and chondrocytes, which leads to joint damage 
and defective repair processes25,26. In addition, IL-17  
contributes to the imbalance between bone- forming 
osteoblasts and bone- resorbing osteoclasts that occurs 
in destructive arthritides such as RA, PsA and AS, as 
reviewed elsewhere27. IL-17 mediates bone destruc-
tion by increasing receptor activator of NF- κB ligand 
(RANKL)-induced osteoclastogenesis28,29, and neutral-
ization of IL-17 in mice with collagen- induced arthritis 
reduces cartilage and bone destruction28. By contrast, the 
combination of IL-17 and TNF promotes ectopic bone 
formation by inducing osteogenic differentiation of mes-
enchymal stem cells in the absence of osteoclasts, as seen 
in the ligaments and tendons of patients with AS14. IL-17 
is therefore involved in the regulation of bone formation 
and resorption27, according to the anatomical site, which 
results in different cell interactions.

Systemic effects of IL-17
Circulating IL-17
Detecting IL-17 in the circulation using protein detec-
tion with ELISA or multiplex detection- based assays is 
a challenge. Published results show a large heterogeneity 
in reported concentrations, which limits the validation  
of the conclusions. Nevertheless, serum concentrations of  
IL-17 are increased in patients with inflammatory 
arthritis, including early inflammatory arthritis, RA 
or AS30–34, when measured by these techniques. For 
patients with PsA, an increased number of circulating 
TH17 cells is associated with increased production of 
IL-17 by CD4+ T cells following in vitro stimulation with 
CD3–CD28 beads19.

In RA, the increased numbers of circulating TH17 
cells and serum concentrations of IL-17 and IL-23 are 
associated with an increased 28-joint Disease Activity 
Score (DAS28) and CRP concentration19,30. However, 
these correlations have not been confirmed by all stud-
ies32,35. Different results might arise because of different 

Key points

•	Inflammatory arthritis is associated with systemic comorbidities that lead to a poor 
prognosis.

•	Alone, or in cooperation with other cytokines, Il-17 participates in the establishment 
and chronicity of several inflammatory diseases, including inflammatory arthritis.

•	Il-17 can mediate pleiotropic effects throughout the body as Il-17 receptors are 
expressed on most cell types.

•	Il-17 contributes to the increased risk of cardiovascular events common to 
inflammatory diseases by affecting vascular and cardiac cells.

•	Il-17 induces increased concentrations of C- reactive protein and contributes to liver 
changes by inducing an inflammatory response in liver cells.

•	The systemic effects of Il-17 suggest that targeting this cytokine might be beneficial 
for the treatment of arthritic and non- arthritic conditions, in addition to inflammatory 
arthritis.
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patient characteristics (for example, early or estab-
lished disease) or different sensitivities of the assays. 
Interestingly, anti- TNF therapy decreases the number of 
circulating TH17 cells and the concentration of IL-17 in 
patients with RA who respond to therapy, whereas these 
concentrations increase in non- responders36. Similarly,  
following in vitro stimulation with CD3–CD28 beads, 
CD4+ T cells from patients with RA who do not respond to 
therapy secrete a larger amount of IL-17 than CD4+ T cells 
from patients with RA who respond to methotrexate  
with or without adalimumab therapy19.

Serum concentrations of IL-17 are also increased in 
patients with AS compared with healthy individuals, 
and positively correlate with IL-23 concentrations34,37–39. 
In two studies34,37, serum concentrations of IL-17 and 
IL-23 were similar in patients with less active disease 
(Bath Ankylosing Spondylitis Disease Activity Index 
(BASDAI) cut- off value <3) or more active disease 
(BASDAI cut- off value of 3 or 4), whereas another study 
reported higher concentrations of both IL-17 and IL-23 
in patients with more active disease than in patients with 
less active disease38.

Moreover, circulating IL-17 concentrations are 
not associated with changes in CRP concentrations, 
the erythrocyte sedimentation rate (ESR), the Bath 
Ankylosing Spondylitis Functional Index score or the 
Bath Ankylosing Spondylitis Metrology Index score34. 
Although IL-17 inhibitors are now used successfully 
to treat patients with AS, no correlation between IL-17 
serum concentrations and disease activity has been 
found. Reasons for such a discrepancy remain to be 
obtained, but one possibility is that detected concentra-
tions of IL-17 (using protein- detection assays) might not 
reflect the extent of its function in pathogenesis.

Because IL-17 is part of a network of pro-inflammatory 
factors, the synergistic interactions between IL-17 and 
other mediators can be downregulated by inhibitors such 
as IL-17E, natural anti- IL-17 autoantibodies and soluble 
receptors (Fig. 2). The use of a bioassay for IL-17 is there-
fore an interesting approach to measuring the resulting 
bioactivity of IL-17 (reF.40). Use of such a bioassay might 
reduce the variability of reported IL-17 serum concen-
trations, as is observed between studies using ELISA 
techniques33,40. Bioactive IL-17 can be quantified by the 
difference in IL-8 production by human umbilical vein 

endothelial cells exposed to plasma from patients with or 
without the addition of a blocking anti- IL-17 antibody, 
which removes the contribution of IL-17 to the produc-
tion of IL-8 (reF.40). Increased concentrations of bioactive 
IL-17 occur in patients with RA compared with healthy 
individuals, and in those with destructive RA compared 
with those with non- destructive RA40. Notably, these 
bioactive IL-17 concentrations correlate positively with 
Larsen scores on radiographs, but not with disease dura-
tion or activity40. To determine whether IL-17 could be a 
useful systemic biomarker in patients with inflammatory 
arthritis, quantification of circulating bioactive IL-17 
must be performed in a large cohort of patients.

As TH17 cells are the predominant producers of 
IL-17, changes in circulating TH17 cell numbers and 
amounts of IL-17 mRNA in peripheral blood mono-
nuclear cells (PBMCs) can reflect circulating IL-17 
concentrations. IL-17 gene expression is increased in 
PBMCs from patients with RA compared with those 
from healthy individuals41. Moreover, the percentage of 
TH17 cells within the CD4+ T cell compartment is higher 
in patients with inflammatory arthritis (RA, PsA or AS) 
than in healthy individuals or patients with OA19,36,42. By 
contrast, the number of IL-17+CD4+ T cells in periph-
eral blood is similar in patients with juvenile idiopathic 
arthritis and healthy children, suggesting a different reg-
ulation in children43. Upon in vitro stimulation, CD4+ 
T cells from patients with RA or PsA contained more 
TH17 cells than CD4+ T cells from healthy individuals, 
whereas no substantial differences were observed in 
the corresponding numbers of TH1 cells19,35. However, 
conflicting results regarding the correlation between 
TH17 cell numbers and disease activity or treatment 
response suggest that quantification of circulating TH17 
cells might not be an appropriate disease biomarker in 
RA19,32. Indeed, circulating TH17 cells are en route to sites 
of inflammation such as the synovium and bone, where 
they interact with mesenchymal cells. Such interactions 
result in large- scale IL-17 production at the local site, a 
limited proportion of which reaches the blood where it 
can be detected. In addition, TH17 cells constitute a small 
proportion of T cells; thus, many PBMCs are required to 
quantify the percentage of TH17 cells. Large- scale activa-
tion is needed to induce a modest intracellular staining 
for IL-17 (reFs19,32). Finally, the presence of TH17 cells 
and the amount of IL-17 mRNA do not predict the 
actual secretion of IL-17 because post- transcriptional 
regulation, the local environment and cell interactions 
are all needed for the release of IL-17 and for it to have  
local effects7.

Effects of IL-17 on blood vessels
Systemic inflammation has a central function in the 
initiation of endothelial dysfunction and atheroscle-
rosis, both of which contribute to the progression of 
cardio vascular diseases. By affecting vessels, IL-17 
induces vascular inflammation and thus could con-
tribute to the increased risk of atherosclerotic, cardiac 
and thrombotic events in patients with inflammatory 
arthritis. In this section, we describe the in vitro effects 
of IL-17 on vascular cells and outline the function of 
IL-17 in mouse models of atherosclerosis and acute 

Table 1 | IL-17 cytokine and receptor family members

Name Receptors Main functions

IL-17A , IL-17F  
and IL-17A–IL-17F 
heterodimers

IL-17RA and IL-17RC • Pathogenesis of inflammatory diseases
• Neutrophil recruitment
• Host defence against extracellular 

pathogens and fungi

IL-17E IL-17RA and IL-17RB • TH2 cell induction
• IL-17 and TH17 cell inhibition

IL-17C IL-17RA and IL-17RE Pro- inflammatory functions

IL-17B IL-17RB Pro- inflammatory functions

IL-17D Undefined Pro- inflammatory functions

Undefined IL-17RD Undefined

The IL-17 family comprises six members, named IL-17A to IL-17F. IL-17A and IL-17F can be 
secreted as homodimers or as IL-17A–IL-17F heterodimers. IL-17 receptors (IL-17R) comprise 
five members, named IL-17RA to IL-17RE. TH2, T helper 2; TH17 , T helper 17.
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myocardial injury. Finally, the potential contribution 
of IL-17 in atherosclerosis or acute coronary syndrome 
in patients with or without inflammatory arthritis is 
reviewed and discussed.

Effects of IL-17 on vascular cells. IL-17 alone (or in com-
bination with TNF) affects all cell types that make up 
the three layers of the vascular wall44,45 (Fig. 2; Table 2). 
IL-17 induces the production of pro- inflammatory 
cytokines (such as IL-6), chemokines (such as IL-8, 
CXC- chemokine ligand 1 (CXCL1) and CCL2) and 
adhesion molecules (such as intercellular adhesion 
molecule 1 (ICAM1) and vascular cell adhesion mol-
ecule 1 (VCAM1)) by endothelial cells and vascular 
smooth muscle cells (VSMCs), leading to leukocyte 
recruitment, which further promotes vascular inflam-
mation46–50. Interestingly, IL-17 potentiates the effect 
of TNF, further increasing VCAM1 and ICAM1 sur-
face expression and IL-6, IL-8 and CCL20 secretion by 
endothelial cells49,51. Moreover, IL-17 might contribute 
to plaque vulnerability by increasing MMP1 and MMP9 
expression and apoptosis in VSMCs and endothelial 
cells49,52. IFNγ cooperates synergistically with IL-17 to 
increase the production of IL-6, IL-8 and CXCL10 by 
VSMCs50. The effect of IL-17 on macrophage polariza-
tion towards a pro- inflammatory M1-like phenotype 
might also contribute to atherosclerotic lesion develop-
ment48. In human carotid plaque tissues, the combi-
nation of lipopolysaccharide and IL-17 increases TNF 
mRNA expression48. IL-17 also causes platelet activa-
tion and adhesion, thereby contributing to endothe-
lial dysfunction and thrombosis52,53. In addition to its 
effects on platelets, IL-17 alone (or in combination 
with TNF) mediates coagulation and thrombosis at the 

endothelium through the induction of tissue factor and  
the reduction of thrombomodulin, an inhibitor of coagu-
lation expressed by endothelial cells51. These results 
suggest that IL-17 might promote atherosclerosis pro-
gression by inducing vascular inflammation, leukocyte 
recruitment and plaque vulnerability. Notably, however, 
IL-17 also promotes collagen production by VSMCs, 
which might promote plaque stabilization45,54.

IL-17 in mouse models of atherosclerosis. Apolipoprotein E  
(ApoE)-deficient mice and low- density lipoprotein 
receptor (LDLR)-deficient mice are used as models of 
atherosclerosis to investigate the contribution of IL-17 
to this condition. Increased expression of IL-17 occurs 
in the aorta, spleen, peripheral lymph nodes and lamina 
propria of ApoE−/− mice55. Blockade of IL-17 decreases 
the secretion of pro- inflammatory cytokines and 
chemokines and reduces inflammatory cell infiltration 
of the aorta, thus reducing the mean lesion area by 52% 
in these mice; by contrast, IL-17 administration medi-
ates pro- atherogenic effects49,55,56. However, another 
study reported no effect of IL-17 on atherosclerosis 
development in ApoE−/− mice57,58 and yet another study 
showed that IL-17-deficient ApoE−/− mice fed a high- fat 
diet had increased atherogenic plaque formation and 
plaque vulnerability59. In addition, two studies reported 
that administration of IL-17 decreases vascular T cell 
infiltration and endothelial VCAM1 expression and 
attenuates atherosclerosis progression in ApoE−/− mice 
and LDLR−/− mice59,60. These contradictory results might 
have arisen because of differences in experimental mod-
els, mouse strains, diet composition (normal or high- fat 
diet) and methods of inactivating the IL-17 pathway. As 
models of atherosclerosis, ApoE−/− mice and LDLR−/− 
mice have some limitations for translation to human 
atherosclerosis, including different lipid profiles and 
different atherosclerosis lesion morphologies in murine 
and human conditions61. These models highlight the 
interaction of many factors that can induce local and 
systemic inflammation.

IL-17 in mouse models of acute myocardial injury. In 
addition to its effects in chronic conditions such as ath-
erosclerosis, IL-17 is also involved in acute cardiovascu-
lar events. Increased concentrations of IL-17 are found 
in the mouse heart after left coronary artery ligation and 
reperfusion, and neutralization of IL-17 reduces cardio-
myocyte apoptosis and neutrophil infiltration, which 
ameliorates ischemia–reperfusion injury62. By contrast, 
administration of IL-17 leads to a deterioration in car-
diac function62. After induction of myocardial infarction 
by permanent coronary artery ligation, the number of 
IL-17-expressing cells increases in heart tissue. Genetic 
inactivation of IL-17 reduces the expression of some 
chemokines (CXCL1, CXCL2 and CCL2) and fibrosis- 
related genes (MMP3, MMP9, COL1A1 and POSTN) 
in infarcted heart tissue 7 days after myocardial infarc-
tion63. In addition, IL-17 is important in neutrophil infil-
tration and myocardial fibrosis63,64. As previously stated, 
IL-17 promotes macrophage polarization into M1-like 
cells, which further increases myocardial damage63. 
IL-17 deficiency has a protective effect in mice following 
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Fig. 1 | Main biological functions of IL-17. IL-17 affects multiple cell types to mediate 
inflammation and host defence against fungal and extracellular bacterial infections by 
inducing the secretion of pro- inflammatory and/or antimicrobial mediators. By affecting 
endothelial cells, IL-17 has a pro- coagulant and pro- thrombotic effect. IL-17 also induces 
matrix metalloproteinase (MMP) production and the receptor activator of NF- κB ligand 
(RANKL) pathway , thereby contributing to cartilage damage and bone resorption.

www.nature.com/nrrheum

R e v i e w s

494 | AuGuST 2019 | volume 15 



TNFIFNγ

Inflammation
• Leukocyte recruitment
• Acute-phase protein production

Fibrogenesis

Inflammation

• Leukocyte recruitment

Plaque vulnerability

Plaque stabilization ↑CRP secretion

Interaction

Chemokines

Collagen

Collagen

Pro-inflammatory
cytokines and
chemokines

Proliferation

Neutrophil
recruitment

Apoptosis

IL-17

TGFβ TNF

IL-6

Endothelial cellVSMC

b  Liver

Hepatocyte 

BECKupffer cell

HSC

IL-17

a  Blood vessels

Inflammation

• Immune cell
recruitmentInflammation

• Leukocyte
recruitment

Cardiac
remodelling

• Upregulation of
pro-fibrotic genes

• ER stress
• Ca2+

dysregulation

IL-17

d  Skeletal muscle

TNF

IL-17

c  Cardiac muscle

IL-6

CCL20

↑Pro-inflammatory cytokines and chemokines

↑Pro-inflammatory cytokines
↑Chemokines
↑Adhesion molecules
↑Plaque destabilizing proteins

• Differentiation
• Migration

IL-1β

Myoblast Myocyte

VSMC

Cardiac
fibroblastsCardiomyocytes

IL-17 producing cells Synergy

Fig. 2 | Effects of IL-17 on cells of the blood vessels, liver, heart and skeletal muscle. a | In blood vessels, IL-17 activates 
endothelial cells and vascular smooth muscle cells (VSMCs), effects that can be amplified by the presence of TNF or  
IFNγ. Through activation of these cells, IL-17 contributes to vascular inflammation, leukocyte recruitment and plaque 
vulnerability. By contrast, IL-17 might also promote a stable plaque phenotype by inducing collagen production by VSMCs. 
b | In the liver, IL-17 induces fibrogenesis by working with transforming growth factor- β (TGFβ) to directly affect hepatic 
stellate cells (HSCs). IL-17 also mediates hepatic and systemic inflammation by increasing the secretion of pro-inflammatory 
cytokines and chemokines by HSCs, hepatocytes, Kupffer cells and biliary epithelial cells (BECs). The increase in IL-6  
release following IL-17 and/or TNF stimulation subsequently promotes the secretion of C- reactive protein (CRP). This pro- 
inflammatory environment might amplify immune cell recruitment and polarization, thereby causing a vicious cycle  
of inflammation. c | IL-17 has direct apoptotic and inflammatory effects on cardiomyocytes, and might also indirectly affect 
cardiomyocytes through its proliferative and inflammatory effects on cardiac fibroblasts. IL-17 induces the expression of 
some fibrosis- related genes in cardiomyocytes, thereby promoting migration and cardiac remodelling. d | In skeletal muscle, 
IL-17 alone (or in combination with TNF or IL-1β) induces endoplasmic reticulum (ER) stress, calcium dysregulation and the 
release of IL-6 and CC- chemokine ligand 20 (CCL20), thereby contributing to immune cell infiltration and inflammation. 
IL-17 is associated with the inhibition of myogenic differentiation and muscle cell migration.
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myocardial infarction by reducing infarct expansion and 
by improving cardiac function and survival63,64.

Effects of IL-17 on arterial hypertension. Unlike the 
known function of IL-17 in endothelial dysfunction and 
vascular oxidative stress, the effects of IL-17 on hyper-
tension are still poorly understood, and some results 
have been conflicting. IL-23 or IL-17 neutralization 
did not reduce blood pressure following angiotensin II 
treatment65. By contrast, in IL-17−/− mice, hypertension 
was not sustained following angiotensin II infusion 
compared with control mice66. In other studies, IL-17-
deficient mice were protected against aortic stiffening67 
and blockade of IL-17 reduced arterial hypertension in 
rats68. The conclusion seems to be that IL-17 has a pos-
itive effect on the induction of hypertension, but more 
studies are needed to clarify if this is truly a direct effect.

Potential function of IL-17 in atherosclerosis in humans. 
Increased concentrations of circulating IL-17 positively 
correlate with the severity and progression of carotid 
artery plaques in patients with atherosclerosis69. In 
patients undergoing endarterectomy, a high expression 
of IL-17 in atherosclerotic lesions correlates with the 
clinical symptoms and characteristics of complicated 
plaques. These results suggest a potential function of 
IL-17 in atherosclerotic plaque vulnerability70. Because 
concentrations of circulating IL-17 correlate with con-
centrations of IFNγ in patients with coronary athero-
sclerosis, and because IL-17 and IFNγ synergistically 
induce the production of pro- inflammatory mediators 
by VSMCs, IL-17 and IFNγ cooperation might have 
an important function in atherogenesis50. Conversely, 
IL-17 could exert anti- atherogenic effects by reducing 

IFNγ production and increasing IL-10 expression44. 
Because cytokines act in a network, the inflammatory 
environment could be important in IL-17-mediated  
atherosclerotic effects.

IL-17 in patients with acute coronary syndrome. The 
number of TH17 cells and concentration of IL-17 in  
the circulation is higher in patients with acute coro-
nary syndrome than in patients with stable angina71,72. 
Moreover, an acute peak of bioactive IL-17 occurs in 
patients at the time of admission for myocardial infarc-
tion, although this bioactive fraction of IL-17 does not 
correlate with markers of infarct size73. However, another 
study reported that low circulating concentrations of IL-17 
are associated with an increased risk of major cardiovas-
cular events in patients with acute myocardial infarction74. 
Further studies are thus needed to better understand  
the function of IL-17 in acute coronary syndrome.

Cardiac comorbidity in patients with inflammatory 
arthritis. The development of atherosclerosis and myo-
cardial disease are common in patients with inflam-
matory arthritis and contribute to higher mortality 
compared with the general population. Chronic inflam-
mation seems to be more important than traditional car-
diovascular disease risk factors in promoting accelerated 
vascular plaque formation in patients with systemic 
inflammatory diseases1,2. An increased risk of cardio-
vascular disease was first described in patients with RA, 
but patients with psoriasis without arthritis are also at an 
increased risk, indicating the important contribution of 
inflammation to the risk of cardiovascular disease75,76. 
Activation of cells in the vascular wall is promoted by 
innate and adaptive immune responses and regulated 
by complex interactions between various cell types 
and cytokines, including IL-17 (reFs44,45,77). Interaction 
of IL-17 with IL-1β could be involved in the increased 
risk of cardiovascular events78. IL-17 might also con-
tribute to this increased risk by inducing vascular 
inflammation and thrombosis51. However, further inves-
tigations are required to assess the relative involvement 
of IL-17 in cardiovascular complications in patients with  
inflammatory arthritis.

Effects of IL-17 on the liver
Chronic inflammation has an important function in 
the development of liver disorders, some of which also 
increase the risk of cardiovascular events, such as non- 
alcoholic fatty liver disease. In patients with inflam-
matory arthritis, the sustained expression of IL-17 
contributes to a specific cytokine milieu involved in 
systemic inflammatory responses that affect the liver.  
In this section, we focus on the effects of IL-17 on 
hepatic cells and in mouse models of hepatitis; we then 
discuss the potential contribution of IL-17 to liver injury 
in inflammatory arthritis.

Effects of IL-17 on hepatic cells. The involvement of 
IL-17 and IL-17-producing cells in liver disorders is 
now well recognized79–82. All liver cells ubiquitously 
express IL-17RA and IL-17RC, and IL-17 mediates a 
broad pro- inflammatory response in the liver (Fig. 2; 

Table 2 | Inflammatory mediators upregulated by IL-17

Cell type Upregulated mediators Refs

Endothelial cells IL-6, IL-1β, GM- CSF, CXCL8, CXCL1, CCL2, ICAM1, 
VCAM1, E- selectin and BAX–BCL2 ratio

46,47,49,51,52,62

Vascular smooth 
muscle cells

IL-6, IL-8, CCL20, CCL2, ICAM1, VCAM1, MMP1 
and MMP9

49,50

Myoblasts IL-6, IL-8 and CCL20 109,110

Myotubes IL-6 110

Cardiomyocytes CXCL2, BAX–BCL2 ratio and iNOS 62,64,114

Cardiac fibroblasts IL-6, IL-1β, TNF, TGFβ, GM- CSF, G- CSF, CXCL1, 
CCL2, MMP1, MMP2, MMP3, MMP9, type I 
collagen, type III collagen and periostin

63,116–118

Hepatocytes IL-6, IL-23, IL-8, CXCL2, CCL2, CCL20, periostin 
and CRP

83–86,128

Biliary epithelial 
cells

IL-6, IL-1β, IL-23, IL-8, CXCL1, CXCL2, CXCL3, 
CXCL6, CCL2 and CCL20

90

Hepatic stellate cells IL-6, IL-1β, TNF, IL-23, TGFβ, IL-8, CXCL1, type I 
collagen and αSMA

81,82,88,89

Kupffer cells IL-6, IL-1β, TNF and TGFβ 82

Mediators are upregulated by IL-17 alone or in combination with other cytokines. αSMA ,  
α- smooth muscle actin; BAX, apoptosis regulator BAX; BCL2, apoptosis regulator BCL2; CCL , 
CC- chemokine ligand; CRP, C- reactive protein; CXCL , CXC- chemokine ligand; G- CSF, 
granulocyte colony- stimulating factor ; GM- CSF, granulocyte–macrophage colony- stimulating 
factor ; ICAM1, intercellular adhesion molecule 1; iNOS, induced nitric oxide synthase; MMP, 
matrix metalloproteinase; TGFβ, transforming growth factor- β; VCAM1, vascular cell adhesion 
molecule 1.
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Table 2). In vitro, IL-17 and TNF act in synergy on 
hepatocytes to induce the secretion of IL-6, the master 
regulator of acute- phase reactants, leading to the release 
of CRP83–86. Because CRP concentrations are associated 
with the risk of cardiovascular events, IL-17 amplifies 
the risk of these events by affecting the liver, in addition 
to its effects on vessels87. Stimulation of biliary epithe-
lial cells, hepatic stellate cells and Kupffer cells (or liver 
macrophages) with IL-17 can also increase the expres-
sion of IL-6, IL-1β, IL-23, TGFβ and TNF16,80,82,88–90. 
Given that IL-6, IL-1β, IL-23 and TGFβ are involved 
in the differentiation and stabilization of the TH17 cell 
phenotype, and given that TNF synergizes with IL-17, 
the induction of these cytokines might contribute to 
a vicious pro- inflammatory IL-17 feedback loop. By 
affecting hepatocytes, biliary epithelial cells and hepatic 
stellate cells, IL-17 also enhances the release of several 
chemokines involved in the recruitment of neutro-
phils (such as IL-8 and CXCL1) and T cells and mono-
cytes (such as CCL2 and CCL20), mostly independently  
of the IL-6 pathway81,83,90,91. In addition, IL-17 amplifies  
the pro- fibrotic effects of TGFβ through the induc-
tion of TGFβ and TGFβ receptor expression by hepatic 
stellate cells82,92. IL-17 is also involved in liver fibrosis  
by working with TNF to cause the release of periostin by  
hepatocytes, which in turn promotes fibroblast activa-
tion and collagen production93. In summary, IL-17 alone 
(or in combination with other cytokines such as TNF 
and TGFβ) mediates systemic inflammation, immune 
cell recruitment and fibrosis in liver cells.

IL-17 in mouse models of hepatitis. In mouse models of 
hepatitis, circulating and hepatic concentrations of IL-17 
are increased and correlate with the severity of liver  
damage94–100. Neutralization of IL-17 reduced histologi-
cal inflammatory grade scores and liver enzyme concen-
trations in a mouse model of experimental autoimmune 
hepatitis100. Moreover, deletion of IL-17 decreased the 
amount of autoantibodies and biliary damage in a 
xenobiotic- induced mouse model of primary biliary cir-
rhosis101. Inactivation of IL-17 signalling in liver- resident 
cells or in bone marrow cells and Kupffer cells reduced 
fibrosis in models of hepatitis- induced liver injury82. 
This finding suggests that IL-17 might promote liver 
inflammation, damage and possibly fibrosis through 
multiple mechanisms involving different cell types. 
These effects of IL-17 could contribute to the reduced 
hepatic function that drives cirrhosis, which can later 
progress to hepatocellular carcinoma.

Liver comorbidity in patients with inflammatory arthri-
tis. Liver fibrosis and liver disorders occur in patients 
with chronic inflammatory arthritis, including RA and 
PsA102,103. The possible function of methotrexate in liver 
disease has caused confusion, as both systemic disease 
activity and drug toxicity can affect liver structure and 
function. In 182 post- mortem liver tissue samples from 
patients with RA who had not used methotrexate, only 
15 individuals had normal liver parenchyma104. Most 
of the other tissue samples displayed histological liver 
abnormalities including hepatic congestion, steatosis, 
hepatitis or fibrosis104. In another study in patients with 

RA who were receiving methotrexate and had raised liver 
enzyme concentrations, liver histology showed hepatitis 
in 50% of patients, non- alcoholic steatohepatitis in 40% 
of patients and lesions that are characteristic of metho-
trexate toxicity in 5% of patients105. This study strongly 
suggests a direct contribution of RA disease activity to 
liver injury105. Indeed, inhibition of TNF in patients with 
RA and hepatitis reduced not only liver enzyme con-
centrations, but also the extent of liver lesions in paired 
tissue samples obtained by biopsy before and 6 months 
after treatment106. Similarly, as a considerable number of  
studies have provided evidence for the involvement  
of IL-17 in liver injury and inflammation, targeting the 
IL-17 axis in patients with inflammatory arthritis might 
also prevent hepatic complications such as non- alcoholic 
fatty liver disease107,108. Taken together, these studies 
demonstrate the contribution of IL-17 to hepatic lesions 
in a wide range of diseases, including autoimmune dis-
ease, alcoholic fatty liver disease and non- alcoholic fatty 
liver disease in both humans and mice. Importantly, the 
sustained inflammatory state (as occurs in arthritis) 
and the presence of IL-17 also represent risk factors for  
metabolic syndrome and obesity.

Effects of IL-17 on muscle
The chronic and systemic inflammatory state and the 
presence of IL-17 can also affect skeletal and cardiac 
muscles, thereby contributing to muscle weakness and 
to some cardiovascular complications in inflammatory 
arthritis. In this section, we outline the effects of IL-17 on 
muscle cells and then discuss the contribution of IL-17 to 
muscle- related manifestations of inflammatory arthritis.

Effects of IL-17 on muscle cells. A limited number of 
studies have explored the direct effects of IL-17 on mus-
cle cells and most of these studies were performed in 
the context of myositis. IL-17 has a pro- inflammatory 
effect on human myoblasts by increasing the secretion 
of IL-6109. In addition, IL-17 works with IL-1β, TNF and 
activation of the Toll- like receptor 3 pathway to enhance 
the release of IL-6 and CCL20 in myoblast cultures and 
in muscle tissue samples109–111 (Table 2). In turn, IL-6 
and CCL20 might promote TH17 cell differentiation and 
recruitment in muscle111. IL-17 also promotes overex-
pression of HLA class I, an effect that is increased when 
IL-17 and IL-1β are combined109. Moreover, in vitro, 
IL-17 contributes to muscle destruction by inhibiting 
myogenic differentiation and myoblast migration112,113. 
In myoblasts, the combined effects of IL-17 and TNF 
induce endoplasmic reticulum stress and mitochondrial 
reactive oxygen species stress111. IL-17 also promotes 
the activation of an important pathway for calcium 
entry, store- operated calcium entry (SOCE), and this 
effect is enhanced in the presence of TNF111. Through 
this pathway, IL-17 and TNF can disturb calcium 
homeostasis and therefore impair muscle contraction 
and function111.

IL-17 has a direct apoptotic effect through the induc-
tion of inducible nitric oxide synthase (iNOS) and by 
increasing the pro- apoptotic to anti- apoptotic pro-
tein ratio of the B cell lymphoma 2 family of proteins 
(BAX:BCL2 ratio) in mouse cardiomyocytes62–64,114.  
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In mouse cardiomyocytes, IL-17 increases the secretion 
of CXCL1, CXCL2 and lipopolysaccharide- induced 
CXC- chemokine (LIX), as well as inducing neutrophil 
migration; these IL-17-mediated effects are enhanced 
by the induction of oxidative stress62. IL-17, therefore, 
has pro- inflammatory, pro- apoptotic and immune- cell- 
attracting effects on muscle cells, which might contribute  
to skeletal muscle weakness and cardiomyopathy.

Because fibroblast interactions with cardiomyocytes 
modulate the morphological and functional pheno-
type of cardiomyocytes, IL-17 might also induce car-
diomyocyte changes indirectly through the activation 
of cardiac fibroblasts115. Cardiac fibroblasts express a 
wide range of pro- inflammatory mediators and have 
an important function in extracellular matrix deposi-
tion and turnover, which can lead to cardiac fibrosis 
and abnormal remodelling. IL-17 promotes the expres-
sion of pro- inflammatory cytokines (such as TNF, 
IL-6 and IL-1β), MMPs, chemokines (such as CCL2 
and CXCL1) and some pro- fibrotic genes in cardiac 
fibroblasts63,116 (Table 2). Moreover, IL-17 stimulates 
cardiac fibroblast proliferation, MMP1 expression 
and facilitates cardiac fibroblast migration, thus pro-
moting myocardial remodelling117,118. In vivo inhibi-
tion of IL-17 in a mouse model of sepsis reduced the 
in vitro release of IL-6 as well as CCL3 and CXCL2 
by cardiomyocytes, demonstrating the systemic role of 
IL-17 in cardiac function119. Induction of IL-6 secre-
tion by IL-17 during systemic inflammation could in 
turn impair cardiomyocyte contractibility, leading to 
cardiac dysfunction119,120.

Myocardial dysfunction and skeletal muscle weakness 
in inflammatory arthritis. Systemic inflammatory 
cytokines induce vascular damage, thus increasing the 
risk of thrombosis, but these cytokines can also increase 
the risk of myocardial disorders (including cardiac  
insufficiency) by affecting cardiomyocytes121.

Chronic inflammation also has deleterious effects 
on skeletal muscle homeostasis and function. These 
effects include morning stiffness and muscle loss, which 
are associated with the poor physical function seen in 
patients with inflammatory arthritis122–124. Increased 
concentrations of some pro- inflammatory cytokines 

occur in the muscle of patients with RA, some of which 
correlate positively with disease activity, disability, pain 
and physical inactivity123. Alterations in inflammatory 
markers affect local muscle inflammation secondary to 
systemic inflammation, leading to muscle dysfunction123. 
IL-17 has been associated with the pathogenesis of idio-
pathic inflammatory myopathy, as IL-17-producing 
cells were detected in lymphocyte infiltrates of mus-
cle tissue samples from patients with this condition, 
and because IL-17 promotes muscle cell inflammation 
in vitro109. These findings suggest that IL-17 — within a 
complex network of interactive cytokines — might con-
tribute to some muscular complications in patients with  
inflammatory arthritis.

Implications for future research
IL-17 is a pro- inflammatory cytokine that has pleiotropic 
effects throughout the body. Its direct or indirect contri-
bution is difficult to assess owing to its complex coopera-
tion with other inflammatory mediators, which leads to 
additive, synergistic or inhibitory effects on inflamma-
tory responses. Quantification of circulating bioactive 
IL-17 could be an attractive option for determining the 
systemic contribution of IL-17. Concentrations of bio-
active IL-17 could also be used as a biomarker of disease 
activity and severity in both arthritic and non- arthritic 
disorders, and might be useful for predicting responses 
to treatment.

Given that an increased production of IL-17 occurs 
in inflammatory arthritis, and that this cytokine is 
thought to contribute to the pathogenesis of this dis-
ease, targeting the IL-17 axis is an attractive option for 
inflammatory arthritis. Antibodies targeting IL-17A 
constitute the most specific therapeutic option availa-
ble for inhibiting the IL-17 axis. Blockade of IL-17RA 
is less specific, as this receptor can also bind the anti- 
inflammatory cytokine IL-17E. Two inhibitors of 
IL-17A (secukinumab and ixekizumab) and one anti- 
IL-17RA agent (brodalumab) have been approved for 
the treatment of psoriasis, PsA and AS (Table 3). In 
addition to these direct targeting options, blocking 
cytokines involved in the generation of TH17 cells is 
another option for reducing the production of TH17 
cell- related cytokines, including IL-17A, IL-17F, IL-21 
and IL-22. These indirect targets of the IL-17 axis com-
prise inhibitors of the IL-6 pathway (for example, anti- 
IL-6 receptor antibodies or Janus kinase inhibitors), the 
IL-1β pathway (for example, IL-1β inhibitors or IL-1 
receptor antagonists) and IL-23. Tildrakizumab and 
guselkumab are two specific inhibitors of the IL-23 
p19 subunit; these inhibitors are approved for the treat-
ment of psoriasis, but they did not show efficacy for 
AS (Table 3). To date, no inhibitor of the IL-17 axis has 
been approved for the treatment of RA, despite some 
positive results for secukinumab and ixekizumab125–127. 
Heterogeneity of response might be linked to differ-
ences in the contribution of IL-17 to disease according 
to the type of disease or duration.

Because IL-17 has a protective function against par-
ticular infectious agents, bacterial and Candida infec-
tions are adverse events associated with using IL-17 
inhibitors12. Post- authorization safety studies and 

Table 3 | Approved therapeutic agents targeting the IL-23–IL-17 axis

Name Type of agent Disease

Psoriasis PsA AS

IL-17A inhibitor

Secukinumab Fully human mAb X X X

Ixekizumab Humanized mAb X X –

IL-17RA inhibitor

Brodalumab Fully human mAb X – –

IL-23 p19 inhibitor

Tildrakizumab Humanized mAb X – –

Guselkumab Fully human mAb X – –

None of these agents has been approved for the treatment of rheumatoid arthritis. AS, 
ankylosing spondylitis; IL-17RA , IL-17 receptor A ; mAb, monoclonal antibody ; PsA , psoriatic 
arthritis. Data from reF.4.
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real- life use of these agents in a large number of patients 
will enable a more complete assessment of the thera-
peutic benefit- to-risk balance of these treatments. This 
long- term assessment must now include a full analysis of 
the systemic manifestations that occur in inflammatory 
arthritis, including those described above. On the basis 
of these results, the therapeutic benefit of IL-17 inhib-
itors could be reassessed and even extended to other 
inflammatory disorders, as well as conditions that were 
not previously linked to inflammation.

Conclusions
An increasing number of results support the crucial 
function of chronic inflammation in the development 
of systemic manifestations in patients with inflamma-
tory arthritis. Although the pathogenic role of IL-17 
in inflamed joints has been well studied, the systemic 
effects of IL-17 are less well described. In addition to 
its local effects, IL-17 (alone and even more so when in 
combination with other cytokines) induces the release 
of inflammatory mediators and immune cell recruit-
ment in important tissues and organs including blood 
vessels, cardiac and skeletal muscles and liver (Fig. 3). 
These effects contribute to the systemic manifestations 
of inflammatory arthritis that are associated with a 
poor prognosis.

Because IL-17 is associated with vascular wall acti-
vation, thrombosis and increased circulating CRP 

concentrations through IL-6 induction, IL-17 might 
be important in the increased risk of cardiovascular 
events in systemic inflammatory diseases. These results 
are in line with some clinical observations in acute and 
chronic cardiovascular manifestations. IL-17 could 
also contribute to the progression of fatty liver disease 
to cirrhosis.

However, the in vivo contribution of IL-17 to sys-
temic manifestations needs to be further investigated in 
patients with inflammatory arthritis and other systemic 
inflammatory diseases. Quantification of circulating bio-
active IL-17 concentrations in a large cohort of patients 
with systemic inflammatory diseases could be useful 
in determining whether circulating IL-17 or IL-17-
producing cells mediate the effects of IL-17 on various 
tissues or organs. Such concentrations could be used as 
a biomarker to define patients with an IL-17-mediated 
disease. Moreover, clinical trials with IL-17 inhibitors 
should also focus on the effects of these therapies on 
systemic manifestations. These results could provide 
new insights into the systemic effects of IL-17 and could 
support extension of the current treatment indications 
to a wider range of arthritic and non- arthritic disorders. 
This range might include common conditions, such as 
obesity and metabolic syndrome, in which inflammation 
is an important contributor.

Published online 21 June 2019
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Fig. 3 | Systemic effects of IL-17. IL-17 , initially produced locally , mediates systemic inflammatory effects by affecting 
cells of the blood vessels, liver, and cardiac and skeletal muscles. The inflammatory microenvironment is important  
for IL-17-mediated effects because cytokines function within a network. TNF, IL-1β, granulocyte–macrophage colony- 
stimulating factor (GM- CSF) and IFNγ amplify some of the effects of IL-17 , whereas IL-17E and the presence of 
autoantibodies against IL-17 inhibit IL-17 activities. In the liver and blood vessels, IL-17 alone (or in combination with TNF) 
enhances the production of chemokines and IL-6 that, in turn, mediate the release of acute- phase proteins. IL-17 also 
interacts with transforming growth factor- β (TGFβ) to induce liver fibrosis. In cardiac and skeletal muscles, IL-17 induces 
inflammation and immune cell recruitment, which leads to defects in contractibility and function. Finally , IL-17 is 
associated with cell damage in all studied tissues and/or organs. Combining these effects, IL-17 might therefore 
contribute to the liver lesions, increased amounts of acute- phase proteins, cardiomyopathy and muscle weakness that 
occur in patients with inflammatory arthritis.
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The occurrence of specific autoantibodies 
before the onset of autoimmune diseases is 
currently regarded as a key to understanding 
both the cause and timing of disease onset of 
this large group of diseases. In rheumatoid 
arthritis (RA), these autoantibodies 
include rheumatoid factor (RF), which is 
an antibody that is self-reactive with the Fc 
portion of IgG, and anti-citrullinated protein 
antibodies (ACPAs)1–3. Many decades ago, 
both RF and ACPAs were shown to appear 
years before the clinical onset of RA4,5, 
and these data have been confirmed and 
extended6. In particular, the identification 
of citrullinated side chains as the antigenic 
target has enabled the development of 
defined and standardized assays2,3. Both 
ACPAs and RF are also included in the ACR 
classification criteria for RA7.

ACPAs are typically detected by a 
commercial enzyme-linked immunosorbent 
assay (ELISA) kit using a certain set of 
undisclosed citrullinated peptide(s) (CCP2). 
Up to 70% of patients with RA are found to 

occurrence of RA, and these antibodies 
are important factors in the classification 
criteria for this disease. However, owing 
to their polyclonality, determining their 
molecular specificity is difficult. A few 
detailed studies of antibody–antigen crystals 
are now available and reviewed here; thus, 
on the basis of available structural analyses, 
we discuss the specificity and function 
of ACPAs. Structural analyses provide a 
clear explanation of how antibodies can 
be both highly specific for citrulline and 
cross-reactive to a wide range of different 
citrullinated peptides. Moreover, ACPAs 
that have affinity not only for citrulline but 
also for other side chains tend to be more 
target-protein specific and we argue here 
that such antibodies could be pathogenic if 
they bind to proteins in cartilaginous joints.

Promiscuous ACPAs
ACPAs are, by definition, reactive with 
citrulline located on a peptide or protein. 
The reactivity with citrulline may also 
extend to homocitrulline (which has a 
side chain that has one additional methyl 
group compared with citrulline)15. Both 
citrullination and homocitrullination 
are post-translational modifications. 
Citrullination of arginine is catalyzed by 
peptidylarginine deiminases (PADs), and 
homocitrulline is formed by carbamylation 
(which is the reaction of cyanate with 
peptidyl-lysine).

ACPA-producing B cells and plasma 
cells have been derived from individuals 
with established RA and their secreted IgG 
has been characterized16–19. The antibody 
clones were selected to be highly specific 
for citrulline, but even at the clonal level 
they were widely cross-reactive with many 
different peptides containing citrulline. 
Some of them could also bind citrulline 
epitopes in proteins, although the number 
of targeted citrullinated proteins are more 
likely to be more limited than citrullinated 
peptides. Thus, as these ACPAs have 
wide cross-reactivity to many different 
citrullinated peptides, we suggest the name 
‘promiscuous ACPAs’, which are likely to be 
frequently detected in RA sera.

ACPAs derived from human B cells 
have now been crystallized20. The findings 
confirm the high specificity of promiscuous 
ACPAs for the citrulline side chain. The 

be anti-CCP2-positive with high specificity8. 
A variety of citrullinated autoantigens have 
been characterized and suggested to be 
potential ACPA targets, including α-enolase, 
fibrinogen, filaggrin, vimentin and collagen 
type II (CII)2,3,9–12.

RF is reactive with modified 
immunoglobulin epitopes, but with a limited 
repertoire, as the RF-producing B cells are 
likely to be negatively selected against native 
self immunoglobulin13,14. They originate 
from natural autoreactive B cells producing 
germline-encoded antibodies, populations 
that could expand to different extents 
depending on genetics and inflammation. 
RA is characterized by a high level of such 
B cells and the antibodies they produce. 
Obviously, these natural autoantibodies have 
a wide repertoire and are profiled according 
to V-gene structural limitations, immune 
responses and clonal selection13.

Characterization of the specificity of 
serum ACPAs and RF has yielded important 
information for predicting the timing and 
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function of anti-citrullinated protein 
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Abstract | In this Perspectives article, we outline a proposed model for under
standing the specificity and function of anticitrullinated protein antibodies 
(ACPAs). We suggest that ACPAs vary in specificity between two extremes: some 
are ‘promiscuous’ in that they are highly specific for the citrulline side chain, but 
crossreact with a range of citrullinated peptides, whereas others are ‘private’ in 
that their recognition of citrulline as well as proximal amino acid side chains  
enables proteinspecific interactions. Promiscuous ACPAs tend to dominate in the 
sera both before and after the onset of rheumatoid arthritis, but their functional 
role has not been clarified. No firm evidence exists that these ACPAs are  
pathogenic. By contrast, private ACPAs encompass antibodies that specifically 
recognize citrullinated epitopes on joint proteins or that crossreact with joint 
proteins, thereby opening up the possibility that these private ACPAs are  
arthritogenic. These jointreactive antibodies are more likely to target joints by 
binding to joint tissues and to promote the formation of local immune complexes 
leading to bone erosions, pain and arthritis.
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interaction is similar to an interaction with 
a hapten; that is, through a small but perfect 
pocket that fits the citrulline side chain. 
Importantly, promiscuous ACPAs have 
limited interactions with the side chains of 
neighbouring amino acids, which explains 
their promiscuous cross-reactivity between 
different citrullinated epitopes (Fig. 1). 
The human E4 antibody, for example, is a 
promiscuous ACPA crystallized with several 
different citrullinated peptides; it is widely 
cross-reactive not only with citrullinated 
CII-derived peptides, but also citrullinated 
peptides from other proteins20.

However, these promiscuous ACPAs still 
only detect a limited number of the available 
citrulline side chains. These constraints 
can be explained by the neighbouring 
side chains disturbing (or blocking) 
interactions, or by conformational structures 
present on proteins20. The limitations of 
possible epitopes are also determined 
by the molecular properties of targeted 
motifs21–23 and the activity of PADs leading 
to a restricted occurrence of citrullinated 
epitopes on proteins in vivo24. Similar to 
most ACPAs25, the crystallized ACPAs 
revealed N-glycans on the Fab fragment, 

but in vitro analysis of a limited number of 
ACPAs demonstrated that this feature did 
not markedly affect binding to citrullinated 
peptides20. This finding does not, however, 
exclude an interacting dynamic effect by the 
same Fab N-glycans allowing reactivities 
to citrullinated proteins, which is probably 
important for interactions with citrullinated 
proteins in vivo.

Private ACPAs
Another type of ACPAs are more selective 
in their binding specificity, and they interact 
with amino acid side chains other than 
citrulline in the epitope; we denote these as 
‘private ACPAs’. We assume that antibodies 
exist along the entire spectra of interactions 
from almost no interaction with other amino 
acid side chains to antibodies highly specific 
for other parts of the epitope and with less 
affinity for the citrulline side chain. For 
example, in a study focusing on the response 
to a specific region on CII, with two different 
arginines that can be modified to citrullines, 
antibodies from patients with RA were 
found to interact uniquely with each or 
both of these citrullines26. Purification of 
antibodies reactive with CII triple-helical 

peptides of this epitope showed the 
occurrence of both promiscuous and private 
ACPAs, depending on which citrulline 
was in the central motif of the epitope with 
which the antibodies interacted26. The 
private ACPAs had limited cross-reactivity 
to other citrullinated peptides and bound 
specifically to human cartilage, whereas the 
promiscuous ACPAs strongly cross-reacted 
to other tested citrullinated peptides and did 
not bind to cartilage26.

Notably, molecular studies of private 
ACPAs have so far been performed only on 
mouse-derived antibodies27,28. Data from 
these studies suggest that even within the 
private ACPA subset, two types of antibodies 
might exist: in one type of antibody (which 
we name ‘private specific’, Fig. 1) the 
recognition of citrulline could be highly 
specific and located in a pocket, forming a 
hairpin that also enables specific interactions 
with other side chains of the peptide27.  
In another type of antibody (named ‘private 
cross-reactive’, Fig. 1), interaction with the 
citrulline side chain may be located outside 
the CDR3 regions, allowing recognition 
of a unique conformational epitope, such 
as the CII triple-helical structure28. For 
example, the private ACPA antibody ACC1 
cross-reacts with triple-helical epitopes on 
CII, but not with other collagens or proteins 
except for a few citrullinated peptides28, 
whereas the private ACPA antibody 
ACC4 uniquely binds the citrullinated 
C1 epitope and does not cross-react with 
other epitopes27. Similar to antibodies to 
CII, private ACPAs are probably produced 
mainly in the joints and therefore occur at 
higher levels in the synovial fluid than in the 
blood27. Observations from both polyclonal 
and cloned human ACPAs show that they 
vary between promiscuity and private 
recognition, but the underlying structural 
interactions have not yet been revealed. 
Interestingly, the antigen reactivity includes 
both non-citrullinated epitopes in apoptotic 
cells17,29 and epitopes in joint cartilage26.

Functional effects of ACPAs
We have previously described that the 
development of RA passes through three 
stages: first, a priming stage in which 
autoimmunity develops (characterized 
by activation of B cells producing RF and 
promiscuous ACPAs; second, an onset stage 
in which autoimmunity targets the joints; 
and third, a chronic stage in which the 
immune system fails to be downregulated 
and allows the development of chronic 
inflammation14 (Fig. 2). Healthy, but 
genetically susceptible, individuals may 
have high innate immune or inflammatory 
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Fig. 1 | Examples of different types of ACPAs and joint-reactive autoantibodies in RA. Illustration 
of the binding of antigen by different types of autoantibodies in rheumatoid arthritis (RA), each  
exemplified by a crystallized antibody–peptide complex. Promiscuous anticitrullinated protein anti
bodies (ACPAs): the E4 antibody is an example of a promiscuous ACPA crystallised with several differ
ent citrullinated peptides. It is widely crossreactive, not only with citrullinated collagen type IIderived 
peptides, but also with citrullinated peptides from other proteins20. Private specific ACPAs: the ACC4 
antibody is a private ACPA crystallized with the citrullinated C1 epitope in the form of an alpha chain 
peptide. It does not crossreact with other epitopes. Private crossreactive ACPA: the ACC1 antibody 
is a private ACPA crystallized with the citrullinated C1 epitope. It crossreacts with triplehelical 
epitopes on CII, but not with other collagens or proteins, except for a few citrullinated peptides. Joint 
reactive antibody: the CIIC1 antibody is crystallized with the triplehelical C1 epitope on CII and does 
not crossreact with other epitopes69.



reactivity leading to an increased or skewed 
selection of autoreactive lymphocytes30,31. 
If combined with chronic mucosal 
inflammation, natural autoantibodies 
(including RF and ACPAs) are produced, 
reaching detectable levels in serum. It is 
possible that autoreactive plasma cells 
might be activated by an aberrant immune 
response to apoptotic cells, and if MHC  
class II-restricted T cells are involved — 
maybe in a tissue-located germinal centre32 
— a unique subset of IgG ACPA-producing 
B cells could be established. This subset 
is characterized by specific recognition 
of the citrulline side chain, giving them a 
promiscuous reactivity to a large number 
of citrullinated epitopes. The ACPA Fab 
regions are preferentially glycosylated, 
similar to autoantibodies in other diseases 
involving chronic mucosal inflammation19,33. 
The physiological role of the increased 
glycosylation in the Fab is unknown and 
could be of importance for understanding 
the function of certain types of ACPA.

Owing to the strong association 
of ACPAs with the development of 
arthritis, both before and after onset 
of RA, ACPAs are often assumed to be 
pathogenic. Furthermore, citrullination is 
a post-translational modification that has 
distinct roles in various biological processes. 
However, the question is how and if ACPAs 
interact with the process that leads to 
arthritis. The focus so far has been on three 
different effects: bone erosion, arthralgia and 
induction of arthritis.

Bone erosion. Bone erosion is a cardinal sign 
of RA, and develops early after the onset of 
joint inflammation. A correlation between 
bone erosion and high levels of ACPAs has 
been reported34, although this issue has 
been debated35. In 2012, human polyclonal 
ACPAs were reported to activate osteoclasts 
in vitro and in vivo, through specific 
recognition of citrullinated proteins36. The 
induction of bone erosion was later shown 
to be dependent on the Fc glycan in human 
autoantibodies37, strongly suggesting that 
the causative interaction was through Fc 
receptors on osteoclasts. Deglycosylation of 
antibodies, which reduces their affinity for 
Fc-receptors (FcRs), also led to a decreased 
capacity to activate osteoclasts37. In addition, 
deglycosylation of antibodies in vivo 
prevented bone erosion in collagen-induced 
arthritis (CIA) in mice, which confirmed 
previous observations that monoclonal 
antibodies to CII with cleaved Fc glycan 
fail to induce bone erosions or arthritis38. 
Taken together, these findings exclude 
a role for promiscuous ACPAs because 

anti-CII antibodies (and not promiscuous 
ACPAs) are typical in the CIA model. Thus, 
a possible explanation is that locally formed 
immune complexes may activate low-affinity 
FcRs on osteoclasts, explaining an 
antibody-mediated effect on the formation 
of early bone erosions37.

In 2016, however, another group reported 
that monoclonal ACPAs (termed the B02 
and D10 antibodies) could cause osteoclast 
activation and bone erosions through 
their citrulline specificity39. However, the 
two antibodies that were used in these 
experiments as monoclonal ACPAs have 
no citrulline reactivity, as shown by both 
immune assays and crystallization20.  
In fact, the original paper describing these 
antibodies has been retracted40. In the 
original report39, the osteoclast-activating 
effect by monoclonal ACPAs was shown  
to be caused by activation of an autocrine 
loop of IL-8, which could also attract 
neutrophils to enhance inflammation. 
The potential role of ACPAs was further 
strengthened by results showing that  
PAD inhibitors abolished the effect.  
The authors hypothesized that ACPAs to 
certain epitopes, presumably vimentin or 
enolase, could initiate both bone erosion 
and joint inflammation. In light of present 
understanding — that the antibodies used 
(B02 and D10) are not ACPAs — the data 
could possibly be explained by aggregation 

of the antibodies during preparations, 
leading to binding to Fc receptors or various 
innate immune receptors on the osteoclasts 
(as discussed above). The effects could, 
of course, be the result of an unknown 
specificity, unrelated to citrullinated 
epitopes. Taken together, we conclude that 
the hypothesis that ACPAs specifically 
activate osteoclasts and explain the severe 
bone erosions in RA is not well founded.

Arthralgia. Arthralgia (joint pain) is often 
experienced before the onset of clinical 
RA and is frequently not associated with 
subclinical inflammation41,42. Understanding 
which factor (or factors) unrelated to 
inflammation causes this effect is important. 
To examine the link between antibodies 
and pain, the collagen antibody-induced 
arthritis (CAIA) model has been useful43. 
The time course of different events after 
injection of anti-CII antibodies in mice is 
at least partly known14. The antibodies bind 
to the cartilage surface within minutes after 
intravenous injection. Depending on which 
CII epitope is targeted, different degrees 
of destabilization of cartilage are seen, 
leading to depletion of proteoglycan from 
the joints44. Immune complexes are built 
within and on cartilage45,46 and activation 
of synovial cells can be observed47,48. Most 
importantly, signs of pain-like behaviour can 
already be observed at a stage before clinical 
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arthritis onset, independent of cartilage 
destabilization but associated with the 
formation of local immune complexes43,49. 
This pain-like behaviour has been measured 
by a number of different behavioural 
assays, and changes in both evoked and 
spontaneous behaviours are detected after 
injection of anti-CII antibodies, even before 
the development of arthritis, thus indicating 
pre-arthritic arthralgia43,49.

The pronociceptive effect of anti-CII 
antibodies is mediated by activation of 
Fcγ receptors49, which are expressed on 
peripheral sensory neurons50,51. Importantly, 
these effects are dependent on antibodies 
targeting cartilage, including antibodies  
that are cross-reactive with cartilage  
proteins as long as they bind to cartilage  
and can form local immune complexes.  
The induction of hypersensitivity is observed 
irrespective of whether arthritis develops 
later, and also occurs with antibodies that 
target joint cartilage but fail to induce 
arthritis49. The question arises whether the 
same phenomena occur in human RA.  
A report addressing this issue was published 
in 2016 (reF.52) in which it was suggested 
that ACPAs could induce pain but via a 
different mechanism — that is, through the 
activation of IL-8 by osteoclasts. However, 
this conclusion was reached using the two 
monoclonal antibodies (B02 and D10) now 
known to have no citrulline reactivity, as 
discussed above. The remaining data in the 
report52 show that polyclonal antibodies, 
affinity purified on citrullinated peptides, 
induce pain-like behaviour in mice. The 
specificity and mechanisms of this effect  
are not clarified, however, and could be  
the result of cross-reactivity with cartilage  
(as the polyclonal ACPAs used were partially 
cross-reactive with the citrullinated C1 
epitope on CII)53. Thus, no conclusive 
evidence so far suggests that promiscuous 
ACPAs might induce pain. In fact, in 
another report new monoclonal antibodies 
of the promiscuous ACPAs were tested and 
none of them induced signs of mechanical 
hypersensitivity in mice before the 
development of arthritis54. The possibility 
remains that antibodies targeting joints, and 
forming local immune complexes, could 
activate peripheral neurons and induce 
pain49; if this is also relevant in humans, this 
idea could have fundamental importance for 
our understanding of RA.

Induction of arthritis. Animal models 
have an important role in investigations 
into whether ACPAs can induce arthritis. 
However, a large number of different mouse 
and rat models of arthritis exist, each 

with specific characteristics and possibly 
reflecting some parts or subtypes of human 
disease. Interestingly, specific monoclonal 
antibodies can induce arthritis, for example, 
anti-CII antibodies in the CAIA model, as 
described above. So far, only monoclonal 
antibodies with reactivity to joint cartilage, 
or cartilage-associated components, are 
known to induce arthritis27,47,55,56. These 
antibodies include not only anti-CII 
antibodies but also antibodies to cartilage 
oligomeric matrix protein, antibodies to 
glucose-6-phospho-isomerase precipitating 
on the cartilage surface, and monoclonal 
ACPAs binding to citrullinated CII and to 
cartilage or synovial tissue27,28,57. However, 
many studies report the induction of ACPAs 
and evidence for the arthritogenicity of 
ACPAs in various mouse models58–64. One 
problem is the lack of conclusive evidence 
for the production of typical promiscuous 
ACPAs in animal models. Most reports 
that claim the induction of RA in animal 
models using typical ACPAs unfortunately 
lack proper controls for citrulline specificity. 
Immunization with adjuvants in mice 
induces the production of antibodies 
to proteins containing homocitrulline; 
however, these mouse antibodies do not 
cross-react with citrullinated epitopes and 
are not typical ACPAs65. In fact, evidence is 
clear that in mice, B cells that are responsive 
to citrullinated proteins are negatively 
selected66,67. This finding is in sharp contrast 
to B cells responsive to CII, for which 
evidence for negative selection is lacking; 
instead, B cells specific for a triple-helical 
epitope are positively selected68.

Monoclonal ACPAs can, however, be 
isolated from mice by immunization with 
citrullinated protein. These antibodies 
seem to mimic specificities that are also 
seen among human ACPAs, in particular 
antibodies that are cross-reactive with 
joint proteins, for example, citrullinated 
CII12,27,28. Some of these antibodies are clearly 
pathogenic; that is, they induce or enhance 
arthritis in mice27. They are private and 
not typical promiscuous ACPAs and they 
do not commonly contain Fab glycans. For 
example, the private specific mouse-derived 
ACC4 antibody, which binds CII peptides 
in the synovium (probably released from 
cartilage), induces relapses of arthritis in 
mice that have previously developed arthritis 
and can also enhance arthritis together 
with anti-CII antibodies27. Furthermore, 
the private cross-reactive ACC1 binds 
cartilage and is highly arthritogenic in 
mice27,28. Obviously, to induce or enhance 
arthritis, joint-reactive antibodies do not 
need to bind citrulline, as exemplified by 

antibodies to type II collagen, such as the 
CIIC1 antibody, which specifically binds the 
arginine triple-helical variant of the epitope 
recognized by ACC1 and ACC4 and binds 
to cartilage in vivo69–71. Some reports suggest 
that antibodies isolated from sera of patients 
with RA might induce arthritis in mice72; as 
the specificity of the pathogenic antibodies 
are not known, however, they may be 
cross-reactive with joints rather than being 
promiscuous ACPAs. Notably, one study 
reported a monoclonal promiscuous ACPA 
that could enhance arthritis, but it required 
lipopolysaccharide injection into the joints54.

Nonetheless, mouse studies need to be 
interpreted with caution as mice are easily 
affected by arthritis, even spontaneously, 
and the experimental settings are often 
questionable. Information regarding the 
mixing of controls and probands in cages, 
the performance of blinded experiments, the 
use of littermate controls for genetic 
experiments, and the reporting of all 
acquired data are often missing. Hypotheses 
about RA generated using animal models 
need confirmation, and it is unfortunate 
that similar stringent criteria for the design 
and evaluation of clinical studies are not 
commonly used for mouse experiments.

Outstanding questions
The B cells producing the typical ACPA 
specificity are likely to be non-physiological 
exceptions by escaping negative selection 
and probably receive specific T cell help, 
leading to their survival and expansion 
in germinal centres and somatic 
hypermutation. Genetically, the activation of 
B cells with high specificity for citrullinated 
epitopes is associated with certain MHC 
class II alleles, suggesting that they might 
require T cell help. T cells with this function 
have not yet been identified, but should 
logically be specific for peptides derived 
from the same protein complex that 
harbours the citrullinated B cell epitopes. 
However, there is no evidence or logic 
that such T cells need to have reactivity to 
the same peptides (including citrullinated 
peptides) that the B cells respond to. 
Identifying the unique events that activate 
MHC class II restricted T cells leading to the 
activation and selection of germinal centre 
B cells producing IgG ACPA is an important 
next step.

The functional roles of ACPAs are, 
however, not clarified, and it cannot be 
excluded that they actually protect against 
the development of arthritis. The aetiology of 
RA probably involves specific polymorphic 
genes and environmental factors. Thus, 
properly designed humanized mouse 
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models, together with defined environmental 
challenges, are needed to clarify the causative 
and pathogenic or regulatory mechanisms at 
this early stage of the disease.

Individuals can produce promiscuous 
ACPAs for many years without developing 
disease. However, a shift in the specificity of 
the autoimmune response, possibly together 
with a change in glycosylation pattern of 
the autoantibodies, presumably because 
of a change of specificity or function of 
autoreactive T cells, may drive disease onset. 
This selection, with a shift of specificity 
of autoreactive T and B cells, is likely to 
occur in lymph nodes draining the joints, 
with exposure to joint-derived proteins. 
This process will lead to the production of 
private ACPAs, with specific cross-reactivity 
to joints and with a pathogenic capacity. 
Understanding and preventing RA  
requires identification of the specificities  
and function of these lymphocytes, 
including their capacity to stimulate 
neurons, osteoclasts, and the activation  
of macrophages and neutrophils initiating 
the inflammatory attack. Thus, precise 
identification of the molecular interaction 
of the specificity shift of B cells and T cells 
leading to the production of joint-reactive 
antibodies is important, and will help to 
understand their function. The development 
of new serological diagnostic assays to detect 
this epitope shift will most likely make it 
easier to predict the onset of RA, and this 
information will lead to expectations for  
a preventive treatment of RA.

Conclusions
New findings reporting the structural 
interactions of ACPAs with their 
citrullinated antigens have revealed several 
types of ACPAs, ranging from a type 
that is highly specific for citrulline but 
promiscuous for protein specificity to a 
type that specifically interacts with target 
proteins. If these proteins are in the joints, 
the antibodies may induce pain, arthritis and 
bone erosion, as shown in mouse models. 
By contrast, no conclusive evidence has 
been found so far that the more common 
promiscuous type of ACPAs is pathogenic.
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The originally published article contained an error in the abstract. The sentence “Arguably, 
the success of B cell depletion with rituximab in open- label clinical trials, the approval of 
belimumab (which blocks B cell- activating factor (BAFF)) for use in patients with lupus nephritis 
in the USA and in difficult- to-treat patients with SLE in the UK and the recognition that clinical 
trial design can be improved have given some cause for hope” has been corrected to “Arguably, 
the success of B cell depletion with rituximab in open- label studies and in patients with lupus 
nephritis in the USA and in difficult- to-treat patients with SLE in the UK, together with the 
approval of belimumab (which blocks B cell- activating factor (BAFF)) for use in patients with 
SLE and the recognition that clinical trial design can be improved, have given some cause  
for hope.” This has been corrected in the HTML and PDF versions of the manuscript.
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